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UNI TED STATES OF AMERI CA

NUCLEAR REGULATORY COWM SSI ON
+ + + + +
ADVI SORY COW TTEE ON REACTOR SAFEGUARDS ( ACRS)
494TH MEETI NG
+ + + + +
FRI DAY, JULY 12, 2002
+ + + + +
ROCKVI LLE, MARYLAND
The Committee nmet at the Nuclear
Regul atory Conmi ssion, Two White Flint North, Room
T2B3, 11545 Rockville Pike, at 8:30 a.m, Dr. Ceorge
E. Apostol akis, Chairman, presiding.
COW TTEE MEMBERS PRESENT:

GECRGE E. APOSTOLAKI S Chai r man

MARI O V. BONACA Vi ce Chai r man
THOVAS S. KRESS Menber - at - Lar ge
F. PETER FORD Menber

GRAHAM M LEI TCH Menber

DANA A. PONERS Menber

VI CTOR H. RANSOM Menber

STEPHEN L. ROSEN Menber

W LLI AM J. SHACK Menber

JOHN D. Sl EBER Menber

GRAHAM B. WALLI S Menber
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P-ROGEEDI-NGS
(8:30 a.m _

CHAI RVAN APOSTOLAKI S:  The neeting wi ||
cone to order. This is the 494th neeting of the
Atom c Reactor Safeguards. During today's neeting,
the Commttee will consi der the follow ng:
Application of the Probabilistic Fracture Mechanics
Met hodol ogi es t o React or Vessel Integrity Assessment;
Proposed ACRS Reports; Future ACRS Activities;
Reconci l i ati on of ACRS Comments and Recommendati ons;
Format and Content of the 2003 ACRS Report on the NRC
Saf ety Research Program and Proposed Papers for the
Quadripartite Meeting.

This nmeeting is being conducted in
accordance wi th t he provi si ons of the Federal Advisory
Committee Act. M. Sam Durai swany is the Designated
Federal Oficial for the initial portion of the
nmeet i ng.

W have received no witten conments or
requests for tine to nake oral statenents fromnenbers
of the public regardi ng today's session. Atranscript
of portions of the neeting is being kept and it is
requested that the speakers wuse one of the
m crophones, identify thenselves and speak wth

sufficient clarity and volume so that they can be
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readi |y heard.

As requested by Westinghouse, video
t el econferencing arrangenents have been made for
Westi nghouse to observe the neeting session of the
application of the probabilistic fracture nechanics
met hodol ogi es to reactor vessel integrity assessment.
There i s no one fromWesti nghouse -- oh, there is one.
kay. |'msorry.

Do any of the Menbers wish to say
anyt hi ng?

(No response.)

kay, so we can proceed wth the
application of probabilistic fracture nechanics and
Dr. Ford will chair this part of the session.

MEMBER FORD: Thank you, M. Chairman.
Probabilistic fracture mechanics, as you know, is
central to sonme of the current problens that we are
tackling primarily right now at PTS. Several others
have asked for further information on this and
calibration and validation of the current nodels and
this is what we're going to hear about. This new
letter is asked for. This is purely informational.

M ke, would you like to make a comment ?

MR. MAYFI ELD: Just very briefly. W' ve

had t he opportunity to brief the Comm ttee a nunber of
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times on the higher tier aspects of the PTS
reeval uation and we haven't had your questions and
|*ve enjoyed interacting with Dr. Powers a nunber of
times on the robustness of our vessel programand we
appreci ate the opportunity to cone down and share with
you sonme of the details and sone of the historica

basis for why we're pretty confident in the fracture
cal cul ati ons.

Mark Kirk is going to lead off the
presentation and we'll go fromthere.

MR, Kl RK I'd like to invite nmny
col | eagues, Richard Bass and C aud Pugh and Shah Mali k
to conme up because by the tine | get to the fifth
slide, I"'mgoing to run out of steam So need their
hel p up here.

Well, M ke has given youtheintros, sowe
know what we're tal king about.

MEMBER POWERS: But see, when a vessel
runs out of steam it depressurizes and becones safe.
Is that the case here?

MR KIRK: W'll discuss that in
nauseating detail |ater

(Sl'ide change.)

As you know by the groans when you saw ny

| ovely face up here this norning, we briefed many,
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many times over the past several years on
probabilistic fracture nmechanics techni ques that are
bei ng used to assess the techni cal basis for updating
the PTS rule.

Last time, you all requested that we
provi de additional background concerning both the
appropri at eness of using LEFMin such assessnents and
show you that LEFMis valid and applies to nucl ear RPV
assessnent, in particular.

(Sl'ide change.)

MR. KIRK: This just shows you an overal |
schematic of the PTS reevaluation process. You've
seen this before. Start off -- oops. Shouldn't touch
the screen. Never touch the screen

W start off in the gray box on the |eft
of your screen with our initial work. W first go
back and forth between PRA and thermal hydraulics
quite a bit trying to do the binning and see what
sequences are significant. Finally we get -- or after
that initial iteration we get out sone transients, so
we then pass on --

CHAI RVAN APOSTOLAKI S: W can't see al npost
hal f of the screen. Can you gentlenen nove a little
bit to the right and left. You don't have to nove

away, just nove a little bit. | appreciate that.
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Thank you.

Thank you very much. | appreciate it.

MR K RK All  this schematic 1is
attenpting to showis that inthe gray box, we do sone
initial iterations between PRA, HT and PFMto assess
t he conbinati on of sequences and thermal hydraulic
runs that we then take to characterize a particul ar
plant. Once those are established, we go through a
final run where we again go PRA to TH to PFM and
finally come out with yearly frequency of t hrough wal |
cr acki ng.

MEMBER KRESS: Mark, do you have a group
of expert panels to develop distributions for the
things in the gray box for the inputs for the code?

MR. KIRK: The inputs for these, | nean,
they conme from a nunmber of sources. |In sone cases,
it's expert judgnent. |In some cases it's data. In
sone cases, it's well established nodels from the
literature. And | thinkit's fair to say we've got a
bit of both or a bit of all three in all three boxes.

(Sl'ide change.)

MR. Kl RK: Of course, this is just to
orient us in ternms of why we're here tal ki ng about
PFM O course, the focus today is on PFM

specifically and when we | ook at PFM we previously
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tal ked to you again in a great degree of detail about
t he uncertainty framework and now t he diagramin the
upper right hand side of the screen breaks out PFM
into some of its conmponent parts which agai n coul d be
br oken out yet further.

(Sl'ide change.)

MR KIRK: W' ve talked about the
uncertainties in detail before, sol'mnot goingto go
through that again because the focus of today's
di scussion is the deterministic calculations that lie
at the heart of the FAVOR | ooping structure. |1've
shown you here again, afairly highlevel schematic of
what's going on in FAVOR At the outer |oop, we
simul ate vessels sonmewhere on the order of tens of
t housands of vessels. Inside that is flaws and
transients and tinme, the point in show ng this being
when you get to the very bottomof these Monte Carlo
| oops that in total, help us to sinulate all the
uncertainties. Down buried at the bottomthere is a
determ ni stic cal cul ati on and what we hope to showyou
by the end of the day is that that determnistic
calculation is indeed an appropriate tool to use to
assess RPV failure.

So with that --

CHAI RVAN APOSTOLAKI'S:  CPI is what?
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MR, Kl RK: Condi tional Probability of

Initiation and Conditional Probability of Failure.

CHAl RVAN  APOSTOLAKI S: Condi ti onal
Probability of Initiation, given what?

MR. KIRK: Conditioned that the transient
has occurred.

CHAI RVAN APOSTOLAKI S Ckay.

MR. KIRK: There's yet again, to showit
nore generally, | suppose there would be yet again
anot her outer | oop or a post-processi ng box wher e what
cones out of the FAVOR code itsel f are the conditi onal
probabilities. Those are then conmbined |l ater with the
initiating event frequencies to get the yearly vessel
failure frequencies.

MEMBER KRESS: And the failure frequency
is defined as a through wall crack?

MR KIRK: Right nowit's defined as a
t hrough wall crack. That's right. But we cal cul ate,
t he poi nt bei ng whi ch gets back to our discussions of
Wednesday, FAVOR calculates both initiation and
failure. So we have the ability, of course, to | ook
at both. But yes, right now, failure is defined as
conpl ete through wall crack.

CHAI RVAN APOSTOLAKI S: What does it nean

is appropriate to predicting RPV failure?
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MR, KI RK: It does it right. That

fracture nechanics predicts --

CHAI RVAN APOSTOLAKI' S: You don't have any
uncertainties there?

MR KIRK: No. That's not to say that
there aren't uncertainties, but within the range of
uncertainties that are characteristic of the materi al
of the data of however you want to | ook at it, we can
predict the failure, let's say, of a reactor pressure
vessel with a buried crack, just as well as we can
predict the failure of a nmuch nore well-defined
structure like a test specinmen in a | aboratory.

MEMBER POVERS: And Dbecause of that
superior capability, we adequately researched the
heavy section steel ?

MR KIRK: Wait for the |ast slide.

(Laughter.)

So we'll now go on to the presentations
that will be nmade by our colleagues at Gak Ridge.
Cl aud Pugh will do the first set of slides and then
Ri chard Bass will do the second set of slides and then
we'll wap up. And I'Il nove out of the way.

MR PUGH |'mone who |ikes to stand on
ny feet.

CHAl RVAN APOSTCLAKI S: Can you please
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| ower the mke a bit? The other one. Thank you very
much.

MEMBER PONERS: Highly sensitive today.

CHAI RMVAN APOSTOLAKI' S:  Enjoy this.

(Laughter.)

MEMBER KRESS: Dr. Pugh, how cone you
don't have an accent?

MR, PUGH Well, it's funny, everyone el se
does in the room except you and ne.

(Laughter.)

It's good to see you again, Tom

For the record, ny nane is Cl aud Pugh. |
recently retired |l ast year fromthe OGak Ri dge Nati onal
Laboratory after some 33 plus years there. In ny
tenure there, included a nunber of years where |
served as nmanager of the Heavy Section Steel
Technol ogy Program which is, of course, the primary
pressure vessel technol ogy programfor the NRC and for
the AEC prior to the NRC s creation and then in the
| ast dozen years or so | served in alarger nanagenent
capacity for NRC prograns at OCak Ridge. So that's by
way of kind of giving you an introduction of who | am
and where |'mconing from

|"dliketofirst made an observati on t hat

| think is very obvious and clear to all of us, that
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as we | ook at any technol ogy, but in particul ar, today
at the determnistic fracture mechanics technol ogy
applicable to the pressurized thermal shock issue,
this is not a circunstance where the technol ogy has
been | ooked at in isolation, in particular, and only
inparticular tothe PTS circunstances, but rather, it
is atechnology that is built upon all that has gone
before it and then |looked at in ternms of either
adapting, confirmng or adding to as appropriate to
t he PTS scenari o.

So what Richard Bass and | want to do in
the forthcom ng slides is to talk you through the big
pi cture of what has gone before and what is today in
terms of the determnistic aspect of the fracture
mechani cs technol ogy that i s appl i cabl e RPBs under PTS
di vi si ons.

MEMBER WALLIS: In this context, is this
a standard technology that's throughout al
i ndustries, or did you have to devel op speci al things
for this purpose?

MR. PUGH Basically, the answer is the
|atter. There are very definitely specific aspects
that are peculiar and specific to reactor pressure
vessels. In fact, about four cooments fromnowyou'l |

see one of those cone forward.
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CHAI RVAN APOSTOLAKI S: But probabilistic

fracture nechanics is used widely, isn't it?

MR PUGH: As Mark said earlier,
probabilistic fracture nechanics entails the
performance of a nultitude, a large nmnultitude of
determ nistic fracture nechanics anal yses. So what
we're focusing onthis norning, as | understandit, is
t he question of the applicability and the validation
of the applicability of Ilinear elastic fracture
mechanics to the deterministic aspect of the PFM
anal yses for PTS conditions.

MR KIRK: Let me junp in.

MR PUGH  Yes.

MR, Kl RK: The probabilistic fracture
nmechani cs is widely used in a nunber of industries and
t he underlying |inear elastic fracture mechani cs was
not devel oped specifically for nuclear applications.
But there are unique aspects for nuclear pressure
vessel s, that over tine we've had to address. But the
root technol ogy i s not unique to this application and
the probabilistic techniques are widely used in a
nunber of industries.

(Sl'ide change.)

MR PUGH: Yes. Well put. So this is

just saying that we're going to look at -- trying to
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gi ve you a picture of the systematic and evol utionary
nature of the devel opnent over the last two plus
decades or three decades, really.

As t he nucl ear power enterprise devel oped
in the 1960s, it was widely recognized by a |ot of
peopl e t hat i ndeed the circunstances -- well, first of
all, that the fracture nechani cs technol ogy was r at her
young in itself and nost of the work in devel oping it
and validating it were for situations such as
aer ospace applications and particularly like rocket
not or casi ngs whi ch were high strength steel with | ow
ductility and very thin sections. Here, we had a
ci rcunstance devel oping of very thick sections of
relatively low strength in terns of yield strength
material, but very ductile materials. So the
qguestions were how applicability is that fracture
nmechani cs technol ogy t hat was al ready bei ng devel oped
to the circunstances that had not yet been vali dated
as to being applicable --

VMEMBER WALLI S: When you said |inear
el astic, aren't you beyond this |linear el astic range?
You have to show you're not or sonething.

MR. PUGH. Kind of hold the thought as we
wor k through some of this and hopefully the picture

will come as to the interface and the transition
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bet ween regi ons.

MEMBER WALLI S:  Ckay, thank you.

MR PUGH So let's say this was wi dely
recogni zed, but perhaps to give the notivation and
i npetus to actually creating a programto i nvestigate
it, there was a certain body call ed the ACRS whi ch you
may be famliar with, wote a letter on Novenber 25,
1965 to the then AEC and they cast the question nore
or less in this sense sort of the suggestion, the
recommendat i on saying i ndustry in the U S. AEC shoul d
give detailed attention to RPV integrity assessnent
nmet hods t o support the then exi sting positionthat RPV
failure is incredible.

MEMBER KRESS: Was that |etter signed by
Bill Manley?

MR, PUGH: | don't think, so Tom
Actual ly, | was thinking last night who did sign it
and -- no, this is pre-Tom 1965. Whoever was the
Chairman then. | don't think it was Bill Manl ey.

MEMBER KRESS: He was Chairman in the
1980s.

MR. PUGH:. This was in 1965 during the AEC
tinme. And they suggested including assessnent of
stress anal ysis, devel opnent of inspection mnethods,

i nproving neans for evaluating factors that could
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af fect propagating flaws during the RPV service life.

So this gave the AEC then the basis for
rallying all stakeholders, all interests together to
the table to develop a plan where the AEC being the
entity that had the funding to underwite a plan once
it was agreed upon and deened a vi abl e pl an.

So indeed, they sent forward wth
st akehol ders, from vendors, fromuniversities, from
just essentially every person involved, every entity
i nvol ved, ASME and trenendous voluntary efforts came
to the tabl e under the auspi ces of the Pressure Vessel
Research Committee. From this canme, after a |ong
i ntense year of planning, a detailed plan,
multi-yeared plan for pursuing the fundanental
guestions of the applicability of fracture mechanicto
thick wall reactor pressure vessels.

And t he AEC t hen | ooked to Cak Ri dge to do
the centralized managenent of this effort. | say it
that way because OCak Ridge certainly played an
i mportant technical role, but also there was a | ot of
subcontract participants, Battel |l e, BMN Westi nghouse
and in those was a very strong participant and
contri butor.

But the very first step in executing the

plan was the developnent of a state-of-the-art
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t echnol ogy report and the report is cited here,
NSI G- 21, technol ogies for steel pressure vessels in
wat er cool ed nucl ear reactors and you see it was quite
a tome and truly it was a state-of-the-art docunent
that served a good purpose for many years going
f orwar d. That plan included |ooking at the
fundamental fracture properties of reactor pressure
vessel steels. It |ooked at an i ncrenental step-w se
fashion of once that you sonmething about the
characteristics of the fracture, what are the nodel s,
what are the properties to gain to quantify the
nodel s, what are the anal ysis nmethods to use, how do
you validate them and they had three stages of
structural or pressure vessel experinents, basically,
| aboratory science, internediate vessels and full
scale. That was the plan

First priority, |I said, was establishing
basic fracture techniques. Large scale testing was
testing to it. And the nodels and properties were
integral to the overall plan.

MEMBER KRESS: Are you going to explain
what the thing is in the picture?

MR. PUGH That is a pressure vessel from
a 1100 negawatt plant, 1100 negawatt unit built at

Conbusti on Engi neeri ng. W bought and shipped this to

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

423

OCak Ridge as part of the work that we did there and
one of the conditions on buying it, actually DCE
bought it. ©One of the conditions of buying it, we
wer e not supposed to be given the identity toit. but
when you | ook at the outlet nozzles and having flats
for supports you have a pretty strong indication of
who may have made it.

MEMBER KRESS: That's the vessel used by
PNL to determne the flaw size and distribution?

MR. PUGH PNL did a detail ed mappi ng of
the flaw distribution inside this vessel.

MEMBER KRESS: One of our questions is if
you' ve got one vessel and you |l ook at the flaw size
and distribution, how representative is that of the
fleet of vessels that are out there?

MR. PUGH There have been i nspections of
segnments of other vessels. O course, |'msure as you
know, Sal emvessel being one, all of which creates a
dat abase. There is non-nucl ear vessel data. All
nucl ear vessels were inspected prior to going into
service, so there is some data from pre-service
i nspections, all of which gives a database which we,
" msure, would always liketothink we'd liketo have
a larger one. But it's the best it's ever been.

VEMBER RANSOM How snall is the
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probability of failure to be accepted as incredible?

(Laughter.)

MR PUGH: Ah. May | pass on that
guesti on?

Quantitatively? O course, 10° has been
used in recent studies, so |l guess if | were to give
an answer | would relate it to that.

MEMBER RANSOM Less than 10°° --

MR PUGH: Wul d be considered in the
range of incredible, yes. You renenber, |I'mspeaking
here historically, in the context of 1960s when PRA
and dose type anal yses were not quantitatively being
| ooked at. It was nore qualitative.

Could you denonstrate a degree of
di fference bet ween t he actual circunstance and failure
of the operation and failure that would give you a
feeling that the margin is well sufficient as to not
to lead to failure?

By t he way, Tom that picture was on there
just for --

MEMBER KRESS: Just to meke it | ook good.

MR, PUGH: Just to dress it up a bhit.
That's what a real vessel looks like and that's a
fellow we work with.

I n t he begi nni ng, then executing the pl an,
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enphasis was placed on understanding the fracture
characteristics of the material and properties that
went with that. The AEC, ORNL procured over 500, 000
tons of reference test material, typically 12-inch
thick plates of A508 and A533 steel primarily.

Al arge nunmber of exploratory and property
experinments were done in those early days to (a) to
start out with the question does this kind of materi al
i ke the high strength, lowductility material show a
transition from brittle to the transition to the
ductil e regine.

Those are some of the first experinents
done, not just on small | aboratory specinens, but on
tensile specimens up to 12 inches thick being
prototypical of pressure vessels. And so that
guestion turned out to be yes. They went forward,
deci ding well, what kind of specinmen do you neasure
properties with? A whole host of specinens were
| ooked at and inthe end it was settled on the conpact
t ensi on speci men which then |l ed to the acceptance of
the trial ASTMstandard E-399 for fracture testing, so
this programand its exploratory work and its round
robin led to that being settled upon as the fracture
mechani ¢ speci men of use.

(Sl'ide change.)
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MR, PUGH: Looking at the properties,

there were a nunber of variables though that could
i nfluence them in particular, of course, we all know

t enperature, the toughness versus tenperature are ki nd

of dependent. But also rate has a very pronounced
i nfl uence. After a lot of studies and dynamc
effects, it was concluded that the crack arrest

t oughness represented a very reasonabl e | ower bound to
t he dynam c fracture toughness dat a.

MEMBER WALLI'S:  You said load rate had a
bi g i nfluence?

MR. PUGH. Yes. The higher the rate, the
| ower the --

MEMBER WALLI S: Wt hin what sort of range
of speeds, which what sort of tine frame are you
t al ki ng about for an influence?

MR PUGH: As | just said, kind of the
l[imting case that was considered to be the arrest
t oughness.

MEMBER WALLI S:  But you're tal ki ng about
fractions of a second, presumably. You're not talking
about long periods -- you're talking about short
bl ows?

MR. PUGH  Sonething like split Hopkins

bar has been used, for exanple, giving strainrates of
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10°°>. | nmean 10° per second. Very fast rates.

MEMBER WALLI'S: Very fast rates.

MR. PUGH Yes. But what one | ooks for is
asynptoti c behavi or of the rate dependence whi ch seens
to be there approaching that of the crack arrest
val ues.

So trenendous progress was made during
t hose years in generating data. Westinghouse pl ayed
a very inportant role in that testing specinens up to
12 T. | should have enphasi zed that within this, it
was adopt ed t hat pl ai n strained fracture mechani cs was
to be the reference as in the vessels, if you had a
flaw, it was going to have a lot of constraint. So
t hey | ooked for a specinen that would exhibit plain
strained conditions on the crack front.

As tenperature goes up to maintain the
pl ai n strai ned condi tions, you have to have | arger and
| arger specinmens, so many of these data, many are
call ed out here but to get upinto this region here of
i ke 200 MP, neters toughness required 12 i nch thi ck,
that nmeant |ike 24 inch square specinen. Huge
speci nens. And Westinghouse, for exanple, tested a
| ot of those for us.

Al'l that data was -- is the basis for the

K curve that is still in the ASME code today
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You'll find those data reported in Wlling Research
Council Bulletin 175. You may have heard the
term nology, $1 million curve? Nowa $1 million curve

t oday may not be that nuch, but in 1965 that was a big
effort.

MEMBER KRESS: |s that the curve that you
have on the thing or did it go through the nmean?

MR PUGH This was i ntended to be a | ower
bound.

MEMBER KRESS: It was a | ower bound.

MR, PUGH  Yes.

MEMBER KRESS: (kay.

MR. PUGH: The ASME curve, it is |ower
bound, not only of the fracture toughness, but of the
arrest toughness, initiation and arrest toughness.

MEMBER FORD: Cl aud, you nentioned earlier
on this condition of probability for crack initiation
as being one criterion. Surely, the Kvalue for crack
initiation from a pre-existing flaw will be plain
stressed conditions or could be. Therefore, your
nmet hodol ogy would be very conservative? s ny
rationale right?

MR. PUGH It's an excellent question and
| "' mabout two slides hence. |'mgoing to show you an

exanpl e of the answer to that.
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Your conclusionis correct, generally, but
on that one vari abl e, nanmely the constrai nt vari abl e,
but I'mgoing to have a very good exanpl e poppi ng up
here in about two slides that will show that.

MEMBER KRESS: This may be a question to
Mark, but you're no longer using this |ower bound?
You' ve actually gone to the best estinate?

MR KIRK: MR KIRK: That's correct.
nmean the data, well, the curve that's shown here is
t he | ower bound K curve. There's also a |l ower bound
initiation curve. Those are the ASME desi gn curves
that are used. They're still used by the NRC and the
nucl ear |icensees in cal cul ati ng heat up and cool down
[imts. Andin fact, those |l ower bound curves are the
curves that were used in the early 1980s to establish
a current PTSrule. That was a | ong background. The
answer to your question is yes. Now we take that
whol e distribution of data and use it.

MEMBER KRESS: Yes, you get a substanti al
di stribution.

MR KIRK: So we use it -- what we do is
we sanple fromthat distribution and we draw val ues
out so we capture the wuncertainty that you see
depi cted on that plot, yeah.

MR, PUGH: Thank you for asking that
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qguestion, Tom because | amcomm ngling the evol ution
of the total technology on fracture prevention with
what we know about fracture mechanics, sow dotryto
make the distinction as we go along with the two.

MEMBER WALLI S: These variations are
because the steels are different or because the fl aws
are different?

MR, KIRK: The variations are just sinply
inherent to the material. | could show you what on
the previous slide that's the result of about 12
different material s that makes the pl ates i n wel ds and
forgings. | could take one material and if you'l
forgive the phrase, test the hell out of it, and | see
exactly the sane variation.

MEMBER WALLI'S: This is because the --

MR. Kl RK: Because the material 1is
i nhonbgeneous at a mcro scal e.

MEMBER WALLIS: It had a different history
or had --

MR. Kl RK: No, no, no. It's just the
| ocal inhonpbgeneity of the material along the crack
front. You could test -- if | took a plate of
mat eri al the size of this conference table and cut it
up into big, small specinens, you pick --

MEMBER WALLI S: You'd get different
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answers for these speci nens?

MR. Kl RK: Tested all wunder precisely
controlled <conditions and you would see that
variability. And so that's -- that's a classic
al eatory variability and we capture that appropriately
i n FAVOR.

MEMBER POWERS: Mark, if | doubled the
nunber of tests on a single material or nultiple
materials, either way, would | see |arge nunbers of
points below the solid curve that you' ve drawn in
t here?

MR KIRK:  No.

MEMBER POVWERS: Why can you say that so
confidently?

MR. KIRK: Because since that curve has
about 175 points --

MEMBER POVNERS: About 350.

MR. KIRK: And the years since, | goupto

my desk, since |I'm a data geek, | collect these
things. W have a database now well in excess of
4,000 points and no point has ever -- except on the

| ower shel f where it wasn't ever neant to be a bound,
but inthe transitionregion, I'msorry, |I'mpointing
at the screen again. Inthe transition region, where

Claud is pointing, which is where the action is for

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

432

RPV failure, no curve has ever transgressed the |ine
and that's --

VMEMBER POVERS: | see a point that
transgresses the line right there.

MR, KIRK: No. Go up a ways. There you
go. As we discussed on -- as Mke discussed on
Wednesday, when we were tal ki ng about the risk goal,
one of the
-- if we had a conpletely risk-based rule, you nm ght
be abl e to reach t he concl usi on that you coul d operate
the reactor vessel safely on the | ower shelf.

MEMBER WALLIS: \What's the | ower shelf
mean?

MR. KIRK: That's the |owest fracture
t oughness you can get.

MEMBER WALLIS: That's what you nean by
| ower shel f?

MR, KIRK: That's what | nean by | ower
shel f, yes.

MR. MAYFI ELD: This is Mke Myfield.
When you pl ot Charpy energy versus tenperature, there
is a transition from a lower plateau region to an
upper plateau region in energy and that | ower region
is typically characterized as the |ower shelf. It

cones belowthe nil ductility transition tenperature
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for the material. So when we tal k about | ower shel f,
upper shelf andtransition, wetypically arereferring
to regions on the Charpy energy versus tenperature
curve.

MR. KIRK: In any event, there are other
-- the point | was trying to get to is there are
certainly good engi neering reasons why even if your
ri sk nunmbers told you you could, you wouldn't allowa
structure with as high a failure consequence as our
nucl ear RPV to operate down in this region.

But in answer to Dr. Powers' question, the
substantial testing that's occurred in the ensuing
years has generated a database well in excess of, |
think, 4,000 to 5,000 data points. None of them has
ever crossed an RT,y i ndexed K. or Kz curve which is
sinmply a testanent to the conservatismthat is built
into the current ASME rul es.

MEMBER PONERS: Wl |, the one point that
does should be banned and burned and otherw se
casti gat ed.

MR. Kl RK Wien | say none has ever
crossed, renmenber | put the caveat on in the
transition region.

MEMBER POVNERS: Well, it looks like it's

pretty close to the transition region.
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MEMBER SHACK: He's up there with a

triangle rippling data.

MR. KIRK: That's on the curve. That sets
t he curve.

MR PUGH: And recall, this is the $1
mllion curve which is not necessarily the Ky curve,
that is in the code.

MEMBER PONERS: You tell ne that thereis
a point that is exactly on the curve, that's what's
said and I will never ever, no matter what | do find
a point that falls belowthat curve. You are a man of
faith.

(Laughter.)

CHAI RMVAN APOSTOLAKI S:  He said he hasn't
seen -- right, Mark?

MR KIRK:  Yes.

CHAlI RVAN APOSTOLAKI S: Are you al so sayi ng
you will never see it?

MR KIRK: | would not expect to see it.

MEMBER WALLIS: It would be incredible.

MR. KIRK: It woul d be incredible -- okay,
the --

CHAI RVAN APOSTCOLAKI S: It'sreally, really
unlikely.

MR KIRK: It's really, really unlikely.
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| mean nonparanetrically if you' ve got a database of
5,000 dat abase, no, what are the odds? But equally,
we under st and maki ng strictly a data argunment because
it was a dat abase question, but we understand why the
curve is there. W understand why we can coll apse
mul ti pl e curves toget her, using an i ndexed tenperature
approach and we also understand the conservatism
that's i nherent tothe RT i ndex tenperature whichis
if you go to establish RT,; based on nil ductility
tenperature tests and Charpy tests, the only way you
can run the procedure forces you to overestinmate the
paranmeter. And that was done intentionally in the
early days to make sure we were working with a
boundi ng curve.

MEMBER WALLI S: \What does NDT nean?

MR. KIRK: The nil ductility transitionis
defined in ASTME 208 as the tenperature in which you
go froma break to a no break condition in a nil
ductility test which is a 5/8ths thick by about 6
inches long, 2 inches wide specinen with a brittle
wel d bead put on top.

MEMBER WALLI'S: Well, of course, that's a
fairly conplicated thing.

MR KIRK: Oh yes, it is. But it's an

order of nerit --
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MEMBER WALLI' S: | thought it neant nor mal

daytine tenperature or sonmething like that.

MR KIRK:  No.

MEMBER ROSEN: You see, the | ogical
i nconsi stency with your remarks in response to Dr.
Powers is that the day before you had that test which
gave you that point right onthe line, you woul d have
said that there's no chance of having any test I|ike
t he one you were about to get the next day.

CHAlI RVAN APOSTOLAKI S:  He sai d t hat poi nt
defined the curve, that's different.

MEMBER ROSEN: He' s al so sai d t hat not hi ng
can be to the right of that. And |I'mjust pointing
out, that's what you woul d have said on the day before

MR. KIRK: That's true. So perhaps I'lI
revise my comments for the record that subsequent
testing of thousands and thousands of speci nmens has
reveal ed not hing bel ow that curve.

MEMBER KRESS: And if it did, why would
you care?

CHAI RVAN APOSTOLAKI'S:  And frankly, 1've
heard enough about this curve.

(Laughter.)

MEMBER POVERS: Well, George, |'msorry,
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| just have to know

CHAl RVAN APCSTOLAKI'S: You want nore?

MEMBER POVERS:. When | didn't have that
poi nt | woul d have used the little black square to fix
t he curve.

MR. MAYFI ELD: WMark, let me. There's a
bit of perspective to not |ose here. The curve and
the Ky curve that's discussed in the fourth bullet on
that slide is the |ower bound -- was intended to be
the | ower bound curve to crack initiation, dynamc
crack initiation and crack arrest toughness. It was
intended as the Ilower bound to all of those
condi tions.

The data that we are using cones, in the
anal ysis, comes fromtwo aspects. One is essentially
static -- it's very slow | oading, crack initiation.
That's the K curve that Mark has tal ked about before
and those data, because these materials are |oading
rate sensitive, those data tend to be well above that
curve.

The | ower data points that you're seeing,
tend to come fromeither dynamc initiation or crack
arrest tests which -- that's a very rapidly noving
crack. Those tend to be the lower -- tend to be the

| owest of the data. So there's a m xture of data that
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went into defining the K curve.

When you go back and segregate the data
between the two types you're really interested in,
initiation and arrest, there are separate curves for
t hose data types and the uncertainty associated with
those gets rolled in. | think we need to be alittle
careful in drawi ng too many concl usi ons about whet her
t he curve does or doesn't bound all the data because
we're really interested in the application in
segregating the data.

MR. KIRK: One perhaps final point is |
think it's good to get back to Dr. Kress' conmrent
earlier that now we're using a probability
di stribution through all this data which gets us away
from as is obvious here, the very difficult question
of establishing an absol ute | ower bound. W take into
account the inherent variability that's there and
that's included in the cal cul ation.

MEMBER KRESS: | think Dana's question
bears on that because you have to set a distribution
to sanple from and how you set that distribution
depends on what form you assune it takes. Do you
sanple vertically? Do you fix the tenperature and
sanmpl e vertically?

MR Kl RK: Yes, we do and the formthat
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t he di stribution takes can be established by data. It
can al so be established by physics and it's indeed a
happy ci rcunst ance t hat t he physi cal expectation, the
di stributional formthat you expect physically is well
substanti ated by the data.

MEMBER KRESS: Is it |og normal ?

MR KIRK It's Weibull

MEMBER KRESS: Wi bul | .

MR KIRK:  Yes.

MEMBER PONERS: So that's why we can't
have points bel ow t he curve.

MR KIRK: That's right.

MEMBER PONERS: | took fromM ke' s comment
that the way to get points below the curve was to
i ncrease the rate of | oading.

MR. MAYFI ELD: Dana, this curve was drawn
by a guy with a French curve and he didn't know howto
use it. This is not astatistical figure. Oay? And
he tried to pin his curve to the | owest data point he
had at that point.

When you | ook at the curve that's in the
ASME code, this K curve, you'll actually find a cusp
init and so that the gentleman that didn't know how
to use this French curve to create a snooth curve,

t hat has propagated its way up until the last four or
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five years when the ASME finally made a change. So |
don't want you to leave this discussion with the
inmpression that there's great high science or
mat hemati cs behind that particular representation.
The wor k t hat Mark and conpany have done subsequently,
to nove away fromthis sort of historic plot is, in
fact, much better science and I think we're draw ng
far too nmuch significance to this particular plot.

CHAl RVAN APOSTOLAKI S: So it's Weibull
vertically?

MR KIRK: Yes, that's correct.

CHAl RVAN APOSTOLAKI S: And what is the
probability? Do you renmenber roughly of the point
falling bel ow the curve?

MR KIRK: I'msorry, | don't understand.
| know t his sounds stupid, but I don't understand the
guesti on.

CHAI RMAN  APOSTOLAKI S: Isn't there a
probability that if | pick a tenperature, there wll
be a poi nt bel owthe curve now, as soon as you have a
di stribution?

MR KIRK: Yes, but the Weibull, it's a
three paranmeter Weibull. It has an absolute cutoff,
yes.

CHAI RVAN APOSTOLAKI S:  And the absol ute
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cutof f coincides with this curve?

MR. KIRK: No. As Mke said, we have a
Wei bul | distributionthat's been statistically fit to
not only these data, but al so the data that have been
devel oped since then. That curve has an absolute
| ower bound since it's a three paraneter Wi bull
It's agreement or disagreement with this particul ar
curve, which as M ke said was hand-drawn, would be a
conpl ete circunst ance.

This is a historical design curve.

MEMBER FORD: If 1 could suggest that
we' ve used up half our tine.

CHAl RMAN  APOSTOLAKI S: That's what |
t hi nk.

MEMBER WALLI S: But still, this NDT, isit
ductile to the right or the left of this point, zero
point? There's a nil ductility transition?

MR KIRK: It's noreductiletotheright.

MEMBER WALLIS: | would expect it to be
nore ductile to the -- the region of interest, there
is ductility.

MR KIRK:  Yes.

MR PUGH: Perhaps | can shed sone
additional |ight on that type of question as we | ook

at the next two or three slides.
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Remenbering the earlier technology was
directed at fracture prevention, not fracture
prediction in the applied sense of the ASME code, so
that's one of the reasons of this type approach to it
earlier.

W are going to |look at real quickly,
hopefully three, large scale sets of experinments for
purposes of validating the applicability of the
fracture nechanics technology which is based on
uni axi al speci nens. So obviously, the applicationis
mul tiaxial conditions of pressure |oading being
nmul ti axi al at the very outset, plus any other factors
t hat cone to bear.

MEMBER WALLI S: This is nonirradiated
steel ?

MR. PUGH: All of these experinments run --
RPB steel, but nonirradiated, yes sir. Very typica
of steel though.

"1l speak very briefly about internediate
vessel tests. |If you would, Mrk, please?

These were experinments conducted on one
nmeter di ameter by 6-inch thick walled specinmens with
axial flaws, the very deep I TB7. One happened to be
portrayed here in this schematic. Mst of them had

like a quarter to a half thickness in the flaw. Ten
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such vessels were procured. Like | say, they' re 8508
Class 2 steel, RPB steel. You recall | said that
early plan included a full scale testing phase. It
was concluded in the early to md-1970s. That was
just too cost prohibitive to pursue, so the added
i nportance was taken on by this set of | TB experi nents
to denonstrate the transferability of the fracture
nmechani cs developed in the |aboratory and even in
these | arge plain strain fracture uni axi al speci nens
woul d transfer to a constraint situation prototypica
of the vessel.

MEMBER KRESS: This flaw you show on here
is on the outside of the vessel.

MR. PUGH. That is correct.

MEMBER KRESS: Can you explain the
rational e behind that?

MR, PUGH: The constraint and | oading
conditions are essentially the sanme as if it were on
t he inside. You have the pressure |oading, which is
still the 2 to 1 pressure |loading. You have in the
case later, we'll look at it, thermal stresses, the
case of the crack front is | oaded in the sane way as
if it wereinternal and it was nuch easier to work, of
course, experinmentally with the external flaw

MR BASS: This is Richard Bass from Gak
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Ri dge National Laboratory. | just want to reiterate
a great deal of anal ytical effort went into eval uating
t hese vessels with the flaws on the exterior surface,
via-a-vis the PV Iaws on the intersurface to assure
that we had stress fields, fracture toughness fields
and gradients in these vessels that were also
correspondent to RPVs.

MEMBER KRESS: This didn't have to be a
cylinder, didit?

MR. BASS: Pardon ne?

MEMBER KRESS: The only reason you made it
a real cylinder is so you could pressurize the inside
of it?

MR, BASS: Yes.

MEMBER KRESS: It could have been a fl at
plate for all you cared, if you could provide the
| oadi ng.

MR. BASS: | don't knowthat we woul d have
wanted to use a flat plate in this case.

MR, PUGH: Certainly in subsequent
experinments where we |ooked at thermal shock,
definitely woul d not have wanted a fl at pl at e because
of certaininertia and bendi ng effects that develop in
the arc of the cylinder.

MEMBER SHACK: It probably would be hard

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

445

to stress state the flat plate too

MR. PUGH You' re probably thinking about
a set of experinents that was done in Japan once upon
a tine, thermal shock.

MEMBER SHACK:  You did do sone sort of
trick with the heat treatment to enbrittle this
materi al .

MR PUGH: Not on these. These are
prototypical. This is a detail. There are two sets.
One of themwas normalizing tenper and the ot her was
tempered to inpact the fracture properties slightly.

MEMBER SHACK: This is a relatively
bi cuspus material. This is |like the --

MR, PUGH Yes, this is like the real
stuff.

MEMBER SHACK: The real stuff.

MR, PUGH. Absolutely. Nowthere was one
experinment run on a lower per shelf weld that was
absolutely tailored to study the fracture properties
of the | ower shelf weld in one of these vessels. That
was | TV-8(a), but no, the basic principle was to use
the real pressure vessel conditions to validate the
fracture behavior and the ability to predict that
fracture behavi or.

(Sl'ide change.)
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VR PUGH: So if we look at the next

slide, we'll see that here is a schematic of this
Charpy curve, Dr. Wallis, that M ke was describing
earlier, the lower shelf, transition region, upper
shel f.

Operating conditions of reactor pressure
vessel is up here on the upper shelf. Should you have
t he t hermal shock ci rcunstance, you have the i njection
of the coolant, then you're progressing back down in
this region. So this is the region of real interest
to the fracture behavior to the PTS issue is in the
lower to md transition range. So we're going to
focus right here onthis slide on these, what | ooks to
be three experinments, | nmean four experinents.
Actually, this 8(a) hadtwoinitiationandarrests, so
there will be five points plotted over here of failure
pressure versus predicted failure pressure. Here's
the one-one line. You see these four |ine up very
nicely.

Peter, | don't renenber if it was you a
whil e ago or Dr. Rosen, asked the question about what
i f you did not have this constraint toyieldthe plain
strained conditions. This test here is ITV-9. This
is anozzle experinment. There was a flawin the inner

corner of the nozzle and this -- | don't knowif you
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can see it or not, but this is what a vessel with a
nozzl e | ooked Iike.

Wth a flaw in that inner corner of the
nozzle, you absolutely do not have the constraint
condi tions. You lose nuch or nost of your constraint,
so in answer to the question do you elevate or
decrease the fracture, apparent fracture toughness in
t hat circunstance? Youincreaseit. Thisis whythis
point is well above here in terns of the actual
failure pressure, well above what LEFM would have
pr edi ct ed.

MEMBER PONERS: Let ne ask a question.

MR PUGH  Yes sir.

MEMBER POVNERS: Converting of units, |I'm
never very confident about these things with pressure,
but 100 nmega Pascal s corresponds to, | think, 14,000
psi. |Is that correct?

MR PUCGH: 6.895 over whatever is the
conver si on.

MEMBER PONERS: So roughly 14, 000 psi.

MR PUGH  Yes.

MEMBER POVERS: Whi ch of our pressure
vessels in the United States, reactors, 14,000 psi?

MR. PUGH Tthe design pressure for this

vessel is 9 point sonething mega Pascals or isit ksi?
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MR BASS: 9.75 ksi.

MR PUGH 9.75 ksi. It is the design
pressure for the I TV that's equivalent to a full RPV
under 2250 psi .

MEMBER PONERS: So there's sone scaling
that's been done here to decide that what you think
thecritical flaw, stress fieldthat thecritical flaw
will be to mmc what it is in the nuch bigger
pressure vessel ?

MR PUGH  Yes sir.

MEMBER POAERS: It's an elenent of faith

involved in going fromhere to the actual pressure

vessel .

MR, PUGH: But with detailed stress
analysis, | think one can feel that it is well
si mul at ed.

MEMBER SHACK: Which is why they scal ed
this test froma Charpy conpact test specinento this
vessel .

MR PUGH  Yes.

MEMBER SHACK: You verifiedthe scalingto
t hat extent.

MR. PUGH Yes. You recall the origina
plan had in it full scale testing that would have

val i dat ed per haps the nth i ncrement of scaling, but it
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was j ust too expensive to take on.

MR. MAYFI ELD: Dana, | think the other
point that's worth nmaking is there's been a ot of
work done in showing that this fracture toughness
paranmeter and that the stress near the crack tip is
what controls. You just need to do sonething that
| ooks like a cylinder to get the stress state to be
simlar?

MEMBER PONERS: | don't have any trouble
of scaling this up. | think you've left out an
element in the presentation of discussing that
scal i ng.

MR. MAYFI ELD: Fair enough.

MEMBER PONERS: It's not so inportant for
t he presentation, but in making the case for the PTS
when you use this information to say this elastic
fracture nmechanics is a valued technol ogy for doing
your PTS analysis and verified, you're going to have
to put that step in.

MR PUGH: The next slide wll have
sonething relevant to that step com ng up.

MR. BASS: Richard Bass at RNL. | have
t he anal ysis that you're tal ki ng about on ny desk at
OCak Ridge and I'Il be glad to provide that.

MR PUGH It's nore inportant that they
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provide it in their ETS.

MR, MAYFI ELD: If the Committee is
interested, we can certainly provide the informtion,
but I think the point is well taken to nake sure, as
we document what we're doing, that we | ay that basis.

MEMBER PONERS:. This is a crucial part.
And it's inportant not to | eave out what is a crucial
step and in thermal hydraulics |land, they spend an
enor nous anount of time di scussing that scaling and |
think you' d be remss to gloss it over. | nmeanit's
very famliar to you, but it's not very famliar to
some of your critics.

MR. MAYFIELD: And there's a very good
story to that.

MEMBER PONERS: | bet there is.

MEMBER FORD: C aud, you nentioned that
those five data points come fromthe -- towards the
| ower shelf area

MR PUGH This is the four which is the

MEMBER FORD: The five, rather.

MR. PUGH: Right here. And they are down.

MEMBER FORD: | f you had done the tests on
t he speci nens on the upper shelf region, you would

presumably start to deviate fromthat one to one |line
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towards the upper part of it.

Do you and -- does that, in fact, happen?

MR. PUGH. Yes. The short answer is yes.

MEMBER FORD: And so therefore the use of
the fracture mechanics is not necessarily fickle to
| ow fluence stations. Now | recognize --

MR. PUGH: No, that's the wong
concl usi on, | think.

MEMBER FORD: Less irradi ated pressure
vessels. Am | going the wong way?

MR.  MAYFI ELD: No, you're going the
correct way. And in fact, we've had sone situations.
Cl aud nentioned this | owupper shelf energy wel d that
we tested. That was one of the notivations for us
devel oping the elastic plastic fracture effort and
applying, in fact, Jim Rce's J analysis and
subsequently the devel opment of the JR curve, so
there's a lot of that work that goes into doing an
analysis for a fully ductile condition.

MEMBER FORD: The reason | asked the
question --

MR PUGH: | understand better your
guesti on now, where you're comng from

MEMBER FORD: You show a good correl ation

for lower shelf, i.e., enbrittled conditions. Wen

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

452

yougoto fully ductile conditions, i.e., beginning of
life, then this nust fail to a certain extent, unless
you use --

MR. PUGH In the sense of being accurate
in your prediction of failure, you will be ever nore
i ncreasingly conservati ve.

MEMBER FORD: Correct.

MEMBER RANSOM | understand the vessels
are fabricated using axial welds fromrolled plate?
MR PUGH Mst of them are.

MEMBER RANSOM  How do you know t hat the
data you're using is characteristic of what's in the
wel d region?

MR PUGH Well, because this is a weld,
that's a weld and sone of the other experinents are
i nvol ved with wel ds.

MEMBER RANSOM  The previous curve you
gave though is for honbgeneous material .

MR PUGH: Data have been collected on
weld material as well.

MR. MAYFIELD: In ferretic material, the
wel ds, the forgings, the plates, they all show the
same characteristics in transition, samne
characteristic tenperature

The things that change will be the index
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tenperature, where that curve is on the tenperature
axis. But all the other characteristics of the curve
remai n the sane.

MR PUGH: But I'm glad you asked the
question, Dr. Ransom because sone of these are
absolutely weld material, even in these | TVs.

| realize our time is getting away from
us.

CHAI RMAN APOSTOLAKI S: Yes, we real |y have
to finish at 10.

MR, PUGH: If one looks, then at an
application of the ASME approach for these |ITVs and
| ooks at aratio of the load factor, that is, say the
failure pressure versus design pressure, ASME design
pressure, these are roughly the -- they're not
roughly, these are the rati os. There are roughly
three for all cases, except this one and this is at
nozzle -- excuse nme, this is that very deep fl aw was
80 sone percent way through the wall to begin wth.

If you apply to a full-scale reactor
vessel, then the sane technol ogy, these are desi gned
failure
-- these are fracture failure curves for a full
react or pressure vessel under |ike 2250 psi. Based on

the stress design limts, here's the operating
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condi ti on. Here's the design |evel. Here is the
fracture nechanics for the quarter T anal ysis al | owed
by the ASME code. Quarter T would be like 2 point
sonet hi ng depth. Conpare it to this curve and you' |
see like a factor of three safety factor that exists
in applying the ASME code versus failure curves. So
you' re tal ki ng about that | ower bound curve, etcetera.
That's not the end of the story in ternms of being
conservati ve when appl yi ng ASME code.

MEMBER WALLIS: \What's the paraneter on
t hese curves, is it inches?

MR. PUGH. Those are fl aw depth.

MEMBER WALLI S:  Fl aw dept h, okay.

MR. PUGH So even with flaws nuch deeper
than ASME code quarter T, still we see trenendous
margin before one gets to a predictive failure
condi ti on.

After this set of experinents is done, the
guestion -- not done, but during their performance, a
qguestion cane up about thermal shock with the nost
severe condition thought to be a large break LOCA
where one woul d have a | oss of pressure, but a very
extreme thermal shock. So the set of experinents
using a vessel sonmething like this where -- not

something -- thisis avessel, 6 inches thick, 1 nmeter
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di aneter, dunkedinliquidnitrogenfromatenperature
of about 280 degree Cto give the thermal shock.

This type of experinment gave the through
the wall variation as one would anticipate in reactor
pressure vessel for stresses. This is through the
wal | versus the --

MEMBER WALLI'S: Did you get filmballing
at the liquid nitrogen?

MR, PUGH: Interesting you should ask
t hat . A tremendous effort went into developing a
coating that would --

MEMBER WALLI'S:  Wbul d nucl eat e.

MR. PUGH. Woul d nucl eate, yes. It was a
rubber cement process that D ck Sheverton actual | y got
t he genesi s i dea fromsone peopl e i n France and wor ked
on it, a very high priority topic to perform these
experinments, yes sir.

As a flawexists in a particular place in
the wall during the thermal shock, though as the
thermal shock passes, the stresses and stress
intensity onthat flaww ||l peak and start down and it
may not reach the critical value of K. until |ater,
nanely when it's cooled, and this can give rise to
something called warm pre-stressing, which wll

inhibit the initiation of the flawin certain sense,
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especially for deep <cracks in thermal shock
condi tions.

So these experinments were to exam ne
behavi or under thermal shock, one prestressing,
whet her or not arrest would occur inarising Kfield
or above the ASME [imt.

As a qualitative exanple which was
actual ly done quantitatively, TSE-5, it was predicted
that three crack initiation arrest events woul d occur
in this one thermal shock. It was predicted that
sincetheinitial flawwas a tenth of the way t hrough,
that it wuld go to halfway through iif (1)
prestressing occurred on the third event. |If it did
not, it would go to .7. You can see fromthe cross
section going from the inner radius to the outer
radius of this cross section, indeed, three junps
occurred and propagated to . 8.

MEMBER FORD: Wbuld you mnd just going
back to the previous graph. This is a question that
came up when we -- | forgot which one it was, one of
the reviews. What is the data to support that fluence
distribution or is it cal cul ated?

It seems to ne to be very inportant in
terns of whether the crack arrests or not.

MR, PUGH: Certainly, the toughness
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t hrough t he wal | depends upon the fluence through the
wall and 1'd rather defer the question to M ke.

MR. MAYFI ELD: It's a calcul ated fl uence.
There have been sonme experinmental activities |ooking
to benchmark the cal cul ations. There's sonethi ng of
a ragi ng debate that probably that Dr. Bonaca is in a
better position to describe than | am There's sone
ragi ng debate anong the purists about whether the
attenuation function that we have i ncorporatedinthis
which is a power law attention, as to whether that
really is technically sound or not. The experi nental
data that we -- what |limted experinental data there
are, | ooking at through wall attenuati on suggests that
it's reasonable. It may not be precisely correct, but
it'swithinthe uncertainty of the experinental data.
It seenms to work fairly well.

MEMBER FORD: | think we asked the
question, but | can't renenber the answer as to what
the effect of that wuncertainty of that fluence
di stribution woul d be on your resulting cal cul ati ons.
Is it a huge sw nger?

MR KIRK: Since nost of the flaws that
play a significant role in PTS are very close to the
i nner surface, because that's where the thermal shock

is the greatest. The differences between -- as M ke
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said, there's a debate as to how fast the exponenti al
fall off is, but since nost of the flaws that get you
occur within say 10 percent of the thickness between
the inner wall and 10 percent of the way in, the
di fferences between those two attenuation functionsis
really pretty small.

MR. MAYFIELD: | think the other thing |
woul d say is that the uncertainty in the cal cul ated
fluence at the vessel, the inner surface, far
dom nates the uncertainty of the through wall, the
uncertainty associ ated wi th t hrough wal |l attenuati on.

MEMBER FORD: And there's nore data to
back up that early -- presumably nore fluence data --

MR.  MAYFI ELD: Data to support the
di screte ordi nants of code approaches t han cal cul ati ng
t he inner surface.

MR KIRK: Wiere you may wi sh to re-rai se
this question, whereit, infact, is very significant,
i s when we get to tal ki ng about heat up and cool down
limts because they're controlled by notional flaws
that are a quarter T thick, both on the inner dianeter
and outer dianeter. So you' ve got to attenuate to al
the way to three quarter T in a heat up or cool down
cal culation and there, the differences between the

functions that are advocated by one group of experts
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versus another is indeed very significant, but for
PTS, since the flaws that are inportant are on the
inside and | i ke M ke said, the greater uncertainty is
on the inner wall fluence, it's not that huge a
factor.

MEMBER SHACK: But wouldn't it have a nore
significant effect on your conditional probability of
failure. I can understand your argunent for the
conditional probability --

MR. KIRK: That's correct. Yes. Yes,
that's correct.

(Sl'ide change.)

MR. PUGH: Just one | ast slide, | believe,
that I'd like to show you briefly and that is if you
| ook at the -- in this presentation at |east on this
slide, four of the TSE experinents, if you |l ook at the
calculated initiation values and the cal cul ated crack
arrest values, sone of this -- the experinments were
multipleinitiationandarrest; initiationandarrest.
You can see that the data fall in a good trend with
that from snall speci men dat a. These are
appr oxi mat el y upper and | ower bound for smal |l speci nmen
data and you see the initiation values follow the
trend very well and so do the arrest val ues.

All the work, of course, that these two
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sets of experinents represent, it was |ike 15 years of
work. We really can't do it much justice here in 30
m nut es or | ess, but hopefully I've givenyoualittle
snapshot to show you that the validity and the
applicability for operating conditions inthe case of
| TVs and an accident condition in case of a |arge
break LOCA, the results of these experinents suggest
LEFM is applicable to fracture prevention and in
t oughness prediction.

MEMBER WALLIS: It suggests to ne that
sonmething is di fferent about the French work fromthe
ot her work. Wen you say followthe trend, that's a
very gross statenent. |If you actually |look at the
data from one lab, the trend is not obvious. The
gross way, you're wthin your bounds.

MR. MAYFI ELD: You're tal king about the
French data?

MEMBER WALLIS: All the others, any ot her
dat a. | don't want to prolong this, but you said
followthe trend. To get a trend, you really need to
| ook at one | apsed dat a or sonet hi ng ot her than sayi ng
it's wiwthin some statistical --

MR. BASS: This is Richard Bass fromORNL.
"1l make a comment on the French data. That's been

a topic of discussion for at |east 20 years and it's
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our feeling that there's doubt about the actual
temperatures that were nade, the data that was
gathered in those experinments.

MEMBER WALLI S: So we should throwit out?

MR. BASS: The French, that's their data
and that's what they provide. It's not our place to
throwit out. W can --

MEMBER WALLI S:  You put uncertainty bounds
on the tenperature?

MR, BASS: Yes.

MR. MAYFI ELD: Richard, as Dr. Apostol akis
said, we just need to nake sure we hit 10 o' cl ock.

CHAl RVAN APCSTOLAKI'S: No, 10: 15.

MR MAYFI ELD:  10: 15.

(Sl'ide change.)

MR. BASS: In keepingw thintherules, ny
name i s Richard Bass, Oak Ri dge National Laboratory.
And | am the current manager of the Heavy Section
Steel Technology Program and | want to spend the
remaining time of our presentation focusing on the
third set of | arge scal e experinents that were carri ed
out in the 1980s at ORNL. These are the so-called
pressurized thermal shock experinments. And again,
these experinents were perforned to confirm and

devel op a fracture anal ysi s met hodol ogy.
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The particul ar feature that we i ntroduced
in these experinments is subjecting these flawed
vessels to a coordi nated thermal shock and interna
pressure loading. You see in the plot on the right
hand side here, the |oading factors of not only the
tenmperature that we investigated in the original
t hermal shock experinments, but now we introduce a
coordi nated pressure transient that apply to theinner
surface of these vessels.

The objective here is to again to
coordi nate these | oading factors so as to produce a
desired evol ution of crack driving forces onthe fl aws
of interest that we've installed in the vessel. In
this particul ar case, we see an exanpl e of a transient
where we have i ncreasi ng K, crack driving force on the
shal | ow fl awwhi ch t hen reaches t he maxi nrum the fl aw,
the tirade of change of K crack driving force on a
shal | ow fl aw whi ch t hen reaches t he maxi rum The fl aw
-- the tirade of change of K then becones negati ve.
We say that this flawthen is subjected to sinple warm
prestressing and warm prestressing was a particul ar
effect that we wanted to investigate in both the first
and second pressurized thermal shock experinments.

Al so, we wanted to look at the -- get a

better understandi ng of the nature of cl eavage crack
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arrests at tenperatures near or above onset what we
di scussed previously here as the Charpy, the onset of
t he ductil e upper shelf.

The PTSE- 2 experi nment addressed | ow upper
shel f energy steel. W're not going to have tinme to
tal k about that this nmorning. W' re going to focus on
these first two elenents that were studied in the
PTSE-1 experi nent.

I n both of these experinents, we had | ong
surface cracks that were inserted into the |ITV
vessel s, pictures which you' ve al ready seen. Shal |l ow
fl aws subj ected to thi s coordi nated | oadi ng condi ti ons
to achi eve specific objectives and we'll | ook at what
t hose objectives were shortly and of course, one of
the el enents that we're very interested in here this
norning is the features of LEFM that were used to
design these experinments and also to analyze them
And specifically, we dida good deal of small specinmen
fracture toughness testing that we used to construct
our fracture test as nodels. That's the essence of
t he LEFM approach. And then we used the -- applied
our met hodol ogy to desi gn the | oadi ng conditi ons which
are properties and so forth to achieve these
obj ectives and our particular tools in doing that, in

this -- these two experinments perforned in the 1980s,
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t he so-call ed OCA code and OCA was a precursor to the
FAVOR code. FAVOR and OCA still used basically the
same net hodol ogy for doing determnistic structura
and fracture mechani cs cal cul ati ons.

Sowe' Il ook briefly at some results from
OCA i n anal ysi s of these experinents and al so touch on
application of the current FAVOR code to, in essence,
denonstrate that we still get the same answers. Next
slide.

(Sl'ide change.)

MR. BASS: Ckay, this is the vessel

We' ve seen pictures of this before. Again, we' ve got

a wall thickness of about 6 inches, 148 mllineters
and the vessel is long enough to give us this
constraint condition that -- plain strain/constraint

condition that we're | ooking for in our test specinen
that we can then transfer or use to evaluate our
nmet hodol ogy that we can then transfer to the RPV.

Agai n, you see here, we have a flawin the
outer surface. |In the PTSE-1 experinent, the first
experiment that we're going to focus on, the fl aw was
12.2 mllimeters in depth here on the outer surface,
one meter in |ength.

The phot ograph on the ri ght hand si de, you

see this test vessel is being | owered i n what we cal |
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a shroud or an outer test vessel. That outer vessel
serves two purposes. First of all, to heat the
specimen up to the test tenperature of approxi mately
290 degree Cel sius operating tenperature for an RPV;
and then since this was then connected into a | arge
t hermal hydraulics test | oop, the outer vessel served
as a shroud and we had about a one-half inch gap
between the outer shroud and the inner surface here
that would then allowus to thermally shock the outer
surface of the vessel and the flaw with a fluid
tenperature that varied anywhere fromsay 15 degrees
Cel sius down to m nus 29 Cel sius.

We started out in the first transient of
this experinent using water because we thought we
coul d get away wi th avoi di ng t he hassl es that go al ong
with using a refrigerant, but the second and third
transi ence necessitated we use a m xture of nethanol
and water so that we could lower the cool ant
tenperature and achi eve a nore severe thermal shock.

That' s t he essence of the experinmental set
up that we used in this program

MEMBER ROSEN:  How do you make the flaw
and how do you know that it's representative of the
real flaws in service?

VMR BASS: Well, a lot of work over the
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years has gone into that and this was a wel | - devel oped
nmet hodol ogy. W used an enbrittling weld techni que
t hat was then hydrogen charged, a little bath around
this thing and put a potential across it of sulfuric
acid that spontaneously generates a very sharp fl aw.
O course, there was a |l ot of research that went into
this, trials and so forth. By the tinme we got around
t he m d- 1980s of doing these experinents, this was a
very wel | -devel oped net hodol ogy.

| think we're ready to go to the next

slide.

(Sl'ide change.)

MR. BASS: kay, this --

MR. MAYFI ELD: Richard, could | say one
t hi ng?

MR, BASS: Sure.

MR. MAYFI ELD: The second part of your
qguesti on was about how are these representative of
what flaws are in vessels in service. By and |arge,
we don't think these flaws are in vessels. This was
a test condition designed to give us -- to support
this particular analysis. Wedon't really think there
are 10 percent wall, deep cracks that run for
extensive | engths along the vessel surface.

MEMBER ROSEN: Yes, | knowthat, but | was
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just asking really about the norphol ogy of the crack.

MR BASS: | took your question to nean
about the sharpness of the crack and of course, in
this technique you get a very sharp crack. That
certainly would be -- a representative say a sharp
defect in a weld or between clad weld interface, that
ki nd of thing.

This is a diagram here that illustrates
t he applied Kfactor, the crack driving force as wel |
as the crack initiation toughness and the crack arrest
t oughness for this material. This is really a
schematic. This is not sonething froman actual test.
The purpose of this particular slide is to describe
the planned transient in this experinment and then
conpare that with what actually happened.

The original plan called for doing this
experinment in a single transient, but failing the
objective of achieving all of these in a single
transient, then we woul d do a backup second and third
transient, but we want to give this a first shot of
let's see if we can do it all in one effort. That
actual Iy did not work out. W actually ended up doi ng
an experinment in three transients. But we'll get to
t hat shortly.

The objective in this PTSE-1 experi nent
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was to load the crack, this shallow crack with the
thermal shock up to Point A here where the crack
beconmes critical. W would then experience, observe
a cleavage initiation of the flaw. It would then
arrest at the crack arrest toughness curve at a deeper
point in the wall. We would continue |oading this
flaw. It would then go into a node of warm
prestressing here, prestressing where the K dot is
negative. And the crack will not initiate when K dot
is negative in cleavage.

The crack beconmes critical here and it
crosses again the K. curve at this deeper point. It
beconmes critical at this point, but it does not
initiate because of warm prestressing. W apply
pressure |loading here to alleviate the one
prestressing, reload and at some point, F here, we
want to achi eve a cl eavage reinitiation and then drive
t he crack very deeply into the -- say up to 40 percent
of the way through the wall of the vessel, 30 percent
or soto -- and get a cl eavage arrest at a tenperature

that corresponds to the Charpy upper shelf of this

mat eri al .

Those were t he obj ectives inthetransient
and if we goto the next slide we'll see what actually
happened.
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(Sl'ide change.)

MR. BASS: This particular diagramon the
left plots again the applied K, | oading of the flaw.
The K, fracture toughness and the K;, toughness for
this material as a function of crack tip tenperature.
We do this -- this is a very popul ar curve or type of
curve to use in depicting these anal yses because we
can draw the K, and the K, curves, fixed, on the pl ot
for the crack tip. And then | ook at the evol ution of
t he transi ent | oading applied to the flaw and conpare
it with these fracture toughness curves. Renenber,
t hese are our -- we haven't tal ked about this before,
but these are our predictions from small specinen
testing. We went out and did a lot of testing of 1T
speci nens. W did size corrections of the 1T
speci mens and we devel oped a |ower bound fracture
t oughness curve to that data. That's the K. curve
you see here.

We did simlar testing of small speci nens
for K, crack arrest and we devel oped a nmedi an curve
t hat you see here to that crack arrest data which was
al so size adjusted. These are very small speci nens.
W wanted to adjust themto a plain strain constraint
condi tion we used in nethodol ogy devel oped by Ceorge

Erwin [ong ago to do that.
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And then let's tal k about what happened i n
the actual test in these three transients. The first
transient we see hereis A. Thisis the original flaw
of 12 mllineter depth. OAWis .08. The tine is
noving to the left here. The crack tip is cooling
fromthe thermal shock and we see that the crack first
becones critical at this point where the applied curve
crosses the K. curve, fracture toughness curve.

At this particular point, due to several
factors, the flaw is just going 1into warm
prestressing. You can see the K dot becones slightly
negative as it hits this point and consequently as we
nove in here with the one prestressed flaw, we do not
get aninitiationto recover fromthat warmprestress
effect. You require nore | oadi ng of the flaw which we
did not have inthis pressuretransient. Consequently
we have here a highly critical crack which did not
initiate. The ratio of the applied Kto the K. here
is on the order of 2. So this is really an
unanbi guous testinmony to the effects of warm
prestressing.

The applied load achieves the -- it
exceeds the fracture test by a factor of 2.

Well, recognizing that we had a warm

prestress crack and we didn't have quite enough
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| oadi ng power at this particular point in our planned
pressure transient toget aninitiation, we went back.
We cranked up the -- basically doubled the pressure
level in the cylinder and we |owered the cool ant
tenperature to i ntroduce a nore severe thermal shock.
That's the B transient here and you can see it does
not initiate at the K. curve. W get a little bit
supercritical with the crack. W then did get a
cleavage initiation. It junped to an OAW 165, about
24 mllineters in depth. The thermal shock,
pressuri zed t hermal shock continues. W' re continuing
to increase the | oad. The flaw became critical again
at this particular point, just crossing the line, the
K,c curve here we then go i nto warmprestressing phase
again without an initiation.

LEFM woul d have predicted an initiation,
of course, at this point, but just across the line
there was no initiation.

Agai n, this was a very strong
denonstration of the effects of warmprestressing in
this PTS event. You see here we have then an applied
K val ue whi ch wel | exceeds the K, fracture toughness,
but K dot is negative, you're going to get an
initiation of the crack.

The | ast experi nent we sinply cranked up,

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

472

ratcheted up the pressureuptoalittle nore, dropped
t he cool ant tenperature a little bit nore and we got
an initiation here pretty much on the line, the
intersection with the K,. curve and the arrest point
here at a crack F about 41 mllineters, very close to
the small specinmen K, curve. And finally the system
runs out of gas at this point here.

So we achi eved al | of the objectives here.
W wanted to investigate the warm prestressing. W
had two very strong exanpl es of that here in the A and
B transients. W were able to drive the crack here
into tenperature regine that was on the Charpy upper
shelf of material and get a very high crack arrest
val ue.

MEMBER FORD: Wen you say it ran out of
steam you nean you couldn't apply any nore pressure
to the systemto push up --

MR. BASS: That's correct. Yes, the
pressure -- our accumul ator just didn't have anythi ng
left to -- and we would not have wanted to do that
anyway. We had planned to -- | didn't nmean to inply
that we were trying to get to the line again. W
wanted to preserve the fracture surfaces whi ch neant
that we did not want to burst the vessel. W were

very happy with the arrest where it was.
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MEMBER WALLIS: So it's pretty good in

view of the uncertainties you have in K;, and K.

MR. BASS: That's the story here and this
isreally -- this is the punch line here. And this
whol e story about pressurized thermal shock and
applications of LEFM and the nethodol ogy, you're
| ooking at it right here. And just in a few words
we' ve got the K. curve that was generated fromsnall
speci nen dat a.

MEMBER WALLI S: That's the best estimate,
Kic is that what that is?

MR BASS: No, that's the | ower bound.

MEMBER WALLI'S:  Ch, | ower bound.

MR. BASS: It's the lower bound to the
size of just this data fromsnmall specinens for this
particular material and the K, curve that you see
here, this is again --

MEMBER WALLIS: That's why it can cross
and not do it because you' ve got --

MR. BASS: It's a |lower band. W' ve got
a long flaw. You' ve got a lot of opportunities for
sanpling of defects along that flaw, so you would
expect to get -- you hope to get very close to the
line and in effect, we see that we did achi eve that

obj ective of getting initiations very close to the

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., N.W.
(202) 234-4433 WASHINGTON, D.C. 20005-3701 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

474

smal | est speci nen predicted curve, and |i kewi se, with
the K, curve. This is unretouched curves and dat a.
This is the nmedi an toughness curve for the K, small
speci nen data. Again, it's adjusted for size effects.

Al so, down here you'll see this is the
ASME section 11 K. and K;, curves and you can see t hat
these are very conservative in predictions. As a
matter of fact, we did a code analysis on this
experinment and the code analysis said that we woul d
fail the vessel in three crack junps, 40 seconds into
the transient. Cbviously, that did not occur.

MEMBER POVERS: The code curves, the
conservative ones are the product of reflection by a
| ar ge nunber of peopl e thinking about a | arge nunber
of things. Wiy did they nake them so nuch nore
conservative than your curves that have been --

MR. BASS: Oh, we're -- renenber, we were

trying to conduct a particul ar experinment here.

MEMBER POVNERS: | understand what you're
doi ng --

MR, BASS: W're not --

MEMBER POVERS: |' mnot aski ng about what
you' re doing. |'masking about what the code people

are thinking.

MR BASS: | wasn't there. | can't tell
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you.

MR. MAYFIELD: I'msorry, | didn't hear
t he question clearly.

MEMBER POVERS: What |' masking is, M ke,
you've got some data curves where your particul ar
experinent, your curves are -- the code curves are
substantially nore conservative and | ' mwonder i ng what
was the thinking of the ASME Conmmittee that noved
t hose curves in this conservative direction

MR. MAYFI ELD: COkay, the approach that the
code has taken is to develop generic fracture
t oughness curves and then to try and i ndex those to a
particular mterial based on the nil ductility
tenperature and sone adjustnent fromthere.

So their intention was to develop a
conservative generic curve so that when you picked
what was believed to be the [imting material in the
vessel and index the curves to account for the
enbrittlement of that limting material, you stil
have a conservative representation.

They were not trying to do best esti mates.
That's where this |ower bound concept cane from
There's a |l ot of concern and | think a nunber of us on
the staff share the concern about the I|evel of

conservatism in those ASME curves and the approach
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taken. But the underlying piece of it was to devel op
generic curves so that you didn't have to have exactly
the right material fromeach pressure vessel and you
could still account for a lot of the variation in
materi al .

MEMBER POVNERS: So what you're saying is
the shift that's manifest in this figure is
capricious. It's not in response to any particul ar
phenonenal ol ogi cal thing that they're worried about.

MR MAYFI ELD: That's correct.

MR. BASS: The plot on the right hand side
shows the plot of the --

MEMBER ROSEN: | didn't understand what
you said about what the ASME code would have
predicted. You said a code predicted it would have
failed --

MR. BASS. If you do a code anal ysi s, what
it would -- what the code anal ysi s showed was t hat t he
crack would propagate in three junmps and would
penetrate the wall and fail the vessel. |'msorry.

MEMBER ROSEN.  Ckay.

MR. BASS: The plot on the right hand side
is the crack arrest plot of the arrest toughness data
versus -- nowthis is normalized tenperature rel ative

to RTyr. And again, we've got the two values here
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from our PTSE-1 experinment and sone other data
generated from various sources: Japanese data, the
t hermal shock experinments that C aud has di scussed
recently, and again, we've got the French TSE data
that's in an area of its own down here. And finally,
a wde plate -- the first w de plate experinment that
we did here at NVS back in the 1980s.

A coupl e of things about this plot. First
of all, this K, curve is from the PTSE-1 small
speci nen data here. And you see, as we |look at it, we
think that's a pretty good representation of these
| ar ge scal e experi ments when you reference themto the
RT\pr-

One other thing | did not point out here
is that one of the |l andmark pi eces of data that came
out of PTSE-1 was that we cal cul ated or neasured, |
should say, a very high crack arrest value here,
roughly 300 MPA root nmeters which is well above this
i npli ed upper bound in the ASME Section 11 curve of
220 MPA root neters. W denonstrated that in a thick
section, highly constrained thick section that we
coul d generate a very hi gh arrest toughness val ue here
wi t hout any sign of intervention of stable or unstable
tearing to nuddy the picture here.

And al so, you wi || see down here that this
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is well above the onset of the Charpy upper shelf here
by about -- for the PTSE-1 material by about 30
degrees Cal vin.

Next slide.

(Slide change.)

MR. BASS: This particular slide gives an
exanpl e of a recent analysis that we carried out at
ORNL where we went back and used the current FAVOR
version of FAVOR code to analyze the first two
transients, Aand B. W' re only show ng the transient
B here and we find again that we get basically the
same solutions that we generated back in the 1980s
wi th OCA and we woul d expect to do that. W' re using
basi cally the same net hodol ogies. And if your input
is the sanme, the output should be the same and sure
enough it was.

On the | eft hand side here, we see K, K,
K.~ Again, you' ve seen the curves versus the crack
tip tenmperature. This is what we call the classic
LEFM nodel , cl assic LEFM prediction. Wen you hit K,
equal to K, you forecast the crack propagation,
arrest the K, curve. This prediction is sonething
like 19.2 mllinmeters. Actually, in the experinent,
the flawinitiatedalittle bit later in the transient

and it junped alittle bit deeper, as a consequence to
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about 24 mllimeters. Again, we would have predicted
initiation here. It did not reinitiate at this
particular point, so we did not see that in this
second transient.

These are the actual calculations over
her e.

MEMBER WALLI S: Did FAVOR predict
reinitiating or not? You don't show that.

MR. BASS: Well, yes, FAVOR woul d -- FAVOR
is-- FAVORis classic LEFM so it would -- we woul d
predict a reinitiation at this point.

MEMBER WALLI'S:  You don't show it.

MR BASS: Well, we didn't get it in the
experi nment . This is the analysis of the actual
experi mental data over here with FAVOR. This is what
woul d have been predicted.

You see that we did not get the second
j unp.

MEMBER WALLIS: |Is that because of your
uncertainty in the tenperature turnaround or --

MR. BASS: Well, it has to do with the
nature of cleavage fracture. Cl eavage at a given
tenperature is a distribution and we think a Wi bul
di stribution in our nodels now. And, of course, where

-- you can't anticipate that you're goingtoinitiate
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at the earliest possible -- the | owest possibl e val ue
in a nethodol ogy here where you're looking at a
di stribution of possible toughnesses.

MEMBER WALLIS: There's also the K dot
t hat you' ve got to take into account.

MR. BASS: K dot here, yes, after this
poi nt. The current version of FAVOR and | don't know
if I should even nmention this, does not currently
i ncorporate warm prestressing, but Mark, do you want
to say anything about that?

MR. KIRK: The next version probably will.

MEMBER WALLI'S: | would think it shoul d.
It seens to be a significant defect.

MR KIRK: Yes.

MR BASS: Let's nove on to the |ast of
t he technical slides here.

(Sl'ide change.)

MEMBER WALLI'S: 1t's wonderful to see sone
data for once. It's a technical discussion one could
follow nore or |ess.

MR. BASS: This is our view of the world
sunmari zed here i nsofar as the applicability of LEFM
FAVOR, OCA and so forth to the assessnent of RPV
integrity under pressurized thermal shock. W sawin

these tests that we did achi eve cl eavage fracture in
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t hese | arge scal e tests and an i nportant el enent here
is that they were consistent with the small specinmen
dat a.

Anot her real |l y i nportant el enent that cane
out of these tests was the warmprestressi ng evi dence.
Clearly, warmprestressing is areality. |It's there
and very effective in certain types of transients.

And in our punchline here the observed
cl eavage-crack behavior in these thick-section
experinments has been well described by the LEFM
nmet hodol ogy and t hat nethodol ogy is enbodied in the
current version of the FAVOR code and it is
historically consistent wth all of the other
calculations that we nmade in these large scale
experi ments.

MEMBER KRESS: If you were to put warm
prestressing i nto FAVOR, you would just sinply say if
you ran into the negative thing you just stop the
crack there?

MR. KIRK: You wouldn't, as Richard said,
you wouldn't allowthe crack toreinitiate like -- if
| can point -- you wouldn't allow the crack to
reinitiate on the downward sl ope whereas now -- well

MEMBER KRESS: So you have a probl emhere
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t hough with -- even if you had warm prestressing in
FAVOR, you would have hit K. and woul d have thought
you woul d have initiated there.

MR. KIRK: Inthe current weld you need to
be -- it's a little bit nore conplicated than that
because i n the current versi on of FAVOR, because we're
treating the wuncertainty in both K. and K, as
aleatory --

MEMBER KRESS: So it depends on which
sanmpl e you --

MR Kl RK It never really initiates.
You' ve got a probability of initiation. You' ve got a
probability of failure, but suffice it to say right
now -- where is the pointer? 1 have got to point and
talk into this thing. R ght now, in FAVOR, we count
the probability of -- we allowa crack toinitiate in
this area. So we're essentially counting up that
probability whereas we shouldn't be. The reason, warm
prestressing has been around for a long, long tine.
In fact, it was around, well recognized and wel
resear ched when SECY-82-0465 was published and the
original basis for this rule was established.

It wasn't included in the calculations
t hen, not because anybody on the staff didn't believe

the physics of the situation, but because at that
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stage we wer e usi ng what were cal l ed i deal i zed t her nal
hydraulic transients. So instead of having all of the
bunmps and squiggles of a real thermal hydraulic
transient, they wereidealized as exponential fallouts
so the concern was that you m ght believe, based on
the idealized transient that warm prestressing had
occurred when, in fact, in the real transient it
woul dn't have.

W'verevisitedthisrecently andin fact,
war mprestressing i s next on our |ist of things to add
in and what we anticipate it will dois stop a |lot of
cracks fromgoing all the way through the wall.

MEMBER KRESS: Yes, it's conservative to
not --

MR. KIRK: Yes, indeed. It's conservative
to not put it in.

MR.  MAYFI ELD: Let me add one other
consi deration. As Mark noted, these were idealized
transients. And the concern was that the operator
m ght i ntervene, particul arly when you' ve got primary
fluid escapi ng sonehow t hrough a break or whatever.
The operator mght intervene, isolate the break and
then a lot of the systemwould tend to repressurize
whi ch negates the warm prestressing effect.

The one thing that we' ve done that | think
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is a significant inprovenent now is to bring in
operator actions explicitly. So now you can go back
and wi t hin the vagari es of that anal ysis. You can now
go back and include whether you wll or won't
repressurize the system Before, with the idealized
transients, without really having sonet hing you coul d
track, it just didn't seem to be a good idea to
i ncl ude warm prestress.

MR. KIRK: Are there any nore questions
regardi ng the technical part of the presentation?

(Sl'ide change.)

MR. KIRK: Ckay, then to summari ze and of
course, the Commttee is, as always, freeto drawits
own conclusions. W believe that the NRC research
prograns have established both the cal cul ational
met hodol ogi es and the enpirical data needed to enable
our assessnents of RPV fracture resistance for both
routi ne | oadi ng conditions and nost inportantly, in
this context, accident conditions using LEFM

W have shown that LEFM predictions of
both crack initiation and crack arrest and of course
t he conbi nati on of themwoul d | eave to vessel failure
or not agree well withthe results of prototypic | arge
scal e RPV experinments and consequently suggest that

LEFM i s i ndeed an appropri ate net hodol ogy for use in
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assessnments of RPV fracture resistance.

(Sl'ide change.)

MR. KIRK:  The | ogical conclusion from
that is to turn off the funding spigot. However, in
our day to day operations the staff is routinely
notivated to take this yet a bit further. W' ve got
-- there are both regulatory and comerci al
notivations to not stop here.

On the regul atory side, the licensees are
nowfairly routinely maki ng exenpti on requests to our
current LEFM based nethodol ogies and they're even
queui ng up to nmake exenption requests to a nodified
PTS rule that we haven't even got in place yet. W
have no systematic way to deal wth those. The
easi est exanple which I think several nenbers of the
Conmttee are famliar with is the licensees have
routinely cone inwth request to use the master curve
whi ch i s an EPFM based net hodol ogy. Ri ght now, we're
dealing with that on a case by case basis and right
now we don't really have any systematic way in place
t 0 assess t he appropri at eness of those applications --

MEMBER ROSEN: VWhat's their underlying
notivation?

MR. KIRK: Their underlying notivationis

down in the bottom is that in a deregulated -- or
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rather, in a regul ated energy environnment, they were
paid on a dollar per kilowatt hour basis. They were
pai d based on capacity. So they had a plan sitting
there. They were paid based on whether they could
gener at e.

Now t hey're in conpetition w th everybody
el se, so they're notivated to do things with their
reactors that they never woul d before. For exanple,
one of the things that we said on Wednesday, 10 CFR
50.61 says that if you're in danger of crossing the
line for the PTS rule, you're obligated to instal
flux reduction which reduces the nunber of neutrons
goi ng through the steel, reduces the enbrittlenent
rate.

Lots and lots of plants have flux
reduction. O course, you pay a penalty for that in
production. The Beaver Val |l ey nucl ear plant whichis,
| believe, per current regulations, .5 degree
Fahrenheit fromthe current screening limt, has flux
reduction in place, but believes, based on the use of
new t echnol ogi es, nanmely the master curve, that they
can justify renoval of that flux production, increase
their productivity, increase their profitability and
still stay below the regulatory screening limts.

Renmoving flux reduction is sinply sonething that
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nobody woul d ever have t hought of or even considering
putting up NRR in a regul ated environnent. Al so,
other notivators are that some plants that aren't as
close to the line as .5 degrees Fahrenheit, have to
make significant econom c decisions |ike whether to
repl ace the steamgenerators. |In order to nake that
econom cally feasible, they have to show to their
busi ness people that those, the <cost of those
generators can be anortized over 20 to 30 years. |If
you've got a plant that's sitting within 5 degrees
Fahrenheit of the current screening [imt which sone
are, and they need to buy a new steam generator, and
they've only got 10 years left in their current
i cense, the business people will say unless you can
show us that we're not at risk at bunping up agai nst
this thing that we understand is call ed the PTS Rul e,
we're going to shut you down. So they have
significant economc notivation to use available
t echnol ogy which right now we've done and this gets
over to our activities. The gentlenmen who have been
so helpful in making this presentation have been
contractors for us for years, developing elastic
pl astic fracture mechani cs net hodol ogi es.

We right now have on the shelf, I'd say

probably 85 to 90 percent of the research that's
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needed to have a systematic elastic plastic fracture
nmechani cs eval uati on nmet hodol ogy. What we' re engaged
inright nowin the current HSST project is what we've
call ed FAVORF devel opnent which sinply neans an
el astic plastic version of FAVOR whi ch woul d enabl e
what when in place will enable the staff to do
systemati c and ri gorous revi ews of |icensees' requests
that right now --

MEMBER POVERS: Can | ask the question?
| f the economic incentive all lies on the part of the
i ndustry, why don't they pay for this next 10 percent
that has to be done? You said you had 80 to 90
percent. Wy don't they pay for the 10 to 20 percent?

MR. KIRK: Taking it fromthe industry's
per spective which --

MR MAYFI ELD: Let's not speak for the
i ndustry.

KIRK: Ckay.

MAYFI ELD: Ckay?

2 3 5

KIRK: Ckay.

MR MAYFI ELD: The reason the staff does
these things is to provide the staff an independent
capability to performthese kinds of analyses. And
m xi ng the i ndustry perspective inwith this, to take

noney fromtheir pocket or to take their code gets to
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be problematic because we still need an independent
capability. This is an area where the staff does have
significant expertise through staff capabilities and
contractor capabilities.

We routinely go through this and ask
oursel ves the same question, when is enough enough?
W believe that this next piece is justified and
supportabl e and to support staff capabilities.

MEMBER PONERS: Believe it or not, so do

MR. MAYFIELD: But that's the why. W
think that's sonething the staff needs to do.

One other point 1'd like to make as we
cl ose, Dana, is that we've tal ked a nunber of tines
and you and | have had sonme enjoyabl e banter about
whet her we shoul d or shoul dn't continue this program
The fact is the budget for pressure vessel related
activities has declined significantly over the years.
We can agree or agree to di sagree on whether it's gone
| ow enough, but the fact that when we were doing the
kinds of large scale experinents that have been
di scussed this norning, we were up what $7 or $8
mllion for the combi ned pressure vessel testing and
enbrittlement activities. That has declined

significantly. W cancertainly providethe Conmttee
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or cone back and tal k to you about what that's | ooked
i ke over the last few years, if you' re interested.
But I wouldn't want to | eave the inpression that the
funding | evel today is anywhere near where it was in
t he 1980s when we were doi ng this kind of work, 1970s
and 1980s.

MEMBER FORD: Are there any other |ast
m nute questions? Mark and --

MEMBER SI EBER:  Yes, |' mcurious about one
t hi ng you sai d when you were di scussi ng the econonm cs
of flux reduction. Flux reduction is a |ow | eakage
| oadi ng pattern whi ch basically has a peak to average
that's pretty substantial. The hot fuel is in the
m ddl e of the core and thrice burned fuel is on the
out si de edge. And that gives you |l ess fluence to the
vessel walls.

When you say there' s an econom c i ncentive
to abandon that kind of |oading pattern, | presune
that what you're saying is if you want to do a power
uprate, you would try to flatten the fl ux whi ch woul d
pl ace fresh assenblies nore on the outside. That has
a fuel cost penalty. It does have a rating advant age.

| s that basically what you were sayi ng?

MR KIRK: Yes, that's it and to be fair,

in discussions |'ve had with various |icensees,
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di fferent operations seemto take a different view of
whet her flux reduction is an econom c penalty or not.
Certainly, sone plans do, but to be fair, we should
al so say that other plans don't.

MEMBER S| EBER: Well, at the current
i cense power at Beaver Valley, it can run 100 percent
power with a flux reduction core. And a flux
reduction core is cheaper from the standpoint of
doll ars spent than one that has flux flattening.

| used to be the fuel guy there.

MEMBER FORD: Before handing it back to
you, Ceorge, I'dlike to thank very nmuch everybody for
comng and we have been informed and | really
appreciate it. Thank you.

CHAI RVAN APOSTOLAKI S: Thank you, Peter.
W' ||l recess until 10:35.

(O f the record.)
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