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PROCEEDTINGS

(8:30 a.m.)

CHAIRMAN POWERS: Let's come into session.

This is the second day of the meeting of
the ACRS' Reactor Fuels Subcommittee. Today we're
going to focus on the issues of RIA, sometimes known
as reactivity initiated accidents and sometimes known
as reactivity insertion accidents.

Do any of the members have comments they
want to make in the opening? Dr. Shack is in full
voice today. Dr. Kress 1is with us and Professor
Denning.

I'm Dana Powers, Chairman of this
subcommittee, and since we have no opening comments,
I will turn to Dr. Meyer to start us out on this
subject.

Pat, did you want to say anything?

PARTICIPANT: No.

MR. SCOTT: Okay. And while Ralph is
getting ready, let me say that we prefer reactivity
initiated accident.

CHAIRMAN POWERS: Oh, I know that. You
will opine that you get a better hearing if you state
your name for the record.

MR. SCOTT: Harold Scott from research
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staff.

CHAIRMAN POWERS: Thank you, Harold.

So you don't want to parse those words too
carefully because it's hard to believe that the
reactivity actually initiated the accident.

(Laughter.)

DR. MEYER: Well, it was in late 1993 and
early 1994 when the tests were run in France and Japan
that showed cladding failure accompanied by some fuel
dispersal at energies well below the 280 calorie per
gram value we've been using for many years. At that
time, our pulse reactors in the U.S. that we had been
using for this work had been shut down for ten years,
and so we were dependent on others for data.

Altogether we've accumulated data from the
Cabri reactor in France, the NSRR reactor in Japan,
two reactors in programs run by the Russians, the IGR
reactor and the BIGR reactor, and also we have
included earlier data taken in the U.S. at the SPERT
reactor and the PBF reactor.

So I want to express my appreciation to
IRSN in France, to JAERI in Japan, the Kurchatov
Institute in Russia who cooperated with us and made
their data available to us, and also to an earlier

generation of researchers at the Idaho National
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Laboratory for work we're still using.

As with local work we discussed yesterday,
we don't have nearly as many data points as you would
like, and we don't understand everything, but a
picture has emerged here as well, and the method we've
used to analyze the data 1is one that I developed
several years ago during the expert panel discussions
we referred to as PIRTS. That's PIRTS.

I outlined this method for you at our last
meeting in September of 2003, and I'll go over it in
more detail today. Using this method we've
interpreted the RIA data independently, and as before
there are differences of opinions.

I want to describe our methods and our
conclusions for you now, and I'm sure we'll discuss
some of these different opinions before the day is
over.

So just to summarize what we're doing, we
have data from six test reactors. I mention them all
by name. 1In each case there is some atypicality about
the test condition because we're not able to simulate
the conditions in a power reactor accident.

These atypicalities have introduced some
biases, some of which we recognize, some of which

maybe we don't recognize, but we've made an attempt to
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7

estimate the magnitude of the biases using analysis,
and then to adjust the data with those estimates,
identify a failure threshold and using that failure
threshold, then to go off and look at the energy
deposit that is likely in an accident of this type in
a power reactor and compare it with that failure
threshold.

After we do this, we find that it's very
unlikely that there would be enough energy deposited
in this accident to fail the cladding, and all of the
conclusions that we hope to reach follow from that,
and this 1is the study that I hope to tell this
morning.

DR. KRESS: Is there a probability
associated with that that it's not likely?

DR. MEYER: No, there's not. We have not

done any frequency estimates. I use this --
DR. KRESS: I was looking for a
conditional problem, given the RIA. You know, to me

it would be the overlap of the --

DR. MEYER: A long time ago we did some
estimates of the probability of the accident. 1In our
original program plan, Brookhaven helped us with
estimates of the probability of the accidents, and

that's been a very long time ago. What I recall
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clearly 1is that when we looked at LOCA, PWR rod
ejection, and BWR rod drop, they were in that order of
importance, and the BWR rod drop had such a low
estimated frequency that we decided not to spend much
time looking at the BWR rod drop accident, but to
focus on the PWR rod ejection accident for the
reactivity transient.

So we did go that kind of scoping work,
and that's documented in a program plan that we wrote
in the summer of 1998.

DR. SHACK: But Tom's question is whether
the RIA is unlikely and therefore cladding failure is
unlikely.

DR. MEYER: No.

DR. SHACK: Or if you have the RIA --

DR. MEYER: Given an RIA, cladding failure
is very unlikely.

DR. KRESS: Actually what I was looking
for was a distribution of enthalpy.

DR. MEYER: No.

DR. KRESS: And a distribution of a
failure criteria, and the overlap of those two is a
failure probability. That's actually what I was
looking to see.

DR. MEYER: What we have is a paper in the
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literature that surveys a large number of rod worths
in power reactors 1in the U.S., and from that
distribution, if you take the highest rod worths that
you find and compare them with the failure threshold,
which is a lower bound, a threshold by nature is a
lower bound. It doesn't reach the lower bound.

DR. KRESS: Okay.

DR. MEYER: So the two distributions don't
appear --

DR. KRESS: In essence, that's pretty much
what I was saying.

DR. MEYER: Yeah. That's not to say that
all of the information or this paper encompasses
everything in the world or that our threshold is 100
percent accurate, but they don't overlap.

DR. DENNING: Ralph, let me ask a slightly
different question that gets a little closer to what
Bill said, and that is these reactivity initiated
accidents that you look at, are they all within the
design basis envelope of the plant?

DR. MEYER: Yes.

DR. DENNING: They are?

DR. MEYER: Yes.

DR. DENNING: I think there's been very

little PRA work that goes beyond this class of
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accidents just because their initiating frequencies
are so low, but I'm not aware of work, but I'm curious
as to whether there are accident that are outside of
the design basis.

I mean, clearly there is at some lower
level of probability, there's something that can
rupture the clad, and I'm just kind of curious where
that boundary is and whether people have really looked
at these kind of really extraordinary accidents.

DR. MEYER: I can tell you exactly where
the boundary is because we are looking at the design
basis accident, and it's the ejection of a single
control rod cluster. That's it. So it is the one
that's analyzed in Chapter 15 of the safety analysis
report.

CHAIRMAN POWERS: Ralph, this survey of
the control rod worth or the design worth?

DR. MEYER: Say again?

CHAIRMAN POWERS: When you mentioned the
paper in the literature --

DR. MEYER: Yes.

CHAIRMAN POWERS: -—- survey the control
rod worth, these are the design worths?

DR. MEYER: Can you help me with that,

Harold?
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I don't really know. David Diamond has
done all of the neutron kinetics work for this. This
work was done a year and a half ago, and I don't think
David is here today, and I certainly can't answer a
question like that. Maybe Harold can.

MR. SCOTT: Let's wait until this
afternoon whenever Westinghouse talks. I think
they're going to talk about this, but the paper itself
was a bank worths, and so you know, a bank might have
four, five, six control rod assemblies, and you'd have
to assume they would either equal or whatever. So —--

CHAIRMAN POWERS: The question is whether
it's what their intention is what they actually got.

MR. SCOTT: I think this paper was
measurements. So these weren't just --

CHAIRMAN POWERS: Okay.

MR. SCOTT: As Ralph Diamond says,
there's not a lot of uncertainty anymore in the
calculations. What might be uncertain is, you know,
for a brand new high burn-up core with different axial
power distributions than you might have expected
before what it would look like, but let's wait until
later, and I think you'll get a good picture of this.

DR. MEYER: Okay. So just to start from

the beginning, the rod drop accident from 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

12

cladding's point of view is quite different from the
loss of coolant accident. You have a very large power
pulse that for an order of magnitude, 100 calorie per
gram pulse that we would be interested in, the peak
linear heat rate might be 5,000 times full power.
It's very, very high, but very short period, a few
milliseconds on the width of the pulse.

The cladding temperature is fairly cold
during the time that the power is high, and it heats
up later on. Consequently, if you have cladding with
low ductility, you can get pellet cladding mechanical
interaction, PCMI failures, at low cladding
temperatures, and if the ductility is high and there's
enough plastic deformation available to accommodate
the thermal expansion of the pellet, then if the
energy is high enough, the cladding temperature may
still be high enough to damage the cladding and even
cause some oxidation that those temperatures that may
end up looking something like the LOCA specimens.

We're going to be interested primarily in
the PCMI failures that occur at low temperature
because these are the ones that embody the high burn-
up effect, again, through the corrosion process which
puts hydrogen into the cladding.

This is just some wallpaper here to give
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you a visual image of what a rod might look like that
has low ductility and has failed during one of these
tests. This is a rod from the test reactor in Japan.
The cladding is a long longitudinal split, and fuel
was lost during the pulse.

Here is a picture. We may have seen this
same picture yesterday in Mike's presentation. This
is what --

CHAIRMAN POWERS: It's a utility picture.

DR. MEYER: Well, this is what the
cladding looks like under the microscope as
irradiated. This is before any transient, and what
you notice, this is a piece of high burn-up fuel from
which this cladding was taken, and you see an oxide
layer, and then you see this dense hydride layer, and
you see a lot of other hydrides throughout the
cladding. The hydrides tend to be 1long, stringy
things, and they line up circumferentially, and in
this direction, just as a sort of rough image to have,
think of rebar and concrete. They can help up to a
point, but then when you get too many of them, they
become brittle.

If they were to turn and line up radially,
it would be really bad. The brittleness, the cladding

would fracture along those very, very readily, but
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that doesn't normally happen.

CHAIRMAN POWERS: Well, what i1is the
uniformity, say, of the cladding microstructure along
the length? What I'm asking about is clearly you have
some minor thermal discontinuities at locations caused
by, first of all, ridge spacers.

DR. MEYER: Yes.

CHAIRMAN POWERS: Second of all caused by
just the interface between two pellets, things like
that.

DR. MEYER: Right.

CHATRMAN POWERS: If we were to look at
this microstructure in the vicinity of those things,
how were they different.

DR. MEYER: Yeah, how was it different?
First of all, from the bottom of the core to the top
of the core in a PWR, the temperature increases. So
you have higher corrosion at the top of the fuel rod
than at the bottom of the fuel rod, and consequently
you have more hydrogen and more hydrides.

So we will tend to choose specimens from
the upper part of the core in order to capture the
worst location.

Now, the next thing you would see is at

the grid locations where you have a little cooler
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temperature, you'll get some hydrogen concentration
there because the hydrogen likes to run ot the cooler
temperatures.

We generally avoid the grid locations in
our test specimens because you see the same kind of
effect at the pellet interfaces. So you can go along
in a very heavily corroded rod and at the pellet
interfaces, you can see little spikes in the hydrogen
concentration.

So you do have that degree of
nonuniformity. The test specimens are eight to 15
inches long, many pellet lengths long. So you have
those discontinuities within the test specimen. We
generally choose test specimens so that the burn-up
along the length is flat, and so what we're looking at
are not strictly irradiation effects, but the
corrosion effects.

CHAIRMAN POWERS: So none of our tests
encompass this grid location, but they do look at
multiple pellets.

DR. MEYER: Yeah, yeah.

Okay. If you look at the raw data, the
picture is very confusing, and so this is 1like a
strawman, and I'm going to knock him over, but what

I've plotted here is the peak fuel enthalpy in every
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test, not the failure enthalpy but the peak fuel
enthalpy of the test versus the burn-up of the fuel
rod.

So if you were to think those were the
principal variables, I would say that there's not a
good choice. A much better choice is to look at the
oxide thickness and the maximum fuel enthalpy change,
where in this plot for all of the filled symbols which
represent cladding failures during the test, the
enthalpy change is the fuel enthalpy at the instant of
failure minus the fuel enthalpy at the beginning of
the test.

And so now you see a much more uniformed
trend. I'll show you in particular the IGR and the
BIGR data points which are here. Had very low
corrosion, had five microns of corrosion on it, but
they had a fairly high burn-up. So in the previous
slide they were way out here.

And burn-up just isn't the big actor here.
It's the corrosion related process. So the first
thing we do is to replot the data this way, and you
saw this when we were here 18 months ago.

Now, I don't want to dwell too much on
this. I pulled this out of MacDonald's paper to

identify the mechanisms. Pellet cladding, mechanical
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interaction is where the pellet expands thermally more
rapidly than the cladding, and it pushes against the
cladding, and then these other mechanisms. All of the
mechanisms are present 1in the database, unlike
yesterday where we tried to sort of put a fence around
all of them.

I'm going to focus on the pellet cladding
mechanical interaction and looked out there at high
burn-up where you tend to have high corrosion, but I'm
not going to ignore the others. They're going to be
there, but I'm Jjust going to focus on the PCMI
failures.

Now, I mentioned before that the test
conditions were not always correct and that we believe
that this led to biases in some of the data. Here are
some of the atypicalities. I've covered myself by
saying others. I'm sure there are some others, but
the testing temperature is not always correct.

The specific accident risk that we're
talking about here is a hot, zero power control rod
cluster ejection, and so we're looking for an initial
test temperature of about 300 degrees Centigrade.
Some of the testing is done at room temperature. This
could have a big effect on the result. We all agree

on that. We try and estimate that effect.
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The pulse width 1is not always correct.
I'm going to show you in just a minute the relation
between pulse energy and pulse width. There is a
natural relation to those two, and where the pulse
width is not correct in the test we try and adjust for
that.

The coolant type is not always correct.
In terms of the cladding failure itself, not what
happens after failure like a fuel-coolant interaction
which would be very dependent on the coolant, this
event 1is so fast that I think most of us have
convinced ourselves that doing tests in sodium as has
been done in the Cabri reactor is not a bad thing
because if you're just looking at the cladding failure
process itself, and so we don't do anything about that
in our assessment of the data.

Coolant flow may not be that important for
the fast transient. I mean, these are ten millisecond
transients. So I don't know how much flow takes place
in ten milliseconds, but again, we don't dismiss test
programs that were run 1in stagnant capsules just
because they didn't have flow.

So we're going to try and assess these.
Here's the relation between pulse width and energy.

There's been a lot of controversy about whether the
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tests in the Cabri reactor should have a narrow pulse
width or a broad pulse width. To put that question
aside for a moment, I don't think there has been any
major controversy over the fact that as the pulse
energy 1increases, the width of the pulse gets
narrower.

There's an analytic expression, Nordheim-
Fuchs equation, that in a closed form solution shows
this same behavior, and these code calculations have
been benchmarked with that.

CHAIRMAN POWERS: Do you have a citation
for these calculations?

DR. MEYER: I think so. I'm sorry.

CHAIRMAN POWERS: Do you have a citation
for these calculations that resulted in this plot?

MR. SCOTT: There's a reference in the
paper, I believe, for this, a Diamond paper.

CHAIRMAN POWERS: Okay. You're going to
have to tell me what the paper is.

MR. SCOTT: We'll get that for you.

DR. MEYER: Okay. Now let me try and
outline the scaling method that we use. It's fairly
simple. We use a code called FRAPTRAN. It's a
transient version of the FRAPCON code that I think

you're familiar with. We run several calculations in
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order to estimate the effect that we're looking for.

The first calculation that we run is a
calculation for the test pulse, exactly as the test
pulse was run. So we input the exact shape of the
test pulse. It was double hump. We put in double
hump. We put in all of the initial conditions that
correspond to the test, and we run the calculation and
we get some output, and we look at the output at the
experimentally measured time of cladding failure.

Surprisingly, all of the experimenters are
able to identify rather accurately at what time during
the ten to 30 millisecond pulses the failure took
place. So we will then go to that time in the output
and note what the stress and permanent strain values
are, and we will then call those the failure stress
and failure strain.

These are calculated by this code. It
doesn't mean that those numbers are absolute correct
values because maybe the code isn't calculating
everything perfectly, but we're going to turn around
using exactly the same code, and I'll tell you what
input changes we made and the rerun the calculation
under PWR conditions and go in and find those what we
call failure stress and failure strain values and see

what fuel enthalpy they correspond to.

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




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

21

And then the difference between the fuel
enthalpy 1in the second calculation and the fuel
enthalpy in the first calculation is the adjustment.

Now, in the process of doing that, we
recognize that the failure stress or failure strain
values might Dbe altered because of temperature
differences between the test condition and the PWR
accident condition. So we make an attempt to adjust
those wvalues which were deduced from the first
calculation by a temperature effect, which we get from
experimental data on mechanical properties of --

DR. SHACK: Is that really an "or" or an
"and"? I mean, do you do the calculation looking at
the stress and then you look at the strain and pick
the minimum or maximum?

DR. MEYER: Yeah, 1it's an "or" or an
"and." It's one of the two. I'm not sure, but what
I tell you is I know exactly how we do it. For the
test cases where the experimental observation was
little or zero plastic strain, we'll use the stress
because this is a matter of strength. It has failed
somewhere in the elastic region.

Where there has been plastic strain, we'll
use the strain. We use only one or the other, but I

think in any calculation you could still identify that
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stress and strain and call it the failure stress or
strain. So I didn't try and make that distinction too
clearly.

Okay. I already said this.

So here is just a sort of textbook diagram
of terms that we're using, and it's necessary now to
talk a little bit about uniform elongation and total
elongation.

Uniform elongation is the -- the way we
will talk about it is the plastic strain that has
occurred by the time that vyou start to get some
nonuniform deformation usually in the form of necking.
And that occurs up here at a stress we call the
ultimate tensile strength, and then the total
elongation is the actual elongation of the specimen at
the time of failure.

Now we're going to argue that we're not
going to make any temperature correction for the
cladding temperature change during the transient for
properties that depend on some sort of diffusional
material flow Dbecause the transient 1is only ten
milliseconds long, and you don't have time for any
significant migration to take place.

So we're going to assume that the failure

strains or the fracture toughness don't change because
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of temperature changes during the transient. However,
we will look at the effect of the difference between
conducting a test at room temperature when we're
interested in an accident at 300 degrees C.

That's a huge change. There's ample time
for things to readjust, and the properties would
change. So that's the temperature effect that we're
looking for. We're not going to chase around the
little temperature changes that occur during the
transient.

Now we have a couple of choices because
the parameters that are reported in mechanical tests
that would be of interest to us are these two plastic
strain values, the uniform elongation or the total
elongation.

So we've pursued both of those. We didn't
make an immediate decision on which one we wanted to
use, and in the temperature range from zero to about
300 degrees Centigrade, the temperature difference
that we're interested in, when we look at uniform
elongation data, we don't see a strong temperature
dependence. So we say there's no temperature
dependence for uniform elongation.

When we look at total elongation data, we

do see a temperature dependence, and it's fairly
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strong.

So we ran all of our calculations both
ways, but 1in doing it, we noted that the total
elongation is really a not very well mannered property
because it depends very strongly on the gauge length
of the test that you're doing. Whereas the uniform
elongation is more like a true materials property.

So right away we're kind of biased in
favor of the uniform elongation. Our codes
calculating uniform elongation, not total elongation.
So that's another reason that we favored the uniform
elongation.

When we ran the cases for total
elongation, we got very large changes, and the changes
were both in the -- well, no, I'm not going to say
that, but the fact that the changes were very large
seemed very undesirable because now your result is
going to be dominated by your code calculation. So we
have to wonder are we sure we want to use total
elongation, which is really going to have such a huge
influence.

Besides that, it took the results and it
made them less consistent instead of more consistent,
whereas using the uniform elongation temperature

dependence made all of the data come into alignment
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that are in it. It Jjust seemed there.

So in the end, we have stuck with the
temperature dependence of the uniform elongation,
which is nil or the temperature range of interest. So
we made no change to the deduced failure strain in the
first calculation in going to the second calculation,
and we let the code take care of the elastic
properties.

The elastic properties are going to
respond instantly to temperature changes. They are
related more to the atomic forces and not to
diffusional properties.

So when we get down to the end, and I will
point out to you which data set was affected most by
our assumption of uniform elongation, and you can put
a question mark around what we've done to that data
set.

Now, the devil is in the details
sometimes, and when we got into these calculations, we
noticed that we were not able to reproduce some of the
measured test data as well as we wanted to in order to
go through with this scaling method, and so we had to
make two changes to the code, one of which has become
a permanent change in the code that has now been

issued and published by Carl Beyer & Associates at
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Battelle Northwest, and the other was the use of some
unusual input values for the cold gap when we ran the
case, and I'm going to talk about both of these things
so that you can see what we did to the code.

And this was the starting point. We took
all of the non-failure data from the Cabri, the French
program Cabri, and the Japanese program, NSR, and in
the cases that did not fail they measured strain. In
all the cases that failed up until very recent times
nobody was able to measure strain. We don't have any
in the database where we have measured permanent
strain values for the cases that had failures, but we
do have all of that data for all of the cases in which
failure did not occur.

And let's look first at the Cabri data
points. I wish I had colored these, but they're the
diamond shaped one, and they're clustering rather
nicely around that freehand line I've drawn. There
are two other points down here that I'm not allowed to
draw on there because the data haven't been released
yet, but they fall in line with that plot anyway.

Now, what does this mean? This 1is
permanent strain, cladding hoop strain, but it's the
permanent strain, what you measure with micrometers at

the end of it.
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So what this means is that you have to get
something 1like 60 calories per gram into the fuel
before it starts creating any permanent deformation on
the cladding at all. During that time you are closing
the cold gap, the gap between the pellet and the
cladding, and you are going through the elastic region
of the deformation. So only after you do that do you
start giving some permanent strain to the cladding.

We've found that before we modified the
thermal expansion algorithm that, in general, we
couldn't get as much strain as was being measured in
these data.

The other thing, I've got two subjects
going here, and I'm going to try and introduce both of
them and then come to them one at a time, but the
other thing we noticed is a strangeness in the data.
This is not a strangeness with anybody's code.

Now, look at the HBO series of tests in
the Japanese reactor. That's these pluses. So here
they are. They're clustering fairly nicely along this
solid line. The Japanese tests were run from room
temperature. They should have a larger cold gap than
the French tests which were run at high temperature,
but they appear to have a smaller cold gap. This is

backwards from intuition.
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Now, within the Japanese data sets there
is some logic to HBO being lower than the other PWRs,
being lower than the BWR rods, being lower than the
ones that were irradiated in test reactors, all having
to do with bigger gaps in BWRs, less creep down in
BWRs, no creep down in the test reactors. So there
are real fabrication or as irradiated gap differences
there, but it's difficult to understand why the PWR
strains are higher at lower energies in the cases with
the colder gap.

Okay. The first thing I'm going to
address 1s not that flip-flop of the Cabri and the
NSR, but the general inability to get high enough
strains. We looked at the thermal expansion
algorithm, and the typical thermal expansion algorithm
in anybody's code is 1like the one on the left, and
it's this way because normally we're accustomed to
some parabolic temperature distribution in the fuel
pellet where the center temperature is higher than the
temperature at the outside.

And so 1f you're modeling this up in a
nodal scheme, the inner node is the hottest one. It
expands a little more. The next node expands a little
less, and the outer nodes expand a little less, and

whether you model it explicitly or not, what you're
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assuming is that these ceramic pieces are cracking,
and you just add up the delta Ds to get your total
delta D.

That doesn't work for a zero power
transient with high burn-up fuel where you have a lot
of fissile material at the surface just from burn-up
effects, and now what you have here is you have the
outer rim being hotter than all of the other rims. So
it tends to run away from the ones on the inside, and
if you now simply add up the delta Ds, you get an
answer that's too small. You need to take a delta D
corresponding to one or several rings at the outside.

Now, certainly, you know, they don't have
enough strength. If you want to get down to the
mechanisms of this, you're going to need something
more sophisticated than Jjust taking the thermal
expansion of the outer ring, but I think we took the
thermal expansion of the second ring or something like
that and put that in the code and immediately made a
big improvement on matching -- getting in the right
ballpark for the measured strains.

And you would still use this model if you
had a temperature gradient like this. So it doesn't
screw up the overall validation of the code.

Now, the next thing we did was probably
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the most controversial, was we used input, cold gap
sizes that modelers don't normally use, and we did
that so that for the Cabri data, that we would start
observing plastic deformation at about 60 calories per
gram.

So we have manually adjusted the gap in
order to fit the large body of data for unfailed rods,
and then we're going to use that gap to analyze the
rods with failures, and we did the same thing for the
HBO cases.

And so we have a very large, 95 micron cap
for the Cabri case. We use the same 95 microns for
the PWR because it's the same temperature, and a small

gap for this, and we have a hypothesis why this is

necessary, and it has to do with -- I mean, it's
related to preconditioning. We all know about
preconditioning. If you're going to change power

levels in a BWR, even in a PWR, you want to go up
there gently before you start changing power rapidly
so that you don't crack the fuel.

And it all has to do with letting the gaps
in the pellet relax and relax the stresses on the
cladding. I think I call it chips and fines. When
these rods are prepared, they're taken in a hot cell.

They're sawed and they're drilled, and they're pounded

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

31
on, and if you'd just imagine what's in there, in all
cases you're going to have loose pellet pieces because
they're now cold. The gap is open, falling in the
cracks, and in the Cabri or the PWR cases where you're
going to take it up to 300 degrees and hold it there
for a day or two, all of that is going to equilibrate,
and you're going to reestablish your gap.

In the NSRR test, you just, bang, shoot
the test right from that cold condition, and it acts
as i1f the gap was nearly closed. That's a hypothesis.
I'm not going any farther with it, but the manual
adjustment of the gap allows us with our code to track
rather accurately the plastic strain that develops in
the measured cases, and then we use those for the
calculations where they didn't measure the strain, and
this is the bottom line result.

So we did this calculation for three of
the Cabri tests. These are all three of the failures.
There was a fourth failure, REP-Nal, and we and the
U.S. industry disregard REP-Nal as a flawed test.
Preconditioning in our opinion has caused radial
hydrides and some other problems.

CHAIRMAN POWERS: I Dbelieve we've
discussed that test at length.

DR. MEYER: What?
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CHATRMAN POWERS: We've discussed that
test in this committee at length.

DR. MEYER: Okay. So we tossed that one
out. These are the three that remain with failures,
and then we just did two of the Japanese tests, one of
the HBO series and one of the TK series.

And what you see over here is a remarkably
small effect from pulse width, and a fairly
substantial effect from the test temperature. So the
Cabri data points are slightly non-conservative
because they were conducted with pulses that are too
broad, and the Japanese test points are overly
conservative by a substantial amount because they were
run from room temperature instead of from a high
temperature. This is also intuitively what you would
expect.

So that's in your handout. You can read
those data.

And here we plot up the result. These are
all of the failure data where we now have taken all of
the round dots, all of the NSRR failures and added 25
calories per gram to them. So those are 25 calories
per gram higher up on the plot than they were
originally.

The three Cabri data points, this one,
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that one, and that one were moved down by exactly the
amount that we calculated. It was slightly different
in each case, just a couple of calories per gram out
here, a few more.

CHAIRMAN POWERS: Why if vyou take the
average of two Japanese 23 and 27 that you did each
one of the Cabris individually?

DR. MEYER: Well, it's simply because we
just were not able to analyze all of the Japanese
points. There were too many of them, and we picked
two that I don't know if I can identify HBO-1, but we
picked two from different test series. It's just all
that we had time to do, and they were close together.
The adjustments were close together. So we Jjust
averaged them.

You don't want to look at any of this with
too sharp a pencil point, but that's the reason that
we did it. We would have --

CHAIRMAN POWERS: Well, I mean it seems
like you do in some cases and you don't in others.

DR. MEYER: You know, as we started
running the calculation, you could see that if we kept
repeating these calculations we're going to get the
same answers.

These were different enough that in the
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test energies and pulse widths. I mean, all of the
Japanese tests have pulses on the order of five
milliseconds. 1It's barely a factor of two off of what
we thought they should have.

Ten milliseconds is about right for a 100
calorie per gram pulse. This one was 30 milliseconds.
This one was 75 or 80 and had a double hump. It was
really weird, and this one was 40 milliseconds. This
was a MOX test. So we had MOX properties put into
that one. So that's --

DR. KRESS: You need to explain to me what
you're plotting there.

DR. MEYER: What's the what?

DR. KRESS: What is this oxide thickness?

DR. MEYER: I didn't understand.

DR. KRESS: What is your oxide thickness?

DR. BILLONE: What's the corrosion
thickness that you're plotting?

DR. MEYER: This is the thickness of the
corrosion layer as irradiated.

DR. KRESS: So it's the measured value
that you --

DR. MEYER: It's a measured value.

DR. KRESS: Before you even started the

test.
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DR. MEYER: That's correct. It's measured
in each and every case, and it, in turn, is a measure
of the amount of hydrogen that's inside. So if you
had a hydrogen measurement, which we don't have, you
would find that a ppm hydrogen up here, probably 800
to 1,000 ppm, and in here it might be 200 ppm.

DR. KRESS: So you would expect that oxide
thickness just like your correlation --

DR. MEYER: Yes.

DR. KRESS: That's something like the
Cathcart-Pawel time thing.

PARTICIPANT: Only 1t's real oxide
thickness.

DR. MEYER: This is low temperature. This
is not Cathcart-Pawel high temperature oxidation.

DR. BILLONE: He's using an analogy.

DR. MEYER: Yeah.

DR. KRESS: So you would expect that to
have an effect after you change it.

DR. MEYER: Yeah, yeah.

DR. KRESS: Okay. Now I understand what
you're talking about.

DR. DENNING: And the line is supposed to
be your best estimate of a threshold?

DR. MEYER: The 1line 1is a freehand
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threshold. Now, why didn't I fret more over the shape
of the line? It's because I'm trying to see if we
have a problem or not, and with this line, I can
convince myself that the energy available in a power
reactor is not enough to get up to that line, and so
if I can't get up to the line, I don't have a problem,
and I don't have to worry too much about --

CHAIRMAN POWERS: Well, presumably if you
drew the line off the top of the paper then you'd be
very safe.

(Laughter.)

DR. MEYER: I drew the line to bound all
of the failure cases.

CHAIRMAN POWERS: But you didn't.

DR. MEYER: It's a threshold.

CHATRMAN POWERS: You don't.

DR. MEYER: Huh?

CHATRMAN POWERS: You don't bound all of
the failure cases.

DR. BILLONE: REP-Nal.

DR. MEYER: That's REP-Nal. We agreed to
cross it out.

CHAIRMAN POWERS: Okay. I just assumed
you didn't even plot it.

DR. MEYER: Sorry. I should have either
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left it off or labeled it.

CHATRMAN POWERS: One or the other.

DR. MEYER: Okay.

CHAIRMAN POWERS: Because it detracts
badly from the plot because the problem is your 110 is
a failure. It could have failed when it was only 80
microns thick. Okay? I mean that's the problem you
have when you don't label NEP-Nal.

DR. MEYER: Okay.

CHATRMAN POWERS: You could come out here
and argue that that's a block at the end.

DR. MEYER: Okay. Now, I have some more
slides where I want to examine some of these points,
but let's just dwell now on the Japanese points. The
round points here are the ones that are affected by
that assumption of uniform elongation versus total
elongation.

Since all of the others here out here were
run at the right test temperature, it's the Japanese
point. So had I used uniform elongation, these points
would slide way up here and up so high that you would
then question whether they would fail by a mechanical
interaction or not. If they were able to get up to
that temperature without failing, then they probably

had enough ductility to give during the PCMI phase and
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fail by some high temperature mechanism.

They were PCMI failures. I mean, you can
look at them microscopically and you can tell that.
So if that is the case, then you basically would throw
these points away and say, you know, they failed by
PCMI, but the temperature effect was so large that it
effectively ruined them.

So if you want mentally to say, "I'm going
to discard these points,”™ I will argue with you that
it's a bad choice, but I can't say with great
confidence that I'd be right and you'd be wrong.

MR. SCOTT: I think you meant total
elongation. If you assume total elongation, they
would move up a lot.

DR. MEYER: Right. If you assume total
elongation, if you assume the temperature dependence
of experimentally measured total elongation data and
applied that temperature dependence to the uniform
elongation calculation you're doing in your code, then
these points would jump way up and then the next thing
you would conclude is that those points are of no
value.

So just keep that in mind. I think that
they're in a good position here.

I haven't quite finished the story before
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we start doing some pathological examination of data
points, but here is David Diamond's results from a
study on the maximum fuel enthalpy change. Those are
exactly the wunits of interest to wus. So this
contractor did it right.

(Laughter.)

DR. MEYER: As a function of the ejected
control rod worth, and now if you recall where that
threshold line was in the middle of the range, it was
at 80 calories per gram, and if you were to go out to
80 calories per gram and take the worst case, you
would come down at 2.2 dollars. So you're going to
see that number, 2.2 dollars, come up.

The lowest level out with the high
oxidation and high hydrogen concentrations was at 55
calories per gram, and that would come in at 1.7
dollars.

This study was run on a single core. It's
not universally applicable, but I did discuss this
with David Diamond, and he said that he thought that
plus or minus ten percent would probably cover other
cores.

So you can take plus or minus ten percent
on the control rod numbers and nobody would argue with

you.
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DR. DENNING: I don't wunderstand the
parameter. The data, is this beta factor? I mean,
when it says end of cycle, 120 percent beta, what is
that saying?

DR. MEYER: Beta is the delayed neutron
fraction.

DR. DENNING: Yes, and what does 120
percent of it mean?

DR. MEYER: Harold, can you?

MR. SCOTT: That's the uncertainty. If
you think beta is .006, then for those diamonds that
he assumed it was .006 times 1.2 or times .7 for the
70 percent.

DR. DENNING: So that's, in effect, the
beta effect in a sense. It's the modification to beta
of whatever reality is, and then it effects what we
mean by rod worth?

DR. MEYER: Please answer him, Harold.

MR. SCOTT: Sine we don't know the wvalue
of beta exactly and it can be different depending on
exactly the burn-up or something else, he picked a
range which he thought covered. So from .7 to 1.2
multiplier would seem to cover that particular
parameter. As you can see, it is sensitive to that

number.
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DR. DENNING: I understand.

DR. MEYER: Okay. So if the control rod
worth are less than approximately these amounts, then
you wouldn't have enough energy to reach the cladding
failure threshold.

David did look in the report. This was a

report in Nuclear Technology in December of 2000

written by a group of Westinghouse authors. So you
can find it if you need to.

So that was our conclusion. Now, I want
to proceed now a little and talk about some of the
other data points. We've talked a little bit about
the NSRR data points and some uncertainties in the way
that we treated those. There are others that have

been questioned and --

DR. DENNING: Can we go back to your
conclusions? I Jjust wanted to go back to your
conclusions, there. The fourth bullet, "without

cladding till your energetic" --

DR. MEYER: Yeah.

DR. DENNING: Would vyou also say that
there's a substantial margin there relative to this as
well?

DR. MEYER: Oh, I think there is margin.

I don't know how much margin there is.
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Here is the difference between high burn-
up fuel and fresh fuel in this regards. With fresh
fuel, when vyou insert a big power increase. The
phenomenon that can cause fuel dispersal, I mean, fuel
getting outside of the cladding into the coolant,
small pieces finely divided, coherently ejected in
time so that you set up conditions for a fuel coolant
interaction, it's molten fuel. Nothing else in our
experience would do it except molten fuel.

That's not the case for high burn-up fuel.
High burn-up fuel, you have all of this fission gas on
the grain boundaries, all through the fuel pellets.
So you have little gas bubbles, and if you heat it up
high enough, it tends to blow the pellet apart. And
in many of the test cases, fuel expulsion with
associated power pulses were recorded.

Now, these power pulses were -- I'm not
going to try and quantify them. From the
experimenter's point of view, these were big power
pulses. From a structure analyst's point of view
these are not big power pulses.

DR. DENNING: When you said "power pulses"
you meant pressure pulses.

DR. MEYER: I'm sorry. Pressure pulses,

pressure pulses. Thank you.
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I think it's clear without proof that
there is some regime above cladding failure at which
the energetics of fuel dispersal would be rather
benign. I haven't made -- we haven't studied that and
tried to discover where that is, and the reason is
that from the outset we believed that we would reach
this outcome that vyou couldn't even get to the
cladding failure level.

The industry has told us for years and
years in all of our discussions about test planning
that the maximum enthalpy you're going to get in a
power reactor in this event is about 40 calories per
gram based on their work, and that looks to be about
right.

Now, I have forgotten some of the slides
that I put in, but here are some milestones.

CHAIRMAN POWERS: Let me go back to the
previous. I'm dying to know why you've got a MIL spec
on your planning document, but I mean, there's a
qualitativeness about this.

DR. MEYER: Got a what on a-?

CHAIRMAN POWERS: A qualitativeness about
this. You tell me look at these rod worths. Say
they're ten percent inaccurate.

DR. MEYER: Yeah.
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CHAIRMAN POWERS: And I say okay. Fair
enough. I have no idea how you came up with ten
percent, but I'll take them as ten percent.

Then there's a real overlap Dbetween
available rod worth and your critical rod worth that
is such that you'd want to quantify that I would
think.

I look a little bit to Dr. Denning because
he knows all about these things, but I mean, if you
tell me that you've got uncertainty bands of ten
percent on these numbers, they overlap, and so the
third conclusion, that it 1s not 1likely may be
entirely accurate. It just depends on your definition
of "likely."

DR. MEYER: So you're saying 1f we
increase 1.5 by ten percent, we get 1.7.

DR. BILLONE: Or 1.65, which is
approximately --

CHAIRMAN POWERS: And if I decrease 1.7 by
ten percent I get 1.55. I mean, there's an overlap
here that begs for quantification here.

DR. MEYER: Okay.

CHATRMAN POWERS: To reach the third
statement.

DR. MEYER: Yeah. Well, here's where also
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from the beginning of this we have taken the point of
view that it's not necessary in analyzing this event
to put two sharp a point on the pencil because it is
a very low probability accident to begin with.

We're talking now about the threshold for
cladding failure, and we all agree that there is some
margin above that. We haven't quantified it, but I
think you stack all of these things together and can
reasonably come to the conclusion that this is a good
enough estimate and that we should put our effort on
some other problems.

CHATRMAN POWERS: I mean that's an
accurate statement of your beliefs. I mean, I assume.
It's not a defense of the conclusion. It's Jjust a
statement of belief.

DR. MEYER: Okay. But I mean, what I've
told you is, I think, an accurate description of the
way we've approached this. When we come to these
areas of uncertainty, we haven't pursued them because
we Jjust didn't think it was important.

Now, the industry is going to tell you
that what I have up here is hopelessly conservative,
and I want to disabuse you of that view if I can get
to my next slides.

CHATRMAN POWERS: Press on, and you can
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tell me why you have a MIL spec on your slides.

PARTICIPANT: It's ML, not MIL.

DR. MEYER: Yeah. I happen to know what
a MIL spec 1is, but that's just a coincidence.

These numbers are the Adams succession
numbers where you can find the documents if you like
to search for them that way. So we documented this
work in March of last year, and NRR has made some use
of this in their review of the entry topical report,
and they issued a letter in March of this year.

One of the test series that I referenced
is not well documented at the present time. There's
only one paper in an obscure OECD conference that was
held in France a few years ago, but we are in the
process of getting this documented in a NUREG
international agreement report, and that will be done
in the next year, and eventually, we plan to revise
Regulatory Guide 1.77, which has the limit values for
fuel enthalpy in them, but we don't have this on a
fixed schedule at this time, and we're kind of waiting
to see how this debate plays out between us and the
industry on the technical issues.

So I didn't plan to go into any more
detail on this.

Okay. Now, I wanted to look at several
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data points or groups of data points that have been
questioned. One 1is the REP-Na7 test, which was
conducted with a MOX fuel rod instead of the U0, fuel
rod. One was an old SPERT test, and then there's a
two REP-Na8 and REP-NalO test from Cabri that resulted
in cladding failure.

I want to start by talking about the MOX
text first. Let me consult my notes.

There have been --

DR. SHACK: You mentioned with the use
total elongation those Japanese tests.

DR. MEYER: Yes.

DR. SHACK: Does it move up when you use
strain energy density?

DR. MEYER: 1I've got to think about this
a minute. You would have, I think, exactly the same
situation because the strain energy to failure you
would assume is temperature dependent. You'll have to
relate that to something, and so would you take the
strain energy for uniform elongation, you know,
integrate the curve out to uniform elongation or would
you integrate it out to total elongation?

I think in the end you come to exactly the
same dilemma. We've thought about -- in fact, our

code calculates this strain energy density 1if we
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wanted to, and we've done some calculations like that,
but I prefer to do it the way we did because we can
separate the cases that fail in the elastic region
from the ones with plastic strain and treat them
differently.

With strain energy density, vyou just
multiply stress and strain together and you smear that
together. We just prefer to do it the other way.

DR. DENNING: Ralph, I'm missing something
again, and that is why is there so much emphasis on --
there are all examples of where there was failure.

DR. MEYER: Yes.

DR. DENNING: Yeah?

DR. MEYER: Yes.

DR. DENNING: Why 1is there so much
emphasis on the cases where there's failure as opposed
to the cases where there's non-failure?

And I was, you know, thinking about your
limiting curve there. If you're going to have
confidence in the limiting curve, don't you really
want to look heavily at the cases of non -- I mean,
clearly they have failed cases below that, but if I
looked at your non-failure cases, would they give me
confidence that, indeed, that you've defined that

threshold boundary well?
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DR. MEYER: First of all, I don't know how
to do the scaling adjustment for a case that doesn't
fail. Maybe I could. We didn't.

The only other thing that I think of that
might be helpful to say is that certainly if you look
at the non-failure cases along with the failure cases
you get a real estimate of a large uncertainty in this
whole business, and it is large.

So by taking a bound on the failure cases,
I think we've somehow tried to bound that uncertainty,
but you know, if you run the same test twice, you're
not going to get the same answer exactly.

DR. DENNING: So if you did plot to the
extent that you could, your non-failure cases, they
would well overlap. They would fill in well up to
that curve, but they'd also well overlap.

DR. MEYER: Well, if we go back to slide
number three, and I don't know how to adjust the open
symbols, but you would take all of the black round
symbols and move them up 25 calories per gram, and the
others are not much different than where they're
plotted, except for this Cabri MOX point. It's down
about 20, and that's the picture that you're asking
for.

And there remains a lot of non-failure
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tests at fuel enthalpies higher than ones you had
failure in, and I think that's a real measure of the
scatter or uncertainty in the data, and I don't know
how to handle that.

So we simply try and bound the failure
cases.

Okay. MOX. There's been floating around
for a number of years a hypothesis about a dynamic
fission gas effect, and I wish I had put a slide in to
illustrate this, but if you take the fission gas
that's residing in these small gas bubbles on the
grain boundaries, and if you release that inside of
the cladding enclosure 1in the open spaces in the
effective gap of the fuel rod, the gas pressure that
occurs during the transient is very small, Jjust a
couple percent of the yield stress.

So it won't do anything. It won't make
any significant contribution to the stress applied to
the cladding by thermal expansion, but it's postulated
that if you keep then gas in the little bubbles and
allow them to act as wedges pushing grains apart
because the pressure in the gas bubble goes at two
gamma over r; you have extremely high pressures in the
gas bubbles, but these things can contribute in a

substantial way to the stress applied to the cladding
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during the transient.

Now, in EPRI's case, you'll hear today
they do not apply that model to UO, fuel, but it is
argued by some that it should be applied to MOX fuel,
mixed oxide fuel, because there are some differences
in the location of the gas and the microstructure of
a MOX fuel pellet and a UO, pellet.

A UOQ, pellet would have more of the gas at
the rim, and the MOX pellet would have more of the gas
in the little plutonium clusters distributed
throughout the pellet.

Okay. So the first thing I want to point
out, and just look at this for entertainment while I'm
talking, is that the gas bubbles in UO, are gas filled
voids in UO,. They're not like soap bubbles with thin
surface membranes that can expand at will, and I don't
think you can get bubble expansion at all or to any
significant degree during a ten millisecond pulse when
what you're requiring is for the UO, pore to swell.

So first of all, I think there's a logic
problem here in trying to imagine that that gas can
expand instantaneously and push on something.

CHATRMAN POWERS: Let me understand a
little better. The pressure inside a pore here is a

function of the thermodynamic pressure and the surface
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tension pressure.

DR. MEYER: Yeah.

CHAIRMAN POWERS: That's your two gamma
over r term.

DR. MEYER: Un-huh.

CHAIRMAN POWERS: When that heats up, that
two gamma/r hardly changes at all. Surface
temperature and energy is a little bit dependent on
temperature, but not very dramatic. It's only the
thermodynamic pressure that's going to go up in
response in the increase in temperature, right?

DR. MEYER: I think I follow you.

CHAIRMAN POWERS: I mean, you agree that
that's the term that's going to increase with
temperature, right? It's just the PVORT's term.

DR. MEYER: It's the increase 1in
temperature, yeah. That's all.

CHAIRMAN POWERS: And that's usually small
compared to the surface energy term.

DR. MEYER: Yeah. I don't think it can
change.

CHAIRMAN POWERS: Yeah, it changes.
There's no question about it, but it's small compared
to two gamma over r term, which is kind of fixed.

DR. MEYER: I'm a little slow. I'm not
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sure I followed you, but I'm sure you're right.

CHAIRMAN POWERS: Well, I mean, if you do
the equation that's stated, the gas in the pore, the
pressure term that you put in 1is a thermodynamic
pressure.

DR. MEYER: Yes.

CHATRMAN POWERS: Plus the surface
temperature.

DR. MEYER: Yes.

CHAIRMAN POWERS: Or surface energy. It's
the two gamma over r term.

DR. MEYER: Yeah.

CHAIRMAN POWERS: The two gamma/r isn't
dependent on temperature at all really.

DR. MEYER: Okay.

CHAIRMAN POWERS: I mean, 1it's flat.
Whereas the thermodynamic pressure, I mean, it's
vibration of molecules. They respond almost instantly
to the pressure. That must go up, but it's small
compared to -- I mean, you don't have a scale on that.
Those irritating little voids you've got there are
microns in size, submicron in size.

DR. MEYER: Submicron, yeah.

CHAIRMAN POWERS: I mean, typically those

grains are what, 12 microns, something like that. So
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it looks 1like the little wvoids must be a couple of
microns. The surface energy is on the order of what,
600 ergs?

DR. YANG: Of the temperature increases.

CHAIRMAN POWERS: Yeah, but it would have
to be screaming.

MR. MONTGOMERY: This is Robert Montgomery
from Anatech.

Yeah, you have a temperature effect, and
it is fairly high. I don't know about screaming, but
this 1is a pretty complicated process, and there's
another factor that you have to keep in mind, which is
as you notice, decorated along these grain boundaries
you can see in this picture a number of grains, and
you see a number of gas bubbles along the grain
boundaries.

Grain boundary cohesion is one of the
factors that plays a role in this as well, and the
grain boundary strength or tension capability is much
less than the surface tension effect of a pore within
the grain itself. So you're looking at a number of
different factors that come into play here, and it's
not just simply the surface tension effect that will
be restricting the growth of the bubbles.

DR. MEYER: If I can leave this point, I'd
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like to make a second point about the MOX fuel, and
that is that because you now have more of the gas
located in the plutonium clusters on the interior of
the pellet, you're putting it into that part of the
pellet that can't expand fast enough to keep up with
the outer rim.

So you're putting it into a region of the
pellet where it's going to be ineffective even if it
could expand because it's the thermal expansion
driving the hot outer rim that's going to control
here.

So my conclusion is that this MOX effect,
this dynamic gas effect doesn't exist. Sometimes we
look at these series of tests to see if we can see any
trends, and I don't think you see a trend. The first
two entries here, REP-NaZ2 and 9, were at fairly high
fuel enthalpies. These strains indicate that these
have surpassed the PCMI range, and so what vyou're
seeing here 1is the result of gas pressure and
temperature which could be different.

These three are clearly PCMI, in the PCMI
range, and if you simply go from the highest enthalpy
to the next highest enthalpy to the next highest
enthalpy, they're in the order of the strains going

from the highest value to the next highest to the next
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highest. I don't think there's any MOX effect
indicated by these data.

So my conclusion is I don't think there's
a MOX effect. I think we're dealing with thermal
expansion predominantly. The thermal expansion of
mixed oxide fuel is virtually identical to the thermal
expansion of UO, fuel, and I think that that's a good
data point to keep in the database.

Now, there's also some questions about
another data point that we use here. This is a SPERT
data point where the oxide thickness is in question.
This very old set of data, all of the information that
you'd like is not recorded. Some years ago we had one
of the original experimenters working with us, Mack
McCardell, and his estimate from the early data was
that this was somewhere around 70 microns of oxide
thickness.

I believe there were probably some errors
in his calculation, notwithstanding Carl Beyer and
Harold, I think have looked at the irradiation history
of this rod in the ATR reactor, run the FRATCON code
and calculated the expected oxide thickness and found
that it was not greater than this amount.

So there 1s some perhaps substantial

uncertainty of what the oxide thickness is for that
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SPERT data point, but it's just one of several data
points, and I don't think it has too big an effect on
our bottom line.

Now, I want to talk about the last two
data points which there is some discussion about. The
specimens for REP-NalO and REP-Na8 -- I think I got
them in the right order -- in the Cabri reactor had
spalled locations on the oxide. Some of the oxide had
spalled off during normal operation. It always flakes
off during the test, but these had flaked off pieces
of oxide during normal operation.

When this happens during normal operation,
you get a little better cooling in the location where
this insulating oxide has flaked off, and when you get
a little Dbetter cooling 1in that location, the
hydrides, which are accumulating, will tend to
congregate in that spot, and you can end up with what
we call hydride Dblisters in the cladding in the
locations where the spalling took place.

And, indeed, these rods had some small
hydride blisters in them. So it is argued that the
hydride blisters would act as failure sites and cause
early failure in rods that had spalled oxide compared
to cases that might not have spalled oxide.

We have seen some rods out in this region
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with the same amount of corrosion on them that didn't
have spalling. The Robinson rods have corrosion
levels up to 100, and I don't know if there's any
spalling, but there's certainly not much spalling on
the Robinson rods.

So sometimes there's some spalling and
sometimes there isn't some spalling. If you have this
much oxide, you'll always have a lot of hydrogen.

In REP-Nal0O, the better of the two tests
because of the pulse shape, there was only one cross-
section taken for metallography. They attempted to
take this at the location of the initiation of the
through-wall crack. Once you initiate the crack, it
can run pretty easily. So it's kind of important to
figure out where it initiated.

Now, they couldn't estimate the location
with that much precision. They do this from their on-
line instruments, and they can pinpoint the location
plus or minus four or five centimeters, and so they
went right in the middle of that, right where they
thought it was, and they did this radial cut, and they
found two blisters. They're thin, and they're not
associated with the through-wall crack.

Here is the through-wall crack, and you'll

notice it's adjacent to a crack in the pellet. Now,
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the crack in the pellet looks huge, and that's an
artifact, I think, because the test in sodium, before
they get it out and cleaned up, the sodium etches away
some of the fuel material. So I think this has been
artificially enlarged, but there was a crack adjacent
to that.

In the other specimen, in REP-Na8, and I
don't have the pictures included, in REP-Na8 they did
the same thing. They took a cut right where they
thought the failure initiated, and they took a couple
of cuts, one on each side of that.

In all cases, you see the through-wall
crack lined up with the pellet crack in or near the
expected location, and you don't see it -- we couldn't
find any blisters in those cross-sections. I don't
know whether that was because we weren't looking at
the right cross-sections. You have to etch them in a
certain way to make the blisters stand out.

So I don't think the blisters were
associated with the initiation of the cracks in either
of these test runs, and there's a little bit more
information that supports that view, and this is work
at Penn State where they did a study on blisters in
zirconium sheet. They happened to use sheet instead

of tubing, and compared that to the strain. They were
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looking at strain to failure for Zircaloy sheet
material in which they had artificially put hydride
blisters, and they compared that with some tubing
cases where there was a uniform hydride rim without
hydride blisters.

But the rim thickness, the rim is pretty
thick and what you see here is for depth of either the
hydride blister or the hydride rim; that the strain to
failure 1s reduced pretty much the same as you
increase either the depth of the rim or the blister.

And in fact, in their database they see
the rim being a little more severe than the individual
blisters, and they argue that point. They made a
presentation a couple of years ago at NSRC on this,
and this is in a recent paper that --

DR. DENNING: Those articles are above --

DR. MEYER: Yes, yes.

DR. DENNING: Throw away that for a second
and just look at the rest of that curve and look at
the trends of open circles versus closed circles. And
if I were objective and I didn't know what's going on
here, I would see no trend at all. Honestly, if I
look at that out there, it's not at all clear to me
that as oxide thickness goes that there really is a

trend of where you get a failure, where you don't get
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a failure.

If I objectively 1look out here in the
range of 80 or something 1like that and say, well,
suppose I had run tests down at ten calories, would I
have gotten failure? You know, if I didn't know a lot
of other stuff, I can't look at that data and have
confidence that there is a threshold that's at the
place that you put the boundary line.

DR. MEYER: vyeah.

DR. DENNING: Based upon that, I know
whether other people from the committee have a similar
comment, but I don't see a strong basis for where you
draw the line based upon what I see.

I recognize there's been adjustments and
stuff like that. They're kind of minor relative to
the comment I'm making.

DR. MEYER: That's exactly why we went
through this exercise, because we felt strongly that
these black round circles were too low, because the
tests were <run at room temperature, and we're
interested in an event that starts at 300 degrees
Centigrade.

DR. DENNING: And I agree, and you raised
them a bit.

DR. MEYER: Yeah.
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DR. DENNING: But I'm saying look at
here --

DR. MEYER: Maybe not enough. Those are
the most uncertain. I mean, they dominate this whole
part of the plot. These are the NSRR tests, and
they're the most uncertain of all because for this PWR
accident, they're all conducted at the wrong
temperature, and the temperature variation may, in
fact, just actually spoil those results.

I'm not adamant that these belong up only
25 calories per gram. I'm simply reluctant to push
them up any higher because I might be wrong.

DR. DENNING: But isn't what's really
controlling out here as we get the higher oxide
thicknesses? I mean, from your curve certainly the
lowest parts of that curve are out here in high oxide
thicknesses.

DR. MEYER: Yeah.

DR. DENNING: And you drew some comfort
that there's margin there relative to 40 calories per
gram in your conclusions, yes?

DR. MEYER: Well, it's a little tight. I
agree, but there's some margin.

DR. DENNING: The test looks data-sparse

to me to be able to draw the conclusion. That's my
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feeling.

DR. MEYER: 1I'm sorry, Rick?

DR. DENNING: It just doesn't look like
there's enough data out there to draw much of a
conclusion.

DR. MEYER: What can I say? It would be
wonderful if these programs were searching for
specimens with high corrosion limits in order to get
data out there. That's where the dearth of data
exists.

Now, let me comment about this group.
These failures here are almost all high temperature
failures, and the ration test in IGR and BIGR, in my
opinion, were beautiful confirmation of this old 170
calorie per gram value that we use for the high
temperature failures, but if vyou subtract off 18
calories and you look at these, in IGR they had a
pulse width of 700 milliseconds. In BIGR they had a
pulse worth of three milliseconds, not 300, three, and
it got exactly the same answer. The failure level was
just about 155, 160 calories per gram.

And so what I feel confident in is that
when you start the transition from high temperature
into PCMI, you start it from about 155 calories per

gram. I'm also fairly confident in that data point,
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that data point, and that data point.

So I'm reasonably certain that we're
dealing with something 1like this. I'm not so
confident in the Japanese data points and the old
SPERT data point. While the complaints have been in
the uncertainty in the oxide thickness, I think I will
help the opposition here. You should complain about
that was run at room temperature, and we didn't adjust
it. So it probably should get pushed up.

The data recorded were simply not
sufficient to adjust that point, and we left it right
there.

There i1s some sentimental attachment to
that figure. For decades we ignored that data point.
We've known about this data point since the '70s, and
we ignored it because we thought it was an outlier,
that it was waterlogged, and we subsequently found
that that is not true, and the people that ran that
test were still living and breathing when we became
reinterested in this, went back and looked at
everything they could.

It's a good data point, but it was taken
at room temperature.

DR. DENNING: TI've known the truth of that

particular -- not the truth, but the non-truth of that
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so long that, vyou know, it's Dburied into your
unconsciousness.

DR. MEYER: But I'm reluctant to throw it
out again. We threw it out once, and that was a
mistake.

(Laughter.)

CHAIRMAN POWERS: Any other questions for
the speaker?

Well, I bet we get a chance to come back
to this when done.

In that case we'll take a break until 25
after the hour.

(Whereupon, the foregoing matter went off

the record at 10:09 a.m. and went back on

the record at 10:27 a.m.)

CHATRMAN POWERS: Let's come back into
session.

Let's see. Our agenda calls for some
opening comments from Rosa Yang, but I want to just
touch on a little bit of committee business here.

As the members of the subcommittee are
aware, the is an 800 pound gorilla facing us, which is
the MOX facility scheduled to come down. It looks to
me like we can take that off the immediate agenda and

delay our planning on that for at least a year. So
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that's a little relief for us.

Let's continue our discussions of the
reactivity insertion or initiated accident, as vyou
will, and hear from you, Rosa.

DR. YANG: Okay. Can you hear me without
the microphone?

CHAIRMAN POWERS: It's not us hearing you.

DR. KRESS: It's not us.

DR. YANG: All right.

CHAIRMAN POWERS: Just sit down and pull
one of those microphones towards you.

DR. YANG: Okay. It's Jjust I'm not
properly dressed.

PARTICIPANT: No necktie.

DR. YANG: Yeah, I'm sorry about that.

CHAIRMAN POWERS: Yeah, it's a 1little
sexism on the part of the committee.

DR. YANG: Just everywhere.

Well, good morning, everybody. My name is
Rosa Yang from EPRI.

The industry presentation today will be
three parts. 1I'll give an overview which I'll mostly
focus on what we have done, you know, in this area,
and then Robbie Montgomery will get into the technical

details of what we have done and our response to what
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Ralph just presented.

And then Westinghouse will give a
perspective about how this issue can affect the
industry. Then we will wrap up.

Let me just start before the presentation
to say I think Ralph gave a good presentation, set the
stage for most of our talk, and I think from his
presentation you can see the industry, not Jjust the
U.S. industry, but this is something internationally,
and there 1s a pretty good understanding of the
mechanism.

The plot that he has presented, there are
over 100 data points, and each of the data, depending
upon where it is done, cost on the order of tens of
millions of dollars from running the test to the end.

And Ralph has made a proposal in the RIL,
and I think just to kind of preface on what I'm going
to say is we think the approach is very conservative
and the failure limit extremely low, and as you heard
earlier, he agrees that the methodology is fairly
crude, and that the adjustment could be more.

But most importantly, I guess what I'm
going to focus on is the collapse of the coolability
limit to the failure limit, in fact, for an accident

that all of us agree that will not happen, you know.
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We talked a lot about it, that the overlap between
what the failure limit would be and what the real
world would be, there is, I guess, a word Ralph used,
"comfortable gap."

But as Mr. Chairman pointed out, there's
an overlap. It's really not comfortable. There is an
overlap of what was proposed in the RIL between 1.5
dollars and 1.7 dollars. We're awfully close. To
implementing that, it's going to cost the industry a
lot of resources in terms of core design, in terms of
methodology.

And what I would like to point out to you
today and with the three presentations that are to
follow is there is tremendous work that has been done.
It's unlike LOCA. This issue started in 1993, and
from 1993 till now, we have spent a tremendous amount
of resources, and there's very good understanding of
the mechanism, as Ralph alluded to earlier, and there
are pretty mature technology codes that have been
developed and can be used to avoid a lot of the
awkwardness that you have raised the questions about
earlier.

You know, there's really no need to use an
unbenchmarked code to adjust different data points

using different criteria and different approaches.
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You know, the whole data set as you will see later on
in Robbie's presentation, the data set, as Professor
Denning pointed out earlier, is more than just oxide.
There are a lot of other important factors there, and
there's good understanding of that.

So hopefully we can try to answer some of
these question. So let me start. How do I start?
Just click on it?

Okay. So the outline of my presentation
would be I will give you a bit of the historical
perspective of this issue and talk about the industry
effort and approach, and also I'd like to share with
you about what some of the other people, other
regulators, other people are doing in terms of
understanding the mechanism and how they use their
understanding to either ©promulgate criteria or
proposed criteria.

And then I want to just kind of summarize
our major difficulties with the RIL.

As pointed out earlier, there was a test
in late 1993 actually, REP-Nal in 1993 and then HBO-1
followed shortly, that raised big concerns about this
high burn-up fuel would fail at much lower enthalpy.
This particular REP-Nal as Ralph's chart already

indicated failed at fairly low enthalpy and with some
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fuel dispersal.

I will Jjust commenting very briefly on
that later on.

As a result of that, it raised a lot of
concern among the international community, and what
happened in this country is NRR has assessed the
situation to look at the safety significance, and
their conclusion was summarized in a memo from the
then EDO to the NRC Commissioners, and the conclusion
of that was that there's no significant impact on
public health and safety Dbecause of the low
probability of the occurrence and, more importantly,
because of high burn-up rods. There's just not enough
reactivity in the high burn-up rods. So the
reactivity input would be small on high burn-up rods.

And they also concluded that there's no
concern for core coolability with the disbursal of
solid fuel particles, which Ralph also agreed earlier
on.

However, they do recognize that because —--
remember these two data points are extremely low and
there are problems with them later on, as we
recognize, but at the time they did recognize because
of failure, enthalpy could be lower for high burn-up

fuel. Therefore, vyou know, there will be higher
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radiological consequences.

And the industry at that time has
performed assessment of the impact of low enthalpy
failure, and in the letter submitted by NEI in
December of 1994, it shows the investigation at the
time. Earlier there was a question about the
probability. It's less than one times ten to the
minus six per reactor year, and that particular number
was for the PWR rod ejection accident.

And as Ralph also indicated earlier, for
BWR rod drop, the probability is even lower. And even
looking at that low enthalpy failure, the plant will
be able to meet the off-site dose requirement as
required in the 10 CFR Part 100 limit.

So, therefore, the industry confirmed
there is no immediate safety concerns, pretty much
like the NRC conclusion.

However, even with no immediate safety
concern, the failure <criteria were needed to be
revised for high burn-up to reflect the experimental
data that we have produced over this time frame, and
also there's significant understanding we have gained
since 1994, and I just want to share with you what we
have done.

Around right after the REP-Nal test,
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obviously the international community is quite
concerned about this, and the industry was asked by
NRC to jointly sponsor a project which was proposed by
IRSN in France. It was an international project, and
a lot of the data that Ralph presented which he calls
Cabri data came from this.

But this particular one was really to look
at the conversion from that sodium loop to the water
loop, and we have spent over $4 million since 2000,
closer to $4 million, but that's really Jjust a
participation to that project. Later on you'll see we
have spent a considerable amount of effort trying to
understand this mechanism.

As a result of that participation, there
were two tests that were run recently in the sodium
loop, and they were at the highest burn-up achieved at
75,000 -- 75 gigawatt days per metric ton, one ZIRLO
rod at corrosion level of 85 microns and MP of 15
micron, and both were ramped to about 90 calories per
gram, and neither of the rods failed.

And, by the way, that's the maximum energy
you can put in for that level of burn-up from that
reactor.

So that's the experimental part of it, but

as you have gathered earlier, this phenomenon is
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relatively complex. You know, you're shooting in a
very short pulse and the fuel heat-up tremendously,
and the rod may fail under certain conditions.

So we have analyzed all of these
experimental data points. I would refer to them as
RIA simulation tests Dbecause we have spent a
considerable amount of effort, have obtained another
type of data, which is really cladding mechanical
property because there's really two prongs to this
approach.

First, you need to understand the
mechanism, and as many of you'll see later, and I
think Ralph alluded to that, this is PCMI type of
failures. So cladding ductility is the one that
really determines if the cladding can hold the type of
loading that was put on the cladding during the
simulation test.

So we have performed a considerable amount
of mechanical property test data, and by putting the
two together into a model call FALCON, which is our
approach, and the others have different codes. Ralph
talked about FRAPCON and there's another industry code
called SCANAIR, and we have combined that knowledge
and have looked at a proposal, have put together a

criteria that Robbie will talk about 1in extensive
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detail later on and submit it to NRC in April of 2002.

And right now we're still considering
continuing this benchmarking effort with EDF to look
at how robust the approaches are and how the code
compares with each other.

I just talked about the effort in the
U.S., but there are, you know, considerable efforts
elsewhere. I think the two most famous places are
France and Japan, and they are like together 100 data
points simulation type of tests have been generated.
Fourteen of the tests are from Cabri.

As you will see, both Ralph and us kind of
favor the Cabri test more because they are well
instrumented. They're detailed, characterized and
maybe more importantly is that they are the closest to
the PWR rod ejection accident condition.

The Japan tests are very, very
conservative mainly because the temperature is so low
and the pressure pulse 1is very narrow, 1is four
milliseconds, 1is much narrower than any code would
calculate, and of course, the lower the pressure
pulse, the impact is more aggressive.

CHATRMAN POWERS: Several comments have
been made about these Japanese tests and their biases,

and I wondered if I had a Japanese speaker here, would
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he be so critical of his own tests.

DR. YANG: I don't know I would use the
word "critical." I think he would agree that it's a
very, very demanding and conservative condition. What
is really very, very interesting is the community
works wvery close together. We have meetings quite
frequently, and you have the Japanese and the French,
the Americans, the Germans, the Spanish, and I'll
share with you some of these data.

We meet frequently, and there's really a
lot of communication. I think I should have mentioned
this in the wvery beginning. I see LOCA, which we
talked about yesterday, I see LOCA being the situation
where we were maybe five, eight years ago for RIA.
You know, RIA when it first happened, you can see, you
know, the tests were done in late '93, and actually it
was presented to everybody in April '94, and then
everybody scrambled trying to find out the safety
significance.

And we have done a lot of LOCA data, but
if you look at what we presented yesterday, a lot of
the data were hot off the press. In RIA, we've been
at this so long I really would 1like to -- one key
message I'd like to communicate to you is that there

are extensive publications, and I will -- actually I
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was halfway making the list, you know, to show that a
lot of the papers said sort of like summary of the
understanding of the RIA test or the mechanism of the
RIA failures.

So there's tremendous knowledge in this
area, and this particular Japanese, Dr. Toyo Fuketa,
whom we know very well, and I think he would agree
that the Japanese tests are very, very conservative.

In fact, I'll show you even their criteria
are not as conservative as what is proposed in the
RIL.

CHAIRMAN POWERS: Yeah, I would 1like to
see how their -- it would be of interest to see how
they're interpreting their own tests.

DR. YANG: Yes. Actually, to give you a
short summary, they don't. They basically don't
interpret any data point at all. That's the Japanese
approach.

They don't, but you'll see they have their
way around it. So I'll talk about that in a minute.

As I said, there's tremendous work in the
international community, and I think, you know, I'll
be happy to provide the list to this committee, and
the list is pretty long. And if you look at it, there

is a good consensus about what the mechanisms are. I
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think Ralph would agree what the mechanisms are, and
particularly, there are some really good summary
papers from France and Japan about their particular
interpretation of their experimental data, and they're
pretty coherent and consistent.

You can't just plot it for burn-up, and
you know, you can't plot it for oxide either because
those are only part of the picture. The picture is
that you have to look at the cladding ductility. You
know, temperature, pulse width are very important, as
Ralph pointed out, Dbut cladding ductility are
important.

High burn-up cladding, which started this
whole thing about, gee, this is a high burn-up effect,
high burn-up <cladding are very robust under
prototypical I ©probably should say rod ejection
accident rather than RIA accident. You just have a
hard time to fail them. Usually the reactor doesn't
have enough energy to fail the rod as long as it is
not spalled, and that's one key point I will try to
illustrate in a minute -- not in a minute. Maybe in
a few minutes.

And there's really no so-called high burn-
up effect, and I think Ralph probably agreed to that,

if I understand him. All of these gas bubbles you're
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talking about at high burn-up, they really don't
produce additional loading as you go to high burn-up,
and the reason, we probably mentioned this to you, is
because that was one of the key debates within the
industry.

As you go to high burn-up all of these gas
bubbles, do they really produce more loading;
therefore, you would fail lower? That's not it. What
is really important is the cladding ductility.

And having said all of that, I think we
all recognize I think the awkwardness of making these
adjustments. So the best way is really to develop an
analytical tool to fully understand the mechanism and
then try to translate it, and there are these codes
available to do that.

Some may be more benchmarked than others,
but codes are available.

And a lot of these mechanisms were also
discussed in this PIRT process that NRC conducted.
They basically reached the same conclusion to say what
the failure mechanisms are.

And all of these studies, experiments also
confirm what NRC's early evaluation that there is no
immediate safety concern. However, we all recognize

that the failure criteria that is 1in the current
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regulation, which is 280 for coolability and 170 for
failure, are probably not conservative enough looking
at the data because, you know, we all talk about the
oxidation, the hydrogen accumulation at higher burn-
up. That definitely degraded the cladding ductility.

So some revisions are required, and I
think what we're debating here is what is a proper
revision.

I talked about earlier many —-- because of
all of this tremendous amounts of work, many of the
regulatory agencies have promulgated new criteria, and
particularly interesting is when the REP-Nal tests
were first reported. Switzerland and Sweden, they all
immediately just look at the data and dropped their
failure limit to very, very low, and it's so low it's
really affecting core design and burn-up extension in
those countries.

So they recognized the problem and they
have wvery recently revised those earlier very
conservative criteria, and I'll show you how they
revised it to.

I don't think I'm going to dwell on this
too much because Ralph already talked about that.
There are really two different types of mechanisms,

one at low burn-up level when your gap is not closed
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and the cladding have very good ductility.

And I'm sorry I used the word "burn-up"
because it really should be something more related to
ductility, but just for explanation purposes it's sort
of a surrogate for that because as typical as you go
to higher burn-up, the corrosion tends to be higher,
but it's not a one-to-one and not a linear
relationship.

So there are very different mechanisms,
and I think Robbie is going to point out later on some
of the corrections that were made in the RIL is by not
properly addressing the two different mechanisms that
are operating in the data, but because this is a high
burn-up issue, so the rest of the study that we're
going to focus on in Robbie's presentation is really
going to be looking at pellet cladding/mechanical
interaction. So this whole picture is when you heat
up the fuel, which mostly on the rim of the pellet,
and that provides a loading on the cladding. So how
strong the cladding is and how bad this impact is is
what determines the failure limit.

This picture, I just want to show you this
is a paper from a recently presented at a couple of
places by a Swedish organization, including the

Swedish regulator, and this is the 1logo of the
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organization that presented the paper. I forgot the
name. It's a Swedish firm, but they basically said
exactly the same thing.

So I Jjust want to use this picture to
illustrate the point that although the data scatter
quite a bit because of the test condition, but the
fundamental understanding, there's very, very good
consensus among the industry.

And I think this plot, Professor Denning,
is somewhat different from what Ralph presented
because this is just showing the burn-up. I think the
plot that Ralph later on is transformed, some of the
points to the left side for oxide purposes.

But I just want to use this plot to show
you where the current regulations are and the need,
therefore, Dbecause some of these data points are,
indeed, at a lower level, and there is a need to make
that adjustment.

But another point I Jjust want to point
out, you can see the data. Not just the failures are
going down as you go to the right-hand side, but the
non-failed point. You see, a lot of non-failed points
are kind of trending downwards as well, and that is a
result of the nature of the situation. Because when

you go to high burn-up, there is just not enough
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reactivity for the reactor to move these points high
enough to fail it, and that's actually the struggle
that we face at Cabri.

We just couldn't put in enough energy to
fail good cladding. If you have good cladding, it
will be a challenge to bring it high enough to fail
it,a nd that's kind of what we all talked about
earlier, this non-overlap or overlap.

I think I talked about this enough and
Ralph talked about it enough in that not all data are
equal. The temperatures are different. The pulse
widths are different. The cladding materials are
different, but more importantly is all of these are
simulations, and what you want to note is what is in
the lightwater reactor.

And you can see the key parameters are
closest for Cabri and very different for NSRR, and the
tool 1is really needed. You can't just, you know,
adjust things because you inevitably get into an
awkward situation when you just make adjustment. Let
me very -—-

CHAIRMAN POWERS: Yesterday we were shown
data that demonstrated fairly persuasively that there
was a change in measured ductility in clad as you went

from room temperature just to 135 degrees Centigrade,
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a relatively modest temperature change.

And the question was posed: why is that?
And the answer was basically God made it that way.

If that's the level of our understanding,
how do vyou make a tool to compensate for this
temperature effect?

DR. YANG: Well, first of all, the
temperature difference here is considerably bigger.
It's from room temperature to about 300 degrees C. So
the temperature range difference, and I don't know
that God makes that way is a good thing, but there are
lots of experimental data to show the temperature
effect. I mean, it is --

CHAIRMAN POWERS: So we have the empirical
data that will allow us to account for the change in
ductility that go from 25 to 300 degrees Centigrade?

DR. YANG: Well, we have data. You know,
you always can want more data. I think what is
amazing -- I'm Jjust about to show you -- 1is the
robustness of this approach. You know, we somewhat
use something different. As long as you use a good
benchmark code, that seems to give you the same
answer.

So, you know, we do have --

CHAIRMAN POWERS: I mean, the one code
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that I know will always give you the same answer is
one that's very, very bad. I have just not seen these
data that would show us what the measured ductility
for a given kind of irradiated clad when the ductility
measurement was made at various temperatures from room
temperature up to 300 degrees C. I just haven't seen
that.

DR. YANG: Okay.

CHAIRMAN POWERS: It would be nice.

DR. BILLONE: Dana, there are a lot more
data relevant to this, relevant to LOCA.

DR. YANG: Relevant to this than LOCA, I
think, yeah.

DR. BILLONE: I mean, they can be
presented.

CHAIRMAN POWERS: You're telling me that
there are no data between 25 and 135, but from 135 to
300 we're data rich.

DR. BILLONE: ©No, no, no. As irradiated
material which is in the alpha phase, it has been
studied quit a bit, and there's a lot of data, whereas
post LOCA material has not been studied.

PARTICIPANT: Okay. That's where the
problem is.

DR. BILLONE: That's where the difference
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is.

CHATRMAN POWERS: I understand. Good.
Thank you.

DR. YANG: Thank you.

Let me say a few words about REP-Nal. I
know we have talked about it at this committee.

CHAIRMAN POWERS: What amazes me is that
we spent a full subcommittee meeting deciding the REP-
Nal was an outlier and pretty much came away all
agreeing with that, but you guys all put it on your
plots. I mean, you love this point.

DR. YANG: Well, we are trying. No, no,
no, we're trying to be honest. We plot everything.

CHAIRMAN POWERS: This brings tears to
your eyes when you think of this point.

DR. YANG: Well, it really gets tears in
your eyes because that's what prompted all of us to
spend this tremendous amount of resources to address
it. We would not have a Cabri water loop. We would
not have a lot of these tests. We would not have
spent millions of dollars to develop the code had it
not in REP-Nal.

CHAIRMAN POWERS: As I understand it, the
Japanese program was underway in parallel with the

others.
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DR. YANG: Yes.

CHAIRMAN POWERS: So maybe that's not a
good prognostication. Instead of being REP-Nal, it
might have been HBO-1.

DR. YANG: Yeah. Well, I don't want to
tell you REP-Nal is an outlier. That's my title.
What I want to tell you is because IRSN, which is the
organization that produced the data in lists on REP-
Nal is a wvalid data point.

As a result, we formed a task force to
evaluate it, and this is 1like what, five years, six
years after the test was done? Your colleague, Dr.
Hee Chung, presented a paper saying, hey, this
preconditioning, this very, very unique
preconditioning of REP-Nal.

You see, the first time the Cabri --

CHAIRMAN POWERS: Oh, he was persuasive.

DR. YANG: Well, --

CHAIRMAN POWERS: The committee endorsed
it. You guys are the ones that put it on the plot.

DR. YANG: Yes and no, yes and no. Well,
you know, Ralph explained the preconditioning. Before
we do any rim tests, we precondition it to make sure
there's no artifact, no chips and fines, no shards or

anything. So we precondition it.
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And REP-Nal was preconditioned at a much
higher temperature than the rest of the test. IRSN
recognized the deficiency of it. All of the layer
tests were not preconditioned at that temperature.

CHAIRMAN POWERS: Now, the stumbling block
in that discussion, as I recall it, was, oh, we go to
elaborate lengths to select our specimen here so that
it doesn't have all these defects in it, meaning that
there must be those defects in fuel rods so that you
avoid them.

Gosh, are we doing the tests on specimens
that are predestined not to be susceptible to failure?

DR. YANG: No. This is a very unique
test, and the reason I wanted to —--

CHAIRMAN POWERS: I'm not asking about
this test. I'm asking about all of the rest.

DR. YANG: I don't wunderstand your
question.

CHAIRMAN POWERS: Having sent many things
to be cut in a hot cell and say, "Get me a sample out
of this,”"™ I know that nobody sawing a specimen is
going to send me back a specimen with a flaw in it
unless I ask for it explicitly. Okay? They Jjust
avoid it. It's a pain in a neck to cut one with a

flaw in it.
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And what I'm asking is are we selecting
these segments that we put into this test to be those
that are best in nature and don't have these fines,
don't have flaws in the clad and whatnot.

DR. YANG: No, no. I'm not sure what you
mean by "flaw," but this --

CHAIRMAN POWERS: Well, I mean whatever
you mean.

DR. YANG: Yeah. No, I mean, when you
handle a fuel rod, vyou inevitably create some
fragments, but that's why we need to precondition it,
and we have ran this type of test many, many times.
That's not the issue.

I think this particular test has many
doubtful characteristics, and the reason I want to
spend a few minutes on that is not so much to say it's
an outlier, but we really learned a lot from this
whole exercise because we have —-- that's what I was
getting at.

I think all of us are ready to Jjust
discard it, except IRSN, and because of Hee Chung's
paper, and what we did is we convened a group of
people, really industry experts, and the head of this
group is Dr. Herman Rosenbaum. Some of you may know

him. He's a very good metallurgist so that there was
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some questions about the metallographic evidence of
this particular test. It's very, very unique, and
there are some instrumentation things.

So we investigated both. I'm just going
to focus on that because that's relevant to some of
the real conclusions here.

I think what is really useful from this
whole exercise is not so much to say, "Hey, let's
discard the test," other than that itself is very
useful.

If we uncover a tremendous amount of data
that weren't even reported, weren't even available,
they were just sitting around in the lab, you know.
It was done and then it was not really properly
recorded and published to the outside community.

So there's a tremendous amount of data
recovered, and it gives us a lot of insight. 1In fact,
Robbie is going to present some of the findings to
show that some of the cracks that we think were in the
laboratory were formed during the test, were really
formed in the laboratory. There's ample good evidence
to show you that sodium introduced those cracks.

So I'll let Robbie address that, but the
most important finding that there are 1like six or

seven experts looking at this whole thing was
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uncovering new data with new calculations because it's
just wonderful, you know. We have Robbie and Herman
on one side, Hee Chung, and then the IRSN on the
other.

Neither side wants to really admit they're
wrong, and we perform data; we investigated. But one
thing that everybody agreed on -- this 1is the
agreement among all the experts -- is that if you have
large blisters, like the REP-Nal and 8 and 10 and 1,
of course, that were used in real to anchor this very
low limit that was presented earlier, if you have
large Dblisters, vyou're going to have low failure
enthalpy. That's something all of the experts agree,
and they published all of these findings.

If you have good, robust, low corrosion
rods, you cannot fail the rod. And another very
interesting thing is that they do agree with Hee
Chung, although they don't agree with Hee Chung's
whole analysis; they do agree with him that this very
unique heating, pre-transient heating, you know, you
would think it's isothermal. Therefore, there should
be no stress on the cladding.

But if you sit down and calculate it, just
because of thermal expansion of the fuel and the

cladding are different, it does create a hoop stress
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on the cladding, and that hoop stress is going to
redistribute and reorient the hydride that as you all
remember showing their predominant amount of hydride
in there.

However, what it really hinges on is how
deep, how bad the blisters are in REP-Nal that caused
this very, very low enthalpy failure, and our
calculations show that blister has to be like 80, 90
percent. The IRSN calculation showed it had to be
greater than 70 percent.

And of all the REP-Na tests, this is the
test we have the most amount of metallography, and we
could not see blister anywhere near 70 percent.

So it's hard to really believe there is a
blister that you don't detect. So the other authors
feel that it's a suspicious test because in addition
to the very large blisters, the preconditioning is the
problem, and there also is some eddy current signals
on these rods that were never investigated and
different thing. I won't go into detail.

But two and a half years of work resulted
in a very comprehensive report which is about -- I
don't know -- three, four inches thick, and in that
document all of the metallographies, calculations,

investigation I think is a wonderful book if you want
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to know anything about RIA failure.

So that report, in addition to the report,
the report will be published later this year. I
would be happy to provide a copy to this committee,
and there are papers presented.

But what is most interesting, as Mr.
Chairman said, is nobody have used the data although
there are lots of criteria being developed. Nobody
have used the data, although for one reason or
another, still plot it just to be honest, I guess,
with all of the data ever produced.

CHAIRMAN POWERS: Just a nostalgia.

DR. YANG: Nostalgia.

CHATRMAN POWERS: I still want to come
back to this question, and I'm posing it to everybody
in general, is what assurance do we have that segments
selected for testing aren't preferentially being
selected to be the segments most immune to failure
during a reactivity insertion event. Just by the
natural inclinations of a technician working in a hot
cell, I believe he would select segments that are most
immune to failure, I mean, to the extent that he
could.

DR. YANG: Most immune or most prone to?

CHAIRMAN POWERS: Most immune.
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DR. BILLONE: But the technician doesn't
pick the segment. I mean the principal investigator
and the program manager and the sponsors and all of
the partners choose the locations.

DR. YANG: Yeah. In fact, Dana, we tend
actually choose the most prone to because we tend to
try to bound the situation. So we tend to choose the
most corroded rods. This particular rod and the
sibling of it, which is REP-Na8 and 10 that were used
in the RIA, were spalled, then inserted into the
reactor for the next cycle. So it severely spalled.
It's more spalled than any lightwater reactor fuel
would be.

So this is, indeed, a bounding situation
or more than bounding.

You know, we continue to do the RIA test,
although Cabri has kind of stopped, but if you look at
the burn-up level and everything, it's way outside our
operating experience.

CHAIRMAN POWERS: I mean, 1s there
someplace where there's protocol for the selection of
the rod for tests, say? The most numerous ones seem
to be the Japanese test. It's written down that says
-— I mean, I'm just not sure how you do it. You've

got a rod here. You know, something about it. You
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certainly know the external aspects of it. You can
roll it around and whatnot. I assume you can
autoradiograph it or something like that. You know

something about the fragmentation pattern inside.

DR. BILLONE: You can also use eddy
current to determine the oxide, the corrosion
thickness.

CHAIRMAN POWERS: Thickness and then --

DR. YANG: We always pick the highest
corrosion, almost.

CHAIRMAN POWERS: And then it says, okay,
from this rod we picked this. I mean I can go read
this, and I can understand how it was picked?

DR. YANG: Yeah, I think so. I think so.
I'd be happy to provide you something. You try to do
the minimum number of tests to bound the most. So
given that assumption, you tend to select the most
limiting conditions so that you don't have to spend,
you know, $20 million to run another test.

DR. MEYER: You should acknowledge, Rosa,
however, that there is consideration given to whether
or not the rods selected for testing are rods with
typical, average or high corrosion levels because some
of the rods that have been chosen for this test,

although you might have selected the upper grid span
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that had the highest level of corrosion on that rod,
the rods themselves had very low corrosion.

DR. YANG: Yes. That's just the nature of
corrosion level.

DR. MEYER: And you could have selected
rods with higher corrosion.

DR. YANG: Sorry? Yes, your point is that
the corrosion are not even on the rod. So we —--

DR. MEYER: ©No, that's not my point. My
point is that some of the rods are selected because
they are more typical rather than --

DR. YANG: There are those, and there's
always, Mr. Chairman, there always is debate about do
you get more data from failed rod or do you get more
data from sound rod (phonetic), and there are
different camps, and so you know.

CHAIRMAN POWERS: I think Dr. Denning has
raised an interesting question that we look like crazy
at the rods that have failed and send the ones that
didn't fail off to archive, I guess.

DR. YANG: That characterize it, and so
you learn a lot, and we use it to benchmark our codes.
The sound rods are much more useful to benchmark your
codes, to make sure vyou fully wunderstand the

mechanism.
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CHAIRMAN POWERS: Yeah. It would just be
interesting to see a table that says, okay, this
segment was picked for this reason and whatnot.

DR. YANG: I don't know the restriction of
the Cabri water loop project, but we have -- almost
every meeting we've gone through the rationale do we
pick this rod or that rod. If possible, 1like
investigate, if possible, or provide you what some of
the rationales we consider in choosing the rod for the
test because the Cabri water loop is a $62 million
program, and only 12 tests. So we select them
carefully.

CHAIRMAN POWERS: Well, more tests because
your cost per test was down with every additional test
you did.

I'm sorry, Farouk. I'm spending your
money for you.

DR. BILLONE: Dana, can I make an
experimental point? Sometimes high burn-up rods that
you get are rods that are atypically shifted around,
reconstituted subassemblies, and there might be some
selection there of what rods you're going to test that
are more prototypic than if you had started with a
single subassembly and burned it all the way to 62

gigawatt days per metric ton.
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DR. YANG: Yeah.

DR. BILLONE: I know we've made that.

DR. YANG: I think just your --

CHATIRMAN POWERS: Yeah, I suspect if we
look closely at your selection criteria that you're
doing pretty much what the speaker has said, that
you're trying to find the bounding rod, but your
understanding of what is bounding keeps changing on
you, and so there's probably not a consistency over
time, and it's probably an evolution in time.

DR. YANG: Yeah. You know, another
factor, Mr. Chairman, is availability and the
willingness of that particular utility to let you take
rods. So it's --

CHATRMAN POWERS: Rather than to --

DR. YANG: -- a juggling act.

So okay. Now that we disregarded the REP-
Nal, 1let me Jjust quickly go through what other
countries are doing in terms of the criteria. As I
indicated earlier, the Swiss one earlier has a very,
very conservative limit, and now they have since I
think about a year ago or less than a year ago, they
have promulgated this new limit which have separate
failure and coolability limit.

As I indicated earlier, our biggest
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problem with the RIA is the collapse of the two limits
for such type of accident. So I'm trying to show
which country have separate limits.

Switzerland have separate failure and
coolability limits. In fact, they have pretty much
adopted the limit that we have proposed to NRC for
UO,, and our report and our submittal to NRC only
addressed UO, since we don't use MOX in the U.S.

In Switzerland, they have developed a
lower limit for MOX.

In Germany they have separate failure and
what they call rod fragmentation limit. The burn-up
threshold is the function of burn-up and oxide
thickness. I'm going to show you graphically what
each of these 1limits are graphically, Jjust going
through them.

The French have a slightly different
approach. In earlier days they have kind of an
empirical what they call safety domain. They don't
want to say as a criteria, but it's sort of an interim
safety domain, and it's bounded by some experimental
parameters like the cladding oxide's thickness, the
enthalpy input, the pulse width, the c¢ladding
temperature. So it's totally based on experimental

data developed in the late '90s.
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However, they are taking, with a better
understanding now, they are taking a more analytical
approach, very similar to our approach, and they are
ready to submit it to their regulators later this
year, and I'm going to show you a preliminary sketch
of that as well.

We talked about the very conservative
approach in Japan earlier. What they did, they have
two limits, too, and as I indicated earlier, they do
not analyze their data. They don't do the kind of
adjustment that Ralph discussed earlier, and they
acknowledge it's very conservative because of the low
temperature.

And they also analyze water logging,
analyze pressure pulse, and Japan 1s the place where
they do the most tests to look at what happened after
fuel failure, look at the fuel dispersal, and they
look at the fuel coolant interaction, and they try to
analyze it.

And as a result of it, they have what they
call rod fragmentation threshold, and it's based on
limiting the fuel melting. They don't want fuel to
melt because that's when you have the most energy
between fuel and coolant interaction, and they

actually use pretty much the same approach as what we
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have used, and they actually come out with slightly
higher value than what we have proposed.

In Spain, they are looking at our report,
and they are considering we don't know what they have
done.

Sweden is the one, I think, I'd like to
spend a l