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MITSUBISHI HEAVY INDUSTRIES, LTD.

AFFIDAVIT

I, Yoshiki Ogata, state as follows:

1.

I am General Manager, APWR Promoting Department, of Mitsubishi Heavy Industries, LTD
(*MHI"), and have been delegated the function of reviewing MHI's US-APWR documentation
to determine whether it contains information that should be withheld from public disclosure
pursuant to 10 C.F.R. § 2.390 (a)(4) as trade secrets and commercial or financial information
which is privileged or confidential.

In accordance with my responsibilities, | have reviewed the enclosed document entitled
“Probability of Missile Generation from Low Pressure Turbines MUAP-10005" dated June
2010, and have determined that portions of the document contain proprietary information that
should be withheld from public disclosure. Those pages containing proprietary information are
identified with the label “Proprietary” on the top of the page and the proprietary information
has been bracketed with an open and closed bracket as shown here “[ ]°. The first page of
the document indicates that all information identified as “Proprietary” should be withheld from
public disclosure pursuant to 10 C.F.R. § 2.390 (a)(4).

The information identified as proprietary in the enclosed document has in the past been, and
will continue to be, held in confidence by MHI and its disclosure outside the company is
limited to regutatory bodies, customers and potential customers, and their agents, suppliers,
and licensees, and others with a legitimate need for the information, and is always subject to
suitable measures to protect it from unauthorized use or disclosure.

The basis for holding the referenced information confidential is that it describes the unique
methodology developed by MHI for assessing the integrity and safety US-APWR integrated
turbine rotor. That methodology was developed at significant cost to MHI, since it required
the performance of detailed design calculations, analyses, and testing extending over several
years. The referenced information is not available in public sources and could not be
gathered readily from other publicly available information. MHI knows of no way the
information could be lawfully acquired by organizations or individuals outside of MHI.

The referenced information is being furnished to the Nuclear Regulatory Commission (“NRC”)
in confidence and solely for the purpose of supporting the NRC staff’s review of Dominion’s
Application for a Combined License for the North Anna Power Station (Unit3).

Public disclosure of the referenced information would assist competitors of MHI in their
design of new nuclear power plants without the costs or risks associated with the design of
new systems and components. Disclosure of the information identified as proprietary would
therefore have negative impacts on the competitive position of MHI in the U.S. nuclear plant
market.

| declare under penalty of perjury that the foregoing affidavit and the matters stated therein are
true and correct to the best of my knowledge, information and belief.



Executed on this 6™ day of July, 2010.

o Gy

Yoshiki Ogata,
General Manager- APWR Promoting Department
Mitsubishi Heavy Industries, LTD.
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Abstract

Thé puipose: of this document and analyses is to' show: the probabmty of missile generatlon*
from integral low:) pressure rotors:

‘Four failure’; mechamsms ar‘e evaluated:’ destructlve.oversp’eed burstmg, fracture ‘dueto hlgh'i
cycle fatigue, low: cycle:fatlgue and stress corrosion. ss corrosion crackmg was identified.
to be the dominant mechanism-to determine the probablhty of missile generatlon

The probablllty of mlssue ‘generation by this mechanism does not exceed 10” per year even
after [ ]-of running time: It.is concluded that the: NRC safety guudellnes can be:satisfied.
through-the’ penoduc inspection.in a‘ptoper interval: Withif {

Mitsubishi Heavy Industiias, LTD.
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List of Acronyms

" The following list.defines the acronyms used in this document.

Crack Size in Depth

a
& ,,lnrtral Critical-Crack 'Size.in. Depth

i@y Critical-Grack Size'in Déepth’

F ‘Flaw Shape -Parameter = SQRT (Q/1.21).

FATT ‘Fracture: Appearance Transition Temperature

HCF High Cycle: Fatrgue

K,c ‘Fracture. Toughness (of the: rotor)

LCF Low. Cycle Fatigue

LP rotor’ Lo} "'Pressure Turbine Rotor:

N ,Number of Cycles (ex: Number of Start &:Shut-down).
N, sNumber of Cycles of Failtire -

0s iOver Speed

Psec :Probabrhty of Missile Generatlon due to:SCC

Q. Probabilit’y’ of ‘Crack Initiation.

Aer- Probability of Flaw Propagation Gp to- Critical Crack Size:
qu _ Probabrlrty of Reaching Desrgn Overspeed

Q Flaw-Shape Parameter

scc Stress Corrosion Cracking

SF zSafety Factor (ex. AT /Aopeak)

T Temperature

TS Tensile Strength

YS ereld Strength

y Crack-Depth Growth Rate

£ ‘Uhcertairity Term

o | ‘Stiess

O Failure Stress

Oy Yiéld: Strength

e Stress Range:

AO Allowable Stress Range

Ao Failure-Stress Range

DO peak Peak (Maxrmum) Stress Range

AK Stress Intensity. Range:

MK, Threshold Stress Intensity Range:-
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A typical steam turbine: for modern nuclear power stations consnsts f @ double- flow high
pressure: element andtwo .or'three double ﬂow low pressure elements in‘tandem. The rotor of
the hngh pressure, element. generally consists of a single forgmg with blades bemg attached in
‘@ fashion dependent upon:“the. éspecsflc manufacturers preferences On the: other hand,
recentty, a larger size:of nuclear:low; : U
individual shaft and discs: Each. dnsc«;susua!ly ‘shrunk on and. keyed: to4:the shaft

¢ , 3 rotor-fracture
‘whick could leadx oz.burstmgan, m!sss e.generation from the:low: pressureg_urbme ‘

Mitsubishi Heavy Industries, LTD: ‘ , | N » 1-1
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2.0 DESIGN FEATURES

A typucal mtegrat rétor is shown in Figure. 2: 1. A major advantage of this desrgn is the
elimination .of .the: disc bores and keyways Rotors with: shrunk-on discs have peak-strésses
-arolind the’ locations where. the discs -are shrunk:on @nd keyed to the shaft. ‘The elimi 1ation
ofthese st ctures has | ycation ¢ ress from the keyways to blade’ fastening
regions: at the; rim of the rotor whose tocal stress is much lower than that of the shrunk:=on
discs. Srnce ccrackssare’ hkely to occur in hrgh stressed ‘regions, reduction of the peak stress
throughout therotor: srgmt’ icantly contributes to the reduction of the rotor burst probabrhty

In-addition:to lower local stress throughout the:rotor;the rntegrat structure .also ‘has the beneflt
of reduced average tangentral stress of the drscs and this fact allows us to apply lower yleld

vatérial w S remaining as they are.. The lnteg :
gths of [ ] depending up
‘requrrements fthe partlcutar appllcatron Many years:of experience and testing ofthe:3:5%
Ni: Cr-Mo / alloy steel rotor material have .demonstrated better ductrhty, toughness and
resistance: to:istréss .corrosion cracklng :at a lower-yield strength. These benefits can' be
‘|mportant factors to reduce the possibility’ of turbirie missile. ‘generation.

Figure 2-1 Typical Integral Rotor Structure

Mitsubishi Heavy Industries, LTD. - | 2:4
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2.1 Material Feature

n addmon to increased ‘capability of manufacturing large size .of rotor forgings, improvements
in the steelmakmg process has:-resulted in improved ‘toughness,. umformlty of properties and
reductions in undesirable: embnttllng elements than. were: previously achieved.

The:specification: for integral Totors: requires-testing at’ the locations ‘shown in: Figure 2.1-1 to,
confifm, unifermity-of the rotor: Usmg these specimens, the tensile test.(ténsilé strength, yneld’ ‘
strength elon "reducti ) énergy, 50% FATT and’
-upper.-shelf energy) shailgbe-performed and conflrm if the reqwred;spec;flcatlons are satlsfled

Target.Specimen

Figure 2:1-1  Typical Integral Rotor Material Test Locations

Mitsubishi Heavy Industries, LTD. | . 241
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3.0- PROBABILITY OF MISSILE'GENERATION

Four potenttal failure mechanisms are: consndered for the assessment of the missile’ generat:on
fprobabmty of.an. integral low’ ‘pressure rotor

1. Duictile burst,
2:. Fracture:due to high.cycle.fatigue(HCF);

3. Frasture due o low cycle fafigus(LCF),

4 Fractureduetostresscorros:onc ckmg(SCC)

;Q ‘e
_lles breakmg out: to the extemal _ .,he me glo] ology and results for each of the fanlure
mechanismsare anaiyzed and: dlscussed 1n: the followmg sectlons

Mitsubishi Heavy Industries, LTD. o | 3
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3.1 Ductile Burst

Tests have beeh petformed by a number of investigators in which-model turbine discs have
been spun to the pomt of failure. The results demonstrate that ductile failure can be
predlcted by assummg theiaver 'e‘~tangent:al stress. equal to the tensile strength of the disc at
burst. It becomes possuble to caiculate the speed at which: fanlure would occur by knowmg’
fthe stress requ:red “for. failure., The integral” rotor body is dlwded mto mdlv:dual discs as
shown in: Table 3.1-1 for this- analysxs To be more conservative, it is assumed that failure.
occurs when the average. tangentlal stress in any individual. disc is. equal to the [ ]
of the disc-rather than the:tensile: strength

The.results of this ‘analysis :are. summarized: ini Table. 3111, "We can. conclude from this’
analysis-that disctile bursting of the' rotor will hot océur untll the: speed of the rotor is increased
to: equal or be greatér than [, 1, although this analysns is. conservatlvely
evaluated by using: [, ). -Since this is-well beyond the: desugn overspeed, the rotor
cannot:fail by, this:mechanism unless: the [
] The: probablllty of this'evént is therefore detérmined by the [
J;:and periodic rotor. inspections-have no effect :on the probability of’

failure by this:mechanismi.

Mitsubishi Heavy Industiies, LTD. 3.1-1
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‘Table 3.1-1

‘Safety Factors for Ductile Bursting:

] ,

‘MitAéLibishi Heéavy Industries, LTD..
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3.2 Fracture Due To High Cycle Fatigue (HCF)

In this scendrio it is postulated that a failure can dccurfrom a fatigue crack which propagates:
in a plane. transverse to the rotor axis as a result of’ cyclicbending loads on the rotor. “These
loads are. developed by grawty forces-and by possmle misalignment of the- beanngs MlSSlle-
generation by this. méchanism is. highly unlikely since:

1. Large safety factors used in the design minimize:the initiation and propagation of ‘a fat:gueu
crack.

2. A Iarge transverse crack will create eccentncny and.the. resultmg high vibrations will cause,
the-unit:to- be‘removed: from service before fracturé 66eurs..

In’ order to d@ssure: that the-rotor: burst by this scenario will not occur during service. operation,.
the followmg analyses areto be done ,

1. Initiation of HCF cracks,
2. Propagation:of cracks'by HCF.

Inmatmg :a HCF . cracks are evaluated by comparmg the magmtude of the bending- stress with:
the failure stréss Tgit obtained from a Goodinan Dlagram ‘and reduced to account for S|ze‘:

effects: Table:3. 2:1 shows: the calculated safety factor’ against HCF at each surface posntlon‘f
of each low pressure rotor: It is seen-that | ] is the locatioh where: the:
minimum': safety “fac r:of [. ]is-observed, while the safety factor on the same posmon ISAblgE
‘enoughito prevent:the initiation of cracks due to H These fotors therefore have sufficient:

strength against- the:HCF'fracture fromthe v:ewpoxnt ofcrack initiation.

The propagation:of a:postulated; pre-existing crack isievaluated as follows:
‘The rdtors have :'t'hei'fﬁ'te‘sh‘cjidfsftre.ssv«int‘ens:i't‘y"r,na"h’getﬁl%{hx,: ‘fOr‘fatigue crack’ p‘topagvaﬁbr‘\é«and}‘
that is obtainedfrori this relation:

(3.1 aKy =Faoda

where Ag is the a!ternatlng bending: stress and, 'a is: the existing crack- size in depth. And.
the flaw shape parameter 'F is obtained as. below:

(3:2)
where. Q,.the flaw shape:parameter is also determined by assummg a semi-elliptical crack at
the material,; surface: The- number of Q is'| ] when: assuming the depth to length: ratio of
[ 1

For the purpose of cofiservative analysis and obtaining allowable vibration stress AG g, the

threshold stress mtensny range AKy, is assumed to be |
] ‘Initial crack size,a; is assumed: to be 1

1

Mitsubishi Heavy Industries, LTD. 324
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33 Ag, =AK, )

-stresses Aapm arekwe below: emm;mum anowablelvn ratory stress AG It is, therefore

obvious that the rotors have a sufficienit safety margm in regard to the. propaganon of a
postulated pre-existing crack.-

It is concluded that low. pressure rotors have sufficient safety’ factors ‘against HCF: -And
periodic in-serviceinspections for transverse fatigue fractures are riot required.

Mitsubishi Heavy Induistries, LTD; ‘ o 322
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Table 3.2-1 HCF Peak: alternating Stresses and Safety Factors due to Grawty
‘ Bending and’ Possnble Masa!;gnment of the. Bearings

Mitsubishi Heavy-industries, LTD. - 323
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3.3 Fracture Due To Low Cycle Fatigue (LCF)- Startup/Shutdown Cycles
An analysis was carried out to:determine. the prob,abiiity of iurbi,heinﬁissile, generation due to
-startup-shutdown cycle fatigue crack growth. In this postulated “scenario;, the failure

“mechanism is a brittle fracture; where.a crack-initiates at the centér of the rotor and. grows to a
critical size as a result of speed cycling dufing the operating life of the turbine.

‘Such probability of failure dependson the magnitudes and interrelationships of the following
six factors:

1. Thesize of cracks at the ceriter:of the rotor-at the beginning of turbine operation
2. The:shape of these cracks

3. The.size of the critical ¢rack (dependent on the. exposed stressesat runnmg speed or
desigh-overspeed and: toughness of the: rotor)

4 Theimagnitude of the stiess range cyclés experienced diifing tie-opsration of machines

586; Theitwo.parameters; ‘Co, and. nv,.in the Paris fatigue crack growth rate-equation:

i

‘where da/dN is: the crack: growth rate: per cycle AK is the stress:. mtensnty range, and n
‘and Cy -are parameters to--defermine the fatlgue crack growth rate Wthh ‘are” determlned‘
?expenmentally

‘Thesefactors are related toithe numbier of cycles of failure. N, by the equation:

(35) Ny = (n 2) CoQM"/2wAa ( ,(n 22 =4, ‘;‘(ﬁ;é)/'z'.)
Where
N, = The num'berpﬁ;c,‘yéi"“e,sztb. reach:critical crack size
M = n/Q
Q = Flaw shape parameter
aj = Initial largest.crack depth’
" Ag, = Critical crack depth.

Ao = Range of stress cyclesin operation.

In the estimation of the probability' of rupture by this scenario;- both Cy ‘and n factors

Mitstbishi Heavy Industries; LTD. - S C 334
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described above are considered to, be random variables, and other parameters are
.conservatively determined. The nuimiber of cycles to failure N, i$ then dependent of the
:profile of the above variables, The prot“ iles of the random variables:and. other- parameters are
taken as follows:

“The flaw shape parameter Q s dé ermined by assumrng that a’' semi elliptical crack: with a

-‘depth to" length ratio of [ '] is formed at the center of the: roto ‘Such a flaw crack
zshape parameter would be- { . ] which-is rndependent on:the stress Q can
be set tobe| ] as a conservative:number.

The-critical crack size - is obtained.from the relation:

(36)  aq =9_(Ki T:

PR

Vitiere K is the fracture totighhess of the fotor and o is the stress af rated speed.or design
‘overspeed [ ] The stress a is [ 7 to be
: ); respective “at ated speed and. desrgn overspeed;: Thésevalues are
?the stim.of centrifugal stress and: 1a) r'num anticipated thermal stres ;durlng start -up cycle.
The rotor metal temperature ’distnbutlon at-the rated condition is shown in: Flgure 3.3:1 for
reference.

The fracture toughness. Kic of [ Jis applied on'this analysis:

The 'size; of the initial. crack depth a - is set ‘to be [ ] t;méter‘ the ‘assumption” of
‘[ ] flaw. shape ssincethe |nspectxon procedures used:for, mtegrat rotor forgmgs-
canreliably. detect flaws [ : ]..

The stress range of ac is'taken: to’ be -a combined stress range. occurting: diiring -a staft-up
and:shut-down considering centrifugaliand thermal stresses as previously discussed:.

‘Pr;cs,_rireg of random variables are %gp,téihedtaskfg‘lloiws:

,N,g.,Cr-Mo-V rotor .stee!_ pr.esent ¢ ,,AT}abls-,:f-S;(i 1,.;

The' Values of n and Cyare:asstimed to have a normally distributed profile with a mean
value:of [ ]andstandard deviation-of [ ] and with-a mean value of | ]
and standard deviation of | ] respectively.

The calculated results in: regard tg the probability of a LP rotor: rupture due to LCF are
summarized in Table 3.3-2: The number of 'start and stops,. at" which the crack. size is
increased up.to a critical one, is _very,large

Ittakes [ ] of start ahd stops for the initial cracks to grow up to the.critical size
‘with theif maximum potential, which corresponds even under the assumption of weekly start
and stops for [ Jwith[. T overspeed condition. It is concluded that-a low pressure

rotor [rupture can not actually’ happen: under the- actual plant operation.

Mitsubishi Heavy Industries, LTD. 3.3-2
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Table3:3-1  3:5% Ni-Cr-Mo-V Rotor Steel, n.and C, Parameters in the Paris Equation:

da _ . oo
an = ColoK

Table3.3:2  Probability of Low Pressuré Rotof Brittle Rupture due to Low Cycle
‘Fatigue (start-up/shut-down cycle)

Mitsubishi Heavy. Industries; LTD. vy
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\‘, A

Figire 331  Temperature Distributions in the LP Rotor (At Rated Condition)

Mitsubishi Heavy Industries, LTD. 3.3.4
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3.4 Failure Due To Stress Corrosion Cracking (SCC)

An, analysns was: performed to detefmine the probability .of integral rotor bursting due to SCC.

A. crack is assumed to.initiate ‘at the rim ‘where the stresses are the: hlghest and propagate'
inward in;radial direction until it reaches the critical crack.size before bursting. The probabllrty
of rotor: fracture due to this-failure mechanism is.a; functron of the probability of crack initiation,

the rate-at which a- icrack -could. grow due to stress cofrosion;.and the critical crack depth that,
will-lead: to a burst at either the running speed- or the: désign overspeed. Each of these
factors i rs discussed | below

For this analysis; it is: ‘only necessary to'consider:[
] on.the: rotor [ ] of the LP rotor rs -éxposed 10 superheated steam and
experience! has demonstrated that SCC does:not:occur:in dry superheated steam.

The 'prcbaBility-‘off mi’s“s“ile'ge‘nEration due to SCC: is»-‘expres'se'd*as follows:
(’3-7*) Pscc = G7de*dos

‘where; gl is'the: probabrhty of crack’ mmatron er 18 the probabr!rty of:flaw propagation: up to the-
¢ritical size by SCC: and:¢ Qs isthe’ probabllrty that thé unit will reach desrgn ovérspeéd. For
the' pur“‘ose of -conservatrve evaluation, it is-assumed that q is. regarded as 100%, even
und. cracking during mspectrons on mtegral rotors Qos is also
I _ ; nevertheless it is presumed to be m the -order of 10 under proper
'mspectron and marntenance for turbine-valves-and the control. .system.

Thanks:to:the full’ mtegral rotor design without-shrunk-on: :and keywaysiand to a relatrvely low:
yield strength of about [ ], we have no éxperience of emanating SCC on full
integral ‘low" pressuré:rotors. However, probabrhty analysrs for rotor failure due to SCC is
carrred-‘:o\, ‘based’on xxperrmental and field'data of high'yield. stress materials for conservatlve‘

purposes;

344  Crack-Growth.Rates

The crack growth rate:model used in this analysis is'expressed as follows:

(3.8) [ | )

where [

1}

The @ctual numbers;used-for this analysis ‘are the:same as.those obtained in the experience
for keyway stress- corrogion-crack growth rate in burtt-up rotors:

r 1
[ 1
[ ]
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Normal dlstnbutlon of € With a mean value of | was used.

The distribution of & was. obtamed from crack growth rate data for the 3:5% Ni-Cr-Mo-V rotor’
steel presented in Table 3.4<1. Although these rotors have different- mechanical properties
from that of the integral rotor, the ‘crack growth rate unceﬂamty € can be regarded-to be the
saime because of the same themical compositions.

The calculations were carried-out:for [

].

Mitstibishi Heavy Industries, LTD. | | | 3.4-2
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Table:3.4:1 35% Ni-Cr-Mo-V Rotor Steel Crack Growth Rate Deviation from
LCalculation
\o ¥
Mitsubishi Heavy Industries, LTD. N / 343
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3.4.2 Critical Crack.Size

‘The-critical ¢rack depths were obtaired for [ } of mtegral rotors by usmg the
‘felationship between fracturé- toughness and stress mtensnty, ds is'done in LCF evaluation in
Section 3.3: Crltlcal crack. depths were determined at runnlng 'speed ‘and design overspeed
consnderlng stress: d|str|but|on ‘change along with the: crack propagation inward.

3.4.3 Numerical Results

Based on the distribution and variance of crack growth rates and critical-crack sizes described
in the. previous sections; analyses were. made to- determlne the probablllty ina manner. that a
‘crack would grow to: the critical size within any' time mterval t. This ‘probability of rotor
burstlng is‘modified by the number of discs beung considered.,

The final. probability. proﬂles are given in terms of discreteinspection intervals in Table 3.4-2.
‘and are shown inFigure -'1 The results show that- the necessary mspectlon interval to
?sattsfy the requirement of mlssule generation probabnhty Iess than 10° peryearis |

] even under the conservative.assumptions.incorporated into this: -analysis.

Mitsubishi Heav.y lndﬁétries; LTD. . " - 3,'4-4 ’
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Table 3:4:2 Probability of Missile Generation (per-year) due to Stress Corrosion
-Cracking
o : Y

- J

Fig_u(é'_:-3;4-‘1_" ‘Probability of Missile Generationh (per year) due to Stress .Corrosion
Cracking
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40  DISC U‘SSIGN@Nb"««GQ‘NCLUS?QNS‘

' Except for the destructive- overspeed mechanism, prevuous dlscussaons demonstrate that the
integral low pressure: rotor design. is unlikely:to generate a- turbane missile: by any of the
mechanisms consndered in this doéument and sattsfy the requ:rement in regard to mlss:!e
ﬂgeneratson chir V ,. > ; iy
the [ I
‘Reférence.12..

Detaxl’ed " dISC_

n. on this matter is. addreésed in

Thelow: pressure: rotors are‘unlikely to-burst-asa- resu.!tfof HCFrsmcewthe maximum aitematmg
stress on. the. rotoris Iess than its endurance, and the safe -factors -are ‘more than: 3.0.
‘Additional asstirances: agamst burstmg by this- mechamsm aré:derived: from

1, The locatnons f maximum stress in' integral rotors are read:ly accessible for mspectlon

2. The.existence-of alarge fransverse:crack is: detectable by ‘high'vibrations: due-to rotor
unbalance

It is reasonable to exclude: HCF asa controlhng mechanism' to ‘determine in-service mspectton
intervals:

Ah‘élysus’ Of the:

Conszderzng "ft
finspec‘tions anc
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