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P-ROGEEDI-NGS
(8:32 a.m)

CHAl RVAN PONERS: Let's bring the
neeting to order now.

This is the neeting of the Advisory
Conmittee on Reactor Safeguards, Subconmittee on
React or Fuel s.

|*' m Dan Powers, Chairman of the
Subcommittee. Subconmittee nmenbers in attendance
are Tom Kress, Vic Ransom Peter Ford.

The purpose of today's neeting is to
di scuss ongoing activities in the Ofice of Research
related to reactor fuel and to hear fromthe
i ndustry about nethods to produce crud on reactor
fuel and lots of other things, | hope, too.

Tomorrow we' Il hear fromthe Electric
Power Research Institute about the robust fuel
program The Subcommittee will hold di scussions
with representatives and the NRC staff and with
i ndustry regarding these matters. The Subconmittee
will gather information, analyze rel evant issues and
facts, and formul ate proposed positions and actions,
as appropriate, for deliberation by the full
Commi t t ee.

Ral ph Caruso is the designated federal
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official for this neeting.

The rules for participation in today's
neeti ng have been announced as part of the notice of
t he neeting previously published in the Federal
Regi ster on Septenber 15th, 2003. Portions of
tomorrow neeting will be closed for discussion of
proprietary information.

A transcript of the neeting is being
kept and will be nade avail able as stated in the

Federal Reqi ster notice.

It is requested that speakers first
identify thensel ves and speak with sufficient
clarity and volume so that they can be readily
hear d.

W have received no request from any
nmenber of the public for time to make an oral
St at ement .

VWhat | will caution the nenbers about is
one of the primary objectives of today's session is
to really understand where the fuel programis
goi ng, not just for the next year, but the future.
So when it says in the agenda that we'll have
menbers' discussions, | think it says that
specifically on Tuesday's session, but | guarantee

you at the end of this session |I'mgoing to be
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asking the menbers to not only tell ne what their
t houghts are, but to volunteer to wite up proposed
positions on those thoughts.

kay. So you mght be prepared for a
little bit of discussion at the end of the day, and
that we may have to decide if we do additional |eg
work in order to get things ready for the report on
reactor fuels in the research program

Any nmenbers have the opening conments
they'd |ike to nake about this?

(No response.)

CHAI RVAN POAERS: | will say that the
reactor fuels neetings that we have about once a
year do have a reputation for being technical
neetings with |ots of exchange. So | encourage
menbers of the Committee, the Subconmittee, and
menbers in the audience to feel free to participate.

The one ground rule for participation is
you have to speak to a m crophone, and you have to
tell me who you are and speak with sufficient
clarity and volunme so that you can be heard by ne,
and as | get old, that neans you have to speak with
a lot of clarity and volune, but do feel free to
participate. The Committee is anxious to understand

where we're going.
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W don't have Subconmm ttee neetings for
the fuels programvery often. So having an
under st andi ng, maki ng sure that we understand things
clearly is very inportant to us at this tine.

Vell, if there are no other coments to
be made, 1'Il turn to Jack Rosenthal to give opening
remar ks and a status report.

MR. ROSENTHAL: Jack Rosenthal. |'mthe
Branch Chief of the Safety Margin Systens Anal ysis
Branch, the O fice of Nuclear Regul atory Research

In 1998, the staff provided the
Conmi ssion with a program plan which identified the
i ssues that are shown in the one slide on the wall.
That was -- I'msorry. And then this chart is right
out of the August 21st, 2003, updated of the program
pl an whi ch was provided to the Conmm ssion.

| just want to point out sone salient
points. W're on, | think, a reasonably fast track
for resolving the reactivity insertion issues and
LOCA for high burn-up Zircaloy clad, Zirc-2, Zirc-4
clad fuel, with reactivity insertion position com ng
fromresearch to NRR at the end of this year.

About a year ago when we were | ooking
over the data or the few data points that we'll get

from Cabri and many data points fromthe Japanese,
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NSRR, which are not for fuel tenperature conditions,
we realized that we would not be able to just put
data points down on a piece of paper and draw a |ine
t hrough them for the purposes of reactivity
insertion events, but that we would have to adj ust
the data points to sone commopn basi s.

And that nmeans that we had to devel op an
anal yti c nethod, and Ral ph Meyer will be telling you
about his thoughts about how he could nove to points
around to a comon basis, which is new.

And we had to extensively use FRAPTRAN,
our fuel transient code, to help us with that
effort.

LOCA, we're proceeding with testing of
Zirc-2 and Zirc-4, and | think that that programis
wel I underway, and there's been first of a kind ever
testing of high burn-up fuel, and we shoul d be proud
of that.

In the future, nost of the clad will be
ZIRLO or M5, and we'll |eave --

DR. KRESS: When you say hi gh burn-up
fuel, what exactly? Seventy, 65?

MR, ROSENTHAL: Sixty-two negawatt days
per nmetric ton is our target. The actual fuel is a

few nmegawatts hi gher, 70.
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DR MEYER  This is Ral ph Meyer fromthe

Research staff.

Let me just clarify. Wen we say "high
burn-up fuel,"” what we're tal king about is anything
above about 40 gi gawatt days per ton. Now, we have
acurrent limt on the approvals that have been
given by NRC that sits at 62 gigawatt days per ton
average for the peak rod (phonetic). There are
efforts underway to extend that out to about 75
gi gawatt days per ton average for the peak rod.

And in general, the data that are being
taken in these prograns cover a range that's
sufficient to go up to the 75, although some of our
activities are specifically Iimted to 62. I'Ill try
and make that distinction a little later on.

DR. KRESS: GCkay. Wen a core ends up
having that kind of burn-up, it will only occupy
maybe one third of the core at any tinme at that
| evel, sonmething like that?

MR ROSENTHAL: We think three or four
batch fuel, right?

DR KRESS: Yeah.

MR. ROSENTHAL: Ckay. Just to pick up
the flow, so nmy point was that for ZIRLO and M5

clad, future clad to be tested in out years, that
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will be a major effort, and we will surely need
cooperation with industry to achieve that.

W' ve done sonme work on dry storage,
whi ch al t hough may seem nundane, putting the stuff -
- pressurizing it and heating it and leaving it for
a while and | ooking at strain, in fact, that work is
very, very inmportant for dry storage canpaign
because it's showing that a fuel stored after 15
years and taken out has seen virtually no
degradati on, and we briefed the ACNWon that plan.
They were quite pleased to see sone data.

It's for 15 years of storage, but, it's
very encouraging. And what's so nice is that it
puts it on an experinental basis rather than on --

DR KRESS: Did you skip the source term
and the core nelt progression itenf

MR. ROSENTHAL: | did.

DR. KRESS:. It says it's resolved, as
best | can read the slide. Wat does that really
mean?

DR. MEYER  Yeah, it's Ral ph Meyer
agai n.

What that nmeans is that for burn-ups up
to 62 gigawatt days per ton, the staff has taken the

position that the source termin NUREG 1465 is
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adequate. That's what "resol ved" neans in that
case.

Now, you'll see the footnote or the
asterisk on this table. In nost or all of these
areas where specific issues as they were identified
have been resolved, there still is sonme ongoi ng work
in order to either inprove the accuracy, nove burn-
ups further, or sonething of that sort.

DR. KRESS: GCkay. That was basically
what | was interested in hearing.

CHAl RVAN POAERS: Is this resolution
witten down?

MR. ROSENTHAL: Yeah. Well, we
published. In 1965 we published the program pl an.

DR MEYER A summary of everything that
| just said is in the recent Conm ssion paper. It's
August 21.

CHAl RVAN PONERS: That is where this
resolution in the source termis witten down?

DR MEYER It summarizes that
resolution in that docunent.

CHAI RVAN PONERS: Does that resol ution
show t hat, indeed, the accel erated rel ease that has
been seen in sone experinents of volatile fission

products is consistent with the timng in 14657
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DR. MEYER: No. This docunent does not

go in that |level of detail.

CHAI RVAN PONERS: And where do | go to
find the thinking that went into saying 1465 is, in
fact, good for 62 gigawatt days per ton?

DR MEYER | believe we have cited
adequate references for you to track that down. |
hope that's --

DR. KRESS: Was this resolution based on

t he PI RT?

MR SCOTT: Yes.

DR KRESS: And the PIRT docunents are
publ i shed?

MR, SCOTT: Yes. The answer is yes.

DR MEYER  Yeah, sure. It's based on
t he PIRT.

MR ROSENTHAL: So while we're
proceeding well on reactivity insertion events, and
| think we have a programin place, LOCA, and we
will ultimately have to come up with perfornmance
based criteria that we would recommend for use in
future LOCA anal ysis, the ATWS analysis is | agging
behi nd the two ot her accidents.

For ATWS, what we need to do is to be

able to predict transient fuel tenperatures as a
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function of tinme in what we believe would be a
period of rapid changes and oscill ati ons.

Step 1 is to get TRACE working, which I
t hi nk we' ve achi eved.

Step 2 is to get a 3D kinetics node
coupl ed to TRACE, which we call PARCS, as nodul ar
TRACE, and that's been achi eved.

And the next step would be to couple a
fuel code into that suite of codes for the nodul e of
t he code or couple codes, and with that capability,
whi ch we should start on next year, we should be
able to |l ook at the ATWS oscillations in sone
specificity.

Though | just want to make anot her
coupl e of points. This work is very expensive, and
it's highly | everaged where participating with Cabri
we have agreenents with the Japanese. W
participate with Hal den, and we think that our
participation in these prograns is giving us on the
order of perhaps $30 mllion worth of worl dw de
research.

Qur cost is roughly three FTE and five
mllion a year, and we woul d expect a simlar,
al t hough a sonewhat declining |evel, to continue on,

and that's it. That's it.

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

14

| have a handwitten note to nmention the
EPRI cooperation. Cearly, in the Argonne fue
program the fuel has been provided by EPRI to us
and providing and shipping with fuel is roughly
equal in cost to the program So it's roughly a 50-
50 partnership with industry.

EPRI al so participates in Cabri.

Wth that | think that we're ready for
the first presentation.

DR. FORD: | had a question about the
last item the high enrichnent which is deferred.

MR, ROSENTHAL: Ri ght.

DR FORD: There's no discussion of this
in your August 21st plan as to the risks associ ated
with deferring it versus the comercialization
pl ans. What sort of risk are you taking by not
addressing this?

MR ROSENTHAL: We're going to see high
burn-up -- I'"'msorry -- high enrichment in IR'S, the
proposed I RIS design, which is out sonme tine into
the future. | think to prepare our plans, these are
nostly physics cal cul ations to cal cul ate neutrons
and specifically cross-sections and cross-section
sets applicable to the high enrichnents, and we can

do that reasonably fast.
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MR ELTAWLA: This is Farouk Eltawi |l a

from Resear ch.

The reason for the deferral, there is no
industry initiative to go above five percent
enri chment right now. The infrastructure is not
existing in the country. So there is no reason to
pursue research in this area.

DR KRESS: There's one school of
t hought that says the higher enrichnent if you don't
go too far is probably a safer condition rather than
a nore risky one because of the neutronics
associated with it and associated with | oss of
coolant and the ability to -- actually in order to
make the Chernobyl reactor safer, they increased the
enrichment init.

MR, ROSENTHAL: Well, they just wanted
to achieve --

DR. KRESS: Just to get rid of the
positive void coefficient or help nake it smaller.

MR. ROSENTHAL: So they want to achieve
a negative void coefficient.

DR KRESS: Yeah.

MR ROSENTHAL: But | think at least in
my mind is the assessnment that we know how to go

about this work; that it's dom nantly physics work;
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and that we would do the actual work when there was
a need.

DR. KRESS: When you say "physics,"” it's
nostly --

MR. ROSENTHAL: Neutronics.

DR KRESS: -- yeah, neutronics.

MR. ROSENTHAL: W have to -- you have

to generate cross-section sets that are applicable.

MR. ELTAWLA: Nobody is pursuing the --
MR ROSENTHAL: No. So what |'m saying

is that we're able to do it, and we antici pate when

there's a need that we would be able to do it. So

innm mnd the risk is small because | think we know
how to go about it.

CHAI RMAN PONERS: | guess two issues
cone to the fore there. W need, to the extent
avai | abl e or possible, here in the next couple of
days to understand better what physics capability
NRC needs to have in its research program

W' ve gotten sone material on that sent

to the Commttee about what, three or four nonths

ago? It looked Iike a very useful and reasonable
programthat you have for this physics work.
And if that's appropriate, just tell us

because we are aware of that sort of thing.
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The other thing I'd Iike to know a
little nore about is how do the activities connected
with risk inform ng 50.46 and the Code of Federal
Regul ations i npact what you do in your |oss of
cool ant acci dent program here.

MR. ROSENTHAL: As | nentioned earlier,
we're going to have to conme up with performance
based criteria, and | think if we just wait for the
appropriate presentation we'll hear about that.

CHAI RVAN POVERS: Good.

MR. ROSENTHAL: And later in the day we
can just sneak in -- well, not sneak in -- just give
you five mnutes on the physics probably --

CHAI RMVAN POVERS: Yeah

MR. ROSENTHAL: -- to tell you what our
plans are. [|'Ill do that.

CHAI RMAN PONERS: We just need to
know -- I"'mparticularly interested in that area in
knowi ng what the nmagnitude of activities that you
anticipate you need to maintain just to neet
reasonably foreseeabl e obligations of the agency in
t hat area.

And, again, you've sent us stuff on this
earlier, and we're aware of that material.

MR ROSENTHAL: | can take a m nute now

NEAL R. GROSS
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if you'd like.

CHAI RVAN POVAERS:  Sure.

MR ROSENTHAL: Actually much of this is
spurred on by our m xed oxide program where we're
assum ng that we need a quite rigorous position on
our ability to do i ndependent cal cul ati ons,

i ndependent order cal cul ations for m xed oxi de.

For that purpose, we need to devel op
cross-sections for the ability to cal cul ate power
di stributions, the ability to do kinetics.

For that purpose we're devel oping a code
call NEWI at Oak Ri dge National Laboratory, which
will give us cross-sections. W're continuing with
our work on PARCS, which will let us do spatial and
ti me dependent cal culations, and as | said earlier,
that's coupled to the thermal hydraulic code.

And we're benchmarking this work to St.
Laurent critical experinments. W have a good
experimental ly based program and there's also quite
a fair amount of U2 data out there to also
benchmar k agai nst.

And we will have the capability to
i ndependently go from eval uati ng nucl ear data file,
Br ookhaven, six or seven cross-sections right

t hrough to doing a reactor calculation, and that's a
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capability that we haven't had, an independent
capability that we haven't had in the past.

So that work, it's ongoing. W have
sone capability. W're actually applying that
capability at Brookhaven because we find it healthy
when we actually nove a code fromwhere it was
devel oped to still another |ocation for application.
The bunps and warts come out of it.

Whien we get the theory down right, this
is higher order SN cal cul ati ons thensel ves. Then
the next thing will be to devel op a nore autonated
scheme to apply it because, after all, what you want
for your integral calculations is cross-sections as
a function of noderator tenperature, noderator
density, fuel tenperature, burn-up, et cetera. So
it's a lot of crunching.

| think we know how to go about doing
it, that there isn't sone theoretical hurdle, but
that it's a fair -- it's just plain a fair amunt of
wor K.

CHAI RVAN POVERS:  Ckay.

MR, ROSENTHAL: GCkay. Wth that, why
don't we return to the agenda? And John Vogel wede
is the first presenter.

MR, VOGELWEDE: Good norning. M nane
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is John Vogelwede. I'mwth the NRC Research staff,
and 1'Il be talking to you this norning about fuel
codes and how they're used at the Nucl ear Regul atory
Conmi ssi on.

Fuel codes have had a long history at
NRC, dating back to the early 1970s. They're used
to calculate things |ike fuel tenperatures, fission
gas rel ease, dinensional changes in the fuel and
cl addi ng, and these feed into different regul atory
criteria.

The first one on there, stored energy,

i s perhaps the best known. |In 10 CFR 50, Appendi X
K, there's a fairly prescriptive description of how
fuel codes should be used. It's quite old, and it's
probably the nost prom nent place for use of these
codes, which is to calculate fuel tenperatures or
stored energy of the code.

Alittle bit later, in the sane part of
the regulations, it says that in the review of the
LOCA cal cul ati ons, one has to acconmopdate ot her
things in the analysis as well. These vari abl es
start getting very conplicated.

| don't know whether you can see this
clearly, but it gives you an idea of the nunber of

paraneters that go into cal cul ation of fue
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temperature. Al of these things have been done for
sone tine.

For thermal performance --

DR. FORD: Sorry. Could you go back to
t hat? Being sonmewhat new at this gane for fuels
yeah, | can understand such a diagram the concept
behi nd such a diagram and you say you have codes
that relate to all of these interactions?

MR VOGELWEDE: That's correct.

DR FORD: Are those codes benchnarked
agai nst data?

MR VOGELWEDE: Yes, and | will be
show ng that.

DR. FORD: And you'll be show ng that?

MR, VOGELWEDE: Yes.

CHAl RMVAN PONERS: This is one of these
pl ots that Professor Apostol akis is probably
particularly fond of. It does not excite ne the
least little bit because | believe | could take that
same plot and put it on a fairly hierarchica
structure with a great deal nore sinplicity.

DR FORD: You see this in simlar
di agranms for cracking phenonena. Sone of those nust
be high inpact itens --

MR, VOGELWEDE: ©Ch, yes, of course.
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DR FORD: -- unless you can forget
about essentially.

MR. VOGELWEDE: To draw a parallel,
there's roughly a subroutine in our codes to do each
one of these effects that's shown in a box up here.
Some of them dom nant fuel tenperatures. Sone of
them are second or third order clearly.

DR FORD: Ckay, and we'll see those
al gorithns.

MR VOCGELWEDE: Yes.

DR FORD: Cood.

MR, VOGELWEDE: And | will focus on the
dom nant ones.

DR FORD: Cood.

MR. VOGELWEDE: Both traditionally and
in practice the dom nant considerati on has been fuel
t enperatures, not other things |ike mechani cal
performance. You establish a boundary condition for
fuel tenperatures with the cool ant tenperature,
which is used to calculate the fuel tenperatures as
one goes in.

The maj or uncertainties in that are gap
conductants. It's for a radial distribution, a one
di nensional distribution that is a parabolic. At

the center of the fuel because the gradient has to
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be zero at the center line, that is one of the
boundary conditions. The cladding coolant is the
other. You can see here that there is a -- for an
open gap that may not have a very good conducting
gas nediumin it, there's a big junp there.

In addition to that, fuel materials or
ceram cs are not very good conductors, and you get
sone fairly big tenperature changes going fromthe
coolant into the center line of the fuel.

Sone of the second order effects are
fission gas release. For regulatory anal ysis one
wants to know how nmuch rel ease there is fromthe
fuel to the plenumor the fuel rod into the fue
cl addi ng gap.

Normal |y fuel is pre-pressurized with
helium That becones contam nated with the noble
gases that are rel eased and degrades the
conductivity. Fuel densifies when it's put in.

Years ago the densification effect was
very pronounced. These days it's usually less than
a percent. There's also a creep of the cladding.
There is usually an over pressure fromthe system
coolant, and it tends to creep down to the fuel.

CHAIl RVAN PONERS: | noticed that you

have on your slide associated with the creep al so
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the formati on of hydrides. Do your codes cal cul ate
| ocal hydride formation or is it just all kind of a
uni form hydri de?

MR. VOGELWEDE: Uniform Local hydride
formation is nuch nore difficult. W don't get into
that | evel of mcroscopic formation of hydrides,
although it's very clear that they exist, and Ral ph
will go in, when he tal ks about fuel failures, to
how that is taken into consideration.

CHAI RMAN POVNERS: Ckay, good. Dr. Kress
will be particularly interested in that issue.

DR. KRESS: Thank you.

MR. VOGELWEDE: Here's sonme typical --

DR. KRESS: | was going to ask the sane
guesti on.

MR VOCELWEDE: -- tenperature
predictions fromour fuel code. You can see that
tenperatures start fairly high. There's a slight
upswi ng at the begi nning where the fuel densifies
and the gap reaches its maxi mum size very early in
life.

Cl addi ng then creeps down. Eventually
the gap is closed so you have the best conduction
bet ween the fuel and the cl addi ng.

Later, as fission gas rel eases
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contam nate the gap, the fuel tends to rise. Now,
in this particular case, this was done at a constant
| i near power rating out to about two thirds of the
scal e, and then the power rating was dropped down.

It's practically inpossible to run a
fuel out to extrenely high burn-up at the same power
rating. After the first two cycles, one tends to
shift the burden of producing power to the fresher
assenbl i es.

DR. FORD: Now, you said earlier on that
-- this is obviously a calculation --

MR. VOGELWEDE: That's correct.

DR FORD: -- that's crucial to where we
go fromhere. Are there data to confirmthat those
cal cul ations are correct as a function of, for
i nstance, fuel cladding characteristics, corrosion
rates, et cetera?

MR. VOGELWEDE: Yes, there are, and |'1]I
show you sone data later in the presentation where
experimental data is taken the reactor from fue
with center line thernocouples for a variety of
conditions, and the predictions are actually quite
good.

DR. FORD: Now, when you say "quite

good," in the Anerican sense of "quite," within one
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percent ?

MR VOGELWEDE: Slightly bigger than
that, but relative to other predictions nmade in the
worl d, | think that NRC codes hold their own quite
wel | .

DR. FORD: Wiat's the risk when you say
slightly greater than one percent? Say ten percent.
VWhat was the risk inpact for that?

MR VOGELWEDE: For ten percent, it's
not terribly bad because for LOCA anal ysis you
normally do this for a lead rod. So you want a | ead
point in the code where tenperatures are maxi num
So there is a fair amount of conservatismbuilt into
the regulatory analysis so that the uncertainties
are adequately covered.

DR. FORD: Now, will you be discussing
this question, the margins and uncertainties |ater
on?

MR. VOGELWEDE: Not very much. In the
research standpoint, we tend to focus on best
estimate calculations, and I'll show you sone
uncertainties in fuel tenperature cal cul ations, but
not on the overall calcul ations invol ved.

Here's an exanpl e of some medi um burn-up

fuel. This is a cross-section fromfuel taken from
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the Surry reactor. | believe that the burn-up is
about 36,900 negawatt days per netric ton here.

You can see that because it is a ceramc
material, it tends to crack very, very quickly
because of the thermal stresses inposed on it,
surrounded by a zirconium based al |l oy cl addi ng.

For hi gher burn-up, this is fromH B.
Robi nson. You tend to accunul ate nore fission
gases. You get nore stratification across the
radi us and the center line where the fuel is hotter.
You get bubble I'ink-up, nore grain growth, and
things |ike that.

But it's still a non-honobgeneous matri x
with cracks, so that in many cases the materia
properties that we're tal ki ng about are a surrogate
for the conposition including cracks and ot her
t hi ngs.

Here's sonme of the parameters that we
need to cal cul ate fuel performance. The di nmensions
and so forth of the fuel. Material properties,
whi ch are nost often dependent on tenperature, burn-
up and ot her things.

W have a conpendi um of materi al
properties called MATPRO that is used not only for

t hese fuel codes, but for other codes used in
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regul atory analysis as well.

CHAl RVAN PONERS:  You' ve |isted down
here MATPRO, Rev. 2, and there's a flood of data
comng in since 1981, and in particular, you get
t hi ngs com ng out of the Hal den program on these
ext ended burn-ups and whatnot. Can you explain how
that is recognized in the code and what not ?

MR, VOGELWEDE: We've incorporated these
data as they becone available directly into the
codes. W haven't done an update to MATPRO i n sone
time.

You are correct and, | think, I will be
correct for sone tinme in the future as the new
cl addi ng all oy data becones avail able, the high
burn-up stuff that cones from Argonne that M ke
Billone will be tal king about as well.

So we incorporate this directly into the
code. The only reason |I'm nentioni ng MATPRO here is
it's some kind of a baseline.

CHAI RVAN POAERS: It's a standard that's
used by a lot of people --

MR, VOGELWEDE: Yes.

CHAI RMVAN PONERS: -- outside the agency
and within. |Is there a plan to issue a Rev. 3 on

MATPRO?
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VR VOGELWEDE: Not at this tine.

CHAI RVAN POAERS: |Is there a reason not
to issue an update?

MR ROSENTHAL: Do we intend at sone
poi nt to update MATPRO? Yes, surely. And then it's
just a question of conpeting for budget resources.
Most conmpelling is the RIA and the LOCA work, and
you just are going to conpete for resources.

CHAI RMAN PONERS: W cl early under st and
that, but | have never seen on any planni ng docunent
t hat says, okay, here's MATPRO update conpeting. |
mean, maybe |'ve seen it and just not recognized it,
but so it's not conpeting very well.

DR. MEYER  This is Ral ph Meyer.

We did a couple of years ago actually
pl an for the upgradi ng MATPRO and devel oped a sort
of revol ving schenme where you woul d have MATPRO 10,
MATPRO 11, MATPRO- 12, which you' d keep a historical
record of these because codes couldn't upgrade their
val i dation every tine you change the paraneter

And as Jack pointed out, this sinply
gets pushed back in favor of the nore pressing
needs, and right now we're running on rapid
schedul es on the two subjects he nentioned, and this

is just getting pushed off.

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

30
CHAI RVMAN POAERS: Yeah, it's one of

those things that's really easy to put off because,
| mean, it's not absolutely crucial at any tine.
But you're getting a little long in the tooth here.
| mean, 24 years is probably |long enough to wait
for an update.

DR. FORD: If | could just follow up on,
materials properties, of course, is not only the
fuel, but also the fuel cladding.

MR VOGELWEDE: That's correct.

DR. FORD: And corrosion properties.

MR, VOGELWEDE: Yes.

DR. FORD: And how they affect
conductivity.

MR. VOGELWEDE: And to respond to both
your question and Dr. Powers', the updates are nade
continuously to the code itself. The issue that he
raised is reflecting this back in sonme kind of a
conpr ehensi ve docunent |ike the MATPRO manual

DR. FORD: Now, | read in the August
21st plan, and | can't put nmy finger on it exactly
right now, but there is an inference that the
physi cal nodel upon which the code was originally
based has changed. | don't know. | can't put ny

finger on that particular incident.
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CHAI RVAN POVNERS: Wi ch code are you

speaki ng of ?

DR FORD: On this August the 21st.

CHAl RVAN POAERS:  Ch, no. We've been
di scussi ng MATPRO, and |'m wonderi ng what code are
we di scussi ng.

DR FORD: | know, but |I'm about to cone
onto this because it relates --

CHAl RVAN PONERS: Tell nme what code
you' re tal ki ng about .

DR FORD: The materials properties wll
be relevant to a specific physical failure
phenonmenon that you're proposing. Now, what happens
as | seemto renenber in this docunent, the physica
fail ure phenonenon has changed. You no | onger
bel i eve the original one.

Okay. I'Il defer the question, and I'|
| ook for this particular item

MR. CARUSO | think the question he's
asking is the materials change over tine. W now
have ZI RLO - -

DR. FORD: Well, exactly.

MR CARUSO -- ZIRLO-2, I'Il call it,
and we have Mb. Do those materials get reflected in

MATPRO?
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MR, VOGELWEDE: Not at this tinme, Ralph,

but they do into the codes that we're using to make
t hese cal culations. So --

MR CARUSO MATPRO is not a code.
It's?

MR VOGELWEDE: MATPRO is not a code in
the sense that you're talking about. It is a series
of articles about what material property behavior
shoul d be.

And originally we started with
subroutines reflecting each one of those, and they
were incorporated into the codes at that tine.
Those subroutines changed in the codes, and the
docunent ati on for MATPRO did not keep up to date
w th that.

MR CARUSO So it's the docunentation
for MATPRO t hat has not been updated, but the
code --

MR VOGELWEDE: That's correct.

MR CARUSO -- the codes thensel ves
have been updat ed.

MR. SCOTT: John will get -- this is
Harol d Scott from Research.

When John gets to the slide that shows

the reports for FRAPCON and FRAPTRAN, those
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docunents contain all of the information about the
material properties. So it is docunmented. It's
kept up to date as we go along, and he'll cone to
that slide shortly.

MR. CARUSO Let me just get this clear

innmy mnd. There is a MATPRO 11 docunent, dated

1981.

MR, VOGELWEDE: Big.

MR. CARUSO Just a docunent, and
t hat --

CHAI RMAN PONERS: It's huge. [It's about
t hat t hick.

MR CARUSO Right. And it contains
physical material properties, but it hasn't been
updat ed, al though the codes that use the information
in that docunent have been updated to reflect new
data that has been received.

MR VOGELWEDE: That's correct.

MR SCOIT: And that docunment is new NRC
what ever .

MR CARUSO Wich is the code
docunent ati ons thensel ves.

MR VOGELWEDE: That's correct.

DR. RANSOM You nean they're in house?

MR ROSENTHAL: | mean, there are
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subt| eti es because MATPRO i s used ot her places, like
one of the thermal hydraulics codes, but this is a
fuel meter.

MR VOGELWEDE: |'m sorry?

DR. RANSOM Is this report being done
in house or do you have contractors? You nentioned
Br ookhaven appl ying the codes. Are there other
peopl e that maintain and are doing this upgrade work
or is this internal?

MR. VOGELWEDE: Yes, and I'Il get to
that in a nonent.

DR. RANSOM  kay.

MR, VOGELWEDE: What | wanted to say is
t hat i nput paraneters that one uses for these fue
codes is, for exanple, power history has to cone
fromneutronics or actual in core data, and these
are not stand al one operati ons.

This is kind of an interesting one. W
found that at |east three quarters of all of the
probl ems that we've had with running the fuel codes
tend to be errors that are made in the input. The
codes aren't that friendly at the nonent.

But the typical problemis sonebody
attenpting to put in a fuel dinension of eight

mllimeters and actually has eight nmeters, and
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things don't work out correctly.

NRC has two maj or fuel codes, FRAPCON,
whi ch does steady state analysis. Here's the
docunments that are used for that. They're fairly up
to date, just in sone cases about a year and a half
ol d, and FRAPTRAN, which does our steady or
transi ent anal ysi s.

These codes at the nonment are naintained
and supported by Pacific Northwest National
Laboratories. W also have a nunber of
i nternational users who use the codes, and we've
docunented i nput fromthemas well where they've
made suggestions and updates on their own.

We have a fairly extensive peer group
program supported by a Wb site, annual neetings,
and formal reports.

FRAPCON 3.2 is our current steady state
full performance code. It calcul ates fue
performance that can be neasures in hours, days,
weeks, nmonths, things like that, even years. |It's
basically a best estinate code. |In addition to
temperatures, it does do fission gas rel ease,
mechani cal anal ysis, and things |ike crud buil d-up.

FRAPTRAN i s our transient code. It does

a lot of things in parallel. 1It's used for things
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that are m nutes, seconds, mlliseconds in duration.
A good exanple is the reactivity initiated event.

We al so do ot her things, fuel
performance during the | oss of cool ant accident.
FRAPTRAN has a fairly sophisticated cl addi ng,
bal | ooni ng, and rupture nodel in it.

Here's an exanple of an RIA which a
little bit conplicated. The red line represents the
power which is a fewtens of mlliseconds in
duration. You can see the fuel surface tenperature,
which is the green line actually peaks and is higher
than the center line for a short period of tine.

So rather than this profile that | gave
you originally, which showed the maxi num fue
tenmperatures at the center line, this can change
during transi ent anal ysis.

Here's a nunber of nodels which are
conmon to both codes. Both of them do fue
tenperatures. W have sort of one and a half
di nensi onal tenperature analysis.

The radi al analysis is the nost
detail ed, but also we can do tenperatures up and
down the length of the cladding. This is nostly a
function of the axial power profile.

DR RANSOMV Do these codes include this
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effective ratcheting that they used to tal k about?
The clad | ocks up with fuel and --

MR VOGELWEDE: It does. It does, but
the ratcheting nodel is nostly driven by therm
expansi on of the fuel once the fuel and the clad
have | ocked up.

There is experinmental data for both
circunferential strains and for axial strains as
well, fromin-pile data that we attenpt to nodel,

and sone of that is shown in our integral assessment

reports.

DR. FORD: Could you go back one sli de,
pl ease? | found the reference to what | was
referring to earlier on. |If | could just quote from

your August 21 thing, this relates to RIAs. "Test
results have shown that claddi ng damage in high
burn-up zircaloy fuel occurs in a partially brittle
manner as a result of the nechanical expansion
pellets rather than by dry out and over heating of
t he cl addi ng as addressed by the current criteria.”
That is to what | was referring. A
di f ferent physical phenonmenon giving rise to the
failure, are the materials properties currently
needed reflected in that change of understandi ng of

t he degradati on node?
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That was the reason for my question

DR MEYER Well, this is Ral ph Meyer.

The answer is a little bit yes and a
little bit no. The code isn't capable of doing a
straight up calculation for the failure of all of
t hese, but we're using the code in a roundabout way
to acconplish this, and that's really the subject of
ny presentation which follows this.

DR FORD: Ckay.

DR. MEYER  So you can bring this up
again when we're tal king about the details.

DR FORD: Ckay. Thank you.

MR VOGELWEDE: Here's a nunber of
sources of data that we use. This can include both
in and out of pile data. Here's an exanple for fuel
center line tenperatures. Al of the data shown on
this particular slide are fromthe Hal den reactor in
Norway. It's all instrunmented fuel assenblies. So
there's a center |ine thernmocouple. Al of these
are m xed oxi de.

The results are as good or better than
what everybody el se does in the world using the same
openly avail able data. Now, you can see it at
hi gher power ratings, whichis --

CHAI RMVAN PONERS: Are Hal den data really

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

39

openly avail abl e?

MR, VOGELWEDE: Eventually, yes. For
participants in the program usually it's rel eased
to themfirst, but ultimtely nost of the
i nformati on becones publicly avail able and can be
used.

W' re reasonably pleased with this |eve
of uncertainty, although it may seemlarger. At
hi gher power ratings, between ten and 12 kil owatts
per foot, it becomes nore and nore difficult to do
this, but this is as well as anybody el se does.

DR. KRESS: |Is this FRAPCON predictions?

MR, VOGELWEDE: This i s FRAPCON.

DR KRESS: And the colors are different
bur n- ups?

MR VOGELWEDE: The colors are different
assenbl i es.

DR KRESS: Different assenbles.

MR VOGELWEDE: Different experinents in

Hal den.

DR. KRESS: What burn-up level do these
get to?

MR, VOGELWEDE: Harold, do you know on
this one? | believe they went out to about 25 or

30, 000 negawatt days per netric ton.
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MR. SCOTT: John, this is Harold Scott

agai n.

Anot her technique that Hal den uses is
they take rods that cone out of reactors. They then
drill a hole down the pellet and put a thernocouple
init. So there nmay be a few data points there that
are higher than 40 or higher than 25 for MOX. |
think they actually have a couple of assenblies that
were previously irradi at ed.

DR. KRESS: Well, howis it they vary
the center |ine tenperature? They vary the power of
t he reactor?

MR, VOGELWEDE: Yes.

DR KRESS: Just where they put the
assenbl y?

MR VOGELWEDE: Yes, and not all of the
data points are shown here. You get data points
that were ten mnutes or weeks on end. So it's
fairly easy to accunul ate a | arge anount of
i nf ormati on.

" mnot sure that you can see this very
well, but this is the radial power distribution for
both codes. It has a fairly sophisticated flex
depression nodel in it based on experinental data.

In this particular case, they use neodym um as a
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tracer to determ ne the burn-up across the radi us.
It's very, very sharply peaked at the outside radius
of the fuel, often two to three tines the pellet
aver age.

So for an RI A event where you dunp a | ot
of power into the fuel, it's preferentially dunped
into the periphery, this outside rimof the fuel,
and becones a very strong effect for accident
anal ysis, but again, this is experinmental data
conpared to that particular nodule in the code.

And this is al so another case of
sonething that we put into the code and is fairly
wel | docunented, but did not show up in MATPRO in
its original incarnation.

Research is not the only office that
uses the fuel codes. NRR uses the code for auditing
in sone of its reviews. NMSS uses the fuel codes to
determ ne end of life rod pressures and void
volunmes. You do this by running the code out
followng its power history in the reactor and then
cooling it down to roomtenperature and pressure
condi ti ons.

We also tried to encourage this in our
O fice of Research. Recently we held a two-day

training session for NMSS and NRR to teach them how
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to use these codes. | see several training
participants in the roomtoday.

I nternationally, we have 29 nenber
organi zations in our user group. There's 15
countries represented. W have fairly extensive
peer review of these codes, a |ot of nice feedback.

W have periodic neetings. Qur nost
recent one was at Argonne in July. W have a Wb
site use URL is given on this page.

We have extensive international use of
t he codes, and the reason |'ve |listed these nanes
here is in nost of these cases we have reports that
have been issued either cooperatively with the NRC
or by the menber organi zation on use of the code,
suggest ed i nprovenents and things |ike that.

DR. FORD: Before you go on, this is a
guestion that has cone up, the use of other codes,
some hydraulic codes, et cetera. You have a code
which is being used by quite a few people, and yet
EPRI has anot her code and NVSS had anot her code.
Who's to say which code is correct? Is it strictly
a question of how well it predicts the observations?

MR, VOGELWEDE: In many cases, yes, that
is correct.

DR. FORD: And so there's an exam is

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

43

t here?

MR VOGELWEDE: W tend to try to
encour age the case where NRC can use a code when
it's doing regulatory review of another one. So,
for exanple, EPRI's FALCON code, which is currently
in for review now, we have an NRC code which can be
used to doubl e check

DR FORD: But it does conme down to a
guestion as to which predicts the observation the
best .

MR, VOGELWEDE: | think so, yes.

DR FORD: Is there a situation when a
FALCON code is better than the NRC code?

MR ROSENTHAL: It's under review

DR. FORD: kay.

MR VOGELWEDE: To get to your point of
whet her or not NRC s codes are good or not so good,
we canme up with this report card for our codes, on
the | eft-hand side for the steady state version, on
the right-hand side for the transient version, and
we arbitrarily assigned letter grades to things.

So, for exanple, for steady state
t hermal performance, we have an A or we have given
ourselves an A for this because we believe that our

ability to predict experinental data is pretty good,
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as good as anybody el se.

In sonme of the other areas, let's go
down to the bottom For fuel assenbly and channel
effects, this is a single rod fuel code which
doesn't have the capability to do that nodeling-

Wi se.

So it isn't a question of whether or not
it does good or bad. It can't do it at all.
Because of this, we have through a cooperative
agreenment with Finns, have incorporated a single
channel code called GENFLO, which we use with
FRAPTRAN to sinul ate sone of these effects. So
using the two codes in tandem helps us to
accommodat e that.

In the sane sense, we don't have the
ability to do neutronic type effects, and Jack
al ready tal ked to you about Research's efforts to
use other codes in conbination with one another so
that they could do all of these cal cul ati ons.

DR. FORD: You showed a very conpl ex
interaction diagramvery early on, and you al so
i ndicated just previously that fuel and claddi ng
chem stry was an F or D. 1Is that a fatal flaw?

MR, VOGELWEDE: | don't believe so. It

is inportant for some of the newer things that we're
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| ooking at, such as cladding failure, but for fuel
temperatures and fission gas rel ease, which are the
traditional end products of these codes, it is not.
So it depends on how the code is being used.

DR. FORD: And yet you say in one of
your docunents that partial brittle failure of the
cladding is one of the prine reasons for an I RA
failure, and I would have thought hydrogen
enbrittl enent woul d, therefore, have played a | arge
part.

MR, VOGELWEDE: Yes, and Ral ph will get
into that in his presentation.

DR. FORD: kay.

CHAI RVAN PONERS: Let ne ask you a
coupl e of questions about that slide. | see in the
literature a |l ot of discussion about directed
di ffusi on of gas bubbl es al ong vacancy gradi ents.
Do you nodel that in FRAPTRAN?

MR. VOGELWEDE: No. The fission gas
release is fairly straightforward. W're |ooking
for an inventory and rel ease fromthe overal
structure. Howthis is handled as far as migration
to either grain boundaries or something like that is
an effort that is done, for exanple, in the ANC

subconmi ttee, which we participate in, but that's
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not yet incorporated into the codes.

So for general releases, | don't think
it's a major issue, but for transient analysis,
we're going -- now, | think your question led to
things like the rimeffect, howit behave during the
transi ent.

There's a lot of work on that. W don't
have that in our codes.

CHAl RVAN PONERS: What | was really
driving at is | think your codes for on the area of
fission gas release are crude relative to the |eve
of understanding that's evolving --

MR, VOGELWEDE: Yes.

CHAl RVAN PONERS: -- about this, and
what | was driving or ultinmately going to drive at
is the technol ogies that you' ve adopted in these
codes are the product of an era that's perhaps 20,
25 years ol d now, and you've upgraded themto
account for high burn-up effects, such as the rim
ef fect and whatnot, but you' ve held that structure.
The conput ational structure, the phenonenol ogi cal
structure is being held fixed, and basically what
you're doing is updating sone features of it.

And what | wanted to ask is, okay, is

there a point at which you say, "Fine. That was
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good and it worked well, but noww'll go to a
di fferent phenonenol ogi cal formnul ati on al together"?

MR, VOGELWEDE: Yes, | would agree with
you there. The tradition for these codes, as you
poi nt out, is decades old. It has been primarily
focused on traditional transient and acci dent
anal ysis used in the safety analysis reports and not
in some of the newer regulatory applications that
we' re tal king about now and | agree with you on.

CHAl RVAN PONERS: Let nme come to anot her
one. The topic is fuel clad materials properties.
| have received a copy of a letter fromNEl to
Ashok, in essence, questioning the nethods by
whi ch - -

MR, VOGELWEDE: Yes.

CHAl RVAN POAERS:  -- we collect data on
the structural properties of alloys, et cetera. Can
you comrent on that?

MR VOGELWEDE: We have received the
letter. W' Il be tal king about how that data is
currently collected and the inpact of the EPRI
letter later on in today's presentations.

CHAI RVAN POVERS:  Ckay.

MR. ROSENTHAL: Yeah, at the time of the

ECCS rul emeki ng the Commi ssion settled on a non-
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ductility, no ductility criteria, and the question
before us right nowis: should we change our
fundanmental thinking and go to a toughness criteria
in the proposed test?

W' || be discussing it at length in the
course of the day, and I think that I'd say our mnd
is still open about how to proceed.

MR. VOGELWEDE: Any ot her questions?

' m finished.

CHAl RVAN PONERS: Any ot her questions
for the speaker?

(No response.)

CHAI RMVAN PONERS: Wl |, thank you. You
gave us a good introduction to the issues of FRAPCON
and FRAPTRAN.

Dr. Meyer, you're going to discuss RIA
i ssues.

Dr. Meyer, | just can't avoid comrenting
that the last time you put up the paintbrush plot in
one of these Subcomm ttee nmeetings it precipitated
about two hours of discussion.

(Laughter.)

CHAI RVAN POVERS:  And | thought you had
vowed never again to put that slide up, but | notice

that it's in the package again.
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DR MEYER: It's there. It's there.

CHAI RMVAN POVNERS: Shoul d | anticipate
anot her two hours of discussion?

(No response.)

DR MEYER Okay. Help. [I've got it.
Ckay.

All right. So | want to nove now from
the very general to the very specific and tal k about
how we're attacking the RIA problemw th an
enpirical nethod to determ ne the cladding failure
threshold, and to use that failure threshold to
denonstrate that we can avoid | osing cool abl e
geonetry or generating big pressure pul ses, which
are the main objectives in surviving this accident
in a benign way.

Is there a lapel mc? |I'msorry. |I'm
taking just a few mnutes to get going.

CHAl RVAN PONERS: Perfectly okay. |'m
not agoni zi ng over the schedul e because it's a
Subcommi ttee neeting.

DR. MEYER  Yeah. This presentation

will probably take a little |onger than schedul ed.
We've trimred back in sone other areas. | think
we'll conme out okay at the end of the day.

CHAIl RVAN PONERS: If there's a |ogica
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break in it, Ralph, you m ght want to just signal ne
about that, and we'll take a break in the m ddl e of
it if it's going to run very | ong.

DR. MEYER Ckay. Now, | think I'm
going to stand up and try and do this.

And do you have a pointer?

CHAI RMVAN PONERS: Wl I, you're just very
demanding. That's all there is to it, Ralph.
You' re a high mai ntenance i ndividual here.

(Laughter.)

DR. MEYER  (kay.

CHAl RVAN PONERS: And now you want
batteries, too.

DR. MEYER Ckay. So this is the
outline, and |I'm sure you' ve read that by now

The issue is that there has been a
change in failure mechani smas we nove from
unirradiated to irradiated and particularly heavily
corroded material. The initial database was taken
on very low burn-up fuels and irradi ated material s.
It presuned that the failure mechanismwas rel ated
to high tenmperature and oxidation

And based on that, we had arrived at a
280 calorie per gramlimt. W acknow edged two

decades ago that that was nonconservative by 50
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calories per gram Because of a mstake in
interpretation, it should have been 230 cal ories per
gram but it really didn't matter because, in fact,
we believe the real achievable fuel enthal pies were
down under 100 calories per gram So we didn't

bot her to nake any correction.

When we now | ook at data from hi gh burn-
up fuel in test reactors, principally in France in
the Cabri reactor and Japan in the Nuclear Safety
Research reactor, NSRR, we see cladding failure at a
much | ower enthal py than that, and in many cases
t hose cladding failures are acconpanied by a pronpt
di sbursal of fuel particles into the coolant, which
can |l ead to sonme undesirable effects.

So we saw a need to nake a change in
this 280 calorie per gramnunber, and in particul ar,
the issue that we described in the earlier high
burn-up plan was to nake sone confirnmatory
assessnment that was good up to at |east 62 gigawatt
days per ton, the current Iimt, to show that
everything was okay in operating reactors at that
time, if indeed that was the case.

And we believed that was the case, and
we still believe that was the case, and we're going

to do that.
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Now, I'Il get to the paintbrush slide in
a mnute, but there are problens with the database,
and the problens boil down very sinply, are that the
two machines that are generating data are not
produci ng conditions that are sufficiently Iike PWR
conditions, and so they're giving biased results,
and our goal with this scaling nethod and in this
presentation is to show how we're going to
accommodat e t hat .

I n the Japanese test reactor, you have a
natural pulse width of the machine that's about half
the pul se width that we expect for this range of
energies in the PAWNR and also a test tenperature
that is way off. The NSRR tests to date have been
done in roomtenperature capsules. They are
bui Il ding a high tenperature, high pressure capsul e.

I n 2005-2006, we'll start taking sone data at high
t enperat ure.

So you've got two things wong. You' ve
got a pulse width that's only half what it ought to
be, and you've got a test tenperature that for PWRs
is way off.

And the Cabri reactor, that's a very
controversial subject, and nenbers of the

controversy are right here in this room But they
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have unfortunately chosen to broaden a perfectly
good pul se and nake it a perfectly no good pul se.
And so they are now taking a nine and a hal f
mllisecond pul se, which would just be great, and
artificially broadening it to 30 mlliseconds based
on a m sunderstanding that we all had a few years
ago, but which has subsequently been corrected.

So that's the problem So we've got a
dat abase that has sone atypical conditions, and |

think I can deal with that using our code and sone -

MS. YANG Excuse nme. Can | neke a
comrent ?

DR MEYER |If the Chairnman w shes to
entertain it.

CHAl RVAN POAERS:  Anxi ous to hear what
you have to say.

M5. YANG Thanks, Dana -- M. Chairman

Can | back to your last slide, please,
Ral ph?

| want to say for the PWR condition, the
rod ejection accident is a hypothetical event, and
even give the nost conservative cal cul ati on, we
don't get ten mllisecond pulse. The PWR typica

pul se is greater, a lot greater, than 30
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m | |iseconds.

And | think at the Iast ACRS neeting a
year ago we have tal ked about that. | think that
was wel |l docunented in the transcript of the
neeting. | think that's the PWR conditi on.

That's why with the internationa
communi ty debate and very thorough discussion, the
Cabri test reactor pulse was changed to greater than
30 mllisecond to better represent the PWR
condi ti on.

DR. MEYER Let ne give you a couple of
nunbers. In a PAR, a pulse with an energy of 20
calories per gramw ||l have a pulse width of about
40 m|liseconds. A pulse width energy of about 40
calories per gramw ||l have a pulse width of about
20 m | liseconds.

And as you go on up to 100 cal ories per
gram from 40 cal ories per gram you go from 20
mlliseconds down to ten mlliseconds. | don't
think there's any debate about the accuracy of that
nunber, give or take a few cal ories per gram

The debate is whether it's appropriate
to test up near the failure level of the cladding,
which is in the vicinity of 100 cal ories per gram

where the pul ses woul d be narrow, or whether you
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want to test down at the energy of the expected
pul ses in a PWR, which may be 20 or 30 cal ories per
gramwi th broad pul ses.

And in fact, what Cabri is doing right
now i s a bastardi zed approach of using half and
half. They're using a high energy and a broad
pul se.

CHAl RVAN POAERS: | guess, | nean, this
is a comopn controversy that conmes up, and the
guestion of where you test. | nean, oftentines what
you get into is the debate of do | do a very
prototypic test or do I test my codes.

And 1'll offer the opinion that the best
thing to do is to test your codes because not hing
you can do with the Cabri or the NSRR, there is no
concei vabl e thing that you can do to make those
conmpl etely prototypic machines. You' re always going
to have to be taking data out of one machi ne and
analytically transformng it to nmake it look like a
reactor accident.

Now, where do you conme in on this? |
nmean, where do you stand on this?

DR. MEYER  Ckay. W have not attenpted
to put failure nodels into our code so that we can

do straight up predictions. |It's very difficult,
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and so we have chosen to stay closer to an enpirical
dat abase, and |I'm going to show you a net hod which
all ows us to make sone adjustnments to the data to
account for these variations in pulse width and test
tenmperature so that we can then rely directly on the
enpirical database w thout relying on the code so
much.

Now, we will rely on the code to make
t he conparative calculations, and nmy claimis that
in doing conparative cal culations, a |ot of mstakes
that we nmake will cancel out, and that's the basis
for the nethod.

And 1'd like to showit to you. It's a
little detailed. I'mnot skilled at giving this
presentation yet because the nmethod is fairly new,
and | haven't had too many opportunities to describe

it.

So if you'll bear with ne, what we have
here is a -- we have a broad pellet in a test, a
narrower pellet in sone cases. Well, let ne back

t hat up.

We have a pulse in a test with a certain
width. W have a pulse in a PARwith a certain
wi dth, and the width of the pulse is going to affect

the tenperature, and the tenperature, in turn, is
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going to affect mechanical properties and sone ot her
expansi on.

So here are two things that happen,
particularly in the Japanese test. You have the
initial coolant tenperature, which is obvious, but
in the case of the pulse wdth, you' re going to see
that a broad pulse will lead to a higher cladding
tenperature at the tine of a certain drain
occurrence than will a narrow pul se.

"1l show you pictures of this, and it
is this tenperature difference then that will affect

t he mechani cal properties and al so the therma

strain in the calculation so that there will be a
tendency for a broad pulse to -- for two things to
happen. First of all, for the cladding to be nore

ductile at the instant that the critical stress is
applied, and also for the cladding to try and run
away fromthe pellet, if you wll.

The picture to keep in mnd is that
you' re dunping thermal energy into the pellet, which
i s expanding nore than the cladding, and it pushes
on the cladding and it strains the cladding.

What we're going to be | ooking at is the
plastic strain in the cladding. Now, there are

several conponents of strain in the cladding. One
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of themis what we call a thermal strain. [It's just
a thermal expansion of the cladding.

So to the extent that the cladding can
thermal |y expand, you don't have to stretch it, and
so there is a conponent of thermal strain that is
effective as well. It's not too big, but it's
definitely there.

We're going to use the FRAPTRAN code to
do the calculations. For today's discussion |'m
going to guess at the mechanical properties and
their tenperature dependence. |I'mjust going to
make sonme assunptions about these. [I'mnot going to
try and convince you that my assunptions are
correct, but just want to illustrate the nethod.

|"mgoing to do two nunerical exanples,
one for HBO-1, a test from Japan, and one for REP-
Nal0O, a test from Cabri.

Now, there's a nmjor difference in the
node of failure in these two cases. |In the Japanese
test, HBO- 1, the cladding was clearly beyond the
elastic region. It was in a reginme where it was
experiencing plastic strain, and the opposite is
true in REP-Nal0. REP-NalO appears to have failed
while it was still in the elastic region, just at

the end of that elastic region.
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DR. FORD: That difference is

under st ood, given the difference in tenperatures,
one at roomtenperature and the other at 280 degrees
centi grade?

DR MEYER |I'msorry. \Wat was the
guesti on?

DR. FORD: Just your reference to the
Cabri failure was due to brittle failure, elastic
strains, whereas at the | ower tenperature in the
Japanese reactor it is by plastic deformation,
necki ng (phonetic), do you renenber? It seens
opposite to what you'd expect.

DR MEYER It is opposite to what you'd
expect. | don't understand it. |'mgoing to show
you sonme data that | don't fully understand yet, why
t he Japanese seemto see nore strain in the test
conducted at | ower tenperature.

Now, one thing is --

MR. SCOTT: Ralph, this is Harold Scott.

Don't we think that the Cabri tests have
| ots of corrosion and a | ot nore hydrogen than the
Japanese test? So that's one possible reason why
the failure node is different, is because they have
di fferent amounts of enbrittl enent.

DR. MEYER That's a good point.
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MR. SCOTT: | think when you said before

t hat we knew, the way we sort of know whether it was
plastic or elastic is partly by looking at the
m crographs of the fracture.

DR. MEYER Well, and al so by | ooking at
strain neasurenments, and |'ve got sone strain
nmeasurenents in here. So kind of hang onto the
guestion, and we'll come back to it, but | was
t hi nki ng about our analytical predictions, and we
don't hit the Cabri predictions as well as we hit
t he Japanese predictions.

So let me start off first with the
Japanese one. Here was the test. These are
nmeasured val ues now. They had a total energy input
of 93 calories per gram This was reconned at sone
time like 1.2 second. They determ ned the tinme of
failure by |looking at the instrunments, and so they
report a failure time on an arbitrary scale. The
pul se had a width of 4.4 mlliseconds, and the
cool ant tenperature was roomtenperature, about 291

Those were neasured test values. These
are our calculated results. So we now cal cul ate at
the tinme -- at the reported tine of failure, the
fuel enthal py that we calculate is 60 calories per

gram which by the way is exactly the sane nunber
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that Jerry has report ed.

So they cal cul ated the sane thing that
we cal cul ated quite independently.

At the time of failure, we | ook at the
cl addi ng permanent hoop strain in our calculation,
and we get .62 percent, and we're going to say that
this is the failure strain. In this test, .62
percent average plastic strain was all it could take
and it failed, and at that time of failure, the
cl addi ng tenperature was 338 degrees.

kay. That's just put in for your
reference to define the ternms that | use. | don't
want to spend any tinme on that.

Here is a plot of neasured permanent

hoop strain. This is plastic strain in the whole

HBO seri es.

Now, in the HBO series, they neasured
strain on tests that didn't fail. They didn't
nmeasure strain on tests that did fail, and so here

we were able to plot the neasured strain values as a
function of the peak fuel enthal py in the HBO
series, and you see that it intercepts the axis
sonewhere around 30 to 40 cal ories per gram

So if you're in the range of 60 calories

per gram which is where our cal cul ation said was
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the failure, then you should have a permanent hoop
strain of about .7 percent based on these neasured
data, and we cal cul ated .62 percent.

So so far our cal culation | ooks credible
and we go on.

CHAl RVAN PONERS:  Ral ph, just a question
on experinment here. Wen you have the horizontal
axi s here, peak fuel enthal py increase, how
accurately do you know t hat?

DR. MEYER  These are reported nunbers,
but they were cal cul ated nunbers because any tine
you're dealing with the enthal py, you' re dealing
with heat |oss.

CHAl RVAN PONERS: There's not mnuch in
t hese short pul se.

DR. MEYER: John or Harold, do you want
to give me a plus or mnus on the peak fuel
ent hal py?

MR SCOIT: W just said ten percent to
each ot her.

DR. MEYER Plus or mnus ten percent.

CHAl RVAN PONERS: And, Harol d, where do
you think that uncertainty is comng fron? Is it
fromjust the reactor characteristics?

MR. SCOIT: Yes.
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CHAl RMAN PONERS: Because there's not

much loss in a four mllisecond pulse. You're
getting nost of it in the fuel pretty easily.

DR FORD: Again, just on experinental
detail so | can understand it, this test, HBO 1 --

DR. MEYER  Yes.

DR FORD: -- that was on a fuel that
had a certain degree of burn-up. \Wat about the
cl addi ng?

DR. MEYER  Yes.

DR. FORD: Had that been exposed to
[ithiated water at 288 degrees Centigrade or
what ever the tenperature was?

DR MEYER HBO | don't know.

DR. FORD: Before you did the test.

DR MEYER | don't know about the water
chem stry, but HBO- 1 had about 40 m crons of
corrosion. | don't know the hydrogen level. It had
a burn-up of about 60, 65 gigawatt days per ton in
the | ength of specinen that was tested.

DR. FORD: I'minferring fromyour
remark earlier on, | think it was, that this had not
been exposed to any degree of corrosion, corrosive
environnent, lithiated water beforehand.

MR SCOIT: You said 40 m crons.
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CHAlI RVAN POVERS: Yeah, | nmean, there's

40 microns of corrosion on it. |'mnot sure what
you' re asking.

DR FORD: I'mjust trying to sort out
in nmy own mnd the degree of corrosion, and | take
your point.

DR. MEYER ~Okay. Just a noderate |eve
of corrosion.

DR FORD: Right.

DR. MEYER It's certainly not a heavy
| evel of corrosion.

All right. So here is the four and a
half mllisecond pulse in the test reactor, and here
is the ten mllisecond pulse. Here is a ten
mllisecond pulse with the same energy.

kay. Now, in the calculation that we
ran with this pulse, we get the failure sonewhere
over at this tinme, right about here, and that
failure occurred at .62 percent plastic strain.

So now the gane is to go on this curve
and |l ook for the tinme at which the plastic strain is
.62 percent. Well, I've got to tell you right up
front that it won't be exactly .62 percent because
it's tenperature dependent. The failure strain is

going to -- we expect it to be tenperature
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dependent .

Now, here is a conparison of cladding
tenperature as a function of fuel enthal py for those
two pul ses, and you can clearly see here that for
any ent hal py val ue which you can think about as the
amount of pellet displacenent, because to a first
approxi mation, the anount of enthalpy in the fuel is
t he amount of thermal expansion, and the pellet is
hard. The cladding is not so hard. It pushes on
t he cl addi ng.

So for given anount of pellet
di spl acement, you see that the cladding tenperature
in the narrow pulse is significantly less than it is
in the broad pul se.

So now what we have to do is take that
temperature difference into account in the failure
strain that we're going to associate with that .62
cal cul at ed nunber

kay. |'ve said those words. | want to
skip this slide for now.

Ckay. This is an assunption. Now, what
|'ve plotted here is total elongation as a function
of tenperature. The failure strainis a tota
| ongation, but total longation is not a fundanmental

materials property. It's affected by geonetry, by
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t he gauge |l ength and di nensi ons of the specinmen, and
so if we look at total elongation data fromtests

t hat may have been on axi al specinens or on ring
speci mens with different gauge geonetries, then the
ef fective gauge geonetry of this non-uniform
deform ng cladding, we're going to see a tenperature
dependence.

Now, frankly, | |ooked at EPRI's plotted
data, and this is not quite as bit a slope as EPR
has in their report, but it's a ballpark nunmber, and
so I"'mjust going to use this nunber to illustrate
t he net hod.

Now, in effect, what we're doing is
we're going to assune that the total elongated --
the failure strain in the specinmen, which is a tota
el ongation, is going to have the sane tenperature
dependence as this. So we just ratio the two.

In effect, what I'mdoing is drawing a
different line that would be right down around there
somewhere, which is going to be the locus of failure
points in this particular specinen.

So this is what | just said in words,
and so we're trying to find a new failure strain at
a different tenperature, and we need a tenperature

and a strain conbination that are on that adjusted
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i ne.

This is the part that | haven't figured
out howto explain clearly yet, but fromthe nods,
think that you --

CHAI RMAN POVERS: Know exactly what you
nmean.

DR. MEYER  -- understand what |'m
trying to do.

CHAl RVAN POAERS: | under st and.

DR MEYER  Anyway, when we go through
this, we find that the new failure strainis .75
percent at a cladding average tenperature of 380K
So the PR pulse in this case is or the wider pulse
is at a higher cladding tenperature. There's a
little nore ductility. So you get a little higher
failure strain, and the correspondi ng fuel enthal py
at that time is 69 calories per gram

So in this exanple, a nine calorie per
gramincrease as a result of pulse width, just pulse
width. | haven't altered the test tenperature yet.
That's going to be a bigger deal than this, but I
wanted to | ook separately at these two effects for
the HBO case.

So the next thing we did then was to --

et me back up. | need to talk just a m nute about
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this detail.

And this is fascinating, and it's al so
difficult for me to explain. But now|l'mgoing to
go back one, two, three, to this figure. This is
the ten mllisecond pul se here, ten mllisecond
pul se.

And | have plotted on this sanme figure
t he pernmanent hoop strain and the cl addi ng
temperature. Now, the peak fuel enthal py occurs
ri ght about here. The enthal py peaks out because
heat | osses then are as big as the heat input in the
tail of the pulse, and when the fuel enthal py peaks
out, you don't get anynore cl addi ng hoop strength.

But the cladding tenperature continues
to rise. Okay. You back up. Sonewhere around here
is what | call a point of no return. |If you don't
have enough strain to fail it, if you haven't
reached the failure strain at this point, you' re not
going to reach it up here because the cladding
tenperature is starting to increase nore rapidly
t han your strain value is increasing.

So the point is if you had done a test,
say, with a peak fuel enthal py of 75 calories per
gram and observe the cladding failure at 60 calories

per gram if you go back now and run a test with a
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60 cal orie per gram peak fuel enthalpy, it won't
fail that cladding because here's where the 60 is
going to occur, and it's happening too sl ow

So we had, in fact, to increase the
energy in the deposited pulse in order for the
cladding strain to keep up with the tenperature
i ncrease.

So we were not able to find an adjusted
failure strain in the ten mllisecond pul se without
increasing the energy in that pulse. W increased
it increnentally ten percent, 20 percent, 30
percent. The ten percent didn't do it. Twenty
percent did it. Thirty percent did it and gave the
same answer as 20 percent.

And now i f you have sone feeling for
t hat concept, now you will understand that when we
try and account for this huge difference in test
tenperature fromroomtenperature up to nearly 300
Centigrade, that we need a |large increase in pulse
energy in order to find that failure strain at the
right tenperature in a reasonabl e pul se.

So the pulse that we used had tw ce the
energy in it as the original pulse. So this is the
original NSRR pulse, and this is the ten mllisecond

wi de pulse with twice the energy, and in that pulse,
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we now find an adjusted failure strain of 1.71
percent. There's the tenperature at 100 cal ories
per gram

Now, if you go back to the neasured
failure strain for HBO, you'll find that 1.7 -- that
at 100 calories per gram 1.7 is just about on the
line. So this is a credible nunber.

The conbi ned effect of pulse width and
test tenperature with the tenperature dependence
that we assumed is 40 calories per gram It's huge.
That neans on the paintbrush slide that those NSRR
points are going to have to be noved up about 40
cal ories per gram

| f we used the larger tenperature
dependence that EPRI used, it would go up further,
and it's now up into the range where you have to
wonder whether it would fail at all by a cladding
mechani cal interaction or whether it would go into
DNB and fail by a high tenperature nechani smup
around 160 or 170 cal ories per gram

Ckay?

CHAI RVAN PONERS: Back to your step, do
you, in fact, do a step-w se conversion? The way
you presented it, Ralph, was first you nade a

correction without correcting for the water
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tenmperature, and then you corrected for the water
t emper at ur e.

Do you, in fact, when you actually sit
down and do it, do those things all at once?

DR. MEYER  Yeah. The second one was
done all at once. | didn't do the second one with a
four and a half mllisecond pulse. So the second
cal cul ati on that shows the 40 calories per gramis
t he sum of both.

So in this case order of magnitude was
you got ten calories per gramfromthe pulse width
and another 30 calories per gramfromthe test
tenperature, giving you about 40 cal ories per gram

CHAI RMAN PONERS: kay, but that was for
pedagogi cal purposes that you did that. Wen you
really do it --

DR MEYER  Yeah

CHAI RMAN PONERS: The difficulty | have
in your way of presenting is when you did the first
step, you did it for a ten mllisecond pul se, but
the | ower energy. kay?

DR MEYER  Yeah

CHAl RVAN PONERS: \ereas in the
reactor, you would actually have a broader pulse if

you did a | ow energy pulse. Ckay?
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Wiereas in the second step where you did
both corrections, you had what's appropriate for a
react or pul se.

DR MEYER In the first case, we
i ncreased the power 20 percent. |In the second case,
we increased it 100, and it included the pulse width
effect.

CHAI RMAN POVERS: Yeah, you did two
things. In the first exanple, the step that you
showed, you increased the pulse width, and you
i ncreased t he energy.

DR. MEYER  Yes.

CHAI RMAN PONERS: (kay, but the increase
in the pulse width is not reflective of the width
you would get in a PARif you did a pulse of the
energy magni tude that you did.

DR. MEYER Oh, yeah. Yeah, it is
because this curve is really flat. Once you get to
60, 70, 80 calories per gram it's asynptotically
going to ten mlliseconds.

CHAI RVAN POVERS:  Ckay.

DR MEYER So it doesn't make nuch
di fference, but you're right. Wen we do this, we
will incorporate that dependence in it, but it's a

smal | thing.
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DR. FORD: Could | ask a question again

on your specific nethodol ogy? Your approach for
correcting for the pulse wi dth seens dependent very
much on the interaction between the average cl addi ng
temperature and the hoop strength.

DR. MEYER  Yes.

DR. FORD: Wiat is the uncertainty of
that, given, for instance, that the failure strains
wi || change dependent on the anobunt of corrosion?

If you're going to apply it to BWRs, you
m ght be tal king about barrier fuel cladding. Al
of these are going to be interactive. So there's
sone uncertainties in these very precise 1.71
percent cladding, a |lot of uncertainty in that.

What degree of uncertainty are we tal king about
because of these other material property changes
whi ch we don't know?

DR. MEYER Ckay. |'ve got to nmake a
di stinction between two types of uncertainties.

One, the uncertainty in the material --

DR FORD: Yeah.

DR. MEYER -- and the properties and
t he amount of corrosion and random defects and
things |ike that.

DR. FORD: Right.
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DR MEYER It is conpletely outside of

this scaling method because what we're doing is

| ooking at test HBO- 1, that test run specinen, and
asking: what if | took that exact same speci nen and
tested it wwth a PAR shaped pul se to failure?

DR FORD: Yes.

DR MEYER  So right away all of the
material variabilities are not involved because |I'm
assumng that I'mstill working on the HBO 1
speci nen. The uncertainty in this paranmeter is
going to be determ ned by two things. | think by
far the largest is the uncertainty and the
t emper at ure dependence of the nechani cal properties.
They' re poorly known at this time. EPRI's figure
has a nice average line, but the data scatter is
very | arge

We are hoping to narrow this down
qui ckly in our program at Argonne, and so we hope to
make sone inprovenents on that, but even within
t hese | arge uncertainties, you can now begin to get
an order of magnitude feeling for what it does to
t he dat a.

|"mgoing to skip this slide for a
m nute, and now this is the second exanple. This is

REP- Na10, and these are the test paraneters, rea
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nunbers: 170 calories per gramtotal energy input;
nmeasured time of failure; 31 mllisecond pul se; and
553 Kelvin initial coolant tenperature. Those are
al | nmeasured val ues.

So we run the calculation for that
pul se, for those exact conditions, and this tine we
don't get quite as good agreenent as we had before.
If we take their reported time of failure, we get 68
calories per gramfuel enthalpy at the reported tine
of failure.

| RSN reports 61 cal ories per gramat the
time of failure. |1RSN also reports that there is no
plastic strain in their calculation for this
specinmen. At the tine of failure we get a little
bit of plastic strain.

So what we did just for the purpose of
illustrating the exanple is to nove the failure tine
back a very small anmount so that we were still in
the end of the elastic region. So this is an
artificial exanple, but it's still pretty close to
REP- Na10.

So we noved it back till it was right at
the end of the elastic region, and at that new
assuned failure tine, we had 59 calories per gram

which is uncannily close to their 61 calories per
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gram

Now, since we're talking about failure
in the elastic region, strength becones the
i mportant paranmeter and not ductility. So we now
want to |l ook at the stress on the cladding, and so
the hoop stress at that new assumed tinme of failure
i s 450 negapascal s, and the cl addi ng average
tenperature at that time is 743 Kel vin.

CHAl RVAN POVERS: \When you say that | RSN
reported no plastic strain in the specinmen, is that
t hey saw no evidence of plastic strain or they
cal cul ated no --

DR. MEYER No, it's calculated. 1In the
Cabri tests, the Cabri tests are in sodium

CHAI RVAN PONERS: Ri ght.

DR. MEYER. And they cannot neasure
accurately the strain on a rod that has failed
because you get a sodiuminteraction with the Q2 and
the swelling, and so they can't go in after the fact
and neasure the strain on the failed rods.

| "' m going to show you sonme data though
and that's one slide that | skipped over, and it
will indicate that we're sort of in the crossover
point, and | don't know which would be correct, sone

strain or no strain.
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CHAI RMAN POVNERS: \What you're al so

saying here de facto, | believe, is that whatever
cal cul ati onal tool the French are using, it's not
getting results that are wildly different than
what's your cal cul ational tool is giving.

DR. MEYER That's correct. That's
correct.

kay. So now in this case, this is the
Cabri pulse, 31 calories per gram and here is a ten
mllisecond pulse with the same energy, and so we're
now going to look at the failure stress for the
pul se as we calculated it, and then we're goi ng back
on this ten mllisecond cal cul ati on and | ook for
that sane failure stress adjusted for tenperature
changes.

So it's exactly the sane scenario as you
had for the strains, except now we're dealing with
stresses.

Don't ask ne to explain this, but M ke
Billone is here. He can explain this if there are
any questions, but this is a plot of fracture
t oughness versus tenperature, and fracture toughness
is related to the fracture stress, and we're out in
a tenperature region up here.

Actually | had already just assumed a 25
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percent reduction in failure stress, in macroscopic
failure stress for a 100 degree tenperature
reduction. This curve shows about 35 percent
reducti on.

I f you take a tenperature here and you
go down 100 degrees, it's about a 35 percent change
on this figure. W took 25 percent in our
cal cul ati on.

So, again, it's an assunption, but it's
in the ballpark, and so here are the cal cul ated
results. The 450 negapascal failure stress cane
down to 350 megapascal because we're now nearly 100
degrees lower in tenperature, and the failure stress
will be |ower.

And this lower stress occurred at a tine
where the fuel enthal py increase was 40 cal ories per
graminstead of the 60 calories per gramthat we had
calculated. So in this exanple, the REP-NalO nunber
woul d be adj usted downward by 20 cal ories per gram

And if | can go back, these are neasures
strain values fromthe REP-Na series. These are al
of the tests that did not fail, and they're a
m xture of several things, and | don't think we know
quite how to sort themout yet, but there are two

MOX tests in here. The MOX results m ght be
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different than the U2 results, and there are narrow
pul ses. Here's a couple of nine mllisecond pul ses,
three of them and broad pul ses, 75, 35, 34.

These lines are not statistical fits.
These are just drawn to help aid the eye. Sonmewhere
in the range of 50 to 80 calories per gramis where
you should | eave the elastic region and enter the
plastic region in the REP-Na test.

And we were at 60 and cal cul ating a
smal | anobunt of plastic strain. [|RSN had cal cul at ed
no plastic strain. So, again, the result is
reasonabl e, but there's not a very sharp point on
t he anal ysis yet.

So here are the conclusions. Both pulse
width and testing tenperature affect the results,
and the amount of that effect depends strongly on
t he tenperature dependence of the mechanica
properties, The nmechanical properties aren't well
known. They're under investigation. W hope to
make i nmprovenents. The effect of pul se broadening
in Cabri, in our exanple, was |arge, about 20
calories per gram The effect of pulse atypicality
in NSRR was nodest, about ten calories per gram but
the effect of low test tenperature in NSRR was very

| arge, about 30 calories per gram and these two get
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added together. So it's a big adjustnment. And |'ve
al ready said that.

kay. Now, | have one other slide. |
have one other conclusion that's not on this slide.
| f there was ever a Friday night calculation that
was reported on Monday norning, this is it, but it
occurred to ne in looking at the plot that | had of
per manent hoop strain and cl addi ng tenperature on
t he sanme graph where there was this what | call the
point of no return, and I've said it already, you
cannot fail a rod with a peak enthal py in the pul se
that's the same as the enthal py nunber in the
failure that was determned froma little |arger
pul se. You' ve got to have a little extra.

How can | say this? About the |ast ten
calories per gramaren't going to cause a cl addi ng
failure, and so here is sonme free margin that |
don't think anybody recogni zed before. Wen we
cal cul ate peak fuel enthal py and conpare it to
sonmething with the neutronics cal cul ati on, you know,
we do a neutronics calculation and we cal cul ate a
peak fuel enthal py, that peak fuel enthal py has to
be sonething on the order of ten calories per gram
hi gher than the failure enthalpy in order to

actually cause the failure.
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And | know this isn't said very clearly,
but there is some nmargin in here that we didn't
recogni ze before that we can take credit for. It's
on that order. It may be five; it may be 15.
Hopefully in a few nonths of working on this we'll
be able to say what it is with confidence and use it
in our final assessnment.

Now, how we're going to wap this up is
we're going to do the best job we can by the end of
this cal endar year, and we're going to put it out.
This is a never ending thing. W can do nechani cal
properties nmeasurenents and cal cul ations for years
and years, and we've been going on a long tine on
t hi s one.

We have a programin place to do
nmechani cal properties. I1'mgoing to turn the
mechani cal properties part over to Argonne and say,
"G ve us your best tenperature dependence by the end
of the year."

The anal ytical part, John and Harold are
going to work on that. W're going to do the best
that we can, and then we're going to wite it up and
try and define this cladding failure boundary
enpirically as a function of oxide thickness with

just these adjustnents.
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W' re going to use the cladding failure
boundary as the de facto limt in our assessnent. |
think it's going to work. | believe we will be able
to show fromthe neutron kinetics anal yses that have
been done to date that for reasonable control rod
worth we cannot generate enough fuel enthalpy in a
PWR rod ejection accident to reach the cl addi ng
failure boundary.

| think that's going to be the result
based on prelimnary evidence. |If that's the case,
we can still with this cladding failure boundary and
say this is plenty adequate because if you don't
fail the cladding, you' re not going to get any
energetic fuel coolant interactions. You' re not
going to lose fuel particles and have questions cone
up about is it cool abl e.

And we're going to do this all by the
end of the year and issue it as a research
information letter.

DR. FORD: Wen you | ook at the second
bull et on your previous graph or slide, the
nmechani cal properties are not well known. That
seens to ne a kind of fairly fatal or high risk item
because when you |l ook at all of the vari abl es,

strain rate, degree of hydriding, whether you have
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barrier fuel cladding or not, there's a |ot of
vari abl es, degree of plastic constraint.

But are all those nechanical properties
going to be available by the end of the year?

DR. MEYER  No, but in our nethod, the
nmechani cal properties are already inbedded in the
test result, and so this is a second order. It's
t he second order effect, the correction that's going
to be affected by how well or how poorly we know the
t enper at ur e dependence of these mechani ca
properties.

And | think it's only the tenperature
dependence that we need to get a handle on. The
bi ggest uncertainty in doing a | aboratory test is in
adequately representing the condition of the stress
applied on the cladding, which is probably a plain
strain stress, which is very hard to replicate in a
test.

Now, we can do it. W have a plain
strai n speci nen design that can approxi mate that,
and we will try and do that. There will be
uncertainty in it, but I think it's a big
uncertainty and a second order effect can be
t ol erat ed.

DR. FORD: In your program plan, the
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August 21st program plan, you also nention with
respect to this particular problemthe Vitanza

mul ti-variable algorithnms. Could you say sonething
about that?

DR MEYER |I'msorry. Try --

DR. FORD: Carlo Vitanza has conme up
with a multi-variable --

DR MEYER Oh, yeah. |In the plan we
nmenti oned t hree possi bl e approaches to this, and we
said we thought we could get one of themto work.

DR FORD: Right.

DR. MEYER One of themis a straight up
calculation. W do not have a failure nodel in our
code. We can calculate strain energy density. It's
in the code now, but we don't have a good failure
nodel , and we are not pursuing that.

| think, John, have you | ooked further
at the Vitanza type approach? And |I've got to ask
John if we're actually doing anything on that.

My own approach is this enpirical
nmet hod, and | don't know whet her we have nmde any
further progress on the Vitanza type approach.

MR, VOGELWEDE: This is John Vogel wede
agai n.

Vitanza's correlation is well known to
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us. It has a fairly significant pulse wi dth and
corrosion effect init. W have investigated

whet her or not we could use sonmething like this to
do the sanme transformation that Ral ph is talking
about here.

The only thing that we've done so far is
to adopt sonmething that he did in his correl ation
where he goes froma relative to an absol ute
ent hal py to account for the NSRR data from Japan
The cal cul ations are not too bad. He's published
t hat al ready.

DR MEYER So | think the answer is
that we're going to use one of the three approaches.

CHAIl RMAN PONERS: It seens to ne, Ral ph
that in this enpirical approach that you' ve created
here you're now creating a vulnerability to the
sel ecti on of specinens that have been tested.

DR. MEYER yeah

CHAI RMAN POVERS: And so what do you do
about that? | nean, there's a natural bias to pick
speci nens that hold together well and | ook nice when
you do the testing. Wat do you do about that?

DR. MEYER  Well, fortunately, there
have been sone sel ections made that don't fit that

pattern, and | think those turn out to be key tests.
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REP- Na10 was heavily corroded. REP-Na8 was al so

corroded, but it has a really squirrely pul se w dth,
and that one is going to be a little nore difficult
to deal with. It had a double hunp pulse at 75

m | |iseconds across.

Cl P01, the ZIRLO rod, which probably did
not fail, is a good rod, and it will give us a good,
non-failure point. | think we can treat the
adjustnment to the non-failure point just like this
one. W just say it was a non-failure.

|'mnot quite sure how we do it, but I
think fromlooking at CIPO1, | think Cl POl was right
at the point of no return, just past the point of no
return because it gave sonme signals, and yet it
still seens to have sufficient gas in the plenum
and we haven't gotten reports yet on the
pressurization test to know whether it really failed
or not failed, but I would say it didn't fail at
this state of understandi ng.

CHAl RVAN PONERS: | guess what |'m
asking is: do we know enough about fuel rods com ng
out of the reactor to know that we have a
representative or at |least a conservative sanpling
of the fuel rods?

DR. MEYER  Yeah, | actually think we
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do, and particularly when you recogni ze that the
newer alloys, the Mb and ZIRLO or Alloy A. Wat is
t he next one comi ng down the |ine?

These cl addi ngs don't corrode very nuch,
and | don't think the reactivity accidents are going
to chall enge those claddings. | think you' re going
to have a lot of -- even the Russian E110, which we
describe in not very favorable terns for its LOCA
behavi or, sails through these tests. O course,
they only collect five or ten m crons of oxide on
them but we have never seen a PCM failure in an
E110 rod yet. They're all high tenperature
bal I ooni ng and rupture things.

So | really think that's the situation
for Mb and next generation ZIRLO at least, if not
this generation ZIRLO, the way it's operated in this
country with lower corrosion. That is, you know, as
soon as you get down bel ow 60 or 50 or 60 microns of
corrosion, | don't think you' re going to have any
problemat all.

CHAl RVAN POVERS: Rosa.

M5. YANG | think I just want to nmake
two cooments. One -- sorry. This is Rosa Yang,
EPRI -- one of them 1| just want to rem nd

everybody, especially the | ast year, Cctober 9th,
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this particular nmeeting there was a very detail ed
presentation on the R A nethodol ogy that we have
submtted for review that was presented by Robbie
Mont gonery on the mnet hodol ogy.

| think Ral ph Meyer here presented
sonething, and | think he correctly called it the
scaling method, and I think it's very interesting,
but | think as sonme of the questions already all uded
to, that this is a highly conpl ex and nonli near
phenonenon. It is difficult to really just |ook at
one parameter and scale it to the light water
reactor or the PWR condition.

| think the correct way to do it is to
real ly nodel the phenonena as best as you can, and
then try to benchmark that w th nmeasured paraneter
like the cladding strain, like the tenperature, I|ike
di f ferent phenonena that you can nodel, and that's
what we have attenpted to do in this submttal

The intent is to nodel the NSRR dat a,
the Cabri data, and try to benchmark wi th neasured
paraneter, and then fromthere trying to make the
link fromthe test condition to the PWR condition

| think, you know, given the conplexity
of the issue, that's probably the only way you have

a chance of success, and that m ght address this
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i ssue, M. Chairnman, you're asking about have we
tested the relevant material, you know. Have we
covered enough of the variable so that that is an
attenpt that we have tried.

And one other coment that | wanted to
make was at the last year's neeting, | think the
concl usi on was we have a good understanding of this
phenonmenon, and given the |ight water and PWR
condition, there's probably sufficient -- not
probably -- | guess there is sufficient margin that
this is an area that maybe we're getting to a point
of dimnishing return; that we shouldn't spend a | ot
of resources trying to sharpen the pencil further.

And | think that's consistent with a
comrent just made that REP-NalO, which failed at,
you know, 70 or 80 calories per gram and is highly
spal l ed rods, and given the advanced alloys that are
being used in the industry, that corrosion is much
| ower . And | think we didn't discuss in detail
but one of the key phenonena that's inportant for
the failure threshold for the RIA type of thing is
t he cl addi ng mechani cal properties. So advanced
al | oys shoul d behave nmuch better than REP-NalO bei ng
t al ked about here.

CHAl RMAN PONERS: Well, it seenms to ne,
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responding to your comments in order, if | can
remenber themall, is that Ral ph has |inearized this
phenonmenon to do his enpirical process, and the
det ai | ed phenonenol ogy approach that Robbie
presented at our |last neeting, in fact, he invented
t he phenonenon in devel oping his nodel, and that's
the one that's the source of controversy there, is
whet her you actually have a dependence that's

hypot hesi zed or not.

And | guess we'll eventually hear CA
revi ew of that phenonenol ogy or phenonenol ogi cal
report that NRRis comng out. Do we know when?
Did you see that review?

| think I"mgetting an answer to ny
guesti on.

M5. SHOOP: This is Undine Shoop with
the O fice of Nucl ear Reactor Regul ation.

We're currently planning to conplete
t hat review by next sumer based on getting the
information from Ral ph Meyer and being able to al so
assess that information as part of our process.

CHAI RMVAN PONERS: Ckay. So in the next
maybe a year fromnow we'l|l get that.

And then as | understand what Ral ph

presented, what he is saying is that had we done
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REP-NalO in a conpletely prototypic test, in this
hypot hetical test it would not have failed it at 61
or 69, depending on how you | ook at it, but in fact
woul d have failed at 40 cal ories per gram

DR MEYER  That's what |'m saying, yes.
That's correct.

Wth regard to the nmechani cal properties
and the linear relation that I'"musing, EPRl is
using a linear relation for this.

CHAl RVAN PONERS:  Yes.

M5. YANG It wasn't linear. No, no,
no, it wasn't linear.

DR. MEYER  Yeah, it was. It has got a

M5. YANG \What is linear?

DR MEYER -- A plus BT equation right
on the graph.

M5. YANG No.

MR OZER. Can | make a comment, M.
Chai r man?

CHAl RVAN PONERS:  Sur e.

MR ZER. This is Odelli Ozer, EPRI.

| think what we see as far as the
failure criterion is concerned is that the rods fall

into two categories. The rods that are heavily
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spal l ed have a lower failure line than the rods that
are not heavily spall ed.

The rods that are heavily spalled are
pushed wel | beyond their design corrosion |evels,
and to use a single correlation that folds in the
spalled rods as well is really not fair for the rods
that we will be seeing in the future or the rods
that are operated within their limts.

DR. MEYER |I'mnot sure how far you
want to go down this path, but this is --

CHAIl RMVAN PONERS: Ch, a little ways.

DR MEYER -- this is an interesting
poi nt because, frankly, we don't believe that the
two popul ations are separable. Spalling, the
occurrence of spalling, it doesn't instantly lead to
bad nechani cal properties. It eventually leads to
| ocal hydride blisters, and as these |ocal hydride
blisters grow and get thicker and thicker, they have
a deteriorating effect on the mechani cal properties,
and it, in fact, has been tested as a function of
blister thickness at Penn State, and the transition
fromzero thickness to basically through the wall is
a nice, snooth, uniformtransition.

So we tend to think that these are al

part of one population and treat it in that way.
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CHAl RVAN PONERS: Wl |, | guess what

sense the issue is is this. You ve got a database
now of a bunch of enmpirical tests done in nodestly
non- prototypi ¢ conditions, and you've come up with a
nmet hodol ogy here that you would |like to correct all
of those data for effects that you think you
understand in a fairly linearized way. GCkay?

You' re not seeing such high nonlinearity
here that it precludes that, and you will do so.

And nost of those experinents that you are going to
make that correction for are zircaloy clad rods.

DR. MEYER  That's correct.

CHAI RMVAN PONERS: And now you get a
curve out, and you say, "Ckay. |If you're using
zircal oy, please show nme in your design basis
anal ysis that you don't have any accidents that wll
gi ve you an energy input greater than this threshold
here. "

Ckay. The concern that conmes about
says, "Cee, I'mnot using zircaloy. |'musing M5,"
or whatever the next. Mybe ML6 is what they want
to use. | don't know.

(Laughter.)

CHAl RVAN PONERS: And they're saying

"Hey, don't constrain me with that curve and invent
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me some other curve.”

And so the question | put to you is:
who invents that second curve?

DR MEYER  Yeah. We, of course, want
to generate those kind of data. That would require
hi gh burn-up rods clad with ZIRLO and M5, which we
are proposing, and we hope the industry wll
cooperate with us and allow us to do that in the
future.

We don't plan to hold this issue open
until that's done because we have sonme ot her clues
to go on, and ironically one of the nbst advanced
set of clues that we have is from our Russian
program where t hey have neasured nechani ca
properties on unirradiated and irradi ated E110,
conpared that to zircal oy.

And | don't know if Mke wants to say
any nore about that, but they don't see big effects
of the irradiation process or big differences from
t he zircal oy properti es.

So you know, | think nost of the action
is in the corrosion. Wether zircal oy, ZIRLO or
Mb, the dom nant factor is going to be how nmuch
hydrogen have you allowed into that cladding as a

consequence of the corrosion process.
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And we al so are studying pre-hydrided
materials, and in fact, are proposing for the
ext ended work on high burn-up ZIRLO and Mo that we
study the efficacy of using pre-hydrided speci nens
as a surrogate for burn-up for these nmechanica
properties tests.

And | think if we can go that distance,
then we'll have Zirconium 10, zirconium niobium and
zircontumwith a mx of 10 and niobium W'l have
three alloys at high burn-up, and we have the
ability to do pre-hydrided work. W have a new
program starting at Penn State on the mechani sns of
this, and so the begi nnings of a nice way of
wrapping this all up, confirm ng our guesses that
we're going to make this year and next year, and
devel opi ng a net hodol ogy which will allow us to do a
| ot of testing on pre-hydrided, unirradiated
speci nens and avoi d the expense of going to a hot
cell for all of this.

CHAl RVAN POAERS: (O her questions to the
speaker ?

"1l pose a couple of issues for nenbers
to think about. One issue is this question of where
we test, prototypic or whether we're chall enging

codes, and the second issue to think about is the
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guestion of who draws the second curve. Is it the
NRC s responsibility to draw out failure curves for
advanced all oys that the industry brings forward or
is it the industry's responsibility to devel op that
dat abase and have the NRC review it?

And with that, I will recess until ten
after the hour.

(Wher eupon, the foregoing matter went

off the record at 10:52 a.m and went

back on the record at 11:13 a.m)

CHAI RVMAN POXERS: Let's cone back into
sessi on.

Dr. Meyer, there's no relief for you
You have to do this session as well.

DR. MEYER Well, | want to shift gears
now to the | oss of cool ant accident, and as Jack
mentioned this norning, this is one where we're
trying to nmake sone definitive progress by next
summer. So this is still a fairly fast track item
at this point.

Now, there are really three probl ens
that we're addressing. One of themthat we've been
tal ki ng about for several years, and that is that
for high burn-up fuel the ductility of the cladding

is affected by burn-up and corrosion, and this may
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have sone inpact then on the enbrittlenent criteria
that are in 10 CFR 50. 46.

A second problemthat we're | ooking at
is about one of the evaluation nodels. This is an
Appendi x K type thing rather than a 50.46 type
t hing. The oxidation kinetic nodels, which are used
both for cal culating the oxide thickness and the
nmetal water reaction heat, may be affected by burn-
up and corrosion, and we need to check that out.

And then the third problemthat we're
addressing nowis the fact that the rule as it's
currently formul ated only provides criteria to be
used by two cladding types, and we would |like to see
sone change made so that the rule can apply to al
cl addi ng types and not put us in a situation where
we have to use a lot of exenptions fromthe rule.

So I'"'mgoing to try and descri be how we
intend to fix all of this. So we're going to, in
fact, we're in the process of generating a database
on high burn-up fuel. W have high burn-up
zircal oy, Zircaloy-2 and Zircal oy-4, and we have
unirradiated Mb and ZIRLO in the lab, along with
some ot her cl addi ng types.

And so we're working on an appropriate

dat abase with those rods. Mke Billone will talk
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about that extensively in the next presentation.

M ke and | decided that we would put ny applications
presentation before his data presentation so that
you coul d see where we're trying to go with the
data, and then have an idea of the focus that M ke
shoul d have in his program and keep the di scussions
alittle nore focused on the job that we have.

Now, | want to nake a little distinction
bet ween the confirmatory check on the current
i censing anal ysis and devel oping a basis for a nore
inclusive role, two separate steps.

One is to nake a denonstration that the
way we're doing business now for the operating
reactors is okay, and then the second thing is to
try and fix up the rule so that it won't be
restricted to any particular alloy type.

And the formof the results of all of
this will be, first of all, a research information
letter summarizing the |aboratory results, and then
perhaps in the sanme rul emaki ng procedure, a
confirmation or nodification, if necessary, if the
grandf at hered rul e and a new performance based
opti on.

Now, what do | nean, "the grandfathered

rule"? Currently the -- | think | have it on the
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next -- no, | don't have it on the next slide.

Well, this is the 17 percent, 2,200, and |'ve got it
on a slide a couple down to show sonme of the fine
points in the application that's currently being
made.

And if we can denonstrate that these are
all adequate, then we can keep themin the rule as
an option. So the rule as envisioned woul d have the
option of using the old 17 percent, 2,200 method or
t he new net hod.

And what we're trying to do nowis with
those goals in mnd, to generate a database that
will allow us to support those kind of changes.

So we | ook back at the basis for the
current requirenents and actually have gone back and
studi ed the docunments, particularly the Conmm ssion
opi nion of 1973 at the end of the ECCS hearing. |
don't know how many people -- not nany people here
remenber the ECCS hearing of '72 and '73. There's
one at |east. Norm Lauben back here was involved in
t hat .

But this, |I think, was the |ongest
hearing the NRC, AEC at that time, had ever had
t hat produced the rule in 50.46 and Appendi x K

And so we've gone back and | ooked at the
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Commi ssion's di scussion of their conclusions, and
for the enbrittlenent criteria, specifically the
peak cl adding tenperature and the limt on
oxi dation, those were defined to maintain a cool abl e
geonetry, and the way you maintain a cool abl e
geonetry in the Comm ssion's view was to keep the
fuel pellets inside the cladding, and the way you
did that was to keep the cladding from fragnmenting
or breaking into several pieces.

And to acconplish that the Conmm ssion
said, "I want some ductility."

They had | ooked at argunments about
stress, loads, flexibility, and other
consi derations, surviving quench, and very
succinctly said that the stress cal cul ations, the
nmeasurenments of strength and flexibility of oxidized
rods, and the thermal shock tests are al
reassuring, but their use for |icensing purposes
woul d i nvol ve assunption of know edge of the
detail ed process taking place in the core during a
LOCA that we do not believe is justified.

And for that reason they said that they
want ed sonme non-zero ductility when this LOCA was
all over, and that is the basis for the current

rule, and it is that basis that we're pursuing in
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order to devel op a database to sinply use the sane
basis and go forward.

That doesn't nean you have to use the
sane basis, but it was our judgnent that if we did
this, that we hopefully woul d avoi d anot her big
heari ng because we were sticking to the principles
t hat were established in the original hearing. And
that's the foundation for what we're doing in the
research programat this tinme.

Now, these are the enbrittlement
criteria: don't exceed 2,200 degrees Fahrenheit
heat cl adding tenperature, and don't exceed 17
percent oxidation of the cladding thickness.

There are three fine points here that
may not be as well known as the original nunbers.
One is that this determnation is, in fact, done in
t he bal |l ooned region of the cladding. Just to
refresh your nmenory, during the LOCA the cl addi ng
heats up. At sonmewhere around 800 degrees
Centigrade it not only goes through a phase change,
but it balloons and it ruptures, and then at about
900 degrees Centigrade, it starts oxidizing rapidly,
but bel ow that tenperature the oxidation rate is so
low that it's not significant.

So this oxide is all taking place at
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hi gh tenperatures after you forned a ball ooned
region. That means that some of the oxidation can
occur on the inside of the balloon because it's
open. And so the original rule and directions in
Appendi x K provided that you shoul d assume two-sided
oxi dation for one and a half inches in either
direction fromthe location of the rupture and do
this cal cul ati on

It wasn't said in the rule, but if you
| ook at the derivation of the 17 percent nunber, it
was done using the Baker-Just oxidation correlation.
In other words, in determning the 17 percent nunber
fromthe data, the data did not include neasured
val ues of oxidation. They were cal cul ated, and they
were cal culated with the Baker-Just correl ation.

So if you don't use the Baker-Just
correlation to go backwards when you're doing your
anal ysis, then the analysis will be off by a few
per cent.

Al so, recently NRR has clarified the
interpretation of total thickness or total
oxidation. It says total oxidation in the rule, and
we clarified that to include the corrosion that
t akes place during normal operation.

Now, so this including the corrosion
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during normal operation is what we're now doing in a
rough approximate way to acconmodate the effects of
burn-up, and you can think of argunents why this is
overly conservation or arguments why it's not
conservati ve enough

Certainly during the corrosion process
at | ow tenperature, oxygen is not getting into the
center of the material, of the netal which is going
to end up being this so-called prior beta phase,
whi ch contains all of the strength and ductility.

So the oxygen isn't going to get in
t here, but the hydrogen is going to get in. And
hydrogen was not included in the original
under st andi ng of oxidation enbrittlenent, and
there's a fair amount of hydrogen that gets into the
cl adding netal due to this corrosion process.

So it's a guess, and we all agreed it
was a good guess, and so that's the way we're
handl i ng hi gh burn-up effects now, and our
confirmatory activity is to do real tests on rea
hi gh burn-up speci nens and see if these approxi mate
nmet hods, in fact, did the job adequately.

To acconplish all of this, we have
several types of tests that are going on at the

| aboratory. One are the ductility tests. W're
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using ring conpression tests to determ ne the
dependence of ductility on corrosion alloy types.
This is simlar to the original approach.

W have checked out the ring conpression
test for adequacy in determ ning the point at which
you |l ose ductility, and it's a good method. W' ve
checked it against ring tensile tests. W've
checked it against three point bend tests. Sone of
this checking is still going on, but the early
indications are that the ring conpression tests are
qui te an adequate nmethod of screening to tell where
the zero ductility point is.

DR FORD: Ral ph, | seemto remenber
that in the past there's been a fair anount of
di scussi on about the state of stress in these
various tests, mechanical testing procedures. That
has now been resolved to everybody's satisfaction,
| " massuming and that this ring conpression test
satisfies --

DR. MEYER The state of stress for --

DR FORD: Yeah, plain strain, plain
stress, orientation of hydrides, et cetera.

DR. MEYER Well, this is a -- Mke
Billone is going to bail me out here on all of these

t echni cal questions, but this is quite a different
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arrangenent than in the reactivity accident, where
you have basically an expanding mandril --

DR, FORD: Yes.

DR MEYER -- setting up a plain strain
condition. Wat we're now tal king about is a fuel
rod which is not being -- the cladding which is not
bei ng pushed out by the fuel pellets at all because,
in fact, the cladding is getting hotter than the
pel l ets, and we're tal ki ng about some external | oad
t hat m ght cause a high stress on the cladding, and
the ductility test actually sets up tensile loads in
several places, and so those are the ones that we
neasur e.

Now, M ke, do you want to clean this up
in sone way?

MR. BILLONE: No, that's fine.

Basically if you're going to stick with the idea of
ductility and not strength and failure stress, then
you could do a bending test, which is an axial |oad.
You can do a ring conpression, which is bending in
the circunferential direction, and to the extent
that you get simlar answers in terns of when they
go to zero ductility, the ring conpression tests
woul d be fine for that purpose.

So there are a variety of tests
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i ncluded. The Japanese do axial tensile tests.
W' re proposing bending tests followed by ring
conpr essi on.

DR. FORD: The reason why | bring it up
is that | seemto renenber several years ago a | ot
di scussion on these various testing techniques.

MR BILLONE: Exactly.

DR FORD: 1'd hate for us to be in a
year's time having soneone turned around and says,
"But all of these tests are useless. You should
know t hat . "

DR. MEYER  Yeah

DR FORD: A B, C and DD W're not in
t hat situation?

MR BILLONE: Not for the LOCA criteria.

DR. FORD: kay.

MR BILLONE: It is very applicable to
the RI A anal ysi s.

DR. FORD: kay.

DR. MEYER | think initially there was
a natural reaction when we discovered these ring
conmpression tests on the Russian cladding that were
done in the early '90s by a guy nanme Boenert
(phonetic) in Germany, and the first thing that you

ask is, "Ch, well, was his testing techni que
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adequat e?"

And what we found is, first of all, this
is the same technique that Hobson used in the early
*70s on which this whole thing was done. Boenert's
work was repeated in Prague. It was repeated in
Budapest. It was repeated in Mbscow and
Dm trovgrad, and they always got the sanme result.

And then we started testing it, and we
started conparing it with these other types of
testing, like the three point bend and the tensile
tests. Now, | don't want to overstate how nmuch of
that with the other nethods has been done because it
has been rather Iimted, but nevertheless, the ring
conpression test is a screening test for determ ning
at what oxidation level you lose ductility. It
appears to be quite good.

DR. FORD: So what |'m hearing you
saying is that there is no one in the technica
world who is going to turn around and say in a
year's time all of this is usel ess because it's an
irrelevant test. That's no |onger the case.

DR MEYER  \Well --

MR, BILLONE: Well, there will always be
sonmebody.

DR. FORD: | don't know the answer to ny
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guesti on.

MR. BILLONE: Well, there will always be
sonmebody that m ght say that, but --

DR. MEYER  There are other ways of
doi ng business than ductility testing, and you're
going to find a chorus of people who m ght want to
do that otherw se.

DR FORD: But this test is crucial to -
- there we go.

MR ELTAWLA: This is Farouk Eltaw | a
from Resear ch.

| think Ralph alluded to it, said that's
our test plan at this tinme. The issue of testing
has been raised again internally here at NRC and by
the industry, and we are planning to convene a
nmeeting with the experts in this area to see if
we're still doing the relevant testing or not, and
so that will be an issue.

We will be reporting to you later, but
just to be fair to everybody, this issue keeps
comng up again, and finally we're going to have
that neeting and try to resolve that issue.

DR. FORD: Thank you

DR. MEYER | think the issue though is

not so nmuch about testing technique, but about what
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approach you take to denonstrating cool abl e geonetry
because in the traditional approach you do that by
denonstrating that you have ductility.

Anot her way of doing that which was not
taken originally, but could be taken, is to
denonstrate that you have adequate strength so that
you don't fail the rods under the |oads that are
expected during a LOCA.

And | think when you exam ne the
i ndustry proposal and the approach that we're
taking, you will see that they depart right here,
and for retaining ductility, | don't think there is
much of an argunent about the adequacy of the ring
conpression test, but there is another way of doing
it.

CHAI RMAN POVERS: Suppose that | came
along and | said, "Gee, what | read the Conm ssion
is saying is that they want to keep the fuel rod.
That's what they really wanted to do."

DR. MEYER R ght.

CHAl RVAN POAERS: And so | calculate a
bunch of |oads on the fuel rod, and through sone
magi ¢ say, "Well, these |oads are such that the fue
rod stays intact even at 50 percent oxidation," say.

What experinmental database is there
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available to me to show that | have the | oads
cal cul ated correctly?

DR MEYER Well, | think that is the
$64 question. That's where this discussion wll
cone down, and that's the point that | believe the
Commi ssion sidestepped initially when they said, "W
don't believe that we understand the details of the
LOCAL process enough to do that."

CHAI RMAN PONERS: They said that in '73,
and there has been a lot of water flow ng over the
dam

DR. MEYER That's a long tinme ago.
That's right. That's right.

CHAl RVAN PONERS: And we're getting
better and better cal cul ati onal methodol ogi es
devel oped. The question is: do we know that those
cal cul ati onal net hodol ogi es are any good?

| nmean, they're fancier, and the LOCA
described in Appendix Kis a stylized LOCA.

DR MEYER  Yeah

CHAI RMAN PONERS: So you woul d have to
know a | ot nore about the range of LOCAs you could
have, woul dn't you?

DR. MEYER The only thing |I can say in

answer to that is that in NRC s research program we
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have not investigated the | oads or devel oped

anal ytical methods to analyze the | oads. Now, |

t hink the industry has done sone of that. W have
not .

DR. KRESS: Are the |loads nostly thermnal
expansi on? Because you' ve already failed the -- you
don't have the internal pressure anynore. That's
gone.

DR MEYER That's correct. That's
correct.

DR KRESS: And you have the wei ght of
the fuel and the thermal expansion and the
constraints. The flowng steamis not anything. So
is it nostly just thermal expansion |oads we're
t al ki ng about ?

DR MEYER Well, not entirely. You can
i magi ne axial l|oads fromconstraints within the fue
bundl e. The Japanese have done tests where they
apply axial |loads. Mny of us think that the axial
| oads that they apply are excessive, but in the
extrenme what they will do is allowthe rod to go
t hrough its ballooning, bursting, heat-up and get up
to its maxi numtenperature, and then grab it in an
| nstron machine and hold it.

DR KRESS: Hold it? Ckay.
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DR MEYER  And then quench it, and now

it snaps. |If the oxidation percentage is as |ow as
ei ght or nine percent, if they don't grab hold of

it, it survives the quench with the oxidation |evels
as high as -- | don't know -- 28, 30 percent, even
nore than that.

| don't know. The fuel is ballooned.
|ts neighbors are ballooned. W assune that it's
not coplanar. They're going to be interlocked in
sone way. All of that corrosion is taking place
during the transient. The grids are probably going
to corrode al so.

DR KRESS: | see.

DR MEYER From NRC s side, | think we
are unprepared to say anything quantitatively about
t hose | oads and have thus planned to go al ong the
path where we don't have to answer those questions
and hope that it's the past of |east resistance and
will get us to a revision of the rule that is in
many respects just a refined i nage of the original
rul e.

But it's not the only way that the job
coul d be done.

CHAI RMAN PONERS: Do you have to answer

t he question of what is enough ductility?
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DR MEYER Well, you may force ne to

answer that question. Oiginally the answer was
just not zero, but I'mgoing to nove on now and show
you where even trying to use that concept we run
into a probl em

CHAI RVAN POVERS:  Ckay.

DR MEYER So let ne finish this slide
and 1'Il get right to the subject that | think
you're interested in. So we're going to do the
ductility test, the integral test.

Now, the integral tests are where we
take fuel ed segnents of high burn-up rods. They're
about 15 inches long. The fuel is inside. W weld
the end plugs on them pressurize themto an
appropriate level, heat themup through a stylized
transient. They balloon; they rupture; they
oxi di ze; and then they're cool ed and quenched in
what we believe is a typical manner

Now, we presume they're going to survive
t he quench at the oxidation levels that we are
using, and so we're going to take those surviving
speci nens, turn them sideways in a four point bend
apparatus and break them

DR. KRESS: Does the guench sonehow

nodel the injection of the ECCS?
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DR MEYER: Model the what?

DR KRESS: The ECCS injection.

DR. MEYER In the sense that if we go
to 1,200 Centigrade -- I'mflipping to Centigrade
now -- if we go to 1,200 Centigrade that we wll
cool down to 800 Centigrade slowy and then quench,
which I think is about the right way to do it.

It turns out that cool-down period is
i mportant because it will affect the way that
hydrogen re-precipitates and aligns itself as
hydrides in the cladding as it conmes on down.

So then we're going to do these four
poi nt bend tests. Now, there are a limted nunber
of the integral tests. W'Il|l do dozens and dozens
of ring tests on undeformed sections of de-fuel ed
cladding. The integral tests are very difficult and
very expensive. So we'll do maybe a half a dozen
integral tests with Zircaloy-4 and a half a dozen
wi th Zircal oy-2.

Now, oxidation tests are separate from
t hose, and we've done quite a |ot of those already
where we take specinens and do isothermal anneals in
steamto neasure, to map out the oxidation kinetics.

DR. FORD: Could you just go through

that sentence? |'m having troubl e deci phering what
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it means. Oxidation tests, you're measuring oxide
t hi ckness as a function of burn-up. Corrosion,
oxi dation is corrosion.

DR. MEYER. Now, are we tal king about
this one?

DR. FORD: Yes, yes.

DR MEYER Okay. So this is high
tenperature oxidation at a fixed tenperature during
a hypothetical LOCA, and we're going to do this at
several tenperatures because you want to map out the
t enperat ure dependence. So we'll do sone tests at
1, 200 Centigrade, sonme at 11, some at ten, maybe
sone at 1,300, and now we can do this on specinmens
t hat have different burn-ups, different corrosion
| evel s with the sane burn-up, and get the effects of
t hese variables on the oxidation.

DR, KRESS: This is just to expand on
Baker - Just or Cathcart Pawel or --

DR. MEYER M ke, you're going to show
some of these?

MR ROSENTHAL: Well, | think what was
very nice is the side benefit fromthis program was
that the data points were lying right up on top of
Cathcart Pawel, very well, and that's what's used in

t he best estimated ECCS cal cul ations. That gives
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you sone infernment (phonetic).

And, in fact, that's what we would
advocate. That wasn't the original intent of the
program but it's a very nice side benefit.

MR. BILLONE: MKke Billone from Argonne.

Just to clarify, the term"oxidation" is
referring to high tenperature steam oxi dati on.
Corrosion refers to the | ow tenperature phenonenon
inthe reactor. So it's all oxidation, but the
termnology is different.

CHAl RVAN PONERS: Jack, let nme follow up
on sonething. You probably didn't have anything to
do with what you were sayi ng when you said, gee, al
of the data points are falling on Cathcart-Pawel,
and then | read the report com ng out of the Quench
wor kshop.

MR ROSENTHAL: Gernman wor k.

CHAI RMAN POVNERS: Yeah, that says
somet hi ng about using Prupach or Klett (phonetic).
That's for higher tenperature work?

Ckay. But they're okay with Cathcart
Pawel at these tenperatures?

DR. FORD: One of the things, you say
"alloy type." \What about ranges of conposition

within an alloy type? Fabrication procedures,
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they're going to affect the kinetics. Are they
covered?

(Laughter.)

DR. MEYER  They're covered perhaps not
in a systematic manner, but we have unirradi ated
materials. W have quite a range of unirradi ated
materials in the lab up at Argonne. W' ve got
Zircal oy-2, Zircaloy-4, Mo, ZIRLO. W also have
E110, several varieties of the Russian E110, and so
we have tested all of those, and you're going to see
-- | guess you're going to show sone of the
birchbark stuff. You're going to see sonme wld
di fferences in which some do appear to be related to
fabrication, but perhaps not the things that m ght
junp to mnd, like cold work and things like that;
nore perhaps related to inpurities or the source of
the ore or the reduction process, the chem ca
reduction process that's used because they | eave
different kinds of inpurities in the netal.

And so we do see sone of those, but if
you avoid getting into this, it's |like good oxide
and bad oxide. You know, we've got the good oxide
is black, tetragonal, adherent stuff that keeps
hydrogen out pretty well, and as long as that forns,

Cat hcart - Pawel seens to work.
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DR FORD: Right.

DR MEYER And even with the E110, the
Russi an cl addi ng, when you're at very | ow oxidation
| evel s, the kinetics |ook |ike Cathcart-Pawel, but
with the E110 cl adding, you get to a point pretty
soon where the oxide form changes, and you start
devel oping a white oxide that has a | ot of cracks,
lets a lot of hydrogen, and its rate goes --

DR FORD: And aren't those outliers the
ones that we should be really worried about rather
than the best estimate average?

DR MEYER \Well, we are worried about
them but we think that the original Comm ssion
wanted to retain --

DR FORD: Froma risk point of view, is
that not one you're really worried with?

DR. MEYER  Qur expectation is that we
can figure out what they did that caused it to be
that way and nake sure we don't do that.

It looks to us like that the products
that are being used in this country right now have a
manuf act uri ng process results in a robust, black,
protective oxide coating at high tenperature.

DR. FORD: But we're hearing comments

about BWR fuel currently if you' ve got sone
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corrosi on probl ens because of outliers, but aren't
t hose the ones we should be worried about in this
particul ar rel ationship? No?

MR. BILLONE: The BWR problens you're
heari ng about are at operating tenperatures.

DR FORD: Yes. That's the corrosion --

MR. BILLONE: But that nmay be a fue
cl addi ng interaction based on special fuel pellets
t hat were devel oped.

DR. FORD: kay. Just pushing a little
bit.

MR BILLONE: There's nothing wong with
the alloy, the Zircaloy-2 alloy that they're using.
There's a special problemthat may have to do with
t he fuel.

DR. MEYER  Ckay. Now, here is the sort
of chall enging situation that we've observed. So
we're trying to preserve ductility. W think that
we' ve retained ductility everywhere in the ball ooned
regi on because they have set up the regulation to
apply the cal cul ati on double sided in the region of
t he bal |l oon, and when we | ook carefully, we find
sonme places in the balloon where even within the
current regulatory constraints you may not have non-

zero ductility, and --
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DR. KRESS: Now, is that a local thing

or is it circunferentially all around or --

DR. MEYER | don't have a picture for
this.

DR KRESS: You know, i can conceive of
a circunferential ductility --

DR. MEYER  Ckay.

MR BILLONE: The answer is both.

DR MEYER  Yeah, it's both. It's both.
Above the burst and bel ow the burst, nore or |ess
symmetric | ocations, you have peaks of high hydrogen
concentration. These conme about from | D steam
oxi dation, release of hydrogen which can't get swept
away because it's inside a stagnant area, and so it
goes up to where it's a little colder, and it sits
there, and you get these bands of very high hydrogen
concentration in those two | ocations.

M5. YANG Can | just add the
clarification? That's been observed for |ow burn-up
fuel or for unirradiated material. Wat is not
clear is if it will appear in high burn-up fuel when
the fuel pellet and cl addi ng boundi ng are so tight
that you may not have such a phenonenon. So that's
somet hi ng that needs to be --

DR. MEYER: That's true
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M5. YANG -- to be denonstrated first.

DR MEYER And we'll find that our rea
soon.

And the other place where you have zero
ductility nust have been known originally, although
the hydrogen wasn't, and that's just around the rim
of the burst opening because the fornmula in the rule
for calculating the oxidation limt is to take at
t he m dpl ane of the burst the average cl addi ng
t hi ckness, which you get fromtaking the cross-
sectional area and dividing by a circunference.

Well, if you |l ook at the cross-sectional
area, it gets knife-edge thin as it cones right down
to the opening, and it's 100 percent oxidized.

DR KRESS: Wiat tenperature do they use
for that?

DR. MEYER  \What tenperature? Well
this would be true at any of the tenperatures where
you -- suppose you're right at the --

DR. KRESS: Well, the clad is probably
at the cool ant tenperature at that point.

DR. MEYER  W're tal king about the high
tenperature. The burst occurs around 800, and then
this thing goes on up to nine, ten, 11, 1,200

degrees Centigrade and comes back down. So the
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burst is open that whole tinme, and this knife-edge
thin region is oxidizing, and if you're anywhere
close to 17 percent average, you're 100 percent in
the thin edge, and it's fully brittle, and you've
now got a nice place to start a crack that will run.

M ke will show you. Let's see. | nay
even have the picture nyself.

M ke did in his hands a couple of four
poi nt bend tests, and this is one where the opening
of the balloon was pointed towards him and then he
went |ike this, not touching the ballooned region,
and it broke. A crack went down here and found the
hi gh hydrogen brittle region, and it broke cleanly
in that region.

DR KRESS: Wiich is upstream and which
i s downstreanf

DR. MEYER  Huh?

DR KRESS: Wiich part of this is
upstream and whi ch i s downstreanf

MR BILLONE: For this test it doesn't
matter, but the break is upstream

DR KRESS: It's upstream

M5. YANG And this is, of course,
unirradi ated materi al .

MR, BILLONE: Yes.
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DR. FORD: Your final bullet says we're

expecting integral tests, sure the fuel loss will be
m ni mal .

DR MEYER  Yeah

DR. FORD: Now, if you go back to your
previous picture, why do you say that the fuel |oss
will be mniml?

DR. MEYER  Ckay. Here's what we're
counting on. It's a nice, clean break. The ball oon
is not shattered. There is a lot of ductility in a
| ot of the surface area of the balloon. There is no
ductility right there. There is no ductility here,
and there is no ductility here.

You are not going to find this entire
section smashed up into little pieces |ike a piece
of gl ass because back in here you have non-zero
ductility, and we're going to do tests like this.
These are only crude, prelimnary tests. But if you
have -- now, we're not saying that the | oads are
| arge enough to do this, but if the | oads would be
| arge enough to break the cladding, you' re probably
going to get a clean break there or a clean break
here, and in the constraint of the balloon, fuel
pellets can't cone raining out of that down onto the

core plate.
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DR FORD: But why can't they cone to

the left, just cone streaming out fromthe left?

MR. ROSENTHAL: Renenber that | have a
sea of fuel rods in a fuel bundle with the bridge
spacers above and below, with failures that are not
coplanar, and | think at least ny mddl e nodel is
that we end up with a cool abl e geonetry when we're
done, and it surely won't look pristine. It wll be
broken up, but that's okay, as long as we can insure
cool abl e geonetry.

M5. YANG Yeah, and again, this is an
unirradiated rod. So you get this rimfor high
hydrogen, and that's where the guillotine break
occurred, and like we said earlier, we're not sure
you will get that for high burn-up rods.

DR MEYER Well, | wouldn't count on
not getting it because we've ruptured two hi gh burn-
up rods already, and what we found was that the
bal l oon for all practical purposes |ooked exactly
the sane as it did in the unirradiated tests, and
furthernore that the axial gas transport through the
rod during the LOCA was essentially uni npeded, and
we expected it to be throttled down, and we didn't
see that.

So, | mean, it looks quite clear that
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you're going to get |ID oxidation. Now, whether
there's sonme -- well, | just --

M5. YANG We'll just wait and see.

DR. MEYER  Well, we're specul ating now,
and we're going to run the tests, and we're going to
know pretty soon

CHAI RVAN PONERS: Let ne ask a question
that sinply reflects the fact that nmy nenory is
shot. | think the French cane in and nade a
presentation to us, and didn't they show us -- |
don't know whether they were X-ray or tonographic
results that showed that when you got this
bal I ooni ng, you had fuel pellets collapsing, not
pel l ets, but fragnments coll apsing down into the
bal | ooned regi on?

MR. BILLONE: That was a hypot hesis.

M5. YANG Yeah.

CHAI RMAN POAERS: | thought they showed

us actual results of sone of the early Phebus

experinments. | mean, they were either tonographic
or X-rays. |'mnot sure which.

MR ROSENTHAL: | believe that's
t onmogr aphy.

M5. YANG | think | didn't see the

presentation. It nust be very |low burn-up. | don't
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t hi nk any so-called fuel relocation being observed
for high burn-up fuel. H gh burn-up neans even
greater than 30 or 30, 000.

| think when you have a | arge gap
between the fuel and the cladding, it's conceivable
you coul d have sone kind of settling or the
rel ocation, but | think what we're trying to

denonstrate here is for higher burn-up rods. Wen

you have very tight fuel and claddi ng bounding, |I'm
not sure you will have fuel relocation or even this
hydr ogen.

| think we need to wait and see. That's
what nost of these experinmental progranms are trying
to find out.

CHAl RVAN PONERS: Again, | don't want to
pl ace a great deal of faith in nmy nenory, but it
seens to ne that what they spoke of was a swelling
of the claddi ng over sone substantial |ength, and
maybe it was like this, and they woul d have a
somewhat | arger bal |l ooned regi on down here, but over
the entire length things would fall down into this
region. | nean, that's what it |ooks |ike.

DR MEYER We're well aware of the
hypot hesi s, and we are | ooking for evidence of that

in these tests. W also are trying to hel p design
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t he Hal den test specifically to |ook for that
rel ocation process.

You know, when you start dealing with
random orientation of granules of stuff, then you
start tal king about packing fractions, and you've
got to open up a pretty large balloon in order to
get the sane mass of randomly oriented particles
that you had in the pellets.

And | think that that nunber is
sonewhere in the range of 65 to 70 percent strain on
the balloon in order to get the break even point.

Now, we didn't see quite that nuch
strain on our balloon specinmens. W had 40 to 50
percent, and so | don't know. That's part of the
m x, part of what we're trying to study, and | guess
there's a |l ot of skepticismabout whether it really
can exi st or not.

What we have found that wasn't expected
was that we lose a little fuel fromthe ball ooned
area during the test. The bl owdown seens to push
out some finds, and that we m ght experience some
cracks or severing of the fuel rod that probably
won't shatter the rod, and it mght |let out some
addi tional small pieces of fuel.

CHAl RMAN PONERS: The loss of a little
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fuel finds can't be a surprise to you. | mean
that' s been known since Malinowskus' (phonetic)
wor K.

DR. MEYER  Yeah, okay. Well, | guess
this is going to be the hardest part of the whole
thing, is that at the end of the day we don't have a
pure situation. W don't have ductility everywhere.
W can't flatly say that it won't break.

Okay. \What can | say here?

CHAIl RVAN PONERS: Wl |, here you say
somet hing di fferent than what you' ve been saying up
till now Here you say specifically "sufficient

ductility," whereas up till now you' ve been very
careful to say --

MR BILLONE: " Sone."

CHAl RVAN PONERS: -- "sone."

DR MEYER  Yeah

CHAI RMVAN POAERS:  Non- zero.

DR. MEYER  Yeah, but | actually don't
know the difference. Sufficient ductility in ny
mnd as | wote this was that that band of high
hydrogen was not so big that it knocked a big
section out of the tube or that the rimof heavily

oxi di zed material produced a shattering, gaping hole

in the side.
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If the test results showthat it's
fairly clean and tight, then | would say that's
sufficient ductility, and that's all | neant there.

kay. So as | nentioned before, we're
going to try and denonstrate wth high burn-up
zircaloy and with unirradi ated ZI RLO and Mo and sort
of put it all together and see if it |ooks like that
the current way of doing business is sufficient, and
that would give us a basis for leaving that in the
rule as an option w thout change other than the
dat abase that we're generating should be applied to
t he grandfather part of the rule because we've got
Mb in the | aboratory.

CHAI RVAN PONERS: More inportantly, you
have it in the reactor

DR MEYER And we have it in the
reactors. The performance based criterion would be
an option, and the current thinking is to sinply
specify a ductility test, and perhaps describe the
details of this in a regulatory guide, and fromthis
ductility test, a licensee would then generate the
temperature limts and oxidation limts that would
correspond to the zero ductility point in the test.

This, in fact, could then turn | oose the

peak cladding tenperature fromits 2,200 degree
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[imt right now because it's quite easy to inagine
getting a ductility criterion at 2,300 Fahrenheit
and 14 percent oxidation or sonething |ike that, and
so it mght be necessary to rethink the peak
cl adding tenperature limt.

It's a curious situation, the peak
cl adding tenperature limt that's in the rule
because it was ostensibly put in the rule as part of
the enbrittlement criteria. It was known that if
t he oxi dation had taken place at a tenperature nuch
above 2,200 Fahrenheit or 1,200 Centigrade that the
di ffusi on of oxygen into the prior beta regi on would
be higher and you' d get nobre oxygen in the part of
the netal that was giving you your ductility.

But the dependence on tenperature was
not very apparent in the original data. | guess
Hobson's data at 2,400 Centigrade showed sone
enhanced hydrogen in the prior beta region, and in
principle everyone agreed that the effect would be
there, but it was not |ike you had plots of
enbrittlenment criteria as a function of tenperature
and at 2,200 degrees the correlation fell apart.

There was, in fact, another
consi deration, and the other consideration that was

di scussed in the Conm ssion opinion was one of
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excessive netal water reaction in relation to run-
away tenperatures, and we' ve | ooked at that, and

we' ve | ooked at the Cathcart-Pawel correlation,

whi ch appears to work well for everything we've
studied if it doesn't develop the bad oxide in
conparison with the Baker-Just correlation, and just
by coincidence the nmetal water reaction heat, |ike
Cat hcart-Pawel at 2307 is the sane val ue that Baker-
Just has at 2, 200.

Nor m Lauben has done a | ot of RELAP
calculations to | ook at the margin that you have to
where the heat bal ance gets unfavorable and the
tenperatures run away, and so it |looks to us from
the prelimnary work that we've done that if you
all oned tenperatures as high as 2,300 degrees
Fahrenheit that you m ght be preserving the sane
margin to run-away that the Conmm ssion woul d have
t hought they had initially.

That's just a reference point, but if
one finds that the enbrittlenent criteria are com ng
in with tenperature limts higher than 2,200, you
m ght have to think through the netal water reaction
argunments a little bit and perhaps put sone
additional limt onit.

Now, | think that's all | had. So |I'm
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fini shed.

CHAI RVAN POVERS:  (Good.

MR ROSENTHAL: | just want to reiterate
that we're sharing with you our thoughts on the way
we mght go. There is not uniformty anongst the
staff yet or any sort of decision yet on how we
m ght go.

We al so have stakehol der input to
consider, and so this is where we are in our
thinking at this tinme, and we really would
appreciate; it would be a very tinely tinme for ACRS
to provide this.

DR MEYER | want to underscore that
and say that the reasons for even discussing things
as specifically as we have is that we're trying to
generate a database to support sonething, and you
need to have a concept of what the sonething is that
you're trying to support. So we nake up the nenta
nodel s of what the sonething is and plan the program
to support that.

CHAl RVAN PONERS: Good. Well, we'll ask
by the end of the day.

Okay. Thank you, Ral ph

M5. YANG M. Chairman, can we give a

short presentation just to describe what the
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i ndustry position in terns of the type of data that
shoul d be generat ed?

| don't really want to have a debate
here, but | just thought it mght be helpful at this
point to at least briefly describe what an
al ternative suggestion here is.

CHAI RMVAN PONERS:  You' ve got 12 hours
t onmor r ow.

M5. YANG  Ckay.

CHAl RVAN POAERS: | want to nove on with
M ke tal king about the LOCA test results.

MR BILLONE: Are you guys okay with
lunch? It's going to take me an hour.

CHAI RVAN POVERS:  You' ve got an hour.

MR BILLONE: Al right. I'mgoing to
t ake you back a few years. |'mgoing to use the
vi ewgr aph proj ector.

CHAI RVAN PONERS: Ch, good man.

MR BILLONE: And | al so have sone chal k
for denonstration.

kay. Ral ph, do you still have that

poi nter?

DR MEYER  yes.

CHAl RVAN PONERS: Thanks. One that
works. | usually point it at soneone's eyes.
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Al'l right. | have one presentation, and
| have a bunch of back-up slides in case |I've
antici pated your questions correctly. W'IlIl see.

| also |ike to nove around. | hope that
doesn't cause a probl em

I n the handout you have, it's rather
long, and I think the way to approach it -- first
all, we have to get rid of --

CHAI RMVAN POVERS: Yeah, we have to get
rid of --

PARTI Cl PANT:  Ral ph, how do we get rid
of this thing?

MR, BILLONE: You could always shut it.

PARTI Cl PANT: Well, the question is how
to turn it off.

MR. BILLONE: You just rotate it.

CHAIl RMAN PONERS: No, it's up here on
t he projector.

MR. BILLONE: OCh, I'msorry. |'msorry.

CHAI RMVAN PONERS: Just go ask Aaron to
cone help us. Charge ahead, Mke. W'Ill read them
of f the handouts if nothing else.

MR, BILLONE: Ckay.

CHAl RVAN PONERS: The first one tells us

your nane.
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MR BILLONE: Yeah.

CHAl RVAN PONERS: And even the date,
which is always useful for ne because | never know
what day it is.

MR BILLONE: Ckay, all right. So we're
going to talk about LOCA test results generated at
t he Argonne program-- oh, this is a nightmare --
and I'd Iike to acknow edge ny col | eagues, Yung Yan
and Tanya Burtseva. They like to work. They don't
like to talk. | like to talk. So I'mhere. Ckay.

CHAl RVAN PONERS:  You might twi st the
knob there and get us a little bit in focus or I'l|
think it's ne.

MR. BILLONE: ©Ch, good. Thank you.
Thanks a | ot.

All right. In this norning' s
presentation |'mgoing to tal k about our LOCA
rel evant research. 1'mgoing to pick up the dry
cask storage in a later presentation. |I'magoing to
hi s our advanced all oy post-quench ductility testing
of unirradiated material, steam oxidation of high
burn-up Zirc-2 and Zirc-4 cladding, LOCA integral
tests with fuel, boiling water reactor, and PWR
cladding. That's to be followed by post-quench

ductility of high burn-up LOCA integral test
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speci nens, and we've al so had proposed several ranp-
to-burst tests with varying the heating rate and the
internal pressure in the program

Let's hold off on these two until |ater
this afternoon. Let ne just give you an idea of the
materials we have at Argonne. |'ll go through this
[ist quickly.

We have a variety of Zirc-2 designs,
ei ght by eight, nine by nine; ten by ten is to be
provided; a variety of Zirc-4, normal Zirc-4
archived to our Robinson cladding, and low tin 17 by
17 provided by Westinghouse. Framatone is also
going to provide us with sone.

W have ZI RLO provi ded by Westinghouse,
Mb provided by Framatone, and a variety of the E110
cl addi ngs. The focus of our programis really the
alloys used in the United States. The E110 is here
to try to understand why it behaves the way it does
and make sure that none of these alloys are on the
edge of sonme kind of cliff.

"1l show you the table of the
irradiated fuel rod segnents we have at Argonne.
Sone of these are for dry cask storage, and we'l|l
come back to it, and on this table, would you pl ease

correct a wonderful typo? You' ve got an 1888 for a
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di scharge date for the Surry reactor. So would you
pl ease make it 1981 for ne?

But we have for PWR cl addi ng, we have
t he Robi nson, which has primarily for the LOCA
program 64 to 67 gigawatt days per netric ton
averaged over the whole fuel colum. It gives you
an enrichnent, Zirc-4, and gives you a discharge
dat e.

Linmerick is the BWR cl addi ng, which |'I1
show you sone results for. The pins that we're
testing are 56 to 57 gigawatt days per netric ton,
and this is lined cladding. About ten percent of
the wall thickness is zirconium |low alloy zirconium
on the ID of the cladding, and this is about .7
mllineters in thickness.

So for LOCA we're just going to be
tal king about these. 1'Il cone back and pick up
t hese other two when we tal k about dry cask storage.

Al'l right. The nice thing about sone of
the variables of the LOCA test, if we go to the
Linerick test, you have very little oxide, sonething
over ten mcrons, but some tenacious crud, and
because you have very |low oxide and it doesn't vary
axially very much because your cool ant tenperature

i s pegged at about 288 degrees C., you only have
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about 70 ppm of hydrogen that you picked up fromin
reactor corrosion.

| f you contrast that with the Robinson,
which is nore typical of a pressurized water reactor
with an increase in cooling rate as you nove al ong,
you've got up to 110 m crons of oxide, and as far as
what we neasured, up to 800 wave parts per mllion
of hydrogen.

So Robinson is very interesting because
if you want to study the effects of hydrogen, you
could go to gridspan four with high hydrogen
content. You can go to gridspan two with | ow
hydrogen content, all with the same irradiation
condi tions.

So, again, these two would be for our
LOCA rel evant program Ckay. Let ne just sunmarize
where we are in each of these.

For the advanced all oy post-quench
ductility study, we received cladding over a period
of time. W did extensive validation, |ooking at
t enperature responses, netall ography, hydrogen pick-
up, oxygen pick-up, and our test matrix calls for
tests at 1,000, 1,100, 1,200, 1,260 degrees C.

We' ve conpleted the results for al

al | oys oxidized at 1,000 degrees C. and 1, 100
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degrees C., up to a calculated ECR of 20 percent.

W' ve al so neasured the ECR by neasuring
t he oxygen pick-up. So when | give you results, |
give you results versus nmeasured ECRs.

We conpl eted our E110 study as far as we
can go, with enphasis on oxidation at 1,000 degrees
C. The alloy is particularly challenged at 1,000
degrees C.

By "conpleted,” |I nmean we've oxidized
t he sanpl es and done all of the ring conpression
tests. We intend that each one of these
tenperatures in the single ECR to do a four point
bendi ng test of a balloon and burst sanple of the
advanced alloys. W would call our LOCA integral
test followed by LOCA ring conpression test.

That's our current plan, and that's
subject to input fromthe interested parties as to
what ot her tests m ght be done.

Al'l right. For those oxidation tests of
unirradi ated alloys, this is the kind of tenperature
history. W have a fairly rapid ranmp-up to about
100 degrees C. fromour gold tenperature, slow ng
down so that we don't overshoot. W hold for a
certain amount of tine, depending on how nuch oxide

you want, oxidation you want.
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Sl ow cool to about 800 degrees C., and
what's not shown here is the rapid quench. W have
the water hit the sanple, and the sanple tenperature
i s about 800 degrees C.

So that's what we expose snmall sanples,
25 mllineter sanples to, and then we proceed to do
ring conpression tests on those and | ook at oxygen
and hydrogen pick-up on those sanples. So that's
for our advanced all oy program

Let ne give you a quick summary of where
we are on the LOCA program O course, we do
oxi dation kinetic studies. The Linerick has been
conmpl eted. The Robinson is about to start.

Let ne go down here because this is nore
t he enmphasis of nmy talk. Qur LOCA integral tests
currently are pegged at the 2,200 F., the 1,204
degrees C. peak tenperature, and for a tinme range of
one to five mnutes.

Five mnutes turns out to give us a
Cat hcart - Pawel cal cul ated ECR of about 20 percent
peak in the burst region. W' re measuring somewhere
around 18 to 19 percent. So this would be an over
test relative to the criteria, but an interesting
test relative to phenonena.

We're coasting along | ast year. W had
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completed a Linmerick ranp-to-burst test. That's an
actual irradiated fuel segnent, and then ranp-to-
burst followed by oxidation for five mnutes at
1,204 degrees C. That was about a year ago.

Then we | ost about a year because our
hot cells were essentially shut down for major
mai nt enance, and so we were back to where we were
| ast year, and I'Il show you where that is.

When we | ooked at these two sanples in
detail based on nondestructive results -- that neans
| ooking at profilonetry of dianmeter changes and
phot ogr aphy, we saw nore simlarities than
di fferences between the unirradiated Zirc-2, which
had zirconiumpellets in it tested out of cell, and
the irradiated with fuel tested in cell.

W're in the process -- and Rosa brought
up this point -- of determning axial profiles of
hydr ogen pi ckup and oxygen pickup, and the only
thing it mght save you -- I'"'msorry. That's too
dramatic. |'m supposed to present data. |'m not
supposed to be nel odramati c.

The issue of whether you pick up
hydr ogen inside the high burn-up rod is not so nmuch
the fuel cladding tight bondi ng because the cl addi ng

is going to expand away fromthe fuel. [It's the
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oxi de layer that you pick up in the reactor on the
| D of the cladding, and the question is we have

evi dence we know it's not protective agai nst steam
oxidation. It will oxidize just the sane as air

cl addi ng, but does it prevent pickup of hydrogen?
That's what we're in the process of determ ning.

We're hoping to run the Linerick test
with quench this nonth, and then initiate the
Robi nson test, the PWR test with the high oxygen and
hydrogen levels in the fall of 2003.

Let ne show you where we are with this
Limerick test. And off line, if someone wants to
know what we've been doing with our hot cells, "Il
tell you. | don't want to start that story because
it sounds |like a sob story of conpl ai ni ng.

This is our stylized -- | never knew
that term"stylized LOCA" -- this is our stylized
LOCA. What we have run is at roomtenperature
pressurizing the top of the sanple, having pressure
transducers at the top and the bottom and neasuring
pernmeability or tine response to the bottom
transducer, which was much hi gher than we thought,
meani ng that the pressure equilibrated nuch quicker
t han we thought for high burn-up fuel.

Then we depressurized, went up to 300
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degrees C., really 300 even if it doesn't |ook like
it; repressurized, did the sane test, and got high
pernmeability; introduced steam ran up to burst, and
actually in this first test we didn't have steam

We had argon. W ran up to burst and then stopped.
That was the first test.

The second test went through this
sequence of five mnutes. A program cool ed down
t hree degrees per second, and then we quenched in
the cell a year ago. So we did slow cooling, but
that test was -- those two tests were conpleted a
year ago.

And what we're shooting for nowis this
sane sequence, only with the quench hitting the
sanpl e at 800 degrees C

kay. There was a trenendous anount of
nmovenent in our hot cells and noving radi oactive
material away fromhalf the hot cells so that the
shield wi ndow could be repaired, trying to nove it
back. Equi pnrent got danmaged, and we need to test
out all of our sanple preparation techniques, which
we were doing very quickly, as well as the LOCA
appar at us.

This is the particular Linerick rod

we're working on right now. It's called J4. This
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is a gamma scan. It gives you a rough idea of the
burn-up profile, and we've just cut these three new
sanples fromthis rod. These are two good sanpl es
that we'll use in our testing. This sanple which is
in the down slope of the power profile or the burn-
up profile we're using to practice renoving fue
fromabout half to one inch fromeach end in the

wel di ng end caps, and that's going on today.

Hopeful ly that's successful. W'Il nove
on to these two this week and we'll have two sanpl es
ready to go.

Let's skip that one. 1'mgoing to skip

sone slides as we go al ong.

A quickie. Let's go back now and do
sone details on the advanced all oy program and the
hi gh burn-up program So we'll get into details
NOw.

Basi cal |y our approach, we know very
well that alloys Iike Mb and to sonme extent E110
have this unusual behavior at 1,000 degrees C. where
t hey oxidize at nmuch | ess than Zirc-4 and the rest
of the alloys. Wat we're going to do is use a
cal cul ated Cathcart-Pawel tine to set our test
mat ri x, which neans we're going to go up to 20

percent cal cul ated ECR, and we'll also, as | said,
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nmeasure the ECRs.

That means that these correspondi ng
t enperatures or doubl e sided oxidation, these are
the maximumtimes that we're going to oxidize these
sanmples. This is close to an hour down to m nutes,
dependi ng on what the peak tenperature is.

What's interesting, as you go up in
tenperature, you're increasing the oxide solubility
in your ductile layer, and eventually if you keep
going up, that ductile layer will becone enbrittled
by oxygen.

So we determ ned the neasured ECR based
on weight gain. In the process of doing this, we
want to | ook at the oxidation kinetics because we're
generating the sanples by oxidizing. I1t's useful
data, as well as the post quench ductility data, and
t he approach is to conpare the results for ZI RLO and
Mb to Zirc-4 and Zirc-2 data when we get the
appropriate Zirc-2.

There seened to be sone sensitivity on
the part of the vendors who gave us the cl addi ng
that these two alloys not be conpared directly on
the same graph. So | will show you graphs of ZIRLO
conpared to Zirc-4 followed by Mo conpared to Zirc-

4, as opposed to one nice, sinple graph, and I'm
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going to respect that sensitivity.

W' ve explored factors that may
contribute to E110 behavior. W certainly confirned
that it's very poor post quench ductility
performance at low test tines, particularly at 1,000
degrees C.

W' ve explored the effects of surface
roughness and surface chem stry on oxide instability
and got some interesting results in being able to
delay the instability by snoothing the surface.

And we' ve done some characterization of
bot h chem stry, netall ography, SEM and sonme TEM
The noral of this story is there's nore than one
reason why E110 will behave the way | show you it
behaves, and sone of the things that we could do, we
don't manufacture E110. Al we could do is work
fromthe outside and play with the surface. It may
delay the instability, but it doesn't elimnate the
instability.

kay. Very quickly in terns of
apparatus, | don't want to get into too nmuch with
apparatus. Basically, this is a 25 mllinmeter |ong
sanple. This looks like overkill. This is a quartz
tube, and steamenters fromthe bottom |It's held

in place with Inconel holders, and isolated from
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t hose hol ders by sonmething that we'll see in the
next section.

We have the thernocoupl es com ng down
t hrough here, through the top, and steamexiting at
the bottom Let ne show you how we get doubl e sided
oxi dation out of this with the next slide. This is
just an enl argenment of that test section.

Basically we have the steam-- well, |
can tell the thernocouples are head to the top. So
| know this is the bottom W have steam fl ow
within the quartz tube comng this way. W have
three or four holes substantially, a bottom for
steamto get in. This is hollow Steamcould
continue on, but it's too long of a path, and it
gets cool. So steam woul d condense. So we put
hol es for steamexit there.

Qur sanple is here protected fromthe
| nconel with al um num spacers and zirconi a washers,
and that's our basic set-up. W only run one sanple
at a time for each of the alloys under each of the
condi tions.

kay. Let's talk about good oxi de and
bad oxide, and let's put sone fancy words to it, and
| et's show sone pretty pictures. Protective oxide

| ayers. This is under high tenperature steam
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General ly in appearance they're |ustrous bl ack.
They're a particular phase of the material called
tetragonal, and they are ZrOtw mnus X. They're
hypost oi chonetric. They're slightly under the two
to one ratio.

You need this at tenperatures at 1,100
degrees C. and bel ow because this formof oxide is
not thernodynanmically stable in 1,000 degrees C. or
1,100 degrees C. However, it is stable under
conpressive stress and that forns under conpressive
stress, and it's stable for the hypostoichonetry.

So you rely on those two things to give
you the good oxide. If you have that, how can you
| ose ductility? Protective nmeans protective agai nst
hydr ogen pickup, and it neans that oxidation is
di ffusion control.

Well, if you keep going in tinme, you
will bend the effective ductile |ayer as you
increase time at tenperature or weight gain and ECR
| f you increase tenperature, go to 1,260 and beyond,
you will increase the oxygen content in that ductile
layer, and it will becone brittle.

Al so, there's a chance that obviously
wi th high burn-up you could have the effects of

hydr ogen causing enbrittlenent fromin reactor
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corrosion, and I'll show you what happens during
LOCA bal | ooni ng and burst of unirradi ated cl addi ng
in ternms of hydrogen pickup.

So these are mechani sms in which
eventual ly you're going to go to zero ductility.

There is al so not so good oxide, and
this is classical break-away oxidation which we've
observed for Zirc-4 and Mb. We would observe it for
ZIRLO if we tested ZIRLO, but it's sonething that
happens at very, very high, long times, like three
hours at 1,000 degrees C. W' re not studying this
because we don't think it's LOCA relevant. W could
study it, but it would be of nore academ c interest.

What we have | ooked at is what happens
to E110 because this cl assical break-away oxidation,
after your oxide grows big enough, it's sonething
t hat happens fromthe outside |ayer and noves in.
E110 seens to develop an instability right at the
netal oxide interface, and we see | ocal enhancenent
of the oxidation rate, |ocal enhancenent of hydrogen
upt ake at 1,100 degrees C., and then -- let ne do
this with pictures rather than words. That's too
many wor ds.

kay. Top picture. Good, lustrous --

well, it's hard to get lustrous black to show up.
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That is lustrous black, and believe it or not,
that's Zirc-4 after about 870 seconds, which
nmeasures out to about 18 percent ECR in steam at
1,100 degrees C. It only picked up eight weight
parts per mllion of hydrogen. It was fabricated
with five and it only picked up eight during this
process. That's very |ow

E110 | ooks the same after you ranp it
for 75 seconds up to 1,000 degrees C. and you only
hold it for five second. It kind of looks like this
until you | ook under high magnification. You see
these very small white spots. These white spots
will grow. So the point is they formduring the
temperature ranp, and they will go very unstably as
shown in the next picture, alnpst the next picture,
not quite.

Let's look at the good stuff first. One
of the things we did was we | ooked at netall ography
for a couple of reasons. W want to nmake sure
things are going okay. |In other words, we're
growi ng an OD oxide and an | D oxi de of about the
sane.

We know this is brittle. W know t hat
t he hi gh oxygen al pha phase, the white stuff you're

| ooking at, is even nore brittle. So froma post-
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guench ductility point of view, you throw this away,
you throw all of the white stuff away, and what wl|l
give you ductility is this gray stuff. 1In this
picture it turns out gray. That's what's called the
prior beta |ayer.

As long as this is not |oaded with
hydrogen and as long as you didn't ranp the
tenperature up too high so it's | oaded with nore
oxygen, that's where your ductility cones from

So if | took this sanple and exposed it

to a ring conpression test -- hopefully that's ny
next slide -- traditionally in the ring conpression
test you get four snaps, four breaks. It breaks

into four points, and this is the |load that you're
applying to the ring. This is the displacenent, and
this is the nethodol ogy we use. This is the
effective elastic part which we're not interested
in. It's this part here: do you have any
ductility?

And fromthat previous picture you
shoul d. You had enough gray stuff in that picture
and it was low in hydrogen, and this comes out to if
you divided this by about -- if you multiply this by
ten, you get percent coincidentally. So this is

about three percent plastic deformation that you get
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bef ore you start this cracking.

It's probably a little bit nore in that
this may not be a through-wall crack. To get four
cracks, this mght be one through-wall crack. This
m ght be a second through-wall crack, a third, and
then a fourth.

But the point is that previous picture
does have ductility, and | want to nmake the point
that we don't sinply rely on this picture to tel
whet her or not we have ductility or not. W use
this offset method to determ ne plastic deformation
that's classical with ductile materials. W |ook at
the netal | ography to nake sure we have ductile
materials, and we neasure the hydrogen content to
make sure we have an enbrittlenent w th hydrogen

That's the good stuff. Al right.

Let's go to the stuff that's still kind of a nystery
to us, but this is E110 at 1,100 degrees C. In this
sanpl e you can see those white spots have grown.
They' ve cracked. They've interlinked a little bit,
and you' ve picked up sone hydrogen at each of these
cracks, but only about 200 wei ght parts per mllion.

It turns out that this sanple with the
oxygen and the hydrogen is brittle. |If you cut this

underneath the white spots, you will see the
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enhanced nodul ar oxidation. This is all oxide.

Under the black spots, you'll see the
thinner oxide. So this is not what is treated by a
Cat hcart-Pawel nodel or any of the other nodels.
This is an instability.

So we're calling white bad and bl ack
good, reversing the process. That's 1,100 degrees
C. The alloy is not too bad at 1,100. It's better
at 1,200. It's a disaster at 1,000 and probably
wor se at 950.

So let's take E110 for a very small
time, 300 seconds, and then a | onger tinme, 1400
second at 1,000 degrees C., doubl e sided oxidation,
and if you look at the surface of this, it's ugly.
| nmean, all of this gray or white stuff is the kind
of oxide that cracks and all ows hydrogen pickup, and
it has picked up about 120 ppm of hydrogen at this
very | ow cal cul ated ECR

And if you | ook underneath this gray
area and take a cross-section, you can see that it's
actually cracked and del am nated, and that all ows
steamto conme in direct contact wwth the netal, but
let's go on in tinme.

This is 1,400 seconds at 1,000 degrees

C., and you have a ness, but you can actually
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describe it. Al of these areas interlink and this
whol e thi ng becones essentially white oxide. It
cracks, it spalls, it delamnates. It picks up
4,000 weight parts per mllion hydrogen. You don't
even have to test this. This is brittle.

So what we did is we explored the
transition between this picture, and it turns out
this is ductile. It's very high ductility, but a
coupl e of hundred seconds later it has got zero
ductility because it's going to continue to pick up
hydrogen. So when it gets to about 400 ppm of
hydrogen, a little nore oxygen, then it does go
brittle.

So somewhere around 500, 600 seconds is
when E110 goes bad at 1,000 degrees C., but really
keep in mnd that the seeds of all this were right
at the begi nning when you were starting up the high
tenperature. Those tiny white spots accrued.

"' mnot going to show you rmuch on E110.
So let me just say that we were able to delay this
significantly by sinply polishing the surface of
E110 because a rough surface can disturb the
conpressive stresses. As a matter of fact, the ends
of the sanple can disturb it from E110. Wlding a

t hernocoupl e on it can disturb it.
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There's sonmet hing el se causing this
instability, but you can as a catalyst, think of it
as a catalyst. Roughened surfaces, certain surface
chem stries, discontinuities will all make this
happen nmuch, rnuch sooner.

MR. CARUSO The picture on the right,
is the black area fuel? |Is that fuel pellets or is
t hat just an underlying --

MR BILLONE: No, no, no. This is
epoxy.

CARUSG No, no, no. On the right.

BI LLONE:  Thi s?

2 3 3

CARUSO.  Yes.

MR BILLONE: This is E110 cl adding. |
nmean it starts out like this with no fuel init.

MR. CARUSO I'mtrying to understand
the scale. |Is that the same scale as the one on the
left?

MR BILLONE: Approximtely. These are
approxi mtely the sane scale.

MR CARUSO So it looks like it has
shavi ngs that have cone off?

MR BILLONE: Yeah. It spalls. | nean,
if you look at this at lowtinme and you keep going

onintime, this eventually will -- well, this is a
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little bit of spalling, but it will eventually --

|"msorry -- delam nate. This is delamnation. It
separated fromthe base netal. It will eventually
spall off, and then you will grow new oxide. It
will also be bad. It will spall off.

So all of this is oxide that you're
| ooki ng at.
MR. CARUSO But the black area in the
mddle --
MR BILLONE: The black is sort of a
dul | bl ack oxide between this and the base neta
t hat has grown.
MR. CARUSO How much of the base netal
did you | ose to those shavings? What percentage?
MR BILLONE: This our Russian
col | eagues neasure for us. W lost so nmuch of it
t he nmeasurenent was mneani ngl ess, but somewhere
around ten percent of the zirconiumwas oxidized to
cause this picture, sonmewhere around ten percent.
But really five, six, seven, eight --
bet ween seven and ei ght percent is where you went
completely brittle, Iong before you got to this
pi cture.
There's no fuel here. This is all ugly

cl addi ng basi cal ly.
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DR FORD: M ke.

MR BILLONE: Yes.

DR. FORD: It concerns me that, you
know, you're doing a |ot of correlation between the
damage, the burst, and the fracture of the zircal oy
cl addi ng, and the appearance of the oxide, and yet |
haven't heard once anyone tal k about the
rel ati onship, the well known rel ationship between
nodul e oxi dati on which you're show ng there and
general oxidation and the fabrication procedures for
t he cl adding and the conpositions.

And you're only looking at four or five
speci nens. |s there anywhere in your nethodol ogy
that you | ook at the past history of the last ten
years for the devel opnent of optinum cl addi ng,
composi tions, and how you can fill in the
experimental programthat takes into account the
variability that you will have in these alloys as
far as conposition is concerned?

MR BILLONE: Well, we did a |lot of
probi ng because in some of our tests the inner
surface oxidized a little different than the outer
surface. W had to ask the question: is there a
different treatnent?

| nmean, there's etching and there's
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pol i shing, and there's all kinds of variables, and
essentially we were able to track over the last ten
to 20 years the evolution, and the evolution is such
t hat where they used to etch as a final step, renove
as much as 25 microns fromthe OD, they don't do
that any nore. Their final steps are polishing.

And when we play around, we did etching
and an oxidation, and we got sone strange results.
We did polishing and oxidation, and we got sone very
good results.

They seemto be going in the -- they
seemto have arrived in the right direction |ong
bef ore we di scovered the inportance of these
vari abl es, we at Argonne.

DR. MEYER  This is Ral ph Meyer.

Could I comment on this, too? Because |
think I know the itch you're trying to scratch

DR FORD: Yeah.

DR MEYER In the BWR nodul e or
corrosion, it was related substantially to the
distribution of the particles and to the beta
guenchi ng and the tenperature controls subsequently.

There's a parallel program going on
t hrough Kurchatov Institute in Moscow, which is

wor king very closely with us, and they are al so
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doi ng some of the sane things that we're doing at
Argonne, but they have different cladding specinens
avail able to them

And what they've found was that there
are other features that seemto be controlling this
not necessarily related to the beta quench. |'m not
saying that we've ruled out the beta quench, but one
thing that they found. They had a batch of tubing
that was nade with a western ingot of zirconium and
they claimthey put that through the same tube
fabrication process as standard E110, and they got a
product that did not show this white oxidation |ike
you see here. It's called G110.

So now this raises the possibility that
the inpurity content whi ch you woul d expect to be
di fferent between the electro-refined Russian
zirconiummetal and the chemcally refined Western
zirconiumingot mght be different.

So at the present tine we're aware of
several things that seemto affect this. Second
phase particle size is one of them Source nmateri al
is another one. Surface condition is another one.

M ke is not able to investigate all of
t hese at Argonne because he doesn't have the variety

of materials that are avail able in Russia.
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DR FORD: Right.

DR. MEYER But we're able to get nore
of those varieties into the test programin Russia
and have come down to that point.

W will get an update on the Russian
work at the Nucl ear Safety Research Conference near
t he end of next nonth.

MR BILLONE: Ckay. Sorry.

DR FORD: And another thing. Again,
ski ppi ng through your graphs, | see no nention of
the Zircaloy-2 fromLinmerick, which was presumably
barrier fuel

MR BILLONE: No, no.

DR FORD: There's no barrier fuel in
t hi s?

VMR Bl LLONE: | have the Linerick Zirc-

DR. FORD: Onh, you do?

MR BILLONE: As a matter of fact, the
next picture is Linerick Zirc-2, not the high burn-
up. So let me get to the next picture.

DR. FORD: Ckay.

MR. BILLONE: Let ne try to be clear
when |I'mtal king about Linerick Zirc-2 in these

pi ctures.
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DR FORD: Right.

MR BILLONE: So okay. | want to show
you the results of what we've done, which is the
ring conpression tests. They're to be foll owed by
four point bend tests, and based on our experience
with Limerick Zirc-2 unirradiated, their potenti al
failure | ocations under four point bend tests and
nodes in uniform bending are the burst region, which
is thin, flawed cladding, high ECR and oxygen
enbrittl enent, and the neck regions which are thick,
and an uncl ogged cl addi ng. Most of those things are
good. Low ECR, but very, very high hydrogen.

And there's a transition here which may
render the whole burst region basically lacking in
ductility, and we'll see what we nean by that.

Let me go to that picture now. W'l
cone back to it because it really wasn't part of
this high burn-up program-- | nean, sorry, it
wasn't part of the advanced alloy program And
Ral ph and Rosa, who have seen this picture, we've
added nore points. Odelli, we keep adding nore
poi nt s.

Basically what 1'mgoing to give you is
di stributions of hydrogen, and this is really an

oxygen distribution converted to ECR, starting at
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t he burst center and noving bel ow and, well, above.
Ckay. This is a distance above the burst center.

So this is going towards the top of the
specinmen. This is going towards the bottom of the
specinmen. And really we get about a 158 to 170
mllimeter balloon in our sanples, but what you see
is in the burst region. O course, you have the
hi ghest oxygen pickup relative to the thickness.
It's the thinnest material, and this is averaged
over the circunference.

And then as you nove away, this is stil
in the balloon region. You haven't gotten to the
neck region. Your hydrogen for the unirradi ated
mat eri al which has roomto pick up hydrogen, it has
zirconiumpellets inside. These hydrogen contents
are so high that this is guaranteed to be brittle.
It mght be stronger in this region, but it's
definitely lacking in ductility.

And even as you go -- let me work on
this side -- as you go to decreasi ng hydrogen,
you're going to increasing oxygen, and so in terns
of ductility within the balloon region, let's just
say that this whole area has the potential for
acting in a structural sense like a brittle nmateri al

if you're going to subject to bending, and we'l]l
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conme back and --

DR FORD: This is Zircaloy-2 from
Li merick?

MR. BILLONE: This is Zircaloy-2 from
Li merick, unirradiated, unirradiated.

DR FORD: Right.

MR BILLONE: And so what we're doing

right nowwth the tests we ran | ast year --

DR. FORD: | guess | haven't given ny
concern.

MR, BILLONE: Ckay.

DR FORD: If it's fromLinerick
presumably it's a barrier fuel cladding, i.e., it's

got zirconiumon the ID

MR. BILLONE: Right.

DR. FORD: Zirconiumis going to oxidize
like crazy, is it not?

MR BILLONE: No. There's no difference
in the high tenperature oxidation of zirconium
Zircal oy-2, Zircal oy-4, da-da-da-da-da-da-da-da.

The tenperatures of 1,100, 1,200 degrees C

DR. FORD: Ckay.

MR, BILLONE: And what |'m suggesting to
you is this is not particularly Zirc-2. This is

wel | known phenonenon that denonstrated Zirc-4 in
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1981. Only the magnitudes weren't as great, and al
the cladding alloys to sone extent will have this
qualitative picture when tested in the unirradiated
condi ti on.

That's ny prediction, but that's what
we're in the process of doing, is testing all of the
al | oys under the balloon and burst condition.

But I want to show you this now and then
| want to cone back to it because ny denonstration
tests and nmy pictures all pertain to sonmething that
| ooks like this in ternms of oxygen and hydrogen.
That's why | wanted to hit it early. 1'Il hit it
agai n soon.

kay. In nmy back-up slides | have a | ot
of graphs. [I'mnot going to do the graphs. |'m
going to try to do it this way.

When we | ook at the data results for
1,100 degrees C. oxidation tenperatures, and that

was up to 1,100 seconds coincidentally, Zirc-4 and 5

and ZIRLO data are all in agreenent with the
Cat hcart-Pawel prediction. | think | do have a
graph of that. | just didn't identify the points,

meaning within plus or mnus ten percent.
So 1,100 degrees C., the oxidation

kinetics are very simlar for these three all oys.
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We coul d not get neaningful data fromthe as
recei ved E110 because of the oxide instability. The
oxi de fl aked off.

However, if we polished and machined it
or at least polished it, we could delay the
instability and basically the E110 data polished
prior to instability behaves the same as these three
al l oys up here.

Things start to change when you go to
1,000 degrees C. Zirc-4 and ZIRLO are in very good
agreenent, as published previously by Wstinghouse.
They're very simlar weight gain kinetics. As
publ i shed by a variety of groups, Mo is
significantly lower at this particular tenperature.
It picks up | ess oxygen during the sane period of
time. Wereas at 1,050 and 950 it's about the sane,
at 1,000 it's different.

Agai n, we could not get neaningful data
for E110 unless we polished it, and basically M and
E110 both behaved the sanme in terns of weight gain
kinetics. The Zirc-1 niobiumalloys at 1,000
degrees C. pick up |l ess oxygen than the Zirc-10
al | oys.

We're in the process of preparing tests

at 1,200 and 1, 260 degrees C., and during our
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studies basically if you don't pick up hydrogen, we
saw no effects of quench at 800 degrees C. on the
wei ght gain. W also saw no effects on the post-
guench ductility, but we'll hold that until the next
slide.

All right. This is my conprom se with
the vendors. That's all the alloys that | just
mentioned at 1,100 degrees C., and we're conparing
t he Cathcart-Pawel correlation to the neasured
wei ght gain. The alloy that falls off alittle bit
is the E110.

And in ternms of the alloys we're
interested in, they're all in excellent agreenent at
1,100 degrees C., and nost likely we'll get the sane
results as 1,200 degrees C.

It's 1,000 degrees C. where we start
seeing alloy differences.

CHAI RMAN PONERS: Do | read it correctly
t hat you have a consistent bias to underpredict the
amount of weight gain in ZI RLO?

MR BILLONE: |'msorry?

CHAI RVAN PONERS: Do you consistently
under predict the weight gain in ZIRLOw th Cathcart -
Pawel ?

MR, BILLONE:  No.
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CHAl RMAN POVEERS: It seens like that's

what you have with the plot.

MR. BILLONE: [I'd have to dig for the
ZIRLO plot. Let nme show you. | have a table with
results at about 20 percent ECR, predicted versus
nmeasured for two tenperatures. Definitely not 1,000
degrees C. A thousand degrees C., Cathcart - Pawel
predicts nore than is neasured for ZI RLO

Actually our Zirc-4 should match
Cat hcart-Pawel because it was done with Zirc-4, and
our Zirc-4 tends to be a little bit high, the
measur ed val ues.

Okay. We have detailed results at five
percent ECR, ten percent ECR, 15, 17, 20. |'mjust
going to show you 20. Basically you're not
conmparing the alloys. You don't notice there's a
compari son, but at 1,100 degrees C. oxidation
tenperature and 20 percent cal culated ECR, well, the
Zirc-4 cane out okay, and | just contradicted
nyself. The ZIRLOis a little bit higher, but not
significantly higher. That's five percent, and the
Mbis alittle bit |ower.

So at 1,100 degrees C. this is all about
20 percent neasured ECR  These are the offset

di spl acenents converted to strains by dividing by
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the dianeters. They all indicate that you have sone
plasticity still left in these sanples after 20
per cent ECR.

We went ahead and neasured the hydrogen
pi ckups, and they are |low, consistent with the fact
t hat you have ductility. We'll look at the
net al | ography to do the third confirmng factor. At
1,100 degrees C. if all you're doing is picking up
oxygen and no hydrogen, you're not going to
enbrittle within the ECR range that you're
interested in.

Add these to your table because | had
this in progress. This is, again, Friday night.
Wth Mo you can see the clear decrease in weight
gain conpared to the other alloys for the sane test
time, but you don't see any increase in ductility,
which is kind of interesting because the oxygen
pi ckup is nuch less. There's hardly any hydrogen
pi ckup for these two, and the ZIRLO for sone reason
pi cks up about 110 wei ght parts per mllion of
hydr ogen.

Havi ng just gotten this Friday night, I
do not have an explanation for why that alloy
behaves differently. As | say, we'll have

net al | ography on all of these for you to back them

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

169

up, but basically at these tenperatures, these three
all oys test out as being ductile in tests where you
don't have ball ooning and burst. These are just
undeformed rings that you're oxidizing on both
sides. This is basically consistent with what's
published in the literature. They're good up to at

| east this ECR wi thout hydrogen.

kay. Let ne try to do the summary of
the E110 results very quickly as far as we could
take it. Cearly, the alloy is nore chall enged at
1,000 degrees C. than 1,100 degrees C. and then at
1,200 degrees C. The farther away you get fromthat
phase equilibriumtenperature for the good oxide,
the nore chance for instability in the devel opnent
of the white nonoclinic oxide.

But there is a difference. At 1,100
degrees C. basically these white nodes stay pretty
much separate, and they |ead to a conbination of
oxygen and hydrogen enbrittlenment. That sanple that
| showed you had 200 ppm of hydrogen and it was
brittle. At 1,000 degrees C., you have del am nati on
and spallation of the oxide at |east at very high
hydrogen enbrittlenent, at fairly | ow wei ght gains
or ECRs.

We ran a couple of tests at 950 for the
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same tines as 1,000, and the sanples at |east | ook
worse than they did at 1,000. So, | nean,
definitely there's a problemin that ranp-up and in
the hold tine.

W found that the surface roughness, the
grooves in the material, welding TCs in the
material, the ends, they're all initiation sites for
oxide transitions and instability, and for one thing
they definitely would disturb the conpressive stress
field that you need.

There's sonething el se di sturbing the
chem stry that you need to keep it as ZrO two m nus
X. There's sonmething dragging a little extra oxygen
in there, pushing you towards that white oxide
phase.

kay. Surface polishing significantly
i nproves the E110 behavior. Etching, especially
with HF, degrades. As said here, "etching as
recei ved E110 significantly degrades the initial
oxi de due to the fluorine pickup."

This work is in progress, and all we can
find is in looking at a tiny, tiny spot with TEM
it's an indication of nonuniformdistribution of
ni obi um particles in conparing E110 to Mb.

So that's where we are with the E110.
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That work is being continued by our Russian
col | eagues.

CHAl RVAN POAERS: M ke, if you're going
to nove to the LOCA integral tests now --

MR. BILLONE: Yeah. Do you want to

break?
CHAl RVAN PONERS:  Yeah, let's break for
MR BILLONE: Thank you.
CHAI RMAN PONERS: -- lunch until, say,
1: 45.
MR BILLONE: That woul d be wonderful.
CHAI RMAN PONERS: (kay. W're recessed
until 1:45.

(Whereupon, at 1:01 p.m, the neeting
was recessed for lunch, to reconvene at 1:45 p.m,

t he sanme day.)

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

172
AAF-T-EERNOON S-E-S-S1-ON
(1:47 p.m)

CHAI RMAN POAERS: Let's cone back into
session to continue hearing about the testing going
on at the Argonne programfrom M ke Bill one.

MR. BILLONE: Ckay. Wiile people are
gathering, let ne just summarize what | presented
al ready on advanced all oy fromone slide and then
we' |l nove on to the LOCA high burn-up stuff.

As | tal ked about with our current
oxi dation quench study, and as we see cl addi ng and
basically for Zircaloy-4, ZIRLO, and Mp, you're
| ooki ng at oxygen induced enbrittlement. These are
short rings that we're oxidizing. They don't pick
up any hydrogen with the exception of that |ast
ZI RLO point, which is about 100 wei ght parts per
mllion, and that's not enough to enbrittle it.

Al three alloys retain ductility at the
two tenperatures we've conpleted, up to 20 percent
ECR cal cul ated, and that's based on three things:
the load flexion curve, the hydrogen pickup, and the
net al | ography that we're making this statenent.

For E110 it's hydrogen and oxygen
i nduced enbrittlement. What's in progress are the

LOCA integral tests for ballooning and burst for
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each of the alloys at each tenmperature, and that
woul d be one test, one ECR each tenperature, each
all oy, followed by four point bend tests.

And we've tal ked about issues associ ated
wi th hydrogen concentration. | think you'll see
those in all of the unirradi ated all oys.

So let's nmove on to our work with high
burn-up Linerick fuel, and all of this from now on
will be pertaining to Linerick Zirc-2.

| showed you our tenperature history,
and 1'll showit to you again. Basically we
stabilize at 300 degrees C. W pressurize. Pick
your units by 8.3 negapascal s.

This will only rise to about 8.6 during
the test. |It's alnost a constant pressure test.

So as we ranp fromfive degrees C per
second, there's not a huge change in pressure
t hrough bal | ooni ng and burst at 1,204 degrees C.
For our unirradiated materials we've held from one
to ten mnutes. Ten mnutes is too aggressive.
That's about 30 percent Cathcart-Pawel ECR, about
1.3 times that Baker-Just.

Cool ed to 800 degrees C. at three
degrees C. and quenched. W' ve done detail ed

profilonmetry, netallography, hydrogen and oxygen
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determ nation. Qur sanples, and in progress are
four point bend tests and ring conpression tests.

So far results of post-quench ductility
tests, these are denonstration tests that | did with
ny hands in front of various audiences just to |earn
somet hi ng about it, and you all have a concept of
brittle versus ductile, and I haven't done this in
20 years, but they don't make chal k the way they
used to.

Chal k we know is basically brittle. It
fails with no plastic flow, and it fails straight
across based on maxi num principal stress. This
netal, on the other hand, is highly ductile. It
wi Il bend excessively. You probably can't even get
it to break unless you fatigue it.

So we have a sense of ductile versus
brittle. This happens to be a fluorescent tube,
which is not quite glass, and we had to do it this
way, but this is a four point bend test, and you
could get shattering with the glass or you could get
a cl ean break

If you score it, if you put alittle
scratch on it, then you' Il get a clean break across,
and it's basically low fracture toughness materi al .

So what we're interested inis as a
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structure, the four point bend test, does this
mat eri al behave |ike the chalk in the glass or does
it behave like this or somewhere in between, and
we're going to find out it's alittle nore
conplicated than that because as pointed up earlier,
we don't have a uniform degree of enbrittlenent.

kay. |I'msorry you have a bl ack and
white copy of this, but let me try to -- okay.

| f we conpare our conpani on out of cel
test, and this would be ranp-to-burst and then
cooled in argon. So there's no oxidation of these
tests. |If we |look at the change in dianeter
starting fromthe top going to the bottom of the
speci nen, basically we find for the unirradi ated
with zirconia pellets inside slightly higher average
burst strain and a wi der balloon, and you're
following the blue and the green, and a nmuch nore
concentrated ball oon region, slightly Iess
bal l ooning strain if you average these two numnbers
together. This is 30, so approxi mately 40 percent
average strain for ballooning for that.

CHAl RVAN PONERS: M ke, if | did any one
of the tests 500 tinmes and plotted themup there,
woul d there be any significant difference?

MR BILLONE: What we find is there's a
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little shift on where --

CHAl RVAN PONERS:  Yeah, what 1' m asking
isis that little shift significant?

MR BILLONE: Not in terns of the
paraneters we're | ooking at, which is what is the
extent of the ballooning region, what is the
maxi mum and what does the cross-section ook |ike.

Yeah, we would get slightly different
results each tine we insert a test strain and run
the test.

DR FORD: Wen you do this four point
bend test as a neasurement of the ductility, how
does that relate to the actual strain or the
straining node that you will have in a post --

MR BILLONE: Well, you do out of cell.
You do the test in an Instron.

DR FORD: | recognize that.

MR. BILLONE: Yeah.

DR. FORD: But what sort of -- are you
going to have bending stresses on this structure,

t 00?

MR BILLONE: Yes. Let ne get to that
when | get to the -- | nean, | have a nice
denmonstration sanple, but it failed during transport

because it was too brittle in the high hydrogen
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regi on, but --

(Laughter.)

MR BILLONE: -- you won't get the
theatrics of a |ive denonstration.

Let ne go through what's simlar between
hi gh burn-up fuel and unirradiated fuel, and sone of
the details of what the cross-sections ook |ike for
t he two.

Basically for Linerick we found nore
simlarities than differences, except in the burst
shape hopefully, and then I'Il get to the
denonstration sanpl es.

So you saw the dianeter profiles, and
this would be the fuel high burn-up sanple. These
two burst at about the sane tenperature during the
ranp. This would be unirradiated Zirc-2 out of
cell; irradiated high burn-up Zirc-2 in cell wth
fuel limt.

They burst at about the same tenperature
and about the same pressure. | just showed you the
burst strains, which are a little bit different.

The main difference is the shape of this opening.
This is nore of a dog bone shape, and this is nore
of an oval shape.

If I go to bend this sample with this
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regi on under tension, the stress concentrations wl|l
be a little bit different than that. That is the
one di fference we found between the high burn-up and
the wunirradiated. W expected to find nore than

t hat .

That's based on nondestructive testing.
"1l mention something about destructive, but it's
not too hard to guess what's going to happen. |If
you take the unirradiated Zirc-2, just burst it and
t hen cool down with no oxidation and | ook at the
t hi ckness variation as you go around, this is 180
degrees fromburst. Cbviously this region, as Ral ph
was saying, steamenters here. You' re going to get
essentially 100 percent oxidation here. [It's going
to drop off to maybe 13 percent here, and there's a
ni ce al gorithm expl ai ni ng how you det erm ne what
this average thickness is and do you ECR
cal cul ati on.

But what you're going to have is after
oxidation I'Il show you the picture. You' re going
to have a gradient this way in which you' re going to
have al nost conpletely 100 percent brittle material
here, transitioning to a locally ductile materi al
there, and the question is: how does that behave in

a structural test? And what does "sone ductility"”
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mean?

Actually I'm not supposed to answer t hat
guestion. |'mjust supposed to respond.

If you go to the neck cross-section,
obviously this is w thout oxidation, wthout
hydrati ng, you obviously haven't -- your circular
structure only is six percent reduction in wall
t hi ckness, and that's a fairly strong and ductile
sanple at this point in tine. This is just at
bur st .

Later when we | ook at sone of the
pictures, we'll find out that we do get sone bendi ng
during the ejection of gas fromthe rod, and clearly
at zero percent ECR you have ductility with these
two pictures that |'ve shown.

Al right. Okay. | showed you the
profilonmetry with no oxidation, and now |l et's | ook
at five mnutes of oxidation, and this gets back to
Dana's point. W' re getting the ballooning and
burst for the unoxidized sanple. It's nice for
| ooki ng because they don't overlap. This is the
unoxi di zed sanple. It has noved up a little bit
towards the top in terns of where the ball ooning and
burst occurred.

You have to realize in response to
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Dana' s question, too, ballooning and burst is an
instability phenonenon, and if you happen to have a
uni form tenperature, which we don't have, over about
100 mllimeters, exactly where that ball ooning and
burst is going to initiate, once it is initiated, it
takes off on you. |It's an instability phenonmenon

t hat could occur anywhere within this region.

So our in cell test has about the sane
for strain; again, a little nore narrow in terns of
burst length, and we'll look at -- we'll do sone
cuts here and some cuts here and | ook at what the
cross-sections | ook |ike because the question with
t he high burn-up fuel is do you have full double
sided oxidation with the fuel in there. Do you have
t he hydrogen pick-up with the fuel in there.

Okay. By the time we took a photograph
of this picture, we had | ost nost of the fuel from
this section. |If you |look at a cross-section of the
fuel before we start, the cracks are such that if
you have an opening, .3 millineters, it's large
enough for fuel particles to cone out of here.

And so we | ost about less than a pellet
initially, and then with further handling we | ost
nor e.

This strain's shape, which | ooked a
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little better in the previous picture, we got a
little nore bending. |I'msorry. | don't have a --
out of plane bending this way. So this side went in
and this cane out a little bit, and you ended up
with this kind of burst opening, but you' re | ooking
at the picture after five m nutes of oxidation and
steam and it's clearly ductile at the tinme of

burst, and the question is: is it ductile at this
poi nt ?

DR. FORD: | thought someone said
earlier on that you would not be using pellets.

MR. BILLONE: No, I"'msorry. This
sample with fuel init, the whole thing is |ike 300
mllimeters, 12 inches. That will be subjected to a
four point bend test with fuel in it.

DR FORD: Yeah.

MR BILLONE: Let's assune it breaks
here or it breaks here. 1In the regions that are
essentially circular, we would cut eight mllineter
rings, defuel them and then subject themto ring
conpressi on tests because they should be essentially
brittle if the hydrogen is high.

So the idea is you subject themto ring
conpression tests. |If you happen to get zero

ductility, no ductility, then you nmeasure the
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hydrogen and you correlate the two. So the ring
conpression test would be with the fuel

kay. This is the picture | wanted to
show t hat we've been alluding to. Even in the
cutting of this in cell, you ve lost the tips which
were 100 percent oxidized. 1've put this in ternms
of ECR It's really oxygen pickup relative to the
t hi ckness, and this 36 percent goes to essentially
100 percent.

But al though this region here -- and the
only thing keeping you ductile -- | don't know if
you can see it -- is this region fromhere to here.
That's the prior beta layer. It's essentially
mssing fromhere. |It's 100 percent brittle.

This region, based on our ring
conpression tests and our other program this really
shoul d be ductile, locally ductile, and how this
sanple is going to behave depends on how you bend
it. If you bend it with this under tension, you're
going to rapidly initiate a crack, which is going to
go across that cross-section, and you may m ss
what ever ductility you have.

| f you do the reverse, sonething
i nteresting woul d happen dependi ng on whet her

pellets are left inside or not. Those are sone of
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the results | wanted to show you

Al'l right. That was unirradi ated. For
the irradiated, which is harder to get the
nmetal | ography in cell, basically what you're | ooking
at is a simlar type cross-section. This is our in
cell high burn-up test. Ignore this w de opening.
It's just going to put pieces together, but
essentially the oxide layer is dark. So you're not
| ooki ng at that, but you' re seeing essentially the
sane structure, very thin tips going around to
t hi cker regions.

And we've | ooked at the detail ed
m crographs of the oxide layer. It is double sided
oxidation all the way around here, the sane as you
would get in an unirradiated test. W don't expect
this region to pick up any hydrogen. So we're not
nmeasuri ng hydrogen in that region.

So what is the influence of the fuel on
the oxidation? 1It's zero. You' ve expanded about
40, 50 percent away fromthe fuel. Even if you had
fuel particles in there, it doesn't protect you
agai nst the steam

Al right. Let's go back to the
uni rradi ated graphs real quickly because |I've gotten

failures in both of these regions in bending. |If
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you nove 22 mllineters, close to an inch, above the
burst center, you're still in the balloon region

The ECR is 16 percent, but the hydrogen is 2,500

wei ght parts per mllion.

This really should be brittle, and
you're still in the balloon region. You haven't hit
t he neck region yet.

It | ooks okay. | nean, you' ve got a
nice, thick prior beta layer, but it's | oaded with
hydrogen. As a matter of fact, one of our bending
test failures did occur there.

And as you get closer to the neck, when
you get to the neck region, you essentially have one
sided oxidation, very little oxidation on this side.
| mean, ignore this. This is fromthe epoxy.

So your ECR drops way down | ow, but your
hydr ogen peaks to 3,500, and this is close to two
i nches above the burst center. So you have a
gradation of thin, weak, oxidized cladding in the
burst region, which may | ook brittle in the tests,
and then as you nove, you continue to have what may
be brittle for unirradi ated materi al .

What we're in the process of doing at
this location for the irradiated tests, we're

nmeasuring the hydrogen here and in the previous
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picture to find out if this secondary hydriding,
which is all picked up fromthe inner surface, and
the question is that oxide layer that you form that
fuel clouding bond that you formduring or up to
hi gh burn-up irradiation, is it protective agai nst
hydrogen? 1It's certainly not protective agai nst
oxygen and st eam oxi dati on.

Okay. We've seen this picture. So
let's take this picture now and let's take several
sanples with this kind of picture. Let's expose it
to four point bending which essentially at all of
t hese |l ocations you' re exposing it to the sane
bendi ng nonent, and where it fails. W're
interested in two things. Were does it fail?
Here, here, here or in between? And how does it
fail? Wat kind of failure node do we have?

Let ne do this with pictures because |
don't want to take up too nuch of your time. Al
right. | was going to physically showthis to you

But this is the sanple prior to the
test. This is after five mnutes of oxidation at
1,200 degrees C. You can see a slight bend to the
sanpl e that occurred during burst, and clearly the
sanpl e was ductile at that point in tinme. It has

got permanent plastic defornmation.
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The idea of the four point bend test --
and this was the first one | perfornmed in June, at
our June neeting -- this is the burst region. 1'm
going to put that under tension, and this ductile
region i s under conpression.

For this test |I left the pellets in, and
the pellets were supposed to be left in for the test
| was going to do, but these are 2,500 m|linmeter
| ong, 100 percent dense zirconiumpellets. They're
very, very, very stiff, and when you try to bend,
they add to the stiffness of it.

Fortunately it didn't affect -- the
thing failed before | got too far into the bending,
and in this particular test it failed right at the
center of the burst, and it failed with a snap.

And, again, |'mdoing this by hand.

It's not an Instron. | don't have a bendi ng nonent
versus deflection curve, but it failed nore like the
chalk than like this. That's just a qualitative
descri pti on.

And it also fails basically straight
across. We're in the process of neasuring. Even
t hough this was a reject sanple we weren't
interested in, because the failure is interesting

we're nmeasuring the oxygen content right here to see
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what the peak ECR is for this particular sanple.

Al right. At this point | thought I
knew everything, and so a nonth [ater when we had
our international neeting | figured | would just
take this sanple, a different sanple, turn it 180
degrees C., and put the good side under tension and
t he bad side under conpression and try to control it
to get bendi ng before a break.

That was being a little too cocky. So
that's what | was trying to denonstrate
Essentially I've turned the sanple upside down, and
so this good side is under tension -- did |l do this
right? -- and this bad side is under conpression.

| nmean, it was an interesting test
because | did it very slowy, and | did it with a
| ot of witnesses, and what | was foiled by is the
sanmpl e Ral ph showed you, and |I'I|l pass it around.
That's the one | just broke today.

As you can see what happened on the
conpressive side, again, |'mtrying to bend the
other side of this, and what happened is this burst
area fragnented. Cracks started growing in al
different directions, and the axial crack grew here
and grew down here.

When the axial crack hit the high
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hydrogen region, it snapped across the high hydrogen
region. So depending on how you do the test, |

nmean, that deternm nes the |ocation of failure, and
it's obviously rmuch nore conplicated when you put
this burst section under conpression and get these
cracks growing all over the place.

MR. CARUSO And these are without the
zirconium pel | ets inside?

MR BILLONE: This test was w thout the
zirconiumpellets, and so | was intrigued by the
results, but ny pride was hurt. So | cane back here
on August 18th and left the pellets in and repeated
the test because | was convinced | could get the
good side to show ductility.

So if you |l eave the pellets in and just
do the sanme test, the pellets stabilize this region.
It's not a great picture, and | apol ogi ze. You do
get cracking in the burst region, and the cracks go
in all directions.

But on the ductile side which is under
tension, I don't know if you can see it. This is a
pellet that's wedged in there, and essentially
you're bending with very high ductility the 180
degrees from burst part, which is at about 13

percent ECR, around that pellet, and it took a | ot
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of force to get this bending.

So, again, what does "some ductility"”
mean? This is consistent with the netall ography in
t he sense that that back side has ductility, but in
every test that I'mfamliar with when you tal k
about fracture toughness or you tal k about the
ability of a material to withstand | oads, you never
performa test this way. You always put the flawed
regi on under tension and you | ook at how that crack
gr ows.

And if it grows rapidly with very little
pl astic deformation in a structure sense, you call
it brittle. Then there's m xed node, which we're
really in, and then there's ductile behavi or where
you get bend before break.

DR. FORD: |'massum ng that these are
wast ed sanples. These are just --

MR. BILLONE: These were all reject
sanpl es.

DR. FORD: Yeah, got you.

MR BILLONE: There's little
oscillations in the tenperature history. W didn't
like themfor the --

DR FORD: But the controlled

experinments will be presumably done at different
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strain rates, different tenperatures.

MR. BILLONE: Yeah, nost definitely out
of reactor.

DR FORD: Yeah, with the fuel in.

MR BILLONE: Wth the fuel init, but I
woul d choose to do the burst opening al ways under
tension. That would be my choi ce.

DR. FORD: But is that necessarily --

MR. BILLONE: Well, if this thing bends,
| mean, |'mnot supposed to be relating this to an
actual reactor event, but if --

DR FORD: Well, why not?

MR BILLONE: -- if you had a seismc
event and you got an aftershock after the quench,
you woul d i nduce sone bendi ng.

DR FORD: Sure.

VR Bl LLONE: So, | mean, it's not
just going to bend one way. It's going to bend both
ways. So I'mjust trying to be consistent with al
testing that I"'mfamliar wth.

If you're going to take a flawed sanpl e
and test it for fracture toughness, which is not
what we're doing, we won't get a fracture toughness
out of this, and honestly, this was a nice inpact

sanmple with pellets init. | was going to do sone
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kind of tricks with it, and it failed between the
hotel and here. | don't know how it failed, but it
failed in the high hydrogen region, and | have no

i dea of the |oads inside the tube.

But basically, the idea is with the
burst opening --

DR. FORD: All I'mquestioning is you
had sone peculiar results using your sanples which
didn't go according to what your intuition told you.
So, therefore, should you not be doing your
controlled tests, not necessarily --

MR BILLONE: That's the next slide.
It's the next slide, but ny intuition was bordering
on hubris because | thought | knew the answers and
that is not how you do research.

kay. Al right. W already know t he

observations. Skip that, skip that. | am w nding
down now.

kay. | think it's two slides and we're
done.

Conparing our out of cell results with
our high burn-up results, we saw a | ot of
simlarities. Pressurization rate, neaning
permeability, when you pressurize fromthe top and

you neasure gas at the bottom and depressurization
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rates at bursts at |east down to the three
nmegapascal s of pressure are all simlar.

Maxi mum ci rcunferential strain and burst
region are nore simlar than different. Length and
maxi mum openi ng of the burst were simlar. Extent
of doubl e sided oxidation in burst region and
maxi num ECR appear to be simlar.

D fferences are the shape of the burst
region which will affect the stress concentrations
and response to bending tests, and of course, the
axi al extent of the burst region was nmuch | ess for
t he hi gh burn-up fuel than for the unirradi ated.

And the second and extent of secondary
hydri ding we know is very, very high for these
unirradiated. W're in the process of determ ning
it for the irradiated.

Expectati ons as we nove to the Robinson
HBR cl addi ng, again, all of this is work done with
| ow hydrogen content, high burn-up Zirc-2.

As we nove to the Zirc-4, the hydrogen
content, we hope to take sanples fromthe 400 wei ght
parts per mllion regions and the 800 wei ght part
per mllion regions. These contents will have an
effect, a significant effect on ballooning and

burst, as the JAERI results will show because the
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hydrogen does lower this transition from one phase
to the other phase.

And we' ve been purposely bursting in the
al pha phase to get the | argest balloon we could
produce, and essentially in order to do that, we're
going to have to increase our pressure to get the
sane kind o results for hydrided Zirc-4. So that's
one effect we know that we saw in the results of the
JAERI test, is hydrogen will affect the phase
transition tenperature, which will, in turn, affect
t he bal | ooning size. Ckay.

CHAI RMAN PONERS: Is the length of your
bal | oon regi on and the size of the opening a
function of the material or the furnace you're
testing it no?

MR. BILLONE: W just conpleted -- we
wanted to rebenchmark our in-cell apparatus. So we
put a fresh two sanple in cell in the same pl ace
t hat the high burn-up was, and we got the same
result.

So for the first order I would say no,
nmeani ng that unirradiated material without fuel in
it tends to give us a |longer burst region and a
different shape to the burst opening than the fuel

hi gh burn-up when tested in the sane appar at us.
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CHAl RVAN POAERS: | guess |'m confused

then. Put your slide back up

MR BILLONE: Ckay. | never showed you
an apparatus. W have an apparatus out of cell and
then right in cell we have a duplicate apparatus and
we have common instrumentation in between.

CHAl RVAN PONERS: But here you're saying
the simlarities.

MR. BILLONE: Right.

CHAI RMVAN PONERS: The | ength and the
maxi mum openi ng of the burst, and what |'m asking
you: is that a function of the materials or is that
a function in the way you're testing it?

In other words, if |I put a different
furnace in there --

MR. BILLONE: Oh, I'msorry.

CHAl RVAN PONERS: -- will | get a
different length and a different maxi mum openi ng?

MR. BILLONE: The answer is yes and no.
Yes, you would get different answers, but you'd
still get the same -- | think you'd still get the
same relative simlarity between irradiated and
uni rr adi at ed.

In other words, we're getting about a

hal f inch burst |ength.
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MR, ROSENTHAL: Wiy don't you put up the

slide that has the burn-up, the high burn-up fue
burst above and the unirradi ated bel ow, you know?

MR, BILLONE: Oh.

MR. ROSENTHAL: One is taken through the
wi ndow.

MR. BILLONE: Yeah.

MR. ROSENTHAL: You know, the yell ow,
and then if you could find that, then people could
stare at that and deci de whether the characteristics
of those two bursts are simlar or different.

CHAI RMAN PONERS: Wl |, that m ght be an
interesting exercise, but it doesn't yield results
that are very useful to nme. The result that I'm
interested in is you get this kind of a burst in
your test.

MR ROSENTHAL: Ri ght.

CHAI RMAN PONERS: What 1'd really like
to know i s what kind of a burst do | get in the
reactor.

MR. BILLONE: Ah, okay. | tell you one
thing that will be different is, since our
relatively uniform heating zone is about 125
mllinmeters, about five inches, we're not going to

get a balloon longer than that, and that's test
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speci fic.

The strain that we get is pretty nuch --
will be different for different internal pressures
that you start with, and we're shooting for
sonething |ike 60 percent. W get sonething between
40 and 60, which varies fromtest.

That's really up to nodel ers or whatever
you want to say to translate this data, these data -
- sorry -- into reactor relevant conditions. W're
| ooki ng for phenonena that are different between
hi gh burn-up fuel and regular fuel when tested under
t he sane conditions, and that translation will be
made separately by EPRI and by NRC to how rel evant
this is to reactors.

So we never intended to run tests that
woul d directly be applied to a full length rod and a
bundle. We're nore hunble than that.

MR SCOIT: This is Harold Scott. Let
me just nention just thinking about all of the tests
that they did at Gak Ridge and in Germany and in
ot her places with unirradiated and irradi ated rods,

t he ball oons were always rel atively short except for
the ones they did in England, and those had a
particul ar reason why they did that, and these were

bundl ed tests. They had |ong, heated zones.
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So froma material property, as M ke
said before, you're going to find one little place
that goes first, and so it's alnpbst inpossible to
get a long | ength ball oon.

Now, maybe they'll have slightly
different shapes. | think that fish nouth thing may
| ook different in the same apparatus or from
di fferent apparatus, but in general, the total
| ength of the balloon is always going to be short.

M5. YANG Can | just add one nore
t hi ng?

MR. BILLONE: Yeah, Rosa.

M5. YANG | think in ternms of uniform
tenperature this is probably nore uniform here than
in the reactor, so tend to pronote the balloon size.

And anot her difference between this and
the reactor is these tests are heated fromthe
outside on the cladding. So, in fact, the cladding
tenperature is hotter than the fuel, while in the
LOCA in the reactor the tenperature of the cladding
comes fromthe fuel. So if anything, this
particular test is nore conservative in terns of
pronoting the ball oon because of the way the
experinment is heated.

MR, BILLONE: Ckay. |I'mgoing to --
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CHAl RVAN PONERS:  |'m puzzled with that

one a little bit. Wy does this |lead to a nore --
MR BILLONE: |'m not responding.
CHAl RVAN POAERS: -- a | onger ball oon
than in the reactor? Because assuredly | have seen
in reactor tests with balloons that were that |ong.

So I"'mgoing to have to think about that a little

bi t.

MR BILLONE: Al right. Let me just
tell you where we're going, and then I'Il sit down.
| prom se, | promise, | promse.

What | would Iike to do, what we can do
easily out of cell in an Instron, which has just

arrived this week, a new tabl etop nodel just for
this purpose, is as | nentioned before, we know at
zero ECR we can see the specinmen bend. W know it

has got plastic deformation froma structural point

of view.

Al of the tests we've been conducting
up till now have been at a 20 percent cal cul at ed
ECR. It's very inexpensive to just march down.

These are hold tines, and so just fromthe ranp
al one, you're at three percent ECR, and as you go up
intime one mnute, two mnute, three mnute, four

mnute, five mnute, you will probably recapture
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nore and nore ductility in that ball oon inverse
regi on because we know before we even oxidi ze and
we're at zero ECR we're ductile. W think we know,
but we're going to put it in an Instron to find out,
that this essentially would ook like a brittle

mat eri al under bendi ng.

And there will be an ECR and again,
these are calculated with Cathcart-Pawel nodels. So
this is like the Baker-Just 17 percent, sonewhere
around two mnute test.

CHAI RVAN POAERS: Now, what woul d
learn fromthis?

MR, BILLONE: What would you learn from
this? You' d get a better feeling of what some
ductility meant and what ECR it corresponded to. In
other words, it would be conpletely ductile prior to
t he oxidation and nmay appear brittle here and nmay
appear quite ductile here.

Al | have is two extrenes. | have what
t he shape of the LOCA test specinen is after burst,
whi ch has got sone pernmanent bending in it, plastic
bendi ng, and | have hand denonstrations at this
| evel which suggest that froma structural point of
view it behaves in a brittle nmanner.

Al right. These would all be done in
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an Instron, and you woul d get a bendi ng nonent
versus deflection curves, and you' d | ook and see
whet her you got --

CHAI RVAN PONERS: Well, | guess | can
certainly see why it mght be useful to do one at 20
and one at 16. It's the nine and the three that I
don't understand at all.

MR BILLONE: Well, we'd start here and
wor k back. See, what the problemis -- okay. 1"l
tell you. Now I know what the nine and the three
is. That hydrogen pickup occurs very early in the
process. It's not correlated with absolute ECR  So
as | make the balloon region stronger and nore
ductile, do I just sinply shift the failure | oad
to --

CHAI RVAN PONERS: Ch, okay. Now
under st and.

MR BILLONE: | forgot. | forgot why I
didit. So you mentioned it. Al right, but that's
somet hing you can do easily out of cell.

Let's end it with that. W' re working
very hard to do the in cell quench test as soon as
possible. Wth the Linmerick, we may do one nore
Limerick, a total of two quench tests, and then nove

on to the Robi nson.
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CHAl RVAN PONERS: How do your efforts in

t he quenching relate to the quench programin
Ger many?

MR. BILLONE: How do they rel ate?
Soneone remind ne. Are these |ow burn-up fuels, old
progr anf

CHAI RVAN POAERS: | think it's no burn-
up fuel.

MR. BILLONE: |It's got to be old.

MR SCOIT: A severe accident, right?
They take themup to 2,800 C. and watch how much
hydrogen cones out, then quench them

CHAIl RMAN PONERS: Wl I, | think that in
their international standard problemthey were
actual ly doing a quench for a DBA; that they do do
tests. | know Quench 7 and Quench 9 are definitely
severe accidents, but | think the internationa
standard problemis intended to be a LOCA DBA

MR, SCOTT: They did burn sone at | ower.
That's true.

CHAl RVAN PONERS: Yeah. | believe that
to be the case, but |I'm asking you guys. |'m not
supposed to answer that question.

MR BILLONE: Harold has to answer that

one for ne. |'"'mnot famliar with those tests.
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CHAI RVAN POWERS: | nmean, they're

clearly out of pile tests, but the interesting
feature of them of course, is that they're bundles
and not --

MR BILLONE: right.

CHAl RVAN POAERS: -- and not single
rods.

And so that |eads nme to the next
guestion. What do you need to know about fuel
bundl e behavi or that you're not going to learn from
single rod tests?

MR, BILLONE: Just about everything. As
Ral ph nentioned, with a fuel bundle, you' re going to
have bursts at different |ocations unless they're
going to be coplanar, and | guess sone of the issues
are -- and I'mnmaking this up as | go along -- if
you have any vibrations and you have these ball oon
regi ons, the whacki ng agai nst the nei ghboring rod,
or if the bending during a LOCA event is not
perfectly in phase for every rod, you're going to
have not only bending | oads, but you're going to
have sone inpact | oads.

And | think -- well, plus, you don't
have an infinite roomto balloon burst, and you're

going to hit the next rod. So you're --
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CHAl RMAN PONERS: And does that do

anything to you?
MR BILLONE: Well, | don't think it's
going to affect your core coolability, but I'm--
CHAl RVAN PONERS: Cee, | would think so.
You're not going to cool the two parts to the touch.
MR BILLONE: Well, no, but you'll have
alot of -- that's sonebody else's area. That's ny
take, the core coolability versus --

CHAI RVAN POVERS: Could we --

MR. BILLONE: -- not an issue per
bundl e.

DR. MEYER  This is Ral ph Meyer.

MR. BILLONE: Jack, can you help ne out?
Ral ph?

DR. MEYER Let ne say that this really
was a nodest program W did not set out to
readdress questions that m ght not have been
answered satisfactorily about single rod versus
multi-rod or bundled tests. W set out only to | ook
at burn-up effects, which I think we can do
adequately with single rod tests.

Now, that nmay not answer multi-rod
tests, questions about nulti-rod behavior that you

m ght have, but we really never attenpted to do
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t hat .

W did not at the outset have any nulti -
rod questions that we thought were burning, and so
it's just not in the scope of things. Although this
programis expensive in ternms of current budgets,
this is a very, very nodest program conpared to the
amounts of noney that were put in during the days of
mul ti-rod burst tests, and | just don't think we can
answer those, any of those questions.

CHAl RVAN POAERS:  Well, it's a question
that the Subcommi ttee has got to answer.

DR MEYER |'msorry?

CHAIl RMAN PONERS: It's a question the
Subcommittee has to address.

DR MEYER  Yeah

CHAl RVAN POAERS: | nean, the question
actually is pretty succinct. Are we getting
anything out of these tests with just a single rod,
or do we have to go to multi-rod tests, and the
single rod tests are just interesting academc
exerci ses?

| mean that's the question that the
Subcommittee has to address.

DR. MEYER  Well, | think you have to

ask the question in tw parts. One is do you have
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to go to nulti-rod tests in order to see the effects
of burn-up, and then the other part is do you have
to go to nulti-rod tests in order to answer
qguestions that you never thought were adequately
answer ed before.

MR. ROSENTHAL: The program addresses
the former but not the latter.

MR BILLONE: | think in ternms of our
focus, which is to address ductility, post-quench
ductility of high burn-up, | think what we're doing
is okay. There is a broader question that you're
asking. It's not just academ c to |earn whether
hi gh burn-up fuel picks up 4,000 ppm of hydrogen or
zero hydrogen on the other surface, and it's not
academc to learn that it has perneability that
allows gas to flow to that balloon region and
sustain it and keep it going. These are unknown,
totally unknown questions that are addressed by
nodel i ng prior.

So there's a | ot about fuel and claddi ng
behavior that we're able to learn that will teach us
somet hi ng about a single rod. Putting that together
into a bundle is another world for ne.

Does anyone have mny sanple that | passed

around or did it get -- okay. Thanks.
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Al'l right. Shall we go on?

CHAIl RVAN PONERS: Wait, wait.

MR. ROSENTHAL: Dana, |et ne just say,
you know, in ternms of ny own thought process, |
think that in overall LOCA activities we're going to
be enphasi zing small break LOCAs over | arge break
LOCA, and we have to | ook at small break LOCA
phenonenol ogy as sonme sort of design basis, and
that's not to say that once we define sone break
size we'll still look at bigger LOCAs, but we'l
| ook at those through the | enses of severe accident.

So that when we do that exercise we'l
stack up what we think we don't know wi thout being -
- because | think in the past we've been what | cal
| arge break LOCA-centric. So then when we restack
for the future risk infornmed LOCA rules wthin that
smal | break LOCA context with the severe acci dent
stuff with the bigger breaks, | don't know where the
multi-rod tests will come out against all of the
ot her phenonenol ogy that we'll be interested in.

But that would be the context that |
would love to put it in.

CHAl RVAN PONERS: | under st and what
you' re sayi ng.

VMR OZER: M. Chairman, this is dell
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Ozer.

May | read a passage from NUREG 1230
relating to the coolability issue where there are
mul tiple rods or the coolability in reactor? My |?

CHAl RVAN PONERS:  If you think "1
| earn sonething fromit. | have no idea what NUREG
1230 is.

MR. OZER. This says that research
conducted since the ECCS hearings has in general
yielded two inportant results. The first is that
total blockage is nearly inpossible to attain -- and
this is based on a reference fromBNL -- even if the
2,200 and 17 percent ECR criteria are closely
approached or exceeded.

A second result is that even cases with
| arge bl ockages remain coolable. In fact, a nunber
of experinental cases in which the bl ockage actually
enhances | ocal cooling, this has been docunent ed.

MR, LAUBEN:. Excuse ne. Dana, NUREG
1230 i s a conpendi um of ECCS research that was
publ i shed in about 1980 --

MR. QZER: 1988, yeah.

MR. LAUBEN. And | think that you're --

MR. CARUSO Get a mc.

CHAl RMAN PONERS:  You have to conme to a
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m cr ophone.

MR. LAUBEN. You're tal king about ECCS
coolability in there. |It's not necessarily talking
about the phenonenol ogy of clad ball ooning and
rupture, and nost of the ballooning and rupture
experinments that were done with cooling were done
with fairly prescribed geonetries for the ruptured
and swol | en region.

Not to say that they were wong. Sone
of themwere even flat plates in the early days, but
others were nore typical of ballooned regions.
However, | don't know how those tests would have to
do with the typicality of ballooned regi ons based on
the -- you know, for those kind of tests.

MR OZER: | thought the question was of
interference between adjacent rods, when you have
bal  ooning not just in one rod, but in nultiple
rods.

CHAl RVAN POAERS: The questi on was
explicitly what is it that we need to know about
real reactor behavior that we're not going to get
fromsingle rod tests.

The answer was nearly everything, which
was a distressing answer, but perhaps an honest and

true one, and | 'ma bit at a | oss because | know
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the Commttee has to address this.

The question had been posed a little
differently to us. The question had been posed:
are we going to learn so little fromthe single rod
tests that there's no point in carrying themout?

| think that what we've |earned today is
enough to dispel that particular version of the
guestion, but the nodified version, is there nore
needs to be done, is still alittle open to ne.

DR. MEYER  This is Ral ph Meyer.

Let nme --

CHAl RVAN PONERS: Let ne --

DR. MEYER  -- address your question
before --

CHAl RVAN PONERS: Let nme first of all --

DR. MEYER  kay.

CHAl RVAN POAERS: -- tell you that Dr.
Kress is going to take over chairing the session
because in about 15 minutes |I'mgoing to run up and
talk to the boss nan.

DR. MEYER  Ckay. Wen the nmulti-rod
tests were done earlier. Harold can help nme out if
| oversinplify this too nuch, but it seened to ne
that there were really only two substanti al

conclusions fromthe nulti-rod tests, and that was
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that the burst sizes and appearances were about the
same as you saw in the single rod test, and that the
burst | ocations were not copl anar.

So there was not a |lot of detail that
cane out of the multi-rod test in ternms of what you
need for a safety analysis. Now, if that's an
oversinplification, then somebody will correct ne,
but as we noved into high burn-up effects, there was
not hing that cane to our mnd about bundle effects
that woul d be raised by high burn-up effects. It
all | ooked |like we could address the burn-up
guestions by | ooking at single rods.

CHAI RMAN PONERS: Wl |, about two years
ago -- when did the French talk to us? About two
years ago we had a presentation from--

DR. MEYER Al an Myatt (phonetic).

CHAI RVAN PONERS: Mar (phonetic), who
cane in and showed us some interesting pictures and
what not, and he argued fairly passionately that
there was a bundl e effect here.

Since the time | have seen sone
calculations on really basically dealing with heat
transfer of single rods versus bundl es which says,
wel I, on heat transfer effects | just don't |earn

anything fromsingle rod tests. So | really have to
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go to bundles, and even nulti-bundle to understand
t he heat transfer.

The question we're struggling with now
is a nodified question. |s there nore we need to do
to understand what goes on in the reactor accident?

DR. MEYER  Does Rosa want to comrent on
this? | don't have anything to say right now

M5. YANG | think the bundle one -- |
forgot the name of the test -- | think you have
sunmarized it quite well.

The only other thing | renenber was
t hese bal |l ooned regions were all in the m dspan.
None of themare really close to the grids. So sort
of confirm ng what you said earlier, the axial
constrain effect is not big.

| think what Al an Myar (phonetic), at
| east the presentation | heard when he was pronoting
t he Phebus program was nore on the fuel relocation.

| haven't heard hi mnake any really argunent, even

argunment -- forget about convincing
CHAl RVAN PONERS:  Yes.
M5. YANG -- to say there's any really
bundl e effect, except his test is a five-by-five
array.

So | thought because of that he since
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has changed his enphasis to nore focus on source
termin addition to LOCA

DR MEYER  Yeah, | had the sane
under st andi ng, that Myatt's main concern was the
axial relocation, which is going to be | ooked at as
carefully as we can in the out of reactor tests at
Argonne, and al so specifically in the Hal den test.

The Hal den tests are designed al nost
exclusively for that purpose.

CHAI RVAN POVERS:  Ckay. You may @o
ahead, M. Chairman. Charge ahead, Ral ph.

DR KRESS: |'malready here. Go ahead.

DR. MEYER Ckay. So | thought | woul d
tell you a little about what | know about the fuel
damage at the Paks Nucl ear Power Plant in Hungary.
|'mnot going to attenpt to give you a detailed
description of the chronology of events and things
i ke that.

What | want to do is just to go quickly
over what happened and then to informyou of an
interest that NRC has in cooperation with CSNI in
some possi bl e cooperative effort to exam ne the
damaged fuel that are in this cleaning tank

So the background is that after

chem cally cl eaning some steam generator tubes in
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the Paks Unit 2, that they had a crud build-up on a
| ot of fuel elenments, and they had hired Sienens
from Germany, which is now part of the Framatone
organi zation, to conme in and clean the fuel in a
speci al cl eaning machi ne that they had.

So they had a big tank. They could put
30 fuel assenblies in this tank at one tine. Now,
t hese are VWER fuel assenblies. They're small
hexagonal array assenblies with a flow shroud around
them and they had used this successfully on five
bat ches of fuel and were cleaning the sixth batch of
fuel when, because of the unavailability of a crane
one evening, they left the fuel in the tank
overni ght to be noved out of the tank the next
nor ni ng.

Now, in this cleaning tank there were
three circulation punps. There was a | arge punp
whi ch they used during the cleaning operation, which
had been conpleted. So they had put the oxalic acid
in and renoved the crud and taken sanples, and they
were satisfied that it was done, and they had
flushed it, and they had turned off the nmin cool ant
punp and left running a smaller punp.

There was al so a back-up smaller punp in

case of sone failure, but there was no failure in
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the punp. The small cooling punp which they thought
woul d be adequate to keep it cool overnight was |eft
runni ng.

It was not adequate. There was a
problemw th the circulation, and so there was
overheating. They believe there was as steam bubbl e
that formed in the top of this tank, and there was
some rel ease of fission products. Noble gas
activity was detected several places in the plant.

This is a picture of the cleaning tank.
|'"mreally not going to do nuch with this picture,
but it's fairly large. Here you see one of the 30
assenblies. There's this upper grid structure, and
a lower grid structure. There are, in fact, some
bypass flow holes in the shroud which may have
figured into the inadequacy of the cooling. There
was al so the possibility of sonme m salignnent of the
nozzles in the lower plate.

The details of this are uninportant from
our point of interest here now, and so | just show
you this. This tank is subnerged in an area between
the reactor and the storage pool, and it has
interfered with further operation of the plant. So
the plant is shut down at this tine.

So all 30 fuel assenblies are badly
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damaged. We've seen sone pictures. |If you visit
over there they'll show you sone pictures, but they
won't give you anything to take away. So | don't
have any pictures that I can show you. 1'll try and
descri be some of the danmage a little bit.

Fromthe activity rel eases we were able
to just nmake an estimate. Well, we were told that
roughly 20 percent of the gap activity was rel eased.
This is based on detector neasurenents, and from
that estimate it seens to us that sone of the fue
got kind of warm but it didn't really get hot. If
you had gotten above 2,000 Centigrade, you'd
probably start seeing nore than gap activity, and
they didn't see anything nore than gap activity.

So this was our inference about the
possi bl e tenperature limts, which, in fact, are
consi stent with calcul ations that have been done in
Hungary and in Germany on this.

Now, |'ve seen pictures of sonme of this.
The shrouds, nmany of them are broken just bel ow t hat
upper grid area. |It's a strange | ooking geonetry
that's left. Many of the fuel assenblies are
intact. Many of them have the top broken and are
just laying askew.

There are pieces of the channel box, of
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the shroud wall that maybe are ten or 12 inches |ong
and several inches wide that are just m ssing.

You can | ook inside of these open pl aces
in the shroud and see fuel rods. So there are a | ot
of fuel rods that are left intact in the bundle
array.

And now | wish | didn't have to tell you
this, but we see | ong sausage balloons in sone
pl aces.

CHAl RVAN POAERS: Wiy do you not want to
tell me that?

DR. MEYER  Because we just told you
that all of these balloons were short.

CHAIl RVAN PONERS: But | didn't believe
you when you said that anyway. So | nean, we know
we can get | ong sausage ball oons. W' ve done it
before. Coming in and telling ne that you --

DR MEYER Well, Ed Hindle did it in a
big nuffle furnace where he had creany snooth
uni formtenperatures, and we never saw that kind of
behavior with internally heated test runs.

The thing here is that you've now been
shut down for a period of weeks. The heat
generation rate is extrenely low, and within this

shroud there are obviously sonme areas of very
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uni form heating which is not the result of any
significant heat flow fromthe fuel where | oca
variations in gap can --

CHAI RVAN POAERS: If you're trying to
persuade nme that we'll never see |ong sausage
bal I oons in reactor accidents, give up now while
you' re ahead.

DR MEYER Well, there's one other --

(Laughter.)

DR. MEYER Well, | haven't told you the
ot her thing, which is that the sausage bal |l oons,
insofar as | can renenber seeing them were
relatively small in dianmeter and so far none of the
| ong bal | oons were seen to be ruptured. They did
see a nunber of balloons that were ruptured, and
they were all short.

So we don't understand all of this, but
the fact that there are ball ooned rods which have
not been "rubbl ei zed" still inside of these flow
shrouds | think makes this nmuch nore interesting for
pat hol ogi cal exami nation than if it had just been a
rubbl e pile.

CHAI RVAN POAERS: | nean that's all a
very fair statenment, but where | run into trouble is

saying X or Y can never happen. Sinply because
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you' ve never seen it in an experinent you' ve done
with one foot sections, that's where | have rea
troubl e.

M5. YANG Ral ph, did they estimte how
long they were left at high tenperature tine-w se?
Was it overnight?

DR. MEYER  Well, yeah, it was overni ght
that it was left |ike that.

PARTI CI PANT: Didn't they stop the main
punp in the afternoon and then they noticed
sonething in the evening, sonething |ike that?

DR MEYER Yes. It was fairly late in
t he eveni ng.

PARTI CI PANT: It was |ike nine o'clock,
and they noticed sonething at |ike 11.

DR MEYER  And then about an hour [later
they started noticing some pressure increase and
t hen sone activity.

| don't -- | didn't prepare to give you
a chronology of this, but I can tell you that Ann
MacLachl an wote a real nice summary of this in the

May 8th Nucleonics Wek. So if you want a good

summary of the overall event, that's one of the best
pl aces to | ook for it.

Now, what we did was to di scuss the
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possibility of sonme cooperative effort to exam ne
the fuel, and there was a nmeeting to discuss this in
Budapest just a couple of weeks ago, and the
participants there were from NRC. There were two of
us fromNRC, one guy fromIRSN in France, two guys
fromGRS in Germany. So this was not Sienens. This
was anot her part of the German popul ation, the GRS
I nstitute.

O course, in Hungary you had the Atomc
Energy Authority, the personnel fromthe power plant
and al so the research institute, KFKI

The Russian teamwas interesting. Just
two days before the nmeeting, the Russians had been
awarded the recovery contract, and the contract went
to TVEL. They call it TVEL. |It's T-V-E-L, and so
TVEL was there, and they had a teamfor this
recovery effort, and the teamincluded the Bochvar
Institute, which is sort of -- TVEL is the
manuf acturer. Bochvar is sort of the design
institute. Kurchatov, which is an i ndependent
institute, and then |I can't renenber whether the
other fellow was from Dmitrovgrad or not, but
Dmtrovgrad, the reactor. Russian Institute of
Atom ¢ Reactors was the fourth partner in this

consortium of Russian institutes and conpani es, and

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

220

that's where the hot cells are.

DR. KRESS: Ral ph.

DR MEYER  Yeah

DR KRESS: Do you have any idea of what
burn-up this fuel had been taken to?

DR MEYER | just don't recall. I'm
sure we can find out, but | don't recall. | don't
recal | .

M5. YANG Probably not very high
They're cleaning it and then putting it back in.

DR KRESS: Yeah, that's what | would
have t hought.

DR MEYER Right. So it wasn't fresh,
and it wasn't ready to be discharged. |n between.

So anyway, we discussed this possibility
of cooperative effort, and there was sort of
agreenent in principle to continue considering this
possibility. There were no najor decisions made at
t he neeting.

There were, of course, two organizations
there that had concerns about this. One was the
Paks Power Pl ant peopl e because they don't want
anyt hi ng done that m ght sl ow down the recovery of
the plant, and then TVEL, the Russian organization,

didn't want anything that mght increase their costs

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

221

or slow up their part of the recovery effort.

But notw t hstandi ng, the val ue of doing
this seemed to be pretty widely recognized. There
was interest comng fromCSNI. M. Thadani is the
current chairman of CSNI, and so it's kind of an
NRC-CSNI interest. Carlo Vitanza, the staff person
from NEA, was there, and he now has the assi gnnent
of preparing a witten proposal which will, |
believe, be first reviewed by CSNI and then
presented to the Hungarians for consideration.

Now, all of this has to happen
reasonably fast because the recovery contract calls
for conpletion of that in six nmonths. So the
Russi ans are going to nove in and nove fairly fast
to get this tank defuel ed and noved out of the way
because it's blocking traffic right now

DR KRESS: Since this is a Russian
firm would these -- | presune these tests have to
be done in a hot cell

DR MEYER \Well, now --

DR. KRESS: Wuld they be done in
Russi a?

DR. MEYER Now, that's interesting, and
| shouldn't speculate too nmuch on this, but you see,

fromny point of view and the fuels research program
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at NRC, we have a group in Russia who are working in
this very area, and they are Kurchatov and R AR, but
they' re not exactly the same people.

The Kurchatov people that were part of
the TVEL team were not the nuclear safety institute
that we deal with

DR KRESS: | see.

DR MEYER But they're in the same big
institute. So | don't know how this is going to
play out. W have our Russian coll eagues who we've
been working with on oxidation studies who are
know edgeable in this area and placed in the right
or gani zati ons.

And then you have TVEL with the recovery
contract who will want things to run snmoothly, and I
don't know how the pieces will fit together, but I
just thought it mght be of interest for you to know
that there was this effort going on to try and
secure -- probably we would Iike to get one conplete
fuel assenbly. Maybe the top is broken off of it,
but this would give us sonme highly damaged fuel,
some not so danmged fuel, and sone intact ball oons
to | ook at.

DR. KRESS: And what would you | ook for?

DR MEYER Vel --

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

223
DR KRESS: The degree of oxygenation?

DR. MEYER  There are several obvious
things to look for. The first one to look for, in
my opinion, is why did the side of the flow shrouds
fall out, just pieces, just big chunks, you know,
footbal |l size, cross-section areas mssing. And it
is likely to be fromsevere hydridi ng because this
is a closed, bottled up system which had oxi di zed a
ot of zirconium and so you built up a high partial
pressure of hydrogen, which also has gone into the
zi rconi um sonmewher e.

And so | think the first thing of
interest is going to be to | ook at hydrogen
absorption and effects on the materi al s.

| al so think exam ning these ball oon
sections will be of value, particularly if what we
t hought were | ong, extended balloons are truly | ong,
extended balloons. It will be interest to | ook at
t hose and see what we can understand fromthat.

| guess going into this our expectations
are nodest. There's no burning question that we
have that we think would be answered by this, but
it's certainly an intriguing event. It involves the
ki nd of phenonena that we're studying actively for

LOCA behavi or and al so for spent fuel behavior, and
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it would just seemto be a shame not to go in and
have a | ook at an event that has preserved sonme very
i nteresting | ooking specinens.

DR, KRESS: As long as you can get a
bunch of people to cooperate and it doesn't cost you
too nmuch, it mght be well worth it.

M5. YANG May | ask what are the
materials for the cladding and for the shroud?

DR MEYER It's E110.

M5. YANG E110? Ckay.

DR MEYER It's the standard VVER
cladding. O course, there are varieties of WER
cladding. | mean of E110. There are varieties of
E110, oxidized, annodi zed.

DR KRESS: Does that make it |ess
attractive to you?

DR. MEYER No, not really, because you
know, E110 is zirconium one percent niobium made by
a different conpany, and it has sone very different
behavi or characteristics, and we're still interested
in figuring out what is causing this.

|'msure a | ot of people are interested
besides us. So it's a very intriguing possibility.

DR. KRESS: | guess whenever you get

this proposal in |ate Cctober we m ght get a | ook at
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DR MEYER | can't say howthis is
going to go. The negotiations are somewhat delicate
because the whole situation is in litigation over
the responsibility for this, and we have to nake
sure that we don't interfere with normal processes
of plant recovery and whatever financial recovery is
i nvol ved.

We have to just stay clear of that, and
for that reason, sone of these things may be done
diplomatically and a little discretely. | sinply
don't know.

DR. KRESS: [It's not one of the things
that this Commttee normally | ooks at anyway when
you get into these cooperative prograns.

DR MEYER We're sinply asking the
Hungarians to | et us have an opportunity to | ook,
and we have to be patient and polite about it.

DR. KRESS: Sure. Ckay.

DR. MEYER |'m fi ni shed.
DR, KRESS.: | guess we're at the dry
cask storage conditions. W'Ill hear from M.

Bi | | one agai n.
We're al so scheduled to take a break at

this tine. Do you guys feel like this would be a
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good tine to take a 15 m nute break?

MR BILLONE: It's a good tinme to take a
break before you let ne start talking.

DR. KRESS: Yeah, let's do that. Ckay.
|'mgoing to declare a break for 15 m nutes, and be
back at 3:15.

(Wher eupon, the foregoing matter went

off the record at 3:01 p.m and went

back on the record at 3:18 p.m)

DR. KRESS: Could we please cone to
order and resune the neeting?

MR. BILLONE: Al right. W're going to
switch subjects to dry cask storage, and you'd
better let nme get started so that you can get to
supper tonight.

There's two aspects of our program One
is dry cask storage |icense renewal, and let's cal
it low burn-up fuel |ess than 45 gi gawatt days per
nmetric ton by this world. Qur work has been
docunented in a NUREG report, CR-6831, which is
comng out the end of this nonth. W are at the end
of this month so it should be out now.

That's work with Surry PWR fuel rods at
36 gigawatt days per netric ton. W're fortunate to

have those. They were dry cask storage for 15 years
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in a heliumenvironment.

We took 12 of those rods out of one of
t he subassenblies, and we did profilonmetry to | ook
at any interesting possible changes in cladding
di aneter due to creep while they were in storage.

We saw none. All 12 rods | ooked pretty nuch
identical, and they |ooked pretty nuch |ike they
woul d | ook as they would cone out of a reactor going
into the wet pool.

We did fission gas analysis on four of
the rods. This was done at Argonne West. Fission
gas release is half to one percent, which is typica
of this kind of rod at this burn-up, and three of
the rods were sent to Argonne East -- that's us --
for destructive examnations. |'ll show you sone
results on those.

We did thermal creep studies from 360 to
400 degrees C. to see what kind of residual creep
life was left in these sanpl es.

The purpose of this is twofold. One,
this work was sponsored by EPRI, NRC and DCE-RW So
one purpose was if these rods had gone in at higher
fission gas pressure, would they have had residual
creep lag to nake it the first 20 years.

DR. KRESS: Are those typica
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tenperatures in a dry cask?

MR BILLONE: Typical tenperatures now,
everything is under 400 degrees C. for the whole
process. That's the recommendation of |1SG 11, Rev.
2.

So this would be typical of starting
tenperatures, and we picked those tenperatures
because we're in a laboratory framework with a
[imted amount of tine. W can't run 15-year tests.
So this would be typical of the upper bound
t enperat ure.

The second purpose of doing this was for
DOE- RW because at the end of storage, these
assenblies will be reconstituted -- not
reconstituted -- reconsolidated and put in a
repository site with an el evated tenperature.

So at the end of 15 years for Surry, it
woul d have started at sonething |ike 350 degrees,
355 degrees C., ended at sonething like 150 to 200
degrees C. So that tenperature would go up for a
while in the repository and conme down agai n.

W al so have axial tensile tests in
progress, roomtenperature to 400 degrees C. W got
interested in radial or reorientation and axi al

redi stribution of hydrides and what those effects
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m ght be, and we've al so proposed and have sanpl es
for post-storage post-creep, bending tests, and
there's been a request for some kind of inpact test
to represent possible transportation | oads,
particularly after the storage when you're going
fromthe dry cask storage to the repository.

The second part of our programis high
burn-up spent nucl ear fuel behavior issues, and for
that we're using the Robinson rods. Several of the
rods were selected for this part of the study.

In progress is fuel actinide and fission
product concentration neasurenments and burn-up
analysis. This is for our code people and for burn-
up credits, which I"'mnot an expert on. So | won't
el abor at e.

DR KRESS: Is this for behavior in
spent fuel pools or in dry cask?

MR BI LLONE: No, no.

DR, KRESS: This is dry cask?

MR, BILLONE: This would be in dry cask.

DR. KRESS:. kay.

MR BILLONE: However, the DOE-RWi s
also interested in this kind of analysis. You have
to do a criticality analysis and see howtightly

you can pack everything.
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Al'l right. W chose essentially the
same matrix of 360 to 400 degrees C. and tensile
test, roomtenperature to 400. These rods had gone
t hrough not the traditional process, but they had
seen tenperatures as high as 415 degrees C. during
vacuum anneal i ng or during vacuumreally, being in a
vacuum envi ronnent .

These rods came to us out of the wet
pool. So they haven't seen that kind of treatnent.
So in addition to thermal creep, we're interested in
| ooki ng at annealing and reorientation,
redi stribution of hydrides, particularly during the
vacuum dryi ng process, and effects of these things,
anneal i ng and hydride orientation, on mechani cal
properties. And by "nechanical properties” |'m
including creep in that.

So, again, sanme picture. W need to do
somet hi ng post-storage, post-creep. W' re proposing
bend tests. Qur creep sanples would be ideal for
t hree point bend tests.

There's no universal agreenment on what
is the best test to do or series of tests to do
foll owi ng storage such that you can safely handl e
these things. They're not going to shatter on you,

and you can transport them
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And so, again, sone kind of inpact
tests. There's a couple that we could do. The
question is: what do you do with the data?

We can generate sone data, Charpy inpact
type data or even pendul um data. Again what do you
do with the data?

| don't think that's been conpletely
resolved, but it's in our test plan to do sonet hi ng.

Let's go back to the earlier slide |
showed you; only now let's just focus on those rods
which we're going to use in this program and a | ot
of the data we're generating here is also going to
apply to the nmechanical properties data we need for
RIA. As you'll see, we're basically going to be
using two strain rates, one noderate and one fast,
and those data will be useful to both prograns.

So the Surry rods we'll tal k about
first, and then we'll talk about the Robinson rods.
W do have the TM -1 rods, thanks to EPRI and Rosa,
that we use to benchmark the nechani cal properties.
But if you |l ook at the next slide, you'll see that
we have an interesting range of hydrogen contents
and fast fluences, and those are the things that you
correl ate nodels to.

So we're actually very fortunate. |f
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you ignore the storage at Surry, which appears to be
beni gn, you' ve got fast fluences in these units from
seven to nine to 14. So it's a factor of two and a
potenti al hardeni ng nechani smand enbrittling
mechani sm due to neutron damage.

And significantly, forget the oxide
content. That's not sonething we correlate to. W
correlate to what's inside the netal, and what's
inside the metal is for Surry |less than 300 wei ght
parts per mllion, up to 300 wei ght parts per
mllion of hydrogen. The TM is a little bit |ower,
and then up to at |east 800 weight parts per mllion
hydrogen in the Robi nson.

So we expect differences in nechanical
properties and even creep properties and ductilities
between those two. So it's actually a nice matrix
of materials to work wth.

Let's start with Surry, and then
everything that we study, the netallography, the
hydride orientation that 1'Il show you, everything
seened rel atively benign.

There's only one mldly interesting
t hing, and the question is with this long rod and
the axial tenperature profile over 15 years, does

hydrogen nove fromthe hot inner regions or m dpoint
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region of the rod to the col der ends.

So there's a tenperature profile and
storage, and so we had commr ssioned to do three
hydr ogen neasurenents, a mdplane, a half a neter
above and one neter above, and everything was going
fine and the oxide increased the way it was supposed
to. The hydrogen increased the way it was supposed
to until we got to the last reading, and it
decr eased.

This | ocation happens to be just where
you start the down slope in tenperature. So what we
have in progress is going higher to one and a half
neters and then the plenumregion, and the only
i ssue here is do you get hydrogen accunul ati on at
t he col der ends that would tend to enbrittle the
col der ends.

What's ni ce about having the Surry rods
i s DOE- RW happened to have a | ot of noney this year
for sabotage considerations and dry cask, and so
they want a little bit of the m dplane of this third
Surry rod, and they will pay a | ot of noney for
characterization. So we'll get oxide thickness, a
coupl e of hydrogen readi ngs and isotopics at two
| ocations, actinides, and fission products.

And TBM neans to be neasured. That
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nmeans the noney is not there and is not paid for by
NRC, but NRC and EPlI get the data fromthat. And
they only want a little bit to make rodlets and
Sandia is going to shoot shaped charges through them
and wee what kind of aerosols conme off.

" mnot involved in that part of the
pr ogr am

DR. KRESS: | was wondering what you
were going to do with that.

MR, ROSENTHAL: Wait, wait, wait. |
think if we start saying nore we're going to have to
go into cl osed session.

DR. KRESS: Yeah, okay. We'Ill leave it
at that.

MR BILLONE: Sorry.

DR. KRESS:. That's okay.

MR BILLONE: M only point is there's
nore characterization data that will be made
avai | abl e.

Ckay. | want you to get a good nental
i mge of the hydride distribution and the Surry
cladding. This is the OD oxide you' re |ooking at.
It's basically circunferential, and at this hydrogen
concentration, alnost all of this hydrogen woul d

have been in solution at 415 degrees C. during the
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early period of tine where this was in vacuum

However, the stresses were |ow. They
were no nore than 50 negapascal s hoop stress, and
under those conditions when you start cooling you
don't get the hydrogen reoriented in a radi al
direction. So essentially it reprecipitated where
it was, maybe with a little bit of extra
precipitation here.

So at some point early in the history of
dry cask storage prior to the actual storage tinme
when they were doing thermal benchrmark tests, nost
of this hydrogen was in solution. It precipitated
out in a benign fashion.

And let's keep this aside because | want
to cone back to that because a couple of our creep
tests we shut down under very high pressure and
stress and got quite a different picture than that.

Okay. So we ran a series of creep tests
on the Surry cladding, all basically in the range of
250 to 300 weight parts per mllion hydrogen.
Temperatures ranged from 360 to 400, and
characteristically our stresses are 160, 190, 220.

In this particular test we got as high
as six percent creep strain, hoop creep strain

wi thout any failure, and we're saving this sanple
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for a bend test, and the idea is you take the surry
cladding prior to running it through creep, and then
you take the Surry cladding after this, and how nmuch
damage was accunul ated? |s danmage due to creep
additive to sort of plastic flow or the kind of
damage you get froma tensile test or a bend test?

Al so C8 got to one percent creep strain,
and we're saving that for a bend test. These are
the two that were very low strains, and it wasn't
much advant age based on the creep rates of keeping
t hem goi ng.

We shut those down under pressure, under
stress and | ooked at the hydride distribution for
t hose particular sanples to see if we got
reorientation

DR. FORD: Presumably nmeasuring the
strainin real tinme is not just a grab sanple, is
it? You are measuring.

MR BILLONE: The strain is measured
periodically by shutting down, depressurizing first,
and then cooling to roomtenperature and neasuring
the strain. It wasn't neasured on |ine.

DR. FORD: Ckay.

MR, BILLONE: Oh, I'msorry, and I'I1

show you the histories. These are just the end of
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l'ife val ues.

Al right. Wth Surry creep tests
everyt hing behaved the way it was supposed to
behave. | nean, you' re supposed to have stress
dependency. It's nonlinear. You're supposed to
have tenperature dependency which is nonlinear

So if you look at a fixed hoop stress
and two different tenperatures, you see 20 degrees
C. tenperature difference nakes quite a bit of
difference in the creep rate, at |east a factor of
five in the creep rate, and I'll summarize that at
t he end.

So that's --

DR. KRESS: Now, is this a (pause) --

MR. BILLONE: These are three inch I ong
pressurized tubes.

DR. KRESS: These are the test data you
got .

MR BILLONE: This is test data. So
we' ve taken Surry, which has already gone through 15
years of storage --

DR KRESS: Yeah.

MR, BILLONE: -- and we're asking
oursel ves how nmuch residual creep does it have.

DR. KRESS:. Yeah, okay.
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MR. BILLONE: And we're trying to add to

t he general overall database for irradiated hydrided
materials for creep rates. |It's sonmething that's
useful for the nodel ers.

So 20 degrees C. Particularly, these
400 degrees C. tenperatures become interesting. As
| go on in ny presentation, it's becom ng nore and
nore interesting because that's set as of August
2002. That was the recommended upper limt for
begi nning of dry cask storage and all of the other
processes, and that's part of the reasons why we're
concentrating initially on that.

Agai n, tenperature dependency at a
hi gher stress |evel, 380 degrees C. down to 360.
That 20 degrees nmakes a huge difference in creep
rate.

| don't know if you saw these | ast year
Sone of themwere available. So I'mgoing to go
t hrough them quickly until | get to the Robi nson
which that's a stress effect of 30 negapascal s.
Interesting, but let ne get on.

kay. Four hundred degrees C. The red

curve is new data, and the test, I'Il explain why it
was termnated at this point intinme. It didn't
fail, but at this point in time we do not see as
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strong a stress dependency as we expected at the 400
degrees C. level. We'Il get into that alittle bit
| ater.

kay. Let's try to go through the Surry
stuff fast because nost of it is in the NUREG
report, except for sone data.

W were able to determ ne secondary
creep rates or stead state creep rates, and we've
got a range of nore than a factor of 100 in creep
rates by varying these tenperatures. The 400
degrees sanple at 190 negapascals after it
accumul at ed one percent strain, we jacked up the
stress to 250 nmegapascal s, and that's what took us -
- Wwe were creeping too slowy, and we wanted to get
up to higher strains. So this took us up to about
si X percent strain and about five tines ten to the
m nus third.

All right. Two of the tests we shut
down, and again, let nme show you this. This is what
you start with before you run the creep test. This
i s what happens when you shut down under fairly high
stress, and this is what shoul d happen because the
critical stress for hydride reorientation, we think,
is lower than this, but basically the hydrides --

and you don't see all of the hydrides when you etch,
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but basically you' ve got reorientation in the radial
direction, sone in that direction, and you broke up
t he concentration of hydrogen at the boundari es.

And one question that we would like to
address is what effect does this have on the
nmechani cal properties. Do these effectively act
like locations for cracks to easily grow through the
radius of the material?

How detrimental is hydride reorientation
is one questions, and, two, under what stress and
cooling conditions does it occur?

Those two sanples | just showed you were
in the process of reneasuring the hydrogen to nake
sure it didn't actually nove out of our sanple.

That's Surry. Let's nove on to the high
bur n-up Robi nson, and again, TBM neans to be
nmeasured. |'ve got to be careful here, but
basically nost of our work is with two of these
rods, and that's the fuel and claddi ng
net al | ography, OD oxi de thi ckness neasurenents,
hydr ogen isotopics and burn-up analysis, again, to
be measur ed.

The same with BO-1. This is a gamm
linear rod, and the interest in giving it to us was

to do the isotopic and burn-up analysis of the ganmma
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linear rod. Again, one extra rod will get data at
the m dplane fromthis unnanmed source of funding.

Al right. Let's |look at the gamma scan
for one of the rods and where we' ve done nost of our
destructive exam nati on and where creep sanples cone
from This happens to be rod A02. These are grid
spacer |ocations, and this is the expected profile.
These dips are not real. These come to us in
approximately a little |l ess than one neter segnents,
and so what you see here is just the end of the
segnent, and we're piecing these curves together.

So ignore these particul ar dips.

At these locations, roughly the core
m dpl ane and roughly .7 neters above the core
m dpl ane, that's where our netall ography, hydrogen
sanmpl es, and our burn-up and isotopic sanples were
taken fromthese |ocations. So you had a conplete
pi cture.

Wien we get back to this we'll take
sanmpl es fromdown here in the | ower hydrogen region
for the same kind of analysis. So nost of our creep
sanmples that I'lIl show you results fromcane from
t hese | ocati ons.

kay. There's a lot nore hydrogen in

t he Robi nson cl addi ng, and the question is how does
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it affect the nechanical properties, how does it
affect the creep behavior, but this would be roughly
650 wei ght part per mllion hydrogen in this
particul ar | ocation.

At the m dpl ane we got roughly 600, 580
at the m dpl ane, and 750 about .7 neters above the
m dplane. This is not the maximum |f you keep
goi ng up, you woul d measure nore hydrogen than this,
but our sanples are taken fromthis regi ne, and
oxi de thicknesses is from70 at the mdplane to
about 100 at .7. This m ght go up another ten to 20
m crons as you go up the rod.

And the hydrides, again, are al
circunferentially oriented.

Let's save that picture because | want
to cone back to it.

This is nore of an RI A issue, but just
for those who want to know what the fuel |ooks I|ike,
if you put this in a dry cask, basically this is the
fuel rimwhich is porous and very fine grained, and
this is an interaction |ayer of fission products
between the fuel and the cladding. It doesn't
really eat away at the cladding or deteriorate the
cl adding, but it does exist, and it would have a

bearing on the response for an RIA, and again, it
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woul d have sone bearing on the LOCA response
depending -- | nean, sone of this is oxide, and the
guestion is is any of this protected when hydrogen
gets inside and tries to get into the cladding.

kay. We started some creep tests at
400 degrees C. Actually I'lIl be reporting four of
the creep test results, tw at 400 degrees C. and
two at 380 in two different stress |evels.

DR. KRESS: How do you do these creep
tests? Do you pressurize the inside or do you pul
themin tension or --

MR. BILLONE: No, we pressurize. W
have one open end connected to a -- well, it's
bound.

DR KRESS: Yeah.

MR, BILLONE: So we actively control the
pressure.

DR KRESS: So it's creep in the radial.

MR BILLONE: It's basically creep in
the radial, alnobst no axial contraction. So it's
all hoop creep strain.

One advantage of our systemis we can
change the stress and pressure at any tine during
the test.

DR. KRESS: It would be easy.
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MR BILLONE: Al right. So far that's

very valuable information witten down. | can see
ny signature over here, and there's a cost code
nunber. So hopefully that didn't cone across in
your slide.

At 400 degrees C. and at 380 degrees C. ,
the sanme stress level, we got expected behavi or,
meani ng that 20 degrees C. difference in tenmperature
made a significant difference in creep. |'ll
explain why this starts curving up on us soon

So that result was expected. Wen we
conmpare the higher hydrogen and hi gher fast fluence,
hi gher neutron damage, Robinson to Surry, at 380 and
220 nmegapascal s, we got the expected result, that
bot h hydrogen and additional radiation hardens the
material nore. Everything was fine at this point.

And then we went to 400. Funny things
started happening at 400 degrees C. This is the
Surry sanple at 190 negapascal s and 400 degrees C.,
and the Robinson sort of starts |like the Surry, and
then it takes off on us, alnbst as if it's going
t hrough sone annealing during the test tine at 400,
whereas the Surry did not appear to do that.

These are two different sanples. GC 14,

we were trying to see how far in strain we could go,
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and C- 15, we were trying to get good secondary
creep.

We stopped C- 14 after we got an average
strain of 3.6 percent, and if you nove 15
mllinmeters above the average point, we've got as
much as five percent peak strain.

So Robinson, like Surry, even though
it's higher hydrided, seens to have the sane creep
capacity. What's not clear is why this takes off in
our tests and also in some of the French tests at
this particular tenperature and stress |evel.

Just to give you sone idea of the
tenperature sensitivity which is not explai ned by
any of the nodels which have creep as an erroneous
function of tenperature, if we take the one sanple
and just look at three different |ocations separated
by 15 millinmeters apart, we have a very small axial
tenperature gradient. This would be towards the
bottom of the furnace, about 402 degrees C. This is
401 degrees C., and these are the differences in
| ocal creep rates observed at different |ocations of
t he sanpl e corresponding to different tenperatures,
and this kind of tenperature sensitivity, as | say,
cannot be expl ained by any of the existing creep

nodels. It's nuch, nuch, nuch too high and nuch
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hi gher than we expected. So we'll call this an
interesting result.

DR FORD: Surely if those areas where
you' re neasuring those tenperature are fairly close,
you're going to have constraint fromthe adjacent --

MR. BILLONE: Then there will be
constraint, but the constraint neans that these
di fferences would be even larger. |In other words,
this material here is partially constraining that
mat eri al .

DR. FORD: Yes. kay.

MR BILLONE: Al right. [|'m show ng
you C-15 because we got very cavalier with this
sanpl e and things were going extrenely well here,
and we got to this point in time, and we happened to
shut it down under pressure to study hydride
reorientation, totally convinced that it would be
benign to shut it down under pressure.

You can't get too cavalier when you're
doi ng research.

MR. CARUSO |I'mjust curious. You' ve
drawn all sorts of nice curves that | ook |ike maybe
SW ne between these points. Wy haven't you done
any sort of least squares fit? Wy have you drawn

t he curve?
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MR BILLONE: Wy do we connect the

poi nt s?

MR. CARUSO Well, you don't have --

MR BILLONE: Only for your eye.

MR. CARUSO Well, | nmean, | | ook at
them and they're not straight |ines between the
poi nts. They're curves.

MR BILLONE: They're not straight |ines
because the material seens to be annealing or going
into tertiary creep. Wat we were | ooking for was
straight lines to determ ne secondary creep. W
never got in that regime. W went from primary
creep to a transition, to like a tertiary creep.

There's no advantage to doi ng | east
squares fit of this because all I'"'mtrying to do
here is show you tenperature sensitivity of one
single sanple. So you're not talking about sanple
to --

MR. CARUSO Is there an error
associ ated with the hoop strain that was nmeasured?

MR. BILLONE: The error is very slight.
What we do is we neasure dianmeters at 16 | ocations
around one axial location, and then we neasure a
nunber of different axial |ocations.

MR CARUSO So there's no error bar
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associated with each of these points?

MR. BILLONE: The error bar is too snal
to see if we're tal king about precision in terns of
one sigma deviation fromthe average. So if | take
one |l ocation and | nmeasure 16 different dianmeters to
get this point over here, there's very little
variation. |It's small.

What's much larger than the error bars
is this tenperature sensitivity. That may not be
t he best answer in the world because | don't think
| "' m addr essi ng your questi on.

Error bars, | would rather -- if we
repeated this test ten tinmes and --

MR CARUSC If.

MR BILLONE: | said if we did.

MR, CARUSO  Yes.

MR, BILLONE: Then | would show you what
you want to see, which is the error bars. The
nmeasurement error is very small, but to do what
woul d be useful is to run a nunber of different
tests and then show the spread and results as a one
sigma vari ati on.

One single test, one single |ocation,
you're not going to see it.

So the purpose of that is to show you
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tenperature sensitivity. Another way of show ng you
tenperature sensitivity is at fixed tines let's just
| ook at the axial profile of strain, and again, the
temperature, this is our benchmark tenperature

| ooking at this scale, which is very expanded, and
at the end of -- when we stop the C 14 sanple, this
is the strain profile, and we have a constraint on
this end and we have a constraint on that end.

Again, the only thing different as you
go along the sanple basically is the tenperature
difference. So what |'msaying is at 400 degrees C.
for the Robinson rods there is a very, very, very
hi gh tenperature sensitivity, and when you have
gui dance like we're going to limt such operations
to 400 degrees C., you usually don't worry about
401, 399 or 402.

DR FORD: I'mjust trying to interpret
this graph here.

MR, BILLONE: Ckay.

DR. FORD: Does that nmean you've got a
bal | oon form ng?

MR. BILLONE: No, that is an exaggerated
scale. | nean, | wouldn't call that a balloon. CQur
bal | oons were 60 percent strain, but you have a peak

in strain.
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DR FORD: At a certain position..

MR. BILLONE: Well, this gets hotter as
you go down here, and the only reason it cones down
is you're approaching the end, which is wel ded and
constr ai ned.

W did not think we needed perfect
tenperature control to get a flat profile, and of
course, when you start out at |ow strains, you don't
see that, but being a spin doctor, what | want to
tell you is for a single test we're able to get
multiple data points that are very useful to study
t enper at ure dependence. That's what a spin doctor
woul d tell you

Thi s was not pl anned.

kay. Let's go with our cavalier
shutting down of C- 15, which tenporarily shut down
our creep program C- 15 devel oped a rupture during
the final shutdown, which involved cooling from 400
degrees C. under full pressure, intentional. The
old hydride reorientation data, the nmaxi num hoop
stress was about 205 negapascals. It started at 190
with wall thinning due to creep. The stress would
have gotten up to about 205.

And 1'll show you a picture of that

shutdown. Again, one of the things that's happening

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

251

duri ng shutdown under these conditions is you are
reorienting the hydrides, the radial and you' ve got
t hem under significant stress, although the stress
is maybe one fourth of the yield stress of
irradiated material. So it is not huge.

At the end of the run at tenperature,
the sanple was intact. It held pressure very nicely
for a total of 2,440 hours. Rupture occurred when
t enperat ure decreased at 205 degrees C. under ful
pressure. This is a tenperature plot with the
scale. This is the pressure plot, and boom

And the rupture was very significant
because even though it expanded into the test
chanmber and the volune, it went through our whole
system w ped out our HEPA filter, blew out the oil
in the tank at the end, and contam nated by hot cel
standards -- and this is a beta-ganma hot cell --
spread a | ot of al pha and beta contani nation al
over that particular cell.

So it was not a pinhole failure. W ere
designed for a pinhole failure because that's what
you' re supposed to get in creep.

So the status of that particular sanple,
the rupture caused substantial contam nation of the

particul ar beta-ganma hot cell in spite of 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

252

foll ow ng.

W had de-fueled the sanple with boiling
nitric acid to get as nmuch of the stuff out fromthe
inside. W minimzed the volune, the gas vol une, of
the sanple by filling it with zircaloy pellets. W
had an in-line pinhole in pressurization systemto
restrict gas flow, a solenoid valve to shut off gas
pressure when it sets decrease, and we had a
downst ream HEPA filter

Unfortunately, with the |evel of
contam nati on we have to do sone clean-up of the
cell before the lab will allow us to inspect that
sanpl e, open up the furnace, and there's two
possibilities.

Wth wel ding and plugs, there's always a
possibility that you blew an end plug weld and got
t hat huge pressure release. |If that's the case,
then the sanple would still be interesting froma
hydride reorientation point of view, but not as
interesting as if this happened, the second one,
rupture due to hydride reorientation, the second
possibility.

So we're very eager to view this sanple
| have to spend sonme noney and sone tine to clean up

the cell before we can viewit, and | put off that,
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but 1've been told | have to do it now
kay. Let nme go quickly through this.
Basically that cell which has got |ow val ue
equi pnent; the furnaces and stuff are | ow val ue
equi pnment. it's too contam nated to sal vage. W
very much need to retrieve this sanple to see where
it failed, along with our other sanples in there
that were either being tested or about to be tested.
And we need to view the test chanber to
see whether or not it bul ged or any probl ens
occurred because of the size of this pressure pulse.
In a different building we al so have
bet a-gamma cell that we're using. W have the
identical systembuilt in that cell ready to resumne
creep tests.
Again, the systemis designed for
pi nhol e | eaks and shutting off the pressure. That's
no problemto redesign for |arge pressure pul ses,
but we have to see whether or not we have to
redesi gn the test chanmber depending on the
i nspection of the test chanber up here.
So this is setting idle until we can
resolve this issue. W'I||l never be able to convince
a safety conmttee that we won't have a | arge

pressure pul se once we had the | arge pressure pul se,
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even if we prom sed to never ever cool under
pressure again.

Let me give you an idea of what we're
tal king about. This is a test chanber that sits
inside the furnace. The sanple, this is the sanple
here, three inches long. This leads to the active
gas pressurization system

We purge it with an inner atnosphere so
that you're not oxidizing the sanple. So when the
sanpl e bl ew down in here, expanded into this vol une,
shut out the purge outlet and then did a | ot of
cont am nati on danage downstream Live and |learn

Let me give you a little footnote of
what coul d happen, although | don't think this
happened. | haven't shown this yet.

Prior to this, we had another Robi nson
sanpl e where the endcap wasn't that well welded. It
had gone for about 400 hours, a nuch shorter tine,
very small strain, had roughly simlar conditions
only |l ower tenperature, sane pressure, by the way.
It was nmmintained during the next run, 236 hours.

We shut down the sanple. It held pressure. W
depressurized first and followed that by cooling the
room tenperature, and during inspection we saw a

crack in the weld region that obviously occurred
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during the cool down.

So let's |look at that picture because
t hat could be what C 15 | ooks |ike, although this is
a very different exanple of sonething that occurred
very early in life, and we've separated these two
pieces a little bit so you could see.

This is our active creep sanple. This
is just a hose clanp to keep the weld affected zone
from bal |l ooning out on us. This is the end plug and
the wel d, and this happened at the bottom the
hottest part of the furnace. So it's not hydrogen
mgrating to the cold region causing this.

So that's a possibility for what G 15
| ooks Iike.

Al'l right. Let's nove on to the subject
of annealing. W' ve done sone | would call them
prelimnary annealing tests where we've taken the
Robi nson sanpl es at about 600 wei ght parts per
mllion hydrogen. This is a no stress type
anneal ing. W' re | ooking at annealing out of
radi ati on danage, and we did tests from 420 to 500
degrees C.

The reason we didn't do 400 degrees C.

i s because we were running creep tests at 400. W

figured they'd give us the information.
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And these are short tinme tests designed
for the vacuum drying process and the length of tine
of vacuum drying, and these are tenperatures that
were relevant at the tine before the | SG 11, Rev. 2,
fixed that tenperature at 400 degrees C

We did post-annealing mcro hardness and
hydri de norphol ogy determ nations, and let's see
what they | ook |ike.

l'mgoing to skip a few slides.

Okay. This is a matrix of the hardness,
and again, for non-irradiated starting material, the
hardness in these units, the mcro hardness is about
200 for the irradiated material that hasn't been
annealed. It's about 250. So that's sort of the
range of hardening that you get with irradiation.

And we're | ooking at the decrease in
this nunber versus tine and tenperature, and you can
| ook at 500 degrees C. for about 48 hours. You're
essentially to your unirradi ated conditions, and
obvi ously 420 degrees C. you're essentially there.
You're essentially back to m dway.

So we've converted this to percent in
the traditional way, percent recovery or percent of
annealing, and that top fornmula is the standard way

of doing it. And as | say, 500 degrees C., you
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recovered about 94 percent of your irradiation
damage.

So given time, significant recovery wll
occur at tenperatures greater than about 420 degrees
C., and this was all done not under stress.

| f you | ook at the hydrogen norphol ogy,
and again, why don't you keep that picture in mnd
as it came out of the wet pool, out of the reactor
into the wet pool, and what we're going to find is
under no stress and tine at tenperature, essentially
you wi Il make the hydrogen distribution a |lot nore
honbgeneous, which is no big nystery.

So this is the 500 degree C., 48 hours,
and hydrogen is much nore honbgeneous. This is what
you started with. So this is one possible effect of
vacuum drying if under the old vacuum drying
condi ti ons where you were going to nore el evated
tenperatures than the current practices are supposed
to be.

So you do have a lot of rods in dry cask
storage that have gone through treatnments |ike this.

Ckay. That picture would be essentially
what you would get if your stress is belowthe
threshold it takes to change the orientation of the

hydrides. W don't know this answer. W have data
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on unirradiated material. W have a couple of argon
data points that need to be put on this plot, but
this is the best that existed prior to the start of
our dat a.

This would be the stress that you're
cool ing under, and this would be the starting
tenperature that you're cooling from And if you go
to 400 degrees C., you see the critical stress is
about 100 nmegapascal s, and we shut down that C 15
sanpl e at 190 nmegapascals. So it's no nystery that
we woul d have gotten hydride reorientation, although
we haven't |ooked at it yet.

And anot her sanple was at 360. W shut
it down at 220 and saw significant hydride
reorientation. That's no nystery.

So we need to kind of inprove on this
curve. Most of it is based on unirradi ated data or
very |l ow burn-up data. W try to find out not only
a boundary for when you start reorienting hydrides,
but what percent of the hydrides have been
reoriented.

And then finally nmechanically, how nuch
have you weakened the claddi ng by doing that?

kay. Here's what we are going to do.

W' ve kind of redirected our programa little bit
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based on the needs as expressed by NMSS and SBO and
RES.

It is not a good idea to do these
studies in our beta-gamma cell with our creep
appar at us because of the contam nation issue. It's
better to do it in the al pha-gamm hot cell where
the contam nation would be trivial. It wouldn't be
an issue if these ruptured at all.

And so what we'd like to do -- also,
what we don't want to do is extreme tests because
you don't have that high of a pressure constant
during cooling. Just due to the ideal gas |aw
you're going to have a decrease in pressure as you
cool an actual rod.

So we're going to seal pressurized
capsul es at 400 degrees C. initially in a range of
stresses just below what they think is critical for
reorientation and just above. | wll use a
controlled cooling rate, and it will be a
correspondi ng pressure decrease. W' re devel oping
under our other funding technology for |aser welding
pressurized capsules in the hot cell, and the idea
is to conduct the test in the al pha-gamma hot cell
It circunmvents dose rel ated issues, worker dose

i ssues, and noving sanples, and it mtigates all of

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

260

t he contam nation issues. There are no
contam nation issues in the al pha-gamm hot cell
Reorientation during dry cast storage.
We have the option of letting these sanples cook at
pressure seal ed, 40 degrees C. to get creep, and
then control the cooling and decrease the pressure
correspondingly with the cooling.
This is sonmething we're working on, and
the only thing holding us up is that this is new
t echnol ogy for us, and we're developing that this
fall.
But that's how we proposed to study the
i dea of hydride reorientation, and you could foll ow
that with netal |l ography of the hydrogen, and you
could also follow that with mcro hardness tests.
Let ne say a couple of words on
mechani cal properties and then close. W have three
ki nds of specinmens that are relevant to R A testing.
The nost relevant for dry cask storage is the
uni axi al test |ooking at axial hoop properties, and
this is an axial sanple with the machi ne gauge
section about 25 mllimeters |long, and this happens
to be after it fails. This is before it has been
stret ched.

We al so have rings with nmachi ne gauge
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sections to get hoop properties, and as Arthur can
el aborate trenmendously, we have what | call the PSU
plain string ring stress specinmens. These speci nens
are designed to give you a biaxial loading state in
this region here and nay be the nost applicable RIA
type analysis for limts in strain.

So for our conmbined RIA-dry cask
storage, all of these sanples are relevant. At the
nonent the dry cask storage people are only
interested in the axial tensile tests and not in the
hoop properties. |'mnot saying they should be or
shoul dn't be, but that's what exists at the nonent.

| should have Arthur explain this slide
because this is the result of Penn State work, but
basically this is the Robinson Zirc-4 hydride
di stribution. Please do not get confused. This is
the oxide layer. 1It's not a dense hydride rim and
this is a pre-hydrided sanple unirradi ated, and this
is just to show you sone of the simlarities between
what you can do in the | aboratory w thout
irradiati on and what occurs naturally with
i rradiation.

And the study was to determ ne ductile
versus brittle behavior based on certain criteria.

This is one percent strain as a function of the
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t hi ckness of this dense hydride rim

Basically if you are to the left of this
curve, you're brittle, and to the right of this
curve you're ductile.

So the hydrides are not 100 percent
ductile in all tenperatures. As you get up above
300 degrees C., even the zirconium hydrides have
some ductile behavior. So this tells you that
sonewhere around 100 m crons dense rim of hydrides
will enbrittle material unless you go up to higher
tenperatures, and then the material behaves nore
ductil e.

And it's usually a mxed node failure if
you | ook at the details of that. So it's good to
have those results because those results are for
uni rradi ated hydrided sanples. Qur results will be
for a conbination of irradiation and hydrogen.

Okay. Let's skip this slide.

Basically we've cut a nunber of sanples,
both Surry and Robi nson, and nore in the process of
being cut. | don't know what this strange synbol
i S.

These are our axial tensile specinens
again, and we'll skip this. This is our nachine for

operating them That's not the slide | wanted.
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What | wanted is we thought we were on a
roll back a year ago, a year plus. July 2000 we ran
our first ring test wwth TM cl addi ng, and we got
t he kind of hardening we woul d expect and the | osses
of strain hardening capability we woul d expect.

This is an engi neering stress versus strain diagram

Unfortunately, there was enough al pha
contam nation on the ID of this tiny ring sanple to
cause serious problens with the Instron
cont am nati on

That led to the building of an el aborate
gl ove box, which is supposed to be nore like a
Chevy, and it turned out to be Cadillac. So this
has been conpl et ed.

This is the gl ove box encasing the
Instron. This is a smaller glove box with an
automati c i ndentati on system so that we can index
sanpl es and nmeasure strain directly.

And we passed all of the hoops and
hurdles of that. W're in the process of validating
this whole system and we're trying to nove as fast
as possible to the irradiated Zirc-4, which wuld be
servi ent (phonetic) Robinson this nonth. This nonth
starts tonorrow, Cctober.

So we kind of lost a year with various
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comm ttees and change in clinmate and concern about
ALARA, and talking to other hot cells, when |

conpl ain and noan, they conplain nore. So | guess
it's a generic problem

Let's sunmmarize. Thermal creep tests,
we conpleted five Surry tests, initiated an
addi ti onal one, but we didn't get far enough, and we
have one nore to go.

We conpl eted two Robi nson tests, one
intact and one not intact. W initiated two at 380
degrees C. and there are six nore planned tests.

Testing will resune this fall after we
can inspect the C 15 sanple test chanber. Axia
tensile tests, we're doing baseline properties of
unirradiated Zirc-4 right now This wuld be a
Robi nson desi gn, roomtenperature to 400 degrees C
two different strain rates, .1 percent per second
and 100 percent per second, and we'll do a couple of
Surry tests, and we're hoping to initiate both of
these in the nonth of QOctober.

The only thing holding us back is some
problems with the plant facilities in ternms of the
fans that draw through the gl ove boxes.

Al right. Let nme continue with what's

pl anned and where we run into sort of a question.
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We're ready to do pre- and post-creep three point
bend tests at roomtenperature. W have two Surry
sanpl es avail abl e, one Robi nson sanpl e avail abl e,
and here's the questi on:

What do we do about inpact tests?
| npact tests are really high strain rate, three
poi nt bend tests. You whack sonething in the
mddle. |It's supported at two ends. | don't have
sonet hi ng | ong enough to denonstrate, but you have a
sanpl e supported at two ends. You either cone down
with a guillotine in the mddle. That nmakes it a
three point bend test at very high strain rate.

Usual Iy you groove the opposite side or
you swi ng a pendul um and you whack it and you | ook
at the difference in absorbed energy between the
initial energy of the pendulum and the final energy.

So our proposal had been for norma
I nstron three point bend tests. There seens to be a
concern that that's not enough and that we shoul d be
doi ng sone inpact tests.

There is a question. Well, we can do
i mpact tests. There's a question of how the data
are to be used because this is not a traditional
sanpl e of inpact tests, such as a Charpy sanple

where you purposely put a known flaw in and study
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t he crack grow h.

So are such tests neani ngful for
unfl awed pre- and post-creep tubes? And how wil|
t he data be used?

We can do the tests. W would like to
sort of pursue this further discussion as to how one
woul d use the data because that could dictate what
kind of tests we choose to do.

So | would call this an area that
requires further discussion between the people who
need the data and the people who generate the data.

And let nme end on that note.

CHAl RVAN PONERS: Any questions for the
speaker ?

(No response.)

CHAl RVAN POAERS: | don't see a lot of
guesti ons appearing. Thank you.

MR BILLONE: You're wel cone.

CHAl RVAN POAERS: We're now schedul ed to
hear from M. Lukic.

MR LUKIC: Lukic.

CHAl RVAN POVERS:  Luki c.

(Pause in proceedings.)

MR LUKIC: Good afternoon. VWhile we're

waiting, it's a pleasure to cone over here.
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THE REPORTER  Sir, a m crophone.

CHAI RVMAN POAERS:  You can use either a
clip-on or sit, one or the other.

MR. LUKIC. Before starting, it's a
pl easure to be here. This is a civilized type of
climate, not |like Arizona where it's 105 degrees as
we left. They tell us it's dry heat, but after 13
years we still don't believe it.

CHAl RVAN PONERS: Wel |, in Phoeni X,
there's no such thing as dry heat, and | thought
Arizona was now referred to as Eastern California.

(Laughter.)

PARTI Cl PANT: That's probably pretty
accurate.

CHAI RMVAN PONERS: You're just the
Californians that don't get to vote. That's it.

(Laughter.)

PARTI Cl PANT: Wt hout ocean front
property.

CHAIl RMVAN PONERS: Wit till the
eart hquake.

PARTI Cl PANT: Then we'll all have beach
property, yes.

CHAI RVAN PONERS: We're | ooking for

t echni cal support here.
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MR LUWKIC But this is work that has

been devel oped all at Palo Verde. It has to do with
our own particular design. |'ve been asked a
guestion just about an hour ago. W are not going
to talk here about boilers. W are not going to
tal k here about pressure at Westinghouse,
pressurized reactors. W are just strictly talking
about our particul ar design today.

Jeff Schm dt has been instrumental in
comng up with the lattice redesign that has evol ved
from having a correlation, a nodel that can predict
crud deposition, and hence, his work was optim zing
the lattice design to make possible to deal with
crud, in fact, to mnimze crud.

Oh, thank you very nmuch. | appreciate
that. Do you want to handle this? How many
engi neers does it take to run a presentation, |
guess, huh? Sounds like a California joke.

Okay. Wiere did you put next slide?
And then the next slide?

Ckay. About six years ago APS has
transitioned to a nore efficient design phil osophy.
This transition was driven, in particular, for a
desire for a larger capacity factor, as well as

cross-reduction pressures that nost energy
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manuf acturers have to face.

The transition, the shift was froma
traditional checkerboard core design to one of a
couple of ring type of designs that nake it nore
efficient, in particular, the ring of fire and the
Saturn core designs.

Next sli de.

The effects of this transition were
pretty well established once we had an inspecti on.
It was quickly seen that there is a crud build-up
somet hi ng that had not been seen before in the
checker board core designs.

You' re probably aware, but crud has sone
pretty negative characteristics. For one, it
inhibits heat transfer. As a result of inhibiting
heat transfer, there is a raise in clad tenperature,
and also there is an oxide |layer growth rate
i ncrease.

Furthernore, it is believed that crud
concentrates |lithiumand enhances it. It is
postul ated to increase corrosion.

Lastly, crud may |l ead to boron
deposition within its own matrix, and that is a
precursor of AOA. All of these things are pretty

negati ve.
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CHAl RVAN PONERS: Let nme ask a question

MR LUKIC  Yes.

CHAl RVAN POAERS:  You indicated that the
crud increases the |local clad tenmperature just
because it inhibits the heat transfer, and that in
itself will be enough to increase the corrosion, but
you said there's an additional effect due to
['ithiunf

MR LUKIC vyes.

CHAI RVAN PONERS: Do we know why t hat
is?

MR. LUKIC. This has been postul at ed.

It has been postulated that there is sone
concentration of the lithiumand that nmay cause
itself some clad corrosion, sone damage to the
actual cl addi ng.

CHAI RVAN POAERS: |I'mwestling with
trying to understand how the cation affects the
corrosi on.

MR. SCHM DT: This is actually
postul ated to be a LOCA pH increase due to lithium
maybe a lithium borate of sone type that is
postul ated to occur at the crud-clad interface, and
that pH effect could enhance corrosion

MR. CHENC. WMaybe | should add a little
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bit on that issue. Wen you increase the --

CHAI RVAN PONERS: Wul d you |ike to use
t he nmagi ¢ m crophone? Those are the ground rules
around here.

MR. CHENC. Thank you.

CHAl RVAN POAERS: W' Il listen to
anything, but it has to be by m crophone.

MR CHENC: My name is Bo Chenc from
EPRI .

| think there's a lot of testing of
zircaloy in this condition when lithiumis somewhere
i ke seven ppmby itself w thout boric acid. You
see an increase in the rate of corrosion of
zi rcal oy.

When you have boric acid, then it wll
be neutralized. Even with 100 ppm or 200 ppm of
l[ithiumin water, as soon as you add enough boric
acid, there is no effect on the corrosion rate of
zi rconi um nodel

So it depends. You know, you have to
have a solid separation of lithiumto cause the
corrosi on enhancenent, but as long as in the PWR
core, because you al ready have substantial boric
acid, you know, 800,000 ppm the effects of |ithium

tend to be very snall.
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CHAl RVAN PONERS: Ckay. Thank you

MR LUKIC In 1999, there was a Unit 2
out age i nspection and fuel inspection, and that fuel
i nspection indicated the presence of tenacious crud
deposits. Peripheral pins of high duty assenblies
appear to be nost affected.

Now, responding to concerns raised by
the fuel inspection, there was plans to put together
a detailed thermal hydraulic of the selected high
duty assenblies. The objective was to try to
establish a correlation between |ocalized therm
hydraul i c variables to nmeasure crud thickness.

And such a correlation it was felt if it
coul d be devel oped woul d be a useful adjunct to
|attice redesign that will allow us to preclude the
type of thermal hydraulic conditions that |eads to
enhanced crud deposition.

During the Unit 2 visual inspection, it
was reveal ed that crud deposits occurred, as | said
now, nostly on peripheral rods, such as the assenbly
P2K410. And so follow ng the inspection, the P2K410
was taken apart and selected rods were subjected to
eddy current testing to basically gain a trace of
t he crud and oxi de thickness.

The neasurenents that were perforned
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with eddy current testing confirned that the crud
deposits were nostly at Spans 7 to 9. That's pretty
much towards the top of the core, and they occurred
predom nantly in the peripheral rods. That's the
first and the second row, and to a nuch | esser
degree, significantly | esser degree, on the
interior.

This figure basically shows the five
rods of the P2K410 starting fromthe bottom of the
reactor to the top of the reactor. A5, rod A5
happens to be a peripheral rod in the first row.
W' ||l shortly see where, and the Spans 7 and 8 and 9
show t he conbi nati on of the conposite of oxide and
crud.

A 353 subchannel, four quarter assenbly
pH nodel was devel oped. Axial and radial power
di stributions for this nodel were devel oped using
t he SI MULATE-3 code, and that data was entered into
the VIPER2 code, along with the other extensive
requi red dat a.

In parallel to devel oping a nodel, we
did anal ysis of the eddy current test data anal ysis,
test data that was collected, and in order to
quantify crud thickness of the selected rods at

axial locations that were identical to the thernal
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hydraul i ¢ nodel .

That basically provided us with all of
the information that we need to quantify the therma
hydraul i ¢ nodel .

This is a transverse cross-section of
t hat four quarter assenblies that show the northwest
corner of P2K410 in the | ower right position. Also,
| don't know whether you will be able to see it, but
this is the position for Rod A5 which is the
peri pheral rod. B4 would be on the second row D3,
the one right next to the instrunment guide tube,
that did not show any deposits at all, and there is
an E7 and H5.

That gave us a very good cross-section
about | ocations and differences in thermal hydraulic
characteristics to be able to quantify an
appropri ate nodel .

One interesting thing out of this. |
did mention to you that fuel pin D3 did not show any
evi dence of tenacious crud build-up. In fact,
during the inspection, the visual inspection, the
peopl e who were inspecting, it just showed a very
shiny rod as opposed to where tenaci ous crud was
present, which is dark brown and fairly obvious.

So we used this fact that D3 did not
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appear to contain any crud deposition. So to first
approxi mati on we assunmed that it was affected by
oxi de only.

That allowed us to calculate the
inferred crud thickness for the other pins, and
t hese were obtained by subtracting the D3 oxide
t hi ckness fromthe other rods.

Next sl i de.

This information here is the basis for
t he regression nodel that we use. Once we have
stripped the oxide information fromthis data, what
remai ns over here is just a trace of the crud. It's
an inferred crud thickness because of all of the
assunptions that we made with regard to D3.

Again, A5 in blue and B4 in violet are
t he peripheral rods, and E7 and H5 are interior
r ods.

Go back one nore time. Right there.
Ckay.

Again, this is Span 7, 8, and 9, and
this is where the deposits were observed
predom nantly.

Next slide, please.

This is a formula. This is the

regression nodel that we used. W went through nmany
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iterations and |l engthy evolution. In fact, we
decided that this is the appropriate equation.

Data here represents the crud thickness
and the subsequent J at various different burn-up
intervals. Oher inportant variables here is Wsub
|, which is the weighting coefficient for a given
burn-up interval, I, which is a burn-up interva
steami ng rate, and chi survived the burn-up interva
correction factor.

These variables contain, in fact, the
paraneters for which we do regression anal ysis.

CHAl RVAN PONERS: \What is the
coefficient that you' re optim zing herd?

MR LUKIC: Okay. W are not show ng
this because it's proprietary in nature, but the
burn-up interval weighting coefficient has one
paraneter that is being fitted. Psi | has three
paraneters. The burn-up interval correction factor,
chi of I, contains one paraneter, and the | ast
paraneter will be C bar, which is cycle averaged
crud concentrati on.

W' || be happy to expand on that in a
cl osed neeting, but we felt that it would be nost
appropriate if we did not show the details.

Next slide, please.
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CHAI RVAN PONERS: And you al so have a

sunmat i on over J or sonet hing.

MR LUKIC. Yes. Wsub | is the
summat i on of the weighting coefficient across all of
the burn-up intervals, is equal to one. That is on
t he next slide.

Keep goi ng one nore.

Again, it has five parameters. The
summat i on of the weighting factors adds up to one,
and that's kind of a forced fit when you do the
regression anal ysis.

Next, next.

It's very interesting to point out that
traditionally steamng rate is cal cul ated by
subtracting the convective heat flux fromthe tota
heat flux. W have gone through that approach
initially, but we found that we had sone inaccuracy
in the prediction, and so we went and did a nore
untraditional approach and actually did fit the
steami ng rate paraneters as required, let it flow
and |l et the nonlinear regression take care of that.

CHAI RMAN PONERS: So your steamng rate
is a determ ned quantity?

MR LUKIC ['msorry?

CHAI RMAN POAERS: Your steamng rate is
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MR LUKIC. Yes. The variables that
entered into it --

CHAI RMVAN PONERS: How do you assure that
ina fitting process that you get anything?

MR LUKIC  Yes.

CHAI RVAN POAERS:  You nust have to
constrain it sonme way.

MR LUKIC: |'msorry?

CHAI RVAN POAERS:  In just a fitting
process you're going to have to constrain that
variable to keep it in a rational regine.

MR. LUKIC. They are in a rational
reginme, and | can assure you of that, and we'll be
happy to go over that after the neeting if you're
interested init.

DR FORD: | was about to ask the
guestion a slightly different way.

MR LUKIC:  Sure.

DR. FORD: Knowi ng crud deposition, you
can explain it in ternms of potentials of zero
charge, et cetera. This algorithmyou ve got here
doesn't take into account what is happening
physically on the surface, or is it just purely

fitting to sone data?
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MR. LUKIC. Actually, yes, | think it

does. | think it allows us -- | nean there are
certain principles. In this case it's the steam ng
rate. As you steam you' re depositing the crud,
which is in solution, and you know, that adheres to
the cladding with a particular efficiency, given the
rate of process.

So, yes, we are taking care.

DR FORD: Ckay.

MR LUKIC: And we found that
enpirically determ ned steam ng rate provi des better
results, and hence, that's what we used. And we'l|
be show ng sone conpari sons between this nodel where
we allow certain variables within the steamng rate
to float, and one that we take a hardbal |l approach
and define the steaming rate as traditionally is
usual Iy used.

Next slide.

This figure is a conparison. The blue
is the inferred value of the crud, and the whatever
color this is, the red, is the cal cul ated one.

These are span averaged crud thicknesses. This is
for Rod A5, and Span 9 has the | argest anmount of
crud deposits. Span 8, we sinply go down all the

way to Span 6. It becones a m ni num
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This is another peripheral rod on the
second row, Rod B4, that experienced sonmewhat |ess
crud deposition than the entirely peripheral rod,
but neverthel ess, does experience.

Rod E7 and Rod H5 are interior rods, and
t hey experience mniml crud deposition.

DR. FORD: So could you tell nme what the
di fference between inferred and cal cul at ed?

Inferred is observed?

MR LUKIC:. That's how we use the word
"inferred." W nmade an assunption regarding D3, Rod
E3, that it was only affected by the oxide. So when
we subtracted the oxide trace fromD3, we were |eft
with a | evel of crud.

Now, that's why we call it inferred,
because of the subtraction of D3. |'m saying
"measured" because that would be a direct
measurenment. So we tried to keep that straight so
that it's understood.

MR. OZER. You al so have sonet hi ng t hat
all of the rods oxidize at the sane rate.

MR LUKIC. Yes, yes. The tenperature
is fairly close in that particular high duty
assenbly area, and it's a first approxi mation. Now,

you can go and further refine this with additional
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iterative type of analysis, and we have done that,
but --

MR QZER. So if the tenperatures are
t he same, why did D3 have no crud?

MR LUKIC: |'msorry?

MR. OZER. |If the tenperatures anong al
the rods are the sanme --

MR LUKIC: Ah, okay.

MR QZER. -- why did D3 have no crud?

MR LUKIC. The bottomof this is,
again, the steamrate. |If you had rods that did not
experience steamrate at the tine when the crud
concentration is the largest, which is at the
begi nning of the fuel cycle, those would not see
very much deposits, and | will be show ng shortly
t he assenbly P2K410, and you will be able to see the
cross-section of all the fuel pins and crud
deposition. | think you'll become clearer

CHAI RMAN POAERS: Wen you do your
fitting process, how do you nonitor auto correl ation
in your residuals? They sure |ook auto correl ated
to ne.

MR LUKIC ['msorry?

CHAl RVAN PONERS: Do you | ook for auto

correlation errors in the residuals when you do a
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fitting process on this regression fornul a?

MR. LUKIC. You do a fitting process
basically, yes. This is done --

CHAI RVAN PONERS: Do you | ook for auto
correl ati on?

MR LUKIC: |'msorry?

CHAI RVAN POVNERS: Well, it |ooks to

MR LUKIC. Auto correlation is
typically for signals. Wen you do nonli near
regressi on analysis, you are basically searching for
the absolute mininumin that multiple dinension
curve.

CHAIl RMVAN PONERS: Wl |, the problemis
that you get a paraneterization that nakes your
residuals auto correlated, and that's usually the
mar k of your physical phenonena just aren't being
reflected in your fornula.

And when | | ook at what you put up
there, it looked |ike they were auto correlated. So
| wondered, do you nonitor sonething |ike a Durban-
Wat son statistic or somnething?

MR LUKIC. Yes. WlIl, you nonitor
Once you devel op the nodel, once you quantified

t hrough regression analysis the nodel, then you
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conpare it with data that he hasn't seen

CHAI RMVAN PONERS: But do you have a
Dur ban- Wat son statistic?

MR. LUKIC. Oh, absolutely.

CHAl RVAN PONERS: And what does that
nunber run around?

MR LUKIC. | don't renmenber right
of fhand, but | nean, that's certainly sonething
that's available. That plus rho squared, which wll
just give you --

CHAl RVAN PONERS: That's just a gl oba
measure. It hardly tells you anything.

MR. LUKIC. Exactly, exactly.

This slide, in response to your
question, this slide shows the northwest corner of
P2K410, and it shows that crud, span average crud
deposition. This will be the peripheral rods
together with these. This will be rod A5, and this
will be rod B4, Rod D3, if |I can point out, this
will be rod D3, and rod, let's see, E7 would be
here, and what's the next one? H5 would be here.

The inportant thing to see fromall of
this is that these cal cul ated val ues of the crud
mat ch very well what was observed during the

i nspection. The interesting part is that there is
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hardly any deposition at all around instrunent guide
tubes, and this was the first indication about the
nmechani cs of how the nodel worked.

Okay. Next slide.

This is an interesting slide. On the
left, we see the APS crud correlation. The error
bands are 90 percent confidence |evel, five percent
on the bottom 95 on the top. It shows a reasonably
good fit on the average between the neasured crud
t hi ckness and the cal cul ated crud thickness with the
nodel .

We have perfornmed as a conparison; we
have perfornmed -- we cal cul ated the val ues of the
correlation that is strictly based on the steam ng
rate, and then displayed effectively the same data
t hat we have here.

It can very easily be noted that for
nmeasur ed t hi ckness, | ow neasured thickness, the
correlation that's based on steam ng rate al one
tends to show higher values than it shoul d.

Li kewi se for |arger neasured
t hi cknesses, it really under eval uates the magnitude
of the thickness. It should be here, and yet it is
showi ng here. In fact, it seenms like it is stuck at

the level of ten. So it doesn't show any val ue
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hi gher than ten, which is not a problem over here on
t he ot her one.

| hope that maybe begins to shed sone
light with the notivation for nodifying it.

Beyond the one quarter assenbly, we
devel oped a | unp subchannel one-eighth core T-H
nodel, and the objective for this was to be able to
quantify crud deposition on the assenblies. |If you
used the four one-quarter nodel, you are just
limted to finding out what happens in four adjacent
assenbl i es.

But if you have a one-eighth core nodel
then you can pretty nmuch identify what is your |ead
assenbly, the assenbly that produces the nost crud,
and then if you're interested, you can go in nore
detail with the four one-quarter assenbly T-H node
and devel op information on a rod basis.

The first nodel, one-eighth core nodel,
t hat we devel oped was consistent with a resolution
of the traditional lattice. Traditional lattice
recall is what we used before we redesigned the
|attice, and that effectively had the interior --
was pretty nuch dead as far as crud deposition

Once we started noving that crud,

spreading it evenly across the lattice, it becone
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nore inportant what happened on the inside, and
hence the second nodel of the eighth core nodel
provi des the enhanced resol ution of the assenbly
interior. That has been very, very useful

However, the price, this is a
conparison. This is the original one-eighth core T-
H nodel with very gross resolution in the center,
and here is a very detail ed nodel

Now, everything cones at a price, and
the quantification of the T-H nodel |ike that takes
about ten tines as nmuch CPU tinme as the other one,
but well worth the tinme.

Next sli de.

A conmputer programwas witten to read
VI PER out put data. The program cal cul ates crud
assenbly deposited on -- crud deposition on all the
assenblies, as well as the core. It helps us
identify assenblies with the highest crud deposits.
These are the | ead assenblies, and then, again, as I
mentioned earlier, if we need nore detail, we go to
the four one-quarter assenblies to obtain that kind
of detail.

Now, as far as crud nodel application
results, the crud nodel has been fully integrated

into the core design process. |In fact, it has been
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used so far in six reloads, and there has been no
evi dence of AOA or crud induced failures, which we
feel is not a direct nmeasure because we have not
nmeasured the crud on any of these. |It's a very
costly proposition, but an indirect indication has
been that we do not have crud induced failures or
AQA.

The nodel application has been a real
success. It hel ped prevent crud deposition. It
el i mnated potential for crud induced corrosion in
AOA, and as we feel, as we like to think about it,
it prevents the cause and avoids having to treat the
synpt ons.

Jeff will continue fromhere on the
| attice redesign that basically is an evol ution of
what we were doing before. By nodifying the lattice
design, we can really take advantage of the ability
to neasure the crud and optim ze the lattice such as
to spread the crud and otherwi se m nimze the crud
level in the entire core.

So Jeff Schm dt.

MR. SCHM DT: Good afternoon. |'m Jeff
Schmi dt, l|ike Yovan said, section | eader of Nuclear
Anal ysi s G oup.

And | want to talk today about basically
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the application of Yovan's nodel to a lattice
redesign to try to basically reduce crud deposition.

As Yovan nentioned, six years ago Pal o
Verde nade a transition in in-core fuel nanagenent.
That transition was driven by a desire to increase
the plant capacity factors while maintaining or
managi ng fuel costs. The basic transition was a
switch froma checkerboard | oading pattern to a ring
or a pre-type | oading that Yovan nentioned.

Here are some exanples of that. On the
left you'll see a traditional checkerboard pattern
The bl ue assenblies are the feed | ocati ons.

Let ne get this together here. | didn't
get your | aser pointer.

MR LUKIC: On, ny |laser pointer didn't
wor K.

MR. SCHM DT: G ven defective material .
There we go. All right. Go back to the pictures,
pl ease.

MR. LUKIC.  Ckay.

MR. SCHM DT: Ckay. W see here the
traditional checkerboard | oading pattern. Basically
the dark blue are the feed assenblies, and they're
surrounded basically on four of adjacent faces by

burned assenbl i es.
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W transitioned to a ring type design
where, again, the blue assenblies, the darker blue
assenblies are the feed assenblies. You can see
basically two pronounced rings, an inner and an
outer ring surrounding the interior checkerboard,
and that placenent of fuel led to increased crud on
peri pheral assenblies or filled pins on the
assenbl i es.

So follow ng the fuel inspections, when
we transitioned to a ring pattern, as Yovan
nmentioned, basically it was a deposition on
peri pheral pins with the high duty assenblies.

The contributing causes were basically
t he hi ghest pin powers and the | owest flow | ocations
in the assenbly, and degrading thermal hydraulic
condi tions due to conservatively plugging steam
generator tubes. Wat's happening basically is we
are pluggi ng tubes, and flow was reduci ng, and over
time that contributed to the enhanced crud
deposition.

Ef fective fuel managenent. Basically
the current Palo Verde designs are |imted by crud
deposition and not traditional peaking factors, such
as DNBR, l|inear heat rate.

Crud deposition has led to ACA and fuel
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failures at some |ocations or some plants, as you're
awar e of .

Basically after we observed the crud
i nduced ACA, we created an integrated fue
per formance plan, which was to address in a gl obal
perspective the crud deposition that we were seeing.

One of the key conponents of that plan
was to evaluate the current lattice design and its
performance in these ring type | oadings. Qur
current lattice design has two intra-assenbly
enrichments, which are basically a high and a | ow
pin enrichnent. The [ow enrichnent pins are
typically surroundi ng the gui de tubes and the corner
pin of the assenbly, and then the high pins or
hi gher enrichnment nake up the rest of the assenbly
desi gn.

This enrichnment split in our design
effectively pushes power to the peripheral pins of
t he assenbly, and that's aggravated when you | oad
themin feed, face feed | ocation.

That is further exaggerated when you
| oad additional erbia. Erbia is our burnable
poison. In aring type design you re |oading nore
erbi a, which agai n enhances the push toward the

peri pheral pins.
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Way don't we go ahead and show a
pi cture? Go ahead, Yovan.

Here is a typical, fairly high erbia,
whi ch is our burnable poison type quarter of
assenbly. This is the northwest quadrant of an
assenbly. This would be the center of the assenbly.
That's a quarter of the center guide tube. Here's
your full guide tube.

As you can see, the box marks where the
max relative pin power is, and if you examne this
slide, it's pretty nmuch predom nantly along the face
of the assenbly is where power is being pushed. Al
of the rest of the assenbly |ocations are pretty | ow
inrelative power, and this is at beginning of
cycle, and that's inportant to know.

The goal basically of the redesign was
fairly straightforward. It was to avoid any plant
operational challenges or pin integrity chall enges
due to crud and try to attenpt to reclai msone of
the efficiencies in ring type | oading.

Redesi gn ains to reduce basically tota
crud mass and also for the crud that remains is to
honogeni ze the crud within the assenbly so that we
don't have it localized all on certain surfaces to

yield a very thick crud |ayer.
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The redesign was basically we | ooked at
enri chment, changes in enrichment and splits and
burnabl e poi son | ocati ons because, one, that we felt
was the best understood and | owest risk, while at
the sane tinme being quickly available to inplenent
i nstead of doi ng other design changes.

The redesign effort consisted of three
phases basically, as | nentioned: examning the
current lattice design in a ring type |oading, which
was very interesting; performcalculations to nodify
the intra-assenbly enrichnent to see if we can
i mprove or reduce the crud deposition; and then also
ki nd of nodify the burnable poison |ocations for
t hat sane result.

And then once we had some candi date
|attice designs, is go ahead and throw theminto
various test core designs and see what the crud
deposi tion yiel ded.

Basically two approaches or two design
phi | osophi es were used in the design of the lattice.
One is to lower early cycle peak pin powers. W
felt that deposition curve primarily early in cycle,
and that if we delayed higher pin powers to later in
cycle, that would have a reduce crud benefit, and

even if we did have crud deposition, there would be
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| ess boron to have an ACA. So that was kind of one
of the design phil osophies.

The other one was just sinply to match,
better match assenbly flow, basically subchanne
flow to pin powers.

Basic steps were as | nentioned, is to
nodify the two. First we started with what we coul d
do with the two enrichnment, say, limtation on the
assenbly. So we used that. W designed difference
splits of enrichment. Then when we found sonething
t hat | ooked reasonable or would lead us in the right
direction, we would nodify burnabl e poison
pl acements to fine tune it.

And then really one of the early tests
is is the BOC beginning a cycle pin power
di stribution roughly equal to what you woul d see
when the erbia burned off and you got a md-cycle
peak. Because we didn't want to artificially reduce
BOC and then pay the penalty later on in mddle
cycle or end of cycle. W just didn't want to nove
t he probl em basically.

And then step four was once we got sone
candi date | oading patterns is to go ahead and set up
some core design nodels and actually design various

core designs and predict the crud deposition, and
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t hen basically we extended -- we usually work from
like a pallet of 16 to 20 lattice designs where the
differentiation is the nunber of erbia pins.

So then we basically concentrated on
ones we typically use in a design. Once we found
the designs we |liked there, then we expanded it to
t he whol e range of erbia |oadings basically from
zero to sone nunber

Basically we had very good success. W
got to step three, and we had two two enri chnent
designs with different burnable poison placenents
t hat yi el ded some significant crud deposition.

When we further studied those designs
t hough, we decided to inplenent a third enrichment
to fine tune the design, and that's really where we
ended up with our final lattice design. That extra
degree of freedomwe were able to tailor the power
distribution to the flowa little better.

Here's a picture of a fairly heavily
poi soned assenbly. \Wat you have here is a relative
peak pin power of the assenbly versus burn-up and
EFPD. The top line up here that starts high and
goes lowis our current lattice design, and the what
we're calling the Lattice F -- it was ny F try --

was basically very simlar, BOC peaks to MOC peaks.
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So we weren't --

CHAl RVAN PONERS: Pretty good if you can
get it by try F, presum ng you started at A or did
you start at Z?

MR SCHM DT: No, no. | started at A,
but there were probably Als, A2s, A3s before --

CHAI RVAN PONERS: Ch, | see.

MR SCHM DT: No, | think Lattice F was
mainly to -- kind of branched off into the third
enrichment. The other ones were the two enrichnent
desi gns.

Here's anot her representation of that.
It's basically conparing our current design with 72
erbia to our new design with 76. W don't have a
one-to-one conparison. This is the closest we could
do.

You basically see along the outer edge
is about a three percent reduction in pin powers,
and that was really what we were | ooking for.

What's al so inportant here is that we
didn't -- even though we reduced powers along the
face, we didn't really peak it up at |east at BOC
significantly anywhere because the max | ocati on,
which is this red box for the redesign pattern, is

al nost identical to that simlar pin in the current
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lattice design.

So we were able to reduce this edge face
where we were seeing the crud deposition, but we
didn't put a big pin power sonmewhere else that we'd
just basically be nmoving the problem

At MOC, you have still a reduction in
the outer row of pins, but what you' re seeing nowis
that you're seeing a pin power increase towards the
center of the assenbly or really towards the -- this
is the center down here, but this would be the guide
t ube | ocati ons.

But if you | ook at the absolute val ue of
the new lattice, it's still very lowrelative to the
BOC pin powers of the current lattice. They were
about six percent, seven percent. W're still
tal king four percent here. It's a seven percent
i ncrease, but as Yovan noted, we're seeing al nost no
crud deposition around the guide tubes, and there's
a reason for that. That's our highest flow |ocation
within the assenbly. So that's really where we
wanted to push the power to.

Phase three of the design was take our
pal l et of new redesigned lattices and put it into
our Unit 2, Cycle 12, which is our up rate cycle.

Unit 2, Cycle 12, is a three percent power up rate,
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but a degree and a half inlet tenperature increase,
and with new st eam generat ors.

So we basically took a parallel design
pass, saying, okay, we take our new | attices and we
take our current lattices and nake the best designs
possi bl e out of each one and see where we end up in
crud deposition.

Go ahead, Yovan.

We conpared those to Unit 3, Cycle 9,
where we had mld localized AOCA in the high powered
assenbly. So that was kind of considered our
threshold. Do not go past that mld AQA

Here's the results. You basically have
Unit 3, Cycle 9, which is our benchmark. Unit 2,
Cycle 12, with the C stands for the current l|attice,
and this is the revived or redesigned lattice. Here
you basi cally have maxi mnum pin -- that should be
crud thickness. Sorry about that. There should be
"crud" in there, and that's basically a span average
crud thickness.

And so you can see that with our best
design on our current lattice, we were going to go
over our three/nine threshold. So we felt we had
sone risk associated with that.

And the revised lattice, we had a
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significant reduction in crud deposition. So we
felt pretty confortable with that.

This is just another way of |ooking at
it. This ook at total core crud. That was kind of
a localized maxi mum even though it's a span aver age,
but it's kind of a criteria of potential for pin
failure if you got too much crud.

This is kind of a global AQA indicator
we tend to use it as. Again, you can see three/nine
here. The current lattice did pretty well in terns
of current, and the revised lattice did
substantially better.

These, | should nmention that the two-12
desi gns have different design assunptions than the
t hree/ nine. Because we're getting new steam
generators, we have to assume an increase in source
term basically the crud concentrati on com ng off
the bare netal of the new steam generator before it
is basically pacified.

So what we did is for the two/ 12 designs
we assuned basically a source termor a crud
concentration of twice that would be assuned in the
t hree/ ni ne desi gn, and because we don't know how
basically the RCS crud concentration or nickel and

iron will fare with tine, we assune an equa
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wei ghting of deposition all through the cycle. So
t hat adds conservatismto the two val ues represented
for the cycle 12 designs.

The redesign lattice is predicting
significantly reduced crud deposition, as you saw.
Pal o Verde has decided to inplenent the redesigned
lattice in all future core designs.

And then we have a nulti-cycle fue
i nspections plan for nultiple cycles of Unit 2
comng up to further validate the crud nodel and to
make sure the revised lattice is behaving as
pr edi ct ed.

Just a couple other points that Yovan
had tal ked about was we have been using this crud
prediction nodel for six cycles now, and we have had
an opportunity to | ook at one assenbly visually that
was a hi gh powered feed assenbly, and that fell --
you know, visually it's tough to tell, but we did
not see the tenacious crud that we had been seeing
on prior visual inspections of our fuel. So that's
anot her indication that we seemto be noving in the
right direction.

So we have had sone data. The Unit 2
data is going to be -- excuse ne. |'mnot used to

talking this nuch. The Unit 2 data will include
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oxi de thi ckness measurenents and basically visual
i nspections to, you know, further validate the
nodel. So that's going to be ongoing.

Do you have any questions?

DR KRESS: | have a question about one
of your earlier slides.

MR SCHM DT: Ckay.

DR. KRESS: The one on your crud
t hi ckness regressi on nodel

MR. LUKIC. Do you want to know t he
formul a?

DR. KRESS: Yeah. It doesn't reproduce
very wel |

CHAl RVAN PONERS: Here we go. W' ve got
it all witten out here.

DR. KRESS: GCkay. That takes care of ny
guesti on.

MR. CARUSO W copied the fornula from
the paper. |Is that the same fornul a?

MR, LUKIC. Yes, absolutely. Wuld you
like to keep the disk?

MR CARUSO Sure, that's fine.

MR LUKIC. 1'd be happy to give it to
you.

VR SCHM DT: For sone reason it didn't
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print out when we went to print out this.

MR. CARUSO That's right.

CHAI RVAN PONERS: That al ways seens to
happen.

Any ot her questions for the speakers?

Are we going to have any data on how
this new core | oad behaves?

MR. SCHM DT: Sure, if you want.

Absol utely. Be happy to.

CHAl RVAN POAERS: | nean if nothing
el se, send us a note sone tine and tell us how it
wor ks, | mean, what the outcone is. This is |ike
one of those nystery stories. |I'mwaiting for who
done it here.

MR LUKIC. And if you could invite us
for when the cherry bl ossons are on, that would be
even better.

CHAI RMAN PONERS: Onh, yeah. W would
| ove to do that, except they carefully schedul e ACRS
neetings so that that doesn't happen. W work for
t he governnment. So you' ve got to suffer. [It's one
of the requirenents of the job here.

MR SCHM DT: Just as an aside, we'll be
| ooki ng at ZI RLO performance as well.

CHAI RVAN POVERS: Ch, okay.
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MR SCHM DT: But we will be |ooking at

a lot of things com ng up, including oxide and crud
deposition and ZI RLO performance. So we're going to
get a lot of data out of it basically. |In the next
three cycles we are planning on fuel inspections.

CHAl RVAN PONERS: Ckay, yeah. | think
woul d enjoy hearing how it all cones out and get --

MR SCHMDT: | will, too, if it comes
out well.

(Laughter.)

CHAI RMVAN POAERS: No, see, |'m
i nterested regardl ess, but you only --

MR. SCHM DT: Maybe sonebody el se will
be up there if it doesn't cone out well.

(Laughter.)

CHAl RVAN PONERS: Wel |, thank you very
nmuch.

MR. LUKIC. A pleasure.

CHAl RVAN PONERS: Let me now wal k ar ound
the commttee and see if people have any first
t houghts here. 1'1l keep doing this throughout the
neeting in order to give you a chance to revise your
t hought s.

Peter, any thoughts on what all you've

heard here?
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DR FORD: You've said there are two
guesti ons.

CHAIl RVAN PONERS: Wl |, 1've got about
five here.

DR FORD: The whole topic of the
structure and tenperature and fuel cladding, there's
a conplex interaction diagramshown, and |'m
concerned that there was nothing related to the
primary and secondary interactions to distinguish
them W only heard about the RAI, the LOCA, and
the transportation cost or the plan. Your question,
Dana, was how conplete is the plan. W only had
about three of them

We didn't hear any about ATWS for the
BWRs.

| was concerned that FRAPCON and
FRAPTRAN do not predict corrosion and hydrogen
enbrittlenent effects very well, and yet the
enbrittl enent of the fuel cladding is a prine
vari able, and yet the FRAPCON and FRAPTRAN does not
take into account corrosion effects.

As far as the RAl aspects are concerned,
t here's obviously some di sagreenent with EPRI about
t he question of the pul se, the size. That concerns

me because it seens to ne two of the experts
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di sagree, and we don't know which one is --

CHAl RVAN POAERS: They're a hell of a
| ot closer now than they were | ast tine.

DR FORD: Yeah, true. | was a little
bit concerned that in the plan we were tal ki ng about
t hree approaches to the RAI, and yet it now | ooks as
t hough because of the stretch of tine coming up to
resolving this by the end of this year, that we're
only going with one, which was really to nodify the
pai nt brush data using nodifications of pulse wdth
aspect. It seened as though they're shoving the
Vitanza mul ti-paranmeter code to one side, and naybe
that's a m stake, but that's what | thought | had
hear d.

| think it's going to be optimstic that
we're going to have a believable nodification by the
end of this year, 2003.

As far as the LOCA is concerned, ny
first question really was or concern was are we
absolutely sure the conpression ring test is the
right test to do. | amnot a nechanical engineer,
but | keep hearing these nmurnurs that maybe it's not
the right one to use, and yet the whol e approach
depends on that particular test.

| was puzzl ed sonewhat to see how from
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t he basis of sone of the pictures we saw, how the
pellets were going to be contained in the

ruptured -- if the tube does rupture and sw ngs
around in a sonmewhat chaotic, thermal hydraulic and
mechani cal condition, how the pellets are going to
be cont ai ned.

The LOCA thing | thought was a very
anbi ti ous program which | think can be done by the
sumrer of next year, which is what | had heard. |
don't know how the gaps in the questions that
obviously still abound, how they were going to be
answered by the other cooperative partners that you
have. You nentioned the Russians and the fact that
t hey had corrosion aspects for E110. | don't know
the specifics of those interactions.

| will wite this all down, Dana, for
you, but your final question was, | believe, how
much shoul d be done by NRC versus other parties,
primarily industry. |If you renenber in our |ast
year's research report, we nade a case for crucial
areas, such as neutronics codes and fuels, NRC nust
have an independent research capability in the
cruci al area of fuels.

| tend to agree. However, | ooking at

t he nunber of questions that still abound, | can't
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see how they're going to be resolved w thout there
bei ng sone sort of cooperative arrangenent wth
industry. I'mmnot quite sure that exists currently.

"Il wite this all down, Dana, but
those are ny first --

CHAl RVAN POAERS: That's good. You' ve
been thinking hard. W'Il report to Bonaca that you
didn't dally around in this neeting; that you worked
diligently.

DR FORD: Thank you.

CHAI RMAN POAERS: And he'll undoubt edly
give you a gold star

Dr. Kress?

DR KRESS: Well, let ne address the
RIA, and I'll the initials in the right order.

DR FORD: Ch, | got them wong?

DR. KRESS: First, we did see basically
two approaches, one by the staff in readjusting
their basically enpirical paintbrush nodel in order
to cone up with a boundary for the failure insertion
rate and one by EPRI, which I haven't seen the
details of yet, but | understand it's a | ook at the
nmet hodol ogy of failure due to the | oads and the
stresses and the material properties and getting

sone sort of failure rate.
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| see no reason why both of those
woul dn't work. | mean there's no reason both of
those in principle couldn't work. | think the
pai nt brush approach we heard from Ral ph will very
nicely settle the issue of do we have the right
regul atory bound on the reactivity insertion and
will the cal cul ati ons show that we're bel ow t hat
bound for the ones.

| think it will handle that for the
exi sting clads and fuels. | think though that if
we're going to | ook at new clads and new fuel s, that
you are either going to have to have a | ot nore data
to do that process, and | worry that you may m ss
sonme of the fundanental issues.

So | think I'mleaning towards both
approaches. | like the EPRI approach for the new
materials, and | think the staff's approach to show
that the current regulatory level is okay is the way
to go.

So | like both approaches. | think in
order to extrapolate this to the different materials
you're going to have to go with EPRI's approach
because | think it will take too nmuch new data to
get a new pai ntbrush curve for the new material s.

May |'mwong there, but | think I would
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| ook very strongly at the EPRI approach and review
their stuff when it comes in. | haven't really
seen it in detail yet.

Wth respect to the LOCA stuff, | think
| like all of the fundamental data they're getting
on the materials properties and the effects of
hydri des and oxi des on the strength of the materi al
and on its ductility. It seems to ne there is a
m ssing step, and that's how you convert that into
what woul d sufficient -- the word "sufficient," |
guess, is in there.

| didn't really see that step being
closed yet, and | think some nore is needed on that.

| guess | thought all of that work done
by Argonne was good work and nice stuff to have and
have no real conplaints about it.

There is this issue that you brought up
about single rods versus bundl e behavior, and |
don't know how to deal with that right now | think
it's still an issue and will have to be dealt with
at sone tine.

That's about it, | guess.

CHAl RVAN PONERS: Good. Thanks.

Vi c.

DR. RANSOM Mne is going to be pretty

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

309

mnimal. This is kind of a new area for ne, but
fromwhat | heard it certainly sounded |ike the
nodels were the right way to go to extrapol ate the
data, and | guess | sort of felt like there wasn't
an awful lot of difference in the high burn-up
conpared to the normal fuels as far as the |east
failure criteria were concerned.

And | woul d say that uncertainty was
brought up a couple of tinmes, but not really
addressed very well, and any of this nodeling, and I
think in general that should be addressed in either
appr oach.

That's about all | would have to say.

CHAl RVAN POVERS:  You make the point;
you and Dr. Kress both nmade the point that nodeling
is the way to extrapolate. Wat | would pose to you
is a question that you don't have to answer right
now, but it's a question we have to think about, is
can we do on the unconstrai ned nodeling
extrapol ation or do we have to have sone sort of
benchmar ks agai n of those nodels, and how bi g does
t hat nodel i ng dat abase have to be?

When we | ook at the database we have,
you can see that one data point as a benchmark coul d

be either wildly optimstic or wildly pessimstic.
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The tests have a natural scatter to them of sone
magni tude. So what's the nagnitude of database that
you have to have to benchmark your nodels, if indeed
you think you have to have a database to benchmark
your nodels? And | would be stunned if you didn't
think that, but I'malways willing to be stunned.

DR. RANSOM Well, | think the problem
also would be simlar if you sinply tried to take
the enpirical approach. You've got to prove that
you have enough data to evaluate the uncertainty
associ ated with any prediction you made fromthat.

CHAl RVAN PONERS: | guess the point I'm
trying to make is that the two are not different in
t he nmagni tude of the data.

DR. RANSOM  True, but | guess from ny
own personal point of view, | tend to -- if you have
a nodel, you know, that involves the phenonena that
you pretty much know are present and does expl ain
the trends of the data, | would tend to trust that
nore than sinply an enpirical nodel

CHAl RVAN POAERS: We used to have a
nodel, right up until REP-Nal was done.

Ckay. On that note, | guess we'll
recess and resune again tonorrow at 8:30. So we are

recessed.
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Subcommi ttee neet was adjourned, to reconvene at

8:30 a.m, Tuesday, Septenber 30, 2003.)

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

(202) 234-4433




