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PROCEEDI NGS
8:31 a. m

peni ng Renar ks

CHAI RVAN BANERJEE: The neeting will now
come to order. You all ready? ay. This is a
neeting  of the Joint ACRS Subcommittee on
Ther nohydr aul i cs Phenonena, and Materials Metall urgy
and Reactor Fuels, standing Subcomrittees of the
Advi sory Conmmittee on Reactor Safeguards.

|'"'m Sanjoy Banerjee, chairman of the
Ther nohydr aul i ¢ Phenonena Subconmittee. ACRS nenbers
in attendance are Sam Arnmijo, Stephen Schultz, Joy
Renpe, Bill Shack and M ke Corradini is on the phone.
Qur ACRS consul tant, fornmer ACRS chairman, Dr. G aham
VWallis, is also present.

Mar k Banks and Wi dong Wang of the ACRS
staff are the Designated Federal Oficials for this
neeting. In this neeting, the joint Subconm ttees
will review and discuss the thermal conductivity
degradation TCD issue, how TCD inpacts |egacy fuel
nmechani cal desi gn codes and how TCD effects on safety
analysis will be the main subjects.

W will hear presentations fromthe NRC
W have received no witten conments or requests for

time to make oral statenments from nenbers 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

5

public regarding today's neeting. For sonme itens on
t he agenda, the presentations will be closed in order
to discuss information that is proprietary to the fuel
vendors and |icensees, pursuant to 5 U S. C
552(b) (O (4). Attendance at these portions of the
neeting dealing with such information will be limted
to the NRC staff and its consultants, and to those
i ndi vi dual s and organi zati ons who have entered i nto an
appropriate confidentiality agreement with them

Consequently, we will need to confirmthat
we have only eligible observers and participants in
the room for the <closed portions. The joint
Subcommittee wi || gather i nformati on, anal yze rel evant
i ssues and facts, and formul ate proposed positions and
actions, as appropriate, for deliberation by the full
Conmi ttee.

The rules for participation in today's
neeti ng have been announced as part of the notice of
this nmeeting previously published in the Federal
Register. A transcript of the neeting is being kept
and will be rmade available as stated in the Federal
Regi ster noti ce.

Theref ore, we request that participantsin
this nmeeting use the mcrophones |ocated throughout

the nmeeting room when addressing the joint
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Subconmittee. The participants should first identify
t hensel ves and speak with sufficient clarity and
vol une so that they may be readily heard.

Okay. We'll now proceed with the neeting.
Just to informthe joint Subconmittees, this is
primarily an informational neeting. W can, of
course, discuss it at the end and deci de what we want
to do.

But at the noment, no letter will be
required. This is an evolving matter, and at sone
poi nt, of course, the staff will come to us with a,
probably with a request for a letter. But that's in
t he future.

Sowiththat, 1'"'mgoingtoturnit over to
-- | thinkit's -- is it going to be Chris Jackson or
is going to be you, Paul. GCkay, hi Chris.

| nt r oducti on

MR. JACKSON: Good norning. Thank you
very much. First of all, | want to thank the ACRS for
the opportunity to give you a briefing. It's ny
under st andi ng t hat we haven't given you a briefing on
this topic since last spring, so it's timely.

| want to reiterate, we're not requesting
a letter. This is an informational briefing, but we

hope we have a frank and open di scussion. As you al
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know, all vendors have taken sone action to address
the TCD i ssues. The actions vary anong vendors, and
we haven't cone to a conclusion one way or the other
yet.

The estimated effects on TCD al so vary
gquite a bit. In sonme cases, it's limted or no
effect; in other cases, it's quite high, 200 or 300
degrees. W've received 50 to 60 reports already, so
we've nade quite a bit of progress. But we continue
to work. Wth that, I'lIl turn it over to the staff,
and thank you for the opportunity to brief you.

CHAI RVAN BANERJEE: Thank you, Chris. |Is
t hat Paul now?

MR JACKSON:. Yes.

CHAI RVAN BANERJEE: All right. Go ahead.

Overvi ew of TCD | ssue

MR. CLIFFORD: Ckay, good norning. The
purpose of today's briefing is to provide a status
report on TCD. | will begin by introducing the cause
and effect of the degradation and thernmal
conductivity, and provide atinmelineillustratingthe
avai lability of data in the approval of the current
fuel performance nodel s.

Ken Geel hood from PNNL will provide the

second presentation. He will describe the algorithns
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used in the fuel thermal solution, their calibration
and validation and the supporting enpirical database
in nmore detail.

Inthethird presentation, | will describe
the inpact of TCD on each of the fuel performance
codes, along wth the short-term and |ong-term
corrective actions.

Ben Parks fromthe Reactor Systens Branch
will provide the fourth presentation, where he wll
describe the inpact of TCD on downstream safety
anal ysis, and the steps taken by the staff to address
this issue, and in the last presentation, | wll
address the root cause and corrective actions.

Irradiation danmage, the build up of
fission products, pellet cracking, changes in grain
structure, changes in velocity all affect the transfer
to the fuel pellets.

Legacy fuel performance codes do not
include a reduction in thermal conductivity wth
i ncreasi ng exposure, because earlier test data was
i nconclusive at the tinme that these codes were
appr oved.

At the beginning of 1990's, neasurenents
col |l ected at the Hal den research reactor through their

i nstrument ed fuel assenblies have provided sufficient

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

9

evi dence to denonstrate the fuel thermal conductivity
isin fact a real issue that needs to be addressed.

MEMBER ARM JO  Paul, before you go
further, help ne understand the second bullet. The
| egacy fuel rod codes didn't explicitly include a
t hermal conductivity degradation effect.

But if the codes were calibrated agai nst
hi gh burnup fuel data, let's say fission gas rel ease
data or cl addi ng, dianetrical change or sonething like
that, it's buried in there.

The effects are in the, inthe really to
get into the codes in sone way, although they don't
know what part of the fission gas rel ease resulted due
to thermal conductivity degradation, what it could do
to tel ecracking and rel ocation and all of those other
t hi ngs.

So to a certain extent, it seens to ne
that if the fuel codes were calibrated agai nst, you
know, quality high burnup data, the effect is in there
somewhere, but it's not explicit and what's m ssing?

MR CLIFFORD: Well, the short answer is
that there are integral tests that are needed to
cal i brate kind of the overall effects and the feedback
effects within the fuel rod. As you nentioned,

fission gas release. Yes, there's always been -- |
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shoul dn't say "always been." There has been a good
anount of fission gas release data at high burnup
fuel .

So you could tune your nodel so that the
fission gas rel ease was correct. So that piece of the
equation was okay. But your fuel tenperature would
have been artificially low, and that woul d have
i npacted other cal culations in the performance.

MEMBER ARMJO So until you could
separate the TCD effect by itself, right, you really

MR. CLIFFORD: That's an artificially high
fission gas release nodel, based on the actual
tenperatures that were being predicted. W'l get
into that in a little detail 1in the second
presentation, when we tal k about the calibration of
each of the nodels. Ckay.

MEMBER SCHULTZ: That's how you woul d
expect it to result, that you' d have a conservative
prediction of fission gas release if the nodel or
t enperature was incorrect?

MR. CLI FFORD: Because you were tuning it.
You're forcing, you are forcing the algorithmto natch
t he dat a.

MEMBER SCHULTZ: Right.

NEAL R. GROSS
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MR. GEELHOCOD: Because the inputs to like
a fission gas release nodel, like the diffusivity of
gas within the grain, isn't sonething that's readily
nmeasured. So a lot of tines that's sonething that
needs to be tuned, and so if your nodel's under
breaki ng tenperature, then your diffusivity would be
tuned artificially higher.

MEMBER REMPE: But ot her phenonenon |ike
the stored energy in the fuel, anobng other things,
woul d be gone, right?

MR CLI FFORD: Yes.

MEMBER REMPE: So that's --

MR CLIFFORD: It would affect nultiple
things. It would affect cladding strain. It would
affect stored energy, it would affect other things,
and we' Il get into that.

MEMBER SCHULTZ: So sone things could be
correct, but it wuld be by happenstance, and
therefore you need to adjust it to understand the
influence of different paranmeters that would be
characterized in the nodel

MR CLIFFORD: Correct, and further in the
presentations, you'll see where vendors have | ooked at
each calculation and found that sone renained

conservative, in spite of TCD, while other ones needed
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augnentation factors. That will be clear.

CHAI RVAN BANERJEE: | guess the questions
that you're facing are arising fromthree previous
letters we wote, in which -- which OPP was that?
Which said that in spite of the fact that you show
tenperatures to the TCD mght be incorrect, the
fission gas rel ease was okay. It was tuned, based on
dat a.

| nmean that was the inpression we had. |
think this was the cause of this questioning. Wat we
are seeking at sone point you wll give us is
confirmation that the fission gas rel ease, based on
t he | egacy codes, was okay. kay. Let's nove on.

MR. CLIFFORD: GCkay. This slide
illustrates the degradation of fuel t her mal
conductivity, and in the next presentation, we'll get
into much nore detail and show you the al gorithmthere
used to solve fuel thermal conductivity and the
t enperature and burnup effects.

They're ki nd of sem -enpirical

correlations, inthat it's a mathemati cal formthat we

CONSULTANT WALLIS: Because | realize
there are different nodels which give somewhat

different results. This is an atypical result.
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MR. CLIFFORD: This is the npodel --

CONSULTANT WALLIS: It's FRAPCON, this is
FABCON.

MR CLIFFORD: This is FRAPCON. But for
i nstance Hal den has a nodel that's simlar, and other
vendors may have sim |l ar nodels.

MEMBER CORRADI NI: Can | ask a question
about the nodels? Are we on Slide 4?

MR CLI FFORD: Yes.

MEMBER CORRADI NI:  Okay. So let's just
t ake one of these curves that are just a correl ation.
Is the correlation approach with data to get the
nmedi an or the nean, and then develop a 1, 2 or 3-
sigma, or is the approach to get the |owest thermal
conductivity of the data?

|"mtrying tounderstandthis, relativeto
other correlations that |I've used. So if this is not
the appropriate tine, when you get toit, I'dlike to
know how you correl at ed.

MR, GEELHOOD: | mean the quick answer is
these are best estimate nodels, but we'll talk nore
about how uncertainties are applied nmaybe alittle bit
| ater.

MEMBER CORRADI NI :  Ckay. kay, thank you.

MR. CLIFFORD: kay, on Slide 5. This is

NEAL R. GROSS
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an inportant slide, because it illustrates the
evolution of the Halden fuel tenperature database
Each synbol represents in the reactor, online, center
line tenperature nmeasurenents taken over a period of
time in the Halden reactor for nultiple fuel rod
segnents within their instrunmented test rates.

CONSULTANT WALLI'S: Does the X axis mean
anyt hi ng?

MR CLIFFORD: The X axis is the date of
t he publication of the report.

CONSULTANT  WALLIS: Does that nean
anything, in terns of interpreting the data?

MR CLIFFORD: Wat I'mtrying to get --

CONSULTANT WALLIS: Does it get better
with time or sonething? | mean does tine matter?

MR, CGEELHOOD: You get access to nore data
as time progresses, and so you know, in 1980, we only
had t enperature gauge --

CONSULTANT WALLI'S:  But we should believe
| FA 681 nore than Slide 1-3?

MR. GEELHOOD: Not necessarily, but nore
data's available to validate nodels later, at a later
dat e.

MEMBER CORRADI NI : If | mght just ask,

however, ask a question. Also as these tests
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progress, these are different burnups right? So
there's kind of |ike another axis here that as tine
progresses, you guys are doing different burnup
anmount s?

MR. CLIFFORD: Correct, and that's the key
point I'mtrying to nake here.

MEMBER CORRADI NI:  Right. That's what |
t hought .

MR. CLIFFORD: So high burnup data wasn't
avai l abl e prior to 1990. The highest was 432, which
is up to 40 gigawatt days.

So nodels tuned before that time were
tuned to the data that was avail able, and as ti ne went
on in the 1990's, all the prograns took on higher
burnup fuel rod segnents, and was able to col | ect data
that was then used to tune nore recent codes.

If | add to the X axis, here, |I'madding,
thisis Slide 6. This is the approval date of each of
the current fuel rod performance codes.

MEMBER ARM JO.  Ch, that's good.

MR CLIFFORD: So this really illustrates
what data was avail abl e when each code was approved.
So just as an exanple, if you | ook at GSTRM whi ch was
the | egacy GE code, when it was approved, there was

very little data. There was no high burnup data
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avai l able to validate connectivity nodels within --

There was naybe fission gas rel ease data
avai |l abl e, and maybe it was tuned correctly for that.
But no integral <center line fuel tenperature
measur ement s whi ch coul d have been used to validate
the fuel tenperature predictions.

MEMBER ARMJO | believe at that tinme, GE
had its own proprietary rigs at Hal den, neasuring
tenperatures. But nost of the data was enpirically
fitted toright frommeasurenents of actual fuel rods.

MR. CLIFFORD: The only data |'m show ng
here, this is the U0, and gad rods from Hal den t hat
are publicly available, that have been used to tune
FRAPCON.

MEMBER REMPE: What kind of fuels? Wat
bender fuels? Are they a mxture? There's all this
proprietary stuff fromvarious vendors, and then the
comunity test --

MR CLI FFORD: Yes.

MEMBER REMPE: Are these foreign fuel
tests?

MR, GEELHOOD: So the NRC participates in
the Halden program and the program deci des where
they're going to get the fuel from So nobst of these

are probably fromU. S. vendors.
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MEMBER REMPE: And a m xture, and you
don't see anything skewing, a vendor that has
considerably different results versus anot her vendor?

MR GEELHOOD: No, we don't see a lot of
difference in, you know, pellet structure from one
vendor to another, cladding, you know, the effect of
cl addi ng.

MEMBER REMPE: The fission gas release is
i ndividually tagged for each fuel rod. So you would
notice that Fuel Rod A rel eased gas, versus Fuel Rod
B in a particular checkout?

MR GEELHOOD: Yes, and the Halden test is
not 100 percent prototypic of a PWR and so it's
really designed nore to get one thing, in this case
tenperature, or they m ght want to get one thing |like
creep, knowi ng that the fission gas rel ease that
occurs, while it's inportant for the prediction for
that test, nmay not be prototypic of the fission gas
rel ease that you get in a comercial plant.

MEMBER REMPE:  And furthernore, these fuel
rods woul d have shortened t he gap between t he fuel and
the cladding to get thermal conductivity better?

MR. CGEELHOOD: They may do different
things like that, or they have gas flow rates and so

they can vary the gas in the gap, to change the
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tenperature of the rod. So they can do a | ot of those
kind of tests, because they're |ooking at one
particul ar thing, and nmaybe for one test they're not
as interested in gas rel ease.

MEMBER REMPE: (Ckay. So that's something
to keep in mnd, when we |ook at FRAPCON results,
conpared to what you're doing to the vendors in the
future for EPUs, is that it's a good benchmark. But
there are sone things in the FRAPCON code that may --

MR. GEELHOOD: And you'll see in a mnute.
But the Halden test is not the only place we get
things for FRAPCON. W also, you know, our gas
rel ease nodel s are tuned nore fromot her test data and
commercial rods, because we -- because that's
something that's easy to get during a post-radiation
exami nation, is to get that gas rel ease puncture data.

So we can tune to a nore prototypic set of
gas rel ease data, whereas with tenperature, you can't
neasure it anywhere outside the Hal den reactor. So to
val i date our tenperature nodels, we use Hal den

MEMBER REMPE: But it's an in-state, or
you actually take a rod and puncture it and put it in
a furnace and do it as a function of tine, or you just
get the end state?

MR, GEELHOOD: Well yes. So we get one

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

19

poi nt for that, because you know, you take it out and
you puncture it and find out how nmuch gas has been
rel eased. Hal den has the capability to neasure online
pressure, but it's not always the best way to really
figure out what the gas release is, because sonetines

t he puncture data doesn't necessarily match the onli ne
pressure.

MEMBER CORRADINI: If I might follow on
Joy's question, just so | understand. So when you do
this separate test for puncturing to get the integral
anount of gas, when you do a back correlation of it,
is the assunption that the gas is sitting in the gap,
or how -- and this is not the right tine to get to
t hat ?

| guess Joy probably knows nuch nore t han
| do on this, but where do you think the gas is, now
that you have an integral neasurenent?

MEMBER REMPE: It's the gap.

MR. GEELHOOD: The gas in this case is in
the gap. There's a lot of gas still in the fuel, and
it is possible to probe fuel and figure out where the
gas is in the fuel. But the gas we care about for
fission gas release is gas in the gap. So you just
puncture it and you --

MEMBER CORRADINI: Ckay. But the
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assunption is whatever -- the assunption is whatever
you do in the volunmetric current, the integra
neasurenent, it's comng fromthe gap, not from any
sort of diffusion out of the fuel?

MR. CGEELHOOD: No, because diffusion kind
of turns off at room tenperature, and even 200
degrees. So whatever you get in the hot cell is just

going to be what was in the gap when it was in the

reactor.

MEMBER CORRADI NI : Ckay. So the puncture
test is done at low tenperature. | guess | m ssed
that. |'msorry.

MR GEELHOOD: Yes, it's done in the hot
cell and so, you know, probably higher than room
t enper ature because of decay heat, but not that mnuch
hi gher .

MEMBER CORRADI NI :  Ckay, thank you.

CHAI RVAN BANERJEE: Wl |, before you nove
from the slide, would it be helpful to know where
FRAPCON cones there roughly?

MR CEELHOCOD: Well, there's different
versi ons of FRAPCON. So FRAPCON - -

CHAI RVAN BANERJEE: |'mthinking the
| at est or greatest version.

MR. GEELHOOD: The | ast rel ease cane out
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in, 1've got it right here, 2011, and so --
VR. CLI FFORD: But the thernal
conductivity nodel was updated in 3-3.

MR. GEELHOOD: Yes, which was |ike 2,000

CHAI RVAN BANERJEE: |s that next tinme?

MR. GEELHOCOD: Yes, probably. So FRAPCON
is an evolving thing. New versions cone out, and so
when Paul does reviews of vendor fuel performance
codes for soneone el se, the | atest version of FRAPCON
is used to try to do sone audit cal cul ati ons.

CHAI RVAN BANERJEE: The ot her thing that

woul d be hel pful, Paul, is maybe sone of us know, but
coul d you just say which ones are -- which vendor and
whi ch - -

MALE PARTI Cl PANT: For PWR, do you have --

MR CLIFFORD: | wll be wal king through
each and every one of these codes in detail in ny
presentati on.

CHAI RVAN BANERJEE: Ckay, fine.

MEMBER REMPE: Before you | eave the Slide
2, there's not very nmuch data at 80 gi gawatt days per
nmetric ton uranium Is there a plan for
repeatability, additional tests? |[|'ve forgotten the

nunbers, but is it five to seven degrees or sonethi ng?
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There's a value quoted about how rmuch for so nmuch
bur nup, how nmuch degradation occurs that is a rule of
t hunb, in one of your backup i nformati on docunents we
recei ved?

There's not very much uncertainty for
somet hi ng where there's naybe one data point at eight
gi gawatt days per netric ton uraniumthat, instead of
trying to get --

MR CLIFFORD: Right. 1It's going to be 58
degrees Fahrenheit for ten gigawatt days. Well, the
data that's avail able, I nean each one of these points
represents nultiple fuel rods, and this data is
significantly high in the license burnup. License
burnup right nowis 62 gigawatt days. So this bounds
t hat dat a.

MEMBER REMPE: So is there a plan for any
repeatability test, is what |'mgetting at? Do you
guys feel confortable -- what do you think the
uncertainty is in the data that you' ve got fromHal den
and - -

MR CLI FFORD: He will make a
presentation, where we've quantified the uncertainty
based upon the data, the database we have.

MEMBER SHACK: But what range of burnups

do you think you' re covering? You know, FRAPCON is
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valid now up to what?

MR, GEELHOOD: W usually don't try to say
it's out much beyond 62, because that's the |icensing
burnup that all the vendors are tied to. So we would
be confortabl e saying maybe up to like 70 or so. But
beyond that, there isn't alot of fission gas rel ease
data. There isn't a |ot of tenperature data.

These t her nocoupl es, you know, Hal den has
gotten very good at maki ng | ong-1 asti ng t her nocoupl es,
but they do decalibrate in reactors. |It's a very
chal I enging environnent, and so collecting sone of
this high burnup data takes a long tinme to get to the
bur nup, and sonetines the instrumentation can fail.

So you know, | don't know what the plans
of the Hal den reactor project are as far as getting
hi gher burnup data. | think it would be up to the
nmenbers on that Conmittee, if it's inportant to push
for it and if other things are inportant right now, I
think they're focused nore on local work than on
col | ecting high burnup tenperature data.

MR CLIFFORD: |1'd also say that | guess
we feel confortable with the accuracy of FRAPCON
based upon the data we have available, and if the
i ndustry were to pursue --

MEMBER SHACK: Up to what burnup?
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MR CLIFFORD: Up to 62, and if the
i ndustry was to pursue hi gher burnups, then the burden
of proof would be on them to gather nore data, to
bri dge any gaps.

MEMBER REMPE: But as the regul at or who
does 50 gi gawatt days per netric ton uranium | don't
see a lot of data, and as a regul ator, you have the
ability, if you want to, to say -- but | didn't hear
t he answer to what you think your uncertainty is, and
is it ten percent or 30 percent?

MR. GEELHOOD: The tenperatures we've
cal cul ated at standard devi ati ons of about seven, five
to seven percent.

MEMBER REMPE: (kay. So for instance the
fol ks at Hal den, there nay be, and even in Wzniak's
paper, he said maybe 30 percent on sonme of his data.
VWhat |'m getting at is | think maybe the regul ator
m ght want to see sone repeatability tests, to have
nore confidence in what they have too.

MR. GEELHOOD: Right.

MEMBER CORRADINI:  If | mght just follow
Joy's point, we're going to get to this later, right,
in ternms of how you guys roll in your estinmates of
uncertainty, to see the effect on stored energy.

MR. CLI FFORD: Correct. W'IlIl get to that

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

25

in detail. But to go back to your question, if our
predictions of tenperature were that far off, then we
woul d see it in other places, such as void vol une,
such as fission gas release, rod internal pressure.

MEMBER REMPE: So you're within ten
percent in everything you' ve got, for what the data --
that's what |'mgetting to, because that's really
pretty good for a test, considering sonme of the
uncertainties in their measurenents.

MR CGEELHOOD: Hal den has told us, kind of
informally, that they wusually feel that their
nmeasurenents are accurate within 50 degrees C. And so
they don't typically say ten percent or five percent,
and so we've found our nodels generally agree with
Hal den' s neasurenents within 50 degrees C

So we're kind of maybe as good as we can
get, because if they think they're accurate within 50
degrees C, if we're that close, you know, getting
cl oser doesn't necessarily nean anyt hi ng.

MEMBER REMPE: Wel | speaking further,
guess | like seeing repeatability in tests, and I'm
not sure there is.

MR GEELHOOD: And so what Paul said too
is when you see like one dot there, that's the

i nstrumented fuel assenbly, and many times there's
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many rods in there that are run at different
condi ti ons.

So 1"l have sone slides in ny
presentation, where | kind of show kind of the
expandi ng LHGR versus tenperature versus burnup, you
know, so you can kind of see this is kind of the box
where we feel validated, and you can see on naybe the
edges of the box and maybe | ess data, and as you nove
in, nore data.

MEMBER CORRADINI: But | think | know
where Joyce is comng from So |let ne ask her
guestion differently. Are there any dianonds that are
approximately the same burnup as a function of tine?
The way she's aski ng the question, she knows nore t han
|. Is the answer no, no dianond is shot at or is
ai ned at about same burnout?

MR. CLI FFORD: The reported, you know, on
the Y axis, that's the highest burnup that was
achieved in the Hal den reactor. So there are multiple
rods t hat have progressed to the same exposure points
in the Halden reactor, as neasurenents were being
t aken.

MR. GEELHOOD: So this might better be
shown as a bar chart --

MR. CLIFFORD: Yes, right.
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MR. GEELHOOD: That's why it's --

CONSULTANT WALLIS: So really, to extent
this premse, it's a very |l ow value up to the di anond
ar ea.

MR. GEELHOOD: Yes. You have one point.

CONSULTANT WALLIS: Right, because it's
very confusing just to have one point.

MEMBER REMPE: But if I'mreading it
correctly, above 50 gigawatt-day per netric ton
uranium | don't see a lot of dianmpnds. Mst data
were for 40 gigawatt-days per netric ton uranium or
bel ow, although there's nmultiple rods in the test.

MR. CLIFFORD: There's three public test
prograns that are there.

MEMBER ARM JO Wl l, let ne nmake, make
sure | understand. Let's say EFA 562, which is a 80,
but it -- when the experinent was started, it was
started at a | ow burnup, and |' mpresum ng t hat people
wer e maki ng tenperature neasurenents as a function of
burnup, and it wasn't just one data point taken at 80.

MR. CLI FFORD: Yes.

MEMBER ARM JO So you' ve got a whole
col um of di anonds for the sane particul ar experi nent.

MR. CLIFFORD: Right, right. So you have

onl i ne tenperature neasurenents periodically every so
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many m nutes --

MEMBER ARM JO  Ri ght.

MR. CLIFFORD: CQccurring over years at
different power rates. So there's a lot of data to
t hen tune your nodel to, to cover both the effects of
power, tenperature and burnup

MEMBER ARM JO. That's what I'mtrying to
get at Joy's question, is we actually have a |ot of
di anonds all the way up and down that col um.

MEMBER SHACK: Well, it depends on how you
pl ot the dianpbnds. | nean we've seen other Hal den
plots that | ook |ike clouds, because they're plotting
everything for each burnup rate, each tenperature
measur ement .

MR. CLIFFORD: And we have -- | nmean you
can't see this, but in -- this is NUREG CR- 7022,
Volune 2. This is again a real assessnent, and there
is where you see predicted versus neasured data, and
if you wal k through this, and I'Il pass this around.

MEMBER REMPE: W have sone el ectronic
copi es too.

MR. CLI FFORD: COkay. Well, if you |ook at
Figure 3.8, there's a plot of one particular fuel rod
over a period of tine. W have neasured versus

predi ct ed.
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MEMBER REMPE: And things | ook good, yes.

MR. CLIFFORD: And there will be many,
many of those. Some would fall into |ine better than
ot hers.

MEMBER REMPE: But let's al so be honest,
that they used expansion rods, and | assune it was a
nmoly rod instead of something that transnutes. But
t hey have to assune a profile with a peeking factor in

the core, right? AmI| correct?

MR CLIFFORD: |'mpretty sure they
neasure --

MEMBER ARM JO But that's a very short
core, Joy. That's not a full length of --

(Si mul t aneous speaki ng.)

MEMBER REMPE: They have expansion rods,
and t hey have to knowtheir power profile to get that.

MR, GEELHOOD: What do you nean by
"expansi on rods"?

MEMBER REMPE: They don't really put
t hernocouples in. They use thernmal expansion rods,
right?

MR GEELHOOD: Ch no. There's two
different ways that they can nmeasure. So they can
neasure the total tenperature of the rod using an

expansi on thernoneter, and that's sonething that just
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expands. But then nost often what they do is they
drill out the top and bottom couple pellets, and
actually insert a thernocouple in there.

MEMBER REMPE: So then they had to put a
Type Cin, or they had to put a Type Nor Kthat can't
go above 1,100 degrees steam or they have put
something in the transnmute as a function of tinme as a
correction factor.

MEMBER ARM JO. They use a tungsten radi um
and t hey do have a transnutati on problem But they've
calibrated for that.

MEMBER REMPE: They have correction
factors, but they also have vendor to vendor
variability in their Type K or their Type C
t her nocoupl es.

MEMBER ARM JO  Well, | don't know about
the Type Cs. |'mjust tal king about the higher
t enper at ure ones.

MEMBER REMPE: The Type C are tungsten
uranium Sorry. Go ahead.

MR. GEELHOOD: Hal den definitely has |ike
ki nd of evolved over time. In sone of these earlier
ones, there was nore thernocoupl e decalibration, and
they' ve definitely inproved on their nethods and you

may know their methods nore than | do. But they're
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data does seem nore reliable with some of the newer
tests than it did in the past.

MEMBER REMPE: And again, those
prospective test reactors, they're the best too. |
give themcredit and all that, but it's just --
there's just uncertainties is all I'mtrying to say.

MR. CLI FFORD: Yes, | agree. Fair enough.

CHAI RVAN BANERJEE: So | think we cone
back to uncertainties as we go through

MR. CLIFFORD: Yes, we will. Absolutely.

CONSULTANT WALLI'S:  Well, could we ask,
coul d you explain the Y axis now? Wat does "average
burnup” nmean? Is it the average over the |ength, over
the dianeter of the rod? O is it the average of
ever yt hi ng?

MR. GEELHOOD: The average of everyt hing.

CONSULTANT WALLIS:  So there are points in
the rod that have nuch higher. How nuch does it vary
inthis stuff?

MR. CLIFFORD: Well certainly, you know,
in high burnup fuel we have nuch higher exposure
radially on the pellets.

CONSULTANT WALLIS: It varies a lot.

MR CLIFFORD: It varies a |lot.

CONSULTANT WALLI'S: So there's an average,
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there's a radial average, and there's also a length
average. |Is this a length average?

MR. GEELHOOD: For the length, yes.

CONSULTANT WALLI'S:  So how nuch does it
vary al ong the | ength?

MR. GEELHOOD: Maybe like ten percent.
Simlar to like a PAR or BWR, in that there's sone
i ke shape, but it's a pretty short core.

MR. CLIFFORD: It al so depends on where
they cut it from the parent rod. Sone of these rods
were, started their irradiation life in a conmmercial
reactor, and then they were segnented, and then
instrumented, and then put in the reactor. So it
woul d depend on whether they took it fromthe center
of the core or the top part of the core.

MR GEELHOOD: So a reinstrunented rod
woul d have | ess --

CONSULTANT WALLI'S:  There's a sort of
snmudge around each poi nt about, because of where you
are in the rod.

MR, GEELHOOD: Well, so it's only measured
at a few points.

CONSULTANT WALLIS: A few points.

MR GEELHOOD: And so where it's measured

is where we do the conparison, and so it would be like
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that, those ends burn up. O in the case of an
expansion thermal --

CONSULTANT WALLIS: It would help nme in
readi ng the docunentation if this had been expl ai ned,
because it does seem like this raises a lot of
guestions. \Wat does it nean? Wat does one point
nmean, and what ki nd of average are you tal king about?
It would help if it were explained nore in the
docunent ati on.

CHAI RVAN BANERJEE: Well, this may not be.
But if you go back to the original paper of Wzniak
and so on, that they have a | ot of detail of the sort
you're | ooking for.

MEMBER SCHULTZ: The power of ten. So we
can draw what we can fromthe slide as it's portrayed.
For FRAPCON, all of the data that's shown here in the

nmore recent versions has taken into account all of the

dat a.

MR CGEELHOOD: All of the data we're aware
of .

MEMBER SCHULTZ: No, that's shown on this
chart.

MR. GEELHOCOD: Yes.
MEMBER SCHULTZ: Now you've put on here

when other code were approved. That doesn't
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necessarily mean that the vendors used all of this
data as a benchmark for their codes or --

MR GEELHOOD: That's correct, and in
addition, they may have conm ssioned private Hal den
tests to collect specific data for their needs. So
they may have things that aren't here.

MEMBER SCHULTZ: That information was
avai |l abl e, and the code version of FRAPCON, only
really for those last few, was everything considered
in the FRAPCON version, which was used to conpare
agai nst the vendor codes as they were approved.

MR. CLI FFORD: The vendor woul d al so, you
know, as part of their docunentation, they would
conpare agai nst the data. | nean they would have to
show that their code was valid, that they were a best
estimate fit or a bounding fit, and then if they did
use a best estinmate approach, they'd have to quantify
the uncertainty and then conme up with an application
nodel , which then uses the uncertainty. You' d get an
upper or a lower tol erance on whatever they're trying
to predict.

MEMBER SCHULTZ: So that's why I'mtrying
to understand. So for COPERNI C, for exanple, we can
just suppose that the 515 would have been, it was

avai |l abl e.
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So it would have been incorporated into
the review process for COPERNIC. Either it was used
by the vendor explicitly in their code, or questions
from the staff would have said well, how do you
conpare and pl ease expl ai n?

MR CGEELHOOD: Yes, and sonme of these that
are at a later date, they release information as the
irradi ati on goes. So there may have been | ower burnup
data from some of these later ones that the staff
m ght have asked themto conpare agai nst.

MEMBER SCHULTZ: Right, and just so -- |
don't want to drag this on, but for the last ten
years, there hasn't been any high burnup data that's
been produced at Hal den, and you don't know, Ken,
whet her there's prograns in play?

MR CLIFFORD: Well, there's other
progranms | didn't report here. There's been a | ot of
progranms on MOX that | didn't think was valid for this
di scussion, so | didn't include them

MR GEELHOOD: And the 681 is a uranium
and a gadoliniumrate. There's the Q rods and the 0,
gadol i niumrods, and that is continuing. And so if we
were to --

MEMBER SCHULTZ: Ckay.

MR. GEELHOCOD: --you know, Paul's going to
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go this next Halden neeting. He may cone back and
t hat point may nove up, you know.

MEMBER SCHULTZ: CGot you.

MR CEELHOOD: You know, if we take a | ook
at our conparison against them So sone of these
| ower burnup ones --

MEMBER SCHULTZ: Are still in progress.

MR. GEELHOOD: Are in the process noving
up right now.

MR. CLI FFORD: One thing that may be worth
noting is what's indicated here on the X axis, that's
t he approval date. |If you go back, nmaybe it's a two-
year NRC review. Maybe it's a two-year calibration
period. So when they started calibrating their
nodels, it nmay be four years before this approval
date, just as information.

MR. GEELHOOD: Right.

MEMBER SCHULTZ: Understood. Thank you.

MR. CLIFFORD: Ckay. Later on in the
presentation, we'll be wal ki ng through the inpacts of
TCD on fuel rod thermal performance, for each of the
codes and downstream effects.

But in gener al terns for this
i ntroduction, you could say that to grade therma

conductivity results in hi gher fuel pel | et
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tenperatures at a given power level, and that any
codes that don't properly account for it will have an

artificially low fuel tenperature prediction.

This will inmpact the LOCA-stored energy,
pell et thermal expansion, which will then feed back
into fuel tenperature. It will also affect fuel

pell et gap size predictions and cl addi ng stress and
strain.

CONSULTANT WALLIS: Is there a discussion
about gap? W're going to tal k about gap. You' ve got
to separate the effects of thermal conductivity and
the gap resistance? It seens to ne that if you stifle
all the pellets and conpress them in a long tube
they're going to | ean against the wall. They're not
going to be in the m ddle.

Al'l the nodels assune the pellets are in
the mddle. So what is the error in that? | nean
there nust be parts of the cladding that are hotter,
because they actually touch the fuel, and then there's
a bigger gap on the other side, because the pellets
| ean agai nst the wall.

There's no way they're going to stay in
the mddle, nothing to keep themthere. | didn't see
any consideration of this in FRAPCON.

MR. GEELHOOD: There's nothing right now
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in the --

CONSULTANT WALLIS: What's the error?
What's the inplication of ignoring this eccentricity?

MR CGEELHOOD: Sone of the vendors do have
eccentricity nodels in their codes, and they don't
really |like add that ruch nore.

CONSULTANT WALLI S:  They don't add rmuch on
t he average, but there are parts of the claddi ng which
are hotter and oxidize nore. Does that nake a
di fference or not?

MR CLIFFORD: Well, if the effect was
really significant, then you would see potentially
dryout, or you would see sonmething in the field which
woul d | ead you to believe that nmaybe heavy oxi dati on,
or sonmething that would indicate that there is a need
to nodel it. | guess | would say we haven't that need
get to that |evel of detail

MR GEELHOOD: It's nore of an issue to
| ow bur nup, because around 25 to 30 gi gawatt-days per
ton the cladding depth --

CONSULTANT WALLIS: That's right.

(Si mul t aneous speaki ng.)

CONSULTANT WALLIS: At the beginning it
really matters.

Maybe you could take a honework problem
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and add it as an appendi x or sonething. So whether it
matters or how nmuch it matters and should we worry
about it.

MEMBER SCHULTZ: There are some PNNL
publications that |ook at these eccentricities and
guantify the effect, on a separate effects table.

MR. GEELHOOD: Yes. | could dig it out
and try to see what's been done, what's been decided
in the past.

CONSULTANT WALLIS: It would be hel pful,
| think.

MEMBER ARM JO. But Graham it's not just
a gap, you know. The pellets are all cracked up. So
the gap is distributed within the inside and the

outside. So it's sort of a fiction that we have a

gap.
MR. GEELHOOD: Fresh fuel, there's a big
gap.
MEMBER ARMJO COh yes, fresh fuel. It
cracks up when it's new. It cracks up the first tine

you go to power.

(Si mul t aneous speaki ng.)

MR, CGEELHOOD: There's a pretty steep
tenperature gradient. So we have a rel ocation nodel

whi ch ki nd of nodel s this kind of effect of the pellet

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

40

getting bigger due to cracks and it doesn't fit back
t oget her perfectly.

MEMBER SCHULTZ: But | know there's sone
publications that have | ooked at that particularly,
and quantified the difference, given a cracked pell et
or a centric.

CONSULTANT WALLIS:  Well, if it's cracked,
there's fission gas in the cracks which cones out, and
you - -

MEMBER SCHULTZ: Sure.

CONSULTANT WALLIS: So that's part of the
gap gas.

MR GEELHOOD: But see, the cracks are on
a much hi gher order than the grain. Typically, what
we do is we nodel the fusion out of the grains to the
grain boundaries, and then release fromthe grain
boundaries. So cracks is nore of a --

CONSULTANT WALLI'S:  This tal ks about
bubbles too, isn't it?

MR CGEELHOOD: Yes, and so the bubbles are
what's on the grain boundaries typically, and then
when those bubbles fill, we just release it to the
void. So a crack is nore of a macro thing when
conpared to the grain size.

CHAI RMAN BANERJEE: Paul, | don't nean to
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be a spoilsport or anything, but are you sort of --
how many nore slides do you have?

(Si mul t aneous speaki ng.)

MR. CLIFFORD: Just one nore slide, just
one nore slide.

CHAI RVAN BANERJEE: Al right.

MR, CLIFFORD: It's just a high |evel
overvi ew of what the TCD is, and | think we can nove
on fromthis slide.

CHAI RVAN BANERJEE: Great. Thanks very
much.

MR. CLIFFORD: The next presentation.

MEMBER REMPE: M. Chairnman, the guy on
the phone is conplaining he can't hear certain
menbers, and he said you and Sam were difficulty --
M ke, are they the only two that need to speak up, or
are there other conplaints you want to rmake?

MEMBER CORRADINI: Well, the only
conplaint is just Sanjoy and Sam are so shy that |
can't hear you.

CHAI RVAN BANERJEE: It's because we're not
sayi ng very nuch

MEMBER CORRADI NI :  But when you do say
something, it's so inportant. | want to make sure

wite it down in ny notes.
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CHAI RVAN BANERJEE: Al l right, okay.

VMEMBER ARM JO. W'l | speak up
CHAI RVAN BANERJEE: Ckay. Let's nobve on
to Ken's presentation.

Calibration and Validation of Fuel Models

MR, GEELHOOD: So ny nane is Ken Geel hood.
|'ma contractor with the Pacific Northwest National
Lab, and | maintain a contract with the Ofice of
Research, to continuously updat e FRAPCON and FRAPTRAN
and then we al so have contracts with NRR and NRO to
assist them in doing their reviews of vendor fuel
per f or mance codes, new cl addi ng al | oys, met hodol ogi es
for doing safety analyses. So |'mgoing to tal k about

CHAI RVAN BANERJEE: Did PNNL really do the
devel opnent of FRAPCON originally?

MR CEELHOCD: It's kind of Iike an
evolving thing. There was a FRAPCON-2 was devel oped,
or no. There was the FRAP codes. There's FRAP-S and
FRAP-T. They were devel oped at |1daho National Lab,
and then PNNL devel oped GAPCON, which took into
account the gap anal ysis.

And then so there is kind of parallel
devel opnent that was being funded, and then the NRC

noved it all into one. So that's why FRAPCON cane out
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of FRAP-S and GAPCON, so and then FRAPTRAN similarly.

So PNNL since about '95, | think, has been the only
contractor doing code developnment. But the |daho
National Lab definitely laid the groundwork for sone
of this coding.

CHAI RVAN BANERJEE: That was before your
time, Joy or --

MEMBER REMPE: | wasn't involved in it at
| daho. That was --

MR GEELHOOD: Gary.

MEMBER REMPE: And he's retired.

MR GEELHOOD: Yes, he's retired, and
Larry too.

MEMBER REMPE: He's also retired.

MEMBER ARM JO.  Hey Paul, |I'msorry. But
you ski pped all of your slides. One of the things I
was really interested inis in a later slide.

MR. CLIFFORD: That was probably the
cl ose- up.

MEMBER ARM JO.  Ckay, okay.

CHAI RVAN BANERJEE: Don't get anxi ous.

MEMBER ARMJO Well, | didn't see that
that was closed, and | just thought Sanjoy had rmade
you rush.

CHAI RMVAN BANERJEE: No, no, no. | woul d
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never do that. Let's go on.

MEMBER ARM JO  Ckay.

MR CEELHOOD: | want to tal k about what
paranmeters that come out of fuel performance code are
of interest to the regulators, and I'll talk alittle
bit about the extent of the database, the nature of
the fuel performance codes, calibration paraneters,
nodel validation, the integral assessnment we do and
then the new capability we've had to do better
uncertainty anal yses with FRAPCON

So these are kind of the paraneters that
the regulator is nost interested in. First, the fuel
and cl adding tenperatures. They can do these fuel
nelt overpower anal yses and local initialization.

They want to know what the rod interna
pressure is, so they can do cladding |iftoff anal yses;
cl addi ng hoop strain for the cl addi ng strai n over power

analysis; cladding fatigue and pellet cladding

interaction. Pellet cladding interaction is sonething

that, you know, the regulator is kind of starting to
get into.

Corrosion and hydriding; there is a
corrosion limts currently in place, and there wll
probably be hydrogen Iimts com ng down t he road; and

then fission gas release is a concern, partially for
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pressure but also for dose cal cul ati ons.

So there's kind of two types of data in
the database. One is separate effects data. So
there's material properties data where we just take
the materials, irradiated or wunirradi ated, neasure
things like thermal conductivity, heat capacity,
t hermal expansi on, various mechani cal properti es.

And then there's what we like to call
behavi or nodels. So like cladding creep is enhanced
by radiation, the densification and swelling that
occurs in the pellet with tinme. Fuel relocation we
t al ked about that.

That' s ki nd of the cracking of the pellet
and howit doesn't fit perfectly back together, but it
does take up sonme of the gap, fission gas rel ease, and
t hen al so cl addi ng corrosi on.

And then the other side is integral
effects data, which is centerline tenperature. A |ot
of different nodels feed into accurately predicting
centerline tenperature, and so it's kind of that's
somet hi ng t hat woul d be nore of an overview. Are al
t he nodel s working wel | ?

Fi ssion gas rel ease. Although it's on the
behavi or nodels, it's also in integral effect data,

because it can be inpacted by the tenperature, the
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size of the gap, all these other things. Then void
volune is something that's kind of in integral effect
cl addi ng corrosion.

Again, it's on both sides, but it's also
sonmething that the heat flux and the tenperature of
t he cl adding drives how nmuch --

CONSULTANT WALLIS: By void vol unme, you
nmean t hese bubbles and things that are in the fuel ?

MR CGEELHOOD: No. The nmacro void vol une.
So you take it in a hot cell and you puncture the rod
and neasure what the volune in --

CONSULTANT WALLI'S: This includes the gap
t hen?

MR. CLIFFORD: Gap and the pl enum

MR. GEELHOOD: The gap in the plenum any
ki nd of open porosity.

MR. CLIFFORD: Porosity.

MR, GEELHOCOD: Yes.

CHAI RVAN BANERJEE: Have there been any
integral tests on reactivity feedbacks, the effect of
TCD on that?

MR. GEELHOOD: | guess | don't really
under st and.

CHAl RVAN  BANERJEE: \Well, reactor

coefficients and things |like that.
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MR. GEELHOOD: There may have been, but
that's kind of outside of the donmi n of FRAPCON.
CHAI RVAN BANERJEE: Right, right.

MR. GEELHOOD: So | think you'd have to --

maybe you know Paul. | nean --
MR, CLIFFORD: |I'mjust trying to think of
CHAI RVAN BANERJEE: |' m goi ng outside the
donmai n.

MR. CLIFFORD: Yes, start-up physics
testing or anything that's done at the reactor, where
they are validating their physics codes.

CHAI RVAN BANERJEE: | think we can hold
that for Ken --

MR. CLIFFORD: There's definitely --

CHAI RVAN BANERJEE: --if you want, because
when it conmes to inplications for LOCA, certainly the
reactor -- not LOCA, but the accidents.

MR. CLI FFORD: You can certainly calcul ate
what the potential error would be introduced in your
Doppl er feedback during an AO over power event, if your
fuel tenperature was wong, of how you woul d val i date
that from a data perspective. That's the m ssing
pi ece.

MR. GEELHOOD: There's definitely neutron
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detectors that sonetinmes get inserted into comerci al
reactors. But that probably would be nore nornal
operational data than acci dent data.

CHAI RVAN BANERJEE: Well, it may al so be
that you have data during sonme rod wthdrawal or
somet hi ng, which --

MR. GEELHOOD: That may be, yes.

CHAI RVAN BANERJEE: We'Ill revisit that as
time goes on. This is nore FRAPCON - -

MR. GEELHOOD: Yes. So the physics is
kind of nore of an input. W input, inpose the power
shapes, rather than try to calculate it with this
code. And then the last thing, it will affect data in
cl addi ng heat stream is an effect of, you know, the
gap i s open or closed, on how nuch the pellets expand
and things like that.

CONSULTANT WALLI'S:  You tal ked a | ot about
physi cal stuff, but | was inpressed by this plutonium
bui | dup. Because of the resonance, there's a
t remendous anount of buil dup.

MR, GEELHOCD: Yes.

CONSULTANT WALLI'S: Doesn't that have a
significant effect on what happens?

MR, GEELHOCOD: Very nuch, and that is

nmodel ed i n FRAPCON.
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CONSULTANT WALLIS: It is, but you haven't

said anything about it yet. It seened to ne a really
significant effect, but it's got to be nodeled right.

MR. GEELHOCD: Maybe, you know, and maybe
| could have added that under behavior nodels. But
you're correct. Like as burnup progresses, you
preferentially build plutoniumin on the outer shell.

So what that does is if you look at the
radi al power profile, it gets steeper and steeper,
such that end of life, even the rod average burnup
maybe 62, right inthis little area, right on the edge
of the pellet, it could be 100, 150 gi gawatt-days per
t on.

So that's sonething, the nodel that we do
have in FRAPCON, that it is validated against. They
can take EPMA data to look at immobile fission
products, to kind of make sure that we're cal cul ating
that right. But our nodels are based on physics
nodel s, you know. So a physics nodel woul d i nform our
nodel .

MEMBER ARM JO. Do you have any, in your
integral effects data that you have i n FRAPCON, do you
have a fuel rod |l ength change? Let's say --

MR, GEELHOCOD: Model growt h?

MEMBER ARMJO Not growh. Let's say
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during a power ranp, you know, you can stretch, you
literally actually can, as the pellets interact with
t he cl addi ng.

MR. GEELHOOD: C addi ng hoop strain.

MEMBER ARM JO. Sonetines it's in the
actual direction.

MR, GEELHOOD: Sonetinmes they do neasure
axial strain. [It's not sonmething that's particularly
of interest to the regulator, because you know, how
much that happens. It never fails in that direction
during an AO event.

MEMBER ARM JO.  But it creates the biaxial
stresses that are inportant in the PCl

MR CLIFFORD: And there are -- | nean the
nodel s are tuned based on | ength neasurenents, full-
size length neasurenents. So it would be inherent in
the data, and there would be not just free-standing
irradiation growmh, but there woul d be al so be pell et
cl addi ng --

MEMBER ARM JO  You feel there's any
plastic deformation. This is really during those
kinds of transients, where you can get a biaxial
stress during the transient t hat di sappears
afterwards, and that actually happens, because we've

measured it.
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MR. GEELHOOD: Wth claddi ng hoop strain,

there's been a lot of tests done in test reactors
where they power ranp them and they have -- then they
nmeasure what the plastic axial strain and hoop strain
is, and you conpare both of those. Axial strainis
much nore difficult, because there's slippage between
t he cl addi ng and the pellets.

MEMBER ARM JO But |'ve done it. [|'ve
done it, and it's really a very inpressive effect,
that you can detect fuel failures using the axia
strain. This is the test, nmuch nore readily than
usi ng the hoop strain, and it's probably been in somne
of these reports. So but you don't necessarily use it
very much, | take it?

MR. GEELHOOD: W rely nore on the hoop
strain, because the NRC requires the vendors to
predict that their hoop strain doesn't exceed sone
limt, and they don't currently have any kind of limt
on the axial strain.

If they get into PCM and you're right,
that axial strain is a better prediction of PCM
failure, then maybe that woul d be sonething that the
NRC woul d be interested in.

CONSULTANT WALLIS: It strains actually

during a transient, because they go back.
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MEMBER ARM JO It does.

MR, GEELHOOD: It does? It goes back?

MEMBER ARM JO  Yes.

CONSULTANT WALLIS: But the slippage is
very inportant, about how -- whether it goes back
uniformy or --

MR. CGEELHOOD: So it's going to be a
function of burnup, because the bondi ng between the
fuel and the clad changes with burnup. So a |ow
bur nup point --

CONSUL TANT WALLIS: It's pretty
conpl i cat ed.

MEMBER ARM JO. Yes, it is conplicated.
It's true.

MR, CGEELHOOD: Okay. So this graphic kind
of just shows what the nature of FRAPCON and FRAPTRAN
are. So what's in blue is usually inputs. So the
user has to input the rod dinensions, the cool ant
conditions and then the power history, and along with
the power history is also that axial power profile
across the length of the rod.

Then in green here, inside FRAPCON we do
a iterative solution on tenperature, pressure and
di spl acenent. So now you cal cul ate one and then do

the next and iterate that.
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CONSULTANT WALLI'S:  You have to input the

conposition of the fuel, the gadolinium and stuff,
don't you?

MR. GEELHOOD: So | guess |'d put that
under |ike rod dinmensions. But --

CONSULTANT  WALLIS: Yes, all their
properties, all the properties.

MR. CGEELHOOD: Yes. So like yes, the
enrichment and things |like that, and then what's built
inis down hereinred, is the material properties and
t he behavior nodels. So we don't allow those to be
tuned by the user. Sone nodels, you know, allow ng
too nmuch tuning, | think, in that area.

We kind of fixed that, so that we can be
nore confident in the outputs, and then the user just
gi ves, you know, the specific information for their
case. So the main solution, it's a one and a half
di nension solution. So what that means is heat is
transferred out radially, and we assune uniform you
know.

W' ve done, as St eve ment i oned,
sensitivity anal yses on those things before. But we
found, you know, it's a 1D solution is appropriate,
and then the half dinmension is that gas can transport

up. So we don't do heat transfer in the axial
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direction, but we do allow, you know, m xing of the
gas and the gap with that in the plenum

So that's the second bullet, | guess, sone
of the axial effects. So the cool ant obviously heats
up over the length of the rod, based on how nmuch heat
is produced at the node below it, and then internal
gas mixing. Then we use finite difference steady
state heat transfer. This is now in FRAPCON.
FRAPTRAN is really simlar, except it can do results
of transient heat solution.

Then we do a rigid pellet nodel with
radial relocation. So what that neans is the pellet
is kind of like a rock. So if it expands out, the
cladding is forced to expand out too. There's no
feedback in that. The cladding is inmposing strain
j anmed on - -

MEMBER ARM JO  So you don't use a cracked
pel |l et ?

MR CEELHOCOD: W do. So that's what this
radial relocation is.

MEMBER ARM JO  Ckay.

MR, GEELHOOD: We say it'll expand out,
but it won't fit together perfectly. So only about
hal f of what originally came out would be recovered

back when the pellet and cl addi ng cone in contact with

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

55

it. So we define a hard contact and a soft contact.

CHAI RVAN BANERJEE: So let ne just ask
you. Going back to Grahami s question, this is froma
conmput ational point of view, very straightforward
procedure. There's nothing conplicated. Wy can't
you sinply do a 2D cal cul ati on?

MR GEELHOOD: W coul d.

CHAI RVAN BANERJEE: That woul d take into
account the sort of problenms you are alluding to?
It's not a big overhead.

MR CGEELHOOD: Yes. | nean it could be
done. It just hasn't been done.

CHAI RVAN BANERJEE: |s there a reason that
you -- | nean --

MR. GEELHOCOD: | think the biggest reason
is typically, the NRC doesn't do nmuch nore than what
the vendors do, and the vendors feel performance
curves are very simlar in structure to this.

CHAI RVAN BANERJEE: Let nme ask you the
guestion differently. Have you assessed the sort of
ef fect that he asked about sone of your 2D codes, and
shown that it's negligible? 1'msure you add 2D
codes.

MR, GEELHOCD: Yes.

CHAI RVAN BANERJEE: |f nothing el se,
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sonmebody in your lab will. Al right, okay.

MR GEELHOOD: But | nean | haven't
recently done any assessnments, but assessnents have
been done that kind of show, you know, for a
difference, isn't a big difference.

CONSULTANT WALLI'S: Then you | ook at your
next slide. Maybe that's why | asked the question,
because the double T in the gap is around 60 percent
of the double T in the fuel, and if there's no gap on
one side and there's a double gap on the other, it
| ooks to ne as if that's a significant effect on --

MR. GEELHOOD: | guess this is a cartoon.

CONSULTANT WALLIS: No, | know, but you
shoul dn't show cartoons if they're not --

CHAI RVAN BANERJEE: If it's a cartoon
what is the answer to his question? |Is it 60 percent?

MR, GEELHOOD: It is not 60 percent. It's
probably nore |ike five percent.

CONSULTANT WALLI'S: Then you shoul dn't
show t hese things which are msleading like that.

CHAI RVAN BANERJEE: Wl |, that's artistic
l'i cense.

CONSULTANT WALLIS: No, it's not. This is
a techni cal docunent.

CHAl RVAN BANERJEE: Well, this is
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partially artistic. Anyway, so what you're saying is
t hat there have been assessnents done.

MR GEELHOOD: There have been assessnents
done.

CONSULTANT WALLIS: It's a five percent?

MEMBER CORRADI NI: Can | just nmke sure
that Grahanmi s question is, at |east | understand what
he's asking, because | don't think you guys are
answering his question. |If there's a circunferentia
variation on the gap, has there ever been a
nmeasur enent t o know how nuch of a circunferential gap?

|'"m al ways at the point that you can't
drive the nodel past what you nmeasure, and |'m not
exactly sure you can neasure any of this.

MR, GEELHOOD: | think that's a really
good point, is the NRC has been interested i n what can
be nmeasured, and you're right. |It's not sonething you
can neasure. So we can do a calculation --

CONSULTANT WALLIS: Well, | say you can be
pretty darn sure that it's touching on one side.

MR, GEELHOCD: Yes.

CONSULTANT WALLIS: So you don't need to
nmeasure it to know.

CHAI RVAN BANERJEE: But you can certainly

assess the effect.
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CONSULTANT WALLI' S:  Yes.

MR GEELHOOD: Yes, and these are --

CHAI RMAN BANERJEE: And if it's not
significant --

MR, CLI FFORD: Wen we run our production
cal cul ations to see, eval uate our EPU, we're not doing
that. But we are assessing the inpact of tolerances
on gap size, initial gap size. So we do have a fee
for, you know, if you have conbined the narrowest
pellet with the thinnest cladding and achieved the
maxi mum gap t hrough t ol erance, what that inpact woul d
be. So we do have a feel for it.

CHAI RVAN BANERJEE: | guess he was
concer ned about whet her you could form-- | don't want
to speak for Graham he's perfectly able to speak for
hi msel f, but this formation of hot spots in nediunms
where you m ght get nore hydriding or --

MR, GEELHOOD: Oxidation, and currently,
that would be kind of included in the uncertainty in
our corrosion and hydrogen pi ckup nodels, in that you
know, we see variation, radially and axially, in both
of those paranmeters, and so that |eaves uncertainty.

So you know, we've quantified what those
uncertainties are, and so it would be kind of

implicitly included naybe in that.

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

59
MR. CLIFFORD: But if you just |ook at

fuel that's in reactors, you don't see dramatic
di fferences | ooking at one fuel rod to the next, over
the course of tine in areactor. One side is not nore
corroded than another side, markedly so.

You can't see it. So we may not nodel
this perfectly for our evaluations, but there is a
relatively small differences, especially over the
course of tinme.

As you nmentioned, it's somewhere between
let's say 15 to 30 gigawatts per ton or Kkilogram
It's going to close. Both sides are going to close.
So as we're talking about high burnup effects of
t hermal conductivity degradation, that's not a factor.

CONSULTANT WALLIS: | don't think it
af fects the outside of the cladding nuch, because so
there's so nuch -- such good heat transfer to the
coolant. But it does affect the tenperature of the
fuel, in addition to the gap.

MEMBER ARM JO It woul d be cool ant there,
and if it's in contact. But it doesn't --

MR, GEELHOOD: If you're interested in
centerline nelting, then if one side is touching
that's cooler, but the other side is hotter. So it's

not going to inpact the centerline tenperature much
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and that's what drives fuel nelting, would be the
centerline.

So | don't know that if the edge of one
side is hotter and the edge of another side is cooler,
if that inpacts anything that the regulator is
interested in, you know. Scientifically, it may be of
interest, but | don't know that.

CONSULTANT WALLIS:  Wwell, | think the
regulator is also interested in what's the effect of
things you' re ignoring. Just because the regulation
i gnores sonething, it doesn't nean it isn't sonething
that might matter. So as Jimhas already said, it's
fairly easy to do a 2D cal culation. ©Ch, you' ve done
it?

MR. CLIFFORD: It's probably been done --

CHAI RVAN BANERJEE: But do you have the
answer ?

MR. GEELHOOD: | coul d probably dig out
the answer, you know, if we look in some other
docunent s.

MEMBER SCHULTZ: And | know it's been
done. There were papers that were published in
think the early 90's.

MEMBER CORRADINI: So let just ask a

di fferent question. |'massumng the NRCis follow ng
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the big expensive noney that DOE is doing for CASL.

One of the things CASL is doing is three-di nensional
calculations, simlar to what's being done at CEA in
France, and the effects on fuel behavior.

So at | east | assume you' re observi ng sone
of the nore detailed cal cul ati ons that are bei ng done.
That nmay be a way to get to Grahanml s questions,
because then at | east people are doing sensitivities
even now, and | think Oconee is their nodel plant.

MR. CLIFFORD: Right. Yes, we've had
present ati ons nade on CASL at the various fuel vendor
neetings that we attend every year. So we're aware of
what' s goi ng on.

MEMBER CORRADINI: Then | guess |
under stand where Grahanmis comng from So you guys,
the staff mght have sone fun at these neetings by
asking themto do sonme of these cal cul ations, to prove
their nodels are worth anything.

MR, CLIFFORD: But | nmean in the big
picture, you' re | ooking at a transi ent anal ysis, where
there's generally alot of conservatismbuilt into the
first principle, key contributors to the consequence
analysis. And now we're down at a very finite | evel
you know, where there are very snall differences.

MEMBER CORRADI NI : | understand. | just
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wanted to try to get to Grahaml' s point about if there
are peopl e thinking about this, in ternms of where the
uncertainties are because of spatial effects. That
supposedly is where they're investing sone resources
totry to understand sone of this stuff.

CHAI RVAN BANERJEE: Do you know sone of
the results, Mke? Even though I'mpart of this,
never attend any neetings.

(Laughter.)

MEMBER CORRADINI:  Well, | do know that,
that | thought FRAPCON was the basis, and | should
know the name of the tool they're using for the
advanced fuels nodel. But | can find out. | think --

MALE PARTICI PANT: Is it --

MEMBER CORRADINI: --is that G ahanis
point is a fair one, that sonebody shoul d be thinking
about this and seeing the effects, even though they
are in some sense sensitivity cal cul ati ons.

MR, CLIFFORD: But | nmean if you were to
do a PIRT on LOCA, and you got all the way down to the
spatial effects on pellet |location within the fue
rod, it would be so low on your rankings that you
woul dn't even put any effort intoit. That's why you
do a PIRT.

MEMBER CORRADINI: |'m not disagreeing
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with you. [I'mjust trying to close that |oop for
Grahanml s question, that's all.

CONSULTANT WALLIS: Well, PIRT doesn't
answer it. PIRT is the opinion of sonme experts, who
may not have done any cal cul ations. One calcul ation
is worth 1,000 opi nions of experts. You haven't done
it.

CHAI RVAN BANERJEE: Wl | CASL, by the way,
focuses nore on nornal operation.

MR GEELHOCD: Yes.

CHAI RVAN BANERJEE: | think what M ke was
saying, it would be nore just routine or maybe even
antici pated occurrences, but that's about it. Wy
don't we nmove on? | nean we know what's on this
sl i de.

MR, GEELHOOD: Okay. | guess just to kind
of wal k through the radial tenperature solution, we
start with the cool ant tenperature and we work i nward
toward the pellet.

So we calculate the bulk coolant
t enperature, assum ng a singl e cl osed cool ant channel
just asinglerod code. |If you're interested, there's
t he equation there, and all these equations are in the
docunent ati on.

CHAI RMVAN BANERJEE: In a bundl e of cores
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or core, there's radial mxing. That's not taken
into account .

MR. CGEELHOOD: That's not taken into
account here. The cladding surface tenperature then,
the m ni num of the heat transfer through forced
convection or nucl eate boiling, and what that does is
make FRAPCON applicable to a BWR or PAR  You don't
have to tell FRAPCON necessarily it's a BWR or PWR
It's going to figure it out, based on the cool ant

tenperatures and pressures that boils.

CONSULTANT WALLIS: | don't understand
this mnimumthing. | nean if it boils, it boils. |If
it doesn't boil, it doesn't boil. There's nothing to

mnimze really.

MR GEELHOOD: (o

It's going to boil, and then the cl addi ng
tenperature gradient is according to the steady state
heat transfer through a cylinder. Then there's heat
transfer through the gas gap by radiati on conduction
t hrough t he gas, and t hen once the gap cl oses, through
contact. So conduction dom nates in the open gap
si tuation.

MR. GEELHOOD: And | go back to cites.
Conduction is it's not boiling, and then when it

boils, the mnimumw || beconme the nucl eate boiling.

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

65

So that's just the mathematical equation.

CONSULTANT WALLIS: You don't need any
kind of a correlation of when boiling comences and
things like that, subcool ed boiling?

MR. CGEELHOOD: Oh that's |ike higher
boiling? Like so that's done in FRAPTRAN, where we
anal yze various accidents. So we can do like a |oss
of flow accident, and cal culate that kind of boiling
ina PW But this is just like --

CONSULTANT WALLI'S: | think that a normal
code would say is it boiling, isn't it boiling, wll
cal cul ate the appropriate coefficient.

MR GEELHOOD: That's how it does it.

CONSULTANT WALLI'S:  You don't have to
m ni m ze anyt hi ng.

MR. GEELHOOD: Wl |, that's how
mat hematically -- like in a BAR, it's not boiling on
the bottom and then this second one will be --

CONSULTANT WALLI'S:  You have to do a good
j ob about the first initiation of boiling.

MR. GEELHOOD: Yes, and so that, by
cal cul ating the m ni rumof these two, i s howwe deci de
at what elevationit's boiling. Then this is maybe a
little bit nore esoteric, but then the fuel

tenperatureis calculated usingthis finite difference
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appr oach.

W use variable nesh spacing to kind of
give nore detail in the area where things are changi ng
faster and |l ess where it's flatter, and then we kind
of numerically solve the steady state integral, and we
used sone matrix algebra to do that. So all that is
built into the code and user is exposed to that, but
if you're interested, that's what it is.

CHAI RVAN BANERJEE: So you used sort of a
formul ati on whi ch conserves energy?

MR GEELHOCD: Yes.

CHAI RVAN BANERJEE:  Yes.

MR CLIFFORD: So it would kind of be Iike
you use approxi mation?

CHAI RVAN BANERJEE: They call it the
difference intervals.

MR, CGEELHOOD: So basically we break it up
into all these radial nodes, and assune each radial
node is constant and we kind of start on the outside
and just work our way in.

CONSULTANT WALLIS: So what is the nesh
size here?

MR, CGEELHOOD: It's up to the user to
speci fy the nunber of radial nodes. But typically, we

use about 17 or so radial nodes in a pellet.
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CHAI RVAN BANERJEE: So you can take into

account the flux depression in the pellet?

MR GEELHOOD: Yes, and so that's
cal cul ated and gives nore power produced on the
outside than on the inside.

CONSULTANT WALLI'S: So when you get to
this plutonium build-up, do you nake finer grids?

MR. GEELHOOD: So we've already kind of
like this variabl e mesh nore spaci ng, that gives finer
grids on the edge, because we know al ready that --

CONSULTANT WALLI'S: So the grid changes.
It evolves as the plutoniumbuilds up?

MR. GEELHOOD: So there's different ways.
Some peopl e you could do an equal vol une nodes, which
woul d still give closer spacing by the edge. But we
found that wasn't enough to capture the steepness of
that build-in. So we've artificially packed then in
tighter on the edge.

MEMBER SHACK: But you specified that.
It's not sonething like a rung cutter thing, where
it's adjusting step size during the cal cul ation.

CONSULTANT WALLIS: It doesn't adjust the
grid.

MR. CGEELHOOD: The grids are constant

t hroughout the entire run.
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CONSULTANT WALLIS: Throughout the life

cycl e?

MR, GEELHOCD: Yes.

CONSULTANT WALLIS: That's a bit odd,
because you need really to get finer towards the end.

MEMBER SHACK: As long as they're fine
enough at the end, you're just --

(Si mul t aneous speaki ng.)

MR. CLIFFORD: But at the beginning, it
doesn't hurt you that you' re nmaybe too fine.

CHAl RVAN  BANERJEE: For the 1D

calculation, there is -- you can just becone really
fine. So it doesn't matter, | guess. Brute force the
probl em

MALE PARTI CI PANT: So | nean |ike 30 years
ago --

CONSULTANT WALLI'S: Do you do
sensitivities of the mesh size, because that's the
obvi ous thing --

CHAI RVAN BANERJEE: And do conver gence
testing?

MR GEELHOOD: We have done that in the
past, you know. At what point do we have enough
radial nodes, so the tenperature isn't changing

anynore?
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CONSULTANT WALLI'S: Seventeen is the magic

number ?

MR GEELHOOD: Well, | nean it's kind of
a guideline. | mean sonme people use |ike even as few
as ten. But 17 definitely gets enough so it's not
changi ng your views nore or |ess.

CHAI RVAN BANERJEE: So tell ne, this whole
thing is just a succession of steady states in the
cal culation, right?

MR CGEELHOOD: Yes, yes.

CHAI RVAN BANERJEE: So you're solving a
probl em whi ch you could do tine-stepping through it,
but just do it --

MR. GEELHOOD: Oh, we do do tinme steps.

CHAI RVAN BANERJEE: So you do tinme steps?
| mean when you cal culate at different burnups, you
essentially input whatever --

MR. GEELHOOD: You input the power age
bur nup --

CHAl RVAN BANERJEE: Well, that's the
hi story you put in.

MR CGEELHOOD: Yes, yes.

CHAI RVAN BANERJEE: You sanpl e that
history, right?

MR, GEELHOCD: Yes.
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CHAI RVAN BANERJEE: But you keep the

former history as to what i s happening to that or not?

MALE PARTI CI PANT: Hi story-dependent.

CHAI RVAN BANERJEE: That's really what --

MR GEELHOOD: But we don't have |ike
finer internal steps. So if you' ve specified this
power at one day and this power at 50 days, we just
kind of say this is the first time step, here's the
answer and everything' s constant throughout that tinme
step, and | nove to the next tine step.

CHAl RMAN BANERJIEE: Yes, that's what | was

MR. GEELHOOD: And so, you know, when you
see the power history, you al nost have to inmagine it
as step functions, you know, as just each tinme step,
and we say try not to go bigger than 50 days for the
ti me steps.

But you can go down as |ow as hours,
because the steady state and transient solution
converge after about three seconds in the fuel rod,
just due to the material properties. And so --

MR CLIFFORD: And it really depends al so
on if you're coupling this to your core depletion
calculation, it depends on howfine the tine steps are

when you depleted the rods. Just extract.
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CONSULTANT WALLIS: But it's limted.

It's not sort for rapid tine change --

MR GEELHOOD: No, this is not -- so this
is for steady state and what we call slow transient.
So |like AOCO or a power ranp would be acceptable. In
a RA of LOCA, those things are done in FRAPTRAN.

So noving on to the material properties
nodel s, the nodel s thensel ves are what we |ike to call
sem -enpirical, and the sem part is because we choose
a mathematical formthat's kind of known. Like a1
over T formis good for thermal conductivity, and then
we fit the fitting paraneters to fit the data.

CHAl RVAN BANERJEE: So the materi al
properties primarily becone a function of the
integrated slots. |Is that it, or how they change
during --

MR, GEELHOOD: Probably tenperature is

what - -

(Si mul t aneous speaki ng.)

CHAI RVAN BANERJEE: Well, the tenperature
as well, as a source.

MR. GEELHOOD: And sone of them are
i npacting by flux or burnup and sone of themaren't.
CHAI RVAN BANERJEE: The tenperature, of

course, is a local variable --
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MR GEELHOCD: Yes.

CHAI RVAN BANERJEE: I n the sense that at
that time step, whatever is the tenperature affects
that. But the properties are affected by the fl ux
it's exposed to over the history.

MR, GEELHOOD: Sone of them are, yes.

CHAI RVAN BANERJEE:  Yes, sone of them are.

MR GEELHOOD: Yes, and so then that's
kind of what FRAPCON is that's nice. It's alittle
platformthat cal culates the tenperature, the burnup
and the flux at every little point, and then puts that
into each property nodel, and then that gets the
property.

Then you iterate back, recalculate the
tenperature and burnup all those things. So you
converge on the solution.

CHAI RVAN BANERJEE: But | thought your
little exposition about having sort of step changes
nmeant that you were sort of maki ng an approxi nation to
the integral slots or sonething, so that you could
easily use that wi thout doing a transi ent cal cul ati on.

MR. GEELHOOD: So maybe, yes. The
integral flux over the tine step, which is maybe |ike
10 to 50 days, you know.

CHAI RVAN BANERJEE:  Yes.
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MR GEELHOOD: O in the case of a slow

transi ent, you know, hours.

CHAI RVAN BANERJEE: But sone of the
properties are clearly going to be a function of
i ntegral fl ux.

MR. GEELHOOD: So nost of the properties
in here aren't going to change in 10 to 50 days, you
know. The amount of flux that you gain in that anount
of tinme is insignificant for these properti es.

So | guess this last bullet maybe answers
sorme of your last concerns. As we | ook at conparisons
bet ween i rradi ated and uni rradi at ed data, to determ ne
if there's an radiation effect, and if those such data
are applicable, or if we should focus nore on
irradiated data or if, you know, including the
unirradiated is also would be a good idea, because
there's sonme things that don't seem to change nmnuch
with irradiation.

CHAI RVAN BANERJEE: Dal e woul d have
poi nted out, of course, that that should be an I, not
an E

MEMBER SHACK: I npirical.

CHAI RVAN BANERJEE: We're not there now,
but --

MEMBER SHACK: That's okay. The
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spel | checker was turned off.

CHAI RVAN BANERJEE: Ckay.

MR, GEELHOOD: How about that? Anyway, so
t he behavior nodels, sone are also sem -enpirical
Li ke for exanple, for the fission gas rel ease nodel
we assumed that it diffuses out a grain to the grain
boundary in the form of these bubbles, that they're
t hen rel eased.

But then the enpirical part isfittingthe
constant, such as what the diffusivity of the gas out
of the grain, and what's the saturation concentration
t hat causes stuff to come out of bubbles.

CONSULTANT WALLIS: That part is very
difficult to reviewfor a reviewer, because he has to
go back to whole other docunents, and it can take
forever.

MR, GEELHOCD: Yes.

MEMBER ARM JO.  Yes. | was going to ask,
in your nodel, do you actually take into account the
m crostructure of the pellet as it changes at high
burnup? For exanple, in the outer rim there's a much
-- seens to be a much finer grain size than in the
bul k of the pellet.

So you'd have, there would be grain

boundari es accessible to fission gas for rel ease. Now
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does it get that | evel of detail, or you basically say
all the properties, the pellet at this burnup are
constant. There's no radial --

MR GEELHOOD: No. So | nean we don't
like use the difference in radial burnup into radial
tenperature, and do have one of our gas release
nodels. So one's kind of still under devel oprent,
actually does calculate what the restructure is in
thisrim So yes, there's a very snmall grain size on
the edge, and it gives a much higher porosity on the
edge too, because of the huge bubbles out on the rim

MEMBER ARM JO  Ri ght.

MR GEELHOOD: And so those are kind of
things that are coming into the newest nodels.

MEMBER ARM JO  But that's not in the
current version?

MR GEELHOOD: It's in the current
version. It's an option that the results cone
t oget her.

MEMBER ARM JO  Ckay.

CHAI RVAN BANERJEE: So if | understand it,
we are about a quarter through your presentation now?
So let's --

MEMBER ARM JO.  Movi ng right al ong.

CHAI RMVMAN BANERIJEE: | mean | don't want
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the Conmmittee to feel, the Subconmttee to fee
constrai ned, but let's nove al ong.

MEMBER ARM JO  Ckay.

MR  CGEELHOOD: So the calibration
par aneters, Paul asked about calibration paraneters,
and all the paranmeters are in the naterial properties
nodel s or the behavior nodels. W don't have any
external calibration paranmeters that, you know, we
just put fudge factors on things.

So we haven't had to add any tuning
paranmeters beyond the enpirical paraneters in the
behavi or and material properties nodels.

MEMBER SHACK: So they're all tuned just
to the separate effects data?

MR GEELHOOD: Yes, and then FRAPCON
conmbines them and we found it to get pretty good
results with that.

CHAI RVAN BANERJEE: It restores your faith
in science.

MEMBER REMPE: What happened or expl ain
agai n howyou did cracking? | mean isn't that -- that
effects thing by thermal conductivity, and there's
limted data that said oh, it was cracked after a
qgui ck look, is kind of how you find that, right? So

how do you elim nate the cracking?
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MR GEELHOOD: So | think that the

cracki ng happens on such a macro |evel, that it nmaybe
doesn't inpact the overall thermal conductivity. |
think the burnup and the lattice damage that's being
done in the fission, the introduction of fission
products into the matri x i npacts the connectivity much
nore than the fact that we have now a cracked pellet.

And so, and that's supported by the fact,
you know, we've taken thermal conductivity data from
irradi ated disks which aren't cracked, and applied
theminto here, and we can product the tenperatures
fairly well in Hal den.

And so there's no evi dence before us right
now t hat woul d say that these, the cracks sonmehow, you
know, degrade the transfer of heat nore, or you know,
in a significant way.

MEMBER SHACK: But that comes back sort of
to Samis question. Wen you do these rings, is the
only thing that's changing in the ring the
tenperature, or do you actually have di fferent nodel s
for rings in the center, rings on the rin? You said
you had sone different nodel for rings on the rimin
the new version. But originally, was it all just
t enper at ur e- dependent? So sanme nodel s, but you just

-- the rings only were tenperature regions? |Is that
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MR, GEELHOOD: And al so burnup

MEMBER SHACK: Burnup, okay yes. Burnup
or fluence.

MR. GEELHOOD: So burnup for the fuel and
fluence for the cladding and then, yes, just
tenperature in different ones. But yes, like the
grain size was held constant.

MEMBER SHACK: But now in the new nodel,
at | east on sone of them you can put in a different
structural --

MR CGEELHOOD: Well, it just happens
autormati cal | y.

MEMBER SHACK: It happens automatically.

MR GEELHOOD: So the code has been tuned
to data that's been collected, that shows that we're
trying to get this restructuring and smal | er grai ns on
the rim So at the appropriate burnup and in an
appropriate tenperature range, it just kind of nakes
t hat choice for you

MEMBER REMPE: Meaning that it's all fuel
vendor i ndependent when you do that.

MR CEELHOCD: Yes. So far we haven't
seen, you know, a lot of differences between vendors

in that regard.
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MR. CLI FFORD: That doesn't nean sonet hing

i ke MOX wouldn't affect it. That's for .

MEMBER REMPE: But if soneone comes al ong
with something new and better and you prove it
experinmentally, you'll have to have it --

MR, GEELHOOD: There's going to be like an
evolution, and | think all the vendors that are
i nvol ved say the sanme thing. They're all naking very
stable, highly reliable pellets.

Li ke 40 years ago, you m ght have seen a
| ot of variation between vendors because, you know,
they couldn't get them as dense as they can now, and
so the pellets weren't necessarily as stable, you
know, lot to lot, vendor to vendor. But now
everyone' s ki nd of converged on these very dense, very
stabl e pellets.

So the inpact of the calibration of
paranmeters. Recently, we did a study where ei ght of
the material property and behavior nodels were
identified as those having significant inpact on the
outputs of regulatory interest. W kind of varied
paranmeters in all the nodels and cane up with these
eight, thermal conductivity, thermal expansion, gas
rel ease, swelling and then the cladding, creep,

t hermal expansi on, corrosion and hydrogen pickup.
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Those are the nodels that have a
significant output on those outputs of regulatory
interest that | nmentioned earlier. So a standard
error based on data is calculated for each of those
nodel s and put into the code, which allows the user to
say "I want to bias thermal conductivity up by 1-
signa.” Then you just put one in, and the whol e nodel
woul d be biased up by one.

CONSULTANT  WALLIS: That's rather
fascinating. | mean sone of these nodels, it seens to
nme there's an error of 50 percent or something. Get
to the bottomline, and it's 70 percent.

MR. CGEELHOOD: Yes, definitely interesting
that |like you could have a wide variation, but its
i mpact on the output we're interested in nmay not be
that high. So Paul asked nme to kind of tal k about the
evol ution of fuel thermal conductivity nodeling.

Prior to 1996, to ny know edge, no nodel s
cont ai ned the effect of burnup on fuel therma
connectivity. In 1992, Lucuta published data from
what he called Sinfuel, which was fresh fuel doped
with sinulated fission products, and that was ki nd of
-- he kind of thought for all these |ike gases and
cesium iodide being jammed in there, it's going to

definitely change the thermal conductivity. So those
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data showed that there was a decrease in thernal
conductivity wi th burnup, and so in 1996, he published
his revised thermal conductivity nodel based on his
earlier data, and then in 1997, PNNL rel eased FRAPCON
3.0, and that had the Lucuta nodel .

And | guess the Lucuta naybe did about
hal f of what it needed to do, because in between 1994
and 2004, Ronchi and Carrol had this laser flash data
fromactual U0, di sks that were irradi ated. They Kkind
of sandw ched t hem between netal plates and irradiate
t hem

So they're constant tenperature and
constant flux across the whole thing, and they were
able to show that the radiation damage, you know,
putting all these defects and dislocations, also had
an inmpact on the connectivity. So those data showed
nor e degradation than was seen in the Sinfuel

CHAI RVAN BANERJEE: But let me just ask
you. Sinfuel tried to sinmulate the effect of fission
products and gases and stuff, by putting other stuff
in there. Is that it?

MR GEELHOOD: Well, if you know, with
both cesium and iodine, you can find non-radi ative
i sot opes of cesium i odine.

CHAI RVAN BANERJEE: The surrogates
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essentially.

MR. GEELHOOD: Yes, and then, you know,
can find sonething, a substitute for neptunium or
sonmet hing that's not radi oacti ve.

CHAI RVAN BANERJEE: Ri ght.

MR GEELHOOD: So Sinfuel, the idea was
it's expensive to do things in a hot cell. So try to
do things, you know, that coul d be done in a gl ovebox
by sinmulating these things.

CHAI RVAN BANERJEE: So the fact you put in
t he appropriate anounts and nake a pellet --

MEMBER SHACK: Right. So it's chemca
changes, but the other forms of radiation damge
aren't accounted for.

MR GEELHOOD: And so | think the end
result, even if you could a dope a pellet with the
radi oi sotopes that are actually produced, you stil
woul dn't get enough to get the actual, all the fast
flux going through, causing danage as well.

CHAI RVAN BANERJEE: So the Ronchi and
Carrol data now used actually irradi ated disks?

MR, GEELHOCD: Yes.

CHAI RVAN BANERJEE: And what does the
| aser flash nmean there?

MR. GEELHOOD: OCh, that's the way --
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that's the easiest way or the npbst nodern way to
nmeasure thermal conductivity. It actually neasures
thermal diffusivity. But a |aser comes up underneath
it and it'sinalittle sanple holder. So you know
how much energy is deposited in, and you can neasure
how much it heats up, and then fromthat, you can get
the diffusivity --

CHAI RVAN BANERJEE: It's just a way to add
a pul se of energy.

MR. GEELHOOD: Yes. So the laser puts a
known quantity of energy in, and you neasure how much
it goes up. And then if you al so nmeasure the density

CHAI RVAN BANERJEE: And you woul d nmeasure
t hat what, a thernocoupl e howmnmuch it goes up or what?

MR. GEELHOOD: | don't know exactly how
the instrument works, but | think --

MEMBER REMPE: Mdst of themit's
t her nocoupl es.

MR. GEELHOCD: Ckay.

MEMBER REMPE: W have one in ny | ab.

MR GEELHOOD: I f that measures
diffusivity, then if you al so neasure the density and
t he heat capacity, then you can cal cul ate the therma

conductivity, and the heat capacity's done in a
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differential scanning calorinetry, where you just keep
it up and watch your thernocoupl es.

MEMBER ARM JO. Were those data on higher
bur nup, or were they kind of without, and they didn't
-- they took themup to what, what kind of burnups?

MR CGEELHOOD: So the last Ronchi data was
up above 100 gi gawatt-days per ton, which is actually
i nportant because we need the connectivity at each
radi al node. And so even though the |icensing burnup
is 62, out at the edge the burnup is 100 or higher.

MEMBER ARM JO  Yes.

MR GEELHOOD: So one --

CHAI RVAN BANERJEE: Did it verify the sort
of behavi or that you showed early on on Hal den, that
you go through a mnima and then the therma
conductivity starts to rise at higher burnups?

MEMBER ARM JO.  Tenper at ure.

CHAI RVAN BANERJEE: Sorry, that was a
function of tenperature.

MR CGEELHOOD: Well, what that is, and the
reason it goes down and then up is at |ow
tenperatures, it's done, the thermal conductivity is
controlled by phonon heat transfer, so lattice
vibrations. But then as you get to higher

tenperature, you get sone el ectronic heat transfer.
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So it's a ceramc, but then at higher
tenperatures, the el ectrons becone nore free to nove
around. So that may start to |like domnate it, and
the electronic part of it isn't necessarily inpacted
by bur nups.

CHAI RVAN BANERJEE: But all those curves
came together, right, so that at high tenperature they
convert?

MR GEELHOOD: Because the electronic term
isn't really inpacted nuch by burnup. I1t's the phonon
term because you' ve added the fission fragments in
the lattice, and also just locations in the lattice,
that just nake the vibrations --

CONSULTANT WALLIS: Presunably because
photons that won't go across the bubbles too.

MEMBER REMPE: On the Ronchi and Carrol
data, did they use a push rod dilatoneter to neasure
expansion, so it had a density measurenent?

MR. GEELHOOD: | think they used to
pi ctoneter to neasure density.

MEMBER REMPE: Ckay. So they did
somet hi ng, and al so how high a tenperature did they go
to?

MR. GEELHOOD: So that's something that's

t ough about this, is you can nmeasure hi gh tenperature,
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but really the only thing that's valid is measuring
t he thermal conductivity at the radi ati on tenperature,
because in the reactor, you get kind of like this
def ect anneal i ng and creation.

Soif youirradi ate here and neasure here,
it"'s goingto be different thanif you irradi ated here
and neasured here, because as you heat the sanple up,
you' re goi ng to get sone anneal i ng out of defects that
you woul dn't have gotten if you irradi ated here, and
so they've actual ly assunmed that experinentally, that
they'Il neasure it three times in a row and it keeps
changi ng, because as they're nmeasuring, they're
anneal i ng def ect s.

So it's very inportant to the disk and
| aser flash. You have to irradiate themat the
tenperature and t hen nmeasure themat that tenperature.
So if you kind of wanted to see the big picture, you'd
need an array where you're irradiating at different
t enperatures, maybe of some cover rig that hel ps you
control the tenperature, and t hen neasure each one at
that irradiation tenperature. So each disk really
only gives you one or two good thermal conductivity
neasur enent s.

MEMBER REMPE:  Just out of curiosity, what

tenperatures did they nmeasure at?
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MR, GEELHOOD: Usually like 800 to 1,000

degrees C, because you know, that's nore of interest
t han normal operating tenperatures, and --

CHAI RVAN BANERJEE: Well, | guess is
Grahani s answer correct though, that he gave to ne,
that it's photon transfer?

MR GEELHOOD:  Phonon.

CONSULTANT WALLI'S:  No, no, no, protons
across the bubbl es.

CHAI RVAN BANERJEE: At hi gh t enperat ures.

CONSULTANT WALLIS: Protons across the
bubbl es. Radi ation across the bubbl es.

MR GEELHOOD: |'m sorry.

CHAI RVAN BANERJEE: Yes. At these
tenperatures, it nust be protons.

MR GEELHOOD: There could be. | nean --

CHAI RVAN BANERJEE: At that tenp, | was
tal ki ng about the high tenperature data. So that nust
be virtually red hot or white hot.

MR. GEELHOOD: So | think, yes. | nean
there definitely could be radi ati on, and you know, you
coul d do sone tests of which one's faster.

(Si mul t aneous speaki ng.)

CHAI RVAN BANERJEE: Maybe t he dom nant

effect, because otherwise it doesn't nmmke that nuch
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sense. Ckay. Keep going.

MR. CLI FFORD: Ken, just before you, we'l]l
get into nore of this when we go into the nodels,
present the nodels.

But we say no nodels contain effective
burnup on fuel thermal conductivity, which is correct
as far as | knowit. But the first information that
came from Halden is that fission gas rel ease nodels
wer e under - predi cti ng hi gh burnup fi ssion gas rel ease,
and tenperatures at high burnup were higher than
nodel s were bei ng predicted.

So that there were corrections that were
made to sone nodels at |east, to address that.

MR. CGEELHOOD: And sone of the vendor
nodel s just accepted penalties on their predictions.

MR. CLIFFORD: Right, that's right.

MR, GEELHOOD: And if fact it is right,
this thermal conductivity degradation, the penalty
t hey accepted should have been a relative penalty
rat her than an absol ute penalty because, you know, if
it's 100 degrees C per gigawatt-day at one
tenperature, at double the tenperature it's going to
be doubl e that anount, because you know, the therma
conductivity degradati on.

MR. CLIFFORD: G ven that this has been
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denonstrated, the root cause.

MR, GEELHOOD: So you know, a relative
like penalty would have been better, because we
nmeasure down here.

But nowif we're doing LOCAinitialization
of fuel nelting, we may be way up here. So | think
this is continuing on the evolution a bit. So in
2003, PNNL rel eased FRAPCON 3. 2, and that included the
current thermal conductivity nodel that matched the
i rradi ated dat a.

CHAI RVAN BANERJEE: That's the data from
this --

MR GEELHOOD: Carrol and Ronchi. And so
this is the current nodel. So we have a phonon term
that is a function of gadoliniumtenperature and
burnup, and then an electronic term which is just a
function of tenperature, and | kind of tal ked about
where each termis dom nant.

CONSULTANT WALLIS: Are these terns
di mensi on-1 ess or sonet hing, and t hen made di nensi onal
to get themright, or are they --

(Si mul t aneous speaki ng.)

MR CGEELHOOD: So K-95 is the therm
conductivity of 95 percent theoretical density --

CONSULTANT WALLIS: So A is the di nensions
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of one over connectivity.

MR GEELHOOD: Yes. So | mean Ais --
everythingisintheright unit to get watts per neter
K. If you look in the manual, you know A has what ever
units --

CONSULTANT WALLIS: Got to get the units
right.

MR GEELHOOD: Yes. So the count is all
gi ven and you just have to i nput tenperature in Kelvin
and burnup and figure out days for tinme and gadol i ni um
wei ght percent, and then you'll be good.

MEMBER ARM JO.  As you build in plutonium
how does that -- do you adjust that nodel ?

MR, GEELHOOD: We don't, but you know,
that may be explicitly accounted for, that are
inmplicitly built into the burnup term Ilike if the
plutoniumis significantly inpacting it, you know.

MEMBER ARMJO Would it be like the
gadoliniumtermin a way, just --

MR. GEELHOOD: It might be. W haven't
done that, but we've correlated with burnup and
pl utonium building relates with burnup. So in a
sense, you know, that's --

MEMBER ARMJO It's in there, but you

don't know exactly how?
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MR. GEELHOOD: We have a different nodel

for MOX, and we haven't found that the thernal
conductivity -- the thermal conductivity of MOX is
different, but it's not different with 12 percent MOX
or 80 percent MOX. So it's different than U) but it
doesn't seemto be a strong function of how much
plutoniumis init.

CONSULTANT WALLIS:  Well, the plutoniumis
caused by a different effect. On the average burnup
is a radiation -- but the plutoniumis just that
resonance absorption which is only part of the story.
So the burnup and the plutonium are really separate
physical things, but they're caused by different
physi cal phenonenon.

MEMBER ARM JO  But | was tal ki ng about
the chem stry of the pellet. It changes.

MR, GEELHOOD: But it's a slightly
different question. So in the LWR the flux is the
same fromone reactor to another, such that plutonium
build-in and the burnup rate, even though they're
caused by separate things, such as the steam rate,
yes.

(Si mul t aneous speaki ng.)

MR, GEELHOCD: Yes.

CONSULTANT WALLIS: The spectrumyou're
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seeing is simlar.

MR GEELHOOD: Yes. | nean all PWRs have
t he sane spectrum and the BWR spectrumreally isn't
that nuch different from for that particular
appl i cation.

CHAI RVAN BANERJEE: So you don't have a
photon term as Grahamsaid. |It's just --

MR GEELHOOD: Phonon.

CHAI RVAN BANERJEE: Yes. No, no. Phonon
is low tenperature stuff. The high tenperature, you
j ust have --

MR GEELHOOD: Base electronic term

CHAI RVAN BANERJEE: Yes. So that term
woul d obvi ously dom nate as T becones | arge, because
it's exponential .

MR, GEELHOOD: And that's why that turn up
of --

CHAl RMAN BANERJEE: Right. But is that
the correct forn? What do you think, Gahan? | nean
radi ation goes as T to the 4, right? No, | nean it
goes as T to the 4.

CONSULTANT WALLI'S: The transfer across
the bubbles is probably very effective for
irradi ati on, because nmybe the bubbles are fairly

smal | .
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MR. GEELHOOD: They are fairly small. So

t hen --

CHAI RVAN BANERJEE: But still --

MR, GEELHOCD: | nean that woul d probably
be nore of a science project.

CHAI RVAN BANERJEE: But this fits your
dat a.

MR. GEELHOOD: Yes. There may be --

CHAI RVAN BANERJEE: But does it actually
fit the very high tenperature data, or --

MR. GEELHOOD: No. So there's high
unirradi ated data that fits that well. So this
el ectronic termin particular is when you're talking
about high, high, above 2,000 is fit to that data.

CHAI RVAN BANERJEE: See one of the
guestions that we faced in one of the EPUs, | think it
was St. Lucie | --

MEMBER REMPE: It was.

CHAl RVAN BANERJEE: It was. |If ny nenory
serves me right, was you know, there was |inted high
tenperature data --

MEMBER SHACK: But there's high
tenperature and there's high tenperature.

CHAI RVAN BANERJEE:  Yes.

MEMBER SHACK: Ri ght.
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MR. CGEELHOOD: There's like high for

normal operation, and then there's high for these
t heoretical power to -- LOCA

CHAI RVAN BANERJEE: Well, | think it was
nore related to the fact that you didn't have a
conbi nati on of high tenperature and hi gh burnup.

MR. CLIFFORD: W have a plot that's
comi ng up here, that shows |inear heat rate versus
burnup for all the data points that we have, that we
use to calibrate the nodel. So I think that'l]
probably cone up.

CHAI RVAN BANERJEE: Okay. W can revisit
that, and then there was the question related to the
veracity of these fits, but anyway --

CONSULTANT WALLI'S:  Was this based on sone
physi cal nodel, or is it just sonebody's favorite form
of correlation?

MR. GEELHOOD: Probably nore soneone's
favorite --

(Si mul t aneous speaki ng.)

CHAI RVAN BANERJEE: If it was physically
based, we should be able to drive it, which | doubt we
can do.

MR GEELHOOD: Yes. A lot of these

t hi ngs, you know, a | ot of people like to talk around
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first principles.

But you know, at some point, there's
somnet hi ng you have to nmeasure, and you know, where it
may be operating at a higher tenperature, but we're
fitting to the data, and that's what's inportant to
the staff, is that it has data to back it up

CONSULTANT WALLI'S: M experience is what
woul d really be fambus is to have a correlation that
no one can explain. |f someone can find a rationale
for it, then of course it's trivial. Anybody could
have done that.

(Laughter.)

MEMBER REMPE: So we' ve heard that the MOX
thermal conductivity equation is different.

MR GEELHOCD: Yes.

MEMBER REMPE: \What is driving the
di fference? Can you --

MR. CGEELHOOD: Probably just chem stry.
You know, an wunirradiated nodel has a different
thermal conductivity than a radiated MOX, or an
uni rradi ated U0,. So --

MEMBER REMPE: Is it generally lower? |Is
it generally -- it's a point while you have --

MR GEELHOOD: So it's lower thermal

conductivity, because you woul d expect slightly higher
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tenperatures in MOX at the sanme power |evels of CO,.

MR CLIFFORD: And we haven't |icensed MOX
yet, so we haven't gone through the exercise of really
getting together all the data and validating it.

MEMBER REMPE: | was just curious.

MR GEELHOOD: But there is a lot of MOX
data available. So the Ofice of Research has funded
devel opnent to make that FRAPCON applicable to MOX

CHAI RVAN BANERJEE: So just to dig here a
little, isthere a correlation between the sound speed
in this and thermal conductivity? If it's a phonon
term it nust be related to t he speed of sound, right?

MR. GEELHOOD: | guess if sonmeone cl ever
to probably back out what the apparent speed of sound
was and check it and see if we're right or not.

MEMBER SHACK: A kind of panoply of
regul atory interest.

(Laught er; simultaneous speaking.)

MEMBER CORRADINI: | sense a Ph.D. thesis
for Sanjoy's students.

CHAI RVAN BANERJEE: Not mine, Mke. [|I'm
not into solids.

MR. GEELHOOD: So this is just predicted
-- you want ne to go quickly through |ike the eight

nodel s that have been identified, and just kind of
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show somne representative data for this. It's kind of
i ke the data that we have.

So this thermal conductivity, which is
kind of the first one, predictive versus neasured. So
the light points are all beyond an irradi ated point,
and then the dark points are the irradiated from
Ronchi and Carrol .

The reason we have such hi gh connectivity
ones for the unirradi ated i s because those are all the
room tenperature points. And so we don't have
irradi ated data fromthat, because you don't irradiate
at room tenperature, and as | said, you want to
neasure and irradiate at the sane tenperature.

So these dark points down here, that's
kind of the area we're working in, noreso than this
other stuff. This other stuff is just to get the
general broad form of the nodel.

MEMBER ARM JO And all these data were
nmeasured with the same --

(Si mul t aneous speaki ng.)

MR. GEELHOOD: They cane froma | ot of
di fferent prograns.

MEMBER ARM JO  But the irradiated data
were, all the --

MR. GEELHOOD: The Ronchi and Carrol are
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not, they're too different. |It's not one paper that
just by both of them Ronchi did sone work and Carrol
did other work. So their equipnment --

MEMBER SHACK: But this is all laser flash
data here?

MR GEELHOOD: Sone of this unirradiated
data nay be due to sonme older nethod, but all the
irradiated data is the laser flash, and it doesn't
i ncl ude that.

CHAI RVAN BANERJEE:  The unirradi ated data
is the Sinfuel data or --

MR GEELHOOD: No, | didn't include the
Si nfuel data, because currently our nodels are not
appropriate to calculate the Sinfuel, because our
nodel s cal cul ate unirradi ated or irradiated, and the
Sinfuel is sonewhere in between, and when we
determned that the Sinfuel data didn't accurate
predict all the inpacts of radiation, we discarded it.

So you know, a nodel has no way to say
"only do the chem stry part, not the irradiation
part."

MEMBER SHACK: Ckay.

(Pause.)

MR GEELHOCD: This is all U) I'msorry.

VMEVMBER REMPE: But it's all laser flash.
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Even the irradiated is |aser flash.

MR. GEELHOOD: The irradiated definitely
is. The unirradi ated spans near 40 or 50 -- so there
could be stuff before |laser flash, sonme other way of
nmeasuring it.

MEMBER REMPE: Thanks. Sorry | got you
si det r acked.

MR. GEELHOOD: So this is, oh | guess we
calculated plus or mnus 8.8 percent relative, and
that's why you see these lines diverging. For fuel
t hermal expansion, there's our data and the |ines are
t he upper and | ower 2-sigma, and we cal cul ate about a
ten percent relative uncertainty.

CHAI RVAN BANERJEE: What are the red
t hi ngs?

MR, GEELHOOD: That's a good question. So
when we -- so they're what we call outlying data. So
when we did this exercise for the NRC, there were sone
data points that were so far out. So we enployed a
statistical test that said recal culate the standard
deviation fromall of the data, and then if there's
sone data that are beyond like, | think it's |ike 6-
sigma, then you can say, you know, that data nust be
an outlier, and you can elimnate it as an outlier and

recal cul ate a nore representative standard devi ati on.
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Because especially when you don't have a
ton of data, if you have one or two outliers that can
really drive your standard deviation to high val ues,
you can use these statistical tests to identify sone
of these data as outliers.

CHAl RVAN BANERJEE: Are these froma
particul ar sort of test, the red ones?

MR. GEELHOOD: They nay be. W have Ilike
our database spans like 40 or 50 years, and so it's
very probabl e that sone of themnay have cone from--
this is all unirradi ated thermal expansion.

CHAI RVAN BANERJEE: But you did, you see
the data, right?

MR CEELHOCD: Yes. W have access to al
the data. So | can | ook back and, you know, try to
decide if they all came from one, or maybe one
experimenter had other, you know, not very tight
control over his experinental methods.

MEMBER REMPE: So all of this was done on
uni rradi ated fuel ?

MR. GEELHOOD: This is thermal expansion
now, yes.

MEMBER REMPE: And so did they do this
with actually fuel in cladding, or did they just take

it like a push rod dil atoneter sanple, and that's al

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

101
t hey did.

MR, GEELHOOD: | think yes.

MEMBER REMPE: And how does unirradi at ed
conpare with irradiated for thermal expansion?

MR GEELHOOD: W haven't, no one's
nmeasured t hermal expansion on irradiated fuel. Some
of these things aren't the easiest to do. So --

CHAI RVAN BANERJEE: But when you did
t hose, sonebody did those? Sonmeone conducted it --

t hey were probably done -- where were they done, ACL
or sonet hi ng?

MR. GEELHOOD: | think they were done in
Eur ope sonewhere. So both Ronchi and Carrol are from
CGermany or | TU

CHAI RVAN BANERJEE: They probably could
have sone thermal expansion

MR. GEELHOOD: |'m sure, you know, there's

many | aboratories that could do these sorts of tests,

but --
CHAI RVAN BANERJEE: It is inportant?
MR GEELHOOD: | don't think that it's
i nportant, and this isn't |ike swelling and

densification. This is just strictly thermnal
expansion. There's not a |ot of theoretical reasons

that we would think thermal expansion woul d change a
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| ot with burnup.

MEMBER REMPE: Defects maybe?

MR. GEELHOOD: | nean | guess there's not
alot of like, you know, in other irradi ated materi al .
There's not a | ot of --

MR. CLIFFORD: Gas expansion.

MR. GEELHOOD: That's different, though,
and that's accommobdated for. But as far as just
t hermal expansion, there's not a lot of history of
irradiated materials that would tell us that it would
change the thermal expansion.

MEMBER REMPE: | just wondered about

defects, annealing out --

MR. GEELHOOD: | nean definitely a
guesti on.

MEMBER REMPE:  Silicon carbonite does see
a change. | mean that's sonething, but | don't know

how it makes --

MR, GEELHOOD: Therrmal expansion or in
swel l'ing, because | know they get --

MEMBER REMPE: Thermal expansi on.

MR, CGEELHOOD: (kay. Resistivity and
t her mal expansi on bot h, peopl e have done that. But |
don't know how fuel does. W don't test it.

CHAl RMAN BANERJEE: So in transi ence, the
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t hermal expansi on doesn't cone into affect the gap?

MR GEELHOOD: Well, it drives the stream

CHAI RVAN BANERJEE: Sorry? It drives
what ?

MR. GEELHOOD: It drives -- so the pellet
expands during the transience, and it would drive the
cladding stream So if the swelling --

CHAI RMVAN BANERJEE: Wy isn't it
i mportant?

MR, GEELHOOD: Well, so then | guess we
have |i ke sone circunstantial evidence that it's not
changi ng, because we can predict the hoop strains
fairly well. So that would tell us probably we're
predicting the thermal expansion fairly well.

MALE PARTICIPANT: In an integral test?

MR CEELHOCD: But that's nore of an
integral --

MEMBER ARM JO  You know t he tenperature.

MEMBER SHACK: The hoop strains, you are
| ooki ng oat that as above the burnup pushing --

MR, GEELHOOD: So we | ook at various ranp
tests.

MEMBER SCHULTZ: --and that includes the
t her mal expansi on and t he swel i ng and the rel ocati on.

MR, CGEELHOOD: Well, the swelling and
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rel ocation has been -- those don't happen very fast.
So if you look at the ranmp test, it really is just
kind of |looking at that thernmal expansion.

MEMBER SCHULTZ: But the initial condition
i ncor porates --

MR. CGEELHOOD: Al though for nost high
burnup of gas, it's closed and so just expands into
it. But yes.

CHAI RVAN BANERJEE: Okay. Let's nove on.

MR, CGEELHOOD: Okay. So this is the
fission gas rel ease data we have for U0,. So there's
power ranped and steady state data in here, and this
is just our best estinmate nodel, and then what we did
is we biased the gas diffusivity up and down, in such
a way that we coul d over-predict and under-predict al
t he dat a.

So then rat her than putting an uncertainty
on our outputted gas rel ease, we put the uncertainty
onthe diffusivity, that's just actually plus or m nus
100 percent on diffusivity, and then that gives us a
way to bias the gas rel ease that cones down.

Fuel swelling. Right now, we predict
| oner swelling up to about 80 gi gawatt-days for tine,
and t hen hi gher swelling above. So what each of these

points is, it is an estimate from Hal den of what 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

105

swelling rate was, because they've got sone rates
where they can actually neasure the | ength change in
the stack, and correlate that to swelling.

So they kind of get this and then they fit
a line to it, and say okay, for this one, it was
about, you know, this many, delta V over V for ten
gi gawatt-days for tinme. They seenmed to think or see
that that rate goes up at hi gher burnups. So we have
t hat included in our nodel.

MEMBER REMPE: On your gas rel ease?

MR GEELHOCD: Yes.

MEMBER REMPE: What is the gas? Is it al
one? | nean do you ever do conpositions issues?

MR GEELHOOD: It's a conbination of xenon
and krypton.

MEMBER REMPE: Is it ever of interest to
know when one -- cones out versus another? | know the
French are looking at that, using ultrasonic
techniques. So is that of interest froma regulatory
per spective, or nobody cares really?

MR CLIFFORD: Well, there's other Hal den
sweep gas neasurenents that were taken.

MEMBER REMPE: OF the conposition.

MR CLIFFORD: Right. Well, they neasure,

specifically measure the isotopes' power and burnup.
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That's i nportant for dose cal cul ati ons, as opposed to
pressure, if you cared about how many nol es of gas
there is.

MR. GEELHOOD: So ANS nmi ntains a standard
5.4. It tells you how to cal cul ate radi oactive gas
release. This is kind of the stable gas rel ease that
drives the pressure inside the rod, whereas the
radi oactive gas release would inpact your dose
cal cul ati on.

MEMBER REMPE: Ckay.

MR. CGEELHOCD: That's about all for
swelling. This is just some density that shows, you
know, again our nodel, and we cal cul ated an
uncertainty on that swelling. Cadding irradiation
creep, this is stress relief anneal ed cl addi ng, which
is nostly used in PWRs and sone BWRs.

So we cal cul at ed uncertainty on that, and
t hen we al so have a nodel for recrystallized, whichis
Mb recrystallized in nost Zircal oy-2 and BWRs, and we
calculated an uncertainty on that. So all these
uncertainties are kind of built in, so you can just
choose to bias them however you want.

This is axial growth. Again, you'll see
some, | guess we elimnated the B&W data as they

didn't fully characterize everything that they needed
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to, you know. This is axial growth, but we didn't
have the actual as-built original lengths, only the
final |engths.

So we had to correlate the final length
with the nominal length, and so there's definitely
uncertainty in doing that, and then the Siloe data.
That's on a fast reactor. So we think naybe the axial
growh in a fast reactor m ght be different, based on
the rate of flux accunul ation.

CHAI RVAN BANERJEE: Sorry. | don't nmean
to interrupt, but when | | ooked at your gas rel ease,
you have two panel s, and one you over-predi ct and one
you under-predict. Can you go over what that neant?

MEMBER SHACK: It's deliberate.

MR GEELHOOD: Yes. So this is our
nom nal prediction, and then in order to figure out
what the upper and |ower bounds are, we couldn't
really just put an upper and | ower bound, because is
an integral thing, gas fromall these different nodes.

So what we needed to do is we biased the
diffusivity up by sone now, until we over-predicted
themal |, and then biased it down by that sane anmount,
until that we under-predicted themall. So then that
value is a 2-signma. Typically, within 2-sigma. So

that's what I'mtrying to show here, you know, that
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|"ve got 2-sigma upper and | ower.

CHAI RVAN BANERJEE: Ckay. You can just go
on.

MEMBER CORRADI NI: Can | ask a question
about that? So we're tal king about Slide 19, right?

MR, GEELHOCD: Yes.

MEMBER CORRADI NI :  Can you hear mne?

MR, GEELHOCD: Yes.

MEMBER CORRADI NI :  Okay. So | just want
to make sure. | think |I understand what you did. 1Is
that a conmon practice when you have an integral
gquantity?

MR GEELHOCD: Yes.

MEMBER CORRADINI:  In terms of materials,
tryingto characterize the material s uncertainty, what
you just described?

MR. GEELHOOD: Yes, yes. Sone different
vendors | i ke choose different paraneters within their
nodels, to say this is what |'mgoing to use as ny
uncertainty paraneters. But diffusivity is as good at
any, because you know, there's plenty of know edge on
gas diffusivity and they vary quite a bit. So --

MEMBER CORRADI NI :  Ckay, thank you.

MR GEELHOOD: So | think | had been

talking -- axial growh throughout for recrystallized
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cladding. This is just an exanple of cladding
corrosion. W have a |lot of data for different types
of alloys, and we have different uncertainties for
different alloys that we collected with the presently
avai | abl e dat a.

Vendors may have nore data on this,
because they take a lot of this corrosion data
pool side and typically, you know, we require themto
show that data with their specific corrosion nodel
But we ki nd of have general nodels that are based nore
on the publicly available data, and hydrogen pi ckup,
simlar. This exanple's for Zrcaloy-2, 4.

| mean but they have different, different
uncertainties on different pickup nodels for different
alloys. So we had tal ked earlier about the range of
t he assessnment data, and so this is --

CHAI RVAN BANERJEE: Maybe | was going to
stop you at this point, and take a break, because
we're going from-- you're going to go on to integral
assessments now, right?

MR, GEELHOCD: Yes.

CHAI RVAN BANERJEE: So perhaps we shoul d
just take a 15 mnute break. Let's nmake it 12
mnutes. 1'll be a hard chairman, so 25 to 11:00, if

t hat' s okay.
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MR GEELHOCD: Yes.

CHAI RVAN BANERJEE: Then we'll cone back
and conti nue.

MR, GEELHOOD: Sounds good.

(Wher eupon, a short recess was taken.)

CHAI RVAN BANERJEE: All right. W are
goi ng back into session. Still an open session. o
ahead.

MR GEELHOOD: So we're on Slide 28 now.
So if you have the printout, this is kind of alittle
animation. You'll see that you won't see as nuch on
the printout.

So this is the data that was avail abl e
LHGR on the Y, and rod average burnup on the X
bet ween basically all throughout the 80's, and then in
the 90's, you can see what data we added to that, and
t hen since the year 2000, we've added all that.

So it kind of defines what our range of
what we know is for tenperatures versus LHGR or LHGR
versus burnup, and typically the higher the LHGR, the
hi gher the tenperature.

CHAI RVAN BANERJEE: Coul d you gi ve us just
a rough idea of how tenperature and LHGR are
correlated, in rough terms? Oher than saying the

hi gher the LHGR, the higher the tenperature.
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MR. GEELHOOD: So | nean the power in the
rod produces heat, and so the nore heat that's in the
rod, the higher the tenperature. So they're related
to the thermal conductivity and the heat capacity.

CHAI RVAN BANERJEE: So if | wanted to sort
of translate this into normal rod average LHGR, but
this rod average tenperature or the naxinmm
tenperature, you could produce --

MR. GEELHOCOD: W could nake a very
simlar plot, because we have a |lot of conparisons
that we showed, that | showed you when | passed this
around, that was LHGR versus tenperature. And so
i nstead of taking the LHGR | take --

CHAI RVAN BANERJEE: Take the tenperature.

MR. GEELHOOD: Take the tenperature, yes.

CHAI RVAN BANERJEE: Well that's the direct
nmeasur ement of this?

MR, GEELHOCD: Yes.

CHAI RVAN BANERJEE: Yes. LHGR is also a
di rect measurenent.

MR CGEELHOOD: So LHGR is kind of what the
NRC staff think about nore, because the vendors wil|
propose some sort of envel ope that they can operate
in, and the staff will decide if that envelope is

acceptable. So this plot is nore to showthis is the
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envel ope that we feel confortable for FRAPCON

MEMBER REMPE: So if | correlate this with
that P graph earlier, where there were |ike three
tests above 50 gigawatt-day per netric ton urani um
how di d you decide to plot so nany points here? 1Is it

because of different fuel inthe tests, or is it every

MR GEELHOOD: These are different rods,
and then at each kind of |ike day, when the neasured
the tenperature, there's a point.

MEMBER REMPE: Three tests with a |lot of
days of data and --

(Si mul t aneous speaki ng.)

MR GEELHOOD: You know, each |IFA can hold
6 to 12 test rods in it.

CHAI RVAN BANERJEE: So |let ne ask just
this question which sorts of comes up. So you're
limted to 60-odd fuel disks per MIU, right?

MR, GEELHOCD: Yes.

CHAI RVAN BANERJEE: I n terms of what the
staff --

MR. GEELHOCOD: That's the licensing for
nost .

CHAI RVAN BANERJEE: |Is there a limt put

on the LHGR, based on this data? Like is there sort
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of an envelope that the staff --

MR, GEELHOOD: Well typically, each vendor
wi |l propose their own envel ope. But you know, it
will go constant out for a while, and then it usually
comes down sonething like that, and it's based on
their data, which maybe this data plus other data,
they may not have used all this data, and usually the
staff asks them to include nore data that we know
about .

MR. CLIFFORD: Right. Wat you would do
is you woul d devel op a boundi ng curve based on those
data, that now woul d be the range of applicability of
the code. Then based on the fuel rod design, you
woul d have a different value in your tech specs that
says "the fuel cannot operate beyond this power at
this burnup.”

MR. CGEELHOOD: Because they'll do al
their safety analyses and show they're safe within
some envel ope.

CHAI RVAN BANERJEE: So the effort is made
to always stay within the range of this data, is that
it?

MR, GEELHOCD: Yes.

CONSULTANT WALLI'S: But these are a |ot

nore data than just the Hal den data?

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

114

MR. GEELHOOD: This is only Hal den data.

CONSULTANT WALLIS: Al Hal den dat a.

MR GEELHOOD: Because this is our
t enperature assessnent database, and the only place
we' ve assessed tenperature is from Hal den dat a.

CONSULTANT WALLIS: But it's all Hal den.

MR CGEELHOOD: So it's this one, and we'l|l
get to one later, the gas rel ease data, that's other
pl aces as wel | .

CONSULTANT WALLIS: So the flux isn't
varying nuch al ong the rod?

MR GEELHOOD: Not so nuch, no.

CHAl RVAN BANERJEE: |s this how we
resolved the controversy bill eventually, by |ooking
at the --

MEMBER SHACK: That was one of the things
we did. There was a, you know, there was a bound put
on the thing, and it was consistent with this data,
and we deci ded that that was acceptabl e.

CHAI RVAN BANERJEE: Ckay.

MR, CGEELHOOD: COkay. So this is just
anot her way of |ooking at it, and this is predicted
versus neasured tenperature now. And so this is the
data we had available in the 80's, and how well our

current nodel predicts it. And then if we add on the
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90's data, you can hardly see it because it seens to
be predicted fairly well.

And then after the year 2000, then we have
nore data and then this is our sigma of about five
percent on the predicted tenperature, and those |ines
are actual 2-sigma bounds, which shoul d bound about 95
percent of the data.

CHAI RVAN BANERJEE: Is that little --

MR. GEELHOOD: This is predicted m nus
nmeasured over neasured. So kind of |like the relative
under/over prediction, and so that's just anot her way
of looking at it.

MEMBER ARM JO. This was for gad?

MR. CGEELHOOD: Ch, good one. This is for
gad. So all the gad data has cone since the year
2000, sothere's not really an animation |ike the | ast
one, and we calcul ated again about five percent
uncertainty on that, for a 1-sigm. Then there's a
t he predi cted m nus nmeasur ed over neasured. So agai n,
the relative under/over prediction as a function of
bur nup.

What this denonstrates to us is we're not
kind of developing any sorts of bias as burnup
progresses. So now this is the range of our fission

gas release data, and so this conmes fromnore than
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just Halden. This conmes fromsonme comercial plants,
ot her test reactors.

CHAI RVAN BANERJEE: But if you go back to
t he previous slide, you' re not devel opi ng bi ases, but
there are specific tests which seemto lie over, and
specific tests which seemto lie under, right?

MR CGEELHOOD: Yes, yes.

CHAI RVAN BANERJEE: And whi ch you use and

MR, GEELHOOD: So sonetines we get that,
and sonme of these |like these points that are really
high right here, those are very |low tenperature. So
that's just due to the nature of nathematics, that
when you over-predict alowtenperature by 50 degrees,
it cones out as a 30 percent rate.

| f you over-predicted 1,000 degrees by 50
degrees, it comes out at like five percent. So
someti mes when you see these like kind of flyers, you
know, | | ooked back in sone of these. So you can see
t hat one down there, like this yellow one right here.

You know, so that's a pretty |ow
tenperature. It's around 600 K. So that's not really
that high. So you over-predicted a little.

Rel atively, it nmay be up nore.

CONSULTANT WALLIS: It's a funny plot,
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because this addition is nore realistic. There's no
reason why to do relative tenperatures. There's no
reason why you should predict exactly an absolute
zero, for instance. There's no reason those |lines
have to go through the origin.

MEMBER SCHULTZ: Yes, they can't.

CONSULTANT WALLIS: So this is a better
plot really.

MR GEELHOOD: Yes. | nean there's
di fferent ways people like to look at it, and so
that's why | put down all the different plots, so you
can ki nd of see do we have biases with burnup. Are we
getting nore biases with higher or | ower tenperature,
and so --

CHAI RVAN BANERJEE: This is all at al
sorts of different LHGRs and everything, right?

MR, GEELHOCD: Yes.

CHAI RVAN BANERJEE: So those brown points
up there --

MR, GEELHOCD: Yes.

CHAI RVAN BANERJEE: Are they all at
relatively | ow LHGRs, which nmeans | ow tenperature --

MR, GEELHOOD: Pretty low. W can go to
t his one.

MALE PARTI Cl PANT: Back one slide.
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MR. GEELHOCOD: So yes, there's sone right

there, you know. It's kind of the nature of doing
this sort of thing is, you know, we don't put in alot
of tuning paranmeters to say oh, it'sthis rod. So you
know, put in 11 percent uncertainty on, you know,
we' ve devel oped what we think is the best estinate
nodel, and so sonetines --

CHAI RVAN BANERJEE: So the browns are plus
or above, and the blues, |ight blues under.

MR, GEELHOOD: Yes. You know, we try to
make an average deviation as close to zero as
possi ble, or we strive for that.

But then sonetinmes, you know, one
experiment mght be biased higher and one nay be
bi ased lower, and it's unknown is that due to their
nmeasur enent uncertainty or how well they know, have
reported the powers which feed into ours, or is it
somet hi ng fundanmental | y di fferent about t hat
particular rod that did that, you know. So there's a
ot of different uncertainties that --

CHAI RVAN BANERJEE: How wel | does the
Hal den correlation fit that? Your correlation seens
alittle different from Hal den, right?

MR CEELHOOD: It's a little bit

different, but we conpared it and it's very simlar,
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and they --

CHAI RVAN BANERJEE: Did they predict this
as wel I ?

MR. GEELHOOD: They had their own code
called FTEMP, and it's not nearly as sophisticated as
FRAPCON. We've actually --

CHAI RVAN BANERJEE: I n terms of what,
mat eri al properties?

MR. GEELHOOD: But we have put the Hal den
correlation into FRAPCON before that, sonething we
even do. Sonetines when we're helping the staff do
regul atory reviews i s we nmght put a vendor nodel into
FRAPCON, to see how our nodel and their nodel, how
they do. So the Hal den nodel predicts very simlar to
ours.

CHAI RMAN BANERJEE: Thanks.

MR. GEELHOOD: So that's the range of the
gas rel ease data. H gher LHGR in sonme cases then the
tenperature, because you're not Ilimted by the
limtations of various tenperature rmeasurenent
t echni ques.

So the fission gas rel ease, even though
you know it is tuned to data, but it is somewhat of an
indication of how well you're predicting the

tenperature as well, but as a secondary indication in
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the direct tenperature neasurenent.

CHAI RVAN BANERJEE: Cone again? Let's go
back to that. Secondary, because --

MR GEELHOOD: Well we tal ked about it
earlier before. W knew about this. People just
tuned their nodels higher.

CHAI RVAN BANERJEE: Tuned it, right.

MR. GEELHOOD: And so, you know, we think
we know about it. So we've tuned our nodel, but that
doesn't necessarily mean that there's sonething el se
we - -

CHAI RVAN BANERJEE: But the reason for
that, it's nmuch easier to measure fission gas, than to
measur e tenperatures.

MR. GEELHOCD: Yes. Because typically,
you only nmeasure it after irradiation. You do a
puncture and then kind of take it out, which is why,
you know, this is like the full histories of all the
rods, but when we actually | ook at the steady state,
you know, we have puncture neasurenents from you
know, 20 or 30 or 40 rods. It's not as nany points as
we have there.

CONSULTANT WALLIS:  Now what's the
relati onship? | mean you' ve got zillions of points.

MR. CGEELHOOD: So this one there was a

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

121

bunch. This is like, you know, the full power

hi stories of the rods we had, and so maybe there's
like 20 or 30 points for each one point here, because
at end of life, then we puncture or we don't do it,
but someone punctures the rod and neasures it.

So then you have one datapoint. But that
datapoint is kind of an integral of the entire power
hi story. So now we've cal cul ated about two and a hal f
percent absol ute uncertainty on the gas rel ease.

CHAl RVAN BANERJEE: That's pretty
i npr essi ve.

MR GEELHOOD: Yes. | nean we're pretty
happy with how that's been done, and | guess | should
nmake the point. Typically in reactor, they really see
rel eases down in the O to 5 percent range, sonetines
up higher. But these higher rel ease ones occur in a
few rods in the reactor, and they're of the biggest
concern to the regul ator, because those are the ones
that would drive a cladding liftoff analysis.

So we've specifically tried to nake sure
our code is good at predicting those high rel ease
ones, rather than worrying -- you know, sone people
woul d say wel |, you know, a nmeasurenent i s one percent
gas release, and you predicted one and a half, so

you' re over-predicting by 50 percent.
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W don't necessarily care about that as
much, because that's not going to inpact a pressure
anal ysis as nmuch as getting these higher ones, you
know, predicted well.

MEMBER SCHULTZ: And if you were draw ng
something fromthe previous scatter plot show ng the
power versus burnup, you draw sone | evel of confidence
or confort that it looks |ike the sane plot that you
had for tenperature.

MR GEELHOOD: For tenperature, except
they got a little higher.

MEMBER SCHULTZ: So this concept of having
something that representatively is high enough in
ternms of power, and |ong enough in terns of burnup,
you're covering the bases associated wth the
par anmet ers.

MR GEELHOOD: This is the same data, but
predi cted m nus neasured versus burnup. So it shows
kind of the absolute over/under prediction as a
function of burnup, and you know, we actually don't
have a | ot of data beyond 60, which is one reason that
the staff has chosen not to extend burnup, is there
just isn't alot of data, and the staff typically |ike
to have data to evaluate, you know, expanding that

envel ope.
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And in fact FRAPCONtri ed to under-predict

sonme of those hi gher burnup ones. So but it's hard to
know when you don't have two. |s this under-
prediction atrend, or isit just |like these ones back
here were al so under-predicted?

MEMBER SCHULTZ: But if you conpared this
plot to a version of FRAPCON which was md-90's tinme
frame, it would look rmuch different than this, in
terms of the scatter of data. This is a trenmendous
i mprovenent over what was the predicting capability 15
years ago.

MR, GEELHOOD: Yes. So we've recently
added - -

CHAI RVAN BANERJEE: So you're sure that's
the thermal conductivity correl ation?

MR GEELHOCD: Yes.

CHAI RVAN BANERJEE: You nust have sone
formof correlation for the fission gas rel ease. Wat
does it look Iike?

MR. GEELHOOD: So it's nore conplicated
than just a single equation.

CHAI RVAN BANERJEE: Don't be afraid. W
can --

MR GEELHOOD: No, | understand. | nean

we -- sol nean it's easier to describe, than to |i ke
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put it in terns of equations.

CHAI RVAN BANERJEE: All right.

MR, GEELHOOD: But we start with gas being
produced i nside a grain, and we kind of idealize that
grain as a sphere with radius or dianeter, | guess,
being the grain size, and then we allow that gas to
di ffuse out to the grain boundaries, and then there's
sonme of what we call resolution.

The radi ati on takes sone of the gas that's
on the grain boundaries and shoves it back in, you
know. So there's that constant diffusion out and
resol ution.

Utimately, at a hi gh enough t enperature,
the diffusion out will beat the resolution. But then
once that gas gets to the grain boundaries, then we
cal cul ate at various tenperatures what the saturation
is.

So gas can kind of continue to build up
and build up, until it reaches a saturation point, and
then that gas is released off the grain boundaries,
and the grain boundari es can begin to saturate again.

CHAI RVAN BANERJEE: So how do you
cal cul ate saturation?

MR GEELHOOD: So that's another. It's an

enpirical fitting paranmeter, but it's a function of
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t he gas pressure or the cl addi ng pressure pushi ng back
on the pellet. So it's kind of how nuch that holds
in, and then also the tenperature and also the grain
size. So a smaller grain would have nore roomfor --

CHAI RVAN BANERJEE: I f | understand the
nodel has paraneters, which sonmehow have to be input
with regard to grain size and diffusabilities,
saturation conditions --

MR GEELHOOD: So there's --

CHAI RVAN BANERJEE: And | suppose sone
sort of redissolution nodel.

MR, CGEELHOOD: Yes. So there's maybe four
different paraneters that we can --

CHAI RVAN BANERJEE: Adj ust.

MR. GEELHOOD: Adjust, you know, and we
have adjusted them W don't allow the user to adjust
t hem but you know, one is the diffusivity out, and we
found that actually changes with burnup. And then
what the resolution rate is and then what the --

CHAI RVAN BANERJEE: So how nmuch did you
have to adjust this to fit the data? So let's say you
had data up to sone relatively | ow burnup. | take it
t he structure of the nodel has stayed roughly const ant
over tine?

MR. GEELHOOD: In the past 10 or 15 years,

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

126

yes.

CHAI RVAN BANERJEE: Yes. So you must have
used it for lower burnup fuel initially, and then in
the last ten years have to adjust it for higher
bur nup.

MR GEELHOOD: So we took the nodel from
a paper that was witten, and then we nodified --

CHAI RVAN BANERJEE: Who wrote that paper?

MR GEELHOOD: Messi .

CHAI RVAN BANERJEE:  Wer ner.

MR GEELHOOD: He's in Sweden, | think.

CHAI RVAN BANERJEE: Ckay.

MR, GEELHOOD: Anyway, so he wote this,
and so we took the structure of that nodel and we
found t hat he constants he proposed weren't, didn't do
a good job. So we used these four kind of fitting
par anmet ers.

W adjusted wuntil we could fit our
dat abase, and we ki nd of thought that when we fixed
sonme of the, you know, as we nake changes and get nore
data, that we might have to do a readjustnent. But
the last tine we added nore data, it actually fit
fairly well.

CHAI RVAN BANERJEE: That was the question

| was asking you, yes.
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MR. GEELHOOD: Yes, and so | don't have it

showi ng in any of these pictures, but we could say
t hat sonme of the data was nodel calibration and sone
is --

CHAI RVAN BANERJEE: Test.

MR GEELHOOD: Test data that is kind of
i ndependent assessnent.

CHAI RVAN BANERJEE: So it's not training
data; it's test?

MR GEELHOOD: Yes, and but we have -- we
don't have, you know, a ton of data here, and so it
kind of behooved us to use all of it for training
data, rather than trying to hold sonme back. But now
as nore data is kind of trickling in, that could be
considered the test data and it hasn't necessitated
any kind of refit so far.

CHAI RVAN BANERJEE: So ny i npressi on,

t hough, is that you haven't had a | ot of high burnup
data very recently though. You said there are these
rods which are going to be taken to high burnup.

MR, GEELHOCD: Yes.

CHAI RVAN BANERJEE: When in the next
Hal den neeting you | earn about that?

MR. GEELHOCOD: Maybe yes.

CHAI RVAN BANERJEE: Maybe.
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MR. GEELHOOD: But then --

CHAI RVAN BANERJEE: But we'd be very
interested to know how the nodel does.

MR, GEELHOCD: Yes.

CHAI RVAN BANERJEE: Are they going to do
any puncture tests on those, or is it just --

(Si mul t aneous speaki ng.)

MR. GEELHOOD: Probably. But then that
doesn't happen until the test is over, over.

CHAI RVAN BANERJEE: Ri ght.

MR. GEELHOOD: You know, so they'll kind
of give us snippets of --

CHAI RVAN BANERJEE: That will be exciting.
| want to know how it worKks.

MR. GEELHOOD: Yes, you know, to get sone
nore and, you know, we would be interested if the
vendors woul d publish, you know, sone of this data
that we could use to do assessment. But you know, to
my know edge, that isn't typically done.

CHAI RVAN BANERJEE:  You know, soneone said
three constants are enough to fit the shape of an
el ephant.

(Laughter.)

CHAI RVAN BANERJEE: It's whet her the shape

of the el ephant remmi ns constant that's inportant.
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MR. CGEELHOOD: As |long as you use the

exponential, huh? O maybe hyperbolic signed.

MEMBER SCHULTZ: Ken, for the topic of
today, as you changed the high burnup therma
conductivity nodel, did you change the constants in
the fission gas rel ease nodel ?

MR CEELHOCD: That time we did have to do
some refitting, because the tenperatures changed so
much that, you know, they were tuned for the old
t enperature predictions, which were probably too | ow
So but since we've kind of settled on the therma
conductivity nodel we have since 2003, we also fit the
gas release, and then as nore data cones out, it's
nore been confirmation data for us than --

MEMBER SCHULTZ: There was no changes at
t hat point?

MR. GEELHOOD: So nothing's kind of like
i ndi cated a need for further changes.

CONSULTANT WALLI'S:  What surprised nme was
t he nodel is based on a sphere.

MR, GEELHOCD: Yes.

CONSULTANT WALLI'S:  And this presumably is
because it's easier to analyze a sphere.

CHAI RVAN BANERJEE: Diffusion through a

sphere --
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CONSULTANT WALLIS: There's no sphere

t here.

CHAI RVAN BANERJEE: --is a 1D probl em

MR, GEELHOOD: It is what it is, and maybe
like --

CONSULTANT WALLIS: But isn't the -- the
fuel is cylindrical?

VO CES: No, the grain.

CONSULTANT WALLIS: The grain. The
m crostructure is spherical? Is that it?

MEMBER ARM JO  No.

CHAI RVAN BANERJEE: |s there any evidence
that the mcrostructure is spherical ?

(Si mul t aneous speaki ng.)

MR. GEELHOOD: So like, you know,
typically if you look at a micrograph, you'll see
these grains, and they're roughly equiaxed. So you
know, you could draw a circle and it would be
reasonable. So then you assune, because you can take
m crographs at different angles and they're equi axed
i n both angl es.

So a sphere is not an unreasonable way to
nodel the grains. You know, there's nore advanced
nodel i ng that's done, where they push them together

and they have |ike sone weird polygon. But --
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CONSULTANT WALLI S: So it's a sort of

gravel or sonething like that?

MR GEELHOOD: When we have so nuch
uncertainty on the diffusivity, then getting the
geonetry of like a grain exactly right is --

CONSULTANT WALLIS: Once it gets out of
the grain, it's free to go?

MR. GEELHOOD: Once it gets out of the
grain, it goes to the grain boundaries, and kind of
gets -- you will see a | ot of bubbl es decorating grain
boundaries. Then once it gets out of those, then it's
free to go.

CHAI RVAN BANERJEE: Well, you say there's
sone redi ssol ution backwards.

MR CGEELHOOD: Yes, |'msorry.

CHAI RVAN BANERJEE: Due to the fl uence,
right?

MR GEELHOOD: So that reduces what's in
t hese bubbles. Some of it's constantly going in, as
others is conmi ng out.

CHAI RVAN BANERJEE: Yes. Standard store
stuff.

MEMBER ARM JO  Yes.

MR. GEELHOOD: And this, they call it a

two-stage diffusion problem and it's fairly typical
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anong handling of fission gas rel ease.

MR CLI FFORD: About the athermal ternf®

MR. GEELHOOD: In the diffusivity?

MR. CLI FFORD: Yes.

MR GEELHOOD: | nean there -- Paul was
sayi ng, you know, in diffusivity there's a atherma
term So we found no matter how | ow the tenperature
you radiate, you'll get like sonme gas rel eased. And
so that's why, you know, we don't just let the
diffusivity goto zero. W kind of have sone at hernal
bit of it that's kind of being rel eased, especially at
hi gh burnup, no matter what.

CHAI RVAN BANERJEE: Okay. It's just sort
of a diffusion nodel, with sonme diffusion along the
concentration gradient.

MR, GEELHOOD: Yes, yes. For that first
thing, and then the other one is kind of like a fill
it, likeatire that eventually bursts. So we got the
capability to do stochastic uncertainty anal yses with
FRAPCON, and Paul has actually been using those a | ot
of in some of his anal yses of power uprates.

So what it allows us to do is to run many
real i zations or instances of FRAPCON 3, by varying the
manuf act uring uncertainties, the nodel uncertainties

and the power uncertainties. So this package then
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r eads data from each realization, conpi | es
di stribution throughout each output of interest.

So on our, one of the earlier slides we
sai d, you know, these are the outputs of interest. So
what it does is it allows staff to vendor, validate
vendor predictions and nom nal and upper tolerance
limts for various code outputs.

Because ultimately, what the vendor upper
tolerance limt is, that's the bottomline nore than
t he nom nal, and FRAPCON al ways predicted nom nal. So
this allows us to say this is what we think the
uncertainties in the nodel are.

You tell us what your manufacturing power
uncertainties are. W'Ill plug that in and we can
cal cul ate FRAPCON s version of an upper tolerance
l[imt, and conpare it to the vendor one.

It doesn't rely on assunptions of
normality or on input or output distribution as the
RMS nmet hods typically do. So typically, the industry
has enpl oyed nore of a Rubi an square, where you vary
one thing at a tine and then add up the sum of the
squares of all the deviations.

CHAI RVAN BANERJEE: So what statistics do
you rely on here? |Is this --

MR, GEELHOOD: So when you get your
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out put, you know, the code tells the user, you know,
if you want a 95-95, you need to run 200 realizations.

CHAI RVAN BANERJEE: Oh, okay. Sone form
of nonparanetric?

MR. GEELHOOD: Yes. Then you'll get your
200 realizations, and it | ooks at those outputs and
says "Okay, your upper 95/95 is X." So it's a nore
straightforward thing, rather than relying on various
assunptions that are kind of buriedinnore sinplistic
ways. It's just kind of --

MEMBER SHACK: But you do a simnormality
for nost of your input distributions?

MR, GEELHOOD: So I'Il get to that in a
second. So --

MR. CLIFFORD: It depends on the --

MEMBER ARM JO  There's a whol e bunch of
opti ons.

MR GEELHOOD: This is a screen shot from
the thing. So these are all nmanufacturing things, and
for instance on the dish dianmeter, it read the nom nal
val ue, but you can give it any of these distributions.
So if you wanted the normal one, you could, and then
one of these boxes here would ask for the standard
devi ati on.

But you can do these |log normals or
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uniformor different distribution if, you know, the
vendor has indicated that on their manufacturing,
maybe they have a |og normal because they get to a
stop sone point or, you know, the tool non-uniformy.

So those are available to you if sonmeone

reports that that's the case. And then simlarly,
t hese are the --

CONSULTANT WALLIS: How does the pellet
resintered density get to be one kilogram per
nol ecul e? That's a pretty light pellet, isn't it?

MR. CEELHOCD: No. So the one above that,
that's the pellet density. |It's 95 percent
t heoretical .

CONSULTANT WALLIS: What's the resintered
density then?

MR GEELHOOD: There's a standard
resintering test that nost of the vendors use to
cal cul at e what their maxi numend reactor densification
is. And so --

CONSULTANT WALLIS: So it's a change in
density?

MR CGEELHOOD: Yes, yes.

CONSULTANT WALLIS: Oh, it's a change?

MR, GEELHOOD: So what they do is they put

an as-manufactured pellet in a furnace of 1,700 K
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think. | can't renenber the unit.

MEMBER ARM JO  Very hi gh.

MR, GEELHOOD: And they leave it there for
like some period of tinme, | think it's an hour, and
then they neasure how nuch the density increased.
This standard says that's how nmuch end reactor
densification you can expect.

CONSULTANT WALLIS: It's a very smal
change.

MR. GEELHOCOD: Pretty small, on the order
of about one, half percent to one percent of the
t heoretical density.

CONSULTANT WALLIS: Right.

MR, GEELHOOD: So this is just sone sanple
case. You know, if you measured nore, you would put
in nore. But those are what the vendors supply.

Goi ng on t he next one, these are t he nodel
paranmeters. So these are all the ones | just
di scussed. So you know, the standard deviation is
still thin, and you just say, you know, "Do | want a
bias it in a normal distribution? Do | want to use
hal f of Ken's predicted standard deviation? Do | want
to use twice of what he thinks it is? Do | want to
use exactly what he thinks it is?" So it allows the

user to do --
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CHAI RVAN BANERJEE: A | ot of user input,

right?

MR GEELHOOD: Well for this one in
particular there is, because --

MR. CLIFFORD: It depends on what your
targeted paraneters. |f you' re |ooking at cladding
strain during an AOO, then you may want to change fuel
swelling. |'msorry, fuel thermal expansion.

MR GEELHOCD: Yes.

MR. CLIFFORD: But if you were | ooking at
end of life rod internal pressure, then you may want
to alter fission gas rel ease.

MR, CGEELHOOD: So and nmaybe you don't know
what the inpact of one of these things is on. So you
could just vary that one and then see did it have any
impact, and if it didn't, then you can say well next
time | run, I'mnot even going to worry about that.

So it allows the user to kind of |ike run
t hese various sensitivity anal yses as well.

MEMBER REMPE: Have you cone to such
insights yet, what's driving sone of the nodel
resul ts?

MR, GEELHOOD: So we did a study earlier
for the Ofice of Research, and it kind of drove our

sel ection of these eight paraneters, that we varied
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like all kinds of things, you know, inputs and nodel
paraneters, and kind of see which ones had nore or
|l ess of an inpact. | think that's NUREG CR- 7001.

MEMBER REMPE: W th the eight or the nost
you'll -- you want to say oh, what's really driving
you to swelling or sonething like that?

MR GEELHOOD: Well, | nean |ike different
ones are different things. So like if you' re | ooking
at power to nmelt, then thermal conductivity drives it
t he nost, although swelling has sone inpact, because
it says when the gap is going to close.

MR CLIFFORD: So like if you turn on the
fission gas rel ease uncertainty, you know, your nodel
of fission gas, your nonminal end of |ife rod internal
pressure nmay be 1,600 psi. But, you know, with this
turned on, your 95/95 will junp up to a 22, 23, an
i nsignificant increase.

| think when we presented all the results
of the different EPUs | ast year, we generally reported
t he nom nal and then the 95/95, so you coul d see what
t he change was as a result of turning on these various
uncertainties.

MR. GEELHOOD: So then this is just some
exanples of the output. So we get these

di stributions, you know, and you can deci de oh nmaybe
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this internal pressure is not, the output distribution
is not normal. You know, at sone point you can't get
to any | ower pressure. But naybe it's this kind of T
di stri bution.

Then you al so get inputs and outputs for
each realization. So if you want to do nore on your
own than what the package provides here, you can
inmport this into Excel or whatever --

CONSULTANT WALLI'S: Al pha and gamma, these
are the statisticals. So .05, .95 is 95/95?

MR GEELHOOD: Yes, and so this |ast one
is, you know, it will tell you the nunmber of runs --

CONSULTANT WALLI'S: .99 percent with .001,
99.9, 99.9 percent, 9.9 percent.

MR GEELHOOD: Yes. So you can go --

CONSULTANT WALLIS: But the thing that's
so strange is that there's a lot of tail, because
that's a nuch higher value for internal pressure than
95/95. It means there's a huge tail going on.

MR. GEELHOOD: Yes, yes. This isn't |ike
the answer. This is just kind of a sanple case we
ran. But you're right. 1In general, |like sone of
t hese things have like a significant tail, because you
know, if you do a worse case anal ysis, these are your

worse case thermal conductivity and worse case gas
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rel ease, you can get really high pressure in these
t hi ngs.

And if you used, you know, meke it the
smal | est tube and the biggest pellet --

(Si mul t aneous speaki ng.)

MR. GEELHOOD: You know, and your plenum
length is real |ow, because you put an extra pellet
in, you know. So you know, you can incur at the
perfect stormthat's going to get you out to pretty
high pressures, you know. So but that doesn't
necessarily mean the 95/95 is there.

CONSULTANT WALLIS: So the regul ator has
to nake some decision, whether he's going to nmake a
perfect stormor big stormor a 95 percent storm or
what .

MR. GEELHOOD: And there's guidance that's
been published in various reg guides and stuff, that
kind of say, you know, 95/95 would be a good limt.
So but it is ultimately the regul ator who woul d make
t hat deci sion.

This is just a little bit nore of the
i nput and the output. So you can kind of see if one
thing. This is the uncertainty on the gas rel ease,
and you can see it is correlated to the internal

pressure, you know.
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| f you got kind of a shotgun pattern, it
m ght say it's not correlated. But when you get these
i ncreases with increasing uncertainty, or an increase
inthe value, then that says it's correlated. So that
could tell soneone |ike Paul gas rel ease is inportant
for this. There's various tests for normality that
you can do. So this one is not that normal, because
you woul d expect if there was normal, the dots woul d
be on the line.

So | think this is ny last slide. So |
kind of tal ked about the fuel performance codes and
what they're used for, the kinds of validation data.
Al'l property and behavi or nodel s have been vali dat ed
to be best estimte versus data, and then these eight
property and behavi or nodel s have been identified to
have a significant output, inpact on the outputs of
interest, and then the standard devi ati ons have been
calculated and built in for each of those.

W have a fairly large database of
i ntegral assessnment data that's been used to validate
the code, to show that it provides the best estimte
prediction of fuel tenperature, in particular, you
know, that we're talking about now, and we've
calculated wuncertainties for that tenperature of

around five percent.
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W've added this capability to do
stochastic analysis to calculate wvarious upper
tolerance limts. So that's what | have, and | think
" mgoing to nove on to Paul

CHAI RVAN BANERJEE: Wl | thanks very much,
Ken. We're running about --

CONSULTANT WALLIS: Can | ask one quick
guestion. All this is based on Hal den data?

MR, CEELHOOD: All what?

CONSULTANT WALLIS: The tenperature.

MR, CGEELHOOD: All the tenperature is
definitely based on Hal den. The FRAPCON i s based on
many, many different --

CONSULTANT WALLIS: To be conpared with
stuff fromreal reactors and all that?

MR, GEELHOOD: Oh yes, yes.

CONSULTANT WALLIS: That's what you al so
showed us, didn't you?

MR. GEELHOOD: Yes. So sone of the gas
rel ease canme fromreal reactors. | didn't show you
like corrosion. ©Ch, | guess |I showed sone corrosion.
That's fromreal reactors, because the flux in Hal den
is lower than the flux in a PAR or BWR  Qur code can
account for those differences, and then you know,

apply the new flux to --
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CONSULTANT WALLI'S:  Just when | was goi ng

toget intoit, and sonme of this, sonme of the materi al
we read did show sone Studsig data and so on, and
there was -- it was different fromother data. You're
not going to get into that, though?

MR. GEELHOOD: A lot of this data was ranp
test data, and so, you know, when | showed gas rel ease
predictions, | showed steady state and ranp test. A
lot of that ranp test data canme from Studsig. |
didn't show the predictions of strain, predicting and
neasured. But a lot of that also comes from various
ranp tests, Studsig included.

MEMBER ARM JO | was going to ask a
guestion. Wen you found that the thermal
conductivity in the old codes that's non-conservative
at hi gh burnups, and then you made, you adj usted your
codes and you wound up wi th nmuch hi gher tenperatures.

MR, GEELHOCD: Yes.

MEMBER ARM JO.  You know, what other parts
of the code were overly-conservative? You know, the
ot her -- because of the fission gas release is the
finger you're nailing all your analyses to. So if you
raise the fuel tenperature to account for thernmal
conductivity degradation, there nust have been

something else that was predicting the fission gas
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rel eases that was overly-conservative?

MR GEELHOOD: Yes, like the four or five
tuni ng paranmeters in the gas rel ease nodel had to be
changed.

MEMBER ARM JO  Ckay. What were they?

MR, GEELHOOD: Well like the nultiplier on
the diffusion, the diffusivity.

CHAI RVAN BANERJEE: The pellets, | nean
the grain size?

MR, GEELHOOD: What the grain -- well, the
grain size we pretty nuch just -- it's pretty
st andar d.

MEMBER SHACK: That's a real paraneter

MEMBER ARM JO. Yes. That you can
measur e.

MR. GEELHOCD: That's sonething you can
nmeasure. But then what the resolution rate is, how
much saturation on the grain boundary there coul d be.
And so, so we have these |like paraneters that have
been kind of enpirically derived, and so you know, if
inthe future we decided at really high burnup there's
even nore, then we woul d have to go and sonmehow adj ust

MEMBER ARM JO. But it wasn't any one

particul ar parameter that was way out of line --
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MR. GEELHOOD: | mean it's kind of a

bal ance between like all three or four of them to get
them to like predict our, you know, fairly. Even
though it doesn't look like a |lot of data, it comnes
froma lot of different conditions. So to get one
nodel that predicts all that, you know, is kind of a
little bit of a balancing act.

MEMBER SHACK: It takes Von Carnen's three
poi nt numbers.

MEMBER SCHULTZ: So you adj ust everything

that you can, in order to get the best answer for al

t he set.
MR. GEELHOCD: Luckily, we have nore data
(Si mul t aneous speaki ng.)
MEMBER ARM JO Wl |l sonetimes you can't,
you can't -- you have data, and so those are fixed,

and then little by little, you get to the things that
are just guesses, and then those are the ones you nmess
with.

MR GEELHOOD: Yes. | mean a |lot of these
i ke ki nd of nore fundanental paraneters, it's either
difficult or inpossible to nake a neasurenent, | mean
to do a diffusion experinment inreactors. It would be

an engineering, you know, feat to design that
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experi ment.

CONSULTANT  WALLIS:  You didn't say
anyt hi ng about MOX.

MR. GEELHOOD: And | wasn't asked to say
much about MOX, but | could say nore about MOX if you
had - -

CHAI RVAN BANERJEE: |'m going to have to
interrupt this, because we're already --

MEMBER ARM JO. WAy too interesting.

CHAI RVAN BANERJEE: 45 minutes, actually
50 m nutes behind schedule. So that neans that of
course we'll have to reduce our lunch break. But
before we do that, we really do need to close the
sessi on now.

So |l think if we could just nake sure that
everybody is, who should be here is here, and who
shoul dn't be here is not here, and we will go into
cl osed transcripts now.

(Whereupon, at 11:19 a.m, the neeting

adj ourned to cl osed session.)
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PROCEEDI NGS

3:07 p.m

Resol uti on/ Future NRC Actions

CHAI RVAN BANERJEE: W' re back, and we
have both Paul and Ben. Paul, you are going to |ead,
right?

MR. CLIFFORD: Yes. GCkay. The |ast
presentation is just a brief description of what the
root cause, and what corrective actions the staff has
taken to try to ensure that we don't find ourselves in
the sane situation 10 or 20 years from now.

Root cause, going back to the slides I
presented thi s nmorni ng, which showt he avail abl e dat a,
you know, back in the early 80's when a | ot of these
codes were devel oped, really illustrated that the root
cause i s just the continued use of these | egacy codes,
wel | beyond their range of applicability, and that
allowing plants to use fuel nobre aggressively with
these legacy codes was not the nost advisable
strategy.

| think part of the cause would be just
due to the very nature of the regulatory environnent,
and the fact that it's difficult to revoke the
approval of these |egacy fuel performance nodels,

since they're being cited in plant tech specs and
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they' re being used very reload, and the hurdles that
are introduced because of 51.09.

MEMBER REMPE: So you're approving new
codes, and what if there's another issue that's not
defined yet, that crops up because of new data --

MR CLIFFORD: We'll get there, we'll get
t here.

MEMBER REMPE: Do you have a conditi onal
approval now or what?

MR. CLIFFORD: We'll get there.

MEMBER REMPE:  Cool .

(Laughter.)

MEMBER REMPE: | didn't | ook ahead, okay.

VR. CLIFFORD: |1'mglad we did.
Corrective actions. W should be scrutinizing any
future changes in fuel design or operating limts,
al ong with the supporting enpirical data, to ensure a
high level of confidence in nodel predictions, and
this woul d be applicable to any future |icense burnup
limt extensions beyond 62, the introduction of pellet
additives or changes in the physile content of the
pel l ets.

| mean you could argue that a |esson
| earned would be that we shouldn't have allowed 62

gi gawat t - days when we did, if in fact we only had data
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up to 40 at the tine. Maybe that's a | esson | earned.
But going forward, | think the best corrective action
would be to require periodic requalification of
anal ytical nodels, or toinstitute a sunset cl ause and
the staff's approval of future nodels.

MALE PARTI Cl PANT: \WWat does OGC t hi nk of
t hat ?

MEMBER ARM JO.  Paul, do you really nmean
requalificationor rejustificationin a sense, wthout
-- | don't know what requalification neans, but |
suspect it nmeans a huge effort versus a defense of the
adequacy of the existing nodel, you know, |ike no new
phenonenon di scovered in the |ast five years, that
sort of stuff, nmore qualitative argunents.

MR. CLIFFORD: It's all explained here.
This was our first attenpt.

(Si mul t aneous speaki ng.)

MR. CLIFFORD: Wen we approved PRI ME a
coupl e of years back, you know, we were in the m dst
of identifying TCD, and we were recogni zing that we
had these |egacy codes, and sonething needed to be
done. So we introduced condition of approval in the
saf ety eval uation

| nmean you can read the whol e thing, but

essentially every five years, GE will have to submt
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a letter identifying any new data, and show ng that
t hat data does not change the best estinate predicted
capabilities of their tools, nor does it change the
uncertainties they're assunming in their safety
anal ysi s.

CONSULTANT WALLIS: Do you think this is
a tenplate for future codes?

MR CLIFFORD: | think this a tenplate.
Right now, our strategy is that a very simlar
condition would be put on all future approvals.
W' re | ooking at a new version of RODEX for AREVA
It's RODEX4, but applicable to recrystallized
cl adding. The previous approval of RODEX -- this is
the type of condition we would put in that SE

So this approach requires action on the
part of the industry to keep track of information, and
to continuously denonstrate to thensel ves that their
codes remain applicable. It also gives the staff a
vehicle to then open up that review

When they submit this letter and it shows
up to say their biases and uncertainties have changed
because there's nore data now, then that gives us a
vehi cl e for then opening up that revi ew and denandi ng
action.

MEMBER CORRADI NI : Paul, can | ask a
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guestion? You're using the PRI ME exanple, right, on
Slide 24?

MR CLIFFORD: Yes, correct.

MEMBER CORRADI NI :  COkay. So has the staff
gone further to lay out a tinme |line about their
review, so that you don't get in this bollix again,
that let's say there's new data that shows, because of
cl addi ng or fuel, that some sort of condition requires
a reanal ysi s.

They now have a new nodel. They give it
to you and it's years before they get it, and then
t hey have, they're in a situation where there woul d be
-- the licensee is going to use sonmething in that
process.

So this sounds good, but what's the tine
line for the conplete eventual issuance of the
| i censee being bl essed with a newtechnique? This is
only part of the puzzle.

MR. CLIFFORD: No, | agree. But this

sol ves half the problem

MEMBER CORRADI NI :  Well, let ne -- naybe,
because unless | see the full picture, |I'mnot sure
what problemit solves at all. | want to be a little

bit pretending to be, if | happen to be, let nme pick

one. Dom ni on and Kewaunee, since that's now
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officially irrel evant.

Wy woul d | agree or not fight about all
this, unless | saw the end ganme maki ng sense? That
is, you can't just think about the applicability or
the first part of the problem You have to |ay out
the tine line of the whole problem

O herwi se, you could just make a ness
later on fromall of this. | guess this sounds |ike
a good step, but unless you lay out now that they,
every five years they | ook for sone new evi dence t hat
requires themto change the nodel, then staff has got
to, in some sense, also put a way out in their tine
line for review, so that then the |icensees can now
use the nodel, or | should say develop a process to
use the new nodel. You guys then have to approve
t hat .

MEMBER SCHULTZ: M ke, doesn't that
follow the last bullet? The vendor is going to be
identifying and dispositioning any bias on nodel
predi ctions, or any increase on uncertainty, and the
next step would be for the staff toreviewthat letter
and get back to the vendor, as to what needs to happen
next .

MR CLIFFORD: Yes. |It's kind of

difficult to do that.
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MEMBER CORRADI NI Well, but if | only see

a part of the solution here, I worry that the other
pi ece of the solution could be nore conplicated than
we first suspect, or we just speeded up one part of

this, but the rest of the process still takes 10 to 15

years.

So | guess what |'mcurious about is how
this all lays out, given that there's so nmany noving
parts.

MR. CLIFFORD: You namke a good point.
That's sonething we can think about. But it is
difficult, without having an i dea of what the error or
what the inpact is for future change or a future
probl em and how we woul d go about --

MEMBER CORRADI NI :  But now |'I1 just make
even a nore provocative statenent. It seens to ne if
you want to do this to the Iicense or to the vendors,
and the technology, sonething cones up in the
t echnol ogy, then staff has got to come up with sone
sort of review process that's a bit nore expeditious,
not only for the --

Let's just take an exanple. There's sone
sort of change or some sort of know edge about a new
mat eri al or sonething that creates a difference, that

you've got to contend with. Now the next step would
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be staff would then, depending upon the severity or
t he degree of change, staff's going to have to conme up
with a different review process, not views.

O herwise, you're going to get in this
process the licensee is never going to adopt any of
this, because they just see this endl ess set of steps.
So we could just cone back to where we are now. |
nmean | can't renmenber which of the presenters it was,
Ben was trying to explain all this thing.

It nmuddles the mnd on all t he

possibilities, sinply because it takes so | ong.

MEMBER SCHULTZ: Vel l, also what you're
pointing out Mke is that, and | | ook forward in the
slides, | don't see a solution to the problemthat we

di d descri be, which was |icensees aren't adopting, or
ina positionto need to adopt, the new nodel s as t hey
are approved by the staff.

MEMBER CORRADI NI : Yes, and | betcha
that's a business decision. |It's a time and business
deci si on.

MEMBER SCHULTZ: It is.

MR. CLIFFORD: And we've had di al ogues
wi th the vendors, and we' ve tal ked openly about okay,
when you submit PAD5, we want you to submt a

retirement plan for PAD4, and put it right in the --
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put it right in the topical report so we can approve
it.

MEMBER SCHULTZ: And the other codes
t hat they have.

MR CLIFFORD: And the other codes.

MR. JACKSON. In terns of regulatory
response or reqgulatory action, if the five-year | ook
under this condition, under the PRI ME SE shoul d
uncover sonething large, | nean | think we woul d t ake
i medi ate action or nore dramatic action, versus

something that's very mnor, and we could deal wth

t hat .

MEMBER ARM JO.  You know, that's what
worries me about this thing. |If you found a |arge
effect like TCD, then | could see this as very

val uabl e. But you know, the anount of data we have
t oday as opposed to the data that was avail abl e when
t hese ol d codes were approved, it's a lot nore and a
| ot better.

So wunless you find sonmething really
significant, this process should be very sinple and
strai ght f orward.

(Si mul t aneous speaki ng.)

MEMBER CORRADI NI : --to what |'m saying.

The staff, | think it's cormendabl e the staff has cone
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up with a way to try to, you know, conme up with the
ti me wi ndows that the vendors have to report on stuff.
But on the other hand, there ought to be, instead of
using the termseverity, I'll just use it as a change
in the prediction.

If the change in prediction is five
percent or pick sone nunber, then the review process
and the recalibration for all parties, including the
licensee, ought to be fast. If it's ten percent of 15
or something that's really major, then you're goingto
have to go through a serious review.

So it's not just the tinme, but it's also
the |l evel of change that to have to deal wth.

MEMBER SHACK: Yes, but | don't see that
this does anything. | nean this just tells themthey
have to informthe staff. The staff then has to nake
a decision as to whether sone real severe regulatory
action is warranted, or that's very nice. W file
this letter and it's --

MEMBER CCORRADINI: Ckay. Well, that's
fine, but then it really --

MEMBER SHACK: At | east you have the
information and it's been considered. | nmean the
prime responsibility is always on these people for

safety, not the staff. It puts the responsibility
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where it belongs, and gets them involved. | think
it's a great idea.

MEMBER ARM JO. | guess |I'd have a | awer
ook at this, because the word "nmay augnent the
existing PRIME qualification,” you know, |'d be nore
concerned if its "nmay degrade or underm ne." You can
al ways augnent a qualification by new data, a little
nor e dat a.

But it seens |ike youreally want to avoid
the problem we have right now, that TCD wasn't
inmplenented in a tinmely way, and we've known about
this for how many years, 10, 15 years?

MEMBER SHACK: Yes. The "which may"
should be "which nmay affect” existing PR M
gual i fication.

MEMBER ARM JO.  Well, | wouldn't care. |
woul dn't care if we found things that showed that
PRI ME was very conservative, and it was -- that's up
to themif they want to conme back to you and say we'd
like to get some benefit. But |I would care if they
found out that hey, this new data on fission gas
release is really something's changed, and it's
degradi ng our --

CHAI RVAN BANERJEE: But this is early

i nformation though, right?
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MEMBER ARM JO Wl | no.

(Si mul t aneous speaki ng.)

MEMBER ARMJO This is a big deal. It
depends how it's done.

CHAI RVAN BANERJ EE: | magi ne that you were
doing some work in any field. You' d be expected to
stay up on the devel opnment and what's goi ng on.

MEMBER ARM JO O course, of course.

CHAI RVAN BANERJEE: And then just an
informational letter. They're asking you to wite a
letter to informthemof new sources of data, whatever
uncertainties arise with your nodel against this new
data, if there's any, and how you're going to dea
with it or what you plan to do. | nean this is not
t aki ng any action what soever.

MEMBER ARM JO  This could be like
perpetual requalification, even if there's no safety
i mpact .

CHAI RVAN BANERJEE: They say there is no
safety significance and the staff throws up, what does
it matter.

MEMBER ARM JO  Ckay.

CHAI RVAN BANERJEE: They don't have to do
anything with it.

MEMBER SHACK: The staff, then, sort of
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has to decide when this done whether sone action is
required. But | mean nost of these, | suspect, wll
end up --

CHAI RVAN BANERJEE: Li ke i f we change one
correlation in a code or sonething, | nmean we're not
going to ask for that code to be requalified.

MEMBER ARM JO. That's what it says.

CHAI RVAN BANERJEE: No, it doesn't say
t hat .

MR. CLIFFORD: Well, they can't change any
correl ations.

MEMBER SCHULTZ: They can't change the
correl ations w thout approval of the staff.

MR. CLI FFORD: Right.

CHAI RVAN BANERIJEE: Vell, in genera
imgine that you have a code called NOTRUW or
somet hing, which |I know nore about all this stuff.
You change DNB correlation or sonething in that, you
know, you have to qualify that. You give the database
to the staff. W do it all the tine. Every tinme we
have a new fuel, we change the DNB correlation.
What's the big deal ?

CONSULTANT WALLIS: It rem nds of certain
GSl, where the new data cones in faster than any kind

of reaction --
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CHAI RVAN BANERJEE: That's a conpletely

different --

MEMBER SHACK: But this is clearly
different. | nean this is not, you know, if they want
to propose a change in a correlation, that's one
thing. But in this one, we'd say when those new
Hal den data cone out, you have to go back and | ook and
see if in fact it changed your nodel --

MR CLIFFORD: It won't affect your nodel.

MEMBER SHACK: It changed your nodel

CHAI RVAN BANERJEE: Doesn't change it.

MEMBER SHACK: If it doesn't change it,
it's fine. |If it sonehow changes it, you have to
change and di sposition that. | nean but | would
t hi nk, you know, it's very different fromintroducing
a new correl ation.

CHAI RVAN BANERJEE: No. | m sspoke about
the DNB, because you'd still show that the W3 or
whatever it is works on your new data, that's all.

MEMBER ARM JO Wl |, augnent ed dat abase
nmeans a bigger database, and the database is always
going to get bigger. |If it doesn't change the answer,
why are you goi ng through this exercise?

(Si mul t aneous speaki ng.)

MEMBER SHACK: --to find out if it does
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change t he answer.

MEMBER ARM JO.  Well, you'll know pretty
wel |, pretty quickly when you take the data, you know.
The fission gas rel ease nunbers are consistent with
t he origi nal database. Wy nmess around? You'll have
the staff and everybody else churning perpetually,
dependi ng upon how this i s nanaged.

MEMBER SHACK: They'll just wite the
letter saying that this is consistent with the
exi sting dat abase.

CONSULTANT WALLIS: Wwell, there's a

probl em - -

MEMBER ARM JO. That's what | would -- if
it was done that way, Bill, | wouldn't be so worried.
But | just, the way it reads, it sounds like it's
going to --

CONSULTANT WALLIS: Well, it discourages

i nvestigation, because every time you discover
somet hi ng new, you have to go through this.

MEMBER ARM JO That's part of the
negative, yes.

(Si mul t aneous speaki ng.)

MR. CLIFFORD: Every five years they have
to submt a letter.

CHAI RMVAN  BANERJEE: You assess your
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dat abase.

MEMBER SCHULTZ: So this is in place --

(Si mul t aneous speaki ng.)

MEMBER ARM JO They've cut a deal on
PRI ME al r eady.

MEMBER SCHULTZ: This is in place?

MR. CLI FFORD: For PRI ME.

MEMBER SCHULTZ: And so did you have to
ask if this was going to be applied retroactively to
everyone, or to the other codes?

MR CLI FFORD:  No.

MEMBER SCHULTZ: They didn't ask that?

MR CLIFFORD: We haven't nmade that
decision. W're going to --

(Si mul t aneous speaki ng.)

MR. JACKSON: This is just the type of
thing we're thinking about, you know, having been
t hrough this experience with --

(Si mul t aneous speaki ng.)

MEMBER ARM JO.  You'd pretty nuch need to
do this with any new code, right?

MR. CLIFFORD: Onh, absolutely.

VEVMBER ARM JO. | mean it wouldn't be fair

MR CLIFFORD: It's our first attenpt to
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ensure that the industry is staying on top of the
data, and at | east recognizing in a public letter that
t heir codes are becom ng out dat ed.

MEMBER SHACK: O not.

MR CLIFFORD: O not.

CHAI RVAN BANERJEE: W have nade this
comment on the reactor physics codes.

MEMBER SCHULTZ: Wll, | think this is
a good idea. |'mjust concerned that the other part
of the probl emneeds to be addressed, and that is that
novenent to new net hodol ogi es needs to happen.

MR. CLIFFORD: Right, and that gets us to
our next slide.

MEMBER REMPE: Before you |eave this,

t hough, | guess I'mso curious about a point | think
Steve raised earlier, about how the |icensees are
i mpacted by this. Just because the vendor says okay,
my code has to change, wll there be -- | nmean
earlier, you said that the licensee has it in their

tech specs.

W1l they have PRI ME approved i n 2010, and
then can they continue using PRI ME approved 2010 or
will PRIME need to be updated automatically, because
| caught the vendor.

VR. PARKS: Those tech spec COLA
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references for CGE plants only reference NEDE-24011,
which is GESTAR So GESTAR is a not herhood docunent
that's updated on a regular basis. Anendnents are
submtted to the staff for review

One could conceive this SE condition in
such a way as if they wite a negative report that
says their nodel's inpacted, we woul d expect to see a
revision to adjust that in an upcom ng GESTAR
revision, which we would then review

But no licensee needs a |icensing action
to adopt, because once the | atest revision of GESTAR
i s approved, |icensees can use this.

MEMBER REMPE: Autonmatically, |icensees
will update it.

MR PARKS: So for this framework, it
wor ks, right.

MEMBER REMPE: And what if they say "we
think it's still fine, it works fine," but you guys
say "no, we don't think it's fine."

MR CLIFFORD: At |east we had that
di al ogue.

MEMBER REMPE: (kay.

MR CLIFFORD: At |east we had that
di al ogue. R ght now, we don't have that dial ogue.

MR. JACKSON: So the regulatory process is
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in place, you know For Westinghouse, Part 21
applies. So if they find an error that's inportant to
safety, they're required to report it, and you know,
there's a couple of words in there inportant to safety
and error, and these are interpreted different ways.

The 5046 requirenments apply to |icensees,
and if it's an error that affects tenperature, you
have annual reporting, you have reported if it exceeds
50 degrees. So that's, you know, that's the situation
we have now, and you know, we've addressed the TCD
i ssues through that way.

But what Paul's saying is we could do
better perhaps, and this would | ower the threshold a
little bit on topical reports, for when we woul d get
the information. Qoviously, whenever we get the
information, if we find a plant that's in non-
conpliance or that there's a safety factor, we'd have
to take action.

This woul d just give us the informationto
make t hat decision. The decisions would still be just
as difficult. So the situation we have now --

(Laughter.)

MR. JACKSON: This situation we have now
is there's plants that are, you know, that are taking

the RAC up, and this affects my PCT by 20 degrees.
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Vel |, that doesn't nerit regul atory action on ny part,
totell themto do sonething before 2016 or 2017.

But if it's 200 degrees or nore, | m ght
take a nore dramatic regulatory action. This is just
a way to get the information, so that we can get it
into our regulatory processes and start working them
t hr ough.

MEMBER SCHULTZ: | think this approach
is very valuable, and it will be even nore val uabl e,
if like in this case, CGE and it goes into the GE
i censi ng net hodol ogy and GESTAR, and all |icensees
are going to be affected by or be using that
net hodol ogy, if GE does the analysis, all GE fuel
users.

MR. CLI FFORD: Right.

VEMBER SCHULTZ: So that's a good thing,
and if that can be done also for Wstinghouse and
AREVA plants, that would be great. Because the
licensees will read this. Those that are using CE
fuel are going to be paying attention to this five
year report in 2015, and they'll be |looking to see
whether it's going to change or not, and they'll be
involved in the decision to sone degree, at |east
they' Il be aware of the decision.

MEMBER CORRADINI: So Steve, can | foll ow
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that up? | nean so you've been on the other side of
this. So if they see this, are they going to then be
nore apt to want to learn the new technol ogy or be
part of it, so that they use it, or are they going to
be apt, froma business deci sion standpoint, to stand
back and wat ch everybody say "Ckay, who's first, but
not ne"?

MVEMBER SCHULTZ: No. Everybody is going
to pretty nmuch go through it together, and here, what

| see is that in 2015, all CE fuel users are going to

be very interested in this report, and be asking GEg

t hrough t he Oaner

next, now that

s G oup nost likely, so what happens

you've evaluated the new data and

di scarded sone, and they'll be follow ng the NRC

reaction to that,

there's going to

and what happens next as to whet her

be any nodel changes or not.

There's nothing in here that says nodel

change is what'|

happen. It's nore likely to be, as

Ken was nentioning with FRAPCON, where they got new

data, they put it

into their nodel and put it on the

chart, | ooked really good, fit real

fine, no changes

wer e required.

MEMBER CORRADI NI :  Okay, okay.

CHAI RVAN  BANERJEE: What does

"denpnstrate” mean here? "GNF nust denpnstrate.”

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

(202) 234-4433 (202) 234-4433




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

168

nmean that's in the fourth line there. | nean that can
be a pretty broad term

MR CLIFFORD: Well, "denonstrate" woul d
nmean i f there's a new Hal den rod, then they woul d have
to use PRIME to sinmulate the burnup profile in the
Hal den react or, conpared agai nst the neasured data, as
an exanpl e.

MEMBER ARM JO  Well, but you can apply it
to every new, every experinent that cones out, and it
may not change the story at all, you know Al the
fission gas rel ease data that cones out, the database
is big already. You add nore stuff, but you go
t hrough anot her conpl ete anal ysi s.

| don't know what you're going to -- |
don't know where you're going with this Paul, but I
think it could turn into a nightrmare, or maybe |'m
just reading it the wong way. But | know what you're
trying to do, and | wi sh sonmething |ike this had been
t here when there was no data.

But now we've got a lot of data, fuel
swel l'ing, cladding creep, fission -- we have tons of
data on that. TCD, we weren't so rich, but we are
now, and you know - -

MR. JACKSON: When we inposed this |Iicense

condition, GNF was notified. | mean there was sone
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di al ogue with GN\F.

MEMBER ARMJO Well, that's their

problem They signed up for it, you know. It's going
to work, you know, it will come back to the staff.
MEMBER SHACK: |If Samwas still in charge,

it would have been a different story.

(Laughter.)

MEMBER ARMJO | wi sh Harold was here,
because |i ke he says, he's an amateur |awer. But |
would say the staff should be very careful too,
because if this cones back, you'll have every five
years nountai ns of stuff com ng back for your review,
and it could be trivial stuff, and you will have to
set up sone process that says "Hey, this is true, but
this is not nothing, worth doing this much work.
There's nothing newhere.” And then every five years,
there's not going to be a hell of a lot of new stuff
com ng out.

MEMBER SHACK: Oh yes, there's no doubt.
You put atest rod in Halden and it takes you seven or
eight years to irradiate it.

MEMBER ARM JO  You know, it's just --

MR JACKSON: Well, we receive data on the
annual 50.46 reports, the | arge change 50. 46 reports,

the Part 21 reports. W have a systemthat when the
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reports come in, we can deal with them

MEMBER ARM JO | can see a situation
where sone Russian guy publishes sone stuff from a
PWR, and he's got some unusually high fission gas
rel ease data and everything el se. New data, everybody
knows about it.

The Westinghouse guys and the AREVA guys
are going to be sweating blood, of how first either
say it's valid or it's not valid or justifying that,
and you know - -

MALE PARTI Cl PANT: They have an
opportunity --

MEMBER SHACK: Well, they'd be doing that
anyway, Sam |If they see data that doesn't | ook
right, they're going to ask whether it's right or you
know - -

MEMBER ARM JO. Wl | obviously. But you
know, you have your own dat abase.

MEMBER SHACK: | don't see anythi ng wong
wi th just having people | ook at the data.

MEMBER ARM JO. It depends how you handl e
it, how you nmanage it.

MR. CLIFFORD: The other option would be
essentially a sunset clause, and surprisingly

i ndependent from us developing this PRIME SE
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condition, the I AE had conducted a peri odic revi ew of
the NRC, and one of their recomendati ons was that we
should consider limting the approval of codes to
specific periods of tinmne.

MEMBER ARMJO | don't have a problem
with a sunset clause, but it's got to -- it can't be
every five years, you know. There is a tine when al
codes may need to be.

MR. JACKSON: You know, what is it, every
ten years they performa --

MR. CLIFFORD: Safety review. Periodic
safety revi ew

MR. JACKSON:. What's the nane they use?

MR. CLIFFORD: That's right.

MEMBER CORRADI NI :  That's for the plant.

MR. CLIFFORD: That's for the plant,
correct.

MEMBER SHACK: Right. The periodic safety
reviewis used around the world. They don't go to the
| evel of detail that would actually go in and | ook at
the data for the codes. They do |ook at that broadly,
t hough. Periodic safety review

MR. CLIFFORD: So we've gotten at |east
one recomrendation fromthe | AE, that says we should

limt the duration of which codes are approved.
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MEMBER SHACK: You know what that letter's

saying. This is a hell of a |ot bigger club.

MR. CLIFFORD: Well yes, but --

(Laughter.)

MEMBER ARM JO.  This is a, you know, you
woul dn't do this every five years. You would put a
much | onger sunset period, | would think.

CONSULTANT WALLI'S:  Twenty years?

MEMBER ARM JO  Yes.

MR. JACKSON. Well, it's a good point.

MEMBER ARM JCO I n this case, you know, it
takes time to get enough data, wunless there's
sonmet hing real | y bad t hat happens, and somet hi ng cones
out that's a new finding that you' ve got to deal with
right away. You know, with enough tinme, yes, you
shoul d noderni ze all your codes.

CONSULTANT WALLIS: | think | see one good
thing out of this, is that, you know, i f we have a new
generation of regulators. |If we say every 20 years,
t hen t he new people will wonder what's in the code and
why it's there. They're going to have to, they have
to look at it.

MEMBER ARM JO  Ckay, well --

MR. CLIFFORD: GCkay. So that would be

anot her approach we woul d consi der.
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MEMBER SHACK: O an additional approach.

MR. CLIFFORD: O an additional approach.
This is the last slide, Conclusions. Al the fuel
vendors recognize the need to address TCD in fuel
per f ormance nodel s and downstreamsafety analysis. |
guess i n sunmary, the BWR fuel performance net hods are
the effects of TCD.

CGE and West i nghouse have ful |y i npl enent ed
corrections via new codes. AREVA has RODEX4 and
hopefully wll be transitioning their fleet from
RODEX2A to RODEX4. The story is not as
straightforward in the PAR worl d, as we spent nost of
t he afternoon tal ki ng about.

Wth respect to fuel mechanical design
explicitly, and not downstream analysis, AREVA has
mgrated or will be mgrating to COPERNIC, or is
appl yi ng penalty factors, and Westi nghouse i s awai ti ng
new met hods.

The last bullet is what we just tal ked
about. W are considering inplenenting safety
eval uation conditions, which would mandate periodic
requalification or notification with respect to the
future use of fuel performance nodel s.

CHAI RVAN BANERJEE: Way are BWRs so much

nor e advanced than PMARs with regard to this? 1Is there
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any reason?

MEMBER CORRADI NI :  Well, they're better,

right?

(Si mul t aneous speaki ng; |aughter.)

MALE PARTI Cl PANT: They boil.

MEMBER CORRADINI: | was trying to help
Sam out .

CHAI RVAN BANERJ EE: It seens a |ot nore

conpl ex, but --
MEMBER ARM JO  They boil, boiling water.
MEMBER SCHULTZ: Not in terns of fuel
MR CLIFFORD: | can't answer that. |
can't answer why certain vendors are ahead of other
vendors in addressing this issue.
VEMBER SCHULTZ: Just for clarity, Paul,
is AREVA migrating to COPERNIC, or are they going --
MR. CLIFFORD: For their B&Wpl ants,
they're migrating off of TACOB to COPERNIC. But their
| onger-term strategy is to mgrate to GALILEQ, once
it's approved.
MEMBER CORRADINI: And now it's been
al nost a whole two hours, so | don't remenber. But is
GALI LEO supposed to be both a B and a P friendly
appr oach?

MR. CLIFFORD: That's our understandi ng.
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CHAI RVAN BANERJEE: And probably in HTGR

as wel | .

(Laughter.)

MEMBER ARM JO. | suspect that we won't
see that for a long, long tine.

MEMBER SHACK: Right after 50.46(c) is
fini shed.

MEMBER CORRADI NI:  Yes, but it's still B
so it's checked.

CHAI RVAN BANERJ EE: But the nore acute
problemis PAD5, which is there right now PAD5 has
been submtted or --

MR CLI FFORD:  No.

CHAI RVAN BANERJEE: --or shortly will be
subm tted?

MR. CLIFFORD: Shortly will be submtted,
whi ch neans it's already been devel oped in the final
docunent ati on.

CHAI RMAN BANERJEE: Do you -- | saw
somewhere that you'd review hopefully and get it all,
if it's all fine, out by 20157

MR CLIFFORD: Correct.

CHAI RVAN BANERJEE: Ri ght, and then what
happens is really the question? 2015, inagine PAD5 is

now approved. WIIl they have to go back and | ook at
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any of these plants with PAD5?

MR. CLIFFORD: | think what you'll see is
wi th 50.46(c) loonmng, which is going to cause a | ot
of plants to reanalyze LOCA, | think you'll see a
consolidation in the LOCA nethods. | think when
plants are told they have to spend the noney and redo
their LOCA, they' re going to say okay, well |'mgoing
to get off this Appendix K  Wat's the | atest and
greatest realistic nodel you have? Use PAD5, use the
| at est and greatest.

| f the vendors were snmart, they woul dn't
offer all of these nethods, because they've got to
mai ntai n these codes. Wuld you prefer to have one
code or ten codes that do the sane thing?

MEMBER CORRADINI: Paul, can | ask a
guestion about that? But we're still in the mddle of
rul emaking for C, right?

MR CLIFFORD: Yes, we are.

MEMBER CORRADINI: So will that even be
done in five years?

MR. CLIFFORD: The original schedul e was
it would be done next year.

MEMBER CORRADI NI :  Ckay. Well, that's not
what | was aski ng.

(Laughter.)
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MR CLIFFORD: Well, but there's been a

slight change in direction. So | really can't tell
you what the schedule is. R ght now --

MEMBER ARM JO. W're going to review that
pretty soon, right?

MR CLIFFORD: Right. W're going to be
tal ki ng about it next week.

MEMBER CORRADI NI : Ckay. Well then never
mnd. We'Ill wait until Sambrings it up in his
Subcommi tt ee.

MR. JACKSON: In addition to the 50.46(c)
t hough, we've had several utilities comrt to redoing
their anal ysis, reanalysis for their conm tnments under
50.46 letters in the 2015, '16 and '17 time frane.

MR. PARKS: Right. But it's inmportant to
remenber that regulatory conm tnents can change, per
the 50.59 regul ations that apply.

MR. JACKSON. Ch yes.

MR. PARKS: So if they decide that their
conditions aren't satisfied or the climte isn't
anenabl e to themredoi ng an anal ysi s, because the rule
hasn't been revised or because the nmethods haven't
been approved, they nmay push back that date.

MR. JACKSON. Right. M expectation is if

PAD5 is approved in 2015, they would use that
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reanal ysis they conmtted to in reporting this error.
But once again, that's just specul ati ve, because they
can change commitnments. 50.46(c) may exist, and who
knows what it will be?

MEMBER SHACK: Do you know whet her PAD5 is
a major redo of PAD 4.0, or is it PAD 4.0 TCD with
some quality control ?

MR. PARKS: That may be proprietary.

MEMBER SHACK: That nay be proprietary.

MR JACKSON: | nean we've had several
neetings with them and | don't know, we're not --

(Si mul t aneous speaki ng.)

MR. JACKSON:. W don't expect surprises,
| guess, is the way | would characterize it.

MEMBER SHACK: So there's the provisions
here that focus on TCD. Ben, in your presentation,
the issue of thermal conductivity degradation has
caused, of course, the additional reviews of the LOCA

nmet hodol ogy and results.

W talked in some detail, but not great
detail, about the ASTRUM nethodology and its
application, and sone surprises, |'d call them

surprises, that have cone about with regard to the
pl ant anal yses that you -- sone of which -- that you

look at in detail, and it's causing you to |ook at
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t hose that have been submitted in nore detail.

| s there sonething el se that ought to be
a followon with regard to the best estimte LOCA
nmet hodol ogi es that is being | earned here, that we
haven't focused on conpl etel y?

MR. PARKS: | would say that when |
presented my concl usions, | included reconmendati ons.
| wouldn't say that they're recommendati ons, so nuch
as areas | plan to investigate further and sort of ny
thinking on the priorities, given the way ny data is
aggregating or data are aggregat ed.

| guess having said that, to go too much
nore into what we need to do with respect to the best
estimate net hods, it depends on t he nmet hod and whet her
it's being revised or whether we expect to be in use
for along tine, and you know, we're not |ooking at a
static picture, because we are changi ng our review
practices for inplenentations of those nethods, and
t he vendors know t hat.

We've discussed how our reviews have
changed over the years with the different vendors. So
it'"sjust avery fluid situation in sone respects that
continues to change. |It's hard to say, you know,
there's a specific recommendation here or a specific

finding at this point.
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But the way we reviewthe i nformation that
we gat her certainly al ways factors i nto how we conduct
ourselves going forward. |I'msorry it wasn't a sinple
answer to the question, but it's very conplicated.

MEMBER SHACK: It's not a sinple question
| didn't expect a sinple answer.

MR. CLIFFORD: But we are in the mdst of
reviewing the Westinghouse full spectrum LOCA topica
report, and we're dealing with some of these issues,
with sanpling fuel rods and the effect of therma
conductivity degradation, and also renenber that
50.46(c) is going to put a kind of a spin on all these
cal cul ati ons too, because instead of having a burnup-

i ndependent acceptance criteria like 17 percent,
you're going to have an acceptance criteria that goes
from 17 or 18 percent down to siXx percent.

So they' re going to have t he sanpl e rods,
because the acceptance criteria for which they're
denonstrating conpliance tois changing. So all these
i ssues are going to be addressed as part of ful
spectrum LOCA, and you guys will have the opportunity
to review that, right?

MEMBER ARM JO  We're | ooking forward to

MEMBER CORRADI NI :  But the question, |
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guess Paul, | think what you're saying, | can see how
it consolidates. But in sone sense, that a | ot of
these things are happening together, and there's
inter-X, I'll use the term"systeminteractions."

So it seens that as the staff devel ops
some sort of thinking process as to what cones first,
what cones second, so that -- you don't do sonet hing,
then it's just redone because of another issue?

MVEMBER SCHULTZ: s the timng -- let ne
ask it maybe little differently. |Is the timng right
with regard to thermal conductivity degradation, so
you feel confortable that that will be in its proper
pl ace as you're going forward with these i nprovenents
to the BE LOCA?

MEMBER CORRADI NI :  Yes, because if they're
linked, in sone sense they've got to be phasi ng awnay,
that they all make sense. Because | agree with you.
50.46(b) or (c) whatever which one it is, it wll
essentially force people to pull together and try to
i mprove their whol e net hodol ogy for anal ysis.

MR. PARKS: | would say that given that
there is going to be sone nunber of years before al
of these things cone together, and so we've got a
rul emaki ng activity and a met hodol ogy revi sion, and a

bunch of commitnents in 50.46 letters to reanal yze,
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all of those things conming together in a couple of
years.

W know that it's going to be a while
before this thing is resolved fully. So in terns of
estimating the effects of errors in ECCS eval uation,
it's appropriate that they apply a lot of rigor and
they think very hard about how they estimate these
effects.

So | think that are we in the right place,
and is this comng together at the right tine? Wth
respect to TCD and LOCA anal yses, | think we're going
to be in the right place in a few years, and | think
t hat the vari ous peopl e who have reported the effects
of TCD are good to sit for a while.

And we're also being a little bit
indefinitely in our closure evaluations for these
t hi ngs, that when we open TACs and reviewthem we say
"Shoul d anot her report or error be, you know, brought
to our attention, we intend to revisit this
concl usion. "

So we're kind of keeping track of what
happens in the future too.

MR JACKSON: If | can add on, | nean
there's a lot of things going on. So we're review ng

full spectrum LOCA, and because | think we understand
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enough about TCD now to be able to --

MEMBER ARM JO.  Make sure it's done
correctly.

MR, JACKSON: Convi nce ourselves that
that's fully addressed. So you know, we have the
know edge base to reviewthat acceptably. Now we have
a new rul emaki ng that may or nay not go into effect,
and what's in there is, you know, subject to change.
So you know, | think that we have enough know edge
about TCDto i nplenment the newrule, shouldit gointo
effect or should it go into effect in a simlar way.

So the rule is kid of a question mark.
It's not clear when it's going to conme. You know, |
expect it to cone and | think we know enough about TCD
toinplement that. Nowin this interimperiod, we're
eval uating the reports. W're noving forward. W've
addressed the high priority plants and we' re novi ng on
to the next one. Since we've |learned nore, we go back
and revisit.

So in terns of |ooking forward, | think

we're in a good spot. W're closing out the issues

that we have in front of us as well, and --
MR. PARKS: Now Dr. Corradini, | think to
get back to your original question, | guess by virtue

of the fact that the various fuel vendors are making
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t he best deci sions they can to phasi ng vari ous net hods
over certain points of time, and develop a unified
analytic franmework that applies to many plants that
are only maintaining one code, that's one way to make
sure that it's all com ng together at the right tinme
and right place.

And then the other thing is, you know,
with respect to these nethods, it's a group of 20 NRC
staff and/or contractors, and we all work on the sane
floor. So you know, we closely interact with one
anot her, and we track and tal k about what we're doi ng,
so that we're not stovepiping ourselves.

W al so reach out to our other coll eagues
in Research and New Reactors, to nake sure that we're,
you know, keeping track of what's going on there with
respect to the |l atest data that m ght be comng in, or
what' s happeni ng on the new reactor licensing front.

MEMBER CORRADI NI: Ckay, that hel ps.
Thank you.

CHAI RVAN BANERJEE: So you did your audit
at Westinghouse, the group of four or five people on
roughly what? Five calculations or five subnmttals
t hat went through?

MR. PARKS: | can say that there were five

submittals, but to go into too much nore detail than
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that, it's proprietary.

CHAl RMVAN  BANERJEE: W're in open
session, okay. | keep forgetting, we're not in closed
session. Al right. But do you plan any nore audits?
| mean there are sone curious results.

MR. PARKS:. Sure. | wouldn't exactly call
it an invitation, but for lack of a better word, the
invitation's been extended. |In other words, we
woul dn't oppose if you need nore i nformation, that you
call us up and ask us questions, have an audit, do as
you need.

W' ve actually taken, in terns of 50.46
report reviews, when we get a whol e bunch of reports
that cone in and docunent the sane change or the sane
error, we're trying to nake sure that we're getting to
the vendor as efficiently as possible, so that we
don't have to ask five |licensees five questions, and
get five of the sanme answer.

So we don't have anything on the cal endar
or planned or approved at this point, but the
possibility is always there. [It's always consi dered,
and it's nothing we rule out.

MR. JACKSON: Right. So we're planning on
pur sui ng those issues that have been brought up, and

when we present those issues to the |icensees and t hen
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the vendors, we'll have to decide what the nost
efficient way is. Many tines, we choose an audit
because - -

CHAI RMVAN BANERJEE: Mor e conpact.

MR. JACKSON:. It's nore conpact. O her
ti mes you choose not to, because you'd |like to see the
RAI responses formal |y responded to on the docket. So
typically, we take the conmbination of the two. But
we'll nmake that decision and whatever we base our
safety planning on will be on the docket at the end.
But it's certainly on the table.

CHAI RVAN BANERJEE: Ckay. Well, are
there any other questions? Wuld you |ike to make
some cl osing remarks?

MR JACKSON: | woul d.

CHAI RVAN BANERJEE: Then we just caucus
as a Subconmmittee after that.

MR. JACKSON. Ckay, thank you. First of
all, 1'd like to thank the ACRS nenbers, the
consultants and the staff. This has been a good
neeting. | appreciate all the support, particularly
before. In terns of proprietary information, that was
a chal | enge.

So | think it's a good neeting. | think

your insights and views are inmportant to us as we
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proceed forward. | want to congratul ate Paul and Ben
and Ken for the good presentations. It's been a |ong
day, but they did a very good job.

|'d also like to thank the staff who
wor ked with Ben and Paul, and many of which are

sitting behind us right now, who have all contri buted

tothis. So |I"'mproud of their efforts as well. So
that's really all | wanted to say. Thank you
CHAI RVAN BANERJEE: First of all, let ne

thank all of you and particularly Paul and Ben. Very
interesting presentations, and your col |l eague from--

MR. CLIFFORD: Behind the pillar.

CHAI RVAN BANERJEE: Ken, thank you as
well. It was a great presentation. | enjoyed it very
much. We still have to decide as a Subconm ttee what
we want to do, in terms of should we have a brief
presentation to the full Commttee or how we feel.

VWhat ['lIl do is 1'lIl go around the
Subconmmittee, and ask for any remarks, and you can
have sonme feedback at that tinme. GCkay. So | think
with that, thanks very nuch. W look forward to
hearing nore. This is a story which is ongoing, and
both on the fuel and on the safety anal ysis side.

MEMBER ARM JO. Did | miss ny opportunity

to make a comment ?
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CHAI RMAN BANERJEE: No, no, of course

not. W haven't actually --

MEMBER ARM JO. Ch, we haven't started
t hat ?

CHAI RVAN  BANERJEE: --started that
process yet.

MEMBER ARM JO. M mind was wanderi ng.

Joi nt Subconmmi ttee Di scussion

CHAI RVAN BANERJEE: Let's start with

Grahamand we' || get his coments, and then we'll nove

CONSULTANT WALLIS: |'m not sure your
consul tant should go first. FRAPCON, | liked the
presentation. It's a huge task, and you've got 15
phenonenon, 200 subroutines, all this stuff put
together. So there's no way we can review all the
detail s.

The overall picture is that you put
t oget her an evol ving and inproving code and it works
wi th reasonabl e and probably adequat e accuracies. So
that's about all | need to say. | think it's very
good that the NRC does this, because in sonme other
areas, we tend sonetines to see the NRC having no way
to fall back on a confirmatory analysis by its own

people, or its own people who really understand the
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phenonena so they can real |y understand what is being
subm tted.

This is an area where | think you really
are ahead of the ganme. That's great. TCD, there's
clearly a transition period between the old codes and
new codes. The nost satisfactory thing would be to
bring in the new codes that fully account for the
farm

So | synpathize with your struggles. 1'm
not sure | can advise you what to do, except keep on
wor ki ng t hrough t he woods until you cone out the other
side. | knowit's not always easy. On the issue of
how new i nformati on gets i ncorporated i nto codes, this
is something that many of us have thought about for
years.

| think it's a bigissue, and | don't want
to wade into it nyself. But | think it's an area
where your discussions with the ACRS in the future
could be very useful. |It's one of the functions of
the ACRS, to sort of help in these sort of nmgjor
deci si ons about how do you handl e this i ssue, whichis
goi ng across the board. So |I think that ACRS should
be able to help you in that area.

CHAI RVAN BANERJEE: Thanks, G aham

St eve.
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MEMBER SCHULTZ: A coupl e of general

comments. One, on the technical side, just to
reenphasize. | think we have identified, as a result
of the thermal conductivity degradationinvestigation,
that in terms of the application to analysis and al
the 50.46 related reports that have conme in, that it
does rai se sonme additional questions associated with
t he net hodol ogy.

It could raise them and so that
i nvestigation that you had i ndi cated, Ben, that you're
going to continue, and I'musing you. Hopefully in
t he context of you plus other staff, that in fact that
is carriedthroughto a full conclusion, that you keep
investigating it until you understand what's driving
t he changes, and you know t he staff understands it as
wel | as the vendors, that they understand how t hese
di fferences are conmng to affect the result.

In that regard, in terms of the staff
contributing to this, on occasions like this, therna
conductivity degradation, you nmentioned t he nunbers of
staff. |I'mnot going to get into resources, but these
i ssues cone to be every once in a while, and this is
an i nportant one, and the i nvestigation, as we've seen
over the last few years, is very intricate and

detail ed, and involves lots of different issues.
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It's a real opportunity for know edge
devel opnent, and for training and | earning for a new
generation into the business, as it were, and G aham
nmentioned this previously, and | hope the staff is
gaining fully fromthis opportunity to investigate a
problem A problemof this type doesn't come up very
often, and to be involved in its investigation and
solution is very inportant.

So |'d encourage managenent of the staff
to be sure that the work gets spread around, so that
knowl edge managenent and | earni ng goes hand i n hand,
as well as resolving the problem And I, with G aham
| certainly hope that this is an opportunity.

| was glad to see that, in noving forward
you're |ooking at ways in which to incorporate
learning within the industry, and applications where
new data will be exam ned thoroughly by vendors and
| icensees and the NRC on a periodic basis, not just
National Labs and others. So that'll be the
devel opnent integrated into the regul atory process.

CHAI RVAN BANERJEE: Thank you, Steve.

M ke?

MEMBER SCHULTZ: l"'msorry. In terns of

full Commttee --

CHAI RVAN BANERJ EE: Yes.

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

192
VMEMBER SCHULTZ: | think it would be

good to have a short sumary for the full Comrittee at
this point intinme. | think it's been three-quarters
of year.

CHAI RVAN BANERJEE: The | ast, yes, the
last EPU, St. Lucie 2.

MEMBER SCHULTZ: It came up in the
context of that. A lot of good work has been done.
It's not, we can present it not as a closure
di scussion, but certainly an hour presentation as an
updat e woul d be appropri ate.

CHAI RVAN BANERJEE: kay. Mke, | wanted
to give you a chance before everybody el se.

MEMBER CORRADI NI You do? Thank you.
guess | wanted to thank the staff. | think this is a
nice summary. Sanjoy had told us that the whol e point
of today's Subconmittee neeting was really to try to
get at least the Thernohydraulics Subcomrttee and
interested other menbers up to speed as to where al
things sit, and howthey fit together. So I think the
staff did a very nice job in putting that together for
us.

In ternms of what to present to the full
Committee, | would agree with Steve's |ast comment.

| think it's inportant that we have sone sort of
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informational briefing. | think the initial set of
slides that Paul put together would be the source of
t hat .

| think details about FRAPCON and details
about how this is all sorting out relative to your
anal ysis and the staff's anal ysis are i nteresting, but
they m ght take us away fromkind of the big picture,
and | think that's inportant that the full Conmmittee
gets an idea of the big picture.

| guess ny only other coment was that |'m
still struggling with howthis forest of things cones
t oget her and how t he |i censees adopt, as appropri ate,
t hese newtechniques. That's why | was asking Paul at
the end about the five-year notification as a good
start.

But I'm still struggling with how
eventually the licensees are going to be able to, with
some obviously expeditious time table, adopt
appropri ate new net hodol ogi es, because they're going
to be | ooking for higher, they're going to be | ooking
for new fuel types or new cl adding types, and all this
kind of rolls together.

So | think that's a good start. | just
woul d ask the staff to kind of think about that, and

howit fits together in terns of |evels of inportance
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and timng. Qher than that, Sanjoy, did you want
anyt hing el se fromus?

CHAI RVAN BANERJEE: No. | think from
you, that's fine. Thanks, Mke. 1'mgoing to give
Sam a chance to speak.

MEMBER ARM JO  Thank you. Thank you, M.
Chairman. First of all, I'd like to thank the staff.
This was, the presentations were very well prepared,
and they addressed the things | really wanted to
| earn. They put everything in perspective, because
we' ve been | ooking at TCD effects under EPUs one at a
time, and we didn't know where everything was com ng
t oget her, whether the problenms had been resolved,
where probl ens renai ned, and how big these probl ens
are.

| think you did a very good job of that.
| really like your charts, Paul, on the code by code,
of where it stands and what needs to be done to nake
those work. | think these are the sorts of things
you' d want to present in afull Conmttee briefing for
i nformation.

| think some stuff on FRAPCON, show ng
that it's really in pretty good shape. Because
without it, 1'd really be nervous that we could rely

on these nunerous codes to tell us what is 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

195

going on. So | think alittle bit of that would be
worthwhile in a full Commttee briefing.

|"mstill trying to understand nysel f why
TCD is turning out to be such a big deal in the ECTS
BWRs. | don't know whether it's physics, | don't know
whether it's statistics methodology or what. "1
have to talk to ny coll eagues on that, and see if they
can help nme out.

If I 1 ooked at your Chart 4, that chart of
thermal conductivity as a function of tenperature, |
j ust conclude that we're runni ng too much of our cores
at lowtenperatures, and if we just heated themup, we
woul d get rid of this problem

But 1' mnot ki dding too either, because it
seens -- well, you know, all the stored energy that's
going to be giving us nore problens as a result of
this stuff is comng fromlow tenperature fuel, and
you know, a lot of things |'ve seen, as people are
getting nore and nore conservative, putting nore fuel
in, particularly the EPU guys operating at |ower and
| oner tenperatures, and they nmay just be building up
a bigger problemfor thenselves froma certain
st andpoi nt .

But that's just sonething for youto think

about. Overall, | was really happy. | learned a |ot
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and | appreciate the effort the staff put into

preparing this material.

MEMBER SHACK: | haven't got nuch to add.
You know, it was a very good presentation. | think it
really -- it's been a long tine since we tal ked about

this, and | think the overall view is nuch inproved
while we're looking at this EPU by EPU

| really do like the idea of the license
condition or the conditions that you put on the SE
that they cone back and they review this. | think
that's a good idea, and it should be pursued, you
know, with other kinds of nodeling efforts. | think
it's a plus.

| agree. | think the Conmittee, the ful
Committee would like to hear about this. Sort of
basi cal | y a pared-down versi on of Paul's presentation,
| think, is probably all we could possibly get in.

CHAI RVAN BANERJEE: Joy?

MEMBER REMPE: | guess again, to be
repetitive, | really appreciated the education you
provi ded today and the summary. Wth respect to the
EPUs, | think that if you hadn't had FRAPCON to cone
inand try and explain all the different factors that
the various vendors and |icensees were trying to

explain to us, we wouldn't have had nuch confi dence.
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So | guess that's where 1'd like to nmake
a pleato the NRC, that they continue allocating bucks
to review additional data that cones from Hal den, and
incorporate it and keep FRAPCON up to date, and
nmonitor it, not just rely on the licensee to notify
you of new data that's comi ng out.

Agai n, I kept enphasi zi ng t hose
uncertainties, and | would like to nake sure we have
lots of confidence in what we're doing here. So
that's one thing. An off the wall coment is what
about severe accidents in MELCOR? Are you going to
put thermal conductivity degradation into MELCOR? |Is
there a need to?

MEMBER CORRADI NI: Do you want five
degrees or 500 degrees?

MEMBER REMPE: Well, at sone point, it
seens like it mght be inportant to think about it.

MEMBER SHACK: They get to such high
tenperatures that the problemis sol ved.

(Si mul t aneous speaki ng.)

MEMBER REMPE: | don't know, but it's just
something | was wondering about, and then again, |
agree with ny coll eagues about, that we really should
have this brought to the full Commttee, not only

because of the work that's being done, about the
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proposal to have the recertification, because it's
sormet hing that ought to be in evaluation every five
years. But maybe that's a | esson that should be
expanded to ot her areas.

CHAI RVAN BANERJEE: Great. Thanks, Joy.
So | think you' ve got fairly clear feedback fromthe
Subconmi ttee, that we do want to have maybe an hour's
presentation to the full Conmttee.

MEMBER SHACK: G ve themnore than that.

| mean an hour is --

CHAI RVAN BANERJEE: Ckay. | think we'll
work with P&P and give you a little bit nore. | agree
with Bill, because | was just going to say that |ike
Sam | personally, and | think it would be great to

have, would like to see at | east a brief presentation
on FRAPCON, because | feel that that's been very
hel pful in finding our way through the EPUs that we
have to do.

So it would be worthwhile, not going
through all the details and so on, but at | east
establishing that FRAPCON is a well-validated code,
which takes into account these TCD effects, and
reassuring the Cormittee that in the future, whatever
t he vendors put up, if you have sonmething which is in

the nature of confirmatory cal cul ati ons, that we can
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rely on FRAPCON giving an assessnent of these TCD
effects. So | think that woul d be valuable itself to
present.

And al so, of course, we would like to see
Sam and ot hers have poi nted out, an overview | i ke Paul
did of the codes and what their status is and what's
under devel oprment, keep it, you know, relatively
short. But at least it gives you a bird' s eye view of
t he situation.

MR. CLIFFORD: |Is one of our ground rul es
that it's open?

CHAI RVAN BANERJEE: We can close it.
That's not a problem

MR CLIFFORD: | nmean FRAPCONs are open.
My presentation was, nost of it was open. But the
tabl e by table stuff was cl osed.

MEMBER ARM JQO Yes.

CHAI RVAN BANERJEE: Sam | mean what's
your sense of that? W can always close the full
Commttee neeting, but you're the boss of the full
Comm ttee neeting.

MEMBER SHACK: We dislike closing full
Commttee neetings if we can avoid it.

CHAI RVAN BANERJ EE: W have often.

MEMBER SHACK: W have, and you know,
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certainly, you know, we need --

MEMBER ARM JO.  And it's these tabl es that
are the ones that --

CHAI RVAN BANERJEE: Vel l, you know, |
think also some of Ben's conclusions need to be
present ed, because there's some curious effects there.
So that we would need to close it for anyway.

MEMBER ARM JO. W shoul d because, you
know, there are sone problem areas, and you ought to
be able to speak frankly to the Comrittee on the
probl emareas, and if we don't close it, you may have
to be so diplomatic that they m stake nedicine for
candy.

(Si mul t aneous speaki ng.)

CHAI RMAN BANERJ EE: | mean we have cl osed

MEMBER SHACK: Parts of it could be.

MEMBER ARM JO.  And then you nmight a part
of it that's open.

CHAI RMAN BANERJEE: May | suggest, then,
t hat we perhaps have about half of the briefing open,
and half of it closed. W'IlIl try to arrange it in our
unusual fashion, so that it's not too disruptive, and
we've done it often before.

| think in the closed part, it would be
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useful to have sonme of this proprietary information
and also | think present at |east an overview of the
issues that you see occurring with regard to the
safety, downstreamsafety analysis, primarily if it's
LOCA-focused. | think that's what we'd |like to see.

That's probably the area that has caused
us sonme concern with the EPUs. So it would be worth
just revisiting that, and gi ving us an overvi ew of the
status. So this is essentially a status. W're not
| ooking for any sort of decisional process at all,
just information.

MR. JACKSON: Ckay. We can support that.

CHAI RVAN BANERJEE: Yes. So the staff
will get in touch with you, because we have to
schedule it and see what needs to be done, okay. So
|"djust like to close by thanking all of you all over
again, and look forward to seeing you again at the
full Commttee.

MR. JACKSON:. Thank you.

CHAI RVAN BANERJEE: kay. On. | keep
forgetting ny duties. 1've been chairman for too
| ong.

(Wher eupon, at 4:11 p.m, the neeting was

adj our ned.)

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







Overview

» Fuel performance parameters of regulatory interest
» Extent of database

» Nature of FRAPCON-3.4 and FRAPTRAN 1.4

» Calibration parameters

» Model validation

» Integral assessment

» Uncertainty analysis with FRAPCON-3.4
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Fuel Performance Parameters of Regulatory

Interest

» Fuel and cladding temperature
m Fuel melt overpower analysis
m LOCA initialization
» Rod internal pressure
m Cladding lift-off analysis
» Cladding hoop strain
m Cladding strain overpower analysis
m Cladding fatigue
m Pellet cladding interaction
» Cladding corrosion and hydriding
m Corrosion and hydrogen limits
» Fission gas release
m Dose calculations



Extent of Database
Two types of data

» Separate effect data » Integral effects data
= Material properties data m Centerline temperature
o Thermal conductivity m Fission gas release

e Heat capacity
» Thermal expansion
» Mechanical properties

m Behavior models
» Cladding creep

Fuel pellet densification
and swelling

» Fuel relocation
Fission gas release
o Cladding corrosion

®m Void volume
m Cladding corrosion
m Cladding hoop strain

®
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Nature of FRAPCON-3.4 and FRAPTRAN 1.4

Coolant User

Rod o Power \
Conditions | Input

Dimensions 1 History )
Iterative Solution on
Temperature, Pressure, and
Displacement
|
Material Behavior > Built-In

Properties Models

Pacific Northwest
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Main Solution

» 1 Y% dimensional solution
m Heat transfer in radial direction
m Some axial effects included

o Internal gas mixing
» Coolant heatup along the rod

m Finite difference steady state heat transfer

m Rigid pellet model with radial relocation
possible

m Thick-wall formula for cladding stress and
strain

Pacific Northwest
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Radial Temperature Solution

o \\

=)

t\.\

7//////////////// A

\

'\.

/ \
/

» Solution starts with
coolant temperature (T,)
and works inward toward
the center of the pellet

» FRAPCON-3 calculates
bulk coolant temperature
assuming a single, closed
coolant channel

T.(2)=T +j[(”g )G‘l(z)}

TE'ZI

Tox

T,



Radial Temperature Solution (cont.)

» Cladding surface temperature is the minimum of

T,(2) = To(2) + AT, (2) + AT (z) + AT, (z) forced convection
-or-

Tu(Z) = Teq + ATy + AT ,(2) nucleate boiling

» Cladding temperature gradient according to steady-state
heat transfer through a cylinder
AT, =" (2)r, In(r, /1) 1k,
» Heat transfer through gas gap by:
= Radiation
m Conduction through gas
m Contact



Radial Temperature Solution (cont.)

» Fuel temperature calculated using finite differences

m Variable mesh spacing is used, and the spatial dependence
of the internal heat source is allowed to vary over each mesh
Interval.

m Steady-state integral form of the heat conduction equation
j j K(T,X)VT(X) e fids = j j j S(X)dV
S \%

m The terms of this equation are approximated for each radial
node

[k VT () e fids = (T, — Ty KO + (T = T K6y

rm=rm

| J [S(RHAV = P, P(Q6% + Qi)

~ Solution solved using matrix algebra to solve the equations
for each node simultaneously



Material Properties Models

» Semi-emperical

» Mathematical form of each model based on form known to
predict property of interest

» Fitting parameters based on fit to data

» Comparison between irradiated and unirradiated data used
to determine if there is a radiation effect and if both sets of
data are applicable

Pacific Northwest
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Behavior Models

» Semi-emperical

» Mathematical form of each model based accepted
mechanisms that control behavior of interest

» Fitting parameters based on fit to data

Pacific Northwest
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Calibration Parameters

» All parameters are in material property models or behavior
models based on fits to separate effect data

» No further tuning parameters have been added

Pacific Northwest
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Impact of Calibration Parameters

» Recently 8 material property and behavior models were
Identified as those have a significant impact on outputs of
regulatory interest

» Fuel thermal conductivity = Cladding irradiation creep
= Fuel thermal expansion m Cladding thermal expansion
m Fission gas release = Cladding corrosion

= Fuel swelling m Cladding hydrogen pickup

» Standard error calculated for each model and included In
code so user can perform uncertainty analyses

Pacific Northwest
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Evolution of Fuel Thermal Conductivity

Modeling

» Prior to 1996: No models contained effect of burnup on fuel
thermal conductivity

» 1992: Lucuta et al. publishes data from “Simfuel” (fresh fuel
doped with simulated fission products)

m These data show decreased thermal conductivity with burnup

» 1996: Lucuta et al. publishes revised fuel thermal
conductivity model based on 1992 data

» 1997: PNNL released FRAPCON-3.0 with Lucuta model

» 1994-2004: Ronchi and Carrol publish laser flash data from
UO, disks irradiated at constant temperature

m These data show more degradation than seen in the Simfuel
and than predicted by the Lucuta model

Pacific Northwest
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14 Proudly Operated by Battelle Since 1965



Evolution of Fuel Thermal Conductivity

Modeling

» 2003: PNNL releases FRAPCON-3.2 that includes the
current thermal conductivity model that matches irradiated
data

» Current model:

1 +—= exp[— —)
A+a-gad + BT + f (Bu) + (1-0.9exp(-0.04Bu) )g(Bu)h(T) ' T T)

Phonaﬂ Term Electronic Term

K95 =

m Phonon term dominant below 2000K
» Contains effect of temperature, burnup, and Gd,O,

m Electronic term dominant above 2000K
- Contains effect of temperature only

15



Model Validation: Fuel Thermal Conductivity

Conductivity, W/m-K
O L N W b 01 O N 0O ©

Predicted Thermal

0 3 6 9
Measured Thermal Conductivity, W/m-K

»*  Unirradiated Data ¢ |[rradiated Data
—— 2-sigma Lower Bound ——— 2-sigma Upper Bound

» UO, thermal conductivity data, model and upper and lower 2c
predictions

o 6=18.8% (relative)
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Model Validation: Fuel Thermal Expansion

0.05 ¢ A

0.045 +
= 0.04 sk
< 0035 £ Y <
c r A A ﬁ A
S 003+
(%] F
8 0.025 £ @
o ' o
> n
w002+ /i‘/‘/
© [
€ 0.015 +
< 001 : A

0.005 £ +« Q@

'S L 4
O T L T T T
600 1100 1600 2100 2600
Temperature, K
‘ A Data e Outlying Data =—— Model —— 2-sigma Upper Bound —— 2-sigma Lower Bound‘

UO, thermal expansion data, model and upper and lower 2¢
predictions

o 6=110.3% (relative)
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Model Validation: Fission Gas Release

70 T
60 +
. .
£ 507
o [ .
2 40 1 o
[ ®
8 i .
o 301
K i u
a i *
20 +
- |
[ > 0’:
10 u ™2
| [ ] ]
0 S m— B s B B
0 10 20 30 40 50 60 70
Measured FGR, %
‘ & Steady-State B Power Ramped e Predicted = Measured ‘

o Nominal predictions shown (error bars represent known
measurement error)
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Model Validation: Fission Gas Release

70 70 [
60 | 60 |
, x 50 ’ > *
g 50 g - O r
o L C
- 40 + < 40 ¢
9 N . s Q r
S 50| +20 ondiffusivity: A G g5 | -2 on diffusivity: A
T - majority of 5 i majority of
a 20 f assessmjini c;ases are 1o 204 assessment cases
10+ overprecicte 10 & are underpredicted
O : } } TS S B | 0 o T T T T T T 1
Measured FGR Measured FGR
‘ + Steady State = Power Ramped ‘ # Steady State = Power Ramped

» Fission gas release data, model with upper 26 and lower 2c¢
model predictions (error bars represent known measurement
error)

e 6=1100% on gas diffusivity
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Model Validation: Fuel Swelling

14
E r upper and
s 12 3 lower 2¢ Y
S~ . T
S revised
% r swelling rate o
g 1+ original
— C \ swelling rate T
o i -
£08 | s /A W o S S t
oo PP :
s V0T t
(=)
) L L
IS 04 - = ) ) ) ) ¢ . . : o) : )
x TP = = = = ) ) ) P = P =
- = = = = = = = = =
=3 2 3 3 3 3 = = = s 3 s 3
= 02+ 2 = = = = 3 3 S = = = =
o < | 0] 0] o G} = = = T} o
= - O © ~ o © ©] (©] ©] o o O o
) C ur\) ~ — © © 0 ~ o 8 (o)} g (=2}
0 T T ‘.o T ‘.o \N T T T
: ¥ ¥ I I I ¥ 3 8 I I 3
a1 a1 (o] [} [o)] (o] [6)] a © (o] [o2] al
[ [ w = N N w © o €] o
o o w o © © IN ~ g a g al IS
n n
= N

Swelling rates from twelve Halden tests and FRAPCON-3.4
model predictions with uncertianties

e 6= 0.08% AV/V per 10 GWd/MTU below 80 GWd/MTU
e 6=t 0.16% AV/V per 10 GWd/MTU above 80 GWd/MTU
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Model Validation: Fuel Swelling (cont.)

10 .

AV, %

A NV o N A O ®
| | | | | |

0 20 40 60 80 100 120
Pellet Average Burnup, GWd/MTU

A Data Model 2-sigma Lower Bound

2-sigma Upper Bound ‘

o UO, swelling data, model and upper and lower 2c predictions
e 6= 0.08% AV/V per 10 GWd/MTU below 80 GWd/MTU
- 0=%20.16% AV/V per 10 GWd/MTU above 80 GWd/MTU



Model Validation: Cladding Irradiation Creep,

SRA Cladding

0.025

.
£ L o*
S 002+ .
c I
& i
o 3
2 oo *
.01 + * o
® i ’oi
o i M
D 0.005 | . 23
a r *
o= . .
0 0.005 0.01 0.015 0.02 0.025
Measured hoop strain, in/in
— Predicted=Measured ¢ Data —— 2-sigma Upper Bound —— 2-sigma Lower Bound

- SRA (Zircaloy-4, ZIRLO™) cladding creep data, model and
upper and lower 2¢ predictions

o 6=114.5% (relative)
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Model Validation: Cladding Irradiation Creep,

RXA Cladding

0.008
I .
i *
E P * *
= ¢ o ’¥ *
c *
= 3 L)
£ 0.004 | * '
7 : * (.
o
o L 2
(@] & <
< i > *
3 0.002 S e
t; L )
2
9_.) L
a 0
-0.002 L AL ‘ ‘ ‘
-0.002 0 0.002 0.004 0.006 0.008

Measured hoop strain, in/in

¢ Data — Predicted=Measured

——2-sigma Upper Bound —— 2-sigma Lower Bound

- RXA (Zircaloy-2, M5™) cladding creep data, model and upper
and lower 2c predictions

o 6=121.6% (relative)
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Model Validation: Cladding Axial Growth,

SRA Cladding

1.4 —
1.2 4
14
X 0.8 -
:i AA
| 0.6 AAA
< A‘ AA
0.4 "k
s
0.2 a tmn
[ ] a ® *
e S S P
0 2E+21 4E+21 6E+21 8E+21 1E+22 1.2E+22
Fast Neutron Fluence, n/cmz2-s
A Data ¢ B&W Data m Siloé Data
——Model ——2-sigma Upper Bound 2-sigma Lower Bound

- SRA (Zircaloy-4, ZIRLO™) cladding axial growth data, model
and upper and lower 2c predictions

o 06=122.3% (relative)
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Model Validation: Cladding Axial Growth,

RXA Cladding

0.7
0.6 +
0.5+ A
<) b A AA
S 041 2
— - A A A
Joaq s b ia
< i A
- A A
0.2 +
0.1+ . 1) m B
O z e T T T T T
0 2E+21 4E+21 6E+21 8E+21 1E+22 1.2E+22
Fast Neutron Fluence, n/cm2-s
A Data ¢ Outlying data m  Siloé Data
——Model —— 2-sigma Upper Bound 2-sigma Lower Bound

- RXA (Zircaloy-2, M5™) cladding axial growth data, model and
upper and lower 2¢ predictions

o 6=120.3% (relative)
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Model Validation: Cladding Corrosion

120 ¢
100 +

80 |
60 |
40 |

20 | Example for Zircaloy-4

Predicted Oxide Thickness,
um

0 50 100 150

Measured Oxide Thickness, um

¢ PWR Data Measured=Predicted

Zircaloy-2 (BWR) o=x7.6um (absolute)

~ Zircaloy-4 (PWR) 6=%15.3um (absolute)
o ZIRLO™ (PWR) 6=%215um (absolute)

o M5™ (PWR) c=x5um (absolute)
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Model Validation: Cladding Hydrogen Pickup

800 -
700
600
500 |
400 - _
300 o % o Example for Zircaloy-4
200 - €%
100

Predicted Hydrogen, ppm

0 200 400 600 800
Measured Hydrogen, ppm

Zircaloy-2 prior to 1998 (BWR) 6=%10 ppm (<45 GWd/MTU)
e Zircaloy-2 since 1998 (BWR) o=x11 ppm (<49 GWd/MTU)
Zircaloy-2 since 1998 (BWR) o¢=161 ppm (>49 GWd/MTU)
~ Zircaloy-4 (PWR) 6=140 ppm

o ZIRLO™ (PWR) 6=%45 ppm

e M5™ (PWR) 6=120 ppm
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Integral Assessment: Temperature

Range of data

H
o

[EnY
N

A ¢1980-1990
*{ H1990-2000

A 2000-present

(=Y
o

Rod Average LHGR, kW/ft
[e0]

0 20 40 60 80 100
Rod Average Burnup, GWd/MTU

» Rod-average LHGR vs. rod-average burnup for temperature
assessment cases
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Integral Assessment: Temperature

Predicted vs. Measured

2500
o 1980-present
o 2000
S5 o0=4.7%
<
o 1500 -
e
o
1000 -
8 -7
o P
3 500 - =z
o /‘,{‘"—
=
0 T T T T
0 500 1000 1500 2000 2500
Measured Temperature, K
¢ [FA-432r1 X IFA-432r3 ® [FA-513r1 + IFA-513r6
= IFA-562r18 = IFA-597r8 IFA-515.10rAl IFA515.10rB1
IFA-681r1 IFA-681r5 IFA-677.1r2 © IFA-558r6
Pred=Meas @ ------- lower 2 sigma — — — upper 2 sigma

» Measured and predicted centerline temperature for the UO,
assessment cases throughout life

o 6=24.7% (relative)
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Integral Assessment: Temperature

Predicted — Measured)/Measured vs. Burnup

X
0.4
()
c
= X
b
% o
O = |
=} €
2 2 0.2 7 x
g 8 i X x * xm
’@E , X xx’* »
(] N -
e h &% - - L
'Ec'i 0 M“?ﬁ;;:.ﬁ‘.- * n = * ~ i -3 . =
o ’«5.‘% X . -
g W -
02
0 10 20 30 40 50 60 70 80 90
Rod Average Burnup, GWd/MTU
¢ IFA-432r1 x IFA-432r3 e IFA-513r1 + IFA-513r6 - IFA-562r18 - IFA-597r8
IFA-515.10rA1 IFA515.10rB1  IFA-681r1 IFA-681r5 IFA-677.1r2 o IFA-558r6

Measured and predicted centerline temperature for the UO,
assessment cases throughout life

o 6=24.7% (relative)

30



Integral Assessment: Temperature

Predicted vs. Measured

2000
1800 -
— 0,
x_ 1600 | 0=4.9%
(&)
§ 1400 -
S 1200 -
o
€ 1000 -
ki
- 800
()
S 600
° P // P
2 400 - P
D— — ///, -
200 | =
0 T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800
Measured Temperature, K
¢ IFA-515.10rA2 = IFA-515.10rB2 IFA-636r2
IFA-636r4 x  IFA-681r2 e IFA-681r3
+ IFA-681r4 IFA-681r6 Predicted=Measured
— ———Upper 2-sigma -~ Lower 2-sigma

Measured and predicted centerline temperature for the UO,-
Gd,O; assessment cases throughout life (all since 2000)

o 6=14.9% (relative)
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Integral Assessment: Temperature

Predicted — Measured)/Measured vs. Burnup

0.3

02|

01}
b L
C : ‘_‘:.- ..._-& &
F@.l X ¥ K
oxté 0;& ’%}% . { ? Sy Ars
By, a0 F T
ﬁ*ﬁﬂ#&x#%%m
X

X
X

-0.1

(Pred-Meas)/Meas Centerline Temperature

o2t
0 10 20 30 40 50 60 70
Rod Average Burnup, GWd/MTU

¢ IFA-515.10rA2 = IFA-515.10rB2  IFA-636r2 » IFA-636r4 x IFA-681r2
e IFA-681r3 + IFA-681r4 - IFA-681r6

- Measured and predicted centerline temperature for the UO,-
Gd,O; assessment cases throughout life

o 6=14.9% (relative)
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Rod-average LHGR vs. rod-average burnup for fission gas

release assessment cases
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Integral Assessment: Fission Gas Release

Predicted vs. Measured

Predicted FGR, %
N w

o o

N X
\

0 10 20 30 40 50 60
Measured FGR, %

‘ & Steady-State Predicted = Measured ‘

- Comparison of FRAPCON-3.4 predictions to measured FGR
data for the UO, steady-state assessment cases

o 06=%2.6% (absolue)
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Integral Assessment: Fission Gas Release

Predicted — Measured vs. Burnup

10

Predicted-Measured FGR, %
i< 4
*
*

0 20 40 60 80 100
Burnup, GWd/MTU

‘ ¢ Steady-State ‘

- Predicted minus measured FGR versus rod-average burnup for
the UO, steady-state assessment cases

o 6=12.6% (absolute)
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Uncertainty Analysis with FRAPCON-3.4

» Stochastic framework capable of running many realizations
of FRAPCON-3.4 varying:

® Manufacturing uncertainties
® Model uncertainties
m Power uncertainties

» Package reads data from each realization and compiles
distributions for each output of interest.

» Allows staff to validate vendor predictions of nominal and
upper tolerance limit for various code outputs.

» Methodology does not rely on assumptions of normality for
Input or output distributions as the RMS methods typically
used in industry do.
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Uncertainty Analysis with FRAPCON-3.4

Input

Pellet Density
Distribution: | Constant v Value: |96.56 | %T.D. | | | |

Pellet re-sinter density

Distribution: | Constant v Value: | 1.0 | kgfm~3 | | | |
Pellet roughness

Distribution: | Constant v Value: | 1.37E-5 | in | | | |
Pellet dish diameter

Distribution: Value: 0.2171 | in | | | |
Pellet dish depth L

Distribution: Value: 0.0105 | in | | | |

LogUniform (base 10)
LogUniform (base &)

R fill nrocoireo
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Uncertainty Analysis with FRAPCON-3.4

Input

Distribution: | Constant - |
Cladding creep

Distribution: | Constant v
Cladding axial growth

Distribution: | Constant v
Cladding corrosion

Distribution: | Constant v
Cladding hydrogen pickup

Distribution: | Constant v

Uncertainty (multiplicative) of power levels
Distribution: | Constant =

38

Value: |U.0

Value: |U.0

Value: |U.0

Value: |U.0

Value: |U.0

Value: |U.0
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Uncertainty Analysis with FRAPCON-3.4

Output
» Output distributions

o Inputs and outputs for each realization

5, 2.53833E+03, 2.81593E+03, 1.05104E+00, 2.25600E+01, 4.22000E-01, 3.73400E-01, 3.S0000E-0 [
6, 1.39913E+03, 2.51920E+03, ©6.45957E-01, 7.86000E+00, 4.22000E-01, 3.73400E-01, 3.30000E-0
7, 1.19533E+03, 2.33894E+03, 3.80605E-01, 6.41000E+00, 4.22000E-01, 3.73400E-01, 3.30000E-0
g, 0.00000E+00, 0.00000E+00, O0.00000E+00, O.00000E+00, 4.22000E-01, 3.73400E-01, 3.80000E-0
I 3, 0.00000E4+00, 0.00000E+400, 0.00000E+00, 0.00000E+00, 4.22000E-01, 3.73400E-01, 3.30000E-0
10, 2.188B8%E+03, 2.90831E+03, 3.83521E-01, 2.01000E+01, 4.22000E-01, 3.73400E-01, 3.S0000E-0
11, 1.17435E+03, 2.45758E+03, 4.17531E-01, 5.24000E+00, 4.22000E-01, 3.73400E-01, 3.S0000E-0
12, 2.63451E+03, 3.08784E+03, 3.780%0E-01, 2.73400E+01, 4.22000E-01, 3.73400E-01, 3.S0000E-0
13, 2.0632%9E+03, 2.94862E+03, 4.66872E-01, 2.00100E+01, 4.22000E-01, 3.73400E-01, 3.S0000E-0O
14, 1.84756E+03, 2.68775E+03, 5.21069E-01, 1.57100E+01, 4.22000E-01, 3.73400E-01, 3.S0000E-0O
15, 1.52357E+03, 2.51963E+03, 4.97465E-01, 1.20100E+01, 4.22000E-01, 3.73400E-01, 3.S0000E-0 I
16, 1.20363E+03, 2.42023E+03, 2.5%632E-01, 5.31000E+00, 4.22000E-01, 3.73400E-01, 3.S0000E-0 I
17, 1.77857E+03, 2.70365E+03, 4.25561E-01, 1.40500E+01, 4.22000E-01, 3.73400E-01, 3.S0000E-0O
18, 2.45844E+03, 2.85759%E+03, 5.45986E-01, 2.45800E+01, 4.22000E-01, 3.73400E-01, 3.S0000E-0 N
I 18, 2.35549E+03, 2.81102E+03, 7.05168E-01, 2.22200E+01, 4.22000E-01, 3.73400E-01, 3.S0000E-0 I
i
< m ] vl
_ E— _
Calculated Upper [olerance Limits
0.05 0.9 47 27T78.895 3130.9586 0.8140%901 28.89%9394
0.05 0.495 47 2832.344 3155.704 0.8322232 29.67043
0.05 0.99 47 2944 587 3207.666 0.8702958 31.28816
I 0.05 0.99% 47 3094.15 3276.926 0.9210428 33.44444
0.01 0.9 47 3163.442 3309.01 0.9445508 34.,44331
0.01 0.85 47 3232.568 3341.013 0.9679994 35.43%66
0.01 0.99 47 3379.00& 3408.821 1.017682 37.55072
0.01 0.59399 47 3576.533 3500.281 1.084695 40.39815
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Uncertainty Analysis with FRAPCON-3.4

Output
o Output vs. Input

o Test for Normality
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Conclusions

» Fuel performance codes such as FRAPCON-3.4 are used
to demonstrate compliance with a large number of
SAFDL'’s

» Two kinds of validation data
m Separate effects data
® Integral assessment data

» All property and behavior models validated to be best-
estimate vs. data

» 8 property and behavior models identified to have a
significant impact on outputs of interest

B o calculated for each
®m These uncertainties are built in to the code
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Conclusions

» Large database of integral assessment data used to
validate FRAPCON-3.4

m FRAPCON-3.4 provide a best-estimate prediction of fuel
temperature

B ¢ calculated for predictions

» Capabllity recently added to perform stochastic uncertainty
analyses with FRAPCON-3.4

m Allows staff to validate vendor predictions of nominal and
upper tolerance limit for various code outputs.
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