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MEETING: 477th ADVISORY ON REACTOR SAFEGUARDS
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Rockville, MD
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The committee met, pursuant to notice, at 8:30
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DANA A. POWERS, Chairman

GEORGE APOSTOLAKIS, Vice-Chairman
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THOMAS S. KRESS
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ROBERT L. SEALE

WILLIAM J. SHACK

JOHN D. SIEBER
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PROCEEDINGS
[8:30 a.m.]
DR. POWERS: The meeting will now come to order.
This is the first day of the 477th meeting of the
Advisory Committee on Reactor Safeguards. During today's
meeting the Committee will consider a revised report of the
final technical study of spent-fuel pool accident risk in
decommissioning nuclear powerplants, risk-informed
regulation implementation plan, and proposed framework for
risk-informed changes to technical requirements of 10 CFR

Part 50.
The Committee will also examine the activities of
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its ad hoc Subcommittee on the Differing Professional
Opinion on Steam Generator Tube Integrity and will examine
some proposed ACRS reports. :

The meeting is being conducted in accordance with
the provisions of the Federal Advisory Committee Act. Dr.
John T. Larkins is the designated federal official for the
initial portion of the meeting.

We have received no written comments from members
of the public regarding today's session. A transcript of
portions of the meeting is being kept, and it is requested
that speakers use one of the microphones, identify
themselves, and speak with sufficient clarity and volume so
they can be readily heard.
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I'11l begin this session today by calling members'’
attention to a couple items of interest. In your package
you have a presentation Dr. Meserve gave concerning the
revised reactor oversight process and some of his views on
the role of NRC in regulating nuclear powerplants.

You also have a presentation Commissioner
Merrifield gave at the water reactor safety information
meeting. I found that particularly illuminating, and am
very much enamored with his four challenges that he offered
the staff on developing their research program. I have had
a chance to discuss that some with Commissioner Merrifield,
and asked if we could cop some of his language, and he was
generous in allowing us to plagiarize from him.

Are there any comments that members would like to
make before we begin today's session?

Seeing none, I will turn to the first item of
business, which is to discuss the spent-fuel pool accident
risk, and Dr. Kress, I believe you'll take the lead on this.

DR. KRESS: Thank you, Chairman Powers.

I'11l remind the Committee that we heard
presentations on an earlier draft version of this technical
study, and the idea was that spent-fuel pools for
decommissioning plants, as time goes by one would expect the
risk to decrease due to the decay of the fission products so
at some point one might consider a rule that would relax

5
some of the requirements, particularly the requirements for
emergency planning and maybe safeguard and maybe even
insurance-related activities.

As you recall, we found a number of technical
problems with that earlier study, and so the staff went back
and basically addressed our problems, and have come back
with a revised version, and I'll remind you our problems
were with the use of Reg Guide 14174, LERF acceptance
criteria, in view of the different nature of the source
term. We had problems with the ignition temperature for
when you would set off a zirc-air fire, and we had problems
with the plume energy they used, which was for reactor
accidents and not fires. And we had problems with the fact
that they didn't deal with atmospheric dispersion
uncertainties in relating the safety goal to the LERF, and
we had a problem with the bounding nature of the seismic
analysis. You recall seismic was the dominant risk in this
problem. '

So the staff addressed those and developed a
revised technical study, and now they're going to tell us
about the results and how they went about dealing with our
problem.

With that, I'll turn it over to Timothy Collins.

MR. COLLINS: Good morning. I'm Tim Collins. I'm
the Deputy Director of the Division of Systems and Safety

1U1A/0N R-RA AN
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Analysis. We have three pieces to our presentation this
morning. I'm going to give an overview of the study. Jason
Schaperou will give you details on the revised consequence
analysis that we did. And Bob Palla will give you a
discussion of the revised risk assessment.

This presentation outline is my presentation.
Those guys will give you their own presentation outlines.

We have several other members of the staff with us
today to respond to other questions in areas outside the
work that Jason and Bob did. Joe Stademeyer is here for any
questions on thermohydraulic analysis, and Glenn Kelly is
here for any questions on the frequency assessments.
Frequency assessments haven't really changed relative to the
February report. We also have Dr. Robert Kennedy is here if
there's questions on some of the seismic issues.

What I intend to do is start at the findings of
the February report, which Dr. Kress has already started my
presentation for me. I was going to talk about the
significant comments that we received on that report, our
approach to comment resolution, results of the reanalysis,
and the technical conclusions that we reached.

The February report which was put out for formal
public comment concluded that the frequency of a zirconium
fire at a spent-fuel pool was low. It also concluded,
however, that the consequences of such a fire could be

serious and similar to those of a reactor accident large
early release, and that was why we were using the LERF
criteria of 1 times 10 to the minus 5 as a screening
criterion.

We found in the February report that seismic
events were dominant. To a large extent there were
commitments made by the industry, what we call in the report
IDC's, industry design commitments, and design assumptions
with regard to the pools, which when these are implemented
the likelihood of any events related to like loss of cooling
or draindowns absent a rapid fracture basically went into
the mud. So seismic events were left.

The report also concluded that relaxation of EP
was supportable about a year after decommissioning, and the
basis for that was that there was enough time available
after a year's decay for implementation of ad hoc measures
to effect a reasonable evacuation.

The February report also concluded that because of
the large fission product in the pool, that you would have
to consider security for as long as you maintained fuel in
the pool.

The relaxation of insurance was a little squishier
in the February report. There was a conclusion that after
about five years it looked like air cooling would be
sufficient to preclude reaching the zirconium ignition

temperature. However, there are so many plant-specific
assumptions in that analysis that the report really
concluded that you had to have plant-specific information.
It was hard to draw a generic conclusion.

DR. LEITCH: Could you say a word about what is
meant by EP relaxation, that is, how relaxed is relaxed?

MR. COLLINS: This would be only with offsite
consideration. Sirens would be taken down, there would be
no exercises, no official radiological preplanning. The
offsite organizations would be disbanded.

DR. LEITCH: And as far as the onsite

organization, would the emergency response organization
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still be fully staffed?

MR. COLLINS: No, I don't believe. We didn't
assume a fully staffed -- basically all we really needed was
someone to identify that an event had happened and to notify
offsite authorities. You need much more in your onsite
energency plan.

If Dave Bars is here, if there's something more he
would like to add, he can jump in --

MR. BARS: Dan Bars.

MR. COLLINS: Dan Bars. Sorry.

DR. KRESS: Please introduce yourself and your
affiliation.

MR. BARS: Dan Bars, emergency preparedness

9

specialist in NRR.

As far as the relaxation of the offsite emergency
planning requirements, in the previous rulemaking effort,
which we attempted and sent up to the Commission, the
assumptions we made were that they could take the ad hoc
actions based on the fact that there had been an emergency
plan at the site for 20, 30, 40 years, and there's a
residual knowledge that would exist for, you know, a certain
time frame, and that the offsite officials, you know, that
capability and response capability wouldn't disappear Day 1
or overnight. There would be some residual knowledge. They
also have the ability to respond to other emergencies,
chemical spills, fires, tornadoes, whatever it may be,
hurricanes. So there is some inherent emergency planning in
the community that would exist, and the idea was that they
could tap into that if necessary for the radiological

concerns after the fact.

Since then, as we've discussed with FEMA, there is
a concern from FEMA that there probably still needs to be
some level of emergency planning. So when we say relaxation
of offsite emergency planning, it's not going to probably be
a complete relaxation as early as maybe anticipated. BAs we
go forward and negotiate with them and other stakeholders
we'll determine what that planning level will be. But
certainly as the technical study shows us, as time goes on
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we gain the factor of having additional time to take action,
and there is in communities inherent capabilities which we
will depend on and rely on.

DR. LEITCH: And as far as the onsite facilities,
that is, staffing can be reduced, the emergency response
centers are no longer required?

MR. BARS: Yes. We're not sure -—-

MR. COLLINS: We need to be a little careful. We
weren't making recommendations for the rule itself at this
point, we were making assumptions for the purposes of the
analysis. :

DR. LEITCH: I see.

MR. COLLINS: And all we simply did was presume
that there would be a capability to rapidly notify an
offsite authority in the event that the pool had been
drained. We did not do specific removal of this piece,
removal of this piece type of analysis.

DR. KRESS: Yes. That's a clarification I meant
to make. This is a technical study to be used as input to
the decision makers that will maybe develop a rule, and all
it does is give them the technical input.

MR. COLLINS: Yes, this is to provide some risk
insights to a process which is going to have to involve some
very significant other policy considerations,
public-confidence issues. There's a lot of other players in

T1HLNNO.€A ANS
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the rulemaking process. This is just the risk-insights
aspect of it.

DR. SEALE: There's the rule of unexpected
consequences, like institutionalizing the support of an
emergency response organization for 40 years at a plant site
by the utility and the public relations impact you would
have. If you suddenly withdrew that support, you might find
people sitting on their hands if an emergency came up
because of resentment over having lost that support.

DR. KRESS: How do you deal with that in a
technical study?

DR. SEALE: You don't.

MR. COLLINS: We say we'll deal with it in the
rulemaking.

DR. SEALE: But still it's not a zero concern.

MR. COLLINS: We received lots of reports on the
February draft which caused us to go back and do a whole lot
of work. The first comment -~ this is from the Committee
itself -- was that the source term that we used may be
nonconservative because of the oxidation of fuel in air as
opposed to typical in a reactor environment you have an
air-starved environment. And that oxidation could result in
release of a large amount of ruthenium, which has very
significant health effects.

We also received comments from the industry and

12
from the Committee as well that the seismic hazard estimates
that we had used in the February report were too ’
conservative. In the February report we used the Livermore
hazard estimates. The Committee also suggested that the
zirconium ignition temperature might be too high, that we
could have a significant fission-product release at lower
temperatures than we had assumed.

We received a comment from the public that the
partial-draindown scenario should receive more attention.
This is a case where the fuel doesn't get completely
uncovered. In the February report we had emphasized cases
where there was a complete uncovery of the fuel and
subsequent heatup. And the commentor indicated that you
might have a2 more rapid heatup because of the loss of the
cooling flowpath if you only had a partial draindown.

Another commentor indicated that our study .said
that EP could be relaxed at one year, but that we didn't say
how much earlier than that it could be relaxed as well. We
simply did like a one-year point and suggested that as soon
as the iodine was decayed, that our results would be just as
applicable, and that would take it back to about 60 days.

We also received a comment which wasn't actually
on the report but was related to the integrated rulemaking
plan that subsequently went to the Commission. That plan
went up in SECY-00145, and it had potential rule changes in
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it, and the industry indicated that that rulemaking plan was
not very risk-informed. We subsequently modified our study
to give more support in a risk-informed nature to the next
rulemaking attempt.

That 00145, for example, had said that you could
relax EP at a year because ad hoc measures may be sufficient
to substitute for formal EP measures, and that was viewed
as, well, there's nothing risky about that, that's just a
tradeoff of one thing for another. And the insurance
recommendation indicated that because there was no chance of
a fire after a certain amount of time that you could relax
insurance requirements. And again, that was a zero

TI/IEMN O.84 AN4
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threshold, that's hardly a risk-informed approach.

So our approach to addressing these comments, we
expanded our consequence analysis quite a bit. We included
a ruthenium and fuel fines portion to the source term, used
a very large ruthenium release fraction in our sensitivity
analyses.

We did 75 percent with each fraction, and I think
we even did a case with a hundred percent release of
ruthenium. We did sensitivity studies, taking into account
the Committee's comments on the plume parameters, and we
also expanded the consequence analyses to take into account,
times from about 60 days or 30 days after shutdown to ten
years after shutdown.

14

DR. KRESS: I might note that they carried the
losses out to full Level Three, rather than stop at a LERF.
It finesses our problem with whether or not to use 1.174
LERF. They go directly to the safety goal.

MR. COLLINS: Right.

DR. KRESS: Which is a nice way to do it.

MR. COLLINS: Didn't need the surrogate anymore.

DR. KRESS: Right, didn't have to worry about
whether it was right or not.

MR. COLLINS: To address the concern with regard
to the conservatism in the seismic hazard curves, we had a
meeting with the -- a public meeting with NEI back in August
to discuss the concerns.

And they indicated, the NEI indicated that they
thought the use of an EPRI curve was sufficiently
conservative to use in the analysis.

And after that meeting, we concluded that there
was really no basis to exclude either the Livermore curves
or the EPRI curves, so we redid the entire risk analysis,
incorporating the EPRI curves as well.

So, our results in the report are shown using both
the EPRI curves and the Livermore curves.

DR. KRESS: And how do you expect the
decisionmakers to deal with those two sets of results?

MR. COLLINS: Well, as it turns out, the risk is

15
low.
DR. KRESS: With either one?
MR. COLLINS: With either one, right.
DR. KRESS: You come out good with --
MR. COLLINS: Hopefully we can dodge that specific
problem.

DR. KRESS: For this issue?

MR. COLLINS: Right, for this issue, yes.

DR. KRESS: And that maybe just gives an idea of
the margins they might have?

MR. COLLINS: Sure. Yes, the risk is either low
or lower.

DR. KRESS: What if the two curves had straddled
the acceptance criteria? What would you have done?

MR. COLLINS: We would have asked for an
extension.

[Laughter.]

DR. KRESS: Okay.

MR. COLLINS: And to address the concern that the
rulemaking was not sufficiently risk-informed, we expanded
our analysis to do a small change in risk analysis with
regard to emergency planning.

We couldn't use the same approach for insurance,
because insurance isn't affected by either probability or
consequences. So, we did a small change in risk analysis

V9IS r AN O .28 B2 S
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for emergency planning.

We looked into how each of the sequences might be
impacted by flow blockage. This is the partial draindown
concern.

There are other ways to -- the problem with the
partial draindown is that the airflow path is interfered
with. And you don't need just a partial draindown for that
to happen; you could have a piece of the roof fall onto the

pool.

The configuration of the assemblies themselves
could be changed if you have a major earthquake, so we
concluded that we needed to look at each one of the
sequences and see, is it likely that you could get a partial
draindown. .

We also looked at the impact of the lower
temperature criterion. Charlie Tinkler did some real good
work going through the literature and studying that to
death, and as it turns out, it doesn't have a big impact,
because when we did the analysis in shorter times, the
heatup to the temperature was so short that even a lower
temperature criterion isn't going to make any difference and
the risk was still low. So, thank you, Charlie.

DR. KRESS: And I thought that that was a good
insight that he had, that temperatures well below, you
expect this thing to take off, the hydrides go into
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solution, are not possibly readily available to do the
ignition. I thought that was a good insight.

MR. COLLINS: When we finished the revised
analysis, we found that the consequences with the ruthenium
included the large ruthenium release for action, and fuel
fines, we used about three and a half percent, I believe, of
fuel fines in our analysis.

We found that there was a notable increase in
consequences, particularly fatalities, but they were still
within the range of consequence calculations that were done
for like NUREG 1150.

So, if we needed to use the PPG for something in
the future, we think that's still a reasonable guideline.

DR. KRESS: The thing that took away from that,
though, was that the risk and the consequences of the spent
fuel pool fire are on par with that of an operating reactor.

MR. COLLINS: It could be, yes. I think that when
you see -- I think one of Bob's plots is going to show the
risk numbers, and it shows the sidebar, the results from
NUREG 1150.

DR. KRESS: I'm not sure PRAs currently include
those, and it may be one of the things we need to think
about later on.

CHAIRMAN POWERS: When you do these analyses, you
have a distribution of core ages, fuel ages, in the pool.

' 18
Did you propagate the fire even into the very old fuel that
might be there?

MR. COLLINS: We let the fire propagate into the
equivalent of three and a half cores, which is fuel, 1
think, that is ten years old. The last assembly that burned
would have been about ten years old, yes.

So, our analysis indicated that the risk was low,
but it could still be in the ball park of operating
reactors.

The use of the -- all the debates about the
seismic curves, as it turns out, changed the risk by a
factor of four. There's a table --

11/1£MN O.C8 AN A
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DR. WALLIS: I'm sorry, that ball park is not a
technical term. What does it mean?

DR. KRESS: Equivalent to.

DR. WALLIS: Do you mean within a factor of ten,
100, 1,000? A ball park is a pretty large place.

MR. COLLINS: A ball park is a pretty large place.

It depends on whether you use the ruthenium source
term and the Livermore curve, or you use the EPRI curves and
the low ruthenium source term.

DR. WALLIS: A factor of ten?

MR. COLLINS: Have you got your plot there? Bob's
got these plots and he'll put it up there and we can see
what a ball park looks like on the plot.

19

DR. WALLIS: If this is a conclusion, it ought to
be more specific, perhaps.

DR. KRESS: It is in the report.

MR. PBALLA: This is an early fatality risk measure
on a per-year basis. And this is the ball park, is up in
the right-hand corner there.

Generally, you find that with the highest seismic
hazard assumption from the Lawrence Livermore study, in
conjunction with the high ruthenium source term, and early
on, just following shutdown, you're in the range of the
results from NUREG 1150, based on just the -- at the Peach
Bottom results.

DR. WALLIS: So it's a pretty big ball park?

MR. PALLA: Yes.

MR. COLLINS: Yes.

MR. PALLA: And this is just two plants that we've
got. If you looked at others, I'm sure the range would get
broader. 1I'l1l have this information later.

MR. COLLINS: Now, the report also concluded that
the -- a relaxation of EP as early as 60 days was a small
change in risk, consistent with the guidelines of Reg Guide
1.174. Bob will give you all the details on that.

DR. WALLIS: I thought you were being colloquial
again when you talked about small change.

MR. COLLINS: Well, Reg Guide 1.174 --

20

DR. WALLIS: You mean to be technical in terms of
small change to --

DR. KRESS: LERF.

DR. WALLIS: Again, it's not --

MR. COLLINS: In accordance with Reg Guide 1.174
definitions.

DR. KRESS: Now, the reason for that bullet is,
number one, seismic dominated, so the things that were not
seismic, you would get some help from EP?

MR. COLLINS: Yes.

DR. KRESS: But they didn't dominate the risks.

MR. COLLINS: That's correct.

DR. KRESS: They were low enough even with no EP?

MR. COLLINS: Yes. Bob is going to walk through
this.

DR. KRESS: He's going to walk through this.

MR. COLLINS: Yes.

DR. KRESS: And the fact that seismic dominated,
told you that EP wouldn't be very effective anyway.

MR. COLLINS: We walked through each of the
sequences.

DR. KRESS: Yes.

MR. COLLINS: And we tried to decide, would
offsite planning have a significant impact for those
different sequences? For the seismic events, we needed a

TIMNEMNO.£8 AN S
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seismic event of very large magnitude, and we would expect

DR. KRESS: 1In order to have this fire in the
first place?

MR. COLLINS: Yes.

DR. KRESS: If you had one --

MR. COLLINS: The fuel pools are very strong.

DR. KRESS: -~ down in rubble, probably, if you
had one of that magnitude.

MR. COLLINS: It would certainly be damaged
significantly, we might expect. And we didn't believe that
the infrastructure would be in place for the formal EP to
have a significant impact. :

The next sequence --

DR. KRESS: That was basically driven by your
assumption on how effective would be under seismic
conditions.

MR. COLLINS: I consider it a reasoning instead of
an assumption. We reasoned each of the sequences through to
decide -~

DR. KRESS: The assumption.

MR. COLLINS: Sure.

DR. SEALE: Well, there are earthquakes that have
happened contemporaneously, which are small, compared to the
kind of earthquake you're talking about here, which have

22
demolished freeways systems and so forth.

So, basic elements of the emergency planning are
just not there.

MR. COLLINS: That was our reasoning. And the
next event for which the infrastructure would be in place
would be -- and the next highest frequency was the cask drop
event. That's around down to two times ten to the minus
seven.

DR. KRESS: It's low enough that it didn't matter.

DR. WALLIS: Well, the VP's not in place, and it
makes the consequences worse, presumably.

MR. COLLINS: That's the way we did the analysis,
right. We modeled it as either early evacuation or late
evacuation. )

If you has successful early evacuation, the
consequences are significantly lower, and notably lower.
These are the things that Bob is going to walk through.

DR. WALLIS: But how would you do that? You'd
have to know the seismic event was coming, and then evacuate

- people ahead of time.

DR. SERLE: Tricky.

MR. COLLINS: After the pool is drained, there's
time before the fuel heats up to the ignition point.

DR. WALLIS: But you were just telling us the
seismic event was so large that people couldn't get out

23
anyway.

MR. PALLA: That's why you only have --

DR. WALLIS: So any evacuation would have to be
before the pool drained?

DR. KRESS: Or very late after. The issue is
small change. If I didn't know seismic was part of this,
and just focused on the other accidents, the loss of cooling
and the cask drop, then EP, the effect of EP on that could
not be described as small change; could it?

MR. COLLINS: Sure. Well, I mean, the frequency
of those other events is very, very low.

DR. KRESS: You're saying they are very low, but

ete srmn - -
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there's a big difference whether you use EP or not there for
those particular sequences.

MR. COLLINS: I think the difference for that
sequence might be considered to be large, but it would be
small on an absolute scale.

And if you took the -- if you took as a figure of
merit like a LERF and said that the LERF would have to
increase by ten to the minus six, if you use that as a
limit, when you perturb that low frequency sequence, you're
not going to be changing the LERF in excess of that.

DR. KRESS: Ten to the minus seven or something
like that?

MR. COLLINS: Yes, it will be -- you'll

24
significantly change that ten to the minus seven sequence,
but you won't exceed any of the guidance in Reg Guide 1.174.

DR. KRESS: It wasn't meant for being on a
sequence basis, anyway.

MR. COLLINS: Right.

DR. KRESS: But, you know, that's one way to look
at it.

MR. COLLINS: With regard to the obstructed
airflow, the partial draindown event, this was important,
particularly with regard to insurance considerations.
Historically, we've considered that when air cooling was
sufficient to remove the decay heat, such that you wouldn't
reach a predefined criterion, that insurance could be
relaxed.

Well, after this study, we concluded that you just
can't on a generic basis, be assured that you're going to
have an airflow path. So there is going to have to be a
different criterion for insurance considerations in the
future.

DR. KRESS: Does NRC regulate insurance
requirements? Is that in the rule?

MR. COLLINS: There is a regulation which requires
that a licensee have a certain amount of insurance.

DR. KRESS: And that's an NRC regulation?

MR. COLLINS: 1It's an NRC regulation, yes.

25

The temperature criterion, the issue raised by the
committee, we concluded that it was interesting but not
really important to the decision-making, because the times,
the heatup times, are so short in the early times after
shutdown anyway that a little bit shorter isn't going to
make any difference.

DR. WALLIS: So you don't really need to establish
what this temperature criterion is?

MR. COLLINS: Well, we used the criterion of 800
degrees C.

DR. WALLIS: I guess we questioned the number.

MR. COLLINS: Yes.

DR. KRESS: They had a higher one than 800
previously and that's one of the questions.

MR. COLLINS: A higher one would give us longer
times, which helps in all cases.

In a shorter one, you can't get much shorter than
we already assumed in the analysis. It was a couple of
hours.

DR. WALLIS: You mean it's bad enough already, it
doesn't matter?

MR. COLLINS: Pardon me?

DR. WALLIS: 1It's bad enough already --

MR. COLLINS: Yes, yes -- short enough --

DR. WALLIS: -- so if it were 1000 it doesn't make
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any difference?

MR. COLLINS: Well, a thousand times shorter
than --

DR. WALLIS: Your conclusions are not sensitive to
what you take as a temperature criterion?

MR. COLLINS: That's correct.

DR. WALLIS: This business about short times
confuses the conclusion for me because I don't quite know
what you mean by short time.

MR. COLLINS: The time I am talking about is once
the fuel is uncovered the time it heats up from its initial
temperature to the criterion for a fission product release.

DR. WALLIS: Well, if you can't do anything it
doesn't matter how long a time it is. You don't have
anything you can do about it. 1It's gone, so I don't see why
time is really important.

MR. COLLINS: Well, that is part of my conclusion.
Time is important with regard to whether or not you can take
credit for ad hoc EP.

DR. WALLIS: Time isn't important so temperature
then becomes important.

MR. COLLINS: " Longer times -- time can go two
ways. It can be either shorter or longer than what we had
originally assumed, right? Okay? if it is longer, things
always get better. Our conclusions are the change is small

27
already -- if the time get longer it is still going to be
small.

DR. WALLIS: The important thing is does it burn?
Does it reach the temperature? Isn't that the important
criterion, not the time.

MR. COLLINS: Time is an important --

DR. WALLIS: Half a day or three-guarters of a
day, it still burns.

MR. COLLINS: Yes.

DR. WALLIS: That is the problem, isn't it? Does
it burn?

MR. COLLINS: That's the problem. If it doesn't
burn, we don't have a problem.

DR. WALLIS: And I would think temperature would
have to be important in determining whether or not it burns,
but perhaps you are going to explain all that.

MR. COLLINS: Well, no, we don't have a further
presentation on that issue.

DR. WALLIS: I just wondered if you were somehow
finessing the temperature problem, which really is the
problem --—

MR. COLLINS: No.

DR. WALLIS: -- by bringing in something which
doesn't matter so much, which is all it takes.

MR. COLLINS: 1If the temperature is lower, then

28
the time it is going to take to heat up to that temperature
is going to be shorter.

That means that it would be less time to implement
ad hoc evacuation measures.

DR. WALLIS: Ah.

MR. COLLINS: And that would change the way we did
our comparison of the benefit of formal offsite planning.

However, the time is already so short in the
analysis that we did that making it short won't change any
of our conclusions.

DR. WALLIS: Well, if the temperature criterion
were high enough, the problem would go away, wouldn't it?
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MR. COLLINS: If you would never get the fire.

DR. WALLIS: So there must be some influence of
temperature.

MR. KELLY: This is Glenn Kelly from the Staff.

When we performed the thermal hydraulic analysis,
we basically did it two ways. One was where we considered
that we had air flow to provide oxygen to the potential
oxidation of the fuel and also to provide cooling to the
fuel and the other one was we assumed that there might have
been flow blockage such that we had a near adiabatic heatup.

In the adiabatic heatup case effectively as long
as you have decay heat, you are going to eventually be able
to get the fuel temperature up to whatever is your criteria,

29
so when Mr. Collins was talking about that we can't on a
generic basis preclude the possibility of obstructive flow
cases, we're saying that in these cases as long as you have
decay heat and you have obstructed flow it might take a very
long time but the potential is there that fuel might
eventually reach ignition temperature.

DR. LEITCH: The 60 days -~- what starts the timer?
Is that from reactor shutdown?

MR. COLLINS: From reactor shutdown.

DR. LEITCH: Of the most recent fuel?

MR. COLLINS: Yes, the most recent fuel.

DR. LEITCH: Thank you.

MR. COLLINS: All right.

Dr. Wallis, this is a calculation that we did of
how the temperature takes off, so a higher temperature
criterion is going to be reached very shortly afterward. If
it was 900 or 1000 -- .

DR. WALLIS: The time shifts to three hours
doesn't really make much difference?

MR. COLLINS: Right.

DR. WALLIS: The real question is does it take
off -- to me. Maybe you can explain all this later. In
adiabatic heating it is always going to take off eventually.

DR. KRESS: At one time they thought that --

MR. COLLINS: =-- that it would reach --

30

DR. KRESS: -- yes, where our cooling would turn
this around and you'll never get to the takeoff point.

MR. COLLINS: The problem is that we can't assure
any specific geometry so we can't on a generic basis
conclude that we are ever going to limit the temperature.

That is exactly the problem.

DR. KRESS: That's the heat transfer problem.

MR. COLLINS: If you can't define the geometry you
can't do an analysis that shows the heat goes away.

DR. WALLIS: So are you saying you could never
assure us that it will not burn?

MR. COLLINS: That is correct.

DR. WALLIS: You always have to assume it will
burn, even after 10 years?

MR. COLLINS: We can't on a generic basis say it
is not going to burn.

DR. KRESS: The decay heat doesn't go away after
10 years. .

MR. COLLINS: The decay heat is persistent.

DR. WALLIS: So it could still burn after 10
years?

DR. KRESS: It could if you can't cool it.

DR. SEALE: If you don't have a sink.

DR. KRESS: At some point the issue may come down
to you want to determine the probability of a burn and use
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that in your analysis but that involves developing

~ probabilities of particular geometries and the probability

of cooling, and it is not easy to do that, but it could be
done.

Eventually they may come up with a way to decide
that you can do away with the requirement after a certain
time based on probabilities. '

MR. COLLINS: In the final report the conclusions
that we have reached are that the risks at decommissioning
plants is low. It is well within the Commission's safety
goals, even in the consideration of a large ruthenium
component to the source term.

We found that relaxation of EP is consistent with
a small change in risk.

DR. WALLIS: Now 60 days after what?

MR. COLLINS: After the last -- after shutdown,
the last fuel offload.

DR. WALLIS: After the last fuel offload into the
pool.

. COLLINS: Right. .

DR. WALLIS: And this is because?

MR. COLLINS: You mean the 60 days --

DR. KRESS: Basically the thing that causes the
consequences are the cesium and the ruthenium and --

DR. WALLIS: -- the risk has gone down. The
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probability of a fire, you have just taken as one, no matter
what.

MR. COLLINS: That is correct. We have taken it
as -- given the fuel is uncovered.

DR. KRESS: Yes.

DR. WALLIS: So this is another example where the
technical problem is made to go away by bringing in risk
considerations? The problem of is there or is there not a
fire has sort of gone away because you have looked at the
risk consequences.

DR. KRESS: Absolutely.

DR. WALLIS: Right, okay. .

MR. COLLINS: The idea was to provide risk

insights to this rulemaking, yes.
DR. KRESS: And the 60 days just allows the iodine

to go away, maybe some of the ruthenium but not much of it.

MR. COLLINS: Yes, the ruthenium has got a
half-life of a year so most of the ruthenium is still there.

DR. KRESS: Most of it is still there.

MR. COLLINS: Right.

We also concluded that insurance is going to have
to be viewed from a different perspective. There needs to
be some sort of a policy decision on how insurance is
considered because we can't assure a geometry which would
assure cooling and because of the large fission product

33
inventory which stays for such a long time that you have got
to consider security for as long as you have fuel in the
pool.

These conclusions with regard to the risk change
and stuff are independent of whether or not we use the
Livermore curves or the ruthenium source term. It just gets
better and better as the lower probability =--

DR. KRESS: Fortunately.

MR. COLLINS: Yes, fortunately.

I will let Jason Schaperow walk you through the

consequence analysis now.
DR. WALLIS: So I guess your conclusion is no more
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work needs to be done on analyzing these fires with ignition
criteria?

DR. KRESS: For the issue of decommissioning
relaxation.

MR. SCHAPEROU: Good morning. As Tim said, my
presentation describes in some detail, our consequence
assessment for spent fuel pool accidents at decommissioning
reactors.

To restate some of the highlights of what Tim
mentioned, is that the overall risk assessment for spent
fuel pool accidents is comprised of three elements:
Consideration of initiating event frequencies; the second
element being the hydraulic anlaysis to further refine the

34
events leading to fuel and -- heating.

And the third element, which my presentation
describes is a consequence assessment for the events which
in the earlier analyses led to loss of pool cocoling
inventory, fuel heatup and degradation, and fission product
release.

Our consequence assessment focused on issues
inportant for spent fuel accidents. We looked at source
term, plume issues, and, of course, evacuation.

We examined these issues by performing
consequences calculations wiht our MACCS reactor accident
consequence code. We reassessed the source term and the
release fraction of fission products.

And as I said, we performed sensitivity
calculations varying with release fractions of the various
fission products, including ruthenium, cesium and fuel
fines.

We performed sensitivity calculations, evaluating
the effects of the reduced inventory for different decay
times as far out as ten years.

We updated plume spreading modeling, and plume
heat content associated with spent fuel pool accidents, as
opposed to reactor accidents.

We performed consequence calculations for both
early evacuation and late evacuation cases, to allow Bob to
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do his assessment of risk. The results of this large number
of MACCS calculations, we used, as I said, in Bob's risk
assessment.

The first area I would like to talk about is the
effect of ruthenium, which you've heard a lot about already
today.

There have been a number of small scale fission
product release tests done by the Canadians, and also by Oak
Ridge, with an air environment. These tests have shown
significant ruthenium release, particularly the AECL tests
that showed that following cladding oxidation, you get an
early complete release of ruthenium.

We performed consequence calculations, assuming a
release of all of the ruthenium inventory.

Our calculations showed that in this case, we get
a large increase in early fatalities between a factor of 20
and 100. This is because this particular element in its
assume form of ruthenium oxide, has a very high dose
conversion factor.

It goes into the lungs and it stays there, and the
clearnace class is years, which is the longest clearance
class for the lung.

We also thought about what things might mitigate
this consequence increase from ruthenium, and we note that
it does have a one-year half-life, so after a few years, it
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will decay away.

Also, we thought a little bit about fuel geometry.
If there is degradation of fuel geometry as a result of the
heatup and oxidation, this degradation could limit the air
ingress and limit the ruthenium release.

Finally, I'd like to note that there is a Phebus
test planned to examine this important effect on a larger
scale.
: This table shows the results of some of the
calcuations we performed for ruthenium. As you can see, in
going from the first row with a very small ruthenium
release, to the second row, which has 100 percent ruthenium
release, we get a very large increase in the early
fatalities.

We also see a reduction in the early fatalities as
expected when we implement an early evacuation, that is, an
evacuation before the release of fissio products begins.

DR. WALLIS: Could you put this in perspective?
People probably don't die from ruthenium in their lung
within the first year anway, unless they have a huge amount.

What's the long-term fatalities from this
ruthenium in the lungs? How does this one compare with ten
year fatalities?

MR. SCHAPEROU: I'm not sure I understand your

question.
37

DR. KRESS: I think he's asking for latent
cancers.

DR. WALLIS: Late fatalities.

MR. SCHAPEROU: Latent cancers?

DR. KRESS: Yes.

MR. SCHAPEROU: Latent cancer fatalities are a
proportion of the societal dose. I bleieve the factor is
about ten to the minus four.

DR. WALLIS: I'm really asking whether early
fatalities in this case is a good measure of risk to
scciety.

CHAIRMAN POWERS: Graham, the early fatality
calculations involve looking at the Schein emersion dose, as
well as the comitted dose from inhalation. I suspect for
these analyses, that the Schein does is what gives you the
prompt fatality. It's death within 30 days, due to an acute
radiation exposure.

So it's because he's putting out so much
radioactivity material, not because it's going into the
lungs so much.

The long-term dose out there is the fatal cancer
incidence, and that probably does have to do a lot with the
radiological behavior of ruthenium.

DR. WALLIS: But do we have an estimate of how
much it is?

38

CHAIRMAN POWERS: How much? What --

DR. WALLIS: How many people are likely to die as
a result of this accident?

CHAIRMAN POWERS: If you take those numbers and
divide them by about 2,000, that will give you an estimate
of the fatalities.

DR. WALLIS: So we take the numbers on the right?

CHAIRMAN POWERS: And divide them by 2,000.

DR. WALLIS: And so we're saying maybe 2,000
people die from a societal dose, so that one is a somewhat
misleading number.

CHAIRMAN POWERS: Those -- one is the prompt
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fatalities within 30 days.
DR. WALLIS: Yes, but the message to the public

would be how many people are going to die as a result of

this accident is in the thousands; it's not in the ones.

MR. SCHAPEROU: That's out of a population of
about three million in this, for this distance.

DR. WALLIS: I'm just asking for a measure which
is understandable and meaningful.

CHAIRMAN POWERS: Well, if you're going to press
for meaningful, then you also have to add on to the fact
that of those people that get exposed, roughly a third of_
them will ultimately die of a cancer of some sort, whether

or not the accident occurs.
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DR. KRESS: And a lot of that is related to the
linear no-threshold issue that kills a lot of those people.

DR. APOSTOLAKIS: But is that consistent with a
goal of 1/10th of one percent?

DR. KRESS: Well, that -- we have two goals, and
the early fatality limit up there is related to the one
goal; and societal dose is related to the other, and it's
consistent with the -- in fact, it meets the goal.

DR. APOSTOLAKIS: But I think that's Graham's
question.

DR. KRESS: Yes. It beats the goal.

DR. APOSTOLAKIS: In terms of cancers, not in
terms of --

MR. COLLINS: Excuse me, the goal is in terms of
risk to an indivudal. The safety goals are in terms of risk
to an individual, early fatality risk to an individual and
the latent cancer risk to an individual.

DR. APOSTOLAKIS: Okay.

MR. COLLINS: Those parameters, Bob is going to
put up as part of his presentation.

DR. KRESS: Unfortunately, we don't have a goal on
total deaths.

DR. APOSTOLAKIS: No, but you're going to divide,
in other words, the 2,000 cancer deaths by the three million

people; is that what you mean?
40

DR. KRESS: Yes, and that gives you an indvidual
risk for cancers, and then you're going to multiply that by
the frequency, and say that that meets the safety goal.

MR. SCHAPEROU: We did the calculations, and we
had a lot of output measures. We have societal dose, cancer
fatalities.

We had different distances; we had early
fatalities; we had cancer fatalities.

DR. KRESS: MACCS will give you all that.

MR. SCHARPEROU: Yes, what's shown here is the zero
to 100 miles, which I -- was used early on for our
comparisons with reactor accident consqeuences and we stuck
with that.

But when you see Bob's comparisons, we mainly
focused on the cancer fatalities within ten miles, which is
the safety goal.

DR. APOSTOLRKIS: So you will show the indivudal
risk?

MR. SCHAPEROU: Yes, and the early fatalities
within the one mile. Those were the two things that we
really focused on in the end.

The reason my presentation is as it is, is that we
started out with zero to 100 miles, and we kept looking at
those distances for a lot of our sensitivity studies.

DR. WALLIS: Do you agree with Dr. Powers that you
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can divide this last number by about 200?

MR. SCHAPEROU: Two thousand, yes.

DR. WALLIS: Two thousand, about two thousand,
okay.

DR. KRESS: But the safety goals, which are what
we would normally compare with, one of them is up to one
mile, and that's the fatalities, and the other one is out to
ten miles for hte cancers. We have to keep that in mind
when you think about the safety goals.

DR. APOSTOLAKIS: Actually, the safety goal
statement is in terms of societal risk.

DR. KRESS: No.

DR. APOSTOLAKIS: We just happen to be calculating
it as individual risk.

DR. KRESS: Well, there are documents that
interpret that. It's been interpreted always in terms of
individual risk.

We had a whole ~--

MR. COLLINS: We're using the qualitative health
objectives -- quantitative health objectives, teh QHO.

MR. SCHAPEROW: I mean it's 95 percent evacuations
and --

DR. WALLIS: Is that a surprising conclusion?

MR. SCHAPEROW: No, it was not, but it stuck out.

It stuck out when we went over the results. We're
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like oh, yes, of course, factor of 10.

As a result of ACRS comments and all the
sensitivity calculations I just showed you, we decided to
reassess a source term.

The source term that has historically been used
for the spent fuel pool consequence calculations was that
given in NUREG CR-4982. This NUREG study was performed
about 12 years ago and it was performed for a generic safety
issue 82. It was regarding spent fuel pool risk at
operating reactors.

The source term from this study, which is shown in
the first row of this table, has large release fractions
that involve isotopes, that is noble gases, iodine and
cesium, and small release fractions of the other fission
products and for some of the ones of importance like
ruthenium, very small release fractions.

We decided that the NUREG-1465 reactor accident
source term, which is based on more recent research, had
undergone significant peer review, was a better basis for
our offsite consequence calculations, so we proceeded to
perform the entire array of calculations from 30 days out to
10 years using the NUREG-1465 or, as it's more commonly
known, the revised reactor accident source term.

We also performed the same set of calculations
with a modified version of this.

43

As we discussed, there's a lot of uncertainty in
the ruthenium release fractions and the fuel fines release
fractions.

For ruthenium we decided to go up to the same
release fraction as we had for the volatiles, that is, 75
percent. For the lanthanum and cerium we chose the fuel
fines release fraction reported in a recent report on the
Chernobyl accident, 3.5 percent of all of the UO2 and
whatever fission products are embedded in it.

My next two slides give tabular results from these
calculations with these two source terms. I would like to
substitute a graph for this. This is a graph of societal
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dose and it shows the important trends here that I have
discussed.

The first trend is that if you have a ruthenium
release, which is the two top curves, modified source term
and a large fuel fines release, you will have higher
consequences.

The second trend is the effective early
evacuation. You do get some benefit from an early
evacuation.

The third trend is the case where you don't have
the large ruthenium release. The consequences really don't
fall off much --

DR. WALLIS: So these used to be in color or
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something?

MR. SCHAPEROW: Yes, I'm sorry --

DR. WALLIS: The documents look the same --

MR. SCHAPEROW: The top two are the modified --

DR. WALLIS: So the codes are in the order in the
table, are they?

DR. KRESS: Yes, they are in the order of the
table.

MR. SCHAPEROW: The top two are the high ruthenium
and the bottom two are the low ruthenium, and the very top
one is with late evacuation, which is the worst
consequences, and then as you go to early evacuation your
consequences get lower and the same for the low ruthenium
cases. As you go from late evacuation to early evacuation,
the consequences get lower, but in the case of the low
ruthenium release you are dominated by cesium and the
consequences don't really fall off as you go out in time
because of the 30-year halflife.

Another issue was involved with the
thermohydraulics, the question of how much fuel would heat
up and release its fission products.

Most of our work was based and the stuff you just
saw was based on the heatup of the entire spent fuel pool
inventory of the Millstone 1 reactor.

DR. KRESS: Now one of the questions we had was
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how representative is that 3.5 cores of the class of
decommissioned plants that are out there.

MR. SCHAPEROW: I think Tim may have understated
it a little bit, the number of years. Three and a half
cores, if you have a refueling every year and a half that
would be one and a half times ten. It is about 15-20 years.

MR. COLLINS: No, no, the first three batches are
the same timeframe. The last core is three batches, gets
off at once and then it is a batch at a time. You have to
take off the refueling cycle time by batch, so it takes
every three batches is one core.

MR. SCHAPEROW: This is representative of the
Millstone 1 reactor as it stood in 1988, which is I guess
about 20 years, 15-20 years into its operations, so this is
fairly late in the life of a reactor.

DR. KRESS: The question is could it be more?

MR. SCHAPEROW: Yes, it could if Millstone
operated longer, which it did operate a little longer.

DR. KRESS: For decommissioning plants that are
out there now, the rule is going to apply to them.

MR. SCHAPEROW: That's correct. It could be more.

MR. STAUDENMEIER: This is Joe Staudenmeier from
the Staff.

One of the recent decommissioned plants, Zion,
shared one spent fuel pool for both reactors and I believe
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that had about 10 reactor cores in that spent fuel pool.

DR. KRESS: For that particular plant you'll do
plant-specific thinking on whether to relax any
requirements?

MR. COLLINS: Throughout the report we have made a
lot of assumptions with regard to -- design assumptions and
industry commitments. Whenever the rulemaking comes forward
it is going to have to take into account how those things
will be reviewed as part of the licensing process. Somebody
which differed from any of those things would have to be
looked at on a plant-specific basis.

DR. KRESS: If I am a decision-maker can I take
your risk numbers and multiply it by the ratio of that to
the number of cores I have, or is it not that easy?

MR. PALLA: Well, I think you would not -- if you
just added additional cores, you would go from having the
oldest fuel assembly 20 years to 40 years. You are not
going to add any more ruthenium. You are going to just have
more cesium.

DR. KRESS: So all you are going to change is the
societal end of the thing, rather than the prompt
fatalities.

MR. COLLINS: The prompt should be changed. The
ruthenium, almost all the ruthenium is in the last core that

you offloaded.
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MR. PALLA: So you might have a factor of 2 or 3
in the cesium effects, in the longterm effects. Ruthenium
would have been diminished anyway.

Now if you look at the margins that we show, you
might rationalize that you still would be below the safety
goals or below whatever figure of merit you want to use.

MR. SCHAPEROW: We actually rationalized that it
may be as little as one core involved in the heatup one year
as a result of the work done for Generic Safety Issue 82, so
when we did a sensitivity on the amount of fuel released in
fission products we went from 3.5 cores down to the final
core offload.

DR. WALLIS: So the plume from one core is the
same as the plume from ten cores burning?

MR. SCHAPEROW: In what fashion?

DR. WALLIS: I would think the plume would be
different if you burned more stuff.

MR. SCHAPEROW: The heat of the plume?

DR. WALLIS: Burning quicker -- and the fire you
get would be different so the whole, this would change the
physics of things as well as the total amount distributed.

You are still in the same plume presumably?

MR. SCHAPEROW: Yes, we assume -- I will get into
that in a few minutes. I have got some discussion of the
plume modeling that we looked at.

48

DR. WALLIS: 1In reality the plume might differ if
you burned more cores?

DR. SEALE: The energy that is in the fission
product decay takes you to ignition, if you get there, but
the energy that is in the clad and other oxidation once you
get to ignition is the thing that drives the plume.

DR. KRESS: Right.

MR. SCHAPEROW: That's correct, with one small
change. At later times when the decay heat is really low
the energy of decay heat just gets you up a little bit in
temperature until the oxidation reaction actually provides
the dominant heat source.

sresina n o
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DR. WALLIS: That's right.

MR. SCHAPEROW: Even at the lower temperatures.

DR. WALLIS: So burning old cores is just as
effective as burning new cores as far as the zirconium goes.

MR. SCHAPEROW: Although once the zirconium is
burned, that is the end of it. 1It's not like a Chernobyl
type accident where you have got graphites sitting there for
long period of time burning.

DR. SEALE: There is not nearly as much charcoal
in there. Yes, I agree with you.

DR. KRESS: The way the dispersion codes treat the
plume is it has a temperature which is a density, related to
the density of it, and as it rises up it entrains cooling

49
air and it cools off as it rises until it reaches the point
where it is neutrally buoyant and then normally the wind
turns it over and it disperses that way, so it does matter
vwhether you are burning a little bit or a whole lot because
that influences how long it takes it to cool off this plume
as it rises.

The temperature starts out the same, so the
buoyancy driving force is the same, but how much fire --

DR. SEALE: How much lofting you get --

DR. KRESS: -- is involved does affect the
lofting.

DR. APOSTOLAKIS: Actually, Bob, I thought about
this latent risk business. I think the number of years over
which the fatalities occur should be a factor in this,
because the risk, the Commission's goal is one-tenth of one
percent of the rate of deaths per year, so you have to
really consider the number of years before the present year,
have the probability of accident, calculate the contribution
to the deaths of this year, so --

DR. KRESS: I think you're right.

DR. APOSTOLAKIS: But have you done that? Have
you calculated latent risk?

MR. PALLA: Well, to be honest with you, we used
the number that the code calculates. .

The code has a built-in -- it automatically
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accounts for the population in that bin and it spits out the
number that is used to compare to the safety goal so we
would have to go look closer at how that is done.

DR. APOSTOLAKIS: I mean to calculate the latent
risk for this year, you have to consider the contribution to
the deaths this year from a number of years back and add
them up, because that is what the Commission says.

MR. PALLA: Well, we believe we have done it
consistently with how it's been done in the past. Now
whether that is correct or not, that's a different question.

DR. KRESS: I think, George, that what we have is
a fixed number for the number of cancer deaths per year that
are background, and this is a fixed number of deaths that
occur over a number of years --

DR. APOSTOLAKIS: Right.

DR. KRESS: -- and you divide by that number of
years to get a cancer per year contribution out of that even
though part of it is earlier and part of it is later.

DR. APOSTOLAKIS: Yes, but then you would have to
add the contributions from each past year.

DR. KRESS: No, you don't do that.

DR. APOSTOLAKIS: Why not?

DR. SEALE: You only die once.

DR. KRESS: That's not the way the safety goals is

written.
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DR. APOSTOLAKIS: Well, can we find out how this
is calculated?

DR. WALLIS: I guess when you show us all these
numbers it would be helpful if you said if this number on
the right were 10 to the 9th we would be in trouble or
something and give us something to scale it by.

MR. SCHAPEROW: I have to put that out for Bob.

DR. WALLIS: How big does that number have to be
before you worry about it?

DR. KRESS: You had a graph that showed the risk
versus the safety goal.

MR. PALLA: Yes.

MR. SCHAPEROW: You are going to see a bunch of
them --

DR. WALLIS: So you are going to get to that.

Just it would help at this stage when you are showing us all
these numbers if you would put them in perspective some way.

CHAIRMAN POWERS: But this is a conditional thing.
How can you --

DR. KRESS: You can't do that here with -- it's a
condition.

MR. SCHAPEROW: These are just consequences.

DR. WALLIS: Being naive, I just see a big number
there -~ gee whiz.

DR. KRESS: What they are trying to do is show us
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the effects of these issues we had if you dealt with them.

DR. WALLIS: But if the number you need to get to
is 10 to the 9th then all this is irrelevant. Maybe it's
not.

MR. COLLINS: 1It's not irrelevant. What it is
showing is it is not as bad as would be a problem.

DR. WALLIS: So it is important to get that number
right on the right within --

MR. COLLINS: We have to have that number in order
to get to our comparison with the safety goals.

DR. WALLIS: Okay.

MR. SCHAPEROW: This is just a step along the way.

DR. WALLIS: Yes, but you are giving us an awful
lot of numbers and I want to know if they are important or
not.

MR. PALLA: One way to think of that number in the
right column is that if you looked at a severe reactor
accident and it will depend on the site, but you could be
looking at numbers on the order of two times 10 to the 6th
to two times 10 to the seventh.

DR. WALLIS: So this is comparable.

MR. PALLA: So that is the way that I would
perceive it. .
DR. WALLIS: And someone has to know that.

MR. PALLA: 1It's relative, what we're looking at
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here is the sensitivity of that number to the different
changes --

DR. WALLIS: So it is within the range?

MR. SCHAPEROW: That's correct. We are
releasing -- these are large release fractions.

These are reactor accident release fractions.

The benefit is the short-lived isotopes will have
decayed away.

These are one year of decay.

The two sensitivities shown here -- one is for a
small release fraction of ruthenium and the other is for a
large. We do see a consequence reduction in each case and
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we go down to one core of fission products.

The consequence reduction is not quite as big a
reduction for the large ruthenium case again because of its
halflife and that a lot of it if not most of it is in the
final core.

DR. APOSTOLAKIS: So this is the mean value over
the what?

MR. SCHAPEROU: Over the weather.

DR. APOSTOLAKIS: Over the weather.

MR. SCHAPEROU: The model we have does a sampling
of the weather.

DR. APOSTOLAKIS: 1If I go back to 11 and I
consider the various decay times -- back to slide 11.
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MR. SCHAPEROU: All right.

DR. APOSTOLAKIS: Are you finding also the mean of
these values, in other words, multiply 192 by the
probability that the accident will occur within 30 days,
then 162 by the probability is 90 days, and find that mean
value?

MR. SCHAPEROU: We use mean value for the
frequency, and these are mean values based on the weather.

DR. APOSTOLAKIS: Right. And I'm asking
whether --

MR. SCHAPEROU: So we just took a mean times the
mean in calculating the risk. We didn't propagate any
uncertain events.

DR. APOSTOLAKIS: No, but the total mean will be
the mean with respect to the weather, and the weight that
some of these numbers you have there depending -- the weight
is the probability that you will have 30-day decay time,
90-day decay time.

MR. SCHAPEROU: We calculated it discretely at 30
days and at 90 days and at -- you know, we maintain the
constant probability of the event. We did not go in and say
the likelihood of having a spent-fuel pool accident at 30
days is -- we didn't try to account for how it might change
with extended --

DR. WALLIS: The earthquake doesn't know the state
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of the fuel pool.

MR. PALLA: It doesn't know how long it's been
there. But other -- I mean, you could -- in theory
accidents that occur later have longer times to uncovery --
boildown sequences, for example -- so if you were doing a
very rigorous analysis with fancy human-reliability models,
you might take some additional credits for that. And also
in the earlier times right after shutdown you would likely
have the same systems available that you had while the plant
was operating. You wouldn't have started to remove things,
so it's kind of a moving target, what you really have at the
site. '

DR. APOSTOLARKIS: So the ultimate comparison is
you take say the 30 days, 192, multiplied it by its
frequency and compared it to the goal?

MR. PALLA: Yes.

DR. APOSTOLAKIS: So you compare each
individual --

MR. PALLA: But not that measure. I mean, we -- a
measure that's comparable to that. It's the risk to an
average individual of an early fatality.

DR. APOSTOLAKIS: Yes.

MR. PALLA: I'll explain that.

MR. SCHAPEROU: The other area I wanted to speak
for a few minutes about was on the plume. I have a short
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presentation here on plume spreading and on plume heat
content.

on the plume spreading, max does use a gaussian
plume model with the amount of spreading determined by sigma
Y and sigma 2, model primaries which you are probably all
familiar with that type of model. As part of an
international cooperative effort on consequence assessment
codes, the experts in this area did provide updated values
for these parameters. This work was done over the last
several years. The experts provided distributions for these
two parameters instead of point estimates. We went forth
and we did perform max calculations based on sampling from
these distributions.

CHAIRMAN POWERS: Mr. Schaperou, my recollection
of this study was that the experts were asked what was the
amount of material deposited at particular points away from
the plume, and that the authors of the study subsequently
turned those into sigma Y and sigma 2, and they did that
because the experts utilized tools they had available to
them. Some of those tools were not gaussian plume models.

Am I incorrect in my recollection on this?

MR. SCHARPEROU: 1It's been too long since I've
looked over that work. It sounds reasonable.

CHAIRMAN POWERS: My recollection of what the
experts -- and actually the innovation in the way they did
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their solicitation was to ask the experts to provide the
equivalent of a chi over q at particular sets of distances,
and there were three of them I think they asked them.

MR. SCHAPEROU: That sounds right.

CHAIRMAN POWERS: And then they said if that were
the case, how would I have to change the max model and its
sigma Y sigma Z things to get that result.

MR. SCHAPEROU: Yes. .

CHAIRMAN POWERS: And that resulted in having
something that was directly useful.

MR. SCHAPEROU: That is my recollection, and the
point I was trying to make here was that they provided
distributions, and that made an additional level of
complication for our analysis. We were able to as I said
carry out a sampling and form the calculations. We saw a
decrease in early fatalities as a result of these updated
parameters. The updated parameters -- the experts basically
said you are going to have more spreading than the earlier
model.

DR. WALLIS: Could you tell me something about how
big the fire is? I mean, is this something like the fire
I1'd get if I burned a pot of brush, or is it like a college
football celebration fire, or how big a fire is it? What
are we talking about?

MR. SCHAPEROU: I have some estimates on the next
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slide -- |

DR. WALLIS: 1It's a pretty small fire, isn't it?

MR. SCHAPEROU: Of the heat content of this plume.

DR. WALLIS: Let's put it in perspective. Is it
like a car catching fire or something? How big is it?

MR. SCHAPEROU: I can't answer that question right
now.

MR. COLLINS: He's trying to be precise at this
time by giving you it in heat.

MR. SCHAPEROU: I can give you a number, but I
don't know -- I don't have a comparison available --

DR. WALLIS: So I have difficulty putting it in
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perspective. But there isn't all that much --

CHAIRMAN POWERS: But could I give you an idea
of —- if you'll help me and tell me what you would like as a
metric on fire, maybe I could give you --

DR. WALLIS: Well, let's say it --

DR. KRESS: How many maple trees?

DR. WALLIS: 1Is it a ton of dry redwood, or is
it —--

CHAIRMAN POWERS: No, it's a little bit bigger
than that.

MR. SIEBER: How about a gasoline truck?

DR. KRESS: It's about like a gasoline truck.

CHAIRMAN POWERS: It's different because of the
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high specific energy of gasoline, but it would -- when you
burn these zirconia clad, they are enormous aerosol
producers because they're going into breakaway oxidation,
and so you would see an enormous cloud of smoke coming out,
but maybe a faint glow, okay? You would not see roaring
flames. You would not see --

DR. WALLIS: Not very energetic.

CHAIRMAN POWERS: At the actual point of reaction
it 1s very energetic, but it's unlike a fire with a volatile
substance. It's not spread out over a combustion zone.

DR. WALLIS: So it would look like a rather smoky
brushfire burning.

CHAIRMAN POWERS: Very, very smoky. It would
completely f£fill the zone of the fuel pool, which is now
presumed to be drained, and it would look very smoky.
ee CHAIRMAN POWERS: And then after you'd worked on
the early removed fuel, then you would see a slow
propagation as you moved -- as the fuel became older and
older clad.

DR. WALLIS: Now that's another -- I don't want to
get into this too much, but I'm trying to envisage what
happens. It's a slow propagation; it's not a rapid ignition
of the whole.

DR. KRESS: The heat transfer is by radiation
probably, and it may spread to the other parts of the pool
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pretty fast. That's one of the issues, is how do you make
this heat-transfer calculation.

DR. WALLIS: That's what I wonder, how the experts
can make all these estimates unless they know just what kind
of a fire it is.

DR. SEALE: Like a stack of old tires.

DR. KRESS: Well, they just assumed the full 3.5
cores are burning all at the same time.

DR. WALLIS: Yes, but how fast they'd burn always
makes a big difference to the plume.

DR. KRESS: Sure.

DR. WALLIS: Okay. Well, go on.

MR. SCHAPEROU: If it burns very slowly, then
you're going to be able to move people out and you won't get
the consequences. So we typically assumed calculations it
burns in 30 minutes. It's fairly quick.

DR. WALLIS: You assumed?

MR. SCHAPEROU: That's correct.

DR. WALLIS: 1Is there any basis for 30 minutes?

MR. SCHAPEROU: That is -- I believe it takes
about 20 minutes to consume a core in a large-break LOCA
type situation from steam oxidation, so it's --

DR. KRESS: Anywhere up to an hour.

MR. SCHAPERQU: This is basically motion of a
flame --



VOAAUE LN

-
QU S WN -

MmﬂWwwnmgmMACR&hsUTanJAﬂmdagym#“ﬂ&[pmwamuhdmlKﬂ

61

DR. WALLIS: So there is an analysis behind it.

MR. SCHAPEROU: Not a detailed analysis. This may
be closer to an assumption.

Because of the potential for the plume content to
be higher than in a reactor accident involving a large early
release, because of this direct burning of the fuel and
release of the heat by that mechanism, we did some
sensitivity calculations using different plume heat
contents, and we used the model that Tom described in a lot
of detail. The base case we use in most of our calculations
was the plume heat content from the NUREG --

DR. WALLIS: Are those megawatt-hours or days or
what? The heat content is megawatts times some time, isn't
it?

MR. SCHAPEROU: No, that is the product times time
it comes out -~ it's divided by 30 minutes.

DR. WALLIS: Oh, megawatts =-- so it's -- 21-1/2
megawatt-hours.

MR. SCHAPEROU: 1It's the heat release divided
by -- the joules divided by 30 minutes.

DR. WALLIS: So it's a rate of feed release.

MR. SCHAPEROU: We made a bounding estimate of
plume heat content for this 30-minute period based on
oxidation of the most recent core in 30 minutes, released
all of that heat. And that was 256 megawatts. We had a

62
more detailed estimate of the plume heat content based on
the amount of heat that would be absorbed into the fuel, and
at some point basically saying the oxidation's over because
the thing has collapsed on itself or melted or collapsed
somehow, and that was about 43 megawatts.

We did sensitivity calculations for this range,
from 3.7 megawatts up to 256 megawatts, and we got what we
felt was an expected trend, which was on the early
fatalities, we saw those come down, because you're lifting
the plume higher and away from the people close in, which
are the ones that would get killed in the early-fatalities
column, and societal dose we saw basically no change, just
slight changes. This calculation is out to 100 miles, and
this additional heat content would carry the plume out
further and perhaps put these consequences further out.

DR. KRESS: You might have had to go further than
100 miles.

MR. SCHAPEROU: That basically concludes my
presentation. I guess I have the -- this is the original,
the first slide I had, and I could just reiterate at this
point that we did perform a large number of calculations to
try to cover the important issues for spent-fuel pool
accidents.

DR. SEALE: You're up.

DR. WALLIS: I think you burned about three tons
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of dry lumber.

DR. KRESS: It's like about --

DR. WALLIS: It's not a very big fire.

DR. KRESS: About four feet of one maple tree. I
think you must have missed the calculations.

DR. WALLIS: You make about 100 gallons of sap
with that much heat -- maple sugar.

MR. PALLA: Bob Palla in the Probabilistic Safety
Assessment Branch of NRR. What I want to talk about here is
briefly the integration of the level 1 frequencies,
frequencies of spent-fuel uncovery, integration of that with
the consequence calculations that Jason just described, and
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we did this to both establish a baseline for comparison with
the safety goals and other, you know, operating reactor
risks and also we wanted to look at the implications of
changes to emergency preparedness requirements and, you
know, how they would impact the various sequences of
significance to spent-fuel pools.

So, what we did was, we essentially used the
frequencies of the various spent fuel pool accidents from
the Level I. And just to summarize, for seismic events,
with the Lawrence Livermore curves, we're talking about an
uncovery frequency of two times ten to the minus six per
year. This is a mean value.

And it's two times ten to the minus, if you use
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the EPRI seismic hazard study. Now, this is the mean of the
values reported for the population of sites which were mean
values, so I believe it's a mean of the mean values that are
reported.

So, in essence, a factor of ten difference in the
frequency of seismic, and that mean value bounds
approximately 70 percent of the sites.

Now, for the cask-drop accidents, we looked at
heavy-load drop and basically the cask-drop accident is the
next highest frequency at two times ten to the minus seven
per year.

And then boildown accidents such as would occur
with extended loss of station power, these are slightly less
at 1.8 times ten to the minus seven.

So we used those frequencies as our point of
reference for the risk analysis, and we then coupled that
with consequences taken from the research study.

DR. APOSTOLARKIS: That's where I have a question.
I mean, you have the frequency of the sequence.

Now, the consequences, as Jason showed us, assume
various decay times.

MR. PALLA: Right.

DR. APOSTOLAKIS: How did you factor the
probability that the decay time will be 30 days versus ten

years?
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MR. PALLA: Well, what we do -- and I'll show you
in a subsequent curve -- is, we calculated these risk
measures at each time interval.

DR. APOSTOLAKIS: But actually, the risk should be
lower, because the conditional probability of -- given the
event, having it occur within 30 days, you know, is not
accounted for. You just did sensitivity studies.

MR. PALLA: Glen, do you want to mention why that
frequency -- what we did is, we assumed the same annual
frequency constant throughout the ten-year period.

DR. APOSTOLAKIS: I understand that. The
frequency of the occurrence of the initiator in the sequence
is constant.

MR. PALLA: Right, okay.

DR. APOSTOLBKIS: But it depends very much on
whether it occurs within 30 minutes or ten years, according
to these consequences.

MR. KELLY: That's correct.

DR. APOSTOLAKIS: And that conditional
probability, I don't think is accounted for, which would
reduce the risk even further.

MR. KELLY: This is Glenn Kelly from the Staff.
Dr. Apostolakis is exactly correct. What he's saying is
that when you look at the consequence results and it shows
what the consequences are at 30 days, you can't then say,
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well, okay, six years later, the consequences are still
going to be the same as they are at 30 days.

Those consequence at 30 days are only good at 30
days, and if you show the risk numbers, which is the
convolution of the frequency with the consequences, if you
-- you have to understand that if you're showing it at 30
days, in essence, when you consider that value, you have to
understand that that's only good for a little window around
30 days.

MR. PALLA: Right.

DR. APOSTOLAKIS: In other words, the window, the
time window within which the constant frequency initiating
has occurred.

MR. PALLA: It's just that these are a series of
point estimates that we made. That's just a linear
interpolation.

But we did these consequences, assuming that the
plant was shut down, either 30 days, 90 days, one year, two
years, five years, ten years.

DR. APOSTOLAKIS: I understand that.

MR. PALLA: These are discrete calculations,
discrete consequence results for those, and we combine them
with constant frequencies of occurrence of the accident.

DR. APOSTOLAKIS: So what saves you is that even
in the worst case, you're still below the goal.
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MR. PALLA: That saves us.

DR. APOSTOLAKIS: Otherwise, we would have to do

DR. WALLIS: Well, he hasn't shown us yet that
he's saved.

MR. PALLA: Well --

DR. WALLIS: I'm still waiting for him to show us
that.

DR. APOSTOLAKIS: Is there an equation someplace
that shows how this calculation is done?

MR. PALLA: We don't have an equation in the
report. I think it's fairly straightforward. We did not
put one in there. We didn't think it was necessary, because
we have basically taken the product of the frequency and the
time-dependent consequences.

DR. APOSTOLAKIS: Yes, but --

MR. KELLY: This is Glen Kelly from the Staff. We
did not have an integrated risk calculation giving you the
total risk over what we would consider to be the total risk
over the time that you might have some exposure.

What we have shown is the risk at a point in time,
at 30 days, 60 days, and really probably from my standpoint,
the number that's most -- because we did the risk assessment
for the -- the frequency numbers were for one year.

And that's where we have the most confidence in

68
our frequency estimates. We held it then constant for
whether it was longer periods that the fuel has been out of
the reactor or shorter periods. We held it constant in
there, and if you want to, I can go into the reasons for
that.

DR. APOSTOLAKIS: Well, I quess if I look at Slide
11 again, from Jason, it seems that after two years, you
have a dramatic decrease, you really have significant early
fatalities up to two years, 192, 62, 77, 19, and after that,
it goes down to 1 --

MR. COLLINS: You lose the ruthenium.

MR. PALLA: 1It's the effect of the ruthenium.
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DR. APOSTOLAKIS: I'm looking at the ruthenium,
yes.

MR. PALLA: Okay? Implicit in our calculation is
the fact that uncovery actually leads to a fire. We realize
that there could be, depending on the scenario, the chance
that that does not occur.

But we assumed in these scenarios that it did
occur.

DR. APOSTOLAKIS: That's pretty significant,
though. I think the numbers will go down significantly if
you did what I suggested.

MR. PALLA: Well, one of the reasons we did that
is -- and let me just —- this slide is -- this is in the
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report. It's not in the package, but --

DR. APOSTOLAKIS: Do we have the report, by the
way?

MR. PALLA: Looking at the time after shutdown,
the number of hours that you have until reaching the
oxidation temperature at which fission products would be
released, is not substantially different for PWRs or BWRs,
or for that matter, whether it's air cooled or adiabatic.

So, there's a fair degree of latitude in this
area. And in most of the calculations that we were doing,
we're looking at the first five years. And in these
calculations, you would generally conclude that you're going
to end up with a fire, regardless of whether it was air
cooled or adiabatic.

It's only after you reach about four years in our
air cooled that you see the potential for remaining below
this runaway oxidation temperature.

Okay, we looked at the -- we had available to us,
consequence results for early evacuation and late
evacuation. And when I say early evacuation, what I mean is
that the evacuation is initiated and completed, prior to the
release of the plume.

Late evacuation, the plume is released and passes,
and then the doses are absorbed and then the evacuation

would occur later.
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What we did is, we had those results also for what
we call the high ruthenium source term. It was NUREG 1465
source term, modified to include additional fraction, 75
percent, of ruthenium, and fuel fines of like 3.5 percent.

We also used -- and we called it the low ruthenium
source term, but it was the NUREG 1465 source term as a
point of reference.

And it's noteworthy that the source term that was
used in the original generic issues study, this NUREG
CR4982, of about a decade ago, if you used that it would be
quite a bit lower than the NUREG 1465 rule or low ruthenium
source term.

So we only used the 1465 source term and the
modified 1465 with the high ruthenium source term.

We looked at the sequences that contributed to
uncovery of spent fuel, considered whether the evacuation
that would result from emergency planning or ad hoc
measures, would be effective in these various sequences.

And that's really a question of whether timely
notification would occur and whether the things like in the
seismic sequence, whether the infrastructure is intact that
would enable notification of the population and the ability
to actually evacuate.

And timing is another area that is an important
factor. If you have sufficient time, tens of hours, for
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example, you can achieve the same, effectively the same
level of dose savings as a formal emergency plan. You can
achieve that via ad hoc measures, just simply because you
have enough time to do these, the notification and the
evacuation on an ad hoc basis.

DR. KRESS: Now, when you talk about evacuation,
you're talking about out to ten miles?

MR. PALLA: Out to ten miles is what we had
modeled.

DR. KRESS: Now, clarify a little more for me,
late versus early. Early is before the plume even starts?

MR. PALLA: Yes.

DR. KRESS: And you have time to get the ten mile
people out.

MR. PALLA: Everyone would start moving, I
believe, at the same time.

DR. KRESS: I'm a little confused on late, though,
because you said it was after the plume is gone. But the
longer you leave people in there, even after the plume is
gone, the more dose they’'ll get.

MR. PALLA: That's true.

DR. KRESS: So it does depend on a specific time.
And is that 24 hours?

MR. PALLA: No, it wasn't; it was --

MR. SCHAPEROU: It was the same assumption that
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was assumption that was used in the large early release
calculations in NUREG 1150; that is, about an hour after the
plume has ended, the early plume has ended, people are

evacuated.
DR. KRESS: That's call late evacuation?

MR. SCHAPEROU: That's correct. That's what we're
calling our late evacuation case. That's the one where
everything happens very quickly in the reactor case, and in
about an hour after that, then you start moving people out.

MR. PALLA: I think it was the timing that you'd
have for like an interfacing system LOCA type of reactor
accident. You're starting everything right at time zero,
but it just takes time to make the notification and get

people moving.
In our model, I believe it was a radial evacuation

in all directions that started at all locations at the same
time and proceeded radially outward. I think in actual

reactor accidents, there might be more of a focused, keyway
type of an evacuation where, depending on wind directions --

DR. KRESS: You did this all for the Surrey site?

MR. PALLA: The Surrey site, yes.

Okay, and what we've done, I've summarized on the
last bullet, and described in more detail on the next slide,
for seismic events, we looked, for starters, at how -- what
was done in NUREG 1150.
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There, they classified seismic events as either
high-G value or low-G value. For the low-G value
earthquakes, they assumed that the evacuation start time was
delayed and the speed was, I think, half the speed, so it
took longer to complete it.

And then for the high-G earthquakes, they said
there would be no effective evacuation, and those people
were basically left there for 24 hours and then relocated.

We think that the seismic events that would
threaten the pool would clearly be of the high-G value type.
The .6 G was -- peak ground motion, was used as the point of
demarcation in 1150,a nd we feel that looking at the
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fragilities for the spent fuel pools, we'd have to have G
values of that value or higher in order to get spent fuel
pool failures.

DR. KRESS: Was the spent fuel pool is designed to
a safe shutdown earthquake for the site?

MR. PALLA: I believe it's seismically designed to
the -- yes, I would say yes, and maybe Glen or Goutam could
answer that, if I'm not right. But it's pretty robust.

There are also shielding considerations that come
into play, so it may be even more robust than it would need
to be, just to meet the seismic criteria, design criteria.

But it would take a substantial earthquake.

DR. KRESS: But you did some sort of fragility
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estimate and came up with the .6?

MR. PALLA: Yes.

DR. KRESS: Are the spent fuel pools enough alike
that that's sort of generic number?

MR. KELLY: This is Glen Kelly from the Staff.
¥When we -- we don't have information on all of the
individual pools to make a determination generically. So
working with the industry, what we did was, in order to come
up with kind of a minimum capacity of the pools, we -- the
industry proposed that we enhance the checklist, the seismic
checklist where if a plant passes the checklist, we feel
that it would have a capacity, at least as high as 1.2 G
spectral acceleration.

Now, that's equal to about .5 G peak ground
acceleration. And we believe that that's -- many pools may
be considerably more robust than that, but by meeting this
checklist, we can at least assure that. And that's about
the same level that we would consider to be high G level,
and therefore you're not going to have much infrastructure
left.

DR. KRESS: Okay.

MR. PALLA: We also looked at some of the previous
Commission decisions regarding the need for emergency
preparedness to deal specifically with seismic events, and
the previous Commission decisions reached were that the
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value of emergency preparedness in seismic events would have
a marginal benefit, because of the extensive damage offsite
to structures, bridges, roads, all of those elements that
are needed for effective evacuation.

And we then also consulted with our expert, Dr.
Kennedy, and he essentially confirmed these judgments that
there would be minimal impact of emergency planning in a
large seismic event of the type that we're talking about to
damage the pool.

DR. KRESS: Yes.

MR. PALLA: So, on that basis, we, in our
analysis, assumed that or rationalized that there wouldn’t
be any effective taking away any of these offsite planning
requirements, so that the delta, with and without EP,
offsite would be negligible in our analysis.

DR. KRESS: Now —--

CHAIRMAN POWERS: Dr. Kress, I wonder how long
we're going to -- we're doing damage to the schedule here.

DR. KRESS: I think we're only about two-thirds of
the way through. Would that be a good estimate.

"DR. WALLIS: 1I'd like to see the bottom line.

MR. PALLA: Okay. There are a few plots in your
package that give you the risk values. I don't know that I
need to show them.

I could go right to the risk conclusion slides,
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and you can refer to the figures, if you wish to confirm
them. I'm going to flash this figure pretty quickly, and
just indicate this is the contribution to the risk profile
from the castroph accident. The castroph accident is the
only accident that we considered to be impacted by emergency
planning. And what the top figure -- the top line there is
a consequence result if you had late evacuation. And the
bottom line is the risk if you would have early evacuation.
And the difference that —— we have a line that starts at the
10 top, the dotted line that drops quickly down to the lower
11 line as if you had full EP. We assumed that you had to have
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12 in excess of at least an hour to -~ I think maybe it was
13 four hours to--

14 MR. UHRIG: Four to five hours.

15 MR. PALLA: Four to five hours to have -- even

16 with full EP, to be effective to complete the evacuation.
17 So, but once you had that, and we think you have that at
18 about 90 -- at 90 days you don't quite have it, but at one

19 year, you do have it. This is just a linear interpolation.

20 And so we transfer down to the early evacuation curve after

21 the one year, at one year and beyond.

22 With--

23 MR. WALLIS: These are all details. I'm trying to

24 ~-- does it matter on what's on below, some number doesn't

25 matter. So, what is the scale on the left tell me? Is it
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1 -- one ten thousandths of a person dying.

2 MR. PALLA: Yeah, that doesn't tell you a whole

3 lot.

4 MR. WALLIS: Is that insignificant or not?

5 MR. PALLA: No, it's not significant when you look

6 at it in terms of the overall picture. Now, this--

7 MR. WALLIS: It's about the same.

8 MR. PALLA: This is the roll up of the risk--

9 MR. WALLIS: Well, that's bigger.

10 MR. PALLA: From all of the contributors--the

11 seismic combined with the cask drop. In that previous curve

12 that I showed you it is reduced to the dotted -- the

13 difference between the solid line and the dotted line on

14 each of these curves.

15 And what we're showing here is we have the

16 Livermore seismic hazard curve with a high source term and

17 with the low source term. BAnd we've got the EPRI seismic

18 half curves.

19 MR. WALLIS: And how big do these numbers have to

20 be before you worry. I mean, it's 1 e to the minus 3

21 important?

22 MR. PALLA: The purpose of this curve is just to

23 show how it compared with the risk levels from operating

24 plants.

25 MR. WALLIS: But does that make me secure or not?
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1 How does it compare with some Commission criterion or

2 sonething?

3 MR. PALLA: Okay, let me -- before I leave the

4 curve, let me just say that early on with the highest source

5 term and the highest seismic, you're in the range of

6 operating reactors. If you had the lower--

7 MR. WALLIS: Well, that may tell me the peach

8 bottom's in trouble. I don't know. What's the criterion

9 for success?

10 MR. PALLA: You want me to go faster.

11 DR. KRESS: Have patience. We'll get there.

12 DR. APOSTOLAKIS: Still, though, it seems to me

111KI0N 2.84 ARA

*e M~ e 9 A



http-//www.nrc.gov/ACRS/rrs1/Trans_Let/index_top/ACRS_transcripts/ac001102

that these are overestimates by a factor of four to ten in
the early years.

MR. PALLA: Which ones?

DR. APOSTOLAKIS: All of them. Because you have
not included the time window.

DR. KRESS: But there's other conservatisms, also.

MR. PALLA: But the time window is the--

_ DR. APOSTOLAKIS: Yeah, but the time window we're
doing in the shut down and low power.

DR. KRESS: There's conservatisms in seismic--

DR. APOSTOLAKIS: Situations. That's what brings
the risk down.

MR. WALLIS: See he has to average these in some
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way or he has to weight these in some way.

DR. APOSTOLAKIS: That's right, because you see --
let's say I'm concerned only about two years. There is a
probability that the initiator will occur in those two
years. The frequency of the initiator times two. Then it's
equally likely you will look at anywhere, and what you're
really interested in is the 30 days or the 90 days. So if 1
take that interval and divide by 365 times 2, I really get a
Jow number.

MR. WALLIS: So you just average these curves?

DR. KRESS: You don't want to do that because
these things are looking at options on the status of the
plant. So you're -- you can't compare one with the other
because you've got a different plant up to the 30 days, and
then it changes to a different status after that. So you
can't do just what you're saying.

DR. RPOSTOLAKIS: No, but the occurrence of the
initiator is important.

CHAIRMAN POWERS: I think this is a thing that
will have to rest on our discussion. We have -- we are now
over a half an hour behind. Please conclude in two minutes.

MR. PALLA: Okay.

DR. KRESS: Please put the dotted lines up there,
Professor Wallace.

MR. PALLA: Yeah, I'm going to show you the
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comparison to the safety goal. Here's what everybody's
waiting for. Okay, the point -- these -- the top solid
curve and the dotted line just below it is for the highest
-- high seismic hazard, high source term. The low curve is
the low seismic hazard and the low remedial source term.

And you can postulate other cases in between that are
different combinations. The point here -- this is early
fatalities. We're about a decade below the safety goals
even early on. And this increases as time goes on due to
the decay of fission products. Ruthenium is one of the low
-- this is a five-year time period, and you can see the drop
off. You're probably about a decade lower if you're at --
with the low source term and the low Ruthenium -- low
ruthenium and low seismic hazards.

MR. WALLIS: Now, why didn't you show that two
hours ago?

CHAIRMAN POWERS: I don't think it's germane. Why
he didn't. We need to conclude.

MR. WALLIS: But do we have to go through all
those perturbations for the--

CHAIRMAN POWERS: We can discuss that later.

MR. WALLIS: Okay.

MR. PALLA: I'm just trying to show you the range
that these results are coming out under with this -- with
the assumptions that we made. One of the key -- this is
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latent cancer fatalities. The curves are more flat. These
are driven by others -- longer term --= long-lived
radionuclides. You can see in both the curves the
di fference between the dotted line and solid lines are
really the effects of the EP relaxations that we were
talking about. It's quite a bit smaller. It doesn't really
affect the margins of the safety goal at all.

CHAIRMAN POWERS: I think you've satisfied.

MR. PALLA: I think that's the bottom line of the
whole thing is that we're -- in the range of operating
reactors early on and decreasing to various degrees
depending on assumptions. Assumptions on seismic could know
you down an order of magnitude. Likewise for source terms.
You -- combined effects of lower seismic hazards and low
source terms could give you a couple decades reduction, and
you've got substantial margins to the safety goals. I won't
even get into the slides that I've got. But what -- on the
comparison to the safety -- to Reg Guide 1174, but we did
lock at each of the key safety principles--defense and
depth, and margins, et cetera. We found that -- we feel
that we have adequate defense and depth with the ad hoc
measures, given the extensive amounts of time that would
exist. And margins are substantial, but -- and margins
would be retained even when one would relax the off-site

requirements.
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DR. KRESS: Dr. Powers, on the agenda, we had
about 20 minutes for a representative of the Nuclear Energy
Institute to give us their perspective, and another 15 or 20
for a representative of the Institute for Resource and
Security Studies.

CHAIRMAN POWERS: Yeah, I'm anxious to get those
perspectives.

DR. KRESS: Okay.

CHAIRMAN POWERS: So let's please continue on.

DR. KRESS: So we could move to the -- I think we
can move to that part of it now, and the Nuclear Energy
Institute is first.

CHAIRMAN POWERS: And I -- the speakers for
Resource Security Studies and the Nuclear Energy Institute
ocught not feel pressured by time.

DR. KRESS: Thank you.

MS. LYNETTE: You're a gentleman and a scholar,
Dana.

CHAIRMAN POWERS: Flattery will get you anywhere
you want to.

MS. LYNETTE: Alright.

DR. APOSTOLAKIS: She didn't say that on the
record, though.

DR. KRESS: We're very familiar with Lynette
because she's been here before, but who's this stranger you

8

have with you?

MS. LYNETTE: Dr. Robert Henry with Salsky and
Associates. He's--

MR. SEALE: Bad company.

MS. LYNETTE: He's -- but he's here to give us
some good insights on the progression of the event, the
thermodynamics and some of the considerations that were
spoken about earlier. I understand we have between us about
half an hour, and I'm going to start with Dr. Henry, because
I think they'll probably be a lot of discussion about what
he has to stay.

MR. HENRY: Tom, maybe if I got a little hair
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dyed, you might remember me.

DR. KRESS: Well, welcome back, Bob. How's Notre
Dame doing this year?

CHAIRMAN POWERS: Could have talked all day
without bringing that up.

MR. HENRY: Let's get to something that I can
discuss right now.

CHAIRMAN POWERS: This is our first test. He
qualifies as an engineer.

MR. HENRY: I will try to keep on schedule, Dana,
and even though I--

CHAIRMAN POWERS: Don't feel pressed. We just
forced Dr. Kress to stay after school.
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MR. BENRY: 1I'd just like to discuss a few of the
issues that have been touched on in various aspects this
morning that would relate to the thermohydraulic response of
the pool under these fire conditions or whatever conditions
are postulated under these very low probability events.

The major points that -- the first four are pretty
straightforward. You've gone through these before. But
certainly given an accident with the loss of heat removal,
when you analyze these, you'd like to be able to analyze
them in the most realistic manner you can. So you like to
understand where you think the failures might be or the
spectrum of failures to be addressed.

Certainly with a -- if I stand up, you can't --
can you hear me?

CHAIRMAN POWERS: Well, no. We can give you a
mobile microphone, if you'd like.

MR. HENRY: Yeah, I'm more comfortable standing
up. I can see that.

CHAIRMAN POWERS: Yeah. Of the old schools.

MR. HENRY: You guys get to do this five days a
week. I only get to do it here. Right, George?

DR. APOSTOLAKIS: I don't know about the five
days. :

MR. WALLIS: You're actually a bigger target when
you're standing up.
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MR. HENRY: Graham, you're usually so accurate,
that's not an issue. Certainly with the spent fuel pool
inventory, when the pool is adequately cooled and you have
days, of course, even without a pool cooling function. The
water level decreases sufficiently to uncover the top of the
fuel bundles as a result of the accident condition. The
heat removed by boiling and steam flow is important, but the
power distribution really is not very important throughout
the pool and we'll touch briefly on that.

If, in the sequence of these low probability
events, it's assumed that the pool is going to eventually
dry out, then the fuel bundle configuration is somewhat
influential, and we'll talk briefly about that. Key to this
I think is that if the fuel pins become sufficiently hot
that oxidation becomes an event. The rate of oxidation is
comparable to the decay power, then obviously you're going
to be driven by the chemical energy, which was the point
made earlier.

But that we'll get to that. Just doing some
simple hand calculations tells you that that's going to look
pretty much like an in power or an at power case, except in
somewhat different time scale, and particularly that the
Zirkoy reaction is the thing that's going to get her the
oxygen, and that you would expect the same kind of geometry
changes just like you would have seen in analyzing cores
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under normal -- in reactor accident conditions, in something
maybe like TMI in terms of relocation, in terms of what
limits the oxidation, and in terms of minimizing the
interfacial areas.

I'd like to touch briefly on those in a second.
When we do these evaluations, evaluations always are
beneficial if we can identify some kind of mechanistic
failure, so you understand exactly what it is that you're
addressing. It certainly helps the analysis, and it helps
these kinds of discussions. The evaluations should also
look at the results of potential recovery actions because
this is the other place that time really comes into play,
and we talked about time being influential with respect to
both EP and fission product decay. But this is the place
that has the greatest bang for the buck, if you will.

The evaluations should also obviously consider all
the cooling mechanisms and the energy generation mechanisms,
including natural circulation, which we'll talk about in
just a second.

The focus for analysis obviously different from
at power conditions. We're dealing with something which is
atmospheric pressure. The flow through the assemblies is
laminar, which means that we're not particularly limited by
any kind of changes in resistances. They're very well
characterized by standard representations. It's like 64,
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the Reynolds number.

It is important to at least consider the fact that
there are openings in individual fuel assemblies that you
don't necessarily see in the core, and I'll show you a
couple of those. But they're really principally second
order in nature. But it should always be remembered that
they're there, because they are favored flow paths through
the assembly.

The fuel assembly distribution within the pool
isn't going to matter, as I said earlier, when there's a
reasonable amount of water in the pool, roughly if the core
is covered to about 70 percent of the fuel assembly height,
and I'1ll show you where that comes from.

And the fuel assembly distribution does matter if
we start dropping down below that.

I think this particular one is slightly out of
order, but you have this. This just shows you what -- for
PWR fuel assemblies--

MR. WALLIS: Do we have any of these, excuse me?

I don't think we have any of your slides.

MR. HENRY: I gave copies. I don't. Maybe they
got all added together. There's two sets.

LYNETTE: Yeah, yeah. I think there were two
separate handouts.

MR. HENRY: There's two separate handouts. That's
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probably.

MR. WALLIS: Well, we got one very skinny one.

MR. HENRY: And there's--

MS. LYNETTE: We'll be making some more.

CHAIRMAN POWERS: It's clear so far.

MR. HENRY: I didn't think it would challenge you
guys too much.

MS. LYNETTE: Thanks, Graham.

MR. HENRY: Now we'll get to the guts of the
issue. Anyway, when we -- when these assemblies go into a
pool, of course, these holes that are there for the control
rods are open, so they are favored flow paths, because they
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have roughly the hydraulic, twice the hydraulic diameter as
those between the fuel pins. So when we deal with laminar
natural convection, these are favored flow paths, as is the
central path, which is there for the in-core instrument,
vhich also doesn't have anything in it in the storage pool.

MR. SIEBER: We used to put burnable poisons and
flow limiters and source assemblies in those holes as a way
to store them so they aren't in every case open.

MR. SHACK: You're too big to have you stand in
front of the screen.

MR. HENRY: I'm sorry. I used to be slightly
thinner. No, and those are the specific things that need to
get looked at if those are practice for a particular plant.
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And the other part that I didn't have any handy
information on is when you get into a fuel storage pool what
is the gap between the assemblies because obviously that has
some meaning, and we'll come to it in just a minute.

They're not quite as dense as they are in the
core. So just for some numbers. Am I in your way, Bob?

Are you able to see okay?

MR. SEALE: I got you.

MR. HENRY: Okay. When we look at the response to
boil down, if we assume we have an average power of about
five kilowatts per assembly, and that's averaged over an
entire pool that maybe has a thousand fuel assemblies in it.
So we're dealing with the power of something like five
megawatts, and the pool is something in the range of eight
meters by seven meters, then the boil down rate, when the
water level is above the fuel is going to be somewhere in
the range of about five and half, 14 inches per hour, 14
centimeters per hour. Once it gets into the fuel, of
course, then we have a reduced cross sectional area, so it
roughly doubles. But it only takes about 35 gallons a
minute being added to obviously turn that around and stop
the level decrease. And that's always, of course, the thing
to be remembered. As I say, the -- there's the element
where time comes into play, and that's going to clearly give
you the most protection against any kind of release.
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If we look at those conditions where the water is
partially boiled down in the pool, and we make some very
standard assumptions. First that it's quasi steady, making
it easy to analyze. And we're only dealing with steam and
water in the core. The inlet water is at saturation
temperature, TSAT. Decay and heat is QD, and we'll assume
for the time being it's constant over the fuel pin length.
The collapsed water level is used to represent the covered
part of the fuel assemblies, and we're looking for
temperatures might remain low enough before steam Zirc
oxidation begins. This results in a very simple expression
that the outlet temperature minus the inlet temperature has
nothing to do with power anymore. And that's a nice
convenient way -- I'll flip back and forth between these two
-- but what we're really looking at is -- that as we start
uncovering part of the top of the fuel, the amount of decay
heat, the steaming rate locally for higher fuel assembly, of
course, is higher, so it's cooling more of the assembly up
here. And, as I said, the power drops out of the equation,
so we can look at the peak outlet temperature as a function
of how much of the core or how much of the fuel assemblies
would be uncovered. And that is again this expression here.
And if we look at the results of that--

MR. WALLIS: This is a steady state. All the heat
goes into the steam, is that right?
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CHAIRMAN POWERS: Yeah.

MR. HENRY: Steady state. All the heat below the
water level goes into creating the steam, and everything
goes into the steam thereafter, right.

So you come to this conclusion that if you set the
escalation to be somewhere in the range of about a thousand
centigrade, or if you want to make it slightly less, it
doesn't matter that much. We're talking about something in
the range of 60 or 70 percent of the pool needs to be
covered to keep that temperature at that level.

Of course, as Graham just said, this is a steady
state evaluation, so as you deviate from this, the rate at
which you get to that is fairly long for these very low
power conditions. But, again, as was discussed earlier, if
you say that nothing can done, sooner or later you would get
to this kind of condition. So as long as this much of the
pool is covered, then, in essence, the steam is sufficient
to keep everything cool. And this gets us to something
we'll come back to in a minute. If there's any part of the
pool that's covered, that the bundle has an easier time, or
the bundles have an easier time cooling themselves than if
it's just all air. So the issue of having any partial
blockage due to water in this estimation says that's really
a bogus issue. Any water, just like going back to accident
management days, water's good, right. So however much of
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the bundle is covered, that additional amount of steam will
take some heat away because the entire bundle is uncovered,
and because steam is lighter than air, this accentuates the
natural convection. So that was just an issue that was
mentioned earlier, I don't think that there's--

MR, WALLIS: The steam velocities are very
moderate, aren't they?

MR. HENRY: Very moderate, yes.

MR. WALLIS: What was ~- such as?

MR. HENRY: They're the order of a meter per
second, but to specific more like half a meter per second.
Reynolds numbers you're typically down in the range of a
couple hundred.

And what this gets me then to is again, a very
simple -- I always like to try and put some things in very
simple terms, but make sure we understand what it is that
drives the bus. If we just look at natural convection
cooling by air, and air alone, so that whatever we say the
flow path is, we can have a simple relationship between the
velocity and the operating delta P, and that's just due to
the density difference coming from the temperature.

And put two different lengths in here, as we'll
get to in a second, this is the height over which this delta
row applies. And this is the length over which the flow is
going through the bundle. So if there's some kind of
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relatively open down comer if you will on the outside, then,
in essence, this length and this length are the same and
cancel out. If you want to consider the fact that there may
not be any significant down comer on the outside, but in
essence you have to go down one assembly and up the other
assembly. So now the length is twice what the height is.
And we could at least get some kind of perspective of how
much cooling we could get.

As I said earlier, the resistance is well
characterized. The delta row, which is operating as an
average point of view, the maximum delta row or T-out minus
T-in driving the bus, divided by two. The decay heat that
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has to be removed -- and we're just talking about decay heat
here. Of course, it's coming from a straightforward energy
balance, it gives us the maximum temperature difference.
Assembling all these we get an expression for the maximum
temperature difference, the outlet minus the inlet. The
average temperature, and then a bunch of things =-- they're
both to the one-half power, and the only reason I grouped
these together is these really are governed by how you
defined your boundary conditions. These aren't going to
change. Kinematic viscosity. The pressure. Gas constant,
et cetera.

As I mentioned earlier, this is the length over
which the flow paths [sic] has to go down and back up again.
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You have basically twice the length of the bundle. The
height is the bundle. So if that's the flow path you chose,
this is two. But if you do that, then this is also half the
flow area. So when you make this assumptions going down one
set and up the other, then that changes this whole term by a
factor of four, or it can take the square root of a factor
of two.

So when you put in some reasonable numbers, as I
had in the pool before, since it was five kilowatts per
assembly, then these kinds of temperatures if you assume
there's no down comer, so it's going down one set of
assemblies and up the other. Again, when you finally get
down to the bottom of these low probability events, this
kind of temperature increase is more than a thousand degrees
centigrade. So when you get to that level, you know that
the oxidation is very strong. So it's going to drive the
bus. This power no longer is just limited to decay heat.

So when you take it down to the end of those kinds of
assumptions, which got you to this uncovered situation in
the first place, then this starts looking like what you
always analyzed for the at power conditions following scram
and eventual boil down of the core. Chemical energy is
driving the bus. You typically find then that you're now
limited by how much air you can get into the assembly. So
now you're oxygen starved by the air flow. And when you
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take that back into this equation, you find that this kind
of fire is, as you were asking earlier, probably last
somewhere -—- if you could get the air flow to it, which
means that the surface area doesn't change, it would take
you a few hours for it to burn, to oxidize. But you clearly
get to the temperatures well in advance of that that the
geometry begins to change. So now it begins to liquify
because of the interaction, the Uteknicator interaction
between molten Zirc and EO2, relocate, melt. So now the
surface area for heat transfer degrades roughly two orders
of magnitude. So when you take this through, it says you
can't get -- you really can't get much natural cooling by
air. But it also tells you that at this level, you're not
going to be able to get oxygen through this thing to oxidize
everything without the whole thing basically turning into a
TMI looking like configuration well before you oxidize all
the Zirc. So what this also looks like then to me is using
the kind of Ruthenium source terms we talked this morning
may be useable regulatory space from our perspective.
They're certainly look like they are very, very
conservative, because the Zirc is there to gather the
oxygen. I don't think you could ever find this to oxidize
all the Zirc. So.

CHAIRMAN POWERS: Dr. Henry, with this kind of
intense oxidation and given that the fuel is relatively old
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in the sense that it probably has oxide layers both on the
inside and the outside, do you think that when you get to
liquefaction of the remaining metal, that it homogenizes
with the fuel or just drains down and leaves a -- perhaps a
zirconium skull clad fuel stack?

MR. HENRY: No, I think, again, we would see
pretty much what we've seen in TMI and what we've seen in a
lot of the core tests that the zirc is going to principally
take the -- most of the 02 with it. It would be very
unusual conditions to find unclad pellets still sitting
there. But whenever it goes out, it's also going to
preclude the -- start shutting off the circulation paths for
the air coming in. )

CHAIRMAN POWERS: What I was thinking of is that
the zirconium metal presumably is oxygen saturated, maybe
from the start, but certainly very quickly gets oxygen
saturated.

MR. HENRY: At it's neutral temperature, yeah.

CHAIRMAN POWERS: And it's got an oxide film
between it and the fuel itself; that how you dissolve that
oxide to get to the fuel to do the homogenization?

MR. HENRY: Dana, the place I would start with
this, of course, and just like we always do, this isn't
enough to address the whole issue, but this is why I've
tried to put it in my own perspective. 1I'd say, now, let’s
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go to technical basis. Let's assemble the whole technical
basis. A key part of that scaling, as we know. So that the
place I always start, because I like to work backwards from,
is what I understood from TMI, and work back to the rest of
it. And it's too long to discussions today, but certainly
looking at these things related to -- as an example, the
CODEX test, and I see people are going to also be looking at
some PHEBUS tests. That's one of the best places. They're
not going to exactly address perhaps the fuel
characterization actually, but they certainly went to great
pains to try and take care of the zirc characterizations you
just mentioned. And certainly the CODEX tests, this is from
what I could gather from the relatively short write up --
they principally saw things which were oxidation -- a lot of
oxidation, but they made the statement from their
perspective, it was also limited by the supply. And once
that's the case, then that pretty much tells me that we've
changed the available area for oxidation substantially. But
I understand your question. I think there's where you would
really build the technical basis to look at these things.

DR. KRESS: Your main point here is that the
zirconium as it burns is there gathering the oxygen, and
oxygen can't get to the ruthenium to volatilize it. And
then when the zirconium is gone, then there's not heat
source to drive the volatilization so that these high
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ruthenium releases that were observed by the Canadians how
did they come about?

MR. HENRY: Again, that's part of the technical
basis I would include here. But that really goes back, Tom,
to, you know, the things that everybody's talked about in
the past. That's a scaling issue; that if you start -- if
you give me something that's fairly small to begin with--

DR. KRESS: A small piece.

MR. HENRY: I can make sure I oxidize everything.

CHAIRMAN POWERS: I think you have to be very
careful. With the Canadian tests, they were done with
Canadian CANDU fuel that has clad that's only about a third
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the thickness of U.S. clad. So they oxidized the cladding
probably before you can get any of this homogenization or
any kind of relocation. And it's a minor perturbation on
the test.

Now, Dr. Henry mentioned the PHEBUS test. I think
that's the crucial question that they're trying to address
is if your zirconium is there getting the oxygen, you don't
get the oxidative release. 1If the zirconium drains away,
the way they've seen in some of the tests and probably have
heard some to NTMI, then you're exposing -- I hate to call
it stacks, but piles of unclad fuel to oxygen sort of
bypassing this, and that's what he's saying is that once
you've done this analysis, now you've got to go look at a
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more detailed and complicated question that's not so easy to
do, to see if you're getting this trade off.

DR. KRESS: I worry a little, Bob, about fuel is
about 12 feet long, and I don't know how homogeneous this
process is; that you may do what you say along one portion
of it, and expose fuel to the oxygen and still have
zirconium there with parts of it to drive the energy. So,
you know, it's a question of homogeneity of that whole
process. If you had a major earthquake, which initiated
this whole event, these stacks are going to be rattled with
aftershocks. :
ee DR. KRESS: Yeah, that may be -- that would be
another issue I think, yeah, as far as the geometry I think.

MR. HENRY: I think the -- I agree with what you
said before, Tom, exactly —-- except that there was one other
point you should put in this. As part of the zirc
oxidation, you substantially change the geometry to limit
the surface area. &And that's the case whether you start off
with all these rods intact and vertical or if they have been
shaken down into a bunch of whatever, you still come to the
same conclusion. You're going to start -- you can't undergo
all this oxidation and keep that surface area intact, and
particularly if you go to a strong seismic event, and you
say it's a pile of rubble to begin with, it's going to be an
even tighter pile of rubble pretty quickly thereafter. If
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it's not a pile of rubble, then, again, you need more than
just these simple equations, but if we start telling you as
it starts burning from the top down, as the power -~ the
power distribution doesn't matter, both in the fuel and
within the pool, and again, it also tells you, as I
mentioned earlier, you have time to get water on it, and
water is the savior. And if it's partially covered by
water, it's better than not having any at all. It's not the
other way around. So that -- the last part is if 'you take
me down to that end of the spectrum condition, then I think
you have a hard time getting the ruthenium out of it. And
that's -- the observation the CODEC tests have nothing to do
with ruthenium, but they did not see any additional state of
oxidation, EO2, as mentioned by the experimenters. 1It's
just one simple statement. I think it would be nice to --
if some people talked to those experimenters we'd be able to
expand the technical basis there. But they certainly had
major relocations, much like we see in all the end reactor
experiments at TMI Coral. So that's the -- Lynette, you
have some piece you'd like to offer, too.

LYNETTE: Not until the discussion on this piece--

MR. HENRY: Okay.

MS. LYNETTE: Then I want to shift gears a little
to more of the regulatory interface of this study.

CHAIRMAN POWERS: Do any of the members have
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additional questions for Dr. Benry? I think you're up. You
can't avoid it. You got to talk to it.

MS. LYNETTE: I think I can play catch up here.

CHAIRMAN POWERS: But don't feel pressured to do
s0.

MS. LYNETTE: Thank you. This one's just a test
to see if I can get them on, right. Looks like I can.

To revisit sort of the overall perspective of what
this initiative is about, the Commission in late '99,
through an SRM, said that they wanted the staff to develop
an integrated risk-informed rule making to address EP and
financial protection and security. Those weren't pulled out
for other than the fact that they were the ones that were in
some stage of rule making already, because they were the
first exemption requests that come up when you shut down for
decommissioning. My point in parentheses here is that there
are many other operating plant requirements that can benefit
from the results of the risk study so that we shouldn't get
too tied in with answering the risk-informed question in the
context of only EP or only financial protection.

I think to a certain extent the Commission is
going to have some challenges, if you will, in making some
of these decisions about the continued applicability of
operating plants, and bigger I think than just the
challenges of, you know, is EP even effective. I think
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fundamentally they're applying the risk principles of the
agency to different circumstances. You have different types
of consequences. The risk is dominated by a single, very
low probability event, or two if you want to throw the cask
drop in.

Defense and depth considerations are likely to be
very different. You have a very short risk period, and you
have very few plants at risk during any given time period.

CHAIRMAN POWERS: I've always been puzzled --
struggled -- if I live next to a plant that's
decommissioning, do I care if there are plants over, say,
500 miles, from me that are also decommissioning?

MS. LYNETTE: I think as an individual you don't,
but perhaps as Commission policy and fundamental decisions, -
for example, financial protection, it may make -- may make a
difference. But you're correct, as an individual, it
wouldn't matter that you were the only person in the country
living next to the decommissioning plant at that stage in
the risk.

So I think the Commission's going to have some
interesting things to deliberate on certainly. If you look
at what is needed or most valuable to the Commission to make
what are essentially going to be informed judgements,
there's no magic formula. We don't have any risk-based
rules to begin with, any, that you can just apply the
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formula that the risk has gone down and certain amount and
ergo the regulation is no longer applicable.

DR. APOSTOLAKIS: So requlatory guide 1.174 is
magic, is that what you're saying?

MS. LYNETTE: No, it's not. 1It's not.

DR. APOSTOLAKIS: 1It's not. Not for this
application, but--

MS. LYNETTE: No.

DR. APOSTOLRKIS: That's a magic formula that's
missing here? ,

MS. LYNETTE: No, I think you have to -- to a
certain extent, you have the same challenge in operating
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plants. I mean, Reg. Guide 1.174 was sort of guidance the
Commission uses going forward saying we have some
deterministic assurances, and we have defense in depth, and
ergo, you know, magic maybe, but certainly not a
quantitative formula. We have a sense that these sort of
deltas are acceptable.

MR. WALLIS: Now the word magic is gratuitous and
really is irrelevant. There's no formula.

MS. LYNETTE: Right. Right. I was being
dramatic. You caught me.

MR. WALLIS: Well, you might have a good formula
that wasn't magic, you know.

MS. LYNETTE: That would be wonderful, yeah. And
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I guess I note here that the informed job chart requires
best estimates of risk using realistic scenarios. I think
this is really important. I'm a little disconcerted to
constantly be hearing, well, it's less than the QHOs were
done. For the type of fundamental decisions the Commission
may want to make, they have to have a best estimate. And
also I think the ACRS has gone so far as to recommend
revisiting this issue in the context of operating plants.
Certainly, there you have to have an apples to apples
comparison, or this risk, if it's -- based on bounding
estimates and unrealistic scenarios could end up garnering
regulatory and industry resources that should more rightly
be applied to other areas that are done on a best estimate
risk basis.

DR. APOSTOLAKIS: Let me understand this. You
were here when the staff made the presentation. You don't
consider that a best estimate of risk using realistic
scenarios.

MS. LYNETTE: No.

DR. APOSTOLAKIS: Because it was bounding?

MS. LYNETTE: 1It's bounding. I think it gets to
the point Dr. Powers made. It's the phenomenology of the
whole event, and also to some of the points that Dr. Henry
made. It hasn't been looked at in a way that say -- that
will give you real risk insights, such as what is the real
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time frame of evolution. Are there mitigating actions
available? Get more water on it. I don't think it's been
flushed out in terms of what are the realistic scenarios,
and then often times I hear, well, it's bounding a little,
but I hear that a lot, and so I think when you look at all
the little bounds here, you're fooling about the time
frames. I mean, if you want to look at the risk at 60 days,
you know, between zero, shut down 60 days, the risk of your
earthquake is not going to be the same risk that it is per
year. It's going to be approximately.

DR. APOSTOLAKIS: But how would that change the
conclusion?

MS. LYNETTE: Well, I think you'd have a better
sense of the orders of magnitude difference between this and
your risk for an operating plant, and ultimately that's what
the Commission has to work with. The risk is different, and
it's lower, and is two orders of magnitude lower enough to
say, sometimes, you know, these things have to drop off.

You don't need financial protection anymore. It's just --
even though there's no number inherent in applying financial
protection, I think there's a sense that at some point, it
ain't good policy to continue to apply that--

DR. APOSTOLAKIS: So in essence what you're saying
is that the purpose of all this is not just to compare it
with the QHOs?
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MS. LYNETTE: Correct.

DR. APOSTOLBKIS: There are other decisions that -
may be affected by that.

MS. LYNETTE: Don't stop there. I mean, that's
certainly a very good comparison, but don't say, well, we
don't have to worry beyond this point about how realistic or
how bounding, because we're there. That's kind of what I've
heard a lot. That's -- but, you know, I think maybe that's
not the right.

DR. APOSTOLBRKIS: Well, as long as there are
decisions that would be affected by this, I agree with you,
because I was a little confused. I mean, if we're -- if I'm
below the QHO and that's my only concern, by doing a
realistic analysis, I go even lower. But now you're saying,
no, there are other decisions that may be effective. Okay,
fine.

MS. LYNETTE: Or if you make that assumption,
you've essentially bought into the fact that this pool poses
the same amount of risk as a plant, and I think intuitively
we'd started out saying that that's probably not the case.
You don't have the complexity. You don't have the, you
know, high pressure system, on and on and on.

DR. APOSTOLAKIS: 1It's the reputation of PRA you
worry about.

MS. LYNETTE: Right. Right. And then again,
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returning to the other part of the application, which is the
defense and depth consideration. I mean, this is obvious
stuff, but I want to keep saying it because when the
Commission has all this stuff put before them, I don't -- if
it's just a numbers game, and certainly if the number is
conservative by, you know, constraint of resources, you
certainly want them to appreciate--

DR. APOSTOLAKIS: Lynette, I have to disagree with
you here. I don't think this is defense and depth. And I
don't think you should even worry about defense and depth.

I mean, there is always an event, take an earthquake, that I
can make so strong that I just can't argue that I have any
defense and depth anymore. I mean, that's why I have
residual risk. So to stretch it and say just because
regulatory guide 1.174 asks me to consider defense and
depth, I'll do it no matter what. I never heard simplicity
of operation being part of defense and depth. Slow
evolution, that's part of the risk assessment. So I think
you're trying to stretch the requirement of 1.174 here. I
mean, even for plants at power, if you -- if their seismic
risks dominates, it's because it wipes out your defense in
depth. You don't have anything else. But, I mean, that's a
fact of life. So wouldn't worry about it here. I mean, if
the seismic event dominates, then it's natural that I don't

have anything else.
108

MS. LYNETTE: But I guess I don't disagree with
you at all, and my -- the point I'd like to make is the
Commission would benefit from that observation.

DR. APOSTOLAKIS: The thing that worries me is
that the integrated decision making process is so nebulous
in 1.174 that if we start, you know, taking literally
everything that is there, and try desperately to say, well,
Joe, I did look at defense and depth, I think that leads to
not a very happy occasion.

MS. LYNETTE: Silly conclusions, perhaps, sir.

DR. APOSTOLAKIS: Well, I didn't use the word
silly.
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MS. LYNETTE: Which kind of brings me to the next
point, which is I think perspective is needed for when you
have risk driven by a rare seismic event. And to put all
this forward to the Commission and say, well, it's -- you
know, we're at the QHOs. Without all these qualifications
is not going to put them in the best position to make the
time of somewhat fundamental decisions they're going to have
to make. Extremely large seismic events that are background
risk factors for operating the plants that are dominating
the risk profile. I thought NUREG 1150 had some interesting
observations that where they attempted to put these huge
seismic events in perspective. And what they said was right
in the front of the document, where they talk about external
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events as -- we've avoided even including off-site dose
consequences rom seismic events.

They did look at the CDF, but they didn't look at
the dose consequences, and they went further and recommended
that when those sort of seismic events are looked at that
they're put in the perspective of the total loss, monetary
loss, loss of life, in the area so that you don't get a
sense that -- you have a seismic event, and then you have an
impact on this nuclear plant. &and, you know, the rest of
the region isn't very severely impacted.

DR. APOSTOLAKIS: The problem, Lynette, is that it
is a Nuclear Regulatory Commission. It's not the health and
safety executive of the U.K. This issue was raised more
than 20 years ago when design PRA was done in the Indian
Point, and there were, in fact, some studies that showed
that Chicago would be devastate because before you had a
nuclear accident. But it was decided not to use them because
the NRC, by its charter, cannot take that into account. I
think, Bob, you were there.

But, you know, as a general statement, what you're
saying is very true.

MS. LYNETTE: Yeah, and I agree--

DR. APOSTOLAKIS: I mean, you're not going to have
a city or people around.

MS. LYNETTE: Right. I agree that it -- again, it
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doesn't lead you to a formula.

DR. APOSTOLAKIS: Right.

MS. LYNETTE: But I think if you keep emphasizing
that, you get the perspective of--

DR. APOSTOLAKIS: Yeah. That's for the people,
for the public. I get the feeling that you're trying to
address something that I don't know what that is. Do you
think the Commission does not have the perspective that you
want them to have?

MS. LYNETTE: I think they are going to be
challenged. They're going to be given a report that has a
bunch of numbers. The point Dr. Kress raised earlier,
they're going to be given the Livermore and the EPRI seismic
results. I mean, its going to be difficult. They're going
to be given an estimate that's very bounding, and if
you're--

_DR. APOSTOLAKIS: Oh, I see.

MS. LYNETTE: Driven by the numbers, you may come
to the conclusion that this event is more significant than
it is, and warrants more resources than it might.

DR. APOSTOLAKIS: Okay.

MS. LYNETTE: And that sort of describes the top
conclusion. The bottom conclusion is a little more
esoteric, and I want to take a second to explain that. 1In
working with the staff in the evolution, if you will, of
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this risk study, we've made some commitments across the way
to apply some practical risk insights. Some of the staff's
concerns early on were -- you have a change in configuration
then you do when you're operating. You have different
systems to supply water, and to supply cooling. They may be
qualified in a different way, and you certainly want to pay
attention to heavy loads. And many of these requirements,
we felt, were already in the regulations but they weren't in
any one place, so we went -- we put these down in a letter,
called them commitments, and we even committed to some
things that are going to cost extra money based on the risk
insights--instrumentation, additional instrumentation in the
pool once you shut down. We had originally committed to a
seismic check 1list that would ensure that the capacity of
the pool exceeded two to three times the safe shutdown from
earthquake. These are practical risk insights that could
have an effect on doing what is best to do when you're
trying to risk inform something. Ironically, if the event
comes out in an overly bounding way, you focus more on the
fantastic. You retain EP. You retain financial protection.
You treat it just like an operating plant, and then when you
go to do the rule making, because you still have all these
operating plant requirements focused on just the pool, and
just that one event, sequences that really in some cases
can't be mitigated, it will be very difficult in the rule
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making context to justify the cost of these additional risk
insights even though, you know, they may not cost -- in some
cases, they wouldn't cost all that much. In some cases, the
cost would be significant.

So it's in sort of a weird unintended consequence,
if you will, to a certain extent if you overstate the risk
and it's comparable to the QHOs and that's the bottom line,
you actually forego your opportunity to apply some of these
more practical risk insights.

CHAIRMAN POWERS: Do members have any additional
questions they'd like to pose on this? I think that the
take-home lesson 1 get is there's more we need to understand
about this if we're going to go and make extensive decisions
on the risk significance of these meltdown accidents. Thank
you.

DR. KRESS: At this time, we have a perspective on
issues from the Institute for Resources and Security
Studies, Mr. Gordon Thompson.

MS. LYNETTE: 1I'd like to thank the Committee for
the opportunity.

DR. KRESS: Thank you very much for -- both of you
for coming and giving us the view.

MR. THOMPSON: Good morning. My name is Gordon
Thompson. I'm with the Institute for Resource and Security
Studies in Cambridge, Massachusetts. I'd like to thank the
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Committee for this opportunity.

My first illustration shows you what has brought
us to this situation where pools can catch fire. The rack
on the left is an early PWR rack. These had center to
center distances of maybe 20 inches. The rack on the right
is a high density rack. These are being built with center
to center distances as small as nine inches to PWR fuel.

And the rack on the right provides a blanket that
creates a very hot fuel assembly in the event of partial or
total loss of water.

Some general observations. The potential for a
pool fire, and I'm going to use that phrase throughout in
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lieu of--

DR. KRESS: Mr. Thompson, can I ask you -- what
are these racks made of? Are they stainless steel or is
there--

MR. THOMPSON: Generally, stainless steel, but the
neutron absorbing material has been either boraplex or
boral--

DR. KRESS: Right. Right.

MR. THOMPSON: Boral is now the preferred
material.

DR. KRESS: How are they held in? Are they just
lowered down and?

MR. THOMPSON: How are the racks held in the pool?
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The racks are held by gravity. In many high density pools,
these racks are essentially wall to wall, with maybe an inch
or two inches at the side. Very constricted flow paths for
air cooling.

So I used the phrase pool fire for simplicity.
This could be an air oxidation reaction or a steam oxidation
reaction. This potential has been known since the late
1970s, and the Chairman of this Committee was a member of a
study team at Sandia that wrote about this subject,
published in 1978. 1It's been a neglected issue I believe
for most of the time since. The potential for a pool fire
can exist at any high density pool, but can be especially
significant for operating plants for two reasons.

One the presence of recently discharged fuel that
has a high decay heat, and two the potential for a reactor
accident to initiate a pool accident.

Pool fires have not been studied to anything
approaching the same depth as reactor accidents as
illustrated by NUREG 1150 or IPEs. There remain major gaps
in our knowledge about the probability of pool fires. The
associated phenomenology and the consequences. And I'll
return to that point later.

Pool fires deserve our attention primarily because
they could contaminate very large areas of land with
long-lived radioisotopes. The impacts from this
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contamination could be highly significant in terms of
health, economic, social and political considerations.

DR. KRESS: Do I infer from that that you think we
shouldn't just compare to the individual top of the tower?

MR. THOMPSON: Absolutely. The analysis that we
heard today from the staff is dealing with the wrong issue,
or it's misdirected. Pools generally have a low inventory
of short-lived radioisotopes, and you, therefore, expect a
comparatively low potential for causing early fatalities.
Anyone familiar with consequence calculation knows this
without having to do a single analysis.

CHAIRMAN POWERS: You don't have to perform a
calculation to know this.

MR. THOMPSON: Finally, the potential for pool
fires could be almost completely eliminated by storing spent
fuel in a combination of low density storage and dry
storage. Dry storage technology, as you know, being already
approved pre-licensed. So this is an avoidable problem.

CHAIRMAN POWERS: Could we come back to that
statement. There must be more to it than this -- than just
using the low-density racks. Presumably, if I lost water on
a low density rack, I would have a potential for an
oxidation event, just as I would if I lost water in a
high-density rack?

MR. THOMPSON: In the rack on the left, with a
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1 recently off loaded assembly, there is the possibility of

2 initiation of a fire. That's never been studied to my

3 knowledge. We know that at some time less than a year, the
4 rack on the left would be safe in the event of partial or

5 total water loss. What the precise time is should be

6 analyzed, but has not, to my knowledge.

7 Now, here's an indication of the amount of cesium
8 we're dealing with. Core inventory around five million

9 curies. Illustrative pool inventory here at 35 million

10 curies. And that's not the top end, as I'll be showing you
11 in a couple slides from now.

12 The release fractions concluded in NUREG 1150 are
13 generally small fractions or the core inventory of cesium.
14 I show here an inventory of point two as the release

15 fraction for containment bypass at Surrey. That's near the
16 upper end of what NUREG 1150 finds. For most sequences,

17 they're estimating lower release fractions.

18 The Chernobyl release fraction, as shown here,

19 this estimate is a 40 percent release.
20 The release fraction that's often used for a pool

21 fire is a hundred percent, as shown at the bottom. I think
22 that's probably not realistic, but it could certainly be

23 point five or above.

24 The conclusion here is that the release of cesium

25 from a pool fire could substantially exceed the release from
117

1 a reactor accident by at least an order of magnitude, and

2 that has obvious implications for risk.

3 And this is an indication of why we care about

4 cesium. This is the pattern of cesium deposition around

5 Chernobyl. There's another similar contaminated area up to

6 the north in Byelarus, a further distance from the plant.

7 And--

8 MR. WALLIS: This doesn't look like a Gaussian

9 plume to me?

10 MR. THOMPSON: No, that's probably characteristic

11 of any real release. A Gaussian plume may be the best you

12 can do for analytic purposes. There have been some efforts

13 to compare total contaminated area using Gaussian plume

14 models in actual situations. A colleague of mine did that

15 for the Windscale fire of 1957, where you had a similarly

16 erratic looking distribution, but found that the total area

17 was reasonably close to the Gaussian model.

18 CHAIRMAN POWERS: I might just interject, Graham

19 -- the -- what you see is a -- the result of a plume that

20 changed directions as the wind changed over the course of

21 the accident.

22 DR. KRESS: Lasting for 10 days as opposed to two

23 hours. :

24 . MR. WALLIS: Yeah, that's clear. Okay. So it's

25 important also that when we asked questions earlier about
118

1 how long the fire lasts and how big it is, comparisons with
2 Chernobyl can perhaps be made. I mean, it's a very

3 different kind of a fire we're talking about with a spent

4 fuel pool I think in terms of its loft and its duration.

5 CHAIRMAN POWERS: But, I mean, it seems to me that
6 the issue of how long the fire lasts was something the

7 previous speaker spoke to when he said you need to look at
8 these interactions fairly carefully, because things may

9 change as you progress across the pool, and you get some

10 water cooling and non water cooling.

11 MR. THOMPSON: Yes, I would expect the release to
12 evolve over time. The plume energy would change over time.
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The composition would change over time.

What sort of areas might we be talking about?

This is from an analysis by BA that was actually done for
pool fires, presented to a German hearing in 1979. I might
add that as a result of that hearing that that government
ruled that they would not tolerate high density for that
pools for that facility.

The three releases that are shown here. Two in
curies is about the Chernobyl release. This was prepared in
the context of the Harris nuclear plant in North Carolina.
The projected inventory of spent fuel with an age of up to
three years would have 20 million curies of cesium. And
with an age up to nine years would have 70 million curies of
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cesium. And if the release fraction approaches one, it's
obvious that the area of contaminated land is very, very
large. With a 70 megacurie release, we're at the land area
of North Carolina itself.

MR. WALLIS: When you say land contamination, do
you mean by a certain amount of curies per square meter or
kilometers or?

MR. THOMPSON: This is computed at 10 rem per
30-year threshold with a shielding factor of point 25. That
is a person unshielded would receive 40 rem.

MR. WALLIS: So it's a measure, but in effect
there are other areas with a lower dose which--

MR. THOMPSON: This is the area within which the
dose would exceed 10 rem per 30 years. And this was done
with a Gaussian straight line model by Janvier, then of
Princeton University.

Just as an indication of health effects. This is
the BEIR V estimate for lifetime risk at a tenth of a rem
per year. And 10 rem in 30 years will show up as -- if
sustained at that rate of about three-tenths of a rem per
year -- would show up as about a 10 percent increase in the
normally expected instance of fatal cancer. That's
certainly something that I think the public would feel
concerned about.

DR. KRESS: It's a lot more than 0.1 percent,
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isn't it?

MR. THOMPSON: Excuse me?

DR. KRESS: 1It's a lot more than 0.1 percent,
isn't it?

MR. THOMPSON: I think if you -- this raises an
interesting question. If you tell people that the
relocation threshold is 0.3 rem per year, and all the people
in the range of 0.1 to 0.3 who are not being relocated see a
chart like this, they're not going to be very happy. 1In
fact, a big cesium release such as we're talking about would
be viewed by the public as an immense disaster of historic
proportions. It would lead to immense political effects,

 huge litigation, and would be an historic event in the

history of the country.

Okay, safety goals. We've had a discussion about
safety goals. The primary goals as articulated by the
Commission are qualitative and they are as stated at the
top. The Commission did not specifically address the issue
of land contamination. I believe that they should do so.
The staff's analysis does not address land contamination,
which is the most important indicator of pool risk for
either decommissioning or operating plants. And, therefore,
this analysis does not provide a credible basis for decision
making.

So what are the next steps? I would argue that



VoOJaandaWwN =

http://www.nrc.gov/ACRS/rs1/Trans_Let/index_top/ACRS_transcripts/ac001102

121
there should be a moratorium on any regulatory action or
decision that could increase the risk of radioactive release
from any spent fuel pool pending the completion of new
studies. Those studies should be done to at least the depth
of NUREG 1150 on probability, phenomenology, and
consequences. On the probability side, it's particularly
important that for operating plants the work should address
potential interactions between reactor accidents and pool
fires.

DR. THOMPSON: When the methodology for this is
developed, I would argue that licensees should be required
to extend their IPEs to encompass pool fires.

DR. KRESS: Let me ask you a question. If the
major, one of the major concerns were this land
contamination and the residual cancers that you might get
from that, and the idea of this particular study was to see
if you could relax emergency preparedness, and there were
other things, but let's focus on the emergency preparedness.

Would the emergency preparedness plan that you
have make any difference to this concern?

DR. THOMPSON: Emergency preparedness would have
relatively small effect on the health consequences arising
from land contamination.

That 1s certainly true.

That by no means closes the issue in my mind as an
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issue of protecting the public.

DR. KRESS: Do you think other measures need to be
taken to ignore the risk of spent fuel pool --

DR. THOMPSON: Well, I think the first step should
be to understand the risk properly so that the Staff needs
to be sent away and come back with a proper analysis of
consequences. What we have heard is just irrelevant. They
need to come back with a proper analysis of land

contamination.
DR. KRESS: Now the MACCS code will produce that.

They have the numbers. They just didn't show them to us.

DR. THOMPSON: They show doses --

DR. KRESS: Yes.

DR. THOMPSON: I think you'll find when you dig
into the MACCS code that that was assuming relocation of
populations.

DR. KRESS: Yes, but it will also tell you lead
contamination, square miles and essentially the numbers
you --

DR. THOMPSON: And I believe that should be
done --

DR. KRESS: That should be part of the study --

DR. THOMPSON: -- before this study is regarded as
having any relevance for decision-making.

I think there are important phenomenclogical
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issues that need to be addressed and for the operating
plants, as I said, the relationship to reactor accidents.

DR. APOSTOLAKIS: What would the Staff do with
land contamination incidents?

DR. KRESS: What would they do with them?

DR. APOSTOLAKIS: Yes.

DR. KRESS: Well, like he said, I don't think it
would impact your decision-making on emergency response, but
it might give you a different perspective on both operating
plants and decommissioned plants as to how much you need to
protect the pool from having a spent fuel fire.

DR. APOSTOLAKIS: But if I don't have any guidance

sS1eriAn A =
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from the Commission regarding land contamination how can I
make any decisions?

DR. KRESS: I would do it on an equivalent dollar
basis because that is the only metric in common, and what
you will find out is the dollars lost due to this land
contamination will far exceed the prompt fatalities, for
example, in this case, and so it ought to be more of a
concern.

The only common metric I can use -- I hate to
sound crass and say put it on a dollar basis, but you have
to have a common metric sometimes.

DR. APOSTOLAKIS: Yes, but I mean that is one
possible way of doing it.
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DR. KRESS: I don't know of another and that is
the problem.

DR. APOSTOLAKIS: We don't know. I can
understand --

DR. KRESS: You could arbitrarily -- you know, the
.1 percent is an arbitrary choice. You could arbitrarily
say we choose a number also.

DR. APOSTOLAKIS: But I want to ask Mr. Thompson,
okay, the Staff analysis has not addressed land
contamination.

Now if they address it, then what should they do?

DR. THOMPSON: In addressing it, they will be
providing the decision-maker, the Commissions, with relevant
information.

The articulation of the safety goal to date does
not address land contamination --

DR. APOSTOLAKIS: Right.

DR. THOMPSON: -- and therefore I believe that the
qualitative safety goals, which I show on this slide, do not
have any appropriate metric developed in order to address
land contamination and therefore have no appropriate metric
to address the risk of pool fires and the Commission should
be apprised of that fact.

DR. APOSTOLAKIS: So what you are recommending
then is that the Commission also revise the safety goals to
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include land contamination?

DR. THOMPSON: I think that's -- I would clearly
recommend that. What the Commission itself chooses to do,
of course, is beyond the control of the Staff, but I think
it is the Staff's responsibility to provide the relevant
information. I think it is this committee's responsibility
to make sure that they do.

DR. WALLIS: What sort of thing are you thinking
about within their mention of interactions between reactor
accidents and pool fires? What sort of scenarios were you
thinking of there?

DR. THOMPSON: I should, first of all, state that
this issues is under litigation at present. I am involved
in this litigation so that's going to limit what I say here
today.

There is a licensing case at the Harris facility
where this very issue is being addressed, so you will
understand that I am not going to say very much.

It is a complex issue and it requires the
extension of IPEs and PRAs in order to address it properly
and one of the issues is the contamination of the plant with
radiocactive material to the extent that access is precluded
for purposes of operating the pools safely.

CHAIRMAN POWERS: Any additional questions you
would like to direct to the speaker?

actastan ~ = o
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1 Again, I think we hear your comment that there
2 needs to be a better phenomenological understanding. That
3 seems remarkably consistent with previous speaker.
4 Now you go on and indicate in more comprehensive
5 consequence analysis and certainly this committee has felt
6 that consequences were broader than just prompt and delayed
7 fatalities, some other communications in the past, and so I
8 think it's a welcome message to us.
9 DR. THOMPSON: Could I just add one --
10 CHAIRMAN POWERS: Sure.
11 DR. THOMPSON: -- thing about Dr. Henry's
12 presentation.
13 I think his analysis showed something quite
14 contrary to what he concluded from it, namely that water in
15 a pool is not always a good thing.
16 When the levels of water are low, actually water
17 can be a bad thing.
18 It can make the cladding harder than it would have
19 been otherwise, and this is very important when you are
20 talking about makeup and emergency response. If the level
21 is low, do you start doing makeup or not, and there are

22 times when actually making up water into a dried out pool
23 might be a bad thing.

24 N DR. WALLIS: Can you tell me something about that?
25 How does air get to the elements if water is, say, 30
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1 percent of the way up? There are access paths for air to
2 get in?
3 DR. THOMPSON: Could I show you a little, simple
4 picture?
5 DR. WALLIS: Does the water block the air flow or
6 not is the question really. ,
7 DR. THOMPSON: I have a nice, simple little
8 picture, if I can find it.
9 [Pause.]
10 CHAIRMAN POWERS: A direct answer to the
11 question -- I think some of the pictures we have seen show
12 you that you can change the convolution of the paths but
13 there is still access.
14 DR. WALLIS: Yes. The question is how much does
15 it block --
16 DR. THOMPSON: Okay. In some cases is the total
17 and instantaneous drainage case and if the racks are wall to
18 wall with an inch or two at the side, obviously that is a
19 very constricted flow path for air. '
20 The bottom case you have no opportunity for air
21 convention.
22 As Dr. Henry pointed out, the only convective
23 cooling mechanisms is the rise of steam that's generated --
24 DR. WALLIS: So you are saying there is no other

25 air path.
128

1 My question was is there another air path which
2 lets air in from the side of something or not?

3 DR. THOMPSON: There are holes often at the very
4 bottom of the racks but at around 10 percent and greater

5 covery level there is no other path then.

6 The only possible cooling mechanisms for fuel

7 assembly are (1) longitudinal conduction; (2) longitudinal
8 radiation with multiple reflections; and (3) the forced

9 convention of steam rising from the submerged part of the
10 assembly, and for the equation that Dr. Henry has produced,
11 it shows that at low submerged fractions you get very high
12 cladding temperatures.
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CHAIRMAN POWERS: Any additional comments?

(No response.]

CHAIRMAN POWERS: I am going to allow the members
to take about a 15-minute break and then we will resume with
the schedule.

My intention is to get through that portion of the
schedule that we had on the agenda before we break for
lunch.

: DR. KRESS: I would like to thank the speaker for
sharing his views.

[Recess.]

CHAIRMAN POWERS: Let's come back into session.

Our next presentation deals with risk-informed
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regulation plan. In my understanding this is a presentation
largely for our jnformation in anticipation of a lot more
intensive activity in the future. Professor Apostolakis?

DR. APOSTOLAKIS: Yes. This represents a fairly
significant revision of the PRA implementation plan or
risk-informed implementation plan. Maybe we can just go
ahead with the presentation. The principal objectives, all
sorts of things.

MR. KING: For the record, my name is Tom King
from NRC's Office of Research.

You are right, what I'd like to do is keep this at
a fairly overview high level in terms of talking about the
purpose, the structure, the uses of this document. We're
not asking for a letter at this time. When we get to the
end, we'll talk about the schedule.

We view the next six months as sort of a
comment-gathering period both internally and externally, and
I think it would be appropriate at some time in the future
maybe a subcommittee could be put together and spend some
more time to talk about the details of this and the loose
ends that need to be cleaned up on it.

Let me start with just a little bit of background.
Back in 1995 the Commission issued their PRA policy
statement. It basically encouraged the use of risk
information in all regulatory matters where it was supported
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by state of the art and where it was done in a fashion that
complemented our traditional deterministic
defense-in-depth-type philosophy.

After that, the staff put together what was called
a PRA implementation plan that basically was a catalogue of
what risk-informed activities were going on in the various
offices. It was organized by office.

Back in 1999 we got some criticism from GRO that
this really wasn't a strategy that defined where the Agency
wants to go and how it's going to get there for its
performance implementation. The Chairman committed to
develop such a document. We now call that document the
Risk-Informed Regulation Implementation Plan, and the SECY
paper that went up a couple of weeks ago, actually probably
just a week ago, SECY-000213, is the first attempt to put
together a complete package as best we could at this time.

There was an earlier paper back in March that sort
of outlined the structure and content and had a couple of
example sections, but this paper is the one where we've now
tried to fill in all the holes as best we could at this
time.

Also parallel with this the Agency's been
developing a strategic plan which just got issued a couple
of weeks ago, and as we'll go through, this document is tied
to the strategic plan in the sense that it's really the

11/16/00 8:54 Al



'The Concept of Probability in Safety
Assessments of Technological Systems

GEORGE APOSTOLAKIS

sential to the quantification can be combined follows this procedure in decision-making and whose probabilitics
with %%B&%ﬂ— observations ©0  camply with the theory of probabiility is a coherent dedision maker
%Nﬂnﬂ-ﬁmﬁg of the risks from these (1-9).

systems. distisction is made between uncertainties in For major socktal decisions that involve many decision makers
mﬁ%ﬂmﬂ—gﬂwﬂwgaﬂéﬁgﬂ%% (or, more accuraredy, many stakeholders), formal decision theory
The futnre relative frequencies  probability assignments and of a single decision maker,
nuﬁaﬂaﬂ_% mu«.ﬁnmnoﬂwa:nmn with the clicitationanduscof  twodccision EETB&E.%EEQEFE
expert opinions e discussed. to agree and reach the same decision. In these situations the last two

. muclear plants, chenical process facilities, waste repositorics, and Problems with amiltiple stakeholders also arise in the process of
-ﬁaag.ggﬂmggnﬂgg%g quantifying the uncertainties. For rare events, such gs those inves-
; and the major sourcs of uncertainty is an esseatial part of PSA. tigated in safcty ascssments, the evaluarion of probabilitics requires
' Despite the considerable advances that have been made and the the exexcise of considerable judgment. Probability theory guarantees
. widespread usc of ISA in some fields, there arc still controversics that an individual making an assessment will be coherent but eannot

and misunderstandings surrounding s usc. Engineers and physical force consensus between two different analysts. They may cach be
scicntists arc asked 10 deal with methods that require considerable  coherent and they may still disagree. (Some rescarchers postulate
use of subjective judgment, and, because they are unzccustomed o that, given the sanx infoamation, scientists should agree on their
such mixing of *objoctive® facts with “subjective” judgments, they inferences; if the purpose of such a tenet &s to encourage dialogue
uﬁnnnniﬁﬁngg&nﬂgn%ggmmﬂ. and the disseminztion of information, there can be no argument
The few enginces who bave taken courses on probability and against it Howover, in order o accept this tenet as a scientific
statistics in their colege days find that their notion of probability as principle, onc would have to define arteriz thar would determine

Lirnit of a relativ frequency is challanged by the requirements of  under wh: conditions several individuals have the same informa-

is

a PSA for 2 real system and by the fact that major accidents arerare. — tion, and this & & searly impossible task) In spitc of these

The purpose of doing a PSA is to make decisions regarding the limitations, probability theory is still the only rational way that is

safc operation of a facility. Expected utility theory provides the available to us for handling uncertainty.

framework within vhich decisions can be analyzed in a formal

manner and in accrdance with several reasonable prindiples (1, 2). ,

We can consider de decision problem as consisting of four major c P

edlements: (i) strucnring the problem, (i) quantifying uncertaintics, Th OOH&BSBH Model of the World

Eanﬁnm@mnm?&nga.naag%uﬁgg?r% The first stcp in doing a PSA is to strucqure the problem, which

ds%n&. pr——— ———— - means to build 2 modet for the physical situation at hand. We refer
is profesx of Esgincering an& Science cane : Mcchanical, g phis g5 the model of the world. [The “world™ is defined as “the

DM-MWFS%»M ek Inginesnrg riversity of Los Aogs object about which the person is concemned™ (7, p- 9); we may
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solution requires codes such as the Sandia Waste Isolation
Flow and Transport code (9)-
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i jons that define the model, and H
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mch,whchC(tblM,H)ismdastoodtobclhcmlmim
thatisprodxmdnmmridnybythccodc.]'IhiSnomionmk:s
cxplidtd:atd:csohxﬁonofthcnnddisafmcdonofﬂxcmodd

thcva!xmofwhidxmmtbcgivm,andismdiﬁmalm
the model assumptions and on the modeler’s current state of

State-of-Knowledge Uncertaintics

Thcmodclofdxcwoddassmn&dmﬂxcnmmﬁalvnlmofhs
parameters arc known and that its modcl assumptions are true. Since

1360

* every event whose
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maldistribuﬁorkltisthcpositivcskcwncssofdﬁsdistribudmthn
i role in the decision to usc it as the satc-of-
knowhdgePDFfordxchydrmﬁccmdm:tivityofawastcrcposim
sim(!).kismmddm‘viablccandidmﬁmwﬂlpmbablyhzvc
amdxnivitisnarorbdowdmhwmdofdmnngc,mddm
Madabmd&mhﬁlmmuﬂvah&s’(&p.ﬂ).
The subjective infs tion of the concept of probability tells us
dmpm&biﬁty’sams\néofdcg'tcco&'bdid'(t—ﬂ.mwnﬁﬁvc
notionisdmof‘mclikdy’;dnt's,wccmimﬁﬁvdynythzt
event A is more likely than cvent B. is simply &
nmnunlapmmﬁrdusﬁkcﬁhood(addinaulassmngmnsm
medcdﬁxthc:igoromdcﬁnitionofpmbabﬂity).Wlmwcnydm
cvmtAhspmbabilityO.@wcmndmA'smclikdydnn
ity is kess than 0.6. A sct of probabilitics
that complies with the theory of ifity is a coherent sct. (Itis
i muﬁngwmthadwmndardaﬁomsofdxcmﬂmaﬁal

pmgr&inonco&woways,ny;{orﬂ‘,butwcdo
not know which onc,andwccqxvsonrbdid'inmmsofa
probability. The probability p(A) is not to be interpreted as the limit
of the relative of occurrence of A in many repetitions of
the accident. We know that either A or B will always occur, so this
:danvc&_equmcymprmnomsmgpmpmtc: . )
R:tmnmgtodxcmmplcofhydmﬂmamdwuy,wcxwogmu
dm:hcmmmyabommvaluamﬁ'anmtknowmgmc
dmaauisﬁmofdxcsﬁ:(dﬁs'smnﬂydlcuscfor‘gmuk‘
mxdic).Asmchfommion_isgatbctedabmndxcsimandits
hydx:uﬁcpopuﬁm,ﬁxcmbjoaivcdisuibtﬁmmbcadjusmdm
reﬂnadmommpondingmtcofhnwbdgc.kshouldbcwidmt
ﬂm:daﬁvcﬁq\uﬁshavcmphcchthismmp!c.ﬂr:sdocdm
ofareposito:ysitc(md,oomeqnmdy,dmhydmﬁicoonducﬁvity
valm)lnsnotlﬂngtodowid\hrgcmmbasof'uiak.”

The Unconditional Solution of the Model
We arc now in a position to an unconditional solution of
thcnwdc!ofthcworldbyﬁndingdtcwdghtedzvmgcofﬂxc
solntionofthcoondiﬁma!nmddswhmthcwciglusmthc
probabilitics of the valucs and the assumptions. For 2
disuetcsctofnmodcls,whidtislikdynobcd\cwc,wcwﬁtc
G= z:l[ ]GK¢5M3 H) w{diM;, H)"*b.'] p{MiH) (3)
where G,(¢}M,, H) is the solution of the ith conditional model and
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%{&IM, H) is the PDF of the paramcter vector &, of the ith model.
factor p(M,1 H) is the analyst’s probability thar the ith model (set
of assumptions) is true.

Uncertainties in the Model of the World

Many important phenomenz in safety asscssments cannot be
modeled by deterministic expressions like Eq. 1; for example, the
oocurmﬁmaofcar&xquakcsofgivmmgxﬁwdcsammtbc
prcdicwd.Vaﬁommdmsﬁcmoddshavcbccnpmposedhdxc
Hmtm:mu!whtcdxcprobabﬂiwofsomccvmtofhmA
simplcmodddmalax!atcsdxcpmbabiﬁtyofrcvmmo;wurringin
apu—iodoftimcmssﬂxcl’oissondism’butim
C-N(M)'

h(r events in X, t, M, H) = (4)
The principal model assumption is that the intcrarrival times (that is,
the rimes between successive events) arc i The constant
rate A of occurrence of the events is the only that may be
mncmin,dmsmquizingamrc—of—hxowlcdgcdistribndonw(uu,
H).Dism’butiomdmappcarintbcmoddofdxcwodd,suchasEq.
gmmnetimaca!led&eqwmcyormﬁstialdistﬁbudmmbyPSA
pracﬁdoms,sodxatthcyanbcdisﬁngtﬁslwd&omm—oﬂ
fistributi

Ourmmp!ccfdxchydnulicomducdvitypmwdsanacclluu
ﬂlusuaﬁmofﬂxcmbiccﬁvcmmxcofdxcscnmdckmdhow
practical considerations areate the need w modify the conditional
modclofdxcwmldmd,manmﬂy,tbcmbiecﬁvcdisuihnimm
of its and mode] assumptions. The modd of Eq. 1 in the
context of the overall mod for ground-water fiow, is a simple onc.
It lgnorastochasucmubﬂnymﬂalbwsforsmof-knowbdgc
unceruintics only. The hydraulic conductivity may display
scatter across 2 site duc to spatial variations of rock propestics (10).
To enodel this we abandon the previous simple model
andwcapmdthcomdiﬁonalmoddofdwwoﬂdmhdudcspm
unoaninﬁm.mhydnuﬁceonducﬁvityisnowaﬁnxﬁmo{m
K(x). (For sxmpbaty,wcconsxdadtcom-dxmmomlascmly)

A.po&siblcmoddofdxcwoddismwthcfollowingmof
equations

o) = —K
y = Ink (5)
f(’b ’2'"‘1 o, P)
plxy — xp) = 7R

where

\ ) !
flynnle, o p) =7 e
(n-w2—2eln—wlr—w+ (- (5

The first equation in this new model is the Darcy equation, Eq. 1.

'Ihcscoondcxprcssionissimpiydlcdcﬁnidonofdxclogmd\mof

the hydraulic conductivity. The third expression, given explicitly as
Eq. 54, is the bivariate normal distribution for the logarithm of the
hydraulic conductivity evaluated at two points in space, x, and x;.
“The bivariate distribution is shown for simplicity; for many spatial
points, the appropriate multivariate normal distribution would be
used. The fourth expression in the set of Egs. § is the model for the
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spadalvatiabiﬁtyofd:cootrclaﬁoncocﬁdmtpﬂmapparsindw
bivariate normal distribution (17). The other two parameters . and
o arc defined similarly to those appearing in Eq. 2. In addition to the
assumpdonsbdxinddchamyequaﬁon,thismﬂmaﬁm!modd
hdudcstwoncwassmnptiom:tlmdwvah:csofthclogarid\mof
thchydmulicmnductivityatanymopointsinspaocarcdistxibutcd
aooordingtodxcbivariancnonna!dimibudonmdd!atmcmrrda-
tion cocfficient of this distribution is an exponential function of the
distance between these two points. The bivariate normal distribu-
tionisﬂ:cmoddbrdxc\mmnimy,thatis,dxcspaﬁa!vaﬁabﬂkyof
dlchydnulicmnductivity,dntispanofthiscxpandcdwndidmal
model (in our terminology, it is a frequency distribution). The
state-of-knowledge model will involve multivariate distributions for
thcparamctervecwr(p,s,l),aswellasﬁ)nhcmespomﬁngmodd

Since the conditional model now contains probability distribu-
tions,i:r:solutionwillalsobcindncformofa ity distribu-

H) that
and to introduce h{Ald, M, H) as the conditional
distribution of the event of interest A that results from solving the
conditional model of the world. When A is a discrete event, k(Ald,
M,H)isundcxstoodnobcapmbabilitymﬁmm?ou[aniviz!
mmplcisaﬁ'o:dcdbqu.&,whmAisdwm(revcmsint)].
WhmAisacmtimxsvariablc,h(Ald:,M,H)ismldustoodtobc
aPDP(asanmmplc,d:csohxﬁonoqus.SwﬂlhcdxcPDFofmc
spcciﬁcdisdmgcq,whichwiﬂbcAimhiscxsc.)'Ihcmnditioml
solution is derived similarly to Eq. 3, that is,

HAH) = 'g[ Ih.(Aldhs M;, H) n{diM;, H)d‘h] pMAH)  (6)

A similar situation is encountered in PSAs for nuclear power
plzms.Asimplcmodclfordxcfailurcﬁmcofamponmtisdw
jal distribution with PDF as follows

SN, M) = he™™ )

with A > 0 and ¢ > 0. This mode! of the world is conditional on the
failure rate A (not to be confused with the correlation length of Eq.
S)mdonthcmnnptiondmmism:iscumm.ncbgmm!
diszribution (Eq. 2) is the state-of-knowledge distribution that is
widclyusedfordxc&ﬂmnm,apncﬁocmathasbcmmbﬁshcd
bydxcpionectingkucmrSafctySmdy(RSS)(lZ).ﬁxcRSShas
dcvcbpcdmdxbgnomnldism’buﬁmsforambaofcompo-
nmts;thcprincipa!sourccofmmnimyisomsidcrcdtobc
«plant-to-plant variability,” the variation of performance caused by
the different conditions that prevail at various plant sites.

Asdatzconcunixgdmcfzilumofequipmtﬁunvaﬁomplams
arcgadxcmd,dxcncedarissmammchxpﬁddyford\cphnt-m-
phntv:r:ablhxylfdchanmctusofthcbgrmnnldxsmbxmnfot
kmaﬂawedmvary,d:cbgnannldistri!mdonbooomcpartof
the conditional modd of the world; that is, it becomes a frequency
disnibuﬁon(lj).Canparhgdxiscascm&nchydnulicoonduc&vky
cnmpk,wcrccognizcdutitismcdcsircmammtupliddyfor
dxcspaﬁalvarhbilityofxdnraumdxcnwdmumcmc
lognomal distribution to the conditional modcl of the world,
whereas in the failure rate casc it is the desire to account explicitly for
the plant-to-plant variability of A. The similarity of the two cascs
stopsﬂxcrc,howcvcr,asdtcfailurcntcascdo&notuscmu!ﬁvzﬁ-
ate distributions, such as that of Eq. 6 (13).

These examples illustrate the kinds of subjective judgments that
arcrequircdofanalystsandalsoshowhowpncdalncedscan
gencrate adjustments to the model of the world. These adjustments
{for example, treating the lognormal distribution of the hydraulic
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" the world and not as a subjective

eondm&vityorofdxcequipmmtﬁilutcntcaspartofdxcmddof

i distribution) arc allowed
bewlscpmbabxhtylsﬁmdmmuﬂydmmmccptngudlasof
whcdx:ritapparshdlcmoddofdxcwoddorinthcsubioaivc

possible values of the hydmu!icamducﬁvityortbcnnmbcrof
carthquakes in a period of time. The distinction between the
conditional model-of-the-world probabilitic, for example, Eq. 4,
mdthcpmbabﬂidsbr&cpamﬂup,s)hdnm
mmplcismdyforourconvmimininmﬁgaﬁngeomplcx
phmommhobabiﬁqisdmysamsmofdcgmcofbdicf.
While we will discuss the proper role of relative frequencies later, it
isimpaumatthistimcandinlightofdmeonﬁlsiondutpasistsh
practiccaodurlysntcdxatdmisodyonclogicalandworkablc
inn:rptctatbnofprobabilitymditisdntofdcgreuofbdieﬁ

The Role of Relative Frequencies

surcrment errors. In the absence of such errors, a single obscrvation
can remove the state-of-knowledge uncertainty and determine pre-
cisely the value of the parameters.

When the modd of the world contains uncertain quantitics such
uﬂmmﬁm&ofur&thsorthcﬁihtcﬁmsof
equipmcm.Baycs’sﬂwmuntc!kmhowpastobscrvadonsinﬁm

In order to understand the proper rolc of relative frequencics, we
must consider the issuc of how new evidence E changes our aurent
mtcofhmrbdgc.'lhcmlyoonditionthat'simgoscdmmisw
up&aonrpmbabi!itiaacoordingmdxcmlsofﬂxcdmoryof
probability.'l‘hcmlcofcmditionalpmbabﬂidcsgimﬁwmndi—
ﬁonalprobabiﬁ:yofandmtAgivmdntwchzvcmccivedevidm
E

A)
 wan - p(A)% )

Equation 8 shows how the prior probability p(4), the probability of
ApriormrwdvingE,isnwdiﬁcdwgivcdlcpostcrbrptobabﬂity
p(AIE), wbscqmtmmocivingE.Thclikdihoodﬁmction p(B\A)
demands that we evaluate the ility of this evidence assuming
thar the cvent A is true. Equation 8 is the basis of Baycs’s theorem,
which is so fundamental to the subjectivistic theory that this theory
is sometimes referred to as Baycsian theory.

Rmmhgmﬁq.ﬁwcmcﬁxcidaofﬁq.amupdzmthc
ptobabﬂidcsofd)cmodclsanddldrpamnmdistﬁbntionsas
follows (14)

k{E\d;, M)w{dM)dd;
p(MIE) = SN M L pM) (+))

glUﬂ¢alMs)h.(El¢a. Mddlp(M)

h{El$;, M)
Jr{dIMIh(Eld;, M)dd;

w{$iM;, E) = w{bIM) (10)

™~
Comparing Eqs. 8 and 9, we recognize that
p(EIM) = IM(E!% M)w{$dMMdd, (11)

misintcgmlisthcprobabiﬁtyofmccvidmocassmningthatdmiﬁ
model is correct. (Note that, for simplicity, in Egs. 9-11 we have
H, since it appears everywhere.)
Equaﬁonlo,whichupdzmdlcwnmct:rdistribuﬁmsofdxciﬂn
modd:sumingdntthismoddisdmrightonc,isthcﬁmnof
Bayu’stheorandmisusmﬂyfamdhm:dmbooh(lﬂ.
Indnascof‘pafettknowbdgq’nﬂofd:cmimymgmﬂ-
hgmoddsmdpammhzsbemdinﬁnawdandﬂmsubjecdvc
distributions of the parameters arc determined by relative frequen-
da.Howcvcr,dmnncuuhnyttntispanofdmcoondiﬁom!modd
ofmcworldisstiﬂpmscnt.l’ormmglc,wcstiﬂdonothwwwhm
&cnmardzquzk:wiﬂoocur,cvmdxoughwcbnwdxva!mof
the rate of occurrence. Similady, the time of the next radicactive
deayanmtbchwwn,evmﬁmghbodxthcnpdd(cxponmﬁal)
mditspamm(d:aymmm)archmwnforagivmspcdm
’lhcprwodingdismssionmfmcdmdxcpropcrmcofpast
qnudmnowiswhztdmvalusofﬁmrchﬁvc

ptobabuthormmple,gwmthatwcknowdxcmhandthat
the jon that it is constnt is true, we can calculate the
yrobabﬂilyofrazﬂxquakcsocmrringinminﬂ:wal(ﬂ,t) using Eq.
4. Ifwe now consider & great many such intervals for which the same
rate is valid, we expect the relative frequency of such intervals where
rarthquakcsooaumbccbscmd:cprobabﬂityoqu.ilhisisa
mmcquuweofdwmcoryofprobabiﬁtyandismtadcﬁnidonof
probability. )

This result is uscful in practice when future relative i
wiﬂ,inﬁcqbcobwvcdﬁdﬁnmmsonabkﬁmhnfcty
assessments, however, we are typically dealing with rarc events, and
thclawsafhrgcnumbasmmtofanypartiaﬂaruscﬁka.m
nnmmiswhcdmagimnudarpaw;rplmtongivmmpcsitqy
of hazardous wastes will harm people or the environment in a given
pcriodofﬁmc.Ourdcdsionsoamingthcnfcopuaﬁonofmdx
ﬁdﬁﬁuarcbascdmprbbabiﬁtisﬂutqumﬁfywhwledgc
time periods. tivcﬁ-cqumdcsattlﬁslcvclmonlybcpamof
d’xoughtcxpcrimcms.ﬁvmiflonghiswrialmoordShmledusm
asscss the numerical vatues of the paramcters of the models with
highaccumy,asdisumcdinthcprcocdingcmmmt,wcmstiﬂ
using probabilitics for well-defined unique events of the future, that
is, in the degrec-of-belicf sensc.

The ideas thar we have discussed, which are based on 2 pure
Baycsianvicwpoint,havcbecnprummdinpmcﬁocinvariousforms
andmvariousdegrmofmncy.lnoncfonn,unccrnimicsdm
appwindncwnditiom!m&dofdmworld,orTypclunocmin-
ties, arc considered to be the result of the stochastic variability of
some random variable. The case of no random variables is consid-
ercdlimiting(tﬁ).Thisisoonsistmtwid\wrfmmcwodc,aldm@
the model of the world is more general in that it docs not need to
contain random variables. Another source proposes to adopt the
dassical (relative frequency—based) interpretation
uncertaintics in the “building blocks of the PSA™ (that is, the
conditional model of the world) and the subjectivistic interpretation
for the reducible uncertainty about values and the validity
of models (In.hom&mxwak,pmbabilids, regardless of where
they appear, are always measures of degrees of belicf. The relation-
ship between future frequencies and probabilities is properly under-
stood within the laws of large numbers.

The proper usc of the parameters of distributions that appear in
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the condrtional model ot the world, in particular the rate of the

jal distribution or of the Poisson distribution, has been
debated in the litcrature. For example, in the nudear power safety
arcna,ahncst'aﬂwddmtsmdiscuscdinmmsofdldrmcof
occuirrence per year. Even probabilistic safety critcria have been
focmyudated in terms of the rate of nuclear reactor core damage or of
majox releasc of radicactivity. Of course, it may happen that
decisions based on ratcs may be inconsistent with decisions bascd oo

utilitics fa related example demonstrates inconsistencies
between decisions based on expected values and on the conditional

model of the world with point values for the parameters (18)]. This

cxmordmzryamﬁonmntcslnsbdmcmrdwrs(ﬂ,zo)m
ize that these rates arcﬁcdmn!pam:rs,anddmmcy
should not be ticd to refative frequencics. On the other extreme, it

hasbemassc:mddmthmnmcmbemsumd(atbstinv

principic) and that the purpose of a PSA is the idemtification of
2ccidlent scenarios and their rates (21). To emphasize the difference
betw-een probability and frequency, the term is used
curves (21).
Althoughitismthatdzcscm,ﬁkcallpamofuwdds,
minmmediathmnﬁdsﬂmmcvumnﬂyavmgedmuasshown

. decay
narrow (for a given radionudide) and, because we are confident that
our moddl is correct and we realize that we cannox influcnce the
vales of these coastants, we consider them as physical propertics of
the radionuclides. The situation is very different for the rates of
major technological acdidents because we have considerable uncer-
uintisr:gardingboth:noddsmdmmericnh:lmofdmdrpanm—
cters. It would be unreasonable to consider these rates as physical
constams,mainlybemxscwccaninﬂtmthmformmple,by
makingthcsystwmnfa.ﬁcpmpermlcofmucpmmina
decision problem is summarized in Egs. 3 and 6.

Expert Opinions
Thciudgmcntofanalysts'sprcvalmtinPSA.Bmﬂme_vms

orplmnmofinwcstmmﬂyvuynrc,dmsladdngﬁgnif-

icant statistical or cpmmmt:ll support, the opinions of experts

acquirc great significance. Engincering ju which is another,
more traditional, name for expert opinion, has always played an
i rolc in engineering work but now the use of judgment is

mzdcvayvisiblcmdfomnl.'lhcﬁ:mcworkdutwchzvcdisamcd
allows us to sec where the analysts’ j is utilized and how.
Obiectionshavcbcmniscdmdwuscofdmcmodclsinl’SAsfor
major technological systems (22, 23), but no PSA has been per-
formed to date that does not use subjectivistic methods [although
vcry&wanalysts(ZﬂZS)stan:exp!icidyﬂmdxymnsingBaycﬁan
mct:bods].'[hcbommlincisdmﬂxcqmﬁtyandqumcityof
more-or-kss relevant available data for usc in a PSA is almost never
ofthcpmdscfonnandfonmtmquircdfornsingdassimlmﬁsﬁal
methods” (26, p. 401). '

Physimlscimtimandmgineusdomtobiectmmcdwomdal
foundations of Bayesian probabilitydlemy,butthcymumomfott—
able with the extensive use of judgment that PSAs require (27). The
problamrdznedtoﬂudicimtimmduscofiudgmmthavcwa
recognized and investigated (28-30).

An assessor of probabilities must be knowledgeable both of the

7 DECEMBER 1990

andlyzed and of the theory of probability. The
normative of an assessment requires that the assessor
docs not violate the calculus of ilities, and that he or she docs
make assessments that correspond w his or her judgments. The
mbsmnﬁvc‘goodn&s’ofanm&mmtr:ﬁ:smhowwcﬂdxc
assessor knows the under consideration (31). It is not
mpr'uingthatfxequmﬂyonconhcodmrkindof‘goodn:ss"is
ncglmd,dcpaxdingonwhoisdoingdxcm!ysisandﬁorwhat
The fact that safety studics usually deal with events of very

ility makes them vulnerable to distortions that eventually

subject to be

variance.
Intuitive estimates of the mode or median of a distribution are
i mnm,whmsdnmddxcmnmbiasedwwudmc

however, the possibility of a systematic ]
timation[‘displmmtbiaf(&],cvmofdmmcdim.isvuyml
Asscssors tend to produce distributions that are too marrow
omnparcdmdxcirammlmofknowlcdgc.lnmingdm
ﬁ-équmcyofmzjoraoddcmshindmnialﬁdliﬁs,itisalsom—
hmcopposimdhecﬁm;ﬂmis,avuymavaﬁvcmcmﬂd
pmdxxmadisuﬂmﬁmdmismﬁlbtmdadunhisorhamof
Probability assessments tend to be more ive of the
state of knowledge when formal methods arc used. Even
when formal methods arc used, however, onc should be cautious
mplamasofmanalysisdmyiddsvuybvvmnnbasisdwaysm
jes of faiturc smaller than 10> per demand when these
mnnbcxsarcnotmppomdbymongmt'sﬁalcvidmcc.his
mggamddmhmnanmpmbabiﬁﬁamﬂamanSxm"m
‘\m[ikclytocn‘st’(m.lnamorcguualconmﬁ-eq\m
smaller than 2.5 X 10~ per year arc considered meaningless (35)-
For geological cvents, frequencics less than 107! per year cotre-
lpmxdmcvmtsdxatamvimnllyimpow’blcifoncussdlcagcof
dwcarﬂxsayardstid:(%).Aﬂofthacnumbusarcrcfcrmoc

Thesc observations about the accuracy of expert opinions arc
important when we quantify our own j and when we elicit

thcopiniomofcxpm.lnoncm:dy(”),Baycs‘sdxmisuscd
aﬁcﬂitywithpriordisuibtxﬁmmford:acfaﬂmcm.m:pdor
distributions arc derived from expert opinion polls (12, 37). In some
mﬁcpmubrﬁmbﬁmﬁamﬁﬂyind:cnﬂmgionofdm
pdordism‘butimond:chighsidc,mggmingmatthcsccxpm
opzmm-basedd:stnbuummbmscdmardlowvahmofdxc
failure rate (a more fundamental problem may be that the experts
have been asked to estimate faiture rates dircctly).
'Ihcpracticcofelici:ingandusingcxpertopinimsbcwmd:c
center of controversy with the publication of 2 major risk
study of nuclcar power plants (38). This smdy considers explicitly
alternate modkls for physical that arc not well under-
smodandsolidmthchdpofcxpmmmp(M,lH)(Eqs.3md
6).0bjcctionshavcbemmiscdbod1mthcmcofcxpcnopinions
{with complaints that voting is replacing experimentation and hard
science) and to the process of using expert opinions (for example,
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Presentation Outline

February report findings
Summary of significant comments
Approach to comment resolution
Results of re-analysis
Conclusions |



February Rep'ort Conclusions

Frequency of zirconium fire is low

Consequences comparable to reactor
accident large early release

Seismic events dominate

EP relaxation after one year is supportable

Security needed as long as fuel in pool
Insurance relaxation is more plant specific.



Comments On February Draft

Source term may be non conservative
Seismic hazard estimates too conservative
7r ignition temperature may be too high
Partial draindown needs more attention
Results support EP relaxation at 60 days
Recommendations not risk-informed



Approach To Comment
Resolution

» Consequence analyses expanded:
— Ruthenium and fuel fines
— Plume parameters
— Decay times

 Risks assessed using EPRI and LLNL
estimates




Approach To Comment
Re_sOlution (con’t) .

e “Small change” analysis per RG 1.174

. Evaluated sequences for likelihood of flow
blockage |

« Impact of lower temperature criterion
examined




Results

o Consequences with ruthenium and fuel fines
still comparable to reactor large early
release

- Risk is low but in ball park of operating
reactors for first years

 Use of EPRI hazard estimate reduces total
risk by about a factor of 4 |




Results (con’t)

 EP relaxation after 60 days is “small
change” consistent with guidelines

o Obstructed air flow potential precludes +

- generic decay time when “significant
release is no longer possible”

» Temperature criterion effect not important
due to already short times in first years

X -WD oddoss 4(@; ,sww“

odsabatic L\WLQ : NINCR
CEse. wall (° w(o%c:ewg -Cr Sk G LR



Conclusions

Risk at decommissioning plants is low even
in consideration of ruthenium source term
Relaxation of EP after 60 days is consistent
with “small change” in risk guidelines
New criterion needed if insurance
relaxation is to be considered

Security required as long as fuel 1s in pool




Thompson Rept. Exh.: Ellison et al 1996
(excerpts)
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operatoracﬁnnsweoolthcstcamgmmtorsmay
reduce the challenges to the generatars.

Physical mechinisms and buman actions
reqtﬁrediotedmetheprssmdiﬁamﬁalwoss
the steam have been reviewed The
importart items include: (s) the RCS's PORVS and

coolant pump scals, (c) deliberate RCS
dqrmniuﬁmbythpcpms.and(d)hotlega
surge line ruptures. These items reduce the short
term pressurcitemperature threat to the steam
generator tubes. The modeling of the frequency of
ﬂnﬂnmallyinduwdfailmsintthUREG-llso
hmlysiswasbuedmexpe:topinim. There is
frequency values.

An evaluation of the above sequences and
a more detailed evaluation of several severe accident
seqn:ncss!mldbcperfomsd.

The dominant Level I core melt scenarios
jdentified for the Surry plant are shown in Teble
7-1. A frequency cutoff of 1 x 107 was appliedin
developing these sequences. Table 7-2 provides a
summary of the accident sequence nomenclature
used in this table.

The accident sequences have been grouped in
mmsoflhccxpemdprwsmauh:opsdnfm
. uncovery. This grouping provides a screening
mechanisms to eliminate low pressure core melt
chalienges to the steam generatar tube integrity.
“This grouping is provided in Table 7-3.

As Table 7-3 indicates, the Surry core melt
s'equmbeyoupedinmmsof:(a)vuyhigh
RCSprssme&nnnnalsemdarysidcprssm
(b) bigh RCS pressurc & pormal secondary side
pxcssmc,(c)highRCSprssure&:lowswondaly
side pressure, (d) low RCS pressure & pormal

secondary side pressure, end (¢) low RCS pressure

&lowsecgndarysidcprssm. The ow RCS

7-5

Core Melt Sequences

pressmgroupingmxybceliminawdﬁmﬁmhz
consideration since the secondary side cither
contains coolant o is et low differential pressure
with the RCS. The most significant challenges to
the integrity of the steam generator tubes may occur
ﬁ-omﬂ:chighRCSpm&lows‘econdaxysidz
sidemaybedrydnswcmxpletclossoffwdm
and in some cases the secondary side has failed
components that result in direct releases of
radionuclides to the envirooment.

7.2.1 RCS Depressurization Processes
7.2.1.1 Introduction. The threat to the steam

very bigh RCS pressure sequences shown in Table
7-3 can be significantly influenced by human ecticos
actions and processes can reduce the RCS pressure
priorto vesscl breach. These mechanisms may also
pamnmofhwprssmmjecumsystm
that subsequently cool the core and prevent RCS

include: (s) the RCS's PORVs end SRVs sticking
opm.(b)thumalfaihn’cofthemctorcoolantpmnp
scals, (c) deliberate RCS depressurization by the

operators, and (d) leg or surge line ruptures.
Thesc items reduce the short temn
threat to the steam generator

tubes. In addition to these mechanisms, thermal
faihure of the steam generator tubes can also reduce *
the RCS pressure prior to RCS vessel breach. The
following sections describe which depressurization '
processes may impact the accident sequences
described in Table 7-3. The section begins with 8
brief explanation of the mechanisms and then a
dsuipﬁmofthcsigniﬁcameoftheprocssonthe
plant damage sequences.

7.2.1.2 Depressurization Mechanlsms.
reduce RCS pressure. For the Surry plant the most
effective combinations of depressurization



Core Melt Sequences

mechanisms are: (a) thermally induced RCP seal
_ failure in combination with the PORV and/or SRV
gticking open, (b) inteational operational
ization, and (c) hot leg and/or surge line

faihoes. The NUREG-1150 analysis indicated that
mumﬂyindwedstcamgmmxormbewmdid
not have e significant impact on the RCS pressure.
However, 8 review of the justification for this
decision indicated that it was based on expert
of thermally induced SGTR requires further
RCS pressure, except SGIR, are descaribed as

< follows:

Intentional Operational Depressurization:
Accilent management strategies may be utilized to
depressurize the RCS prior to complete firel melting
and vessel breach.  This strategy is effective in
adequate sized PORVs. Naturally occurring process
threat to the steam generator tubes, if the high
ptmcmdiﬁmhasmulmdﬁnmmopuaﬁonﬂ
error to depressurize o failure of the PORVs and/or
SRVs to open.

RCS's PORVs and SRV Failing Open: High
RCS pressure events can result in a continual
cycling of the RCS's PORVS or SRVs. The cycling

- of the PORV or SRVs can result in these valves

failng open. This faflure requires the RCS’s
'presmtobeattthRVsetpoimschigbz.This
valve failure results in & complete or partial
depressurization of the RCS. The accident
sequmcsmostinﬂumnadbythismthismuc
the SBO and the ATWS cvents. In these two
sccidents, depressurization by this valve failure
mechanism may be effective in kmiting RCS
. When this failure event occwrs in
emj\mctionwithRCPsealfaﬂmc.th:RCszybe
completely depressurized prior to vessel failure.
These two combinations of events Limit -the
prmndtunpuamthrwimposadonth:intcgrity
ofthc;xcamgmmmbs.

x

RCP Thermally Induced Seal Failure: The
reactor coolant pump scals provide a
depressurization path if a thermal or mechanical
faiture occurs. This failure can result from either the
Toss of seal charging flow and or loss of componeat
coolingwater. Heatup of the RCP seals occurs due
to patural convection from the overheating and
melting care: Failire of the scals may occur prior to
thermall induced failure of the hot legs and/or surge
line.

Hot Leg and/or Surge Line Failures: The hot
leg and/or surge lines can rupture if the pressure is
maintained for periods long encugh for creep
rupture to occur. The time required for crecp
mpﬁnetooca:ris_av:rymmgﬁmcﬁanofthc.
component’s temperature.  Temperatures above
1000°K at pominal RCS pressure result in creep
rupture times of the order of seconds. This
mechanism depends on over heating of the surge
Iine/hot legs and the existence of 8 loop seal. The
loop seal tends to isolate the steam generator tubes
from the high temperature gases and favors the
creep rupture of the hot leg or surge line prior to
rupture of the steam generator tubes.

7.21.8 Impact of Depressurization
Mechanisms on Plant Damage Sequences.
This section providss & summary of the impact of
the depressurization isms on the Surry plant
damage sequences. The scquences bhave been
sroupdintmnsoffastmdslanBOs,ATWS.
transients, SGTRs, and LOCAs. A summary of the -
effective depressurization mechanisms identified in

. the NUREG-1150 snalysis is provided in Table 74

7-6

uboyc.'m:dsuipﬁmoﬁhsimpactcfthsckcs
depressurization mechanisms on the Sumy plant
damage sequences is provided as follows:

Slow Station Blackouts: Three depressurization
mechanisms are effective. These mechanisms are:
(2) RCP scal failures, (b) PORVs and or SRVs
sticking open, and (c) temperature induced bot leg
and/or surge line rupture. The slow station black
out sequences are: SBO (NR7), SBO (W2/NR7).
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394 INITIAL NUCLEAR RADIATION

mix and incorporating small pieces of iron, such as steel punchings.
Alternsatively, the mineral barytes, which is a compound of barium,
may be included in the concrete. The presence of a heavy element
unpmm both the neutron and gamma tay shielding properties of a
given thickness (or volume) of the material. Attenuation of the in-
tegrated neutron flux by a factor of 10 requires about 7 inches of this
heavy eoncrete.

8.66 The presence of boron or a boron compound in neutron shields
has certain adventages. The lighter (boron-10) isotope of the element
captures slow neutrons very readily (§ 8.66), the process being accom-
panied by the emission of gamma rays of moderate energy (0.48 Mev)
that are not difficult to attenuate. Thus, the mineral colemanite,
which contains a large proportion of boron, can be incorporated into
concrete in order to improve its ability to ebsorb neutrons.

8.67 It was pointed cut in §8.41 that, because of the scattering
suffered by gamma rays, an adequate shield must provide protection
from all directions. Somewhat the same situation applies to neutrons.
As seen earlier, neutrons undergo extensive scattering in the air, so
that, by the time they reach the ground, even at a moderate distance
from the explosion, their directions of motion sre almost randomly
distributed. Partial protection from injury by neutrons msy then be
obtained by means of an object or structure that provides shielding
only from the direction of the explosion, although better protection,
as in the case of gamma rays, would be given by a shelter which
shiclded in all directions.

TECHNICAL ASPECTS OF INITIAL NUCLEAR
RADIATION *

IntERACTION OF QAMMA RAYs wite MATIER

8.68 There are three important types of interaction of gamma
rays with matter, as & result of which the photons (§1.70) are scattered
or absorbed. 'The first of these is called the “Compton effect.” In this
interaction, the gamma-ray (primary) photon collides with an electron
and some of the energy of the photon is transferred to the electron.
Another (secondary) photon, with less energy, then moves off in & new
direction at an angle to the direction of motion of the primary photon.
Consequently, Compton interaction results in e change of direction

8 The remalning sections of this chapter may be omitted withont loss of eontinulty.
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(or scattering) of the gamma-ray photon and & degradation in its
energy. The electron which, after colliding with the primary photon,
recoils in such & manner as to conserve energy and momentum is
called a Compton (recoil) electron.

8.69 The total extent of Compton scattering per atom of the
material with which the radiation interacts is proportional to the num-
ber of electrons in the atom, i.e., to the atomic number (§1.09). Itis,
consequently, greater par atom for an element of high atomic number
than for one of low atomic number. The Compton scattering de-
creases rapidly with increasing energy of the gamma radiation for all
materials, irrespective of their atomic weight.

8.70 The eecond type of interaction of gamma rays end matter is
by the ‘photoclectric effect.” A photon, with energy somewhat
greater than the binding energy of an electron in an atom, transfers
all its energy to the electron which is consequantly ejected from the
atom. Since the photon involved in the photoelectric effect loses all
of its energy, it ceases to exist. In this respect, it differs from the
Compton effect, in which & photon still remains after the interaction,
although with decreased energy. The magnitude of the photoelectric
effect per atom, Kke that of the Compton effect, increases with the
atomic number of the material through which the gamma rays pass,
and decreases very rapidly with increasing energy of the photon.

8.71 Gamma radiation can interact with matter in & third manner,
namely, that of “pair production.” When a gamma-ray photon with
energy in excess of 1.02 Mev passes near the nucleus of an atom, the
photon may be converted into matter with the formation of & pair of
particles, pamely, & positive and a negative electron. As in the case
of the pohtoelectric effect, pair production results in the disappearance
of the gamma-ray photon concerned. However, the positive electron
goon interacts with a negative electron with the formation of two
photons of lower energy than the original one. The occurrence of
pair production per atom, as with the other interactions, increases
with the atomic number of the material, but it also increases with the
energy of the photon in excess of 1.02 Mev.

8.72 In reviewing the three types of interaction described above,
it is seen that, in all cases, the magnitude per atom increases with
increasing atomic number (or atomic weight) of the material through
which the gamma rays pass. Each effect, too, is accompanied by
either the complete removal of photons or a decrease in their energy.
The net result is some attenuation of the gamma-ray intensity or
dose rate. Since there is an approximate parallelism between atomic
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weight end density, the number of atoms per unit volume does not
vary greatly from one substance to another. Hence, & given volume
(or thickness) of & material containing elements of high atomic weight
(“heavy elements”) will be more effective &s & gpmma-ray shield than
the same volume (or thickness) of one consisting only of elements of
low atomic weight (“light elements”). An illustration of this dif-
ference in behavior will be given below.

8.73 . Another important point is that the probabilities of ths
Compton and photoelectric effects (per atom) both decrease with
intreasing energy of the gamma-ray photon. However, pair pro-
duction, which starts at 1.02 Mev, increases with the energy beyond
this value. - Combination of the various sttenuating effects, two of
which decrease whereas one increases with increasing photon energy,
means that, at some energy in excess of 1.02 Mev, the ebsorption of
gamma radiation' by a particular material should be a minimum.
That such minima do exist will be seen shortly.

Qamms-Ray AssorrTioN COEFFICIENTS

874 I a narrow (or collimated) beam of gamma rays of & specific
energy, having an intensity of I,,” falls upon g thickness z of & given
materia), the intensity, Z, of the rays which emerge can be represented
by the equation

I=ILe", (8.74.1)

where a is called the “linear absorption coefficient.” The distance
z is-usually expressed in centimeters, so that the corresponding units
for x are reciprocal centimeters (cm™). The value of g, for any
material and for gamma rays of a specific energy, is proportional to
the sum of the Compton, photoelectric, and pair production effects.
It can be seen from equation (8.74.1) that, for & given thickness z of
materia), the intensity or dose, 7, of the emerging gamia rays will be
less the larger the value of p. In other words, the linear absorption
coefficient is & measure of the shielding ability of & definite thickness,
e.g., 1 cm, 1 foot, or othet thickness, of any material.

875 The value of g, under any given conditions, can be obtained
with the aid of equation (8.74.1) by determining the gamma-ray in-
tensity (or dose) before (Z,) and after (I) passage through & known
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past unit ares st & given locstion. It is essentially proportional to the exposure dose rate. However, s
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thickness, z, of material. Some of the data obtained in this manner,
for gamma rays with energies ranging from 0.5 Mev to 10 Mev, are
recorded in Table 8.76. The values given for concrete apply to the
common form having a density of 2.3 grams per cubic centimeter
(144 pounds per cubic foot). For special heavy concretes, containi
iron, iron oxide, or barytes, the cocfficients are increased roughly in
proportion to the density.

Tanrx 8.7
LINEAR ABSORPTION COEFFICIENTS FOR GAMMA RAYS
Linesr absorption evéfficlent () tn e+
Afr Water | Concrets Tron Lead

05 LII X104 oe7 (] ass L7
1.0 .81 3104 o o .“ez (Y]
20 067X 10+ 0.0i9 an  as3 (1]
30 048X 10 .04 e.088 e 0.
40 0.6 X104 (X 0.3 025 (¥
50 035X 104 e om .15 L
0. .26 X 304 e 0.060 o 1]

8.7¢ By suitable measurements and theoretical calculations, it is
possible to determine the separate contributions of the Compton effect
, of the photoelectric effect (u,,), and of pair producti (z,,) to
the total linear absorption coefficient. The resulis forlead, s typical
heavy element (high atomic weight) with a large absorption coefficient,
are given in Fig. 8.76a and those for air, & mixture of light elements
(ow atomic weight) with & srall absorption coeflicient, in Fig. 8.76b.
It is seen that, at low gamma-ray energies, the linear absorption
coefficient decreases in each ease with increasing energy. This is
obviously due to the Compton and photoelectric effects. At energies
in excess of 1.02 Mev, pair production begins to make an increasingly
significant contribution. Therefore, at sufficiently high enexgies the
absorption coefficient begins to increase after passing through a
minimam. This is apparent in Fig. 8.76a, as well as in the last co)
of Teble 8.75, for lead. For elements of lower atomic weight, the
ina'easedoesnotsetinuntﬂvm-yhighgamma-myenerg'iwm
attained, e.g., about 17 Mev for concrete and 50 Mev for weter.

8.77 The fact that the absorption coefficient decreases ss the
gamma-ray energy incresses, and may pass through & minimum, has
an important bearing on the problem of ghielding. For example,
a shield intended to attenuate gammsa rays of 1 Mev energy will be
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much less effective for radiations of 10 Mev enlergy because of the
lower value of the absorption coefficient, irrespegtive of the material
of which the shield is composed.

8.78 An examination of Teble 8.75 shows that, for any particular
energy value, the linear nbsorption coefficients increase from left to
right, that is, with increasing density of the matenial. Thus, a given
thickness of & dense substance will atteouate the gamma radiation
more than the same thickness of & less dense msterial. This is in
agreement with the statement in § 8.33, that a emiall thickness of a
substance of high density will make as effective & gamma-ray shield
as a greater thickness of one of lower density.

Mass ABsorPTI0N COEFFICIENT

8.79 As & very rough approximation, it has been found thet the
Linear absorption coefficient for gamma rays of a particular energy
is proportional to the density of the ebsorbing (shield) material. That
is to say, the linear absorption coefficient divided by the density,
giving what is called the “mass absorption coefficient,” is approxi-
mately the same for all substances for a specified gamma-ray energy.
This is especially true for elements of low and medium atomic weight,
up to that of iron (about 56), where the Compton effect miakes the
major contribution to the sabsorption coefficient for energies up to a
few million electron volts (Fig. 8.76b). For the initial gamma rays,
the effective mass absorption coefficient hss a velue close to 0.023
for water, concrete, earth, and iron, the densities being expressed
in grams per cubic eentimeter.®

880 If the symbal p is used for the density of the ghield material,
then the equation (8.74.1) can be rewritten in the form

ILy=e=c"0?,. (8.80.1)

where I/I, is the dose transmission factor, as defined in § 8.38, of the
shield of thickness z em, and p/p is, by definition, the mass ebsorption
coefficient. Tekivg p/p to be 0.023 for initial gamma rays, it follows
from equation (8.80.1) that

Transmission factor sze 0 89ss: 10083, (8.80.2)
In the absence of better information, this expression may be used
to provide & rough idea of the dose transmissioun factor of a tbickness

8 In taking the effiective massabsorption coefficient as 0.023, an attempt is made te allow for the sonditions
spplying to thick ghields or Broad radiation beams (see § €53 of s29)
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z centimeters of any materisl (of known density) of low or moderate
atomic weight.

8.81 The concept of the tenth-value thickness is based on equa-
tion (8.74.1). For such a thickness the transmission factor is 0.1
and if the thickness is represented by z,,, it follows that

0.1=¢"*u
or

zg..-=£"-‘—30cm. (8.81.1)

If p/p is taken to be 0.023 for the initial gamma radiation then, as s
“rule-of-thumb” spproximation,

mv-l-?cmsa;g- inches,

where p is the density of the material iv grams per cubic centimeter.
The tenth-value thicknesses obtained from this approximate expres-
sion ere in agreement with those in Table 8.36 for nitrogen capture
gamma rays.

Taick Sererps: BumLp-Ur Facror

8.82 Equation (8.74.1) is strictly applicable only to cases in which
the photons scattered in Compton interactions' may be regarded as
essentially removed from the gamma-ray beam. This situation holds
reasonably well for narrow beams or for shields of moderate thickness,
but it fails for broad beams or thick shiclds. In the latter circum-
stances, the photon may be scattered several times before emerging
from the shield. For broad radiation beams aund thick shields, such
as are of interest in shielding from nuclear explosions, the value of
I, the intensity (or dose) of the emerging radiation, is larger than that
given by equation (8.74.1). Allowance for the multiple scattering
of the radiation is made by including a “build-up factor,” represented
by B(z), the value of which depends upon the thickness of the shield,
the nature of the material, and the energy of the impinging radiation;
thus, equation (8.74.1) is now written as

I=IB(z)e .

Values of the build-up factor for a variety of conditions have been
calculated for 2 number of elements from a theoretical consideration
of the scattering of photons by electrons. The fact that these values
sre frequently in the range from 10 to 100 shows that serious errors
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could arise if equation (8.74.1) is used to determine the attenuation
of gamma rays by thick shields.

8.83 It will be apparent, therefore, that equation (8.74.1) and
others derived from it, such as equations (8.80.2) end (8.81.1), as well
as the tenth-value thickness concept, will apply ouly to monoener-
getic radiations and thin shields, for which the build-up factor is unity.
However, by taking the mass absorpuon coefficient for the initial
gemma radiation to be 0.023, as given in § 8.79, an approximate (em-

pirical) allowance or ad;ustment has been made both for the polyen-
ergetic nature of the gamma radiations from & nuclear explosion and
the build-up factors due to multiple scattering of the photons. Con-
sequently, the expressions derived in § 8.80 and § 8.81 hald moderately
well for the attenuation of the initial gamma radiations by thick
ghields. It may be noted, too, that the transmission factors in Fig.
8.38 include ellowances for multiple scattering in thick shields.

TeE INtTiAL Gava-Ray SpECTREUM

8.84 As seen earlier, the initial gamma radiation arises from three
main sources, namely (I) neutron capture and inelastic scattering
by the weapon materials, (2) neutron capture by nitrogen in the
air, and (3) the fission products during the first minute after the
bms_t. However, the major portion of the initial gamma radiation
q derived from the two latter sources (§8.08 et ceq) The effective
energy of the nitrogen capture gamma rays is appro:nmately 6.5
Mev, whereas that from the fission products within the first minute
of the explosion is sbout 2 Mev.” After passage through an eppreci-
able distance in air, some of the photons will have been degraded
in energy, as e result of Compton scattering, and these and others,
especially of low energy, will have been absorbed. There will con-
sequently be an increase in the proportion of rays of higher energy.

8.85 Information concerning the energy distribution (or spectrum)
of the initial gamma radiation is important because the susceptibility
of living organisms, the attenuation properties of air and shielding
materials, and the response of radiation instruments are all strongly
dependent on this distribution. However, the energy spectrum ob-
served at a particular distance from the explosion will be different
from that at almost any. other distance because the various com-
ponents ere degraded in energy sud sbsorbed differently in their
passage through air or other attenuating medium. Nevertheless,
& knowledge of the initial gamma radiation spectrum at the sourcs,
i.e,, the exploding weapon, combined with existing data on scattering

n v TR T
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and ebsorption of photons of different energies in the intervening
medium, can be employed to provide an approximate indication of
the spectrum at a given distance from the explosion. An example
is given in Fig. 8.85, which shows the spectrum of the initial gamma
radiation received at a distance of 2,000 yards from the explosion
of & fission weapon of about 20-kilotons energy. It is seen that,
st this point, where the radiation dose (in roentgens) has been at-
tenuated several thousandfold, some 70 percent of the gamma-ray
photons have energies less than 0.756 Mev. It is important to remem-
ber, in designing e shield, that it is the photons of high energy which
are generally the most difficult to absorb and so must be given prime
consideration.

g

PERCENTAGE OF GAMMA-RAY PROTONS

= -8
GAMMA-RAY ENERGY (MEV)

Figure 8.85. Spectrum of initial gamma radiation 2,000 yards from a 20-kiloton
’ explosion.

InTERACTIONB OF NEUTRONS WiTH MATTER

8.86 The modes of interaction of neutrons with matter are quite
different from those experienced by gamma-ray photons. Unlike
photons, neutrons are little affected by electrons but they do inter-
act in various ways with the nuclei of atoms present in all forms of
matter. These neutron-nucleus interactions are of two main types,
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Tamre 9.128

DIMENSIONS AND DOSE RATE OF CONTAMINATED WATER AFTER
THE 20-KILOTON UNDERWATER EXPLOSION AT BIKINI

T i d T 1)
. exploeion ooxra) * (aysens welles) (=) o il
4 16. 6 4 6 3.1
38 18. ¢ £8 - 0.42
62 48 6 790 021
86 6L 8 89 0.042
100 70.6 08 0. 025
130 107 1L 7 0. 008
200 160 - 143 0. 0004

ATTENUATION OF RESIDUAL NUCLEAR RADIATION

ArrEA AND BETA Puﬁct.m

9.130 In their passage through matter, alpha particles produce
considerable direct ionization end thereby rapidly lose their energy.
After treveling a certain distance, called the *range,” an alpha par-
ticle ceases to exist as such.” The range of an alpha particle depends
upon its initial energy, but even those from plutonium, which have
s fairly high-energy, have an average range of only just over 1%
inches in air. In more dense media, such as water or body tissue,
the range is less, being about a one-thousandth part of the range in
air. Consequently, alpha particles from radioactive sources are
unable to penetrate even the outer layer of the ekin (epidermis).
It is seen, therefore, that as far as elpha particles arising from sources
outside thé body are concerned, attenuation is no problem.

0.131 Beta particles, like alpha particles, are able to cause direct

ionization in their passage through matter. But the beta particles
dissipate their energy less rapidly and so have a greater range in air
and in other materials. Many of the beta particles emitted by the
fission products traverse a total distance of 10 feet (or more) in the
air before they are absorbed. However, because the particles are
continually deflected by electrons and nuclei of the medium, they
follow & tortuous path, and so their effective (or net) range issomewhat
less. '
9.132 The range of a beta particle is shorter in more dense media,
and the average net distance a particle of given energy can travel in
7 An sipha particle is eatical with & nncleos of the element helium (§1.62). When it bas lost most of
its (kinetic) energy, it eaptures two electrons and becomes s harmless (peutral) belium stom.
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water, wood, or body tissue is roughly one-thousandth of that in air.
Persons in the interior of & house would thus be protected from beta
radiation srising from fission products on the outside. It appears
that even moderate clothing provides substantial attenuation of beta
radiation, the exact amount varying, for exampls, with the weight
and number of layers. Only beta radiation from material ingested
or in contact with the gkin poses a hazard (§ 11.148),

Gauua Banrarion

.

90.133 The residual gamma radiations present a different situation.
These gamma rays, like those which form part of the initial nuclear
radiation, can penetrate considerable distances through air end into
the body. Shielding will be required in most fallout situations to
reduce the radiation dose to an acceptable level. Incidentally, any
method used to decrease the gamma radiation will also result in &
much greater attenuation of both alpha end beta particles.

. 9.134 The absorption of the residual gamma radiation from fission

products and from radioisotopes produced by neutron capture, e.g.,
in sodium, manganese, and in the weapon residues, is based upon
exactly the seame principles as were described in Chapter VIII in
connection with the initia! gamma rediation. Except for the earltest
stages of decay, however, the gamma rays from fallout have much
less encrgy, on the average, than do those emitted in the first minute
after & nuclear explosion. ‘This means that the residual gamma rays
are more easily attenuated; in other words, compared with the initial
gamma radiation, a smaller thickness of & given material will produce
the same degree of attenuation. _

9.135 Calculation of the attenuation of the gamma radiation from
fallout is different and in some ways more complicated than for the
initial radiations. The latter emanate from the explosion point, but
the residual radiations arise from contamination which is widely
distributed on the ground, on roofs, trees, etc. The complication
stems from the fact that the effectiveness of a given thickness of
material is influenced by the fallout distribution (or geometry) and
hence depends on the degree of contamination and its location rela-
tive to the position where protection is desired. Estimates of the
attenuation of residual radiation in typical residential structures
have been made, based partly on calculations and partly on measure-
ments with simulated fallout. .

9.136 Some of the results obtained for various locations are given
in Table 9.136 for one- and two-story, brick-veneer and wood-frame
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bouses, respectively. The “protection factor” is the ratio of the
dose which would be received outdoors, without any protection, to
that received at the indicated location in the structure. It should be
emphasized that, while the values in the table are considered to be
fairly representative, they must not be regarded as being exact.
Deviations are to be expected because of differences in constructional

details and environment, e.g., effect of nearby buildings.

Tazre 0.136 .
PROTECTION FACTORS AT VARIOUS LOCATIONS IN TYPICAL
BESIDENTIAL STRUCTURES
Trpe of structure
Onostory brick One-story frame
Location
Centerof | Center of | Centerof Center of
Ficat floor ares (ag S Boor _ Boor t
1,000 ¥ -4 13 o
3,200, [ 9] 18 22 17
1, 800, &1 18 3 15
2,000 0 1 12 13
‘Type of structare
Two-story beick Twostory frame
Location
Centerof | Conterof | Centerof | Centeref
First floor area (snf) Soor t Boor
1,000 44 [ 2 28 &
2,200, [X 1 a 24 o
1, 800. : te < ¢ n
2,000 il Y} 2.4 -

0.137 The data in the table show that the heavier type of con-
struction (brick veneer) provides better protection than a frame
dwelling. It will be noted, too, that the protection factors in the
middle of the ground floor of a wood-frame house ere approximately
the same for one- and two-story structures, but sre appreciably dif-
ferent for brick-veneer houses. ‘The reason is that in the latter case
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the fallout on the roof contributes a larger fraction of the overall dose
than for the kighter walled construction. Consequently, reducing
the radiation from the roof by incressing the separation distance,
in the two-story house, produces & greater change in the dose (and
protection factor) in the case of the brick-veneer house. In each type
of dwelling the protection factor expected at the center of the ground
floor does not change very much as the floor area is increased. This
is because there is a compensation between the increase in dose re-
ceived from fallout on the roof and the decrease due to the greater
distance from the outside.

0.138 The advantages of & basemsnt location in providing pro-
tection against fallout radiation in any type of house are obvious from
Teble 9.136. The values given apply only if no part of the basement
wall is exposed; in other words, it must be completely covered by
earth and there must be no window openings. Under these circum-
stances, greater protection can be obtained near the exterior wall than
in the center of the basement, because there is & decrease in the radia-
tion from fallout on the roof. This is cne reason why it is generally
recommended that fallout shelters be constructed in the -basement
adjacent to an outer wall which is not exposed in eny way (§12.55).

9.139 Typical protection factor ranges for & wide variety of struc-
tures of different types are summarized in Table 8.139. Al the struc-
tures are assumed to be isolated, go that the effects, if any, of adjacent
buildings have been neglected. From these values, rough estimates
can be made of the shielding from fallout radiation that might be
expected under various conditions.

0.140 Tt is of interest to mention that & eimple one-man foxholse,
8 feet in diameter end 4 feet deep, can provide a protection factor of
ebout 40 if fallout is present up to the edge, but not inside. I an -
area 3 or 4 feet wide around the foxhole is kept free of fallout material,
& protection factor of 100 or more is possible.

DELAYED FALLOUT

INTRODUOCTION

9.141 Before proceeding to a description of delayed fallout, &

" general comparison may be made between the two types of fallout.

In addition to corresponding to different physical situations, with
regard to space and time, the early and delayed fallout represent
difierent biological hazgards. The principal hazard from early fallout
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Tanry 9,139
PROTECTION FACTOR RANGES FOR VARIOUS STRUCTURES
Type of structure Frotection factor saxpe
Undagrwndlhelten(zftemhmeroreqnivden . 000 or greater
Sub-basements of muliistory buildings.* " 1000 o
Basement fallout ghelters (heavy masonry Yesidences). 250 to 1,000
]

Ba;;enu withoutexpoeed wa!]sofmu!tislmymasom-y baild-
&nhallmaofupperﬁoom(excludingtoplﬂomx)afﬁgb—

rise buildings fwithheavyﬂomandexﬁerhrwans.
Baaement_fanoutlhelteu(fnmamdbﬁckmwmaldmem). 80 to0 250

Central areas of upper ficars (excluding top floor) of multistary
buildings with heavyﬁoorsmdexteﬁorwnns.

mmuMWMJMLormm& 10 to 50
Central areas of upper floors (exe!udingtop floor) of multisto:
buﬂdingswithﬁghtﬂoorsmdexteriorwaﬂs. i

Basements(parﬁanyexpoeed)ofmanl-or buildi étol
&n&umumgromdﬂoorhlomktoryu?ryuﬂdin@dlm °
keavy masonry walls,

Abovegrnmdmofﬁghtresidenﬁﬂmnumu. 20r less

'Rﬂt&wyw“ﬂmhmtnn'tbmmm.
fmzh-r&bmnahumthnlhontmm.

and related aspects of fallout are discussed more fully in Chapter X3.

8.142 The very fine particles present in the radioactive cloud, with
redii of a few microns or less (§ 9.47), fall extremely slowly under the
influence of gravity. Consequently, they remain suspended in the
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atmosphere for a considerable time and may be carried over great
distances as & result of the movements of the air. Ultimately, the
radioactive particles are brought to the ground, primarily by the
scavenging action of rainfall, and so produce the delayed fallout.
Essentially all of the residual nuclear radiation from an air burst
contributes to the delayed fallout, for in explosions of this type there
is very Little early {or local) fellout. For land surface bursts, about
40 percent of the residual activity appears as dejayed fallout, whereas
for surface bursts over water the proportion has been estimated to
be about 70 percent (§ 9.48).

9.143 There are two respects, in particular, in which the delayed
fallout is of special importance. First, many of the small contami-
nated particles will remain eloft for & long time—weeks, months,
end sometimes years—eo that the delayed fallout will bs spread
over large areas of the earth’s surface. Second, although the radio-
isotopes of short life will have decayed almost completely before
most of the delayed fallout reaches the mund (see, however, § 8.160,
footnote), those having & long kife will remain. Among these there
ere two, namely, strontium-90 (hali.life 27.7 years) and cesium-137
(half-life 30.5 years), having great biological significance. Not only
do these isotopes decay fairly elowly, but they both constitute rels-
tively large fractions of the fission products; thus, for every 1,000
atoms undergoing fission there are eventually formed from 30 to 40
atoms of strontium-90 and from §0 to 60 of cesium-137. Moreover,
both of these isotopes have gaseous precursors (or ancestors), €o
that, as s result of the process of fractionation (§ 9.08), their pro-
portions in the delayed fallont will tend to be greater, at least for
surface bursts, than in the fission products as & whole. Although
the etrontium and cesium in the delayed fallout mske s negligible
contribution to the external radiation dose, compared with that
from the early fallout, their importance lies in the possibility that
they may get into the body by way of food.

0.144 The ultimate distribution of the delayed fallout over the
earth’s surface is not affected by the particular wind conditions at
the time of the detonation nearly as much as that of the early fallout.

What is more important is the manner in which the contaminated '

particles enter the upper atmosphere In order to understand the
situation, it is necessary to review some of the characteristic features

of the atmosphere.

N
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MAJOR POINTS -
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oxygen resulting in core geometry changes (liquefaction, melting and
relocation) comparable to the TMI-2 core response but on a somewhat
longer time scale.
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APPROACHTO EVALUATIONS

« All evaluations should use a mechanistically
identified failure condition.

o Evaluations should assess the results of potential
recovery actions consistent with the postulated
accident initiator. A

« Evaluations should consider all mechanisms for
cooling and for energy generation, including the
results of vaporization of water in the lower
regions of the pool as well as natural circulation of
air. :

FOCUS FOR ANALYTICAL MODELS

s Spent fuel pool is at atmospheric pressure.

« Flow within the fuel assemblies is laminar, i.e. resistances are
well characterized by standard representations.

« Openings in individual fuel assemblies are influentia! flow paths
and should be considered. : '

 The fuel assembly distribution within the poo! does not matter
for those accident conditions where the water inventory
decreases below the top of fuel until the water is at about 70%
of the fuel assembly height. The fuel assembly distribution
would matter in the muli-dimensional flow pattern that would
develop at lower water levels, i.e. ifa thermal plume is
developed.




EXAMPLE OF A POSTULATED
ACCIDENT CONDITION AND THE
RESPONSE BOILDOWN RATE

Assume an average power of 5 kw/assy and 1000 fuel

~ assemblies =5 MW.

Assume the pool is 27 ft. (8.2 m) x 23 ft. (7.0 m).

Boildown rate when the water level is above the fuelis
about 5.4 in/hr. (14 cm/hr).

If the water level progresses into the fuel assembly, this
rate is then about 9 in/hr. (23 cm/hr.).

This boildown can be stopped with a water addition rate of
about 35 gpm. '

whwN

o

ESTIMATION OF PEAK CLADDING TEMPERATURE
FOR ASSUMED ACCIDENT CONDITIONS WHERE
THE TOP OF THE FUEL IS UNCOVERED
= ASSUMPTIONS -

_ The process is quasi-steady.

Steam and water are the only fluids in the core.

The inlet water is at the saturation temperature Ty,

The decay heat (Qp) is constant along the furel pin length.
Tbeeollapsedwaterlevd(y)mbcusedtotcpmcnuheeomed
pontion of the fuel assemblies.

- The cladding temperatures remain low enough that the energy

released by Zircaloy oxidation is an insignificant fraction of the
decay heat.
This results in

I 55 4 LT
T'T"'[nr]%.




QUASI-STEADY HEAT REMOVAL
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QUASI-STEADY CLADDING TEMPERATURE FOR A
PARTIALLY UNCOVERED GROUP OF FUEL ASSEMBLIES
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ESTIMATE OF NATURAL
CIRCULATION COOLING BY AIR
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CONCLUSIONS

Each evaluation should have a well defined failure
condition and recovery actions. _

For the spent fuel pool there are long intervals available
for recovery actions to be implemented.

For postulated accident conditions that preclude any
recovery actions, the fuel assemblies would eventually
increase in temperature sufficient for significant Zircaloy
clad reaction. Under these conditions the chemical
energy release would dominate the fuel bundle response
and this would be similar to those accident conditions
considered for “at power” states.
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7.  CONCLUSIONS AND RECOMMENDATIONS
7.1 General

A1l critiques of work done elsewhere have a tendency to dwell at greater
length on the weakness of the work rather than on the strengths. The present
review is no exception. If we have seemed to cencentrate on shortcomings per-
ceived in NUREG-1150, the reader should not draw a conclusion that we regard the
study to be fundamentally flawed. It is not. As we state in the conclusions
below, we consider the present draft of NUREG-1150 to be a major step forward in
risk assessment in several areas, deserving recognition as the best current
update of WASH-1400. We found points where we believe improvements could have
been made, and where there are shortcomings, and we have recommendations for some
alterations to the draft and for future work. Some of the major conclusions and
recommendations are summarized below. Others are provided in the comments
sections of the text.

We do not believe that issuance of the final version of NUREG-1150 should
be held up for further research or analysis. Some of our recommendations propose
relatively simple changes in the exposition, or the clarification of points by
including results already available from the analysis but not brought out by the
text. We believe that these minor improvements could easily be made for the
final version of report.

7.2 Conclusions

Our conclusions are ordered, with the overall supportive views stated
first, and the shortfalls following. Several of these latter are not so much
problems of NUREG-1150 as they are of the current status of PSA, which requires
more development in some areas.

o NUREG-1150 is a good report, and it represents a great deal of de-
tailed, high-quality work. It is commendable that an endeavor was made
to consult a wider range of competence apart from that possessed by
those directly engaged in producing NUREG-1150., The benefit of

- constructive openness to criticism is felt in the tevised draft.

e NUREG-1150 draws upon a decade and a half of practice of PSA beyond
WASH-1400, mainly in the United States but also in other countries.
In most respects, it represents the state-of-the-art in this kind of
analysis. It is a step forward from WASH-1400.

« The data drawn on include many years of experience in plant operation,
and a2 similar period of theoretical and experimental research into
severe accident methodology. !

» The disciplined use of expert opinion elicitation was an important
advance over previous methods of using expert opinion. It is noted
that the prime motive of this technique was to assess the uncertainty
in the results of the PSA.
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The results were derived in great detail, and they are presented by
methods which show well their probabilistic spread.

NUREG-1150 should be a valuable source of data and methodology to guide
future PSA’s for individual plants. Like its predecessor, WASH-1400,
it should help to show the path for future PSA developments for some
time to come. ' :

Even so, the study is not perfect, and we turn now to some of the
blemishes. , .

The most vulnerable parts of the ﬁethbdology used-in the study are the
treatment of human reliability and the estimation of parameters by
expert opinion elicitation, both of which require more research.

There is always a question as to who is an expert on a given issue.
The membership of expert panels for the second draft of NUREG-1150
seemed to be better than for the first draft. Yet it still seemed to
be unbalanced in that panels had more analysts and fewer persons with
practical engineering experience who might have expertise on the
phenomeng; the panels included more users and fewer generators of data
than mighit have been preferable. » .

The expert opinion procedure is complex, time-consuming, and expensive.
Therefore, the full scope of this methodology may have very limited
future application. It is unlikely that a procedure of this magnitude
will be repeated for several years, although expert elicitation on
single or narrow issues may.be practical. It should be remembered,
however, that throughout the study analysts had to decide how to use
technical information of all kinds. This form of "expert judgement®
1s necessary in all PSA’s.

If phenomenological models of processes are not provided and directly
used, the dependence of the results of the accident progressjon analy-
sis on governing physical phenomena is hidden. The generality of the
structure of event trees and the:flexibiTity to use different levels
of modeling capability and details to answer the questions at branch
points make the method very powerful, but concern can arise about the
meaningfulness of computed results if there is Jittle information about
the issues. The possibility of introducing high-level issues makes the
method efficient, but this feature should be used with caution if
applied to issues with 11ttle information.

The failure modes and characteristics of containments, as well as the
conditional probabilities for typical failures of the containment
structure were largely determined from expert opinion. This indicates
that there are 1imitations to the state-of-the-art ability to calculate
the containment loads directly, taking into account all the relevant
phenomena that would prevail during a loss of coolant accident,
especially during the ex-vessel phase.
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The methods used to analyze human reliability and human error do not
reflect the range of variability encountered in HRA models. Systematic
error may have been introduced through the exclusive use of selected
methods. Though the treatment of effects of human r Tiability and
human ervor presents problems, these are mainly rooted in the state-of-
t?e-art, and the analysis may be as good as could have been done at the
time. '

Several kinds of accident initiators were not included in the study.
Among these are pressure vessel failure, main steam Vine failures in
PWR’s, errors of commission, and sequences beginning from shutdown or
Tow power. They should have been included, or reasons for their
omission given in more depth.

Of the five plants analyzed in NUREG-1150, only two (Surry and Peach
Bottom) have been analyzed for external events. The results indicate
that the contributions to risk of external events must be considered,
for at Teast some plants. The Tack of analysis of external events for
the other three plants is a deficiency of the report.

Certain potentially important effects are not explicitly or fully
covered: events starting from Tow power and shutdown modes, sabotage,
and aging, which may not be fully covered by current inspection and
maintenance programs. Electrical control and actuation circuits were
not explicitly covered in the analysis of common-cause failure. Al-
though it 1s recognized that the tmpact of "safety culture"™ and manage-
ment quality cannot be factored into the PSA at the present time, it
s important to bear in mind such impacts as overall decisions are made
on plant safety. ,

The Committee believes that fires are such important initiators of
possible accidents, that the analysis should have been extended to all
five plants -treated by NUREG-1150.

The accident progression event tree for each plant consisted of about
100 branches, each having multiple outcomes or brandhes. It seems to
us that this level of detail exceeded understanding of the phenomena
involved, implying greater insight into the processes assumed to be
taking place than was justified.

It would have been valuable 1f the theoretical HRA’s of the ATWS
sequences had been tested against real events, such as those cited
above, as a basfs for an in-depth analysis of uncertainties in HRA.
This could be done as part of expert opinfon input on the merits of
different HRA models. Such an approach to the ATWS HRA is more appro-
priate and consistent with the use of expert panels for a number of
back-end {issues of similar importance, as measured in their
contribution to overall risk.

The uncertaintieﬁ in the consequence analyses for each sequence were
not propagated. The uncertainties shown in the risk profiles for each
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reactor and each consequence are due to the uncertaintyﬁ‘: in the Level
1 and Level 2 aspects of the PSA only.

As a neutr:ﬂ observation, we point out that a strategy for reducing the
concern over the uncertainty bounds in risk estimates is to eliminate from
designs and operating practices those features that lead to the wide uncertainty
bounds. Where these options are impractical, the desired level of risk reduction
might be achieved instead by improvements in systems indirectly related to the
uncertain risk issue under evaluation, or in appropriate severe accident manage-
ment measures. In fact, the "best" risk management strategy may involve an
appropriate mix of some or all of these approaches.

7.3  Recommendations !

« The NRC staff should now move toward early publication of NUREG-1150
in final form. We have suggested some changes or additions assuming
that these can be made speedily without delaying the report. If appre-
ciable delay would be necessary, our view is that later, separate pub-
lication should be called for, without change to NUREG-1150. Timely
publication is important to provide guidance to the individual plant
evaluations (IPE’s) being prepared by the utilities. As -for the par-
ticular plants analyzed in NUREG-1150, their IPE’s will be a vehicle
to complete the seismic and fire hazard assessments in sufficient depth
and with accurate descriptions of the plants as they are presently
configured. "

 As a more general point, plant-specific analysis of external events

should be included in PSA’s. We recommend that the NRC issue addi-

. tional guidance on the treatment of external events in the IPE program.

In particular, such guidance seems warranted for the types of seismic
hazard curves to be used in different parts of the United States.

+ Research in seismic modeling is warranted, with the object of improving
the basic model to predict attenuation and ground motion and for devel-
oping a consensus on the use of one model or model set, based as much
as practicable, on region-specific spectral shapes. Effort should also
be made to improve the basic model to reflect greater source depths and
regional variations with the appropriate reflections of substrata
waves.

« Special attention should be paid in the NRC’s research program to
further development of Human Reliability Analysis and to calibrating
methods used to analyze human reliability, to facilitate comparison
between plants and comparisons with safety goals.

+ large uncertainty contributions associated with some phenomena indicate
the need for further research. We particularly single out the thermail-
hydraulic phenomena associated with accident management strategies,
such as depressurization of and water addition to the primary system
of a PWR, and improvement of understanding of the ways in which the
primary system boundary may fail during high pressure sequences in
PUR’s. Another important issue deserving increased attention is the
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assessment of threats to the integrity of the containment and the iden-
tification of means to ensure its integrity in case of a core melt
accident with failure of the pressure vessei.

Because plant-specific information is becoming increasingly important
in PSA, such information should be collected and placed on file fn a
future program.

While the expert opinion process was carefully structured and profes-
stonally guided, there were still a number of issues where the tech-
nical information available to guide the expert panels was limited.
For this reason, the Committee urges caution and intelligence in the
use of these results by others outside the scope of NUREG-1150. The
results of sampling of expert opinion are well documented, and one
should be fully aware of their 1imitations before using them.

Likewise, the Committee recommends considerable caution in the use of
the results obtained with the approximate XSOR codes without confir-
mation by more detailed calculations. -

The following are changes that are recommended be made to the final
ver?io? of NUREG-1150, that we believe can be done without further
analysis. .

* Where recovery actions were important, they should be discussed and
their scope defined in the summary report in Chapter 2 of NUREG-
1150. Their effects should be quantified in Chapters 3-7, e.g, for
Surry: core-damage frequency without recovery actions 8.2x10™/ry,
:i th riecove]ry 3a)ctions, 3.5x10%/ry (from Table 4.10-5, NUREG/CR 4550,

ev. 1, vol. 3).

* The contributions to the core melt probabilities of the unavaila-
bilities of safety system functions should be displayed among the
results of the analysis of frequency of core damage.

* Because of the approximate nature of the XSOR codes, the final draft
of NUREG-1150 should note the need for a more exacting analysis of
risk significant accident sequences, such as the interfacing systems
LOCA’s and steam generator tube rupture accidents for PWR’s, and
station blackout and ATWS sequences for BWR’s. The more detailed

_analysis should be published in a supplement to NUREG-1150. - This
analysis should concentrate on best estimate modeling, and the
results compared with the source terms published in NUREG-1150.

4

* Some issues requiring the input of expert opinfon were addressed by
the project staff rather than the expert panels. It should be
clearly indicated which were so treated and the values of the
parameters used in the study; some indication should be made of the
importance of the parameter to the values of risk.

NUREG-1150 represents an enormous investment of resources which should
be put to good use, not simply be made available as a resource
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document. NUREG-1150, along with the other risk assessments and ;eCent .

work in the field of severe accident analysis, should be used to: (1)
close out as many open issues as is reasonable, and (2) help prioritize
the 1imited resources to focus research on the remaining safety-related
issues. A definitive program to use NUREG-1150 and its supporting
documents should be developed and implemented. S
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ABSTRACT

This report describes the basis. results, and related risk implications of an analysis
performed by an ad hoc working group of the U.S. Nuclear Regulatory Commission (NRC) to
assess the containment bypass potential attributable to steam generator tube rupture (SGTR)
jnduced by severe accident conditions. The SGIR Severe Accident Working Group, comprised of
staff members from the NRC's Offices of Nuclear Reactor Regulation (NRR) and Nuclear
Regulatory Research (RES), undertook the analysis beginning in December 1995 to support a
proposed steam generator integrity rule.

The work drew upon previous risk and thermal-hydraulic analyses of core damage sequences,
with a focus on the Surry plant as a representative example. This analysis yielded new
results. however.. derived by predicting thermal-hydraulic conditions of selected severe
accident scenarios using the SCDAP/RELAPS computer code, flawed tube failure modeling. and
tube failure probability estimates. These results, in terms of containment bypass
probability. form the basis for the findings presented in this report.

The representative calculation using Surry plant data indicates that some existing plants
could be vulnerable to contairment bypass resulting from tube failure during severe
accidents. To specifically identify the population of plants that may pose a significant
bypass risk would require more definitive analysis considering uncertainties in some
assumptions and plant- and design-specific variables.
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EXECUTIVE SUMMARY

This report describes the basis, results. and related risk implications of an analysis
performed by an ad hoc working group of the U.S. Nuclear Regulatory Commission (NRC) to
assess the containment bypass potential attributable to steam generator tube rupture (SGTR)
induced by severe accident conditions. The SGTR Severe Accident Working Group, comprised of
staff members from the NRC's Offices of Nuclear Reactor Regulation (NRR) and Nuclear
Regulatory Research (RES), undertook the analysis beginning in December 1995 to give the
staff a broader insight into the risk implications of implementing a proposed rule that
would change the requirements regarding steam generator.tube integrity.

Previous tube integrity assessments have assumed an elevated primary-to-secondary
differential pressure challenge resulting from a main steam line break (MSLB). NUREG-0844,
"NRC Integrated Program for the Resolution of Unresolved Safety Issues A-3. A-4, and A-5
Regarding Steam Generator Tube Integrity” (1988), estimated the containment bypass potential
for a core damage release subsequent to such a pressure-induced tube failure. However,
previous assessments gave little consideration to the tube failure potential attributable to
severe accident conditions. In such circumstances, elevated tube temperatures could
accompany 2 tube differential pressure challenge. :

The analysis described in this report draws upon previous risk and thermal-hydraulic
analyses of core damage sequences. with a focus on the Surry plant as a representative
example. Section 1 presents related background information and summarizes the staff's
analytical approach. Section 2 then assesses the frequencies of severe accident scenarios
that would lead to a combination of high steam generator tube temperature and pressure.

For Surry. the dominant sequence was station blackout accompanied by a loss of auxiliary
feedwater and a failure to maintain secondary system pressure in at least one steam '
generator. The staff derived the frequency of this sequence using information regarding
plant damage states documented in NUREG-1150., "Severe Accident Risks: An Assessment for Five
U.S. Nuclear Power Plants® (1990). In additfon. the working group evaluated data obtained
by searching the individual plant examination (IPE) database to confirm the information from
NUREG-1150 and to identify any major differences in sequences of interest or any significant
design biases. The database search confirmed that the sequences contributing to "high/dry”
core damage (with high primary system pressure and dry steam generators) are dominated by
station blackout events. with an additional contribution from other transient events.
Comparison of high/dry core damage frequency across plant designs did not reveal any strong
design biases.

Section 2 also describes an accident progression event tree (APET), which was developed to
characterize the various primary/secondary system conditions that could challenge the steam
generator tubes. In particular, the working group used the APET to evaluate the resulting
potential for pressure/temperature challenges and to quantify the probability that the steam
generator tubes will maintain their integrity under these challenges.

Section 3 describes new thermal-hydraulic analyses using the SCOAP/RELAPS computer code to
assess the effects of variations in the station blackout sequence for Surry. These analyses
yielded pressure and temperature histories of the steam generator tubes, as well as the hot
legs and surge line, the two other components considered likely to fail.
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A key event tree input developed in this study was the probability of tube failure under
severe accident conditions. To derive this probability, the working group used a tube
failure model, described in Section 4, which takes into account the high temperature effects
of such conditions on the integrity of Alloy 600 tubes with part-through-wall cracks. The
basis for this model is.the results of high-temperature testing of machine-flawed tubes,
carried out to tube failure under various temperature and pressure histories. Section 4
also discusses other weak points in the reactor coolant pressure boundary.

Section 5 describes how the working group used the results of the thermal-hydraulic analyses
and the tube failure mode) to estimate the tube failure probability relative to the failure
probabilities for the hot leg and surge line. Notably, the working group estimated tube
rupture probability separately for each APET branch. To begin this process. the working
group first applied the thermal-hydraulic results to predict the creep failure times for
each component. Next, the working group estimated tube failure probability on the basis of
the relative times to failure of the hot leg or surge line. After determining the failure
probabilities for various size cracks. the working group used a flaw distribution to find
the overall tube failure probability for each sequence, and the results were applied to each
APET endstate. Finally, the working group computed the containment bypass frequency on the
basis of the aggregate of these outcomes.

This analysis revealed a2 number of areas of uncertainty and variability, which could be
addressed through additional plant-specific analysis. Specifically. these areas involved
reactor coolant system (RCS) component failure frequencies., thermal-hydraulic analysis, tube
failure modes, reactor coolant pressure boundary weak points, and representative flaw
distributions. The particulars of these areas are discussed in Section 6.

The primary result of this analysis is an overall estimate of the probabilities of pressure-
and temperature-induced failure of steam generator tubes and containment bypass frequency
for the severe accident challenges considered. The representative calculation using data
from the Surry plant indicates that some existing plants could have a potential for
containment bypass resulting from tube failure during severe accidents. To delineate the
population of plants that may pose a safety concern requires more definitive analysis to
consider the uncertainties and plant- and design- specific variabilities outlined above.
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1 INTRODUCTION

This report is part of the package intended to be issued for public comment regarding
regulatory guidance proposed by the U.S. Nuclear Regulatory Commission (NRC). Specifically,
the report discusses analysis conducted by the NRC staff to consider the severe accident
risk implications associated with degraded steam generator tubes. Beginning in

December 1995, an ad hoc working group. comprised of staff members from the NRC's Offices of
Nuclear Reactor Regulation (NRR) and Nuclear Regulatory Research (RES), conducted this
analysis with the overall objective of estimating the incremental risk impact associated
with the rupture of degraded steam generator tubes exposed to severe accident conditions.

The analysis explicitly excluded the risk contribution from spontaneous tube ruptures and
those induced by transients and design-basis accidents. Tube rupture risk may be considered
to arise from three main contributors:

° spontaneous steam generator tube rupture (SGTR) occurring during normal operation

° pressure transient-induced SGTR (resulting from primary-to-secondary differential
pressure conditions caused by a design:-basis transient or accident) '

° core damage-induced SGIR (resulting from a core damage condition)

The risk from spontaneous and pressure transient-induced SGTRs was previously assessed by
the staff in NUREG-0844. More recent assessments have shown that if measures are
implemented to maintain tube integrity consistent with current requirements. no significant
change is expected in the risk from these contributors (Ellison, 1996). '

This report discusses the basis for and methods used in the assessment of containment bypass
potential attributable to SGTR induced by severe accident conditions. To assemble the
inputs used in this study, the staff used the results of work done in several fields,
sponsored by both the NRC and industry. The staff then used the documented results of this
study as the basis for judgements regarding the impact that implementation of a revised
regulatory approach could have on severe accident risk. The conclusions presented here
contribute to an understanding of the overall risk presented by challenges to steam
generator tube integrity: however, this report also highlights a number of areas that
warrant further inquiry. These may be addressed in plant-specific assessments or more
definitive analyses to identify the population of facilities that may pose a safety concern.

1.1 Backaround

In recent years. the NRC has considered changes to steam generator tube integrity
requirements. These changes could affect the leakage and structural integrity of the tubes
under pressure and temperature challenges. This is significant because steam generator
tubes comprise a substantial portion of the reactor coolant pressure boundary. and also play
a role in fission product containment. As a result, the staff sought to determine if tube
degradation could seriously undermine severe accident containment assumptions by unduly
threatening the containment function of the tubes.

The severe accident integrity of steam generator tubes has been considered in the past.
However, the NRC and industry directed little attention toward understanding the incremental
risk contribution associated with the potential for severe accident-induced failure of
degraded tubes. The following documents indicate the extent to which the NRC and industry

1-1 NUREG-1570



had considered severe accident tube challenges before this study began:

® NUREG-0844. °NRC Integrated Program for the Resolution of Unresolved Safety Issues
A-3. A-4. and A-5 Regarding Steam Generator Tube Integrity.” September 1988.
considered pressure-induced SGTR and the resulting core damage potential. but did not
address temperature-induced failure.

) NUREG/CR-4551. Part 1. "Evaluation of Severe Accident Risks: Quantification of Major
Input Parameters.” Vol. 2, Rev. 1, December 1990, considered temperature-induced SGTR
through an expert elicitation process. However, despite efforts to understand the
influence of tube degradation on the potential for tube failure, this study was
limited by a lack of thermal-hydraulic analyses of predicted tube temperatures for
the station blackout event. '

® Draft NUREG-1477. "Voltage-Based Interim Plugging Criteria for Steam Generator
Tubes.” June 1993, discussed the results of thermal-hydraulic studies that showed the
vulnerability of hot leg and surge line piping during a station blackout. The staff
noted that previous studies may not have sufficiently considered tube degradation
(when it was considered at all). However, the staff concluded that the level of tube
leakage under interim plugging criteria would be sufficiently low and the structural
support offered by tube support plates would be adequate, to ensure the continued
validity of existing analyses of tube response to high-pressure severe accidents.
Detailed analysis of severe accident response was deemed unnecessary.

These previous SGIR risk assessments addressed the potential for tube failure as a
consequence of severe accidents to a lesser extent than the current analysis. For instance,
previous severe accident studies related to steam generator tube integrity were conducted
without data from high-temperature burst testing of tube specimens. Similarly. previous
studies did not entail the current level of thermal-hydraulic analysis to predict the
expected conditions of the tubes during these scenarios.

In connection with steam generator rule making considerations., the Electric Power Research
Institute (EPRI) has published a number of reports related to severe accident tube
performance or its risk implications. Those reports document a significant body of
research, and are referenced in this report as appropriate; however, use of information from
these sources does not constitute the staff’'s acceptance of the reports in their entirety.

1.2 Approach

The staff used the frequency of containment bypass as its measure of risk significance, and
the results of this study are presented in terms of that parameter. A bypass frequency of -
10-® per reactor year or greater was considered a significant value.

Initially. the staff sought to determine if it would be possible or even appropriate to use
a generic treatment of the risk associated with tube failure under severe accident
conditions. As the work progressed, the staff found that a large number of plant-specific
factors significantly influence the potential for induced tube failure. Existing
experimental evidence demonstrates that, during a severe accident, flows of superheated gas
are not expected to reach steam generator tube bundles in the Babcox & Wilcox once-through
steam generator (OTSG) designs. Therefore, consideration of OTSG designs is excluded from
this study. In fact, this report only considers plants with u-tube steam generator (SG)
designs, using information considered typical of that portion of the pressurized water
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reactor (PWR) population.

Further, in order to accommodate the resource and schedule commitments for rule making, the
staff largely focused this study on the Surry plant as a single representative example. In
this example, the staff considered those severe accident progressions most 1ikely to present
a high-pressure thermal challenge to the steam generator tubes, To estimate the containment
bypass probability associated with temperature-induced tube rupture following a core damage
event. the staff built upon and used information from previous risk assessments, recent
thermal-hydraulic calculations. and newly developed high-temperature tube performance
evaluations.

1.3 Results and Conclusions

The representative analysis for Surry yielded a containment bypass frequency (associated
with severe accident-induced tube failure) of approximately 3.9x10¢ per reactor-year (/RY),
representing a reduction of approximately 1-in-4 with regard to the initiating frequency for
the core damage challenge characterized by high reactor coolant system (RCS) pressure with a
dry secondary. Considering the possible range of initiating frequencies among PWRs (see
Section 2.1), plant-specific results could range from 1077 to near 10 per reactor-year.

An important characteristic of the Surry results is that 60 percent of the bypass frequency
is attributable to temperature-induced SGTR (2.4x10°/RY). with pressure-induced SGTR
accounting for the balance (1.5x10/RY). Also, the major contributor to temperature-induced
SGTR (75 percent) is associated with sequences involving failures of reactor coolant pump
(RCP) seals resulting in loss-of-coolant accidents (LOCAs). Although such sequences
represent only about 18 percent of the initiating event frequency, they account for nearly
half of the containment bypass frequency. This disproportionate relationship arises because
these sequences have an unusually high probability of temperature-induced SGIR.

The working group drew significant conclusions from the results of sensitivity studies
conducted on the basis of the representative Surry analysis (see Section 5.3.2). First, the
impact of RCP seal LOCA on tube failure was evident in the results of Sensitivity Case 6.
Despite the RCS depressurization benefit that could be assumed from an RCP seal leak, the
Surry analysis showed that the associated potential to clear an RCS loop seal greatly
contributed to tube failure potential for the sequences studied.

Next. the significance of secondary system pressure integrity appears to be at least as
important to tube survivability as is the ability to depressurize the RCS. Although plant-
speci fic differences could yield somewhat different values at other facilities, the large
impact of secondary system pressure integrity would probably be evident in the other plant-
specific analyses. The sensitivity cases also demonstrated that the assumed flaw
distribution can have a major impact on the results. Sections 5 and 6 discuss these
insights more thoroughly.

Another insight underlying the representative analysis is that the range of uncertainties
encountered and their plant- and design-specific nature limits the generic applicability of
the results. While the staff could not demonstrate the associated risk at all facilities
through a generic analysis. plant-specific analysis could demonstrate the containment bypass
vulnerability at a particular plant. In arriving at an estimate of containment bypass
probability, analysts should address uncertainties in a variety of areas, such as those
listed below. In addition. analysts should address the effects of a range of plant-specific
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factors. For example, plant configurations could affect thermal-hydraulic conditions and
event progressions, and tube degradation states could vary among facilities:; these could be
specified for plant-specific analyses. _

Through this analysis. the staff discovered a significant number of areas that could benefit
from further study. In particular, the uncertainties surrounding the characterization of
flaw distribution make it difficult to draw definitive conclusions from this assessment and
to propose practical implementations of these methods. Although the results derived for the
Surry plant appear sufficient to permit a scoping assessment for risk., the following plant-
and design-specific considerations could significantly change the results, as discussed in
Section 6:

event tree quantification

thermal-hydraulic analysis

tube performance modeling, including assumed flaw distribution

reactor coolant pressure boundary weak points

implications of tube leakage under high-pressure core damage conditions

An overriding conclusion is that the range of uncertainties involved and the plant- and
design-specific nature of the uncertainties encountered in this analysis limit the generic
applicability of the Surry results to other facilities. Also, the representative analysis
results based on the Surry plant indicate that some PWRs may be subject to a.containment
bypass risk attributable to tube failure during severe accidents. However, more detailed
investigation of plant-specific factors involved in the analysis is needed to determine
vhich plants, if any. may pose a safety concern.
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2 SEVERE ACCIDENT CHALLENGES TO STEAM GENERATOR TUBE INTEGRITY

Sections 2.1 and 2.2 discuss challenges to steam generator tubes, with regard to structural
integrity and accident-induced leakage, Section 2.3 discusses the staff's use of an accident
progression event tree (APET) to assess the frequency of severe accident challenges to the
tubes. and summarizes the implications of tube failure on containment bypass frequency. In
addition, Section 2.3 quantifies the containment bypass frequency and its implications for
Surry, @ Westinghouse plant, as an example. Finally. Section 2.4 discusses and evaluates
the impact of reactor design differences on accident response, and evaluates the generic
applicability of the APET as it relates to those differences.

2.1 Challepges to Structural Integrity

Loss of structural integrity in steam generator tubes can result from excesses in either
pressure or temperature. Pressure-induced failures result from increased differential
pressures across the steam generator tubes, with the primary and secondary systems near
normal operating temperature. Such challenges could result from either secondary side
depressurization (e.g., main steam line break (MSLB) or transient with stuck-open
atmospheric dump valve), or primary system over pressurization (e.g., certain events
involving an anticipated transient without scram (ATWS) that lead to large pressure
excursions). The potential for a pressure-induced steam gererator tube rupture (SGIR)
should be limited through compliance with the criteria for structural integrity and the
operational leak rate limit contained in plant Technical Specifications. Section 2.3.4 of
this report discusses these events in greater detail.

Temperature-induced failures of flawed steam generator tubes could result from the
combination of substantially elevated steam generator tube temperature and differential
pressure. Such conditions are predicted to occur during the core damage phase of certain
severe accidents. ‘The potentia) for a temperature-induced tube failure can be characterized
relative to other reactor coolant system (RCS) piping in terms of the primary-to-secondary
side pressure differential and the tube temperatures resulting from the cladding oxidation
phase of the event. In general, the requisite conditions for temperature-induced steam
generator tube failure associated with severe accidents include dry steam generator
secondary side (no auxiliary feed water available) and elevated primary-to-secondary system
‘differential pressure.

Events in which core damage occurs with the primary system at high pressure (i.e.. at or
near the power-operated or safety relief valve set point) and the secondary side dry and
depressurized are generally considered to pose the greatest threat of temperature-induced
SGTR. However. analyses performed by the NRC staff indicate that events with the primary
system at intermediate pressures (i.e.. above norma) operating differential pressure) may
also pose a substantial threat to tube structural integrity. The following subsections
provide additional detail regarding the accident sequences of greatest concern for
temperature-induced failure of steam generator tube structural integrity. The expected
frequency of these events is discussed in Section 2.3.

2.1.1 High-Pressure Core Melt with Intact or Depressurized Steam Generator(s)
Station blackout (SBO) sequences account for the majority of events in which core damage

occurs with the primary system at high pressure and the secondary side dry. SBO sequences
can be categorized as short-term or long-term, and may also involve reactor coolant pump
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(RCP) seal loss-of-coolant accidents (LOCAs), as sunmariied below:

] Short-term SBO relates to sequences in which turbine-driven auxiliary
feedwater (AFW) pump trains fail to operate and AC power is not recovered
before the core is damaged. These sequences typically lead to core damage
within about 2 hours.

0 Long-term SBO relates to sequences in which turbine-driven AFW pump trains operate
initially, but ultimately fail (normally as a consequence of battery depletion)
before recovery of AC power. These sequences typically lead to core damage in more
than 2 hours.

] SBO with RCP seal LOCA relates to sequences in which RCP seal LOCAs arise because of
a loss of cooling to RCP seals with failure to recover AC power before the core is
uncovered. These sequences can lead to core damage in either the short-term or long-
term, depending on the timing and magnitude of the RCP seal LOCA.

In the typical SBO core melt sequence considered during this analysis. steam generator
dryout results in loss of decay heat removal via the stéam generators, with eventual loss of
RCS inventory and uncovery of the core. (Front-line injection systems are unavailable.). As
core damage progresses, the RCS and steam generator tube temperatures increase as
substantial amounts of energy are transported from the core region to other parts of the
RCS. The rate of accident progression and the primary/secondary system conditions at the
time of core damage influence the location and timing of RCS failure. These factors, in
turn, depend on plant-specific design features and the details of the sequence. Such
details include the impact of stuck-open pressurizer power-operated relief valves (PORVs) or
safety valves (SVs), RCP seal LOCAs, operation of steam generator atmospheric dump valves
(ADVs) or main steam safety valves (MSSVs), and longer-term depressurization of the
secondary side as a consequence of leakage from MSSVs or main steam isolation valves
AMSIVs).

In SBO events in which the plant maintains RCS pressure integrity (i.e., pressurizer relief
valves reclose and RCP seals remain intact). core damage would occur with the primary system
at or near the PORY set point (if PORVs remain available throughout the event) or the SV set
point (if PORVs are not available or have failed closed). A1l Westinghouse plants and the
majority of Combustion Engineering (CE) plants are equipped with PORVs. Most PORVs are air-
operated with a DC-powered solenoid. However, several plants have either AC- or DC-powered
motor-operated PORVs, and several plants operate with some or all PORVs blocked. PORVs
would generally be available throughout a short-term SBO (core damage with DC power and
instrument air available) and unavailable at the time of core damage in long-term SBO events
(core damage following depletion of battery and instrument air), but actual availability is
plant- and sequence-dependent. '

The secondary side could be depressurized early in an event (before steam generator dryout)
as a result of several mechanisms. Such mechanisms may include operator actions to '
depressurize the steam generator using ADVs or other valve alignments, a stuck-open MSSV, a
stuck-open ADV with failure to manually isolate using the block valve, or failure to isolate
steam flow to the turbine-driven AFW pump in sequences in which the pump was initially
operable. Of these mechanisms, a stuck-open MSSV- is generally considered to be the most
likely means of depressurization. However, the relative contribution of the various
mechanisms will depend on plant-specific design features and operating procedures. For
example, ADVs are not available during SBO at certain plants because of dependencies or
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}imitations on electrical power or instrument air.

Gradual depressurization of the steam generators could also occur in the longer term (during
the period between steam generator dryout and core damage) as a consequence of leakage
through MSIVs and other secondary side valves. As a result, the steam generators would be
depressurized at the time of core damage. Section 2.3.1 provides additional detail
concerning the potential for early and gradual depressurization in the context of the
accident progression event tree.

2.1.2 Intermediate-Pressure Core Melt With Depressurized Steam Generator(s)

Transient events (such as SBO) generally proceed to core damage with the primary system at
or near the PORV or SV set point. However. RCP seal LOCAs or failure of pressurizer valves
to reclose/reseat could cause the RCS to be partially depressurized at the time of core
damage. The extent of depressurization is sequence- and plant-specific. and depends on such
factors as the timing and leak area associated with the valve failure/seal LOCA, and
accumulator injection set points.

The staff recognized that a lower RCS pressure at the time of core damage would reduce the
challenge to steam generator tube structural integrity. To evaluate the probability of such
an RCS pressure reduction, the staff conducted a survey of previous severe accident analyses
of scenarios involving stuck or latched open PORVs and various RCP seal LOCAs for
Westinghouse and CE plants. That survey considered SCDAP/RELAPS calculations performed as
part of the Severe Accident Management Program, as well as more recent SCDAP/RELAPS analyses
performed in support of the resolution of direct containment heating. In addition, the
survey reviewed the results of earlier analyses performed using the MARCH code. as well as
available MAAP analyses. -

Unfortunately, the staff's survey indicated that a reduction of RCS pressure could be offset
by rapid repressurization and heating of steam generator tubes, which may occur during the
accumulator injection phase of an accident. For both stuck/latched open PORVs and seal
LOCAs. pressure response at the time of core damage tended to be oscillatory in nature and
driven by accumulator discharge. Baseline pressures were in the range of the accumulator
set point. with periedic pressure increases up to 6.9-9.7 MPa (1000-1400 psia) following
accumulator injections. The staff also noted concurrent temperature excursions in the steam
generator tubes, with peak temperatures approaching 1200 K (1700°F) for large RCP seal
LOCAs, but lower-peak tube temperatures for the stuck-open PORV cases.

The staff recognized similar behavior for Westinghouse and CE plants, but the available
analyses for CE plants were more limited. A comparison of these observations with the
results of available MAAP calculations revealed significant differences in the degree of
repressurization following accumulator injection, as predicted by the SCDAP/RELAPS and MAAP
codes. Notably, the predicted pressures at the time of peak steam generator tube challenge
ranged from as high as 10 MPa (1450 psig) in early SCDAP/RELAPS calculations to essentially
the accumulator set point (no repressurization) in MAAP calculations.

The reader should note that these observations were reached largely on the basis of analyses
of short-term SBOs (i.e.. stylized sequences in which AFW failure is assumed to occur as
part of the initiating event), and did not consider long-term SBOs (in which AFW typically
fails after several hours as a result of battery depletion). However, observations from
long-term SBOs involving stuck-open PORVs would not be much different. since the time
available between PORV cycling/failure and core damage would not be significantly longer
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than in short-term SBOs.

Because of the potential challenge to steam generator tubes from sequences involving RCP
seal LOCAs and stuck-open PORVs, the thermal-hydraulic response and the underlying phenomena
responsible for primary system repressurization during these sequences were further
evaluated as part of this study. Section 3 provides additional detail regarding these
analyses.

2.1.3 Contribution of ATWS Sequences to Accident-Induced SGIR

The model for the Surry plant documented in NUREG-1150 (U.S. Nuclear Regulatory Commission,
1990) yielded baseline estimates for the contribution of ATWS to the core damage frequency
(COF) and various plant damage states (POSs). In this model, the ATWS frequency 1s ‘
6.7x10°5/RY, which includes the frequency (T) of reactor scram, the probability (K) of the
reactor protection system (RPS) failing to trip the reactor. and the probability (R) of the
operators failing to trip the reactor manually within 1 minute following RPS failure.

The wodel divided the scrams by reactor power level, so that the overall ATWS fregquency of
6.7x10"5/RY is divided into four main categories:

@) low power, with @ frequency of 6.7x10¢/RY

(2) high poswer with low moderator temperature coefficient (MIC), at a frequency of
- 3.0x10°%/RY :

(3)  high power with intermediate MIC, at a frequency of 2.9x10°/RY

(4) high power with high MIC at a frequency of 8.4x10°7/RY.

The first category occurs at a power level low enough that turbine trip is not necessary to
1imit the RCS pressure increase to 22 MPa (3200 psig). and the effects of MTC are not
important. The other three groupings are according to MTC, with a probability of 0.5 that
the MTC 1s Yow .enough (less than -20 pcm/°F) that turbine trip and RCS relief valve
operation are not necessary to control RCS pressure below 22 MPa (3200 psig). The model
uses a probability of 1.4x102 that the MIC is too high (above -7 pcm/°F) to provide any
chance for mitigation of the ATWS transient. The remainder of the model estimates the
failure probabilities of turbine trip, primary pressure relief, auxiliary feedwater, relief
valve reclosure. and high-pressure injection, with appropriate success criteria applied to
each of these five groups.

Only two ATWS sequences contribute to the dominant cutsets in the KUREG-1150 model for
Surry. The largest ATWS contributor to CDF is the group with high power and high MTC. This
sequence (denoted TKRZ) has a frequency of 8.4x10°7/RY in the NUREG-1150 analysis. The other
significant ATWS contributor to CDF is a sequence in the group with high reactor power and
intermediate MTC (denoted TKRD,). This sequence involves failure of the high- pressure
safety injection (HPSI) system, which prevents boration and causes the core to melt at high
pressure when it is uncovered by reactor coolant loss through the pressurizer relief valves.
This sequence contributes an additional 5.7x107/RY to CDF.

Although the NUREG-1150 process considered the possibility of inducing SGTR by increasing
the pressure differential or temperature, this possibility was assigned such a low
probability that it was not dominant and. therefore, was discussed only briefly in the
documentatfon. NUREG-1150 also includes a sensitivity study performed to determine the
effects of eliminating the probabilities for thermally induced ruptures (hot leg. surge line
and tubes, together) on the frequency of various release categories, but the effects were
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small. The NUREG-1150 analysis did not include a sensitivity study of the effects of
significant increases in tube rupture probability.

The staff found it necessary to consider two potential effects of known tube flaws on the
progression of ATWS events. Such flaws are significant because they could be allowed to
remain in service under revised Technical Specifications. One potential effect is pressure-
induced rupture of one or more of the flaws as a consequence of the increase in RCS pressure
that occurs early in an ATWS event. This could lead to core damage by the same mechanisms
considered for pressure-induced SGTR caused by secondary-side depréssurization events
(increasing the core damage frequency and the frequency of containment bypass type
releases). The second potential effect is thermally induced SGTR as a result of the high-
temperature gases evolved in the core melting phase of ATWS events that are already counted
in the core damage frequency. This could increase the estimated frequency for the '
containment bypass type release without increasing core damage frequency.

Since the completion of NUREG-1150, two significant changes in reactor operations have
occurred that directly affect this analysis. The first change is a reduction in the
frequency of reactor trips. The NUREG-1150 analysis was conducted when the average scram
frequency was about 6.6/year. Since then, a scram reduction program conducted by the
industry has reduced that frequency to about 1.4/year for PWR plants (Smith, 1996). This,
in turn, reduces the frequency of all ATWS sequences (core damage and successful mitigation)
by a factor of 0.21.

The second change since NUREG-1150 was completed involves the fraction of time that MIC is
above -7 pcm/°F. The NUREG-1150 analysis assumed that this condition exists during

1.4 percent of the operating cycle (corresponding to a probability of 1.4x10? as previously
stated). The NRC analysis conducted for the ATWS rule making process assumed that
Westinghouse reactors would exceed an MTC of -7 pcm/°F approximately 5 percent of the time.
Since that analysis. the NRC has approved many plant-specific technical specification
changes that could allow the occurrence of this MIC condition for a substantially greater
portion of the operating cycle.

For instance. a report of core operating 1imits for Surry allows an MIC as high as

0.0 pcm/°F when the reactor is above 50 percent rated power. However, informal discussions
with Surry plant engineers indicated that the last four Surry fuel cycles actual 1y incurred
no operating time with MIC less negative than -7 pcm/°fF with the reactor at full power, ahn
rods out, and no xenon. It appears that administrative limits on fuel load fabrication,
which account for uncertainties to avoid violation of the technical specifications, can have
a significant effect on the actual fraction of the fuel cycle with MIC above -7 pcm/°F.
Therefore. for this analysis. the staff chose a value of 5 percent to be consistent with the
value most recently used by the agency, with a caution that plant-specific values may differ
substantially.

Use of the 5 percent value increases (by a factor of 3.6) the frequency of ATWS core damage
sequences resulting from high MIC. Presumably, this increase also has an effect on the
fraction of the cycle during which MTC is low enough (s-20 pcm/°F) that turbine trip and
primry pressure relief are not important: however, NUREG-1150 used 50 percent for that
fraction. Therefore., the effect on the frequency of the core damage sequences between

-7 and -20 pcm/°F is limited to a factor of 2 and is expected to be much smaller than that.
The staff did not consider this effect further for the analyses discussed below.

The following discussions first focus on the effects of ATWS-induced SGTR on the analyses
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presented in NUREG-1150, and then discuss the effects of the more recent operating
parameters.

2.1.3.1 Pressure-Induced SGTR Resulting from ATWS Events

The frequency for ATWS events used in NUREG-1150 is 6.7x105/RY. Of those events. a subset
associated with high power and high MTC (denoted TKRZ) may result in RCS pressure exceeding
22 MPa (3200 psig) with a frequency of 8.4x107/RY. In addition, the RCS pressure can exceed
22 MPa (3200 psig) as a result of non-dominant core damage sequences associated with failure
of the operator to promptly trip the turbine. or failure of two pressurizer relief valves,
or failures in the AFW system. On the basis of information available in supporting
documents for NUREG-1150, the staff estimated that TKRZ events plus these additional non-
dominant sequences have a combined frequency of 1.2x10°%/RY. Thus, of all ATWS events, the
subset leading to high RCS pressure (approximately 98 percent) would not produce a
differential pressure across the steam generator tubes in excess of approximately 15.2 MPa
(2200 psid). An alternative considered by the staff would limit the conditional
probability of tube rupture to 0.05 per steam generator experiencing a di fferential pressure
of 17.2 MPa (2500 psid). Therefore. the probability of rupturing at least one tube in each
steam generator would not exceed 0.05 for 98 percent of the ATWS frequency. The other

2 percent of the ATWS frequency is already reflected in the CDF, as addressed later in this
section. ‘

2.1.3.2 Pressure-Induced SGTR Resulting from ATWS Events Not Reflected in CODF

The low-power and Yow-MTC ATWS events are expected to yield much lower RCS pressures.
probably in the range of the RCS relief valve set points. Therefore. the staff excluded
these events from: further consideration of pressure-induced SGTR resulting from ATWS. This
leaves only the ATWS events with high RCS power and intermediate MTC for this part of the
analysis. That group has a frequency of 2.9x10%/RY. These events will subject all steam
generators in the plant to elevated differential pressures up to 15.2 MPa (2200 psid). As a
bounding analysis for this class of ATWS events, each steam generator is assumed to have a
probability of 0.05 for induced rupture of one or more tubes. However, these sequences will
create pressure differentials below 15.2 MPa (2200 psid) and the proposed limit applies at a
higher differential pressure, near 17.2 MPa (2500 psid).

Assuming that the probabilities of rupture in the affected generators are independent of
each other. Table 2.1a presents the frequencies for ATWS pressure-induced SGIR as a function
of the number of generators in the plant. The assumption of independence is probably
conservative. Thermal-hydraulic calculations by Idaho National Engineering Laboratory
(INEL. now Idaho National Engineering and Environmental Laboratory or INEEL) have shown that
tube ruptures reduce the peak pressure of ATWS transients. This, in turn, reduces the
differential pressure across the tubes. as well as the probability of additional tube
ruptures in the same or other steam generators. The issue of common cause failures is
included by assigning the highest probability of failure to all of the generators.
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nbie 2.1a Frequencies for ATWS Pressure-Induced SGTR
(NUREG-1150 Probabilities)

Ho. of SGs frequency of ATMS Pressure-Induced Rupture of
in Plant
1 86 2 SGs 3 sGs & SGs
2 2.8x1076 7.3x10°8 - .
3 4.1x10°¢ 2.1x10°7 s.6x10°" -
4 5.0x10°6 3.9x10°7 1.4x10°8 1.8x10°1Y

Table 2.1b Frequencies for ATWS Pressure-Induced SGTR
(Updated Probabilities)

Ho. of SGs frequency of ATHS Pressure-induced Rupture of
in Plant
1sc 2 sGs 3 scs 4 SGs
2 s.ox10°7 1.5x10°8 - -
3 8.ex10°7 4.4x10°8 7.6x10° 10 -
4 1.1x10°6 s.2x10°8 2.9x10°% 3.4x10°11

As shown in Table 2.1b. however. these frequencies are reduced when more recent data on
reactor trip frequency are considered. The staff did not consider the effects of the higher
probability of unfavorable MTC because the slight decrease caused by a higher probability of
exceeding an MIC of -7 pcm/°F may be offset by a slight increase in the probability of
exceeding -20 pcm/°F. (Here, the term exceeding is used in the sense of an absolute value.)

With regard to the ATWS sequences, the effects of a pressure-induced SGIR would allow for
increased boration of the core, except for the 0.95 percent of the time that the HPSI system
fails. (This is the TKRD, sequence that is already expected to result in core damage, as
discussed shortly.) For the remaining ATWS sequences, increased boration should help to
ensure that the reactor is effectively shut down. The issue therefore becomes the ability
to mitigate the SGTR by cooling down and depressurizing the reactor before the refueling
water storage tank (RWST) is emptied and the core becomes uncovered.

Thus. these ATWS pressure-induced SGTR sequences should transfer to the trees used for SGIR
induced by secondary-side depressurizations. For the majority of the ATWS pressure-induced
SGTR frequency, tubes are expected to rupture in only one generator, so the scenario is
similar to the effect from secondary depressurization. Because it may still be possible to
eventually isolate the secondary side in the ATWS pressure-induced sequences, the event
trees originating with secondary side failures should be conservative for ATWS pressure-
induced SGTR when they involve tube ruptures in only one steam generator. However. the
recovery may be complicated by the actuation of containment spray. which would transfer some
of the RWST inventory to the containment sump and require the emergency core cooling system
(ECCS) system suction to be transferred to the containment sump during recovery. Because
the other initiator frequencies for the secondary depressurization-induced SGIR trees
include events in the range of 10°%/RY. these additional ATWS events are not expected to have
a significant effect on the estimated frequency of pressure-induced SGTR leading to core
damage with bypass type releases.
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Ruptures involving only two steam generators in a four-loop plant are not expected to
complicate the recovery very much. and can be treated similarly. By contrast, ATWS
pressure-induced ruptures involving three steam generators at a four-loop plant or two steam
generators at a three-loop plant are somewhat more complicated. This is because the
operators may hesitate to use faulted steam generators, which may be required for cooldown.
Successful recovery is still possible with tube ruptures in all generators. Sequences
affecting most or all of the steam generators are considered to be sufficiently infrequent
to be neglected without further detailed analysis. This is because the frequencies are
already low. because they are upper bound estimates, and because the mitigation probability
is expected to decrease the frequencies by at least another order of magnitude,

2.1.3.3 Pressure-Induced SGIR Resulting from 'ATHS Core Damage Sequences

Next. it is necessary to consider the potential increase in the frequency of containment
bypass type releases as a consequence of pressure-induced SGTR during the ATWS sequences
that exceed an RCS pressure of 22.1 WPa (3200 psig). Bounding considerations are not very
helpful because the differential pressure across the.steam generators may exceed the value
used as the basis for tube structural integrity considerations. As a result, the
conditional probability of SGTR 1s not limited to 0.05 in this analysis, and other
information would be necessary to show that the frequency of inducing SGTR is less than the
frequency with which the RCS exceeds 22.1 MPa (3200 psig).

Use of the more recent scram frequency and MTC probability data would decrease the frequency
of all ATHS sequences by a factor of 0.21 and increase the TKRZ sequence frequency by a
factor of 3.6. The net effect would be a slight decrease in the bounding estimate (to
7.2x10°7/RY) for the frequency of ATWS pressure-induced bypass releases from the sequences in
which the RCS exceeds 22.1 MPa (3200 psig).

An ATWS pressure-induced SGTR would alter the course of the high-power, high- MIC (TKRZ)
sequence, and possibly the PDS. Thermal-hydraulic analyses of this sequence conducted using
the SCDAP/RELAPS code (Coryell, 1995) show that the induced SGTRs substantially decrease the
maximum pressure in the RCS. However, in at least 95 percent of the events, this should not
occur before the differential pressure across the tubes exceeds 17.2 MPa (2500 psid). vhich
is equivalent to the RCS exceeding 24.1 MPa (3500 psig). assuming about 6.9 MPa (1000 psig)
secondary side pressure.

RCS pressures above 22.1 MPa (3200 psig) are assumed to cause plastic deformation of the.
injection valves to the RCS and fail ECCS functions. Consequently. subsequent
depressurization of the RCS by induced SGIR would not allow the HPSI system to borate or
restore RCS inventory, and the core would melt with the primary-to-secondary boundary
breached. In order to more precisely estimate the conditional probability of pressure-
induced SGTR for the high-power, high-MIC (TRKZ) sequences, it would be necessary to develop
a frequency distribution for the maximum RCS pressures and 3 probability distribution for
SGTR as a function of differential pressure. '

It is also important to consider that the risk of ATWS is greatest at the beginning of the
fuel cycle. but the steam generator tubes are weakest at the end of the fuel cycle. This
temporal anti-correlation will also decrease the "best estimate™ from the estimate derived
above. However, quantification of that decrease would depend on the plant-specific nature
and rate of tube degradation processes, the probability of detecting flaws through routine
tube inspections. and the MTC as a function of time for the specific core Joad. Because
this subset of ATWS events can cause pressures to exceed structural integrity values for the
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tubes, it is not possible to argue that the tubes are capable of withstanding these events
at the beginning of core life.

2.1.3.4 ATWS Thermally Induced SGIR

The remaining consideration is the potential for thermally-induced SGTR during the fuel
cladding oxidation phase of the ATWS core damage sequences. The ATWS sequences that appear
in the dominant cutsets for core damage frequency are those associated with high reactor
power and high or intermediate MTC (TKRZ and TKRD,). For the high-power, high-MTC (TKRZ)
sequence, NUREG-1150 assigned a PDS (S;NYY-YxN) involving the following conditions:

A very sma)l break has been induced in the RCS pressure boundary.
ECCS is not operating and not recoverable.

The RWST inventory has been injected into containment.

At least one AFW pump is operating. '

The steam generators are still pressurized.

For the high-power, intermediate-MTC sequence (TKRD,). NUREG-1150 assigred 2 PDS (TLYY-YxY)
involving the following conditions: _

The RCS is intact (and at high pressure).

Only low-pressure ECCS is available.

The RWST inventory has been injected into containment.
At least one AFW pump is operating.

The steam generators are still pressurized.

Thermal-hydraulic calculations performed using SCDAP/RELAPS indicate that high-pressure core
melt events will not result in thermally induced SGTR unless the secondary sides of the
steam generators are dry and depressurized. Therefore, neither PDS assigned to the dominant
ATWS core damage sequences would be capable of thermally inducing SGTR and altering the
nature of the release to increase the frequency of the bypass type of release.

The staff further considered the contribution of non-dominant high-pressure ATWS sequences.
The TKRL, sequence is part of the group of non-dominant ATWS core damage sequences that
exceed 22.1 MPa (3200 psig) in the RCS. That group was included (with a frequency of
2.9x105/RY) in the estimated frequency of pressure-induced SGTR discussed above. where the
conditional probability of SGIR was left at 1.0. Thus. it should not be counted again for
thermally induced SGTR. The non-dominant TKRL, ATWS sequence involving failure of the AFW
system had a frequency of 6.8x10®/RY before recovery and was dropped from further analysis
in NUREG-1150. Using NUREG-1150 information considering equipment failures in addition to
AFW during ATWS events leading to high RCS pressure, the staff back-calculated a probability
of 2.3x10°3 for AFW system failure. °

Other sequences that involve AFW failure are TKRPL, (which occurs at low power) and TKRZ,L,
(which occurs at high power with low MTC). Using 2.3x10 for the probability of AFW system
failure (as explained above), these sequences are estimated to have 2 combined frequency of
1.2x107/RY before recovery. Consideration of the more recent reactor trip frequencies would
reduce this estimate to 2.5x10%/RY. In addition to recovery, this frequency would be
reduced by the probability that the steam generators would not actually be dry or
depressurized.

Because successful recovery from ATWS requires operation of two motor-driven AFW pumps or
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the turbine-driven AFW pump, one motor-driven pump may be operating in many of the cutsets
for these two sequences. On that basis, the staff eliminated these sequences from further
consideration because they are insignificant with respect to the contributions to the
_frequency of thermally induced SGTR during SBO sequences, and are only minimally significant
with respect to the surrogate safety goal.

Thus. in consideration of the evaluation discussed in this section, the staff does not
expect thermally induced SGIR during ATWS core damage sequences to have a significant effect
on the frequency of bypass releases. :

2.1.3.5 Conclusions

ATWS sequences that would not lead to core damage in the NUREG-1150 analysis are not
expected to significantly increase the frequency of core damage with bypass type releases by
inducing SGTRs that then lead to core damage. Similarly, ATHS sequences that lead to core
damage in the NUREG-1150 analysis by paths that do not involve RCS pressures in excess of
22.1 MPa (3200 psig) are not expected to contribute significantly to the frequency of
thermally induced SGTRs during severe accidents because the majority of those sequences have
water on the secondary side of the steam generators. _ .

ATWS sequences in the NUREG-1150 analysis that lead to core damage by paths involving RCS
pressures in excess of 22.1 MPa (3200 psig) may produce a non-negligible contribution to the
bypass release frequency. Assuming that the conditional probability of rupturing one or
more tube(s) is equal to 1..bounding calculations result in a freguency estimate in the mid-
107/RY range. The staff derived this estimate using an assumption that MTC is above :
-7 pam/°F for only 5 percent of the fuel cycle. However, the possibility exists that recent
fuel loads might exceed this percentage by a significant factor. If so. plant-specific
evaluation may be warranted.

2.2 Accident-Induced Challenges to Leakage Integrity

Besides SGTR, severe accident conditions can lead to elevated primary-to-secondary leakage
through existing tube flaws. The maximum tube leakage condition is expected under high
primary and low secondary system pressures, which present the highest leakage driving force.

Section 2.2.1 discusses the expected magnitude of primary-to-secondary leakage through
existing tube flaws under the elevated temperatures associated with severe accidents.
Sectfon 2.2.2 then addresses the modeling and impact of tube leakage on thermal-hydraulic
response.

2.2.1 Expected Leak Rates Under Severe Accident Conditions

Previous studies conducted by the NRC and industry predicted leak rates associated with
flawed tubes under accident conditions near operating temperatures, and usually assumed MSLB
differential pressures. For example, NUREG/CR-2336 (Kurtz. 1988) describes a model to
predict leak rates from axial and circumferential through-wall cracks in steam generator
tubes. That model involved applying fracture mechanics solutions to determine the crack
opening area as a function of crack length and internal pressure. The model then used fluid
mechanics to predict the flow of primary water through the crack. Primary conditions were
saturated or subcooled. and the flow became two-phase through the crack. Further, the tube
temperatures were relatively low compared to those expected during severe accident
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conditions. Therefore, the model presumed that only differential pressure loads on the tube
would affect the crack opening area. Leak rates computed using this model ranged from about
0.04 Lpm (0.01 gpm) for a 0.51-cm (0.2-inch) crack to almost 37.9 Lpm (10 gpm) for a 2.54-cm
(1-inch) crack, as shown in Figure 2.1.

EPRI also described a study of leakage rates associated with flawed tubes in their report
regarding expansion zone primary water stress corrosion cracking (PWSCC) in roll transitions
(EPRI Committee for Alternate Repair Limits, 1993). In that study, EPRI used a model with a
similar basis (fracture mechanics and thermal-hydraulics) to estimate leak rates under MSLB
conditions through an axial crack initiated on the primary-side tube wall. The model
predicted leak rates ranging from less than 0.04 Lpm (0.01 gpm) for a 0.51-cm (0.2-inch)
axial crack. to about 22.7 Lpm (6 gpm) for a 1.3-cm (0.5-inch) crack.

The drawback in applying either of these approaches to the severe accident case is that the
earlier MSLB models use fluid and tube temperatures that are much lower than those expected
in severe accident scenarios. These lower temperatures mean that the models consider the
flow of Yiquid rather than steam, and the crack opening area wodel does not include thermal
effects at extreme temperatures. :

The most recent and directly relevant study. conducted by EPRI (FUller, January 1996).
employed a structural evaluation method to furnish a best-estimate leak rate for high-
pressure and temperature primary side conditions. In addition. this study used a crack
opening area model to estimate the effect of elevated temperatures on the crack size. Table
3-4 of the EPRI report summarized the estimated leakage of water for all of the tubes in the
steam generator ranging from 0 Lpm (0 gpm) at a peak tube temperature of 935 K (1223°F) to
757 Lpm (200 gpm) at 960 K (1268°F). The report did not offer the thermal-hydraulic basis
for this prediction, although it did provide an equivalence of 1 kg/s (2.2 1bm/s) steam flow
through a crack opening that would allow water leakage of 379 Lpm (100 gpm).

The plausibility of these leakage rates may be explored. starting with the equation for
leakage from an axial crack in a tube with internal pressure {provided as equation 5-1 in
EPRI report NP-6864-L). Assuming RCS conditions during an MSLB of 589 K (600°F) and

16.5 MPa (2400 psig). the crack area obtained for the 379-Lpm (100-gpm) value is
approximately 0.65 cm? (0.1 in?). This value is consistent with the crack opening area
presented for normal operating temperatures in EPRI NP-6864-L and EPRI TR-106194. Applying
the same leakage equation and using a crack opening area of 0.97 cm? (0.15 in®) (as in

EPRI TR-106194 and Figure 2.2) for fifty 1.02-cm (0.4-inch) long cracks at 589 K (600°F) and
a tube differential pressure of 16.5 MPa (2400 psig). yields a leak rate of 852 Lpm

(225 gpm). This predicted leak rate is on the order of the liquid leak rates discussed in
EPRI TR-106194.

" To check the equivalent high-temperature steam flow rates through similarly sized cracks,
the same number of 1.02-cm (0.4-inch) long flaws that opened under elevated differential
pressure should be expected to open to a greater extent under the additional condition of
extreme temperature. The crack opening area model in EPRI TR-106194 shows this, giving 2
crack opening area of 4.0 cm® (0.62 in?) for fifty 1.02-cm (0.4-inch) long cracks at 987 K
(1316°F) (Figure 2.2). the average hot tube temperature calculated for Case 3R (see
Section 3). However, the relation for leaking fluid used above is not applicable under
these high-temperature conditions where superheated steam is expected to exist on the
primary side of the tube wall. In this case, the superheated steam may be taken to behave
nearly as an ideal gas.
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Assuming that the crack acts as an orifice. fluid equations are available from the
literature to estimate a steam flow rate. Mark's Standard Handbook for Mechanical Engineers
(Avallone, 1987) was used in this example. With the average fluid temperature calculated
for. the base case 987 K (1316°F) and a primary pressure of 17.2 MPa (2500 psig) (the safety
valve set point), the equations used yield a steam leak rate of 4.5 kg/s (9.9 lbm/s). A
smaller steam flow (3.0 kg/s, 6.6 1bm/s) is predicted for a steam generator with one
thousand 0.51-cm (0.2-inch) long cracks. These flow rates are somewhat higher than the EPRI
estimate of 1 kg/s (2.2 1bm/s).

An important assumption implicit in these considerations is the nature of the flaw
distribution that will be exposed to the severe accident temperatures and pressures.
Further, uncertainties exist in the prediction of crack opening area, and the coefficient of
discharge for crack flow. However, the estimates documented in EPRI report TR-106194 appear
reasonable, although the leakage rates calculated above are somewhat higher. In light of
these uncertainties and assumptions, and to ensure that an adequate range of leakage rates
is considered for further study. values consistent with the EPRI high-temperature crack
opening area model should be used on the basis of the hot steam temperatures calculated in
Section 3 of this report. Assuming that the flawed tube populations in Figure 2.2 are
reasonable, this yields steam leak rates under severe accident conditions of 3 to 7 kg/s
(6.6 to 15.4 1bm/s). '

2.2.2 Impact of Tube'Leakage

In this analysis. the staff performed SCDAP/RELAPS calculations (denoted Case 7N in this
report) to evaluate the effects on secondary system conditions upstream of the ADV of
379-Lpm (100-gpm) tube leakage escalating to larger leaks of steam under the effects of
severe accident temperatures. In these evaluations. the ADV was assumed to be operational,
and the crack size associated with the initial leakage of 379 Lpm (100 gpm) was assumed to
open. allowing steam leakage, in one case, of 3 kg/s (6.6 1bm/s), and then 7 kg/s

(15.4 1bm/s) once steam generator temperatures reached 978 K (1300°F).

The results showed that RCS pressure rapidly decreases to the secondary side relief set
point pressure following crack opening. The only difference was the rate of
depressurization. Temperature response on the secondary side was similar in the cases, as
well. The 379-Lpm (100-gpm) leak produced steam line temperatures of about 790 K (962°F)
just before the crack opened. Following crack opening, peak steam line temperatures reached
about 915 K (1187°F). Temperatures of important secondary side components downstream from
this point (such as ADVs) would probably experience a much smaller temperature increase
because of the large heat sink provided by the steam line piping. However, a more detailed
evaluation should be conducted to determine the extent of the potential thermal challenge to
secondary system components.

2.3  Accident Progression Event Tree

The accident progression event tree (APET) provides a structure for assessing accident
progression through the following analyses:

o estimating the frequency of the various primary/secondary system conditions that
. could challenge the steam generator tubes -
. characterizing the core degradation process and resulting pressure/temperature

challenges to the RCS and steam generator tubes for each condition or APET branch
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® establishing the overall probability that steam generator tube integrity will be
maintained over the range of tube challenges

This assessment yields an overall estimate of the frequency of pressure- and temperature-
- induced failures of steam generator tubes and containment bypass attributable to severe
accidents.

Figure 2.3 presents a representative APET addressing pressure- and temperature-induced
challenges to steam generator tubes. This APET consists of 1 entry condition and 12 top
events. The entry condition (identified by top event heading A on Figure 2.3) is the
frequency of core damage events in which core uncovery occurs with the primary system at
relatively high pressure and the secondary side dry. This subset of the total core damage
frequency is derived from a decomposition of Level 1 probabilistic risk assessment (PRA)
results. The first four top events (events B through E) are sorting events that partition
the entry condition frequency into nine states reflecting different combinations of primary
side conditions (intact. stuck-open pressurizer relief valve, or RCP seal LOCA) and
secondary side conditions (intact, one steam generator depressurized. or all steam
generators depressurized) that could exist at the time of core uncovery. These states are
shown as endstates Al through C3 on Figure 2.3, and transfer to 2 continuation of the event -
tree on Figures 2.3a through 2.3d.

The next four top events (events F through I) reflect changes to the conditions on the
primary and secondary side during the accident progression, specifically, primary system
depressurization attributable to either failure or manual operation of pressurizer relief
valves following core uncovery (event F), and gradual depressurization of one, two, or three
steam generators via leakage through M51Vs or valve bonnets (events G. H, and I). At this
point in the APET, an icon is provided on each branch summarize the associated primary and
secondary system (indicated in the boxes below the "p” and *s” on the icon, respectively).
Conditions early and late in the event are separately shown, to the left and right of the
fine vertical lines within the icon. Secondary system conditions are separately displayed
for each of the three SG loops.

The next three top events (events J through L) address the likelihood of pressure- and
temperature-induced tube failures. Top event J addresses the potential for a tube rupture
to occur as a result of pressure effects only, before steam generator tube heatup. for the
distribution of flaws assumed to be present in the steam generator tubes. Given that the
tubes survive the pressure challenge, the next two top events (events K and L) address the
likelihood of temperature-induced tube failures under the representative thermal-hydraulic
conditions for each branch. Event K represents the probability that loop seal clearing
occurs in the same loop in which a steam generator is depressurized. Concurrent loop seal
clearing and steam generator depressurization was found to result in enhanced tube heating
and high probabilities of failing even pristine tubes in the reference plant analysis. It
was therefore treated as a separate event in the APET. Event L addresses the probability of
temperature-induced failure of steam generator tubes prior to any other breach of the RCS
pressure boundary. given the temperature and pressure histories throughout the RCS for each
APET branch. and the distribution of flaws assumed to be present in the steam generator
tubes.

The final top event (event M) addresses whether the resulting primary and secondary system
conditions are expected to result in significant fission product holdup and retention. Such
holdup is expected in sequences in which the primary system is partially depressurized
(e.g.. as a result of an open pressurizer PORV) and the secondary system is intact but

2-13 NUREG-1570



leaking.

Section 2.3.1 discusses the frequency of challenges to the steam generator tubes.

Sections 2.3.2 through 2.3.9 then describe the APET top events. MNext, Section 2.4
introduces the process by which the staff determined the probability of thermally induced
SGTR. (Section 5 discusses this process in greater detail.) In addition, Section 2.4
discuses the impact of design differences on severe accident challenges. and considers the
generic applicability of the event tree to other reactor designs.

2.3.1 Frequency of Events with High RCS Pressure and Dry Steam Generators (APET Entry
Frequency)

The initiating event frequency for the APET (event A on Figure 2.3) represents the frequency
of events in which core damage occurs with the primary system at relatively high pressure
and the secondary side dry. This includes events with the RCS at either full system
pressure or partially depressurized, and with the secondary side either intact (at high
pressure) or depressurized. Events with a partially depressurized RCS or an intact
secondary may appear to represent a less severe challenge to steam generator tubes than
events involving full RCS pressure or a depressurized SG, respectively. Nonetheless, the
staff retained these constituent events because preliminary thermal-hydraulic and structural
analyses suggested that these conditions may also pose some threat to flawed steam generator
tubes.

Implicit in the initiating event frequency are the impacts associated with failures of
valves to reclose, unavailability of valves caused by a loss of support systems, and
operator actions that impact RCS depressurization (e.g., operator actions to depressurize
using ADVs or to isolate stuck-open SVs using block valves) to the degree that such actions
were modeled in the PRA. The reader should note that operator actions modeled in the
NUREG-1150 study were generally limited to actions included within the plant-specific
emergency operating procedures (EOPs) as they existed at the time of the study. As such,
the frequency estimates do not reflect the impact of more recent guidance and procedures,
such as the severe accident management guidelines currently being implemented by licensees
as part of the nuclear industry initiative on accident management.

The system failures required to produce the requisite conditions for tube challienge are
generally consistent with those associated with SBO sequences. Thus, the frequency of tube
challenge could be estimated from the total frequency of SBO events as a first
approximation. However, not all SBO events would produce these conditions. For example,
SBO events with continued operation of AFW (wet secondary side) and core melt caused by a
loss of primary inventory through a stuck-open pressurizer PORV/SV or a failed RCP seal
would not contribute to temperature-induced SGTR and should be eliminated from
consideration. By contrast, several other transient events (such as those involving a total
loss of feedwater and failure of feed-and-bleed) could produce the requisite conditions and
should be considered. Accordingly. the staff performed a more detailed assessment of the
primary and secondary system conditions at the time of core damage on the basis of
NUREG-1150 analyses for two. PWR plants (Surry and Sequoyah). In addition, the staff
addressed the applicability of the resulting frequency estimate to the broader population of
Westinghouse and CE plants by developing and comparing corresponding frequency estimates for
a number of additional plants on the basis of information contained in the IPE database.
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.2.3.1.1 High/Dry Frequency on the Basis of NUREG-1150

Accident sequences that proceed to core damage in @ similar fashion in the accident
frequency analysis (Level 1 PRA) are grouped together into POSs for further evaluation in
the accident progression analysis (Level 2 PRA). The characteristics that define these PDSs
are determined by the accident progression analysts on the basis of information needed in
the APET. The process of assigning accident sequences to PDSs forms the interface between
the accident frequency analysis and the accident progression analysis.

The NUREG-1150 analyses for PWRs used a seven-character PDS indicator to denote
characteristics of the plant condition when the water level falls below the top of the
active fuel. The status of the primary and secondary systems at the onset of core damage
are indicated by the first and sixth characters of the POS indicator, respectively.

The first PDS character denotes the pressure of the RCS and its integrity at the onset of
core damage. Events with relatively high RCS pressure at core damage correspond with three
different status categories indicated by this PDS character:

° transients (T)
'Y very small LOCAs with a break diameter less than 1.3 cm (0.5 inch) (S;)
o ) small LOCAs with a break diameter between 1.3 and 5.1 cm (0.5 and 2 inches) (S,)

In general, the RCS pressure at core damage depends on the size of the LOCA and the specific
accident. but would generally range from the PORV/SV set point to the accumulator set point.
(Transients would result in RCS pressures at or near the pressurizer PORV/SV set point.
“whereas very small and small LOCAs would result in a partially depressurized RCS at core
damage.)

The sixth PDS character denotes the status of the AFW system and its ability to provide
steam generator heat removal. Events with a dry secondary side involve loss of main and
auxiliary feedwater, and correspond with four different status categories indicated by this
PDS character:

. AW is operated until battery depletion with the steam generators at pressure at the
time of core damage (C).
™ AFM is operated until battery depletion with the steam generators depressurized at
. the time of core damage (D). )
® and AFW is failed at the outset of the event (S and N).

However, as discussed below, SBO sequences with an RCP seal LOCA represent 2 special case in
which a significant fraction of the events involve a wet secondary side at the time of tube
challenge. This is because core uncovery occurs early relative to the time of battery
depletion and steam generator dryout.

On the basis of point estimates tabulated for Surry sequences and PDSs (Wheeler. 1989), the
frequency of events involving both core uncovery with the RCS at relatively high pressure
(events T, S,. and S;) and loss of main and auxiliary feedwater (PDS characters C, D. S, or
N) is 2.2x105/RY. The initiating events for the screened sequences are mostly single- and
double- unit losses of offsite power (92 percent), with the balance dominated by transients
with loss of main feedwater or loss of a DC bus. A similar assessment for Sequoyah
indicates a point estimate of 1.4x10°3/RY for the frequency of high primary pressure and 10ss
of feedwvater. For Sequoyah, the initiating events for the screened sequences are mostly
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losses of offsite power (80 percent). with the balance dominated by transients with loss of
main feedwater or loss of a DC bus. .

About 29 percent of the events identified through the screening process involve an RCP seal
LOCA (6.4x10°%/RY). A closer examination reveals that all of these RCP seal LOCA events
involve successful AFW operation. In such sequences, the steam generators could be wet or
dry. depending on the size and timing of the seal LOCA. The staff further evaluated the
underlying sequences in terms of the conditions on the secondary side, as discussed below.

The NUREG-1150 analysis identified three individual RCP seal LOCA sequences from the SBO
event trees., which were in the NUREG-1150 analysis and captured in the high/dry screening
process. Each involved successful operation of turbine-driven AFW, with core damage
resulting from a seal LOCA with failure to restore AC power in time to reestablish HPSI flow
before core uncovery. The two largest contributors involve successful depressurization of
the RCS and were classified as having AFW until battery depletion with the steam generators
depressurized at the time of core damage (PDS parameter "D*). The smallest contributor
involves operator failure to depressurize the RCS and was classified as having AFW until
battery depletion with the steam generators at pressure at the time of core damage (PDS
parameter "C"). In the current study. the staff reviewed the NUREG-1150 RCP seal LOCA model
to determine the fraction of these SBO sequences that would involve a wet secondary at the
time of RCS pressure boundary failure.

The progression of events in @ long-term SBO with an intact primary would generally involve
a loss of AFW upon depletion of station batteries at 4.0 hours, steam generator dryout at
5.5 hours, core uncovery at 6.5 hours, and first failure of the RCS pressure boundary at
approximately 8.0 hours. SCDAP/RELAP5 analyses for Surry indicate that introducing a
946-Lpm/pump (250-gpm/pump) seal LOCA at the time of RCS saturation would actually increase
the time interva) between core uncovery and first RCS pressure boundary failure from

1.5 hour to approximately 2 hours, for reasons described in Section 4. Thus, SBOs with RCP
seal LOCAs sufficient to result in core uncovery in 3.5 hours (the difference between the SG
dryout time and the interval between core uncovery and RCPB failure) or less would have a
wet secondary side at the time of RCS pressure boundary failure. .

Review of the corrected seal LOCA model developed by Brookhaven National Laboratory (BNL)

(Ruger. 1995) indicates that approximately 67 percent of seal LOCA events would produce core
uncovery in 3.5 hours or less. Furthermore, this corrected seal LOCA model suggests that

about 95 percent of the seal LOCA events that result in core damage involve core uncovery in
about 3.5 hours or less. Thus, essentially all of the SBO seal LOCA events captured through
the screening process would have a wet secondary side at the time of cladding oxidation and
RCS heatup. As such, steam generator tubes would not be challenged by high temperatures in
these events, and RCS failure would be expected to occur in an alternative location, such as
the pressurizer surge line or a hot leg. ’

For purposes of the present analysis, the staff determined the fraction of high primary
system pressure/dry secondary side events that involve early failure of the pressurizer
PORV/SVs or RCP seal LOCAs on the basis of the PDS information for Surry (contained in
NUREG-1150), with corrections for proper treatment of SBO events with RCP seal LOCAs. The
staff eliminated from further consideration the entire frequency of SBO seal LOCA events
with successful AFW (6.4x10°%/RY, or 29 percent of the high/dry frequency) because of the
presence of a wet secondary side through the time of first RCS pressure boundary failure.
This screening yields a more representative value for frequency of core damage with the
primary system at relatively high pressure and the secondary side dry. The resulting
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frequency is approximately 1.6x105/RY for Surry. A similar correction for Sequoyah yields a
core damage frequency (with high primary pressure and dry secondary side) of approximately
1.1x105/RY for that plant.

2.3.1.2 High/Dry Frequency on the Basis of the IPE Database

The staff searched the IPE database (as of May 1996) to determine whether the information
from the NUREG-1150 analyses regarding the frequency of challenge was reasonably consistent
with available information from the IPEs. In particular, the staff focused this search on
core damage events with the primary system at high pressure and the secondary system dry.
However. the staff could not conduct a direct, automated search for the sequences of
jnterest. This is because the database allows automatic queries for high-pressure core
damage events, but secondary system water level is not an explicit field in the database
records. As a result, the staff searched the database for sequences involving high primary
pressure and loss of all feedwater.

The database search of 42 PWR IPEs yielded a set of 1351 sequences. (Some of these IPEs
represent two plants. For example, North Anna. Surry, and Zion each have a single IPE that
applies to both units.) To make the analysis of this large number of sequences wore
tractable. the results of the database search were written out in a format compatible with a
spreadsheet program, and the staff performed the remainder of the analysis with the aid of
this spreadsheet. .

|
A11 42 IPEs had some sequences with the primary system at high pressure and the secondary
system dry at the time of core damage. The sum of the frequencies of these sequences for
each plant ranged from a low of 4.9x107/RY (McGuire 182) to a high of 7.9x10°3/RY (Indian
Point 2). Figure 2.4 presents a plot of these CDFs. .Direct inspection revealed that most
plants fall in the range of 2x10°%/RY to 4x10/RY.

The staff then further evaluated the results of the IPE database search to identify any
major differences among the sequences contributing to core damage with high primary pressure
and dry steam generators. or any significant design biases. For this evaluation, the staff
used two distinct approaches. First, the staff examined all. high/dry sequences from the
three IPEs with the greatest frequency of core damage, as well as the top five high/dry
sequences in each of the remaining IPEs. Specifically. the plants with the highest
frequency of core damage with high primary pressure and dry steam generators were Indian
Point 2 (7.9x10°/RY), North Anna 1&2 (5.4x105/RY), and Surry 1&2 (3.9x105/RY). The reader
should note. however. that the frequency of core damage with high primary system pressure
and dry stean generators from the Surry IPE. as recorded in the IPE database, is higher than
the corresponding value from the NUREG-1150 study (2.2x10%/RY). This higher value results
from the inclusion of several internal flood-related sequences in the IPE database that were
not included in the NUREG-1150 study.

Second. the staff broke out and compared (by reactor design) the frequency of core damage
with high primary pressure/dry steam generators. However, the staff did not pursue more in-
depth correlations on the basis of the relatively small variation observed in event
frequency. Station blackout and battery depletion appear most frequently in the high
pressure/dry steam generator sequences: however, these contributors are not dominant in many
of the IPEs surveyed. The specific initiators include loss of offsite power. reactor scram,
turbine trip, loss of main feedwater, loss of DC power, loss of emergency service water, and
ATWS. These initiators are to be expected, since they can all lead to secondary dryout. and
all initiators need not involve station blackout. In addition, some principal contributor
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sequences were initiated by internal flooding or loss of heating, ventilation, and air
conditioning (HVAC).

Essentially all of the above initiators (including the HVAC initiator) also appear among the
top five sequences of all of the remaining PWR IPEs. In addition, the list includes loss of
component cooling water, loss of instrument air, loss of onsite AC power (some plants have
onsite sources in addition to the diesels), steam line break inside containment, and loss of
the ultimate heat sink. with some of these initiators having frequencies as high as 10,
However, the relative contribution from the constituent sequences to the frequency of high
pressure/dry steam generator varies considerably from plant to plant. For example, SBO
sequences account for a majority of the high/dry frequency at some plants. but very little
of the high/dry frequency at other plants. Thus, the characterization of primary and
secondary system status in subsequent APET branches in the present analysis for Surry should
not be generalized to other plants.

Table 2.2 summarizes the freguency of core damage with high primary pressure and dry steam
generators, sorted by reactor design ¢i.e.. Westinghouse plants with two, three, and four
loops. and CE plants with and without PORVs). The reader should note, however. that these
results are not weighted to reflect multiple units at certain sites: thus, the number of

~ plants reflected in the table is less than 42. :

As shown in Table 2.2. the mean frequency derived from the IPE database ranges from @ low of
6x10-5/RY for CE plants with PORVs to a high of 3x10°/RY for two-loop Westinghouse plants - a
factor of five variation. Within Westinghouse designs, the frequency decreases from
two-1oop to three-loop to four-loop, but the mean frequencies for two-loop and four-loop
plants sti11 vary by less than a factor of 2. CE plants without PORVs have about the same
mean frequency as the Westinghouse four-loop plants, but CE plants with PORVs have about
half the frequency of Westinghouse four-loop plants or CE plants without PORVs.

By contrast, NUREG-1150 reported that the high/dry frequency is 2.2x10°5/RY for Surry
(three-loop) and 1.4x10%/RY for Sequoyah (four-loop). These values are very close to the
mean high/dry frequencies derived from the IPE database for three-ioop and four-loop
Westinghouse plants, and they fit well within the range of IPE data. Furthermore, the
NUREG-1150 value for Surry envelops the CDFs derived from the IPE database for the majority
(a1l but 10) of the plants considered. and it is within a factor of 4 of the highest IPE
high/dry frequency.

The reader should note that. for Westinghouse plants, the frequencies reported in IPEs
include the contribution of SB0 events with RCP seal LOCA. Most IPE submittals for
Westinghouse plants qualitatively indicated that short-term SBO sequences were not
significant contributors to the SBO CDF because additional failures are needed for the
short-term case (e.g.. turbine-driven auxiliary feedwater must fail). In addition, most of
these submittals indicated that, on average, the SBO CDF was dominated by long-term SBOs

* with RCP sea) LOCAs. In contrast. the IPE submittals for CE plants considered RCP seal
LOCAs to be an unimportant contributor to CDF because these plants exhibit a low
susceptibility to RCP seal LOCAs as a result of the Byron-Jackson four-stage seal design.
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Teble 2.2 Frequency of Wigh/Dry Events from IPEs (Sorted by Reactor Design)

Kumber of KHigh/Dry Frequencies (per RY)

Pesion i ?a?::lei " Low Kigh Mean Nedian
¥ 2-toop 3 21075 &x1075 3x1075 X107
¥ 3-loop 7 1x10°5 5x10°3 21075 %1075
Y 4-loop 19 sx10~7 &x10°3 2x10°3 2x1073

ALY 2 sx10°7 &x10°% 210°% 2x10°3

CE W/PORVS 5 sx10-7 1x10°% £x10°6 ex1076
CE wo PORVs 3 9x1076 05 2x10°5 2x10°
MULCE 8 sx10-7 3x10°3 we™> xie~3

The staff did not attempt to further assess the IPE submittals to determine the status of
the steam generator secondary side at the time of core damage. Such an assessment would need
to consider plant-specific features. These features might include the relative contribution
of short- and long-term SB0, the time of battery depletion and steam generator dryout
relative to the time of core uncovery for the spectrum of possible RCP seal and O-ring
failure combinations and times. and the plant-specific probability distribution for non-
recovery of AC-power before core uncovery. The frequency of high/dry events derived through
this plant-specific assessment would be reduced (relative to the staff's findings) by
eliminating those RCP seal LOCA events that would have a wet secondary side up to the time
of the initial RCS failure. This reduction could be significant if SBO seal LOCA events are
dominant contributors to the events captured in the screening process. and would tend to
reduce the observed differences in high/dry frequency between Westinghouse and CE plants.

In conclusion. the staff's database search confirms that the sequences contributing to core
damage with high primary system pressure and dry steam generators in the IPEs surveyed are
similar to the contributing sequences for Surry and Sequoyah, as reported in NUREG-1150.
Furthermore, comparison of high/dry core damage frequency across nuclear steam supply system
(NSSS) designs does not reveal any strong design biases. The staff concludes that the
frequency of core damage with high primary system pressure and dry steam generators derived
from the Surry analysis reported in NUREG-1150 (1.6<10'5/RY) is reasonably representative of
the frequency of steam generator tube challenges for the population of Westinghouse and CE
plants. The staff, therefore, based its risk assessment on this value.

The staff recognizes the potential for significantly different challenge frequencies at
different plants, and has addressed this issue as a sensitivity study. Moreover, because of
the large plant-to-plant variation in the relative contribution from constituent sequences.
the characterization of primary and secondary system status in subsequent APET branches in
the present analysis are not necessarily representative and should not be generalized to
other plants.

2.3.2 RCS Status at Time of Core Uncovery
The first two top events in the APET (events B and C) address the potential for either a

stuck-open pressurizer PORV or SV, or an RCP seal LOCA before core damage, respectively. As
previously discussed, these failures would cause the RCS to be partially depressurized at
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the time of core damage. with the degree of depressurization dependent on the size and
timing of the RCS failure. '

In NUREG-1150, two time regimes were used to evaluate the failure of a pressurizer PORV to
successfully reclose after 1ifting in an SBO. Specifically, these regimes encompassed the
RCS boildown phase before core damage (as part of the accident frequency analysis/Level 1 '
PRA). and after the core degradation process has proceeded for some time and the valves are
operating at temperatures well in excess of their design value (as part of the accident
progression analysis/Level 2 PRA).

The staff employed @ similar approach in the present study. Specifically. the probability
that a pressurizer PORV or SV fails to reclose during RCS boildown was considered in the
first top event in the APET, as discussed below. The probability that the valve fails to
reclose later in the event during the core degradation process was addressed as the sixth
top event in the APET.

On the basis of point estimate values for sequences and plant damage states tabulated for
Surry in NUREG/CR-4550, the RCS is intact in approximately 68 percent of the 'screened
events. Another 14 percent of the screened events involve a stuck-open pressurizer PORV or
SV. and the remaining 18 percent involve an RCP seal LOCA. As modeled, no events involve
both a stuck-open pressurizer valve and an RCP seal LOCA; however, these failures are not
mutually exclusive and can occur together. Table 2.3 summarizes the split fractions derived
from the PDS information for Surry. along with corresponding results for Sequoyah for
purposes of comparison. The underlying assumptions for the NUREG-1150 values are discussed
below.

Table 2.3 Fraction of Kigh/Dry Events with Stuck-Open Pressurizer PORV/SV or RCP Seal LDCA

RCS Status at Time of Surry MEG-11501 Sequoyah ul.\REG-i‘ISOz
Core Uncovery
Intact 0.68 0.49
Stuck Open PORV/SV 0.14 0.03
RCP Seal LOCA 0.18 ' 0.48
Total 1.0 1.0

1 - based on a high/dry freguency for Surry of |.6x10'sIR;
2 - based on a high/dry frequency for Sequoyah of 1.1X1072/RY

2.3.2.1 Early Failure of Pressurizer Relief/Safety Valves (APET Event B)

The probability that a pressurizer PORV or SV will fail to reclose early in an event was
addressed as an uncertainty issue in'the Level 1 portion of the NUREG-1150 analysis. In the
stand-alone version of the accident frequency analysis. the probability of this event was
sampled from a distribution.- As a result of this sampling. the uncertainty in the
probability was not found to be a significant contributor to the uncertainty in core damage
frequency. and the probability that the valve will fail to reclose was set to the mean value
of the distribution (0.027) in the integrated analysis (NUREG-1150, Appendix B).

On the basis of NUREG-1150 findings, it appears that the treatment of a stuck-open PORV/SV
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during an SBO was limited to consideration of long-term SBOs in which AFW is initially
available. It also appears that the probability of a stuck-open PORV was assessed for only
a single valve cycle occurring early in the transient following reactor scram. (The 0.027
value is the product of @ PORV demand rate of 1.0. a 0.9 probability that at least one PORV
is unblocked, and 2 probability of 0.03/demand that the PORV will fail to reclose).

The discussion of relief valve demand provided in NUREG/CR-4550 indicates that the
probability of 0.03/demand used in NUREG-1150 originated from the generic value used in the
original accident sequence evaluation program (ASEP). However, the PORV failure rate data
reported in Table B.2-5 of NUREG/CR-4550 indicates a substantially lower mean value of
2x10-3/demand as the probability that the PORV will fail to reclose. This lower value was
derived from the NRC's licensee event report (LER) data summary for air-operated valves
(ADVs). This value is consistent with current estimates of failure rates for PORVs, but was
not used in NUREG-1150. Use of the higher failure rate in conjunction with a single demand
in NUREG-1150 would be comparable to use of 2 lower failure rate given that the valve cycles
approximately 15 times before core damage occurs. However, an even greater number of
pressurizer PORV/SV cycles is expected before core uncovery. as discussed below.

The nunber of challenges to the pressurizer PORVs or SVs is a function of plant
characteristics. including the volume of the RCS. set point staging of multiple valves, flow
capacities of the relief valves. and valve operating characteristics. The number of valve
demands before core uncovery can vary markedly from plant to plant. as illustrated by
results of SCDAP/RELAP5 and EPRI-sponsored MAAP calculations for an SBO sequence with an
intact primary system. As shown in Table 2.4, SCDAP/RELAPS calculations for Surry predict
30 steam cycles followed by 59 liquid cycles before core uncovery for the case with one
steam generator depressurized (Case 3R), and 20 steam cycles followad by 56 liquid cycles
for the case with all steam generators depressurized (Case 7R). MAAP results indicate
substantially fewer valve cycles, but this difference -is largely attributable to different
valve operating characteristics (dead bands) assumed in the two codes. For similar valve
dead bands. MAAP and SCDAP/RELAPS results appear comparable.

Sequences involving an RCP seal LOCA can result in a comparable challenge to pressurizer
valves if either the magnitude of seal leakage remains small or the onset of significant
leakage is delayed. For example, a SCDAP/RELAPS calculation for ANG-2 (in which a
220-gpn/pump seal LOCA was introduced upon reaching saturated conditions at the RCPs)
resulted in 13 steam cycles and 47 liquid cycles before reaching saturation. and an
additional 6 steam cycles before core uncovery.

Collectively. these calculations indicate that the PORV/SVs could cycle between 10 and 100
times (approximately) before core uncovery occurs during an SBO, with half or more of these
cycles involving flow of liquid or two-phase fluid. The calculations also show that the
majority of demands on the pressurizer PORV or SV occur before the RCS coolant temperature
reaches saturation at the RCP seals. Valve operating characteristics (particularly the
valve opening and closing set points) govern the quantity of fluid passed during each cycle
and account for a large portion of this variation.
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Teble 2.6 Kumber of Pressurizer PORV/SV Cycles Before Core Uncovery

Number of PORV/SV Cycles Prior to Core Uncovery
Flow Through :
PORV/SV SCDAP/RELAPS MAAP
surry Intact RCs ! ANO-2 Seal Loca 2 M 4-Locp Intact RCs 3
2-Phase/sLiquid 59 &7 8-2%
Steam 30 19 5-21
Totel . 89 66 13 - 45

1 - Esch cycle represents cperstion of 2 pressurizer PORVs with the came set points and a dead
band of 3 percent (Surry Case 3R).

2 - Each cycle represents cperation of 2 pressurizer SVs with the same set points and a dead band
of & percent (ANO-2 Case 3).

3 - Range represents results assuming & pressurizer SV dead band of 15 percent snd 5.percent,
respectively.

For a given plant, the number of valve demands is inversely proportional to the quantity of
fluid lost during each valve cycle. The quantity of fluid lost per cycle can be
characterized in terms of the valve dead band, which is defined as the difference between
the design set point (opening) pressure and the actual reseating (closing) pressure,
expressed as a percentage of the design set point pressure. The lower the pressure at valve
closing (and thus the greater the dead band), the more fluid is lost per cycle and fewer
cycles are required to depressurize the RCS. The design dead band for pressurizer PORVs and
SVs is typically about 5 percent. but actual values observed in valve testing vary
substantially from the design value, as discussed below.

In the early 1980s. EPRI sponsored a test program to evaluate the performance and
reliability of primary system safety and relief valves under fluid conditions expected at
the valve inlets during their operation in design-basis accidents, including licensing
transients. extended operation of HPSI, and cold overpressurization (Bahr, 1982;
Meliksetian, 1982: Singh. 1985: and EPRI Valve Test Program Staff, 1982). Under that
program, EPRI tested 17 safety Collectively. these calculations indicate that the PORV/SVs
could cycle between 10 to 100 times (approximately) before core uncovery occurs during an
S80, with half or more of these cycles involving flow of liquid or two-phase fluid. The
calculations and relief valves representative of those used or planned for use in domestic
PWRs. These tests. conducted over a range of conditions. included safety valves
ranufactured by Dresser, Crosby. and Target Rock, and relief valves produced by nine
different manufacturers. (Together. Dresser and Crosby valves account for the majority of
pressurizer and steam generator code safety valves in use at operating PWRs.)

On the basis of EPRI's findings, the dead band for the two Crosby safety valve designs
tested averaged 7 percent (ranging from 0.3 to 18 percent) for valves with an “R" orifice,
and 15 percent (ranging from 9 to 23 percent) for valves with a "Q" orifice. The average
dead band for the Dresser valves was in the range of 6 to 7 percent.

The SCDAP/RELAPS calculations cited in Table 2.4 assume valve dead bands of 3 percent for

Surry and 4 percent for ANO-2, with simultaneous operation of two valves during each cycle.
If the performance of the valves is similar to that observed in the EPRI-sponsored tests.
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the tota) number of valve demands would be approximately the same as reported in the table.
However. if the valves perform as wodeled, the total number of demands could be as much as
twice the number of cycles reported in the table. and the probability of an early failure
would increase accordingly.

In the current study, the staff considered the impact of increased pressurizer PORV/SV
demands on the 1ikelihood of early RCS depressurization. Using the mean ASEP value of
2x10-* per demand (NUREG/CR-4550), the probability that the PORV will fail to reclose would
be about 0.02 to 0.2 for an SBO event, given that the results of the SCDAP/RELAPS and MAAP
calculations suggest that the number of PORV/SY cycles could range from 10 to 100. In
contrast. the NUREG-1150 PDS information suggests that events involving a stuck-open PORV at
Surry and Sequoyah comprise about 14 percent and 3 percent of frequency of high RCS
pressure/dry steam generator sequences. respectively.

This observation leads to the conclusion that use of a constant per-demand failure rate to
address the. likelihood of failure for multiple valve cycles (failure rate per demand x
number of demands) would overestimate valve failure probabilities. This is because generic
failure rate data tend to reflect valve availability and the influences of standby-related
problems (such as maintenance errors) rather than valve reliability and the ability to
function for multiple cycles. A more rigorous and technically correct treatment would
separately consider the probability that the valve completes its initial cycle, and the
probabilities that the valve operates for successive cycles during which the valve
discharges vapor or liquid.

EPRI has recently proposed such a failure model for use in assessing the reliability of
pressurizer safety valves (PSVs) and MSSVs for repeated cycling (Fuller, July 1926). To
derive this model, EPRI reviewed failure rate data used in 1PEs, as well as results from a
series of EPRI-sponsored tests conducted on seven PSVs in the early 1980s. and the limited
operating experience reported in NRC information notices and LERs. On that basis. EPRI
assessed the PSV failure rates per demand to be 2.7x102 for steam cycles and 1.1x10* for
liquid cycles. In the aggregate, the EPRI model indicates that the PSV will fail to reclose
during the boildown phase with a probability of 0.69 to 0.98 (for PSVs with dead bands of 15
and 5 percent, respectively). This value is substantially higher than estimated in the -
NUREG-1150 Level 1 analysis, and is largely attributable to the consideration of mechanical
loads placed on the valve when it passes two-phase/1iquid flow.

The staff notes that the failure rates derived by EPRI reflect an assumption that the
limited valve damage observed in the EPRI-sponsored tests (2 observations in 75 steam tests,
and 3 observations in 25 Viquid tests) led to the valves' failure to reclose. However,
there is insufficient evidence to conclude that the instances of valve damage observed in
the tests constitute a failure to reclose. Specifically, the test documentation does not
indicate that the valves failed to reclose in any of the tests. or that the observed damage
would prevent continued operation of the valves. Furthermore. in one of the few operating
events in which repeated PORV cycling occurred. the PORV cycled approximately 200 times
without failure, despite the fact that the valve sustained considerable damage. Thus, the
staff concludes that the fraction of sequences involving early PORV/SV failure (about

14 percent, according to the PDS information for Surry) provides a reasonable basis for this
scoping assessment. The staff therefore based the split fraction for APET event B on this
value.

The staff also noted that the fraction of high primary pressure/dry steam generator events
with a stuck-open PORV for Surry is higher than the ;orresponding value for Sequoyah.
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Nonetheless. that fraction generally agrees with results of a separate assessment using the
number of valve demands from recent SCDAP/RELAPS and MAAP analyses in conjunction with valve
failure rates from ASEP. A low frequency of events with a stuck-open PORV is also
_consistent with IPE review insights for Westinghouse and CE plants. Such insights reveal
that SBO sequences with stuck-open PORVs were listed in only a few IPE submittals and. even
then, they were minor contributors to core damage frequency. as documented in NUREG-1560
(U.S. Nuclear Regulatory Commission, 1996). :

The staff acknowledges that it may be appropriate to consider 2 higher per-demand valve
failure rate during the boildown phase (as predicted by the EPRI cumulative damage model)
and a higher fraction of sequences with a stuck-open PORV. However, for this study. the
staff assigned a relatively high value (8.5) to the probability that the PORV will not
reclose later in the event during core degradation (the sixth top event in the APET).

The staff further noted that accident progression would differ for early versus Jate failure
of PORVs. However. previous studiés of intentional depressurization as an accident
management strategy compared the approach of latching open PORVs early (at the time of steam
generator dryout) and late (at the time core exit temperature exceeds 922 K (1200°F)) and
found that the RCS pressure response is similar for the two cases (Hanson, 1990). (Early
actuation of PORVs led to earlier depressurization of the RCS, but also tended to accelerate
the occurrence of core damage. As a result, the RCS pressure at the time of core damage did
not differ substantially between the two cases.) Thus. the staff believes that the later
APET branch (event F) adequately captures the uncertainty in the probability of early
failure of the PORV/SV. and additional justification would be needed to support the use of a
substantially higher probability for early failure of the PORV/SV.

2.3.2.2 RCP Seal LOCAs (APET Event C)

As reported inlNUREG-llso. a panel of experts considered the probability of RCP seal LOCAs
of various sizes as a systems analysis issue. This expert elicitation yielded estimated
probabilities of various leak paths and corresponding leak rates as a function of time
following a loss of seal cooling. For each scenario represented in the seal LOCA
model/event tree. the expert elicitation subsequently determined the conditional probability
of core damage on the basis of the estimated time of core uncovery and the probability of AC
power recovery before core uncovery.

The seal LOCA mode) used in NUREG-1150 addresses a combination of time-dependent and time-
independent failure modes, including shaft binding or "popping open” failures which can
occur shortly following a loss of seal cooling, as well as degradation of pump seals and
0-rings in the longer term. The model assumes a nominal 79 Lpm/pump (21-gpm/pump) leak-off
immediately following a1l loss of seal cooling events: this leak-off is attributable to 2
change in seal geometry and fluid properties. In addition. the model predicts a probability
of approximately 15 percent that the “popping open™ mode of seal failure will occur about
10 minutes after the loss of seal cooling. This would lead to a seal LOCA of approximately
662 Lpw/pump (175 gpm/pump) beginning essentially at time zero, with an additional but much
smaller (0.5 percent) probability of a 1817-Lpm/pump (480-gpm/pump) seal LOCA. At 1.5 hours
following the loss of seal cooling, the model recognizes a 70-percent chance of significant
seal leakage. The predominant leak path, which has a 53-percent chance of occurrence,
results in a leak rate of 946 Lpm/pump (250 gpm/pump). The seals continue to degrade up to
5.5 hours from the loss of seal cooling. when the total probability of significant leakage

- 1s 73 percent.
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The reader should note that following the completion of NUREG-1150, the staff identified and
assessed the impact of errors in the implementation of the seal LOCA model (Ruger, 1995).
The most important error was that the model did not reflect the prabability of seal failure
shortly (about 10 minutes) following the loss of seal cooling. This probability was
reflected in the expert elicitation on RCP seal LOCA, but was neglected in implementing the
RCP seal LOCA mode) within the Level 1 analysis. Table 2.5 summarizes the probability and
estimated time of core uncovery for each postulated seal failure scenario considered in the
NUREG-1150 model for Sequoyah.

The staff subsequently evaluated the effect of correctly incorporating the time-zero seal
failures for Sequoyah and found that it increased the frequency of seal LOCA core damage
sequences by about 20 percent. Similar results would be expected for Surry. The staff
therefore used the corrected RCP seal LOCA model in the present study to assess the fraction
of seal LOCA sequences involving a wet or dry secondary. No attempt was made to requantify
the NUREG-1150 results for Surry or Sequoyah, since the effect of the correction is
comparable to uncertainties associated with other aspects of the present analysis.

As discussed in Section 2.3.1, the staff's examination of the events captured through the
high primary/dry secondary screening process reveals that all of the captured SBO seal LOCA
events involve successful AFW operation, and essentially all would be expected to have a wet
secondary side at the time of cladding oxidation and RCS heatup. As a result, the staff
eliminated from further consideration all SBO seal LOCA events involving successful AFW
operation.

The NUREG-1150 analysis for Surry includes four major SBO sequences that involve early loss
of AFW. The dominant sequences are the SBO involving early loss of AFW without further
failures and the sequence with a loss of steam generator integrity (e.g., the steam
generator safety valve fails open). The other two sequences involve failure to reclose the
pressurizer PORV and are insignificant contributors to core damage frequency. The dominant
sequences together contribute 2 large fraction of the total core damage frequency associated
with short-term SBOs (total CDF of 4.3x10°¢/RY), after consideration of AC power recovery.

Further review of the Level 1 event tree model reveals that NUREG-1150 also neglected to
address the potential for seal LOCAs during short-term SBOs (with AFW unavailable). The
occurrence of a seal LOCA during 2 short-term SBO would not significantly impact the total
core damage frequency or the high/dry frequency because the times to core damage are already
short for these sequences. Nonetheless. a seal LOCA could subject the steam generator tubes
to significant pressure and temperature challenges (relative to the intact RCS case) if the
seal LOCA clears the loop seal. Accordingly, the staff further evaluated the impact of RCP
seal LOCAs in conjunction with short-term SBOs. Such RCP seal LOCAs should be retained in
estimating the freguency of challenges to steam generator tubes since a high primary system
pressure and dry secondary side pressure would be expected in these events, if they were to
occur.

Occurrence of a seal LOCA would not substantially increase the frequency of core damage for
the following reasons:

° The probability is small that a large seal LOCA would occur shortly (within the first
few minutes) following a loss of seal cooling.

e Significant increases in seal LOCA size are not expected to occur until at least
1.5 hours following a loss of seal cooling.
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According to the corrected interpretation of expert opinion, the probability that initial
seal leakage would exceed 79 Lpm/pump (21 gpm/pump) is about 19 percent. Moreover,

94 percent of this frequency would be attributed to seal LOCAs of 662 Lpm/pump

(175 gpm/pump) or less, and 6 percent would be attributed to seal LOCAs of 946 Lpm/pump

(250 gpm/pump) or more. The probability that RCP seal LOCAs of 946 Lpm/pump (250 gpm/pump) -
or greater are introduced at 90 minutes is about 53 percent, with LOCAs of 1136 Lpm/pump
(300 gpm/pump) or more accounting for Jess than 1 percent of this value.

Although the RCP seal LOCAs would not substantially increase core damage frequency, they
could pose a greater challenge to steam generator tubes because of the potential for RCP
loop seal clearing. The corrected RCP seal LOCA model yields a 69-percent chance that a
seal LOCA of 946 Lpm (250 gpm) or greater would occur before the first RCS pressure boundary
failure (4 hours) in a short-term SBO where AFW is unavailable from the outset. Thus, the
frequency of short-term SBO core damage events that would involve an RCP seal LOCA of

946 Lpm/pump (250 gpm/pump) or greater at Surry is approximately 3.0x10°¢/RY

(0.69 x 4.3x10%/RY). This constitutes approximately 18 percent of the total frequency of
events with core damage at high RCS pressure and a dry steam generator secondary side.

To represent RCP seal LOCA sequences. the staff used a SCDAP/RELAPS analysis in which seals
were assumed to leak at 79.5 Lpm/pump -(21 gpm/pump) until RCS coolant reaches saturation
(approximately 2 hours). at which time the seal LOCA increases to 946 Lpm/pump

(259 gpm/pump). This seal failure scenario is comparable to the single most likely seal
failure scenario postulated in the NUREG-1150 model (see Table 2.5). Nevertheless, other
scenarios depict significantly different leakage and timing characteristics.

For the present analysis, the staff used the NUREG-1150 PDS information for Surry as the
basis for determining the fraction of high primary system pressure/dry secondary side events
that involve RCP. seal LOCAs (APET event C). However. the staff has also corrected that
information to account for proper treatment of SBO events with RCP seal LOCAs.

Specifically. the frequency of long-term SBO seal LOCA events with successful AFW
(6.4x1075/RY) were eliminated from further consideration because of the presence of a wet
secondary side through the first pressure boundary failure. Further. the fraction of short-
tern SBOs that would involve a coincident RCP seal LOCA (3.0x10°/RY, or 18 percent of the
high/dry frequency) was transferred from the "intact™ state to the "RCP seal LOCA" state to
allow for a2 more appropriate thermal-hydraulic characterization of these events. Table 2.3
summarizes the final split fractions are provided in for Surry and Sequoyah.

The fraction of events with an RCP seal LOCA and dry secondary for Surry (18 percent) is
substantially less than the corresponding value for Sequoyah (48 percent). However, the
actual frequency of challenges is comparable for the two plants. since the split fractions
for Surry are based on an initiating event frequency of 1.6x10%/RY rather than 1.1x10°5/RY
for Sequoyah. These differences can be attributed to a combination of factors, including
plant-to-plant differences that influence the composition of the high primary pressure/dry
steam generator sequences. These differences are not considered significant in view of the
scoping nature of the risk assessment,
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Table 2.5 Probability and Core Uncovery Times for RCP Seal Failure Scenarios
Considered in NUREG-1150 Analysis for Sequoyah

4 Pumps - Old O-Ring Material - Non-Depressurized 1
Tota! Leak Rate (gpm) Estimated
Scenaric Scenario Time of
Number Initist After Time of Transfer Probability Core
oh 1.5k 2.5h 3.5h 4.5h 5.5h u’ﬁ%ew

1 84 | 2.4m107! 19.2
2 244 1.33x10°2 8.20
3 700° 2.83x10°% 2.26
4 1000 4.80x10°3 1.44
5 19202 5.03x10°3 0.72
6 8% 244 1000 1.25x10"1 3.55
7 8 244 1000 4.37x10°3 5.06
8 A 244 1000 | 5.61x1073 5.97
o 84 244 1.43%10°3 10.5
10 8 433 2.69%10°3 5.44
11 8 433 1000 3.58x10°3 6.00
12 84 433 1000 1.20x10°3 5.48
13 13 10003 3.70x10"" 2.80
1% a4 1600 6.70x10°3 3.9
15 8 1000 1.33x10°2 4.62
16 8 1000 1.59x10"2 5.54
17 8 1000 1.59x10°2 6.45
18 313 433 1000 5.12x10°3 3.01
19 3067313 | 10003 9.29x10°3 2.45
20 543 663 1230 1.28x10"3 2.40
21 543 1230 1.28x10°3 1.99
22 7002 | 1000° 1.44x10° 1 1.87
23 7002 ' 1000 1.83%10°5 2.26
2 7002 1000 1.83x10°5 2.26
25 7002 1000 1.83x10°3 2.26
26 7002 1000 1.83x10°% 2.26
27 796 | 1000° 2.56x10°3 1.72
28 1000 1230 6.40x10°% 1.44

1 - Ref: Letter from C. Ruger, BNL, to S. Shaukat, NRC, dated Octcber 5, 1995

2 - Popping-open mode of seal failure (total scenario probability approx. 15%)

3 - Predominant leak path (total scenario probability approx. 53%)
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2.3.3 Secondary Side Status at Time of Core Uncovery (APET Events D and £)

The third and fourth top events in the APET (events D and E) address the potential for
depressurization of the steam generator secondary side before

steam generator dryout. The following mechanisms can lead to depressurization of one or
more steam generators, as discussed below:

® operator actions to depressurize using ADVs or other pressure relief paths

® failure to manually reclose or block & stuck-open ADV

o failure to isolate steam flow to the turbine-driven AFW pump in sequences in which it
was initially operable

o failure of an MSSV to reclose

The ADVs in most plants are air-operated with a DC-powered solenoid, but the ADVs in other
plants rely on AC power. In either case, use of the ADVs is not generally expected to
result in the steam generators being depressurized at the time of core damage. This is
because the valves would be unavailable in many SBO events. or would reclose upon eventual
loss of DC power in other SBO events. Specifically, in short-term SBOs with loss of DC
power, ADVs would not be available from the outset, and the accident would progress with the
steam generators at the MSSV set point. In short-term SBOs with DC power available (and
turbine-driven AFW unavailable for other reasons). operators could depressurize the steam
generators using the ADVs to initiate feed flow using a low-pressure system. Subsequent
loss of the low-pressure system could result in the steam generators being depressurized at
the time of core damage. However, the 1ikelihood of this occurring is considered small
because operator actions could be carried out to close the ADVs or manually isolate any
stuck-open valves, even if DC power is lost. Finally, in long-term SBOs. ADVs would be
available before battery depletion. but would fail closed upon battery depletion. This
vould result in steaming of residual water in the SGs. with repressurization of the
secondary side to the MSSV set point (provided that the secondary system pressure boundary
remains leak-tight). In the event that an ADV sticks open, the valve can be isolated
manually, even if DC power is lost. ’

In sequences in which the turbine-driven AFW pump is lost during the sequence, it is
possible that the continued flow of steam to the turbine could also cause depressurization.
However. if the turbine-driven pump is the only source of feed water available at that time,
it is considered more likely that the plant staff will ensure that the steam supply to the
pump is isolated so that repairs can be attempted. '

Given the general unavailability of ADVs in the sequences of interest, steam relief is
expected to occur via the MSSVs. Calculations performed using the SCDAP/RELAPS and MAAP
computer code indicate that the ADVs (or MSSVs, if ADVs are unavailable) will 1ift on the
order of 50 times as the secondary side boils dry, and several additional times as the
remaining vapor in the system continues to be heated. Thus, the potential for failure of
the valves on one or more steam generators is significant. For these reasons, a stuck-open
MSSV is considered to represent the most likely mechanism by which one or more steam
generators could be depressurized in an SBO event.

To develop initial estimates of the probability that one or more steam generators would be
depressurized at the time of core damage. the staff used available information from the
NUREG-1150 analyses for Surry and Sequoyah. This included an assessment of the estimated
frequency of events in which one or more steam generators was depressurized, as surmised
from the plant damage state information. In addition. the staff considered the assumptions
underlying the NUREG-1150 analyses concerning the number of demands on the valves in
conjunction with estimated valve failure rates per demand. The staff then performed a
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separate assessment on the basis of more recent thermal-hydraulic analyses and the EPRI
cumulative damage failure model for MSSVs.

On the basis of point estimate values tabulated in NUREG/CR-4550 for sequences and plant
damage states for Surry. and elimination of RCP seal LOCAs with wet secondary side, the
staff classified a total of 74 percent of the high RCS pressure/dry steam generator events
as having depressurized steam generators (primarily those events with PDS category D).
Approximately 38 percent of the high RCS pressure/dry steam generator events included -
failure of a secondary safety relief valve to reclose as an explicit element in the cutsets.
The remainder (36 percent of the high primary pressure/dry steam generator events) did not
include a stuck-open MSSV as an explicit element in the cutsets, but were nevertheless
classified as being depressurized.

For the present analyses, events that did not include a stuck-open MSSY as an explicit
element in the cutsets. but nevertheless were classified as being depressurized (36 percent
of the high primary pressure/dry steam generator events), were assumed to involve
depressurization of two or more SGs. These events are reflected in the third top event in
the APET (event D). The remaining events that included a stuck-open MSSV (38 percent of the
high RCS pressure/dry steam generator events) were assumed to involve depressurization of
only one SG. with the other two steam generators remaining at the secondary side pressure.
These events are reflected in the fourth top event in the APET (event E). Table 2.6
sunmarizes the results for Surry, along with corresponding Sequoyah results, which are
provided for purposes of comparison.

Table 2.6 Status of Steam Generators at Vime of Core Uncovery

fraction of Wigh/Dry Sequences with
$G Condition $G Condition
Surry-1150 *__Sequoyah-1150 staff Modet
ALL SGs Intact 0.25 - 0.95 0.22
1 SG Depressurized 0.38 0.03 0.43 -

Alt SGs Depressurized 0.36 0.02 0.35

1 - assumes a 40 percent probability of a stuck-open MSSV in each of -3 steam generators.
#All $Gs Depressurized” in this case includes 2 and 3 SGs

The differences between the Surry and Sequoyah results are significant, but are largely
explained by a plant-specific EOP that would be followed at Surry during a long-term SBO, as
discussed below.

The underlying analysis in NUREG-1150 considered the number of times an MSSV may be expected
to open during a long-term SBO at Surry, and the rate at which the valves are expected to
fail to reclose. The study estimated the number of demands on the MSSVs on the basis of a
plant-specific EOP that would be implemented at Surry following a loss of AC power, with DC
power available. The Surry procedure involves actions to manually Vine up valves in the
steam system in order to depressurize the steam generators by venting through the condenser.
Such an approach is used at Surry since ADVs are not available at the plant because the ADVs
depend on AC power. The analysis assumed that during the 580. one steam generator valve
cycle would occur for each steam generator every 20 minutes over a 1-hour period while the
procedure was being implemented (a total of nine valve demands). The probability that the
valve would fail to reclose was taken to be 0.03 per demand. yielding 2 mean probability of
0.27 that a valve would fail to reclose during an SBO.
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Unlike Surry, the ADVs at most plants are DC- rather than AC-dependent and. in a long-term
SBO. the plant procedures would instruct the operators to depressurize the RCS using the
ADVs. Once the batteries have been depleted, the ADVs would fail closed and the steam
generators would repressurize to the MSSV set point. In this regard, the number of MSSV
cycles considered in the Surry NUREG-1150 analysis is considerably less than expected at
other plants.

In the current study, the staff has developed 2 scoping estimate for the likelihood of
various secondary side conditions. As the basis for this estimate, the staff used the
rumber of MSSV cycles predicted in more recent SCDAP/RELAPS and MAAP calculations, combined
with a per-demand valve failure rate developed from industry experience. Table 2.7
summarizes the resulting number of MSSV cycles expected in an SBO sequence with an intact
RCS for Westinghouse and CE plants.

For a valve dead band of 5 percent, the number of MSSY challenges predicted by SCDAP/RELAPS
and MAAP for the two Westinghouse plants analyzed is on the order of 60 to 80 cycles. As
indicated by the MAAP results, a higher actual dead band (such as observed during the tests
conducted under the EPRI PWR Safety/Relief Valve Test Program), would result in 2
proportionately smaller number of valve cycles, and a lower probability of valve failure.

Table 2.7 Total Number of ADV/HSSV Cycles Before Core Uncovery

Total Number of ADV/MSSV Cycles Per Intact Loop
i SCOAP/RELAPS ’ MARP
surry ! ano-2 2 ¥ 4-toop 3
63 20 27 - 82
1 - value based on cperation of 1 ADV with a dead band of 5 percent (Surry Case 3R)
2 - value based cn operation of 1 MSSV with a dead band of 5 percent (ANG-Z2 Case 1)
3 - range based on operatfon of 1 MSSV with a dead band of 15 percent and 5 percent, respectively

The NUREG-1150 analysis for Surry assumed a probability of 3x10%/demand that the MSSVs would
fail to reclose. As described in NUREG/CR-4550, this value was in the range suggested by a
survey of LERs performed in 1980, and was selected as the original generic value for the
ASEP. Since that time, the staff has accumulated additional information concerning safety
valve performance, including insights developed through the EPRI PWR Safety/Relief Valve
Test Program (Singh, 1985), and @ limited number of operational events. On the basis of
more complete industry data, EPRI reports an MSSV valve failure rate of 7.45x10°%/demand
(EPRI SGDSM/PSA Working Group, 1996). In addition, a recent EPRI survey indicates that this
value has been widely used in licensee IPEs to represent the probability that an MSSV will
fail to close. and a further assessment by EPRI suggests that the failure rate would be even
lower (Fuller, July 1996).

EPRI reviewed operational data. as reported in LERs and NRC Information Notices, and
proposed a value of 1.4x102 as the probability that an MSSV will fail to reseat following
the initial lift. For a four-loop plant. the probability that one or more valves would fail
to reclose would be 5.6x102. This value reflects the consequences of failure modes
associated with maintenance errors, embrittlement, and corrosion. but does not reflect
potential failure modes associated with repeated cycling of the valves during an SBO. EPRI
contends that data from the valve test programs indicate that once past the first lift and
reclosure, MSSVs would successfully respond to the multiple challenges expected during an
SBO event. Thus, only the probability of failure to reclose after the first 1ift is
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relevant to MSSVs.

As a scoping assessment. the staff considered a case in which no operator actions are taken
to depressurize the RCS, and steam generator depressurization occurs only as a result of the
failure of MSSVs to reclose. The related SCDAP/RELAPS and MAAP analyses led to the
assumption that the MSSVs in each steam generator loop would cycle 70 times. This value is
consistent with the analyses for Westinghouse plants and conservatively bounds the results
for the CE plant analyzed. The staff also assumed a constant failure rate of
7.5<10%/demand. resulting in a probability of approximately 0.4 that an MSSV would stick
open in each steam generator loop. Given that the failures of the MSSVs in each loop are
independent of one another, the staff estimated the probability that no steam generators
(0.22), one steam generator (0.43), and two or more steam generators (0.35) would be
depressurized as a result of a stuck-open MSSV. Table 2.6 summarizes these values for
comparison with the PDS-based results for Surry and Sequoyah.

The results from the scoping assessment are not substantially different than the PDS-based
results for Surry. This suggests that comparable results would be obtained for Surry with
and without operator actions to depressurize the SGs, given the assumed valve failure rate
of 7.5<10-%demand. However, the failure rate of 1.4x10%/event proposed by EPRI for each SG
would yield depressurization probabilities that are very similar to those obtained from the
PDS information for Sequoyah. )

For the present analysis. the staff characterized the status of the steam generators at the
onset of core damage on the basis of the NUREG-1150 PDS information for Surry. Notably, the
MSSV failure rate per demand assumed in the underlying analysis for NUREG-1150 is
significantly higher than that indicated by more recent valve experience. Nonetheless. this
effect appears to be offset by a substantially smaller number of valve demands assumed in
the NUREG-1150 analysis. As a result, the KUREG-1150 results for Surry closely agree with
the results from the staff's scoping assessment conducted on the basis of more recent
thermal-hydraulic analyses and valve failure probabilities. In addition, the NUREG-1150
results for Surry conservatively bound the corresponding results for Sequoyah. Nonetheless,
the staff recognizes the potential for a significantly lower probability of MSSV failure and
steam generator depressurization, as claimed by EPRI and reflected in the NUREG-1150 results
for Sequoyah. The staff has addressed this issue as a sensitivity case.

2.3.4 RCS Pressure Maintained to Time of Maximum Tube Temperature (APET Event F)

Failure of a PORV to reclose during the early part of a transient (before core uncovery) is
“addressed in the "front-end” analysis and reflected in the first top event in the APET.
After the onset of core damage, the RCS conditions under which the PORVs or SVs will cycle
are expected to be more severe than those for which the valves were designed, and for which
valve performance has been tested. ' :

The fifth top event in the APET (event F) addresses the potential for failure of the
pressurizer PORV or safety valve during the core degradation process. For events involving
either an RCP seal LOCA or failed or leaky PORV/SV, considerably less or no valve cycling is
expected following core uncovery (although the amount of cycling depends on the size of the
leak). Accordingly, the probability of late failure of the PORVs was not considered for
these APET branches in the present study (i.e., Figures 2.3c and 2.3d).

In addition to the potential for valve failure, this top event reflects a means to
investigate the impact of potential accident management measures to manually depressurize
the RCS using PORVs, as described in Section 5.3. However, in order to fully assess the
impact of such actions, the staff would need to modify the APET branches for RCP seal LOCA
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to consider this top event, and would need to perform additional thermal-hydraulic analyses
to characterize the combined effect of an open PORV in conjunction with an RCP seal LOCA.

The NUREG-1150 analyses for PWRs estimated that the pressurizer PORV cycles between 10 and
50 times during core degradation and before vessel breach. The NUREG-1150 analyses also
extrapolated the distributions for the frequency of PORV failure-to-close from the front-end
elicitation to these demands. .This extrapolation yielded an estimated probability that the
PORV will fail to reclose after core damage as a uniform distribution from zero to 1.0, and
a mean value of 0.5.

Recently. NRC-sponsored SCDAP/RELAPS calculations performed using Westinghouse and CE plant
models (as summarized in Table 2.8) confirm that in an SBO event with an intact primary
side, the pressurizer PORVs (or SVs if PORVs are unavailable) would cycle about 40 times
between the time of core uncovery and the first predicted failure of the RCS pressure
boundary.

Table 2.8 Number of Pressurizer PORV/SVY Cycles Following Core Uncovery
and Before First Failure of RCS Pressure Boundary )

Number of Pressurizer PORV/SV Cycles
Flow Through
PORV/SV SCDAP/RELAPS MAAP
' Surry 1 aNo-2 2 ‘ ¥ 4-loop 3
Single phase/steam 43 38 L)

1 - Each cycle represents cperation of 2 pressurizer PORVs with the same set points and a2 dead band of
3 percent. Similar results were predicted for S80 cases with all steam generators intact, 1
steam generator depressurized, and all steam generators depressurized.

2 - Each cycle represents operation of 2 pressurizer §Vs with the same set points and a dead band of 4
percent (ANO-2 Case 1).

3 - Range represents results assuming & pressurizer safety valve dead band of 15 percent and §
percent, respectively.

A1l cycles would involve steam rather than liquid flow. Approximately 20 cycles would occur
between the time of core uncovery and the onset of cladding oxidation, and an additional

20 cycles would occur before the first RCS failure. In calculations reported by EPRI, the
number of pressurizer SV cycles predicted by MAAP for a four-loop Westinghouse plant ranged
from 4 to 14 for valves with dead bands of 15 percent and 5 percent, respectively. As such,
the SCDAP/RELAPS and MAAP results are generally consistent with the number of valve cycles
considered in the NUREG-1150 study.

The SCDAP/RELAPS calculations also provide additional information regarding the timing and
severity of the temperature challenge to the PORVs during core degradation. Specifically,
in the Surry base case (Case 3R). the pressurizer top head steam temperature, which
represents an upper bound on the PORV temperature, -increases from about 600 K (620°F) at
200 minutes (shortly following onset of cladding oxidation) to a maximum of 900 K (1160°F)
at about 240 minutes (roughly the time of first RCS pressure boundary failure). About

20 valve cycles are predicted to occur during this period of increasing steam temperatures.
confirming the concerns raised in NUREG-1150 regarding PORV performance at elevated
temperatures. The reader should note that elevated steam temperatures occur sufficiently
late that over-temperature failure of the PORV in the time frame of maximum steam
temperatures may not significantly reduce the primary system pressure at the time of steam
generator tube challenge. If significant credit is taken for temperature-related valve
failures, additional calculations would be needed to address valve failure modes and the
degree of RCS depressurization associated with temperature-related failure of the PORVs.
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Consistent with the NUREG-1150 analysis. the staff adopted a 0.5 probability of late failure
of pressurizer PORV/SVs in the present study. As previously discussed in the context of
early failure of the pressurizer PORV/SVs (Section 2.3.2). the 0.5 value reflects failure of
the pressurizer PORV/SV as @ result of repeated cycling at elevated temperatures during the
core degradation process. It also compensates for a potential underestimate in the
probability of early failure of the pressurizer PORV/SVs associated -with the large number of
valve lifts expected early in the transient (many of which involve the flow of liquid). As
described in Section 5.3, the staff also conducted sensitivity studies to explore the impact
of higher or lower probabilities for this APET branch on the 1ikelihood of induced rupture

" of steam generator tubes.

2.3.5 Secondary Side Pressure Maintained to Time of Maximum Tube Temperature
(APET Events G, H, I)

The sixth. seventh. and eighth top events in the APET (events G, H, and I) address the
potential for the secondary side of one, two, or three steam generators to gradually
depressurize following steam generator dryout. Previous analyses of SBO events have
generally assumed that if the steam generator secondary side is isolated, the secondary
pressure will remain at or near full pressure following steam generator dryout. The staff
did not consider the potential for gradual depressurization of the steam generator as a
result of leakage through MSIVs and other valves in the secondary side pressure boundary.

valve leakage is distinct from safety valve actuation or ether depressurization mechanisms,
which are assumed to occur early in the event. This is a significant point, since valve
leakage would alter past assumptions regarding the frequency of high primary-to-secondary
differential pressure coincident with high tube temperatures.

Technical specifications for PWRs do not define a maximum leak rate for MSIVs or other steam
generator isolation valves. Furthermore, operational data are not readily available with
regard to steam generator depressurization times during hot standby conditions. For this
study. the staff attempted to use LERs to identify any recorded occurrences of isolated
steam generators depressurizing as a result of excessive valve leakage.

In particular, the staff searched the Sequence Coding and Search System (SCSS) database
maintained at Oak Ridge National Laboratory (ORNL) to identify LERs reporting problems that
could potentially lead to depressurization. The database search covered information from
1980 through early January 1996. The searches identified 498 LERs reporting dry steam
generators, steam generator low level or low pressure, leaking or out-of-position MSIVs or
other major secondary valves, and loss of feedwater events. Evaluation of the 498 LERs
yielded only a single event indicating that secondary isolation may not prevent steam
generator depressurization. In this event. which occurred at Arkansas Nuclear One, Unit 1
(ANO-1) in November 1989 (LER 313/89-037). steam generator pressure was reported to be
decreasing as a consequence of "various steam system leakage paths.” Another report,
related to the Davis-Besse event in 1984 (LER 346/84-003), described steam generator
depletion occurring when the MSIVs were closed and AFW was isolated. However. the steam
generator inventory was depleted through safety valve actuation. not isolation valve
leakage. Similarly. the ANO report indicated the potential for steam generator
depressurization even if steam isolation valves are closed and feed is unavailable. These
conditions could exist during an SBO scenario. :

The recently published NUREG/CR-6246, "Effects of Aging and Service Wear on Main Steam

Isolation Valves and Valve Operators.” (Clark, 1996) discusses failures of PWR MSIVs.
However. the leakage paths discussed are not significant and would not lead to
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depressurization in the time scale of concern (3 to 4 hours).

In addition to anecdotal information related to the leakage integrity of MSIVs. the staff
reviewed an NRC inspection report (Report No. 50-247/88-03). That report described an event
involving steam generator dryout and offered detailed information regarding MSIV leakage
characteristics for a particular plant. The staff has not assumed that these same
conditions exist at all PWRs; however, it is considered reasonable to expect that some MSIV
leakage could be assumed in this analysis.

The LER search results do not constitute an adequate basis for precisely estimating the
probability of gradual steam generator depressurization. Nonetheless, the search
demonstrates the real potential for depressurization of an isolated steam generator.
Without further information, the staff assumed equal probabilities for each outcome. That
is. the staff assigned a 0.5 probability that one or more steam generators would be
depressurized by leakage by the time of first RCS pressure boundary failure. This approach
ensured that the analysis considered steam generator isolation valve leakage integrity.

Treatment of steam generator leakage in the APET also provides a means for assessing the
impact of higher or lower leakage probabilities on the 1ikelihood of induced rupture of
steam generator tubes via sensitivity studies, as described in Section 5.3. In the longer
term, the 50/50 split used in the APET can be adjusted to reflect new information justifying
a different quantification for this APET branch if it is developed.

Assuming steam generator leakage to be a random rather than common mode failure mechanism, a
0.5 probability of depressurizing one or more of three steam generators is equivalent to a
0.2063 probability of depressurization for each generator. For this study, the staff
explicitly determined that.it is possible to estimate the probability that an MSIV leak will
not depressurize any of the steam generators, or that such a leak will result in
depressurization of up to three steam generators. Specifically. the estimate is based on
using the failure rate and a binomial distribution.

For APET branches with all three steam generators intact at the time of dryout (e.g.. branch
Cl on Figure 2.3d). this results in probabilities of 0.5, 0.39, 0.10, and 0.01 that MSIV
leakage will result in depressurization of zero, one. two, or three steam generators,
respectively. For APET branches with one steam generator depressurized and the remaining
two steam generators intact at the time of dryout (e.g.., branch C2 on Figure 2.3d), this
results in probabilities of 0.63. 0.33, and 0.04 that MSIV leakage will result in
depressurization of zero, one, or two, of the two remaining steam generators. respectively.

The Yikelihood of depressurizing multiple steam generators would be higher if steam
generator leakage is considered a common mode failure mechanism. However, because of the
paucity of MSIV leakage/failure data, the staff decided to assess the impacts of secondary
side depressurization via sensitivity analyses rather than through further refinement of the
probability models. These sensitivity analyses are presented in Section 5.3.

The staff also conservatively assumed that the rate of secondary side depressurization would
be greater than the rate of primary system depressurization in sequences involving an RCP
seal LOCA or a stuck-open pressurizer PORY. This means that the steam generator tubes would
be challenged at full differential pressure before experiencing significant primary system
depressurization.

2.3.6 Steam Generator Tubes Remain Intact with High Differential Pressure (APET Event J)

The ninth top event in the APET (event J) addresses the potential for core damage events
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(identified in the Level 1 PRA analysis) that result in a pressure-induced rupture of flawed
steam generator tubes, before tube heatup. The APET includes this top event because the
NUREG-1150 analysis did not explicitly address the potential for pressure-induced SGTR
(particularly given flawed tubes).

The ninth top event also addresses the probability of pressure-induced SGIR for each APET
branch in which the primary system is intact and one or more steam generators depressurize
at the same time (early or late, as depicted in the icon on Figures 2.3b through 2.3d). The
APET also addresses this issue for sequences involving open pressurizer PORVs or RCP seal
LOCAs (in conjunction with a depressurized steam generator). This is because the secondary
side depressurization is assumed to precede these events and results in a pressure challenge
to the steam generator tubes before the stuck-open PORV or seal LOCA can effectively reduce
the primary system pressure.

The degree of pressure challenge in sequences with late primary system depressurization
(event FO in the icon on Figures 2.3b and 2.3c) in conjunction with late secondary
depressurization resulting from MSIV leakage (event LK in the icon on Figures 2.3b and 2.3¢)
actually depends on the relative rates of primary and secondary system depressurization in
these sequences. Considerably higher primary system depressurization rates or lower
secondary system depressurization rates could result in peak differential pressures across
the tubes that are substantially less than the full differential pressure assumed in this
study as a basis for estimating the probability of pressure-induced SGIR for these
sequences.

The present analysis did not reflect the contribution to pressure-induced SGTR resulting
from core damage sequences with high primary system pressure and wet secondary because of
the 1ow frequency and scrubbed releases for these events. However., a more rigorous

- assessment would consider the contribution from such events.

The likelihood of pressure-induced SGTR should be limited through compliance with
deterministic or probabilistic criteria for structural integrity. as well as operational
leak rate limits permitted by Technical Specifications. Plants with steam generators in
poor condition and operating near speci fied tube integrity limits are expected to have a
probability of pressure-induced SGTR of no more than 0.05 per steam generator, given an
event that leads to complete depressurization of the secondary side (e.g.. an MSLB). Plants
with steam generators in good condition (i.e.., having a2 relatively small number of flawed
tubes) are expected to have a much lower probability of pressure-induced SGTR. .

In the present study. the staff quantified the probability of a pressure-induced SGTR on the
basis of the probabilistic. limit-load calculation methodology and associated secondary
system input parameters described in Section 5.2, in conjunction with assumed steam
generator flaw distributions described in Section 4.2. As discussed in Section 4.2, the
staff used two different approaches to develop a total of six different flaw distributions
representing steam generators in good. average, and poor condition.

The base case analysis in the present study reflected the RES-developed flaw distribution
for steam generators with "moderate” degradation. Using that distribution. the staff
estimated the probability of a pressure-induced SGIR to be 0.0549, 0.107, and 0.156 for
events/APET branches involving depressurization of one. two. or three steam generators. The
staff also conducted sensitivity studies, as described in Section 5.3, to explore the impact
of different flaw distributions on the probability of pressure-induced tube rupture.
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2.3.7 Cold Leg Loop Seals Maintained (APET Event K)

The tenth top event in the APET (event K) represents the probability that loop seal clearing
will occur in the same loop in which a steam generator is depressurized. The staff found
that concurrent loop seal clearing and steam generator depressurization enhances steam
generator tube heating in RCP seal LOCA sequences to the degree that failure of even
pristine tubes was expected in the reference plant analyses described in Section 5.2. In
the APET. the staff treated concurrent loop seal clearing and steam generator
depressurization as separate events. This permitted the staff to isolate the frequency of
tube failure from this challenge from other steam generator failure modes.

As discussed in Section 3. one loop seal was predicted to clear in the reference plant
thermal-hydraulic analysis for the RCP seal LOCA sequence. (Loop seal clearing did not
occur in other sequences analyzed for the reference plant.) For this particular
calculation, the loop seal cleared in a different loop than the depressurized steam
generator (and therefore did not result in a prediction of steam generator tube creep
rupture). Nonetheless. the staff expects some randomness in the clearing of a specific
loop. as further described in Section 3.4.

The staff considered the probability of loop seal clearing for all APET branches involving
RCP seal LOCAs. For purposes of quantification, the staff assumed that all RCP seal LOCA
events will involve clearing of one RCS loop seal, with the location of the cleared loop
randomly distributed. Accordingly. the probability of concurrent loop seal clearing and
steam generator depressurization is 0.333, 0.667, and 1.0 for RCP seal LOCA branches with
one., two, or three steam generators depressurized (see Figure 2.3d).

2.3.8 Thermally Induced SGTR Before Hot Leg or Surge Line Failure (APET Event L)

The eleventh top event in the APET (event L) addresses the probability that thermally
induced failure of steam generator tubes occurs before any other breach of the RCS pressure
boundary. The staff assessed this probability by considering the following factors:

] the temperature and pressure histories throughout the RCS for each APET branch, which
collectively represent the thermal and structural loads for the RCS components and
steam generator tubes for the spectrum of severe accidents

[ characterization of the distribution of flaws that could be present in the steam
generators tubes
. a structural failure model for predicting whether various flaws will fail under the

given thermal and structural loads.

Explicit consideration of flaws within the steam generator tubes and assessment of flaw
behavior under severe accident conditions are key contributors to accurate assessment of
this top event., and distinguish this work from previous analyses.

The process used in the present study to quantify the probability of a temperature-induced
SGTR comprised the following steps:

(1) Determine the RCS and steam generator pressure-temperature histories for each APET
branch, on the basis of a SCDAP/RELAPS analysis for a sequence that most closely or
conservatively represents the family of sequences addressed by each branch.

(2) Define the steam generator flaw distribution for the plant condition of interest
(e.g., moderately degraded steam generator tubes).

NUREG-1570 2-36



(3) For each representative sequence, estimate the probability of a temperature-induced
SGTR for each RCS loop. on the basis of the calculated RCS and steam generator
pressure-temperature histories and specific steam generator flaw distribution.

(4) Adjust the calculated probabilities of temperature-induced SGTR to account for the
number of intact/depressurized steam generators on each APET branch (and loop seal
clearing in RCP seal LOCA events) and import the adjusted values into the APET.

Section 5.2. discusses these steps, and the resulting probability values. in greater detail.
2.3.9 Fission Product Holdup (APET Event M)

The twelfth and final top event in the APET (event M) addresses the potential for enhanced
fission product holdup in the RCS and the secondary side as a subset of the pressure- or
temperature-induced SGTR events. Bypass events would reduce fission product releases if

- they involve primary system depressurization (caused by a seal LOCA or open pressurizer
PORV) with the ADV/MSSV intact but leaking. Factors contributing to the reduction of
releases include fission product holdup and deposition within the RCS and steam generators
between ADV/MSSY cycles, and the eventual reduction in primary system pressure to a level
below the valve opening set point. Events with successful holdup were assigned to a
separate release class, termed RC-2.

For those APET branches involving depressurization resulting from leakage in one or more
steam generators (LK in the APET icon), the staff addressed this top event in conjunction
with a stuck-open ADV/MSSV in another steam generator (SO in the APET icon). An induced
rupture in the leaked-down steam generator would offer enhanced fission product holdup; a
rupture in the steam generator involving a stuck-open ADV/MSSY would not. The staff
therefore determined the probability of successful holdup on the basis of the assumption
that a pressure- or temperature-induced rupture of a depressurized steam generator is
equally likely regardless of whether the steam generator is depressurized as a result of a
stuck-open ADV/MSSV or a leaky MSIV. For those APET branches on which all steam generator
depressurization events result from the same cause (e.g.. leakage, LK, on branch B1 on
Figure 2.3d), the staff assigned all of the frequency to the appropriate release class as
part of the endstate classification, and top event M need not be addressed.

2.3.10 APET Endstate Characterization

Releases for a temperature-induced SGTR event could vary significantly depending on the
characteristics of tube failure. For example, primary system depressurization (through the
failed tubes) would be gradual enough that subsequent creep-rupture of the RCS piping would
be expected before significant release of fission products to the environment if each of the
following conditions exists:

] Steam generator tube failure results in a primary-to-secondary leak area less than
that corresponding to complete rupture of one tube.
° The integrity of adjacent tubes is not compromised.

By contrast, a failure equivalent to the rupture of more than two tubes would lead to wmore
rapid RCS depressurization and would preclude subsequent. beneficial creep-rupture of RCS
piping.

Separate analyses performed by the staff (as described in Section 4) indicate that rupture

of a single steam generator tube could result in significant heating and possible failure of
adjacent tubes. Because of the inability to ensure the integrity of adjacent tubes. the
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staff did not intend to delineate between single- and multiple-tube ruptures in
characterizing the APET endstates for the present analysis. Further assessment of the
impact of SGTR or leakage on adjacent tubes is ongoing and could provide a basis for more
thoroughly evaluating the releases associated with the various APET endstates.

To characterize potential releases to the environment, the staff grouped the APET endstates
into three release categories (RCs):

] RC-1 - The containment is bypassed and fission products are released directly to the
environment via either a failed/latched-open or cycling ADV/MSSV.

® RC-2 - The containment is bypassed but releases are reduced by a partially
depressurized RCS and intact but leaky MSIV(s). which increase fission product holdup
time.

] RC-3 - Containment integrity is maintained. and releases to the environment are
limited to the normal containment leak rate.

Within RC-1, the source terms for sequences with cycling ADV/MSSVs would be smaller than for
sequences with failed/latched-open valves because of additional fission product holdup and
deposition in the RCS and steam generators between valve cycles. These release modes could
be treated separately in more rigorous analyses. but were grouped together in the present
study because of the scoping nature of the study and the expectation that both modes would
result in relatively large releases.

In contrast, sequences assigned to RC-2 would not involve sustained ADV/MSSV cycling because
of the eventual reduction in primary system pressure to a level below the valve opening set
point. Such sequences would also have significantly reduced source terms because of fission
product holdup and deposition within the RCS, as well as the condenser and turbine building.

The frequency of high primary pressure/dry secondary side events leading to RC-1 or RC-2 was
determined separately from the APET. However. given the focus of the present study on
bypass frequency rather than offsite consequences, the staff summed these frequencies for
purposes of comparison with the surrogate safety goal for large release.

The staff recognizes that a more complete assessment. extending to treatment of offsite
consequences, would be needed to determine the risk associated with induced SGTR and to
provide meaningful comparisons with current estimates of overall risk for nuclear power
plants. A state-of-the-art analysis of fission product release and deposition on primary
and. secondary side piping structures for each release class would more appropriately be part
of that expanded study. Judging by the source-term analyses reported in EPRI TR-106194 and
the latest analyses using the VICTORIA code. fission product releases and associated offsite
consequences for induced SGTR sequences may be significantly overstated in previous studies
such as NUREG-1150.

2.4 Desian-Specific Influences

The Surry-based event tree discussed in Section 2.3 of this report assumes several key
events in the progression of the SBO sequence. The first is that the natural circulation
flow path involving the vessel, hot legs, and steam generators is established and
maintained. This requires the existence of specific thermal-hydraulic conditions,
especially the cold leg loop seal. Further, the plant is assumed to be in the high RCS
pressure and dry secondary situation during an SBO. Key points in the event tree which
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determine if the plant is in that state include the status of RCS and steam generator
pressures at the time of core damage. when tube temperatures are maximized.

Examination of steam generator severe accident tube challenges has prompted consideration
of design differences that might alter sequence progression and the potential for tube
failure among the three PWR vendors in the United States. This section emphasizes the
significance of differences among the three vendor designs, leaving for further study the
detailed assessment of plant-specific differences within a design group.

For the purposes of this study. PWRs may be divided into two groups, encompassing those with
U-tube steam generators (Westinghouse and CE plants). and those with once-through steam
generators (Babcock and Wilcox (BEM) plants). On the basis of expected loop flow patterns
observed in scaled facility studies. severe accident thermal challenges to steam generator
tubes are not a concern for the B& design since the natural ci rculation of superheated
steam is confined to the hot leg and never reaches the steam generator. The “candy-cane”
configuration prevents the involvement of the tube bundle in convective flow processes that
could exist in the hot leg (Stewart, 1989).

Section 3.4 highlights key differences between Surry. other Westinghouse designs, and CE
designs that could introduce significant differences in the accident sequence progression,
event tree structure. and quantification. This section also briefly considers the potential
di fferences in the following aspects of the sequence:

] severe accident progression, thermal-hydraulic response, and RCS/steam generator
creep failure behavior for unflawed tubes (Section 2.4.1)

] " maintenance of the loop seal (Section 2.4.2)

° plant capabilities and operator actions to depressurize (Section 2.4.3) -

. pressurizer PORV/SV failure probabilities (Section 2.4.4)
° steam generator ADV/SV failure probabilities (Section 2.4.5)
° probability and magnitude of seal LOCAs (Section 2.4.6)

° steam generator degradation mechanisms, locations, and associated flaw distributions
(Section 2.4.7)

Section 2.4.8 presents recommendations regarding the applicability of the generic event tree
to other plant designs.

2.4.1 Acctdent Progression and Thermal-Hydraulic Response

Timing of RCS piping creep failure (relative to steam generator tube failure) is the main
factor when estimating the potential for tube failure under severe accident conditions.
Component creep failure is a function of RCS pressure and the component temperature history.
The RCS pressure during the event will be affected by mechanisms that lead to plant
depressurization, such as component failures of the reactor coolant pressure boundary
(RCPB) .

In particular, survivability of the surge Yine. hot legs. and steam generator tubes, as well

as the RCP seals and relief valves, is examined in previous work. Section 4.1 of this
report discusses a broader examination of possible RCPB failure sites. In addition, Section
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3.4 compares the timing of events. including failure times, in the SBO thermal-hydraulic
analyses for Surry and ANO-2.

Previous studies such as NUREG/CR-5949 (Knudsen, 1993), have addressed the potential for RCS
piping failure. This study built upon the earlier work with a detailed examination of the
potential for ex-vessel failure of RCS piping (specifically the surge line and hot leg) for
Surry. It yielded the general conclusion that a hot leg or surge line failure is likely
relative to vessel breach, but CE designs were not considered.

NUREG/CR-6285 (Bayless, 1995) included an assessment of the potential for RCS failures that
could lead to rapid depressurization, thereby removing high differential pressure loads on
tubes. That report attempted to categorize PWRs on the basis of their potential means of
unintentional depressurization as a result of thermally induced failures. However, the
conclusion reached in NUREG/CR-6285 was that it is not possible to identify a simple set of
parameters that would characterize PWRs in this manner. Differences in hardware, & lack of
applicable component failure data. and variations in accident progression present sufficient
uncertainties that Surry results cannot be used to determine when RCS failures would occur
during severe accidents in other plants. Therefore, the results of past studies could not
be relied upon to reach a conclusion regarding the relative potential for RCPB failure
between the PWR designs. '

2.4.2 Maintenance of the Loop Seal

Maintenance of the cold leg loop seal is a function of the piping configuration that causes
it to form and the flow pattern that exists once superheated steam is generated from the
vessel. The cold leg piping elevation is somewhat shallower for some CE plants than in the
Westinghouse design. This could allow a smaller pressure perturbation from accumulator
injection, or some other mechanism, to blow out the seal. INEL (Ellison, 1996) therefore
performed thermal-hydraulic analyses of Surry assuming that the loop seal was lost, and
resulting in full-loop circulation of superheated steam at a greater rate than in the hot
leg counter-current flow situation and higher tube temperatures. The loop seal could also
be lost as a result of a large RCP seal leak, allowing the cold leg fluid to be displaced
from the RCS by the hot steam.

The two designs also differ in the hot leg diameters 107 cm (42 inches) for CE, and 74 cm
(29 inches) for Westinghouse. Other more subtle differences in RCS configuration could also
have an impact on natural circulation flow patterns. but studies to date have not determined
the effect that these differences present, if any.

2.4.3 Plant Capabilities and Operator Actions to Depressurize

The Westinghouse emergency operating guidelines include a step early in the procedure to
direct operators to depressurize intact steam generators to remove heat from the RCS. The
procedure also warns operators to maintain steam generator levels and pressures above
minimum requirements. Oepressurization is accomplished by opening ADVs on the intact steam
generators to establish a maximum steaming rate consistent with plant-specific constraints.
The step assumes that the ADVs can be operated from the control room, and that accumulators
and electrica) power are available. However. some plants may not have the capability to
open the ADVs from the control room.

AFW flow is necessary to carry out the steam generator depressurization while also
maintaining the minimum steam generator levels and pressures. Pressure must be reduced in a
controlied manner to preclude lowering RCS pressure to the point of accumulator injection.
Also, minimum cold leg temperature requirements must not be violated during
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depressurization.
2.4.4 Pressurizer PORV/SV Failure Praobabilities

Failure of relief valves may occur under the thermal conditions expected in a high-pressure
severe accident. The potential for a failure depends on the design and temperature
qualifications of the valves. However, there is no information on relief valve failure
modes under the extreme temperatures expected in the cases considered in this study.
Therefore, although failures may be expected. the failure mode (open. shut, or some
intermediate state) cannot be predicted, and the failure potential cannot be reliably
quantified.

The peculiarity wost often mentioned for CE plants is that some do not have primary PORVs
installed. Specifically, these plants are AND-2, the Palo Verde Units. San Onofre 283, and
Waterford. These plants rely upon SVs to limit system pressure. In other plants. PORVs are
used to help prevent SV actuations. Typically. the set point difference between SVs and
PORVs is about 0.7 MPa (100 psi), with the SV set point higher and always about 17.2 MPa
(2500 psig). In high-pressure severe accident analyses for non-PORV plants, the initial
pressure relief will not begin until the reactor reaches a higher pressure. Another

di fference is that SV relief capacity is up to four times greater than PORV flow capacity.
This may tend to accelerate surge line heatup for the non-PORV plants (relative to those
with PORVs) since the greater flow rate through the surge line during SV Tifts would allow
the surge Vine piping to heat up more quickly.

2.4.5 Steam Generator ADV/SV Failure Probabilities

The potential for steam generator SV or ADV failure during an SBO, and the resultant
depressurization of the secondary system, depends upon the particular valve configuration
and conditions to which the steam generator will be exposed during an event. Steam system
SVs are of generally standard design throughout the various PWR designs, so a failure
potential related to design differences is not expected. However, there is no information
available with regard to the potential for unfavorable conditions developing at the valve
location in the secondary system as a consequence of possible primary-to-secondary leakage.
Variables such as length and orientation of piping to the valves would affect the
temperatures and the potential for thermal failure. Detailed plant-specific information is
required to permit a determination of secondary valve failure potential. For this
generalized study, the potential for thermal failure of secondary components is considered
to be the same for CE and Westinghouse designs.

2.4.6 Probability and Magnitude of Seal LOCAs

The Vikelihood of RCP seal failure under extreme temperature and pressure conditions may be
greater for Westinghouse plants than for CE plants (Bayless, 1995). This is because the
Westinghouse pump seals rely on continuous seal cooling, while the CE plants use a different
pump design. However, Westinghouse plants have begun replacing seals using a design
expected to have improved survivability under high temperatures. It 1s unclear how many of
superheated steam and the potential for ex-Westinghouse-designed plants have upgraded their
seals. Although further data are needed to conclusively demonstrate differences in
reliability among different seal designs, the staff assumed that a Westinghouse design would
generally have a greater chance of failing an RCP seal under severe accident conditions.
This has an impact on the ability to maintain the cold leg loop seal. as discussed above.
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2.4.7 Steam Generator Degradation Mechanisms and Associated Flaw Distributions

Although steam generator degradation is evident to some extent in al) PWR designs. the
nature and progression vary among designs. Design-specific features influence the nature of
degradation. For example, the drilled-hole tube support plates in some Westinghouse-
designed steam generators have been found to be a major factor in the propensity for these
plants to experience stress corrosion cracking at the tube support plate elevations.
Further, plant-specific differences (such as the steam generator manufacturing process and
steam generator chemistry program) influence degradation characteristics.

Section 4 of this report presents the staff's estimates of a generalized tube failure
distribution. This distribution incorporates information from across the three PWR designs,
but it does not necessarily accurately represent the relative contributions of all
degradation types and it does not weight the contributions by plant design. The
difficulties encountered in attempting to define a generalized distribution highlighted this
factor as a sensitive plant-specific consideration that would require more extensive data to
permit application to a plant-specific analysis. This is discussed further later in the
report.

2.4.8 Recommendations

The aggregate impact of the factors considered above is that an event tree founded on a
Westinghouse plant design could represent the expected course of the same severe accident in
a CE design. However, some cautions must be observed. since a potential impact on the event
tree quantification arises from differences between the CE design and the Westinghouse plant
analyzed. The examination of major design differences shows that the general event
progression may be assumed to be similar. However, there are sufficient uncertainties and a
lack of information for certain component performance under severe accident conditions that
further study is needed to accurately quantify an event tree for either design.

The staff is currently conducting analyses to explore factors that might introduce
differences between the designs in predicted thermal-hydraulic response, including those .
contributing to the ability to maintain the cold leg loop seal. Other uncertainties (such
as the nature of the natural circulation essel component failures) have not been
sufficiently analyzed to allow the staff to draw firm conclusions.

A comparison of similar severe accident analyses for the two designs (Section 3.4) did not
highlight any significant difference in event progression that could be attributed to
differences between the designs. Therefore, until further information becomes available for
more complete event tree quantification, the Westinghouse event tree presented in this study
is adequate for general consideration of the CE design.
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3 BEST-ESTIMATE THERMAL-HYDRAULIC CONDITIONS

3.1 MMMJLHMHMM

Induced SGTR during certain severe accidents is a safety consideration since high-
temperature steam flow, created by overheating of the core, can ci rculate through the
reactor coolant system, including the steam generator tubes. Components can be heated to
much higher temperatures — in the range of 900-1000 K (1160-1340 °F) - than normally
considered within the design-basis envelope. Component heating can occur to the extent that
the structura) capacity of the components is reduced and rupture may be induced as 2 result
of the combined effects of pressure and temperature. The conditions for steam generator
tubes can be further aggravated by the depressurization of the secondary system, which
increases the pressure differential across the tubes.

In evaluating the -risk impacts associated with such a challenge to steam generator tube
integrity, detailed analyses have been performed at the Idaho National Engineering
Laboratory (INEL) using the SCDAP/RELAPS code (Coryell, 1995). The overall objective of the
analyses was to determine the appropriate thermal-hydraulic boundary conditions (pressure
and temperature) affecting steam generator tubes during severe accidents. The analyses were
conducted for variations of a station blackout accident sequence, since it is considered 2
likely sequence to produce high temperature and pressure conditions at the tubes. The
boundary conditions established by such analyses have then been used, through further
analysis (described in Sections 4 and 5). to assess the likelihood of an induced failure of
tubes during severe accidents. .

The general philosophy of the severe accident thermal-hydraulic analysis was to use a best-
estimate approach within the limitations of available methods and with appropriate
consideration of uncertainties. SCOAP/RELAPS. a detailed mechanistic severe accident
computer code, was used for these calculations. This code has been applied to this type of
) calculation (i.e., high-pressure natural circulation sequences in a PWR) in numerous other
studies, and considerable experience has been gained in jts use. More recently, the code
was used extensively as part of the resolution of the direct containment heating (DCH)
severe accident issue to analyze the probability of reactor system depressurization before
reactor vessel failure for almost the same scenarios of interest for steam generator tube
integrity. The principal difference was that the SCDAP/RELAP5 analysis of unintentional
depressurization of the primary system (as a result of hot leg, surge line, or steam
generator tube failure) performed for resolution of the DCH issue did not consider
depressurization of the secondary system, because of assumed failure (in the open position)
of the secondary side relief valves. The additional failure of the secondary side relief
valves has the significant and obvious effect of jncreasing the differential pressure across
the steam generator tubes (thus, increasing the challenge to tube integrity). Also,
blowdown of the steam generator reduces the heat remova) capacity of the steam generator,
thereby contributing to an increase in the tube temperatures.

As part of the SCDAP/RELAPS analysis performed in the DCH study, creep rupture failure of
the hot leg, surge line, and steam generator tubes was modeled using 2 Larson-Miller creep
rupture model. As described later in Section 4.3, the Larson-Miller model was extended in
its application to predict failure of cracked tubes. Previous applications of the
SCDAP/RELAPS Larson-Miller failure predictions considered only unflawed components.
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To provide a range of predicted thermal-hydraulic conditions to accommodate the accident
progression event tree, and to provide insights regarding the impact of PWR design
differences. several analyses were performed for both the Surry and Arkansas Nuclear One
Unit-2 (AND-2) designs. Scenarios analyzed for this study include those listed in

Table 3.1. The table also shows the original designations, provided in the contractor
reports, along with the designations used in this report. In addition, Table 3.1 indicates
those cases used to characterize the APET endstates. Descriptions of the cases used in
later portions of the report are provided in Section 3.2. Further details appear in
contractor reports sponsored by the NRC (Ellison. 19%6: Knudsen, June and December 1996 and
1997).

Within the overall objectives stated above. the SCDAP/RELAPS analyses were also performed to
address a number of subsidiary issues, including variation in tube thermal boundary
conditions as a result of the effects of phenomenological and modeling uncertainty

(Section 3.3). plant design differences. and sequence variations (Section 3.4). Within the
variations caused by plant and sequence differences. the potential for loop seal clearing
was examined since loop seal clearing and restoration of full loop circulation would
accelerate tube heating because of increased flow through the steam generator. Further
analyses were undertaken to explore the sensitivities of major uncertainties in the thermal-
hydraulic analysis bearing on the steam generator tube heatup. These analyses are covered
in Section 3.3.

3.2  Steam Generator Tube Pressure and Temperature Predictions

Thermal-hydraulic analyses conducted for the Surry and ANO-2 plant designs are discussed in
this section. Section 3.2.1 outlines the overall strategy used and some of the modeling
details. Specific results for each plant are discussed in Section 3.2.2

3.2.1 Analytical Approach

SCDAP/RELAPS analyses were carried out for the Surry and AND-2 plants to calculate the
thermal-hydraulic conditions associated with an SBO sequence. For each plant analyzed,
variations of the sequence (e.g.. assumption of failure or non-failure of the SG secondary
side atmospheric dump valves) were considered. Additionally. sensitivity calculations were
performed using a single-loop model for the Surry plant to investigate the effects of
thermal-hydraulic phenomenological uncertainty related to the SG inlet plenum mixing
assumptions on the predicted SG tube temperatures. These calculations are discussed in
Section 3.3. Additiona) sensitivity studies assess issues not addressed in the initial set
of analyses. These additional studies are summarized in Tables 3.2 and 3.3. and are also
discussed in Section 3.3. :

For the Surry and AND-2 plant analyses. an SBO sequence was assumed to be the accident
initiator in all of the calculations. The specific sequence considered includes an
immediate loss of AC power and the loss of all feedwater. Additional assumptions made were
that the sequence progressed without recovery and without operator actions, and all RCS
components that served as pressure boundaries (e.g., hot leg. pressurizer surge line, SG
tubes) were assumed to be free of defects. Table 3.4 summarizes the assumed conditions for
the analyses.
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Teble 3.3 Summary of SCDAP/RELAPS Studies Performed

INEL Studies Performed Under NRR Contract

original Revised Plant Sequence Description Remarks
pesignation Designation (varistions on THLE')
5 SN surry Hodalization study Finer nodalization of
tower tube bundle
é o' surry stuck-open PORV pORV failure st 1200°F
core cutlet temp
7 ™ surry >100 gpm SG tube leak teak fncreases with tube

temperature

INEL Studies Performed Under RES Contract

1 ®r surry Base case, ho SG nor RCS
depressurization
2 2R surry RCS depressurization,
No SG depressurizstion
3 ®" ' surry One SG depressurized, no
RCS depressurization
3rU Surry same as 3R
4R surry Depressurization of one SG
and RCS
5 SR surry case 1 variation
é &R surry Case 3 variation
& 6RU surry Same as &R
7 ' n' surry ALl SGs depressurized
8 B8R surry RCP seal leak
9 or* surry RCP seal leak
1 ANOY AND-2 SG depressurized,
RCS not depressurized
ANOZ AND-2 $G and RCS depressurized
ANO3 ANOD-2 SG depressurized,

RCS rot depressurized

& ANDL ANO-2 §G depressurized,
RCS rot depressurized

$G depressurized by
stuck-cpen ADV

Used updated code

Used more even tube
bundle flow split

Used more even tube
tundle ftow sptit

Used updated code

Mo RCP seal leak

Ko RCP seal leak
220 gpm RCP seal (esk
220 gpm RCP seal le2k, No

quenching of molten
material in vessel

* case used to characterize APET endstate.
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Table 3.2 $6 Inlet Plemun Mixing Sensitivity Studies”

Case Percent SG Tubes Fud Mixing Fraction Recircutation
Flow Ratic

m 29 0.87 1.9

W2 53 0.87 1.9

M3 61 0.87 1.9

L3 35 0.76 1.9

¥5 35 0.89 1.9

w5 35 0.87 1.69

14 35 . 0.87 2.25

* gased on Case IR using e single-loop model

Table 3.3 Additional Sensitivity Studies

Case pescription Remarks

6RU. 53X%747% hot/cold tube sptit C.87 mixing fracticn,
1.9 recirculation ratio

6RU.A Beat transfer coefficients increased by 20X Upper plenum, hot legs, surge
Line, SG tube surfeces

SRU.B Heat transfer g:oefficients decreased by 20% Same locations as 6R.A

6RU.C Heat transfer coefficients increased by 30% Kot leg, surge line, SG tube
entrance volumes

6RU.D Heat tﬁnsfer coefficients increased by 30X SG tube entrance volumes

6RU.E Enhanced hot leg heat transfer Fluid-to-fluid heat transfer and
circumferential wall conduction

6RU.F Based on 5% confidence values of mixing model 43%/57% hot/cold SG tube split,

parameters from transient experiment data 0.73 mixing fraction,

1.8 recirculation ratic

The SCDAP/RELAPS nodalizations of the Surry and ANO-2 plants included both full-loop and in-
vessel natural circulation flow models for simulating conditions that would potentially develop
during the event. (See Figures 3.1 and 3.2 for schematic representations of expected flows.)
Provisions were made to change the SCDAP/RELAPS nodalization of the hot leg to model
countercurrent natural circulation after the hot legs are voided. The hot leg countercurrent
flow model was benchmarked against the Westinghouse 1/7-scale experimental data on natural
circulation (Stewart, 1993) before any calculations were performed. The cases used in this
study were selected to depict the effect on tube conditions of variations in a number of
parameters. Specifically, these parameters included depressurization of SG secondaries.
treatment of RCS depressurization following predicted pressure boundary failure, and
nodalization of the SG tubes (tube bundle flow split).
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Table 3.4 Summary of Assumed Conditions for Surry Calculations

Cases

Assuned Severe Accident Conditiens RIR 3R &R | 5R 6R (3 &R oR 5N
3RU 6RU

RCS maintains pressure after predicted RCS x x X x x x x x
bowundary fai lure

RCS depressurizes after predicted RCS x x
boundary failure

Faited relief valve depressurizes x x x X x x
pressurizer leop SG

35% hot tubes/65X cold tubes x x x x X X x X

53% hot tubes/4TX cold tubes . X X

AL L SGs depressurized because of failed x
relief valves

. RCP seal ieak (250 gpm per pump) X X

pressurizer PORV fails open

cold leg loop seal drained

No quenching of relocated upper plenum steel x
jry vessel

In evaluating the potential sources of uncertainty in the thermal-hydraulic analysis, the
variation in the natura) circulation test data was examined. It was apparent that the test
data indicated a difference in the number of tubes carrying hot flow depending on whether
the tests were run in a steady state or transient mode. There were also differences in the
reported mixing fraction and the recirculation ratio. The mixing fraction reflects the
fraction of the hot inlet flow entering the SG inlet plenum that mixes with the cooler flow
returning from the SG tubes, while the recirculation ratio refers to the relative mass flow
ratio between the SG natural circulation flow to the hot leg natural circulation flow.
Figure 3.2 depicts these different flows. To investigate the effects of thermal-hydraulic
phenomenological uncertainty (number of SG tubes participating in forward flow, mixing
fraction, and recirculation ratio) related to the SG inlet plenum mixing, seven sensitivity
calculations were performed using a single-loop model for the Surry plant as summarized in
Table 3.2.

One result of the extended sensitivity studies was the conclusion that the base case
analysis should use the results of Case 6R rather than Case 3R, since the former assumes a
fairly even tube bundle flow split which is more representative of the transient scaled
experiment conditions. As discussed later in this report. this conclusion was reached
relatively late in the risk analysis and the staff judged that, although somewhat

conservative. the Case 3R results were still 2 reasonable basis to characterize the APET
endstates. '
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3.2.2 Summary of Analyses and Results

The analyses and key results of cases discussed in this report are covered, including the
more recent Surry and ANO-2 studies., and the sensitivity studies based on the Surry model.
Table 3.5 summarizes the results.

3.2.2.1 Surry

At initiation of the transient, the reactor is scrammed and the reactor coolant pumps are
tripped because of a loss of all AC power. Initially, the RCS depressurizes because heat
removal on the secondary side is sufficient to remove core decay heat. For Cases IR and 2R,
all SG ADVs are assumed to operate normally by cycling on secondary pressure. However, the
secondary side heat sink is not sustained in the absence of feedwater and, as a result, the
RCS pressure increases to the PORV set point near the time of SG dryout. A gradual RCS
heatup and boiloff follows with RCS pressure fluctuating between 15.7 MPa (2277 psi) and
16.2 MPa (2350 psi) through PORV cycling. During a brief period of time. the RCS pressure
rises above the PORV set point to the safety relief valve (SRV) set point of 17.8 MPa

(2582 psi) because the pressurizer begins venting liquid and the PORV does not have the
capacity to remove decay heat by venting liquid (Figures. 3.3 and 3.4).

Part of the core decay heat is transported to the SGs by full-loop natural circulation of
liquid. When a sufficient amount of vapor generated in the core collects in the top of the
SG U-tubes, full-loop natural circulation of liquid ceases. Core uncovery begins as a
result of continued boiloff of water and venting through the PORV. When the SG and hot leg
void, hot leg countercurrent natural circulation of vapor begins. Because of the degraded
heat transfer associated with the hot leg countercurrent natural circulation flow. ex-vessel
piping temperatures begin to increase. For Cases 1R and 2R. creep rupture of the
pressurizer surge line is predicted at 234 minutes (14,050s) (Figures 3.5 and 3.6).

After surge line failure, in Case 1R, the calculation was continued. suppressing the surge
line failure. to determine the timing associated with other potential pressure boundary
failures. When continuing the calculation. creep failures of the hot leg nozzles in the
pressurizer and non-pressurizer loops are predicted at 252 minutes (15.110s) and 261 minutes
(15.670s), respectively. The calculation for Case 1R was terminated at 315 minutes
(18.900s) because the surge line and all of the hot legs had failed. It was determined that
the SG tubes would not fail for some time, and a margin of time to failure of at least one
hour had already been established.

As mentioned earlier, in Case 2R, the surge line was allowed to fail, and the RCS
depressurized as shown in Figure 3.4. When the RCS pressure sufficiently decreases to reach
the accumulator injection pressure of 4.24 MPa (615 psi). the accumulator injects as
illustrated in Figure 3.7, arrests the heatup of the core, and cools the ex-vessel piping as
shown in Figure 3.6. Although. core reheating occurs after the accumulator water has boiled
off, the energy associated with core reheating is primarily removed via the surge line
break. which prevents any significant reheating of ex-vessel piping. Hence, the calculation
was terminated at 347 minutes (20.800s). Thus, SG tube rupture is not expected if surge
line failure occurs as predicted in Cases IR and 2R.
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Table 3.5 Summary of SG Tube Results for Surry Catculstions

Time of Location of At First Failure ' At Peak Temp.
Case First First Faflure
?-Llnusr)e Temp (K) oP (¥P2) Temp () aP (MPa)
1R 234 Surge Line 847 9.3 1094 9.11
R 234 Surge Line .14 4 93 8s7 9.27
3R 241 Surge Line 987 15.8 147 16.2
3RU 227 Surge Line 973 15.9 11848 15.9°
R 29 surge Line 987 15.8 987 15.8
R % surge Line 825 9.4 &5 9.1
6R 229 Surge Line ¢33 16.0 933 16.0
6RU 229 surge Line 957 15.9 16* 15.8°
™ 218 Surge Line 943 16.0 1041 16.9
S ® s Wot Leg 1078712558 8.5n.5° 1090/1286° 6.970.1°

oR 269 Kot Leg 1010/1153%  4.07-3.0° 1179713090 7.7/0.8°
Sx 26 surge Line 1036 15.9 1094 - 15.9
&N 191 Open PORV 709 160 1055 4.4
n 353/390% Surge Line 1043/1086° 4.7/10.1¢ 109771021° 0/0

a. Condition st time of predicted tube failure

b. Pressurizer loop/non-pressurizer loop conditions

c. 3 kg/sec and 7 kg/sec leakage cases

Cases 3R and 4R are similar to Cases IR and 2R, except for the assumption that the ADV on
the pressurizer loop SG fails open when initially challenged. For both cases. the surge
line is predicted to fail at 241 minutes (14.460s), which is a slight delay in failure time
compared to Cases 1R and 2R (t=14.050s). This delay is caused by an enhanced heat removal
during the SG blowdown because of temperature reductions resulting from the open SG ADV.
For Case 3R, which was performed without allowing the surge Vine to fail as in Case 1R,
creep ruptures of the pressurizer loop hot leg nozzle and the pressurizer loop SG tubes are
predicted at 256 minutes (15.380s) and 259 minutes (15,560s). respectively (Figure 3.8).
The calculation was terminated at 259 minutes because all of the potentially vulnerable
structures in the pressurizer loop had failed.

Case 4R (like Case 2R) was performed allowing the calculation to proceed with a surge line
failure. The depressurization following surge line failure leads to accumulator injection,
which prevents any significant reheating of the ex-vessel piping (Figure 3.9). As in

Case 2R, the calculation was terminated at 347 minutes (20.800s). Therefore, in Case 3R,
surge line and pressurizer loop hot leg are predicted to fail before the prediction of an SG
tube rupture. and no tube rupture is predicted for Case 4R.

In the analyses described to this point, at the beginning of the hot leg countercurrent
natural circulation, the number of SG tubes participating in forward flow in the SG inlet
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plenum is assumed to be 35 percent (i.e., tube split of 35 percent hot tubes to 65 percent
cold tubes). In Cases 5R (counterpart to Case 1R or 2R) and 6R (counterpart to Case 3R or
4R). a tube split of 53 percent hot tubes to 47 percent cold tubes was assumed on the basis
of the Westinghouse transient natural circulation experiments. Figure 3.10 compares the
nearly identical heatup rates of the pressurizer loop SG tubes for the two cases, indicating
that in the instance of a pressurized steam generator. the calculations are insensitive to
wodifications of the SG tube split. Surge line failure is predicted at the same time

(234 minutes (14.050s) for both cases). As shown in Figure 3.11, the heatup of the
pressurizer surge line is more rapid than the heatup of the hot leg nozzle and the
pressurizer loop SG tubes. The calculation was terminated after the surge line failure.

W¥hen comparing Case 6R to Case 3R, Figure 3.12 shows that there is a discernible difference
in the heatup rate of the surge 1ine as a result of the secondary depressurization which
reduces the heat transfer to the pressurizer loop SG secondary. This reduction in heat
transfer results in more retention of decay heat in the core region which accelerates
oxidation (Figure-3.13). Since the energy produced through oxidation is relieved mostly
through the pressurizer PORV, the heatup of the surge line is increased in Case 6R.
Therefore. the pressurizer surge line was predicted to fail earlier at 229 minutes (13.720s)
(versus 234 minutes for Case 3R). The calculation was terminated after surge line failure.

Case 7R is similar to Case 3R, except an assumption was made in Case 7R that the ADVs failed
open in all SGs after they were first challenged. As in Case 3R, the pressurizer surge line
is predicted to fail at 219 minutes (13,110s). and creep ruptures of the pressurizer loop
hot leg nozzle and the non-pressurizer loop SG tubes are predicted at 229 minutes (13,740s)
and 234 minutes (14,030s) (Figure 3.14). Creep rupture of the ex-vessel piping is
accelerated in this case since the heat transfer to the secondary side is reduced as a

result of depressurization of all steam generators.

Cases 8R and 9R were conducted to evaluate the conditions of the tubes during an SBO
sequence involving RCP seal leaks. The difference between the two cases is in the treatment
of heat transfer as the upper plenum stainless steel melts and relocates. Specifically,
molten stainless steel was assumed to quench in Case BR as it relocates into the water
remaining in the lower vessel head. To model the effect of the steel resolidifying at
relatively cooler regions in the core before it could reach the lower head, steel quenching
was not simulated for Case 9R. This is considered the more realistic progression of the
two. The results of Cases 8R and 9R are identical until the time of stainless steel
relocation. The following is a discussion of the progression of events for Case 9R.

RCP seal leaks of 946 Lpm (250 gpm) per pump were assumed once the seals failed. Also, the
ADV for the pressurizer loop SG was assumed to fail open following the first challenge. RCP
seal ‘leaks of 79 Lpm (21 gpm) per pump were introduced at event initiation to simulate
leakage associated with the loss of seal cooling that would accompany a loss of AC power.
Saturated conditions in the RCS. specifically at the RCPs, were reached at 125 minutes
(7491s), and seal leaks then increased to 946 Lpm (250 gpm) per pump to simulate failures
that could develop as a result of two-phase flow across the seals. That flow rate is
considered the most probable for Westinghouse RCP seal failures (Wheeler, 1989).

Increased flow through the RCP seals and pressurizer PORVs led to core uncovery at

145 minutes (8710 s) as seen in Figure 3.15. Steam venting through RCP seals and heat
transfer because of the countercurrent natural circulation reduces RCS pressure. Pressure
reduction continues until accumulator injection, beginning at 234 minutes (14,020s)

(Figure 3.16). Pressure increases during the accumulator injections, because of
vaporization of water reaching the core, which in turn causes temperature perturbations at
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the hot legs and SG tubes (Figure 3.17). The increased temperatures (Figure 3.18) cause 2
non-pressurizer loop hot leg to fail as a result of creep damage at 269 minutes The failing
hot leg heats at a faster rate than the other primary coolant loops since its loop seal
clears by 220 minutes The calculation was terminated at the point of hot leg failure.

Case 6N was performed to evaluate the effect on SG tube conditions of a stuck- open
pressurizer PORV in the early stages of core uncovery. TYhe PORV was assumed to stick open
at 190 minutes. when core exit temperatures reach 922 K (1200 °F). RCS pressure decreases
until accumulator injection starts at 218 minutes SG tube temperature spikes, resulting
from the accumulator injections. are seen in Figures 3.19 and 3.20. The predicted
temperatures in this case are somewhat higher than expected because of the modeling of the
natural circulation flow path. To maintain the flow directions of circulation through the
two portions of the tube bundle (forward and return flow paths), reverse loss coefficients
approximately 100 times larger than the forward loss coefficients were specified.

_ Therefore. when superheated steam from the vessel reached the SG inlet plenum, it proceeded
through only 35 percent of the tubes. Actually. the flow should proceed through the entire
tube bundle in the forward direction whenever the hot leg pressure exceeds the pressure at
the pump suction. If full-bundie flow was modeled, the heat transfer surface would be
greater, resulting in lower tube temperatures. '

In these analyses using the Larson-Miller model for creep rupture, unflawed tubes are
calculated to survive the transient heatup past the point where other non-defected RCS
components are predicted to fail. A key phenomenon leading to accelerated tube heatup
identified in the analyses is loop seal clearing, although for these calculations loop seal
clearing did not occur in the depressurized loop. However, uncertainties exist in the
prediction of which loop sea) clears. (Once one loop seal clears. flow is preferentially
drawn to that loop.) Therefore. an equal likelihood of clearing among the loops was
assumed.

For cases in which the secondary side is not depressurized, the peak average tube
temperature is fairly uniform and centered around 850 K (1070 °F). For cases with the
additional assumption of secondary side depressurization, the average peak temperature shows
greater variation. For cases with a single depressurized steam generator. the average peak
tube temperature in the faulted loop varied between 933 K (1219 °F) and 987 K (1317 °F)
depending on the inlet plenum assumption. The case assuming a split of 53 percent hot
tubes, and 47 percent cold tubes, which produced an average peak tube temperature of 933 K
(1219 °F). could be considered a "best estimate” case since jt is based on test data more
representative of the sequence of interest. This flow split is similar to that assumed in
the EPRI analysis. For these single-faulted SG cases. the average peak tube temperatures in
the non-faulted loops was roughly 100 K (180 °F) cooler, varying approximately between 830
to 860 X (1034 to 1088 °F).

In Case 7R. where all SGs are assumed to depressurize, the average peak tube temperature of
950 K (1250 °F) is approximately 40 K (72 °F) cooler than when the single SG was blown down.
Thié is because the greater core heatup and discharge through the PORV leads to earlier
surge line failure.

3.2.2.2 ANO-2

The AND-2 reactor was selected for analysis to examine the potential effects that plant
design differences may pose for SG tube integrity. ANO-2 has a higher core power density
than Surry (97 Md/m® for ANO-2 versus 92 MW/m* for Surry). It is one of the CE plants
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without @ PORV. and its design features a more shallow loop seal (1.24 m (4.1 ft) for ANO-2
versus 1.7 m (5.6 ft) for Surry). These differences will, to varying degrees, affect the
natural circulation during the transient. Higher power density may accelerate core damage
progression and corresponding heatup. Without PORVs, pressure is controlled by pressurizer
SRVs which operate at higher set points of 16.7 to 17.2 MPa (2422 to 2495 psi): therefore,
the SG tubes may be subject to a larger differential pressure. With a wore shallow loop
seal. there may be a greater potential for loop seal clearing and establishing full-loop
natural circulation. which would affect the core damage progression and heat transfer
between the primary system and the SGs.

As previously indicated. accident initiation in all calculations was based on a station
blackout sequence without recovery and without operator actions. In addition. an ADV on the
pressurizer loop SG was assumed to fail open on its first challenge in each calculation.
This increases the differential pressure across the SG tubes, as well as the potential for
SG tube rupture in the pressurizer loop SG. Cases ANO1 and ANOZ2 are counterparts to Surry
Cases 3R and 4R, respectively. ' '

At initiation of the SBO transient, the reactor is scrammed and the reactor coolant pumps
are tripped because of a loss of all AC power. Initially, the reactor coolant system
depressurizes because heat transfer to the secondary side is sufficient to remove core decay
heat and reduce the temperature of the primary coolant. However, the secondary side heat
sink is not sustained in the absence of feedwater and, as a result, the RCS pressure rises
to the pressurizer SRV set point near the time of SG dryout. A gradual RCS heatup and
boiloff follows with RCS pressure fluctuating between 16.7 and 17.2 MPa (2422 and 2495 psi)
through pressurizer SRV cycling.

when a sufficient amount of vapor generated in the core collects in the top of the 5G
U-tubes. full-loop natural circulation of liquid ceases. For Cases ANO1 and ANOZ, full-loop
natural circulation ceases earlier (82 minutes (4895s) versus 128 minutes (7690s) for Surry
Cases 3R and 4R). Core uncovery begins as a result of continued boiloff of water and
venting through the SRV. Compared to Surry, ANO-Z calculations indicate that core uncovery
begins earlier (102 minutes (6125s) for ANO-2 versus 151 minutes (9030s) for Surry), and is
completed in a shorter duration (21 minutes for ANO-2 versus 27 minutes for Surry). Hot leg
countercurrent natural circulation of vapor begins earlier (at 106 minutes (6332s) for ANO-2
versus at 152 minutes (9091s) for Surry) as well. ' .

Because of the degraded heat transfer associated with the hot leg countercurrent natural
flow. ex-vessel piping temperatures begin to increase. For Cases ANO1 and ANO2, creep
rupture of the pressurizer surge Vine (Figures 3.21 and 3.22) is predicted at 189 minutes
(11.330s) which is earlier than in Surry Cases 3R and 4R (234 minutes (14,050s)). After
surge line failure in Case ANOL, the calculation was continued, ignoring the prediction of
surge line failure, to determine the timing associated with other potential pressure
boundary failures. Creep rupture failures of the hot leg nozzle in the pressurizer loop.
the non-pressurizer loop hot leg nozzle, and the pressurizer loop SG tubes are predicted at
203 minutes (12,150s). 209 minutes (12,510s), and 229 minutes (13.750s), respectively. The
calculation for Case ANO1 was terminated at 229 minutes (13.750s) because all vulnerable
structures analyzed (other than the non-pressurizer loop SG tubes) had failed.

In Case ANO2, the surge line was allowed to fail. and the RCS depressurized as shown in
Figure 3.23. When the RCS pressure sufficiently decreases to the accumulator injection
pressure of 4.3 MPa (624 psi), the accumulator injects as indicated in Figure 3.23, which
arrests the heatup of the core and cools the ex-vessel piping as shown in Figure 3.22.
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Although, core reheating occurs after the accumulator water has boiled off, the energy
associated with core reheating is primarily removed via the surge line break, preventing any
significant reheating of ex-vessel piping. Therefore. the calculation was terminated at
359 minutes (21,550s). SG tube rupture is not expected if surge line failure occurs as .
predicted in Cases ANO1 and ANOZ. :

The analysis of Case ANO3 is similar to that in Case ANO1, except that additional
assumptions were made in Case ANO3 that the transient began with a nominal pump seal leak of
5.7 Lpa (1.5 gpm) per reactor coolant pump. and the seal leak increased to 833 Lpm (220 gpm)
per reactor coolant pump when saturated conditions were reached (to simulate a common-cause
failure of the pump seals). Because of increased flows through reactor coolant pump seal
leaks and the pressurizer SRV discharge. core uncovery begins earlier in Case ANO3.
Pressurizer SRV cycling stops only after the pump seal leaks cease their two-phase discharge
and begin to vent steam. At that time, RCS pressure begins to drop as indicated in

Figure 3.24 because the energy associated with venting steam through the pump seals exceeds
core decay power. |

As the RCS pressure approacties the accumulator injection pressure of 4.31 MPa (625 psi).

some upper plenum steel melting is predicted. However. because of modeling in the
SCDAP/RELAPS code, upper plenum molten steel cannot relocate to the core region, and no . :
molten pool was calculated to form in the core region dt that time. The upper plenum molten
steel is arbitrarily relocated into the lower head and allowed to quench. As a result, the
generated vapor is sufficient to increase the RCS pressure to 8 MPa (1160 psi). This excess
pressure is then relieved through the pump seal leaks. with the overall effect of the steel
quenching delaying the first accumulator injection.,

Several smal) accumulator injections follow, with essentially no impact on RCS pressure as
seen in Figure 3.24. However, these injections are followed by upper plenum stainless steel
melting and reélocation to the lower head. which has a significant impact on the SG tube -
temperatures as indicated in Figure 3.25. The temperature and pressure perturbations
(Figure 3.26) associated with the stee) relocation and quenching in the lower head
contribute to the creep failure of the pressurizer loop SG tubes at 307 minutes (18.400s).
Although the non-pressurizer loop hot leg mozzle is predicted to fail by creep rupture at
306 minutes (18.330s), or 70 seconds earlier than the predicted failure of SG tubes. the
timing difference between the hot leg and the tubes is not significant. Therefore, in Case
ANO3. there is a potential of induced SG tube rupture before any other RCS pressure boundary
failure for the conditions analyzed.

Case ANO4 was then run to specifically address the impact on SG tube temperatures and
pressures because of unrealistic relocating and quenching of the upper plenum molten steel
in the lower head. This “no-quench® case was performed in a manner similar to Case 9R for
Surry. The impact of the “no-quench” assumption can be readily seen by comparing the RCS
pressures shown in Figures 3.24 and 3.27. Specifically. pressure perturbations associated
with stainless steel quenching (Figure 3.24) are not observed in this calculation. Although
maximm SG tube temperatures are comparable with or without quenching (Figures 3.25 and
3.28), those temperatures in the absence of pressure perturbations (Figure 3.29) are not
high enough to cause SG tube rupture because of the reduced pressure differential across the
tubes. Nonetheless. the temperature of the non-pressurizer loop hot leg climbed well ahead
of the pressurizer loop hot leg because of early loop seal clearing. The non-pressurizer
loop hot leg failed at 350 minutes (21,000s) as indicated in Figure 3.30. The calculation
was stopped at 483 minutes (29,000s) because the creep damage terms calculated for the other
vulnerable structures were small. Therefore, tube rupture is not a concern in the absence
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of pressure perturbations associated with the quenching for the conditions as analyzed. The
hot leg failure was also predicted to be delayed by 50 minutes (3000s) (compared to
306 minutes - (18,330s) in Case ANO3).

3.3  Modelina and Analytica] Uncertainties

Consideration of accident analysis uncertainties involved with thermal-hydraulic
calculations focused on two main areas. The first area focused on variations that may
result from severe accident progression phenomenology. and the second focused on the more
problem-specific issues associated with the natural circulation mixing calculation.

Generally. the calculation of thermal-hydraulic boundary conditions in a severe accident can
reasonably be said to involve phenomenological uncertainties. However, the bulk of the
phenomenological uncertainty relevant to in-vessel accident progression behavior has been
attributable to what is referred to as late-phase melt progression. This involves events
and behavior that occur after melting and relocation of fuel rods in the core. Early- phase
nelt progression, including boiloff, fuel heatup, initial zircaloy-steam reaction. hydrogen
release. and control rod material relocation, has been recognized as an area better
understood and modeled. Rather, it is the late phase of the accident. involving fuel
melting and relocation, formation of molten pools with blockages or drainage, and
interactions in the lower plenum, which is still uncertain and is the focus of international
severe accident research programs. :

Fortunately, the severe accident analysis to ‘assess SG tube integrity comprises, as its
period of interest, those events up to and including early- phase melt progression but
excluding late-phase behavior. This is demonstrated by the analyses which uniformly predict
_ failure of some portion of the RCS pressure boundary before the formation of an in-core
molten pool. In the Surry analysis described previously (Case 3R as an example). the first
formation of an in-core molten pool did not occur for roughly 70 minutes after the
prediction of surge line failure. This is generally consistent with earlier DCH-related
calculations, performed at high pressure. which indicated the onset of the significant fuel
melting after the heatup and failure of loop piping. It can also be argued that if
substantial core relocation were to occur earlier in the transient. the disruption of the
optimal flow configuration (i.e., intact fuel geometry) would most likely impede
redistribution of energy from the core region, thereby mitigating tube heatup relative to
other components.

The major uncertainty addressed by these analyses has been the modeling approach used in the
SCDAP/RELAPS treatment of natural circulation and the resulting redistribution of energy
from the core to the reactor vessel upper plenum and from there to the steam generators.

The major uncertainty identified within the natural circulation flow path calculation has
been the treatment of mixing of flow within the SG inlet plenum. The results of sensitivity
analyses to examine the impact of the recirculation ratio. mixing fraction, and number of
outflow tubes carrying hotter flow indicate that those parameters characterizing the flow
calculations have only a modest effect on peak average tube temperatures, approximately

+20 K (36 °F). However. as noted in the discussion of Surry calculations. one of the
analyses (Case 6R) was performed assuming that roughly half of the tubes carried hotter
outflow. on the basis of an average value observed in the 1/7-scale transient tests. In
addition to that assumption, the full-plant analyses, unlike the single sensitivity
calculations. was performed without fixing the other mixing parameters, allowing the code to
calculate a2 mixing fraction and recirculation ratio. The result of allowing the calculation
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to "float” was that it predicted a minimal increase in the mixing fraction (from 0.87 to
0.89) and 2 slight increase in the recirculation ratio (from 1.9 to 2.3). The net effect of
the conbined changes was to decrease peak average tube temperatures by roughly 50 K (90 °F).
From this. the staff concluded that further refinements to the model were not likely to
substantially alter the calculation of tube temperatures.

3.3.1 SG Inlet Plenum Mixing Parameters Sensitivity Study

when SCDAP/RELAPS was used to simulate an SB0 accident. the code was benchmarked against
average experimental values for hot leg countercurrent natural circulation flow behavior
derived from a series of 1/7-scale experiments (Stewart, 1993). In the current study.
SCDAP/RELAPS was used to evaluate the potential impact on the Surry SG tube temperatures if
natural circulation parameters were allowed to vary over the range of values observed in the
Westinghouse experiments. : '

There are three SG inlet plenum mixing model parameters including the mixing fraction, the
hot leg to tube bundle flow ratio, and the fraction of forward flow or hot tubes. The basis
for the mixing model is given in the EPRI report detailing the Westinghouse scaled
experiment results (Stewart. 1993). The mixing fraction indicates the degree of mixing that
occurs between the flow from the hot leg into the inlet plenum, and the fiow from the tube
bundle into the inlet plenum. An increased mixing fraction indicates a greater degree of
mixing between the streams. The flow ratio is simply a comparison of the flow rate from the
hot leg to SG to the flow in the tube bundle, and represents the dilution of the hot leg
flow by the colder SG flow.

For these analyses. an SBO sequence for Surry was analyzed for the case with no reactor
coolant pump seal leaks: the SG ADVs were assumed not to fail. The calculation using the
full-system model of the reactor vessel and three coolant loops was performed up to the
predicted time of surge line creep rupture failure, the first RCS pressure boundary failure
prediction. The calculated results were then used to provide boundary conditions to a model
of the pressurizer loop between the reactor vessel and the reactor coolant pump suction
line. This approach was used to simplify the adjustment of the hot leg countercurrent flow
mixing parameters by limiting it to a single loop. The justification for this
simplification is that it allowed varying the mixing parameters one at a time to ascertain
their individual effect on SG tube temperature response. The single-loop model was
benchmarked against the full-plant system model to ensure that the specification of time-
dependent conditions was sufficient to produce the same transient results for the
pressurizer loop hot leg in both cases.

The “base case” SG inlet mixing parameter values (35 percent of tubes carrying forward flow.
mixing fraction of 0.87, and reci rculation ratio of 1.9), representing the average for the
four steady-state, high-pressure SFg experiments, are shown in Table 3.2. Note that case 6R,
using a more even flow split representative of the transient high-pressure SFg experiments
was eventually recommended for use as the base case. As discussed earlier, using Case 3R
results as the base case introduces some conservatis. but does not significantly alter tube
failure probability estimates that would result from using Case 6R.

The first two sensitivity calculations, Cases M1, and M3, represented the minimum and
maximm percentage of hot tubes participating in the forward flow in the SG. Likewise,
Cases M4 and M5 bracketed the minimum and maximum values for the mixing fraction, and
Cases M6 and M7 explored the minimum and maximum values for the recirculation ratio.
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For the tube split sensitivity calculations (Cases M1 to M3), as shown in Figure 3.31. the
volume-averaged tube temperatures in the first volume of the forward flow portion of the SG
tube bundle showed a higher temperature for Case 1 with 29 percent of the tubes carrying hot
flow, and a lower temperature for Case M3 with 61 percent of the tubes carrying hot flow,
when compared with the base case. However, this variation in temperature is relatively
small: at 250 minutes (15,000s) the greatest increase in temperature is 10 K (18 °F)

(Case M1) and the greatest decrease is 25 K (45 °F) (Case M3). The reason is that the
surface area for heat transfer from the primary side to the secondary side is increased with
an increasing number of tubes participating as hot tubes. but the velocity is decreased
given a fixed mass flux from the SG inlet plenum. The lower flow velocity reduced the heat
transfer coefficient from the vapor to the tube. Given the reduction in heat transfer, one
would expect that the tube temperature would decrease with an increasing number of tubes.
The opposite is true when the number of hot tubes is reduced.

The mixing fraction sensitivity calculations, Cases M4 and M5, varied the fraction of hot
leg mass flow entering the SG inlet plenum that was mixed with flow returning to the inlet
plenum from the return flow tubes. Increasing the mixing fraction reduces the temperature
of the steam entering the SG tube sheet for the forward flow (hot) tubes. As observed in
Figure 3.32. the range of temperature variation at 250 minutes (15,000s) was only 20 K
(36°F) over the range of mixing fraction values investigated.

The recirculation ratio sensitivity calculations, Cases M6 and M7. varied the ratio of the
flow through the SG tubes to the hot leg mass flow entering the 5G inlet plenum. In this
case, increasing the recirculation flow ratio reduces the temperature of the steam entering
the tube sheet for the forward flow (hot) tubes since the mass flow of steam from the mixing
volume to the tube sheet increases with increased recirculation ratio. As shown in

Figure 3.33. the difference in the predicted tube temperature in the first volume of the
forward flow portion of the tube bundle was less than 10 K (18 °F) over the range of
recirculation ratios investigated. with a maximm value of 5 K (9 °F) over the base case.

In summary. the sensitivity studies done by individually varying the SG inlet mixing
parameter values within the range of values observed in the Westinghouse experiments showed
that the impact is 20 K (36 °F) on the predicted tube temperatures. This is compared to
results predicted when the average values were used for these mixing parameters. Thus, the
uncertainty is modest with respect to the tube temperature predictions in the Surry and
ANO-2 analyses of SGIR.

3.3.2 Hot Tube Nodalization Sensitivity Study

Case 5N was performed to evaluate the effect on tube temperatures of a variation in
nodalization at the tube bundle inlet. The nodalization change was introduced into the
calculation at the time counter-current natural circulation commenced. This study used 2
more detailed nodalization of the tube inlet volumes and the associated heat structures.
The first inlet volume was subdivided into five volumes so that a series of volumes in
series represented the tube section previously represented by a single volume. The base
case nodalization yielded a temperature representative of 0.79 m (2.6 ft) above the tube
sheet (the midpoint of the volume). The temperature of the volume immediately above the
tube sheet gave a tube temperature at the time of predicted surge line failure only about
5 K (9 °F) above the base case value. At the time of surge line failure, Figure 3.34 shows
that tube temperatures along the subdivided nodes remain within a range of 15 K (27 °F).
Thus. the initial nodalization seems sufficient for these calculations.
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3.3.3 Extended Sensitivity Study

Additional SCDAP/RELAPS calculations were conducted to supplement the mixing model
sensitivity studies. These extended studies included heat transfer modeling effects and
possible synergistic effects of the SG inlet plenum mixing model parameters. The
sensitivity studies used an updated version of the SCDAP/RELAPS code to more appropriately
treat the combined effects of forced and free convection heat transfer in vertical pipes.
The use of an updated code version complicates direct comparison with previous analyses:
however, the results are quite similar and trends are consistent.

Cases 3R and 6R were repeated with the updated code to offer a comparison of results with
the previously run cases. These cases are designated 3RU and 6RU, and were limited to the
period extending from the onset of hot Yeg countercurrent natural circulation at

151 minutes. The earlier portion of the sequences did not need to be considered since no
threat to RCPB components is expected. and the heat transfer updates should only introduce
minor changes in timing of the sequence leading up to the onset of countercurrent flow. The
results from the updated runs are considered refinements of the previous versions of those
cases since the mixed convection updates should improve the simulation. However, tube
failure probability calculations founded on previous results, using the cases indicated in
Table 3.1, were already evaluated when the refined calculations became available.
Therefore, these most recent calculations were only used to ascertain the sensitivity of
results.

The additional sensitivity calculations, designated 6RU.A through 6RU.F, are listed in
Table 3.3 and are used to show the influence on the following:

] uncertainties in heat transfer coefficients

] absence of fluid-to-fluid heat transfer and circumferential pipe wall conduction in
the split hot leg model :

™ synergistic effects associated with simultaneous variations on natural circulation SG

inlet plenum mixing model parameters

Case 6R was chosen as the basis for these studies since the tube split for this case
répresents the average of values observed in the Westinghouse high- pressure transient tests
(Stewart, 1993), which more closely resemble the condition of interest. As noted earlier.
this is a shift from the originally selected base case conditions represented by Case 3R.
The shift of the base case results in slightly lower tube temperatures and a corresponding
change in tube failure probability. Using the Case 6RU results, estimated tube failure
probabilities are not significantly changed (about 5 percent for the plant with an average
flaw distribution, and about 15 percent assuming a severe plant flaw distribution; different
flaw distributions are discussed in Section 4).

The tube bundle flow split used in all of these studies (53 percent forward flow) represents
results of the transient scaled experiments, versus 35 percent seen in the steady-state
tests and modeled in Case 3R. Cases 6RU.A and 6RU.B used heat transfer coefficients altered
by 120 percent in the upper plenum, hot legs. surge line. and on the inner and outer
surfaces of the SG tubes. Cases 6RU.C and 6RU.D used heat transfer coefficients increased
by 30 percent in the hot leg, surge line, and SG tube entrance volumes to examine
uncertainties associated with entrance effects. Case 6RU.D represents an extreme case of
increasing the heat transfer coefficients only in the tube entrance volumes. Case 6RU.E
addressed the absence of fluid-to-fluid heat transfer and circumferential pipe wall
conduction in the split hot leg model. Case 6RU.F used 5 percent confidence values for the
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natural circulation inlet plenum mixing parameters, assuming a normal distribution of the
Westinghouse high-pressure transient data and independence among the parameters. The values
selected from the distribution are below the ranges (i.e., more severe) than the parameters
actually observed in the experiments.

vhen heat transfer coefficients were uniformly increased (Cases 6RU.A, and 6RU.C), vapor
temperatures entering the tubes decreased since more energy was transferred from the vapor
to structures. This resulted in slightly lower tube temperatures for two of the cases, as
seen in Table 3.6, with Case 6RU.A yielding the largest temperature drop (19 K (34 °F)).

The results of the first four sensitivity cases (6RU.A through D) indicate that the time of
tube failure could be altered by about +1 minute over the range of heat transfer uncertainty
considered. Tube temperatures at the time of surge line failure could vary from 938 to

964 K (1228 to 1275 °F). centered around the base case (6RU) value of 957 K (1263 °F).

When fluid-to-fluid heat transfer and circumferential pipe wall conduction were modeled in
Case 6RU.E, the temperature difference between the hot vapor in the upper portion of the hot
leg and the cooler fluid below it was reduced relative to Case 6RU. The lower temperature
differentia) led to a reduction in countercurrent flow and an associated reduction in the
heat transferred to loop structures. With less energy being transferred to loop structures.
more energy was rejected from the primary. through PORV cycling. Consequently. predicted
creep failure of the pressurizer surge line was about 3 minutes earlier than in Case 6RU.
Also, vapor temperature entering the tubes was reduced in Case 6RU.E as a result of heat
transferred from the hot vapor to cooler vapor in the hot leg. This lowered tube
temperatures and delayed tube failure relative to Case 6RU by about 5 minutes. as seen in
Table 3.6.

The mixing parameters used in Case 6RU.F represent 5-percent confidence values, assuming a
normal distribution for the Westinghouse transient test data. The parameters for Cases 3RU,
6RU, and 6RU.F can be compared in Table 3.3. Results for these calculations. as seen in
Table 3.6, included higher tube temperatures at surge line failure than in the other
calculations.

In general. when heat transfer coefficients outside the core region were increased (cases
6RU.A and 6RU.C). the heat transfer outside of the core also increased while the:
corresponding vapor and structure temperatures decreased. Consequently, SG tube
temperatures at the time of surge line failure also decreased. Further, the period of time
between tube failure and surge line failure increased. The opposite was true when heat
transfer coefficients outside of the core were decreased Case 6RU.B versus Case 6RU.

Comparison of Case 6RU.D with Case 6RU shows that arbitrarily increasing the heat transfer
coefficient in the tube entrance region does not have a significant impact. When radiative
heat exchange between the hot and cold streams in the hot leg and circumferential wall heat
conduction in the hot leg were accounted for (Case 6RU.E) the buoyancy-driven flow between
the hot leg and SG was decreased. thereby increasing the time between tube failure and surge
line failure. Case 6RU.F represents a combined sensitivity/uncertainty analysis. which
incorporated the lower 5-percent confidence 1imits on the mixing fraction. recirculation
ratio, and tube flow split applied simultaneously. As expected, this case showed a greater
effect on peak tube temperature, on the order of 50 K (90 °F). The result is considered
unduly conservative since this case did not consider compensating factors that could be
expected to mitigate the effects of a change in any single parameter.
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Table 3.6 Results of Additional Sensitivity Studies

Case Time of Tube temp.at Time of Tube temp at surge line and
surge surge line ap predicted time of tube AP tube failure
line failure (K) tube failure (K) time difference

fajture (MPa) failure (¥Pa) (mins)
(mins) (mins)

éRU 229 957 15.9 249 1164 15.8 21

6RU.A 227 938 15.9 248 1154 15.7 22

6RU.B 227 964 15.8 247 1162 15.8 20

6RU.C 228 QL4 15.9 249 1160 16.1 21

6RU.D 228 957 16.0 249 1159 15.7 20

6RU.E 226 937 15.8 252 1155 16.1 s

GRU.F 230 1007 16.0 243 1161 15.7 13

3RU 227 973 15.9 244 1164 15.9 17

The overall conclusion from the final set of studies is that the uncertainties and
sensitivities in the thermal-hydraulic results are within the ranges identified in previous
analyses. Using Case 6RU as the base case, the SG tube temperature at the time of surge
line failure is approximately 960 K 20 K (1268 136 °F). indicating that the other cases
used in this report are slightly conservative.

3.3.4 Fission Product Deposition

As part of the assessment of the therma)-hydraulic boundary conditions experienced by the
tubes. the staff also evaluated the collateral impact of fission product deposition in the
reactor coolant system, including the SG tubes. Fission product deposition was evaluated to
determine both the incremental heating of the tubes as a result of local deposition. as well
as the influence of fission product deposition on the natural circulation flow behavior in
the RCS and particularly flow in the tube bundle. Stand-alone analysis. described in
further detail in Appendix D. concluded that fission product deposition had negligible
effects on the tube boundary conditions.

3.4  Relevance of Desjan-Specific Factors

The nature of predicted severe accident conditions, speci fically counter-current natural
circulation. suggests that design factors serve key roles in the potential for tube thermal
challenge and the severity of the challenge if it occurs. The first clear evidence for this
is the experimenta) information which demonstrates that countercurrent hot leg natural
circulation flows of superheated gas are not expected to reach SG tube bundles in the B&W
designs. as is expected to occur in the U-tube SG designs. When considering the
Westinghouse and CE designs, or even the differences between plant designs in a single
design class, a number of possible factors could affect the prediction of SG tube
temperatures,
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Much of the early analysis performed to specifically assess SG tube performance focused on
Westinghouse plants (e.g.. NRC analyses addressed Surry and industry analysis (Wong. 1993,
Fuller. January 1996) were calculated on the basis of a generic Zion-like four-loop plant).
Consideration of predicted RCS thermal-hydraulic conditions undertaken during the DCH study
(i.e.. natural circulation within the RPV and countercurrent natural circulation in the hot-
leg and steam generator) suggested the need to examine the difference between reactor
designs with a downcomer bypass or core bypass. However, in that study. analysis of Zion
and Surry. which have different bypass configurations, did not reveal significant
differences in fundamental behavior.

. Differences in loop seal depth were considered possible factors determining the potential
for tube failure, since any clearing of the loop seal (formed at the reactor coolant pump)
would increase circulation of unmixed flow through the SGs and contribute to greater heating
of the tubes. Further, the staff sought an assessment of resulting tube conditions for CE
plant designs without pressurizer PORVs. ANQ-2 possesses a number of the characteristics of
interest and, thus, made a suitable candidate for additional analysis. ANO-2 represents
those CE reactors without a PORV and which, therefore, rely on primary pressure relief
through safety valves at a higher set point of -17 MPa (2466 psi). Further. ANO-2 includes
a rather shallow loop seal depth 1.2 m (3.9 ft) versus 1.7 m (5.6 ft) for Surry. which would
allow for examination of loop seal clearing effects. Table 3.1 lists the ANO-2 calculations
performed, and Table 3.7 summarizes the results. The small number of calculations available
for comparison to the Surry results precludes an assessment of the effects of the entire
range of design differences. However, some basic assessments can be made when comparing the
results. Table 3.8 gives a comparison of the timing of key events in the accident
progression for the base case and the RCP seal leak cases for Surry and ANO-2.

The most obvious difference is the speed of event progression in the ANO-2 analyses. For
both cases. beginning with SG dryout, key events occur in advance of the Surry progression.
Two factors may contribute to this difference. First, the core power for ANO-2 is higher
than Surry (2815 Mt for ANO-2 versus 2441 Mdt for Surry). Second. the SG secondary side
water inventory for CE designs is somewhat smaller than Westinghouse Series 51 SGs, such as
those in Surry (122 kg versus 132 kg). The combination of high core power and smaller
secondary water inventory available for boiloff leads to a shorter time to dryout in ANO-2.

The time differences between Surry and ANO-2 sequences after dryout becomes larger and
deserves further examination. A first step is to compare the ratio of core power to RCS
inventory for the designs. A greater core power relative to RCS inventory means that energy
will be transferred more quickly out of the core to the SGs or out through 1ifting relief
valves. A smaller RCS inventory will not be able to absorb as much energy during the
initial phase of the event. The core power-to-RCS inventory ratio for AND-2 is higher than
for Surry (by approximately 15 percent). From the time of dryout. the progression of most
key events during the ANO-2 accident analyses happen earlier than for Surry relative to the
difference in SG dryout times. Also, the sequence of events is consistent with the
Westinghouse design. Thus, design differences do not appear to contribute to any
fundamental alteration of sequence progression between the designs. only the rate at which
they occur. However, closer examination of the timing for key events raises interesting
points.
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Table 3.7 Sumary of SG Tube Results for ANO-2 Calculations

Vime of tocation of At First Failure At Peak Temp.
tase First First Faflure

:;:":)'e Temp (K) aP (MPe) Temp (K) AP (MPa)
AND1 189 surge Line 1063 17.0 1"37 17.4
AND2 189 Surge Line 1063 ' 17.0 1053 17.0
moz® 306 Mot Leg® 1301 7.3 1359 10.8
mos® 357 Hot Leg 1278 2.2 1466 3.0

a. locp seals predicted to clear in these cases

b. $ tube failure predicted nearly 1 minute later

Table 3.8 Comparison of Event Timing for Surry and ANO-2

Times (wmins)

Event. Base Case® RCP Seal LeakP
Surry ANC-2 a surry AND-2 a
‘ Time® Time®
SG dryout (pressurizer/non-pressurizer loops) 34788 25/54 9734 34/85 25/54 9/31
RCP saturation; RCP seal leaks increase to NA NA NA 125 80 45
250 g for Surry, 220 gpm for ANO-2
vessil level below top of fuel 19 102 47 145 99 46
Core exit superheat; hot leg counter-current 152 104 () 146 102 44
ciralation begins _
Pressurizer PORV or SRV final cycle HA NA NA 149 107 &2
Vessel level below bottom of fuel s 123 ‘52 185 19 66
onset of fuel oxidation 188 137 51 185 139 46
At least one loop seal clears NA NA NA 220 144 55
" First sccunutater infection NA NA KA 234 197 37
" surge line creep failure 241 189 52 NC NC NA
Mot leg creep failure 256 203 53 269 357 -88

a. Represented by Surry Case 3R, ANO-2 Case RNO1
b. tepresented by Surry Case 9R, AND-2 Case ANC4L
c. A time is ANO-2 time subtracted from Surry time

Folloving SG dryout, events for the ANO-2 progression occur about 40 minutes to 1 hour ahead
of the same events for Surry, for both the base case and RCP seal-leak case. Also. the
potential for loop seal clearing for ANO-2 is not restricted to the RCP seal-leak case as it
is for Surry. The lack of pressurizer PORVs in ANO-2 did not appear to introduce

3-19

NUREG-1570



differences in event progression. except for maintaining a peak RCS pressure in the ANO-2
analyses about 0.7 MPa (100 psi) above those for Surry. The greater flow capacity for the
ANO-2 SRVs relative to the Surry PORVs could play an indirect role in some of the results
(timing of depressurization), but these results do rot clearly demonstrate such a
distinction.

3.4.1 Loop Seal Clearing

Maintenance of the cold leg loop seal could be expected to depend on the piping
configuration that causes it to form and the flow pattern that exists once superheated steam
is generated from the vessel. The cold leg piping elevation 1s somewhat shallower in the
AND-2 design than in the Surry design. This could allow a smaller pressure perturbation
from accumulator injection. or some other mechanism, to clear the seal. A large enough RCP
seal leak could also allow the cold leg fluid to be displaced from the RCS by the hot steam.
Loop seals may be lost in RCP seal-leak progressions. as both Cases ANO3 and ANO4 resulted
in lost loop seals. Surry Case 9R aiso resulted in a cleared loop seal, but in a non-
pressurizer loop. These analysis results demonstrate that loop seal clearing may be
expected 1n Westinghouse and CE analyses involving RCP seal leaks.

The potential for loop seal clearing is a function of plant geometry and hydrodynamic
conditions. Some of the more important geometrical factors include the depth of the seal,
the total volume of the seal. the horizontal length of the seal. the elevdtion of the bottom
of the downcomer skirt relative to the elevation of the seal, and the downcomer/core bypass
configuration. Hydrodynamic conditions that can affect the loop seal include pressurization
events (which could result from accumulator injection or quenching of core debris), the
presence and size of RCP seal leaks, and the depressurization rate of the RCS.

SCDAP/RELAPS will account for interaction of al) of those factors during transient
calculations and. if appropriate, loop seal clearing will be predicted. SCDAP/RELAPS models
are typically developed from design drawings, which generally indicate that all primary
coolant loops are geometrically identical. and may not reflect as-built conditions that may
affect the potential for loop seal clearing in one Yoop compared to the potential in other
loops of the same plant. In the absence of geometrical modeling differences. Yoop seal
clearing could also be predicted when numerical differences develop (because of roundoff,
truncation. or convergence) into (small) hydrodynamic differences that favor clearing in one
loop. Consequently, calculations can predict clearing in any loop. while one may expect
some randomness in the clearing of a specific loop of a specific plant.
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Figure 3.31. Volume-averaged SG tube temperatures above the tube sheet in the forward flow direction:

Case 1IN and Cases M1, M2, M3.
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Figure 3.32. Volume-averaged SG tube temperatures above the tube sheet in the forward flow direction:

Case IN and Cases M4, M5.
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Figure 3.33. Volume-averaged SG tube temperatures above the tube sheet in the forward flow direction:
Case 1N and Cases M6, M7.
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Figure 3.34. SG tube inlet temperatures for first four axial nodes above the tube sheet in the forward
flow direction: Case 5N.
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4 RCPB SEVERE ACCIDENT VULNERABILITIES

Section 4.1 considers the thermal challenge to components throughout the RCPB. while Section
4.2 disausses the flaw distributions considered in this analysis, and Section 4.3 explains
the failure model for axially flawed tubes.

4.1  [CPB Component Performance Under Severe Accident Conditions

A fundamental step in the analysis to estimate severe accident containment bypass potential
via SGM is the calculation of tube failure probability relative to other RCPB components.
Previous quantitative assessments typically considered the steam generator tubes. hot leg,
pressurizer surge line, and reactor vessel. This study restricts a quantitative treatment
to the tubes. surge line, and hot leg: however, other RCPB components will be threatened
with failure under severe accident conditions, thereby affecting the potential for tube
failures.

Besides the steam generator tubes, hot leg. dnd surge line, a variety of other locations in
the reactor coolant system will be exposed to very high temperatures. The discussion in
this section focuses on components deemed to have a potential to reach conditions leading to
thermal failure. (These include flanged joints, tube repatirs. and relief valves.) The
information cited is specific to the Surry plant, and the thermal-hydraulic transient used
‘was the INEL study conducted under contract to NRR (Ellison, 1996). designated 1IN in

Table 3.1. The study was performed for scoping purposes, to provide insights into the
likelihood that components other than those quantitatively considered could impact the
potential for tube failure. The results do not necessarily apply to other PWRs.

4.1.1 Degraded Steam Generator Tube Performance Under Severe Accident Conditions

In an attenpt to understand tube response under severe accident conditions, the NRC
sponsored & study (Ellison, 1996) conducted by INEL, which included engineering analyses to
estimate the probability of severe accident tube failure. The failure mechanism selected
for the study was axial outside diameter stress corrosion cracking (00SCC). and tube
failures were predicted using limit load analyses with flow stress values at elevated
temperatures. Creep damage was not considered in the assessment, and the data for tube
material characteristics at elevated temperatures was Vimited. INEL (also see Chavez, 1996)
clearly pointed out that the study used simplifying assumptions regarding the degradation
mechanism, the prior loading and temperature histories of the tubes. and material properties
at high temperatures. The study provided bases for those assumptions; however, it
demonstrated a need for experimental data to support the assessment of high-temperature tube
behavior.

In order to better understand the behavior of steam generator tubes under severe accident
conditions. the NRC conducted steam generator tube testing at Argonne National Laboratory
(ANL). (This testing and its results are covered in greater detail in Section 4.3.) These
tests provided sufficient information to show that the flow stress tube failure model was
not sufficient. and that a creep basis should be used. The results were used in the
development of a model, as described in Section 4.3, to predict degraded tube failures under
a range of tube temperature and pressure histories. The accuracy of the predictions from
this mdel depend upon the accuracy of the predicted tube temperature and pressure
histories.
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4.1.2 Relative Failure Times for RCS Components

Failure of non-flawed RCPB components is postulated to occur by creep. and is modeled using
the Larson-Miller methodology (Larson, 1952). Normally, the Larson-Miller method yields a
parameter that is used to assess reduction of a component's life as a result of creep in an
elevated temperature range that is compatible with expected service conditions for the
material (e.g.. creep damage in a 2% Cr-1 Mo steel pipe in fossil plants).

Larson and Miller explain that the relationship they present is useful in assessing Jong-
term creep behavior at lower temperatures on the basis of shorter-term higher-temperature
rupture testing. This testing was performed at constant temperature with constant load. On
the basis of the thermal-hydraulic information considered here. RCS components are subject
to a reasonably steep ramp of increasing temperature, as well as to some minor changes in
loading, since the pressure varies as a result of the PORV opening and closing. The steam
generator tube testing results described in Section 4.3 have shown that a model either based
on a creep or flow stress provides reasonable predictions for tube failure for the thermal-
hydraulic transients considered. However, the creep model was shown to be more effective
for predicting tube failure over a wider range of loading conditions.

In the case where the material weakens as it is heated and the temperature ramp is
reasonably steep, the stress rupture solution essentially defaults to a limit load solution.
The reader should note that long. slender steam generator tubes with more or less consistent
grain size containing axial flaws are reasonably simple structures to analyze, since they
are essentially constantly loaded and are damaged by short-term stress rupture resulting
from excessively high temperatures.

It is more difficult to assess damage in a piping system than in a simple structure like a
" steam generator tube. The thermal-hydraulic analysis results indicate that very large top-
to-bottom temperature gradients exist in the hot leg at the hot leg nozzle, as well as in
the surge line. The bending loads from thermal gradients and their time-dependent nature,
would be significant and could be expected to cause deformation in the piping.

Additionally. other concerns regarding the RCS piping integrity might arise at supports and
terminal ends. For example, it appears that much more complex structural analyses of the
piping would be required to account for system geometry, supports. and thermally induced
deformation. In addition. weldments are present near the nozzles. J.A. Williams (1982)
suggests that complex finite element models and verification experiments are needed to
predict joint behavior in high-temperature materials operated in the range of 700 to 1100°C
(1292 to 2012°F). In the case of a severe accident, this would be even more difficult since
the RCS components would be operating wel) outside the temperature range ever considered.in
their design.

Analytic prediction of component failure would be difficult since factors such as
microstructure, environment. impurities, notch sensitivity, weldments, and system
configuration affect the time to failure. For example, the staff expended considerable
resources in an attempt to assess the margins to failure for the Three Mile Island (TMI)
reactor vessel lower head. This analysis also involved the cooling of core debris in the
lower head and. therefore, was probably more complicated than tube heating. However, the
precision in predicting failure times of thicker-walled components (such as the surge line
and hot leg) using a simple Larson-Miller relationship may be questionable given
uncertainties in predicted thermal-hydraulic conditions as well as other factors cited
above. Given the close proximity of failure times predicted by the SCDAP/RELAPS code for
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the hot leq. surge line, and unflawed steam generator tubes. as well as the other factors
discussed above. it is very difficult to determine what components would fail first.

4.1.3 Other RCS Weak Points

The stiff has also identified and evaluated other RCS components that could fail and affect
the likelihood for steam generator tube failure. The purpose of this evaluation is to
detersine if either flanged connections or valves in the RCS could fail under severe
accident temperature conditions. and if so. to estimate when.

The staff used temperature/time profiles from the Case 1N SCDAP/RELAPS analysis (see

Table 3.1) to depict conditions at a number of locations in the RCS. The staff then used
these analyses to provide temperature input for the calculations performed, and to estimate
failure times for various components.

In the case of the flanged connections. the staff performed an evaluation to determine if
there is (or probably would be) sufficient yielding of certain RCS flange bolting material
to cause joint separation leading to significant leakage at the connection. Specifically.
the flanged joints examined included the SG primary and pressurizer manways, and the bonnet
flanges of the loop isolation valves. In addition. the staff evaluated the expected .
behavior of the pressurizer SVs and PORVs to ascertain if valve failure is credible and. if
so. to estimate when. ’

The method used to determine the amount of bolt yielding, if any. expected for a preloaded
flange comection involves the solution of simultaneous semi-elastic characteristic
equations for the structurally coupled flange bolts and gasket in equilibrium with the
systen fluid pressure. In addition. the method includes thermal expansion of the individual
flange components. The staff developed constitutive equations using a Tinear approximation
of the material stress/strain relationships over a narrow range, and wrote a computer
progrim to compute the results. The staff then verified some of the program results using
representative hand calculations. and examined all of the results for reasonability.
Additionally, the staff varied certain configuration parameters in an attempt to account for
some uncertainties. However, the reader should note that the results are useful only for
scoping analyses and need to be refined to determine the probability of component failure.
For example, when the results predict 2 gap in a joint, it merely means that the joint
gasket is calculated to unload. However. the gasketed joint will probably start leaking
before the gap is predicted, since the analysis did not include the related hydrodynamic
forces. The expected leakage may be significant, since erosion of the flange faces would be
expected to cause increased leakage.

Two potentially important phenomena are involved in evaluating the behavior of a flanged
connection under severe accident temperatures. Specifically, the bolts will creep and. as
they get hotter, will eventually lose a substantial amount of their strength. Both
phenmena elongate the bolts and unload the gasket, and either or both phenomena may control
the response, depending on the temperature and time parameters. The Larson-Miller
methodology is used to predict the material creep. Also. the staff drew upon various
sources for high-temperature data, including the American Society of Mechanical Engineers
(ASM) Boiler and Pressure Vessel Code and the Air Force Materials Handbook. to obtain
necessary bolting mechanical properties.
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4.1.3.1 46-cm (18-inch) Steam Generator ﬁanwaylPressurizer Ménway

The austenitic stainless steel clad carbon steel steam generator manway for Surry has
sixteen 4.78-cm (1.88-inch) diameter SA 197-Gr B7(AISI 4140) bolts having room temperature
yield and tensile strengths of 105 ksi and 1256 ksi, respectively. The cover was estimated
to be 16.5 cm (6.5 inches) thick, and the gasket was estimated to be .64.cm (0.25 inch) by
5.1 cm (2 inches) wide of the Inconel spiral wound type. The bolts are assumed to be
preloaded to 3.4x10° N (77330 1bf) per bolt. The gasket i5 assumed to spring back about
25 percent when it is unloaded. The results from the analysis indicate that the joint
separates at about 627°C (1160°F) under fluid pressure of about 16.5 MPa (2400 psi).

The model uses the Case 1IN reactor coolant loop C (pressurizer loop) hot leg nozzle bottom
temperature/time profile. predicting joint leakage (loss of the gasket) at about

270 minutes. The staff used this temperature since the thermal-hydraulic model noding of
the steam generator inlet plenum does not support a direct estimate of manway temperature
conditions. The staff considered the conditions at the bottom of the hot leg to be more
representative of the fluid temperatures near the mamway, since that fluid has just traveled
from the walls of the inlet plenum and probably has not undergone the degree of mixing
encountered by fluid entering the mixing volume.

As previously noted, these estimates did not consider hydrodynamic loads on the gasket,
which shorten the time to failure. Lleakage would therefore be expected to increase quickly
with small increases in temperature, since the bolt material strength decreases sharply.
resulting in a larger gap in the connection. In this calculation, the creep contribution is
insignificant because of the rapid temperature ramp. Reduction of the bolt strength with
increasing temperature and gasket spring-back are the controlling parameters in this case.

For this study, the staff did not conduct a rigorous analysis of the pressurizer manway
bolting. Review of temperature profiles shows that the temperature in the pressurizer upper
head is about BOK (144°F) less than that of the SG at 250 minutes. Furthermore. the
temperature ramp is much more severe for the SG lower head than for the pressurizer upper
head (the bolting material (SA 193 B7) is the same and the load is the same). Therefore.
the gasketing on the SG manway would be 1ikely to fail before the pressurizer manway joint.

4.1.3.2 76-cm (30-inch) Loop Isolation Valves

The valve bonnet flange consists of a cast austenitic stainless steel flange held to the
valve body by twenty-six 7.6 cm (3-inch) "A-286" bolts with a 0.33-cm (0.13-inch) long by
3.81-cm (1.5-inch) wide 316 stainless steel flexitallic gasket. The bolts are made of a
precipitation-hardened austenitic stainless steel alloy that provides good high-temperature
strength and creep properties to more than 538°C (1000°F). Further, the thermal expansion
properties of the bolts very closely match those of the flanges. such that no relaxation is
expected as a result of expansion. Therefore, on the basis of a preliminary assessment, the
staff believes that the joint would not separate until the temperature exceeds 538°C
(1000°F). However. INEL temperature/time profiles show that the temperatures of the loop
valves could reach 760°C (1400°F) in less than 250 minutes. In addition. the strength of
the bolts would be reduced by about half at 760°C (1400°F). The staff has also completed
calculations to verify that the bolted joint separates when the temperature reaches 766°C
(1410°F). Therefore, the bolted joint would be expected to fail in less than 250 minutes.
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4.1.3.3 Pressurizer Safety Valves/Power-Operated Relief Valves

The pressurizer safety valves (PSVs) have a bolted, flanged joint between the body and
bonnet. which could experience substantial relaxation at high temperatures (similar to the
manway discussed above). However, @ more {mportant phenomenon may involve the change in set
point spring compression as the upper parts of the valve heat up during the accident.

The safety valves are designed so that thermal expansion of various parts is closely matched
to avoid set point changes as the valve is heated through the normal design temperature
range. The reader should note, however, that events have occurred in which set points have
decreased somewhat with increasing temperature. However, if the valve spring is heated
signi ficantly. the value of Young's modulus (the rate of change of stress versus strain for
a material, denoted E) will decrease significantly. For instance. the INEL temperature/time
profiles for the pressurizer upper head indicate that the PSV body reaches 700 K (800°F) at
250 mintes. The reader should note, however, that the temperature/time profile shows that
steam in the top head reaches 700 K (800°F) in about 225 minutes.

The inner part of the valve is in direct contact with the steam. In addition, the spring on
a PSV is within a closed bonnet that impedes natural convection to the ambient air. As 2
result. the spring can be presumed to heat significantly. If the spring temperature is
assumed to only reach 204°C (400°F) (half of the body temperature), E will drop from 2.07x10¢
to 1.89<10° MPa (30x10° to 27.4x10°psi). resulting in a decrease of approximately 9 percent
in the spring constant and a similar drop in the set point. This indicates that, at this
temperature, a PSV originally set at 17.1 MPa (2485 psig) will have a set point of about
15.7 MPa (2270 psig) (neglecting any additional decrease resulting from bonnet bolt
relaxation or creep). If the safety valve opens. it is likely that the valve temperature
would increase and. thereby. further reduce the set point. During this study, the staff
completed additional computer analysis of the PSV heat transfer to obtain more precise
information on potential changes to the PSV set point. This analysis verified that the
decrease of 9 percent in the spring constant would Vikely bound the conditions from the
temperature ramp used.

The reader should also note that the available thermal-hydraulic data indicate that the
pressurizer PORVs are at a significantly higher temperature than the PSVs, since they pass
primary fluid during the accident. The PORVs have an accumulator to supply air. and the
solenoids are battery powered.

The PORVs would be expected to be operable with loss of offsite power (LOOP) to the station.
From 150 to 250 minutes. the PORVs cycle about 50 times. In that time. the pressurizer
upper head steam temperature increases from about 327°C (620°F) to 627°C (1160°F), but the
maximum temperature established by the manufacturer for use of the valve is 360°C (680°F).
Considering the materials comprising the valve stem (17-4 precipitation-hardened (PH)
stainless steel) and bonnet guide (stainless steel), galling may well occur between these
two components.

Moreover. the valve has very close tolerances, and galling has occurred at this Jocation
under design conditions. (See NRC Information Notice 94-55). In the case noted in

IN 94-55. the misalignment resulted from an assembly problem: however, the PORV could stick
given the large number of cycles under severe accident conditions. the stainless steel -
bonnet guide, the close valve tolerances and the fact that the 17-4 PH stem material changes
dimensions when heated. Additional evaluation is therefore required to determine whether
estimates of valve performance can be refined for postulated severe accident conditions.
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4.1.4 Steam Generator Tube Plug and Sleeve Performance

Several competing factors occur when steam generator plugs and sleeves are subjected to
severe accident conditions. Like the tube sheet, these plugs and sleeves expand as a result
of the sharp increase in temperature. The tube sheet would have a temperature gradient from
the hotter primary side to the cooler secondary side during an SB0. associated with
secondary side depressurization. This would cause the tube sheet to bow toward the primary
side (convex on the primary side), thereby expanding the holes on the primary face.

At 3 minimum, both mechanical and welded plugs and sleeves would also be deformed during
installation to achieve intimate contact with the steam generator tube or tube sheet.
Specifically, hard-rolled plugs or sleeves would be plastically deformed with a strain of
about 1 to 3 percent to improve resistance to pull-out. Exposure to temperatures for the
durations predicted by the thermal-hydraulic calculations would relieve the stress in the
Joints.

The third factor of concern would be the relative amount of thermal expansion of the plugs
and sleeves relative to the tube sheet. Plugs and sleeves manufactured using Alloy 600
(also known as Inconel-600) would expand radially abou<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>