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NOTE: The transcripts can be misleading because they are twice
removed from the meeting, once because they are written and again
because of the time between the meeting and the transcript. At best,
the transcript gives general indications of issues.
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MR. POWERS: I want to begin by just reminding you
how the VANESA code fits into this overall calculational
scheme for the source term.

VANESA is the model that we are using to calculate
the fission product release from source term that comes about
because of the melt interactions in the reactor cavity region.

Before we can do calculations with VANESA model,
we need information from several of the other codes used in
the overall calculation procedure.

(Slide.)

Ther2 are, of course, accident and plant
specifications that are the definition of the prcblem. The
things that most concern us in VANESA about these are the

reactor cavity geometry and the concrete composition.
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We also get from the MARCH code and the CORSOR code
what the coremelt looks like as far as its initial mass and
- its ini&ial temperature when it comes down into the reactor
cavity.
We also get the melt composition with respect to the
fission products and whether the zirconium has been
completely oxidized or not, whether we have metallic

zirconium coming in from the reactor activity.

The information from these accident and plant

specifications and the outputs from the MARCH code and the
CORSOR code are then fit into the CORCON code, which models
melt interactions with concrete in the reactor cavity.

We use this code primarily to determine what the
melt temperature is during the course of this interaction,
what the gas generation rate is due to the molten core debris

attacking the concrete. We get CO, and Hzo release rates.

2

We also get the geometric surface area of the melt as it

erodes through the base mass, but the surface area keeps

changing on us.

Finally, we get the rate at which concrete gets
melted and incorporated into the core debris melt. 1It's
.éuitc an important quantity for us, because it tends to
dilute the melt and thereby compress the vaporization of

fission products, accentuate the vaporization of nonradioactive

materials.
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Information is then fed into VANESA model. VANESA
itself calculates large input quantities. Here's the mass
rate at which aerosols are generated.

Here's the aerosol composition, aerosol particle
size, and some of the material properties, notably the
density.

We also take information on the gas generation, do
chemical calculations to get the gas flux out of melt and
the composition of that gas with respect to hydrogen and carbon
monoxide, as well as co, and H,0.

(Slide.)

Obviously, the calculations of VANESA are only as
good as the information it gets from these other sources. One
would like to know how that information =-- how sensitive
VANESA is to that information from other sources. One would
like to know how well the VANESA code compares to some
experimental data and how sensitive it is to the model of the
melt-concrete interactions.

It's the discussion of these gquantities that I am
going to concentrate on in this morning's talk.

(Slide.)

What I want to show you are a series of calculations
-=- comparison calculations that we have made with VANESA cédo.

Calculations we do with VANESA are for the Surry plant.

Two conditions: One where all of the zirconium has
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| been oxidized to zirconium dioxide in the initial melt; one
i-2irconium dioxide.

; tborg was general perception that zircaloy reactions would be
i complete. I think our modern perception is, certainly the
? results that we are getting in as interim source term study,

| that zirconium has not been completely reactive.

| quite a reactive metal, and it will tend to reduce fission

| products and enhance the volatility.

| causes the aerosol generation rate to drop quite dramatically.

| we get the melt flipping from the metallic phase being less
E than in the oxide phase, to the other way around. So, we get

| a peak in the aerosol generation rate.
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in which only half of the zirconium has been oxidized with

At the time of the reactor safety study, I think

We became concerned about this because zirconium is

(Slide.)

What I showed here is a plot of the aerosol genera-
tion rate predicted by the VANESA code as a function of time
for the two situations. Surry has none &f the zirconium
present at the metal for the Surry plant. But you see, in
the calculations, the melt initially comes down quite hot,

compacts the base mat, and gets partially quenched. Quenching

Then, as the decay heat and the heat of oxidizing any

metallic zirconium overcomes this gquenching, temperatures rise|

Then, as the melt continues to cool and the gas
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evolution rate drops, aerosol production rate drops, what you
see is that between the no-zirconium case and the
half-zi}conium case there is some difference in the aerosol
generation in the early time. Eventually, all the zirconium
gets oxidized, and thc two calculations proceed in the same
fashion. There's not what I would call an order of magnitude
difference in those two calculations.

We concluded from that whether the zirconium was
oxidized or not was not an enormously sensitive variable in
our calculation.

MR. HILLIARD: This is Hilliard from Hanford
Engineering Development Laboratories.

Is that due to hydrogen production, the difference
in those two curves?

MR. POWERS: Hydrogen, in the general reducing
quality of gases coming through the melt, makes the biggest
single difference.

In the zirconium there, nearly all the water gets
reduced to hydrogen, nearly all.

When the zirconium is not present, then it's like
80 percent reduction of the water vapor coming into the
;oncrcto that's turned into hydrogen. It makes a different
oxygen potential. We get different volatilities.

Q, get some differences in the speciation of the

aerosol that's coming in there.

i
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MR. KRESS: Kress, Oak Ridge.
Dana, you indicated part of that curve was a
-result ;f the flipping over of the layers. But you get

temperatures out of the CORCON code.

MR. POWERS: Yes.

MR. KRESS: Does the CORCON code recognize this
flipping over and its possible effect =--

MR. POWERS: Yes, it does. And it has quite an
effect on the temperature when it does the flipping. You
are losing a heat transfer mechanism, particularly in the
oxide phase.

MR. COOPER: Cooper, Harvard.

With the very active bubbling, wculd that not
serve to keep it really rather well mixed?

MR. POWERS: What we have observed experimentally
is even at the very highest gas evolution rates during the
initial deposition here is that stratification occurs. We
get a metallic and oxidic phase, scme mixing in the inter-
facial layers.

But basically, you have two distinct phases, both
of which are reasonably well mixed. That is a strictly
;xpcrimcntal observation that we have made and fairly large-
scale tests.

Now, when you use tests in which you are using

simulant melts, like thermitic melts, where you would have
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iron and aluminum oxide, in that case you start off with
metallic phase, more dense, and you don't get this flipping
phonom-;on.

When we use corium melt, we start off with the
oxid;c phase, more dense than the metallic phase. In that
case, what we have observed experimentally is, starting off
with the oxide ph. se, interacting at the bottom, as the
interaction proceeds we get into a sandwich kind of structure,
with the oxide on the bottom =-- heavy oxide on the bottom,
metallic phase in between, light oxide on top.

We've never been able to sustain a corium test long
enough to go == completely switched. But I think that's
merely a matter of time and duration of the test.

MR. REYNOLDS: Reynolds, University of Virginia.

I had a guestion about the =-- you're assuming it is
all liquid, and you could have the melt falling into water
down there, for example, and it will solidify, and then it
will maybe eventually melt, or you may have some solid mixed
with -- well, with concrete, which melts at a much lower
temperature.

Could you have solids there? Could they remain
;olid for a long period of time?

MR. POWERS: You're absolutely correct. And I'll
show you some calculations that show you even the initial

melting temperatures thit we have used in some cases are




sufficiently low that you would expect a lot of solidifica-

tion. You can't model that with the CORCON code. So, we've
_aqnoch it; we've said it's really a liquid, just has a low
-tompcraturc. It's an uncertainty area. We have been daing

experiments specifically in that area, of looking at what

happens if this core debris is solvent, rather than coming

down as a complete ligquid.

Two observations I will make: One is that hot,
solid core debris attacks concrete, and it attacks it just |
about as vigorously as does ligquid core debris .f the tempera- |

tures were the same -- in other words, extrapolating the line,

you really can't tell the difference.

laboratory experiments and doped solid Uoz-zirconium mixtures
with fission products, put them into liquid concrete, we've
found fission products partition into the liquid phase with
the solid largely as you would predict, based on structural
considerations. Those that adopt cubic structures in the

sclid phase tend to stay in the solid UO Those that don't

The other observatiom is when we have done

2
tend to go into the partition preferentially, into ligquid
concrete. How much effect that has on our release calcula-
iions, I can't really tell you. What I can tell you is that
the amount of aerosol generation we get at these relatively
low tcmporat?tol is predicted by VANESA as low.

Consequertly, it is not going to be a real dramatic
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effect either way. It does not really matter if we drop this

generation rate, which is, here, sitting in 5 grams a second

-down to one gram a second.
Okay?
When we get the very high-generation rates that

really have the biggest impact on the containment behavior,

| we get those only at very high temperatures -- when the core

| debris will be liguid.
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(Slide.)

What I would like to do now is to compare the
palcuiaéions we got with the VANESA code to a correlation of
;xpczinontal data that we have developed sometime ago for the

Zion-Indian Point study. What this is is a completely

| empirical correlation of aerosol generation rate data that
| we collected in experiments of two general categories: one
;cathory of experiments with relatively small-scale corium
| melt interacting with concrete. Corium melt would be about
| 3 kiloorams interacting over a four-inch-diameter circle of
;concretc and some very large-scale experiments where we were
ipourinq 200 kilogram melts of stainless steel onto 15-inch-

| diameter concrete cavities.

(Slide.)

The general form of the empirical correlation is

j shown here. Aerosol concentrations measured in these
%cxporimcnts were found to have a temperature dependence =--

| essentially an exponential fashion =-- and to depend on the

superficial velocity of the gas through the melt, and what we

: modeled as essentially a linear fashion.

With this correlation -~ that's all it is, is an

| empirical correlation -- we found most of our experimental
| data to be fit this way, with uncertainties of like plus or

| minus 25 percent or so.

MR. SILBERBERG: What kind of distribution do you




a & § & B

-
-3

thinx you have on this?

MR. POWERS: This, in fact -- this slide was made
up sometime ago, Mel. It says 2 micrometers. When we went
back and recalculated for Albuquerque atmosphere, we foupd the
size was really 1.3 micrometz2rs, and the geomotric standard
deviations, if you fic the data to a (0g normal distribution,
varied between about 2 and 2.3.

MR. COCPER: Particle size presumably is diameter.

Is it aerodynamic diameter,-znd is it by mass, me' ' median aerodynamic —

MR. POWERS: Classic cascade factor. You can see
what this correlation al’ows us to do. We can dget from the
CORCON code melt temperaturcs and calculat;‘supcrticial gas
velocities, just as we did for the VANESA code.

We c. 1 effectively decouple tne CORCON code from
our comparison, an. compare it with just what VANESA
calculates to this empirical model.

MR. REYNOLDS: <Can you repeat what this is for, what
kind of aerosols experiment it was for?

MR, POWERS: It was for core debris interacting with
concrete. The experiments were two types. Large scale, 200
?9, stainless steel melt going on to large concrete criacibles:

and small experiments, 30 kg, coriumcomposition melts going

into relatively small concrete.

@
’
’
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(Slide.)

What I show here is exactly the same calculations
as before with the calculation that we get from the empirical
correlation shown as the green dotted line. What you see is
early in the calculation the empirical correlation is exactly
bracketed by the VANESA calculations. Even late in the
acc;dent, where there is some disagreement between the two
there is no more than a factor of two difference in the
ptediétions, which would get from the empirical correlation
and the more mechanistic model. The biggest difference is

a curve very late in time, which is reallyv beyond where an
experimental data would be collected. Experimental data tend
to be concentrated in this phase of the interaction.

Even out here at very late times, where aerosol
generation rates are slow, we don't have a very big
difference. This is the difference between 9 grams per
second being generated and about 5 grams being generated per
‘second.

What this tells me is that at least the VANESA
model is not orders of magnitude in the amount of aerosol

generation range predicted; that it seemed to agree with the
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| empirical experimental data rather well.

Another comparison that is guite interesting to make

| is then"to compare what we calculate now with either the

'3npirica1 model or the VANESA model with what one would get

from the reactor safety study model.
(Slide.)

The reactor safety study model for the aerosol source

| term during melt/concrete interactions was really concentrated

fon just fission product release. They didn't have descriptions

of the nonradiocactive contributor to this aerosol, which makes

| up most of the aerosol. So in absolute value, one really

| Cannot compare the reactor safety study model to these more

mechanistic and modalistic models. One can compare the timing
and the timing that chosen in the reactor safety study was to
have aerosol interactions taking place, first, on an
exponentially decayinc release rate, and then they got rid of
everything in the last half-hour.

So their source term cut-off stopped at about two

hours into the interaction, whereas we predict much more
protracted aerosol generation rate.
The differences between what were calculated by the
reactor safety study model and what we woulé calculate now also
extend into the fission product releases for individual
isotopes.

(Slide.)
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Here I have for those same calculational accidents
that I showed before, compared the amount of tellurium

Tetained in the melt as a function of time of the melt/concrete
interaction. My zero times here on all these plots respond to
when polt comes out of the reactor vessel into the reactor
cavity.

In the reactor safety study, they assumed all the
tellurium would be released so at the end of two hours every-
thing is gone, nothing is retained irn the melt.

The VANESA model, on the other hand, calculates that
there is some release of tellurium but that it would take |
essentially infinite time to release all of the teliurium out
of the melt.

For this particular calculation, we started off with
just a little less than six kg of tellurium and after about
seven hours we still had about four kg still in the melt, and
based on the curvature here, it's going to be a long time before
release is significantly more.

(Slide.)

On the other hand, for other isotopes, the VANESA
model predicts less release than the reactor safety study, but
éuch more release.

Here I have compared the percent of strontium and

barium released as a function of time. The lower curve

corresponds tc the reactor safety study model, which estimatec
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that 5 percent of barium and strontium inventories would be

released over the course of two hours.
¢« The VANESA model, on the other hand, predicts the
barium release comes out to be about 13 percent over the same
time period, and then it continues to release at a rather
slov'rate thereafter.
Strontium release for these calculations was quite
high. We initially got about 18 percent release. That went
through another release period, topped out about 27 percent
of the inventory was released overall, over this time period,
seven hours.
MR. SILBERBERG: Dan, mechanistically, what are the
differences between the fact that the tellurium would have a
very low release compared to the reactor safety study and
barium and strontium study comes out high?
MR. POWERS: Two chemical effects are taking place
here for barium and strontium. We have the larger number of
vapor species that we allow. In the reactor safety study,
they considered barium oxide and barium metal. We also
considered hydroxides; there's also some strontium mixed
compounds.
= That is what's doing most of the relief here.
Another chemical effect is that as you create a
more and more dilute solution of tellurium in metals, they

just bocome‘iess and less volatile for =-- their chemical
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activity drops down.

That was an effect that was not recognized at the
reactor safety study. They took a boundary approximation
of essentially specifying the vapor pressure that persisted for
all time. It didn't matter what the dilution was.

MR. REYNOLNDS: What about the case with half
zirconium not oxidized, versus all of the zirconium oxidized?

MR. POWERS: That factors this calculation here.

MR. REYNOLDS: Is which?

MR. POWERS: This is the half zirconium is
present.

MR. REYNOLDS: It seems the zirconium will have a lot
of effect on both the barium and the tellurium, and perhaps
in opposite directions. 1If you think about what the Oak
Ridge pecple reported last time, that the tellurium would
stay with the zirconium, whereas the barium -- the zirconium
should make the barium release higher.

MR. POWERS: We find with tellurium it doesn't make
much difference whether we have zirconium present or not.

We get just amazingly consistent tellurium release rates. It
does make a difference for strontium and barium.

: MR. REYNOLDS: Where on that picture is all the
zirconium oxidized, then the other half --

MR. POWERS: Right in here.

Tﬁ; other area of sensitivity is the kind of
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| information we get from the MARCH code. We get from the MARCH
| code initial melt temperatures and the time at which the melt

‘@bncs down to the reactor cavity so we can specify the amount

of decay heating.
(Slide.)

We had in this last sequence of plans three very

;intcttsting problems, because they spanned quite a range, both
?initial melt temperatures and the time at which we started the

| molten core/concrete interaction. It varied between a little

It is a long time. So the amount of decay heat we

| had was very much less in the TPI sequence and less in tnis

| 7C sequence.

Initial melt temperatures spanned gquite a range.
TPI sequence, in fact, had an initial melt sequence specified
by MARCH, 1762 Kelvin, which is just sitting out at the
liquidis temperature of stainless steel. We couldn't get
CORCON to accept such a low melt temperature, just didn't

recognize that anything would be molten at that temperature,

‘so we had to do this low-temperature case starting with a

| melt temperature of 1900° Kelvin.

What I want to do is show you that this kind of

iinformation -~ what effect it has on predicted VANESA release
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(Slide.)

First I show you how the core debris temperature
}hlculatcd by CORCON varies depending on which of these
sequences you are calculating.

Essentially, the TQUV and the TC sequences really
behave almost identical. The fact that the TQUV starts at
about 400° higher initial melt temperature than does the TC
sequence affects things only for a little over an hour.

And thereafter, things behave =-- one would have a hard time

seeing if there was any difference in these two cases.

TPI sequence, where the melt temperature is initially
quite low, there is an induction period, runs out to about
6000 seconds, in which there is a difference in the melt
temperature.

But eventually, things settle down and it, too, is
falling into a consistent temperature range with all the other
sequences. Essentially, what's happening is the core debris/
concrete interaction is sufficiently vigorous that it's wiping
out any of the past history of the core melt behavior that
occurs within the vessel.

It can take a little while to do that, but
essentially CORCON predicts all sequences kind of become the
same as far as gas generation rates and melt temperatures.

MR. SILBERBERG: I quess what that says is -- and

that's a pretty long time -- it says that the losses just
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really aren't that much greater than the heat source.
MR. POWERS: What happens if you get a balancing
.
_act? You have the decay heat as a source; also you have the
chemical reaction of the zirconium in here; then you have
the concrete decomposition and gas evolution as a loss; and
those two things will come into balance to give you a

consistent temperature. If you have less decay heat, you

get less concrete decomposition.
kS

(Slide.)

MR. POWERS: Again, by looking at the aerosol
generation rate for the TQUV and TC segquences, these are the
ones that just seemed amazingly similar, And you can see ‘'
that the aerosol evolution rate tends to be the same, as
well.

They are practically indistinguishable between the
TQUV and the TC sequence, both in the amount of mass
generated and the actual speciation.

(Slide.)

The TPI sequence, on the other hand, there are some
differences, again, in the initial period of time. When melt
temperature is much lower than the other two sequences, you
get much lower gas evolution rates. We get much lower
aerosol evolution rates. But again, after a period of time,

we come out here again where it's not over a factor of two

-
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difference in the aeroscl evolution as a function of time, out
there.

l_ “ So again, there seems to be a balancing, and we are
1Eonc1udinq from this that we are relatively insensitive to

the predictions of the MARCH code; that we certainly don't

| have ﬁo have temperatures accurate to more than plus or minus
5100’: that the timing at which the melt comes down into the
zroactor cavity, we don't have to have that especially

| accurate.

MR. KUHLMAN: Xuhlman from Battelle. What's
happening at 24,000 stacking to cause that die in the aerosol
generation?

MR. POWERS: We have reached very much the limits
beyond which CORCON shouldn't be used, which I think is largely
responsible for that drop. We're starting to get cross CﬂU‘Z)
formation and things like that. The heat transfer mechanisms
are changing into a regime that CORCON doesn't really bother
with.

MR. LEVY: Question. How come you do not see the

dip and then the rise back in the aeroscl, like you had in the
| Surry? Can you explain that?

MR. POWERS: You caught me. This is a different plan
| and different concrete, and it doesn't have that sharp rise

j that you do for the Surry. Surry has a s[l{cious concrete.

This is a high CO, concrete here, and we don't get that spike.

t
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The melt temperature stays very consistently high with Co,
| concrete, especially this C°2' which is very refractory,

| whereas with the silacious concrete, the fact that you are

7h¢at transfer, and even though the metallic or oxide phases yo&
| get pretty fair oscillations in the melt concrete with

| silacious concrete.

| characteristics of the concrete -- they're a mite more

:scnsitivc than the MARCH sequences.

actually done these calculations recently -- makes a big
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dissolving and melting concrete itself is cooling the melt

and keeping its temperature down. So as you change your

MR. LEVY: So one could argue, probably, the

MR. POWERS: What you can demonstrate, and we have

difference on whether you are in this high CO,, this 80 percent
calcium carbonate concrete, or in a concrete with a significant
amount of silicon. That could be like the other situation,

I think, of 50 percent calcium carbonate concrete and
silacious concrete behave amazingly similar.

But this high CO, concrete behaves different. This
is a fairly common concrete in the southeastern part of the
United States.

MR. COOPER: On page 15 of your status of VANESA
validation, you mention that VANESA was sensitive to the
CORCON rc:ulgs. and data available in the literature suggest

CORCON underpredicts melt temperature. Then you go on to say




Ed

&a & & &8 B

e
-3

280
that that could be very important for aerosol generation.
Now, in your talk, I guess you are saying when you looked
into thifs in more detail, you found the reaching of some sort
of temperature equilibrium later on was more important than
the initial?

MR. POWERS: Yes. And I will go on and explain that
a little further here.

Recall in the sequences that what happened in the
melt/concrete interaction is that all seguences seemed to come
out to kind of the same thing. There are differences here.
Thev amount to about 50 degrees, as predicted by CORCON. You
have to ask the question: What happens if this kind of
consistent temperature is off by 100 or 200° here? What

happens?




& & 8 8 B 8 e

"
>

<

_I have talked to is an aerosol evolution rate as a function
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(Slide.)

MR. POWERS: VANESSA is very ssnsitive here. What
of that kind of equilibrium temperature out thers. You can
see it's ~ssantially an exponential rate, especially if you
get up at temperatures whore we are fully liguid.

Al raises a very good voint when he savs, hey, it's
very likely you can precipitate solids out. When you get into
these low tempesratures where you're precipitating solids
w2 get lower evolution rates not ve;y sensitive to ths chanasp
in temperature in this rzgime here.

Once wo're in the melt regime, whatever tamparature
ws gst from CORCON makes a big difference on our total svolu-
tion ratz, has a similar effsct on each isotope rel:zass rate.
Thers's another effesct that is almost of squivalent importance
and that is th: gas _volution rat: we get from CORCON.

(Slide.)

H:re's a plot in which plotted releass rate as a
function of that gas flow rate from melt at about 2200
d.gress Kelvin. You can see thors's -ssentially a linear
depend:nc in this regime. It kind of levels off at either
tnd. So it's very ssnsitive to what thoss precise calculationr
that come from CORCON.

MR. GREEN: Georgs Grven, Brookhaven.

Ben, did you say that CORCON ovesroredicts or under-
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predicts melt temperature?

MR. POWERS: 1It's very tough to say exactly what

it does. The one comparison I have sesn, it was underpredicti
melt temperatur2s. That's a comparison withthesustained steesl
melt interacting with the concrate that I was doing the TC and
T2 calculations with. In that case, it underpredict=d the
malt temperaturs bv about a hundr2d degrees.

MR. GREEN: Would you agree that the corralations
in the code would tend or their own merit to indicat2 that the
code is, in fact, overpredictinag, or would overpredict, malt
temperature just on the basis of the critical examinaticn of

pir i

the models?

MR. POWERS: I guess I would not comment. I don't

know anough to comment on that.

(soelevedt)

MR. POWERS: It might even the understanding of the

overall accident. I will agrze to that lictle parochialism

up here on the podium in thinking that the world starts at
time the vessel brerak melts through. Pzsrhaps that would be
helpful. I think that's what Ken Lee has done in the documen-

ting, rzporting the overall accident. He puts thzse in some
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will do exactly that, model a pool laver. We're trying to get

| we get this result liks it is a reality. 1Is there xperim=ntal
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sort of context for you.
MR. LEVY: Could I get you to comment on what would
¢
hanpen to those answers if vou had a laver of water on the ton
of the concrete? The sensitivity of temperature and things of
that king?

MR. POWERS: Thore are really two things that happan
when you put a layer of water over the top of the melt. It's an
arsa where we have limited sxoerimental experience, but it's
growing, the experience base. The first is much like the
suppression pool problem. You have this water layer you're
passing bubbles of vapor and aerosol-laden gas through it.
You have a certain amount of that aerocsol material gets trappcﬂ
in the bubbles in the water pool. It may be releasad later on
as thy pool boils off, or due to bubblass just brzaking at the
surface and flipping thes material out.

The other =ffect the watsr has, of cours~>, is pool

melt down. That's an effect that, right now, we cannot meddle

with the CORCON code. We are trying to get tha CORCON code so it

the sxperimental data to back it up. Right now, we can't do
that calculation.
MR. CAMPBELL: Campbell, Oak Ridge.

On th: previous slide, you made the comment that

support for that type of curve?
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MR. POWERS: Let me show you the exverimental
support for the one with -- as a function of gas evoiution.

(Slide.)

This is a plot of some experimentally measured
asrosol concentrations as a function of superficial velocity.
At the tims, we were looking for .ssentially a linear relationf
ship between th: dots, or the experimsntal measurzments.

You can see what happens is for fairly high super-
ficial gas velocity. There does seem to be a kind of a linsar
relationship between the velocity of a melt, the gas~s coming
through ths melt, and the concentration of asrosols carried
ocut by that gas. Until vou g=t down to relatively low super-
ficial velocities, in that it starts coming into a constant.
That's exactly what you'd sxpect.

There's going to be some svolution rate of aerosols
from a melt if there's no svarging at all, just due to convec-
tion. For the temperature effect, I don't have a plot with
me on that. The data tend to b2 much spottier. We hava eith:1
very hot melt or very ccld melt and we get, essentially, an
exponential relationship-looking sort of thing. But if that
aresa is clz2ar-cut, it's definitsly true. You jack the melt
;Auparatur. up a little bit, it can make a very big effect on
the amount of aerosol evolution and change the composition of

that ovolution.

MR. COOPER: On page 16 of vour status of VANESA
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validation, you mention proposed tests with molten concrete.

Did you mean with molten m2tal? You want to look at sparging

“of molten metal?

MR. POWERS: I'm not sure what tests?

MR. COOPCR: A series of tests we run with gas
sparging through molten concrete to determine the number of
aerosol particles --

MR. POWERS: We're definitaly looking at concrate
there. We're speaking there of a mechanical relationship.

Maybe a little bit of background would help svsry-
body to know what we're talking about here.

(Slide.)

The VANESA modsl has several mechanisms of aerosol
gensration considersd. Th? dominant one, the one that
attracts a lot of our attention, is what we call the vaporiza-
tion model. This is just the fact that the melt is very hot.
Constituents of the meslt have a certain sparging pressurs,
sparging gas through it. Thr vapors go into those gas bubblas
carrisd out the vapors there to condznse to form aesrosol. The
other mechanism, the one we call the mechanical mechanism, is
dug to th: fact that when bubbl:s of gas come to the surface
and brrak, they throw off aerosol-sizesd particles.

Th> difference, of course, betwesn these two |is

the vaporization mechanism produces aerosols having a compos~-
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ition reflective of vapor pressures at the particular melt
temperatures, whereas the mechanical releass2 produces aerosol
_8ize ha@inq the bulk melt composition. But it's the surface,
-thc top layer, okay?

In the case of melt concreste interactions, that's

; going to be molten concrete. Very quickly, it's molten concref

; Within minutes it's just a layer of molten concrete fission

products partitioned into that molten concrete as those fuels
slowly dissolve into it.

MR. COOPER: So that't the too laver?

MP. POWERS: Yes, becauses it becomes molten concretp.

Now, what we had to do on the model was, we had to use data fo
gas bubbles going through water. ™here was no reason for us
to belisve that the sizes data that we got for water would
apply to moltsn concrzts, so we have done the experiments.
And I just haopened to put the slide in.

(8iide.)

Here are some photographs. These are photograohs
of aerosol particles produced in exactly that wav. Svarge
liquid concrete with the gas, ~n inert gas, and look at the
aerosols. You can see what we get little spheres running
about a mic¢ron in size, almost exactly what we get from the
water data, 7o we feel relatively cood about what VANFSA did.
You can see there are cuite a few bubbles.

MR. HENRY: Henry, Falski Associates.

r

ir
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Data on the CORCOW that you do for these seguencsas,
does it say th. top surface of the pool stay molten through,
with the pressnce of upward radiation, or does it solidify?
MR. POWERS: Let re t:11 you what I observed in the
axpsriments, Bob. Then, what the code calculates when we have
concrete melting and crrating a molten layer ovar the top, it
really never crusts. Molten concreste is basically a molten
glass and it naver really solidifies to form a solid crust,
even when it's vary cold. It's quite performablz and gas
bubbles come right up through it and break through the surfacs

for long periods of time.

So what CORCON predicts is probably is not as

an arca that's fairly tough to model ths amount of radiant
heat loss, sspsacially for cavities like zion and what not,
which we suspect dors stay molten, becauss the aerosols being
produced tznd to reflect that radient snergy right back.

The gases that arsz coming off ar2 not transparent

to the radiation when th2y have CO But that too, tends to

9
kzzp heat into the melt and not let it radiat2 out into the
gtc' snvironment. Even if those wesre out there, what would
happen, it would radiate up to the concrete, drive that ov:r-
head concrete up to its melting point, and set. And, of cours

if that overhcad concrete is molten, than obviously, th2 surfa

of the melt, which is also concrete, would stay molten.

germaine as how thz material itsclf behaves. Right now, that'p

P,

pe
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MR. HENRY: I understand that. What is the longest
time duration of any of the experiments?

L MR. POWERS: Eighty minutes. But more importantly,
is what happened after we stopped. Then we would turn off
powar to the malt and it would cool down and temperaturss woulfl
drop gquite a bit. What you saw was, over the courss of twentv
or thirty minutes, the surface layer didn't really freeze. It
just got more and more viscous. It eventually got so viscous
that it behaved liks a solid. But it was definitely a glass
and not a crystal solid crust.

MR. STRATTON: It ssems to me the importance of
a layer of water on top of this molten fu:l really hasn't been
taken into account enough. It seems to ms, if there is a good
Sit of turbulsnce in the way a bubble is coming through the
moltsn fucl, it's going to open up. The whole thing will be
so turbulent that th: watsr will be verv sffective in cooling
tht surface of this molten fuel, and it will tend, then, to
quinch the sparging of the bubbling. Would you comment on
the effect of this?

MR. POWERS: W2 have done a coupla of mxpériments
in this arsa. I think you ars entirely right. 1If you have =--
Qo take a melt, put it onto concrete and pump it full of water
then we get closer to what Bob is talking about. You do get
a solid crust over th» top, bscause we haven't had snough

time to make this concreste glass. That crust is not gas-impzsr+




i handlze the coolant lay:sr. The problam they have is they don't ha.

289

meable. We still get the cores debris still attacking.
Concret2 gases are still coming through, okay?

But I suspect that that crust would interfere in
our aeroscl production rate, so if nothing else, it ought
to stop the mechanical generation. It may even intzrfere in
the vaporization generation because the vapor has to pass
through a cold zonz. Wz simply hav:n't done enough exparimzntp
in this arsa. They are kind of touchy to do because there's
another thing that can happen, of course; that the whole
system can explode on you. And so, we anoroach it with a
little bit of trepedation.

In the? next couple of months we're going to be
doing some rathsr well-instrumented tests specifically in
support of CORCON and VANESA to look at this coolant layer
problem to sec if we can indezd model it, both with aerosol
gznsration and the melt-concrszte intezracticn.

MR. DANA: I was und:zr thc impression that, at lesast
the th2rmal hydraulics of th: layer of water, had bzen looked
at in CORCON without worrying about thz aerosol?

MR. POWERS: CORCON is dofinitely s=tting up to

anything to chzck the calculation against. There's no good
data sat,
MR. SILBERBERG: I undrrstand, but ws've never

been bashful in th2 past of making a calculation =~




b=

-~ this august body: be careful about that.

(Laughter.)

MR. POWERS: 1In this case® we've learned before

MR. GREEN: Georqge Green, Brookhaven.

I'd like to addreoss my comment to Bill Stratton
and sxplain something. This coolant layer problem is lomothinP
that has been lookad at in the last coupls2 of months and we
expacted to find some enhanced mode of boiling, because it
would bz a new mode of boiling when the glass flops through.
And w2 sxpected all sorts cf things.

On; of th: things e found, if vou got into a
certain regime, the temperature that you would account for
vapor explosions. Racantly, we dpent a week talking with
Dana on the CORCON group and somz others and aftsr my talk
about low temparature axperiments, thay took a high tsnneraturr
of iron aluminum thermits exporiments where they fired it off
and after they firsd it off -- this is just last wesk, by the
way: Tuesday.

They poured water on it and they got an extraordinapy
violznt vapor sxplosion. It's on2 arra of cors-concreate
interaction modrlling that may make a second version of this
;tudy required once we can gest a better understanding of what
happens when you drop water on top of molten dsbris.

uh, Powens (1)

I just want2d to concludes this portion of my talk
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with saying that it looks to us ]jke the mechanistic modelling|
in VANESA at least, is in fairly good agreement with emperical
data. We are not off on the wronc tangent on this mechanistic
modzsl as far as the overall evolution of aerosols.

We still need to do more checking of particular
isotopic releases, and particular. We are vory anxious to
check the tellurium ralsase predictions. We think VANESA is
fairly insersitive to what we get from the MARCH cods calcu-
lations. Wc certainly don't need plus or minus fivedunmnrnuer:
"e don't need plus or minus five minute melt injection.

VANESA, of course, is quite sensitivs to what wa
calculate ths courss of the melt-concrete interactions.
Finally, we ar? gotting differsnces in the VANESA calculations
with what our prrciptions had been from the rractor safety

study and thsy go in both dirsctions. Somt isotopes seem to

be relcas?d more officiently and soms much less 2fficiently.

Pages 291 to 302 are about
a high pressure ejection of corium

from a reactor vessel into a
reactor cavity.
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. MR. CAMPBELL: A very different issue, brieflv.

Once you have this melt, you have two or three or four lavers,

| depending on just when it is.

MR. POWERS: Three is the most we have ever

MR. CAMPBELL: You may have mortar on top of that.
MR. POWERS: Plus water.

MR. CAMPBELL: The different fission products are in

| different layers. You're taking that into account as your

| source term, but you're also taking into account the throwing
| out of the ones that come from the lower layer, bubble, and

{ go through the higher layer.

S0 it works both ways.

MR. POWERS: In the VANESA code, we only recognized

two layers of melt, and we do take into account of things

| moving from one layer to the other layer.

MR. CAMPBELL: You take into account scrubbing

| material back out?

MR. POWERS: That's right.
You're going to have things coming out of the

metallic phase and going into the oxidic phase, just moving

| there. And shen the release character is a little different

| from the oxidic phase than it is from the metallic phase.
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Yes? Roger, Oak Ridge?

" - MR. ROGER: To follow up on this last gquestion,

. You gave us, earlier, a comparison of your aeroscl generation

. with experimental data. Then you later gave us calculations

’ for various fission product releases.

’ Do you have any comparison of the experimental }
’ release of specific fission products with your calculation? |
" MR. POWERS: We have a certain amount of data, but :
n we could get done the comparison directly. ;
" We just haven't made the comparison yet. k
- MR. ROGER: Obviously, you will. b

- MR. POWERS: Yes.

- Qualitatively, we stopped working on the VANESA code

- when things loocked qualitatively right, so I expect the

" comparison to come out all right. The precise flow in

" | temperatures in the experiments are the biggest problem that 1
e we have right now. i
" MR. ROGER: I am not sure that it necessarily follow+ ‘
" | that because the basic mass of material, the carrier material,
. | follows, that the specific fission products do, particularly |
n because of the point that Dr. Campbell brought up.

s Harking back to the work that was done in melt

o refining back at Argonne in the '50s, fission products went 1
. into slag layers rather definitively by up to an order of ‘
2%

| magnitude.
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So the trace components may not behave like the

mass component.
¢+ MR. POWERS: That's exactly right. When I said

things behave gqualitatively, I was speaking on isotopic basis,
because the bulk material is right, and I have only shown

you comparisons for bulk material. Doesn't mean that specific
isotopes will.

We have done some comparisons, and they are reported

| in the validation study. I have a great deal more material

on the high pressure ejection tests, but I think I'll stop

here.

If people are interested, I wculd be glad to talk

| to them more on the subject.

MR. SILBEPBERG: Thank you, Dana.
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I enclose revised Tables 2 and 20 of the IDCOR Subtask .18.1
report., These tables present the revised Peach Bottom source
terms and the correspondingly revised results of the CRAC2
calculations. The text of the Subtask 18.1 report will be
revised to take account of these conclusions., However, I do
not expect that the conclusions of the current draft report
will change significantly.
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T ra®
Ahe) Ahr)

Sequence

™ (0.1£¢2) « 0  won? e 10 1.0 019 o019 o1 4™ a4 126
™ (1.0fe) » " san'? 1 10t 1.0  0.04 004 006 825 3=-4 1B-6
rcwm Y 13 o 4 10 10* 1.0 ©0.03 ©.03  0.07  S&-5 22-4 1B-6
re v, capy ™ Th 1 10 10! 1.0 B4 sE-4 -4 -6  1E-5 1E-6
rcow '™ so” ' 10 w0t 1.0 0.13 0.13 0.11 E-4  1E-3  1E-6
rcmw,seran) P 5 w* . 10 10t 1.0 €.03 0.0  4B-3  8E-6 IE-4 1E-6
s E 23 " = 10 10" 1.0 2.04 0.04 0.06 iB-5  2B-5 1B-6
oW 19 " 10 10 10t 1.0 0.05 0.05 0.04 SE-5  2B-5 1E-6

% Interval between start of hypothetical accident and release of radicactive material (0 the atmosphere.
“rotal time during which the major portion of the radicactive material is releas-4 wo the atmosphere.
Cinterval between recognition of impending release (decision to Initiate public protective measures) and the release of redlo~

active material to the atmosphe:o.

dl:lqht of release.

®Rate of release of heat in calorles per second.

tlmludee Ru, ®Rh, Co, Mo, Tc.



Table 2 (Continued)

Includes Y, La, Ir, Nb, Ce, Pr, Nd, Np, Pu, Am, Om; upper bound
to 10 hr. in CRAC2 analysis.

j!! sequences run with two warning times - long (mechanical failure), short (human error).
k

€ -4=4a0x10"

lv - venting is wetwell

"CRD - guenching by CRD flow
'iv - no venting in wetwell

Pspray - drywell sprays operating
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PEACH BOTTOM - AREAS UNDER CONDITIONAL CCOFs

™01t 5)® maee?)® < (v) e TC (W) ™ 5,E oUW

Early Patality® 0 0 0 0 0 0 0 | 0

Early !n)ntyb 0.8 0 0 0 6.9 0 0 0

Latent Cancer 2.1E+3 240 670 25 1.8E43 540 750 880
Patality®

Whole Body 3.0:07‘ 1.1E+7 9.6E+6 I.5E+S5 2.5B+7 T.9E+6 1.1E+7 1.3+7
Man-Rem

Off-Site 1.1E+9 1.6E+8 1.4E+8 6.8E+6 7.7E+8 1.1E+8 1.6E+8 2.248
Costs (S)d

%1% results unaffected by different warning times
bu;lng the Peach Bottom daytime or night-time specific evacuation scheme described In Section 5.5.1.2.

€Includes thyroid cancer fatalities (about 108 of total). The cancers would appear spread over a
period of about 30 years.

9,980 dollars.

©3.0E +7 = 3.0 x 10",
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’ CYC..ONE DESIGN: SENSITIVITY. ELASTICITY AND ERROR

ANALYSES

Doucias W. Coorer
Environmental Meaith Sciences Department. Harvard School of Public Health. Boston. MA OIS USA,

(Recerved tor publication 29 Juiv 1982)

Abstract— The etfectiveness (actor. y = [ =In (penetrationi] (pressure drop:. s « usetil ngure ot ment tor
M“mm«uu(uamm“mm.nu-uuhnm
‘ndividual elements. assuming thev act independentiy MWMau'mmmmwm
m*ﬁh-nnmmmy.(ndup-uufumnmm-unm.
m‘mmmmmrmnmfmmnmmmm
Mmmdmmﬂh'tmnmﬂmmnmdtnmq
clasticity and error propagation of each of the independent vanabies in the cycione effectiveness factor
' mmb“MququMmMmmuw
hm“-.ﬂmmﬂnpuhnlo'mw“lhl use 4 single cycione

'
"

INTRODL CTION 1

This artucie presents an analvsis of cyclone perform- t
dnce equations for semsitivity. clasticity and error M

propagation. Such analyses are useful n expioring
optimal and near-optimal designs.

One lormulation of the cycione design probiem for a
particular apphication s 10 minimize penetration
WIthin Crtain CoNSIraINts. such 4s total cost or system
pressure drop. Penetration s the rauo of the number
of parucies per unit ume fowing from the control
mmtothnmmeﬂmgum i
iniet. Sumaiarty. penetration can be set at a desired levei. |
4nd the design adjusied (0 MIMIMIZETOSL OF pressure
drop Formulated in these terms. this s a constrained .
Spumization prodlem. typically more difficuit to solve
than the unconstrained problem of maumzing or
mimmizing some figure of ment. A figure of merit that

. simplities the opt:mization problem and has useful
qualities 15 the “effectiveness factor” (). the negative

—————r—

I logaritkm of the penetration. multipiied by the re- -
‘ ciprocal of the pressure drop AP across the cyclone
iCooper. (9%1y ’ ’
d=[=iniPm) ap th 1
in which the penetration s the penetration ol 4 :

purticular particie size. Pnid ) The effectiveness tactor
> 4n ntensive rather than extensive variable and has
units which are the inverse ol those of AP It can be
viewed 3y the volume of gas cleaned compietely per
umit of energy, n units such as m? J°' o AP 15 in

Fig. | Effectiveness factors iy) lur seres puraliel
svsiems.

Nm S A swstem of several identical devices acting in
series and or in parallel and Jcting independently
would have a system value of ¢, the system’s “etfective-
ness lactor.” which would be the same us the salue tor
cach individual device. wince the devices pressure
drops Jre sdditive and therr penetrations multiphca-
tive, 1or each particie size. (See Fig. 1) This figure ot
merit has been used in filtration work as 4 measure of a

455

filter's inherent eticacy for particulale removal in
comparison to s pressure drop (LS. AEC. 1950 The
effectiveness factor has recentlv been uppiied (0 cve-
lones (Cooper. 1981} and to the individual collecting
elements in 4 packed Red (Cooper. 198241 und 4 Niter
(Cooper. [9%2b1. Other things bemng cqual. it s
advantageous in terms of erthiciency and or pressure
drop 1o use 2 senes of hugh-y devices rather than a
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Fig I Cywclone. with dimensions
tLewh and Licht. 1972 Lenth und
Mehta. 19700

diameter rused 10 the 0.14 power and is 0.67 for D
= I mat 233K, (| =m s proportional 10 the absolute
temperature raised 10 the 0 J power 1 Alexander. 1949)

The tactor € 15 3 dimensioniess combination of

<yclone dimension ratios:
CorD? db Al =D NS =a D=iS =2
Wil ed «dH3eth =20} -5) (o

in which the primes indicate the quantities have been
made dimensioniess by dividing them by D' 4 = u D.
h =mh D et Z' s an esumate of the distance the
vortex extends belcw the gas exit duct (Alexander.
1949y

Z' = 23D,(D? aby' ? (i

and d 1s the cone diameter at the length Z | Leith. 1979

These equauons describing cyclone penetration
made 1t difficult 1o infer. without evaiuaung them. how
penetration will vary when one or more of the cyclone
Jdimensions 15 varied.

The cyuation for predicting pressure drop chosen by
Leith and Mehta (19731 was that developed by
Shepherd and Lapple {1940k

AP = K jub D yip, %1 2 1)

which Leith and Mehta found 1o aive almuost as good
Jgreement with ewperimental resuits a8 did several
other more comphicated expressions. The value for A is
16 tor a cyclone with a standard tangenual iniet
iShepherd and Lapple. 19401 so this equation
hecomes:

AP = %,Q° ubD}? 13

showing the strong effect of volume How rate and
Syclone duct euit diameter on pressure drop. along
with the influence ot the inlet area (ub

Efectiveness factor: semsittvities. elasticities

The effectiveness tactor can be put 1n1o 2 power-law
form as
¢ = JCWY T abDr) Q% , Y

This form suggests that it will be most consenient to
determine elastucity. [rom which the partial derivatives
<an be obtained easily. as can thewr squares The power-
law form exponents for several varnables are shown
below. for which the Cunningham siip correction has
been neglected for particles of the sizes one typicaily
controis by cvclones:

varabie exponent
T8 Li2ne2)
d, Sined
My -in=sd)
¥, -
Q =2+l i2ned

Foratypcal valueof m. n = 067 | (25«2 =02 The
exponents show the percentage changes in y expected
from a one-per cent change in the variables. As (he gas
volume rate of flow increases by | per cent. the
effectiveness (actor ¢ will decrease by | 7 per cent. The
decreased penetration is more than otfser by increased
pressure drop. Thus, there 15 an inherent advantage in
using several cyclones in a parailel arrangement. letting
the flow be divided among them. This is the rationale
betind the “multic'one” The tactors within C cannot
have thewr influences seen so readily. s0 we performed a
series of computer simulations for the conditions
shown in Table |. having chosen particles 5 um in
diameter having the density of water and penetrations
near 0.3 for cyciones with D = | m.

Table | shows the base conditions for three cvciones.
one which we “designed” using the optimization
procedure of Leith and Mehta 1 1973 and two standard
designs. 2 high-etRiciency design and 4 general-purpose
design taken from the monograph by Leith 1 1979) The
rows list the variables studied: the dimensions of the
cyclone. the particie and the gas varables. The lust five
rows show the derived quuntties C. InPr. Pu. AP und
4 The elasticities were calculated by taking the base
cose values and increasing each in turn by | per cent,
returning it 1o its onginal value Jiter the increase

Several conclusions can be drawn from the resuits
presented in Tuble |

111 Thecvelone diameter s the variable (o which the
ctlectiveness factor s most sensitive

12) Theratio D D is one to which the design 1s also
quite sensitive. 4 characienstic exploited by the
Letth-Mehta design.
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Chomne Jesign: sensitvity. elasticity and error inaiyses <av

shouid be preterabie to selecting onlv a standard
design or 0 cakulaung an opumal Leith-Mehta
design for every senes parallel configuration con-
wdered.

{oAmom eduement s — This work has benentec from my discus-
sions with colleagues Dr. David Leith and John A. Dirgo
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STLADY RICTILINEAR MOTION 49

Insutficient attenuion to these considerations sometimes lcads 10 erroneous
conclusions. Thus 1o explain the shape of the path of 4 stream of tobacco smoke
injected horizontally into a smoke chamber Prosad [84]. starting from the assumption
that smoke particies settle individually, had to take the absurd value of 24 u for the
nean particle radius. In fact the shape of the path was undoubtedly determined by the
rate of settling of the stream as a whole because its density exceeded that of air on
aweount of the carbon dioxide contained in it. A striking exampie of rapid settling of
4 cloud 1s furnished by the “fire cloud™ which descended with tremendous speed from
the voicano Mont Peiée in 1902 and turned the town of Saint Pierre into cinders
Lvidentiy the concentration of the disperse phase (volcanic ash etc.) was so great that
the density of the cloud. despite its high temperature, was much higher than that of
nr

A very compilicated system of movement exists 1n cumulo-nimbus clouds contain-
ng dropiets of all sizes from r = [Ou to r = 2-3 mm. [n this case, under the
nfluence of the higher temperature of the cloud in comparison with the surrounding
air, a rapid rise of the whole cloud takes place at a rate up to |0 m sec™! while the
Jrops of water in it are falling individuaily at speeds between 0-01 and 8-9 m sec~!.

The resultant velocity of some droplets is therefore directed upwards while others
nove downwards. These phenomena play an essential role in the process of precipita-

n from clouds (see page 319).

y14. THE MOTION OF AN AEROSOL IN A CONFINED SPACE

For acrosols in an enclosure the motion of the particies includes that of the medium
<aused by convection currents, artificial agitation, etc., as well as their own motion
relative to the medium. Just now we are interested only in the latter, and shall examine
¢ for parucles settling under gravity. [f the particles of an aerosoi cccupying a space
confined by walls settie with a velocity V the medium moves in the reverse direction
with 2 mean velocity ¢ ¥, where ¢ is usuaily a very smail fraction of the total volume
i the disperse phase. Since the medium is entrained in the vicinity of the particies,
then in the spaces between them the velocity of the counterflow is greater then ¢ V
Thus the rate of settling of particles in the present case, unlike the motion of a free
<loud. is less than that of isolated particles in an infinite volume by the factor | + x¢
viere x > |

According to Cunningham [46] stiil another factor should be taken into account:
n the derivation of Stokes’ formula one of the boundary conditions is that the velocity

the medium is zero at an infinitely great distance from a particie. When a cloud of
irticies setties in a confined space. however, the velocity of the medium is zero at a
‘lance o from the centre of a particle, where 2 » = #”' ' is the mean distance between
went particles. Thus cach particle experiences the same resistance which it would
perience at the centre of u closed spherical vessel of radius 2. According to Cunning-
caiculiations thus resistance, on a Stokes approximation, is equal to 6xr V
1-257 ). Following Oseen, the correction becomes less the greater the Reynolds
imber Vi
» comphicated, but not rigerous, considerations at a correction facior of | + x¢
h values of x equal to 5-5 [85], 7-0 [83] and 4:5 [86]. Rigorous solution of the
blem s obviously extremely difficuit.

All other authors occupied with this problem have arrived by way of
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0 THE MECHANICS OF ALROSULS

The difference between correction tactors of the tvpe | + x4 (1) and | + xr/o
® |+ %y (M) is of importance because at the usual values of 2 in aerosols the factor
1) is practr ‘iv equal to | while the factor (1) may be 4 few per cent greater than |
For the sm |i values of which are of interest this probiem has been investigated

cxpenmentally oniv by Kermak (85] who measured the rate of settiement in monodis-
pErse suspensions of° varnous animal erythrocytes with radii 2+4, 3-0, 3-7 and 44«
n water. [t turned out that for ¢ - 0-04-0-08 the experimental resuits agree weil
With 2 correction factor | + 2% and x has values lying in the range 4:8-6-9 for
vanous crvthrocytes. Unfortunately the setthing rate of isolated particles was not
measured in this work but was determined by means of eutrapoiation

Thus from the rather Scanty data available it mav onlv be said that in the setding
of aerosols in a confined Space the resistance of the medium at low 7 1s probably
cqualto 6xr ¥, (1 + x9) and x is close to 3 or 6

The rate of settling of concentrated suspensions as dbecome important recently
‘n connection with the Auidization of powders (see page J67). [n the fluidized state
4 concentration of parucles for which the settling rate is equal to the flow velocity is
automatically established. Experiments on fluidization have led to the formuia

V'-iA}—_"_ (14.1)

where V. is the settling rate of the entire svstem of partucles and ¥, is that of an
isotated particie.

For sphericai particies Lewis and Bowerman [87) and Richardson and Zaki [88]
obtained the same value 4-65 for the coefficient x. An approximate theoreucal calcula-
tion of the settling rate was made by Richardson and Zaki who started from two
modeis for the distribution of Spheres in space; they obtained two curves )
one of which lies about 40 per cent hugher and the other 20 per cent lower than the
expenmental curve.

[n conclusion a phenomenon will be mentioned which is familiar 10 everyone
working with aerosols. When concentrated aerosols settle the upper boundary is
usuaily flat and horizontal, a phenomenon which is exhibited both in the laboratory
and in natural mists. The explanation is that, for an aerosoi density exceeding that of
the gas agjoining it, hydrostatic forces counteract any disturbance of the horizontal
position of the upper boundary of the aerosol by convection. just as in liquids. Such
stabihzation of the upper surface will be observed only waen the particles move as a
whole with the medium, which necessitates a sufficiently high concentration (see
preceding section).

The surface of aerosois dispersed in dense gases like chlorine or carbon dioxide
¢IC.. 1s particulariy stable [89].

Many theoretical and eXxpenimentai papers have been devoted lately to the sedimen-
tauon of particles in a limited space, or hindered settling. Only equations which refer
to very small values of the volume fraction of the disperse phase, 7, (the fraction of
the total volume which is filled oy the disperse phase) will be given here.

Following Cunningham's idea (see p. 49), but allowing for backwarus flow,

Happel (610] and Kuwobara [611] obtained at ¢ — 0 the formula V)V, = | - xo
o2 vigs

vith = = -5 [610] and '’ 62 (611]. Brinkman (612] deduced the formuia AL
= | -2l and Hawksicy (613) v, Vi=1 - 452 Experiments [614] confirmed

the expression V'V, = | = 2. ' for almost 1sodisperse liquid suspensions. The
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results of ail other investigations can be expressed oy the formula V'V, = | = 9
Tl +xry withx = 30(6i5.616), 4:5(617) and 54 618]. The conclusion (see p. 50)
that the velocity ot hindered settling at smail concentrations depends on  raised to the
fIrst power seems (0 be confirmed. but no theoretical basis for this is apparent.

The principai difficulty encountered in precision measurements of ¥’/ ¥, at small

's convection. Wilson (619] using very dilute agqueous suspensions of glass spheres
of r = [-5u, found that it was impossible to obtain strictly vertical trajectories of
partic.es at room lemperature. although they were realized at 4°C, when the thermal
coefficient of water was equai to zero, Only in more concentrated suspensions and
acrosols is the downward gradient of concentration nigh enough 10 suppress convec-
tion. Unfortunately. this is often ignored. It is difficult to combine the two conditions,
4 ligh enough weight concentration and a low enough particle concentration, which
> necessary for the negiect of coagulation in not verv coarse aerosols. It seems,
therefore, that much sedimentation analysis of aerosols is erroneous.

§15. MOTION OF PARTICLES IN VERTICAL AND HORIZONTAL
ELECTRIC FIELDS. PRACTICAL APPLICATIONS

The motion of aerosol particies in an electric field is no different in principie from
motion in the earth’s gravitational field. The force acting on a particle in an electric
field is ¢ £ where g is the charge on the particle and £ the field strength. The velocity
of the particle given by formuila (8.2) is

Vem gEB = gE(|l + A~ 6ar (15.1)
r

The movement of particies in a vertical field is very interesting on account of the
practical advantage obtained Oy the electric field being superimposed upon the
carth’s gravitational field. The vertical electric field method deveioped by Millikan
(90] and Ehrenhait [91] is one of the most frustful methods of studying aerosois and
has piayed a very large role in advancing knowledge in this field.

Aerosol particies are introduced into a chamber formed by two horizontal conden-
»er plates and having side walle of insulating matenial provided with windows for the
roservation, illuminaton and charging of the particles. Observations are made with
¢ honzontal microscope having an eyepiece graticule. The field strength £ = [T/4,
where [T is the potential differe.e and / the distance between the condenser plates.
The strength and sense of the electric field can oe varied as desired. The rate of fall
' a particle V, is determined first with the field switched off. and then under the
vimultaneous influence of the electric and gravitational fields, ¥, « V. or V, - Ve
‘epending on the sense of the electric field. Hence Ve is found. In addition, the field

tensity £, which exactly balances the gravitational force on the particle is sometim es

ctermined
4 .
Eg = mglg = --2rvelg (1

< 5
J

wn

s
2)
' some chambers provision is made for varying the pressure between wide limuts
“bove and below atmospheric pressure. The techmique of working with the
~riical ficld method has been weil set out in the literature (53, 92]; it permits the
wllowing probiems to be soived
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DRAFT

ACCIDENT SEOUENCE LIKELINHOOD INFORMAT 10N
FOR NUREG-0956

1.  BACKGROUND:

ASEP supports the NRC source term reassessment and severe accident risk
reduction work in three areas. First, 1t provides ASTPO with the accident
secuence 1ikelihood information for all the source term accident sequences of
the 6 reference plants and 2 limited repaseline of sequence Yikelihood for some
of the accident sequences. Second, 1t provides SARRP Phase I by early 1985
with a detailed rebaseline of sequei.ce likelihood of the ASEP {dentifjed
dominant accident sequences for the € reference plants along with the dominant
factors that drive the sequence Tikelihood. Third, ASEP provides SARRP Phase
IT by late 1385 with the identification of generic plant groups and the identi-
fication and description of the dominant accident sequences by the plant
groups.

This paper only identifies the ASTPO needs and the ASEP approach to . st its
needs.

2.  ASTPO NEEDS:

In November 1982, Bob Bernerc, in his memo on "Source Term Report NUREG-095¢, "
requestecd from DRA the “estimate of the probabilities corresponding to the
sequences analyzed in the Battelle reports (BMI-2104)", ASEP was given the
task to support NUREG-0956. Conversations were held between ASEP anc ASTPO on
the precise needs of NUREG-0956 from ASEP. ASTPO did not express the depth and
breath of the ASEP input but conveyed that "probability estimate” will play

only 2 minor role in NUREG-095€ since it contains mostly deterministic analvses,

Point estimate on the sequence Tikelihoods was told to be sufficient since the
consequence analysis will probably contain no uncertainty analysis. ASEP input
was needed by mid January 1984; as of now, the NUREG-0956 schedule has slipped
about nine months.

3. SCOPE OF WORK:

ASTPO has identified 19 accident sequences for 6 reference plants for its
source term reassessment. The 19 accident sequences consist of both high and
Tow probability sequences. Most of the dominant accident sequences are rebase-
lined by ASEP. Those that were not rebaselined either requirec entirely new
system models or extensive modification of the original models. Some examples
of insights or system changes that were not incorporated in the rebaseline
effort are: 1) the modifications of plants in response to ATWS requirements;
2) the possibility that the operator can reach cold shutdown before having to
g0 to the recirculation mode of injection in PWR small LOCA accidents; 3) the
possibility that the operator can coo) the RCS enough to go to low pressure
injection before core melt in PNP smal) LOCA accidents; 4? the fact that Surry
now has an AFWS cross-tie betweer units; and 5) the fact that the procedures
for checking the Sequoyah ice condenser drain plugs have been modified.

.



The following 1ist confains the ASTPO accident sequences by plants and their
status of rebaseline.

SEQUENCE
PLANT SEQUENCE LIKELIHOOD UPDATE

Grand Gu)¢ TC No
TOUV Yes

TPQI Yes

igi Yes

Surry No
S.D Yes

TiLB' Yes

v Yes

Peach Bottom TC No
™ Yes

AE No

Sequoyah T™LB' Yes
S HF No

1 & No
Zion S Yes
2 B' Yes
Limerick TC No
TOUY No

TPE No

1Rebase!in¢d based on Zion review.

zlot rebaselined since it is not a RSSMAP and WASH-1400 plant and it is a
recent PRA.

4. LIMITATIONS OF REBASELINING OF SEQUENCE LIKELIHOODS:

Due tc the time constraint established by ASTPO, the superficial need by
NUREG-0956, and the unavailability of the ASEP system models in late 1983 and
early 1584, 2 detailed rebaselining of sequence 1ikelihoods wae not performed
that would require an extensive re-analysis of the PRA 1nvo1vin? modeling and
assumption changes, reassessment of data, etc. Therefore, the 1imited
rebaselining information was used from the August 1983 interim report.

The following 1ist of general steps describe the limited rebaseline process.

1. Review the insights collected from recent PRAs, operating experience,
TMI fixes or any recent plant fixes, and special safety studies.
Determine if the sequence likelihoo¢ of the PRA dominant accident
sequences should be changed to reflect the new insights.



2. If the insights applied to the dominant accident sequences, apply the
quantitative changes to the major cutsets for the failure expressions
denoting the sequences. If an insignt excludes or includes certain
failure modes in the PRA, delete or add Cutset expressions by hanc
representing those failure modes. Subiract out the cutset
probabilities for those that are deleted and estimate the additiona)
probability for any cutset expression added to the PRA using generic
data for that insight. Adjust the sequence 1ike)ihood accordingly to
yield a2 limited rebaselined likelihood for al) the PRA dorinant
accident segquences.

3. Review the PRA non-dominant accident sequences and apply the new
insights to them., Determine if they still remain non-dominant. 1If
they become dominant, add them to the 1ist of dominant accident
sequences.

In the above rebaselining process, the key steps are ascertaining which in-
sights should be applied to the specific plant of interest and what are the
quantifiable chanoes. ASEP has rebaselined the sequence 1ikelihoods using, for
the most part, those insights and quantitative changes agreed to by an author
or otherwise knowledgeable person for each PRA. However, additional insights
are sometimes listed in the rebaseline tables in the Aucust 1983 interim
report. These additional insights could be applicable to the plant of interest
but an extensiwve rebaseline effort is required, While the limited rebaseline
effort provides 2 more current estimate of the 1ikelihoods, the other insights
not factored into the limited rebaseline effort could possibly change the
sequence likelihoods. Therefore, the sequence Tikelihoods from the 1imited
rebaselinec efforts only present a "better value® and not the "best value" for
the sequences of interest. The attached package is a draft input to NUREG-D956.

5. FURTHER ASEP WORK FOR NUREG-0956

The assumptions made on the rebaselined accident sequences will be verified by

the utilities. SNL is presently putting together the items for verification.

After the verification, the accident sequences will be rebaselined, if neces-

:;ry. and will be provided in an appendix to NUREG-095¢ by August-September
B4.

The verification items for NUREG-0956 will be organized with the items from the
ASEP work for SARRP Phase 1. Its objective is to determine the current plant
risk of the 6 reference plants. ASEP is performing a detailed rebaselining of
the selected dominant accident sequences for each of the reference plant using
the ASEP generic system models and data. ASEP is performing the initial
screening to determine the major contributors that drive seguence 1ikelihoods;
the important items (e.g., hardwares, assumptions) for each reference plant
will be verified along with the items from the 1imited rebaseline effort., At
the same time frame, the ASEP data base will be reviewed by data analysts for
their applicability. ASEP products for SARRP Phase I will be provided by early
1985,
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? APPENDIX €
ACCILENT SEQUENCE LIKELINOOD INFORMATION

This appendix will serve to give the reader some probabilistic perspective
on the sequences analyzed in the source term reassessment studies.
Probabilistic information will be given for the nineteen sequences that were
analyzed in this document. The sequences were chosen from six reference plants
with PRAs and were selected either because they were dominant or because they
representecd 2 unique phenomenological situation.

The information compile¢ in this appendix came from the WASH-1400 PRAs" .
(Peach Bottom and Surry), the RSSMAP PRAs (Sequoyah'z and Grand Su1f'3). the
Limerick PRA". the Zion PRA'S. the Review of the Zion PRA'G. and the PRA
rebaselining report producec by the Accident Sequence Evaluation Progrlr'7. In
many cases the information presented here is based orn the analysis in the
original PRA, but has been modified (rebaselined) to incorporate some new
insights that have been gained since the original PRAs were published. These
new insights were not incorporated by modification of the original PRA models
but by back-of-the-envelope type calculations.

The original PRA values were modified where possible, but there were
several cases in where insights or system changes were not incorporated. The
changes that were nct incorporated required either an entirely new model or
extensive modification of the origina] model to incorporate them properly. Some
examples of insights or system changes that were rot incorporated are 1) the
modifications of plants in response to the Anticipated Transient Without Scram
(ATNS) requirements; 2) the possibility that the operator can reach colé
shutdown before having to g0 to the recirculation mode of injection in
Pressurized Water Reactor (PWRs) smal) Loss of Coolant Accident (LOCA)
situations; 3) the possibility that the operator can cool the reactor coolant
syster enough to go to low pressure injection before core melt in PWR smal)
LOCAs; 4) the fact that Surry now has an auxilliary feedwater cross-tie between
units; and §) the fact that the procedures for checking the Sequoyah ice
condenser drain plugs have been modified.



Because all of the numbers presented in this appendix are at least
partially based on past PRAs the reader should be careful when comparing the
numbers from one plant to the numbers from enother, Different PRAs have
different analysts, different methods, different levels of detail and different
perspectives. The WASK-1400 and RSSMAP PRAs were NRC sponsored while Zion and
Limerick were industry sponsored. The RSSMAP models are not as detailed as the
WASK-1400, Zion and Limerick models. The WASH-1400 PRAs are ten years old while
the Zion PRA represents the state-of-the-art methodology. For these reasorns,
and others, the reader should not compare the absolute numbers given in this
appendix, but instead should compare the contributions of the sequences tc the
total core melt frequency at the respective plants.

As pointed out in the previous paragraph, each PRA is different. Each of
the PRAs handled uncertainties differently. The relevant WASK-1400 PRAs used
Monte Carlo simulations to Propagate data uncertainties. The RSSMAP PRAs did
not consider uncertainties. The Limerick PRA did a brief uncertainty analysis
anc the Zion PRA did a detailed Bayesian analysis. Because of these
differences, the actua) uncertzinties were not presented along with the sequence
description. It should be pointed out here that the uncertainties in sequence
frequencies are large, typically on the order of one or two orders of magnitude.
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PLANT:  Peach Bottum
SEQUENCE: T1C
SEQUENCE FREQUENCY:

SEQUINCE
DESCHIPTION:  This sequence 15 Initiated by o transient followed by #
fatlure 1o achieve reactor subcriticality. After follyre
to achieve subcriticality, the power Iy eapriied to
TE-6 (From WASH-1400 with some revisions) equiiibrate at J0X.  The heat sent to the suppression
pool s greater than the restdval heat removal copacity,

INITIATING EVENT FREQUENCY: 7 tranmsients/year , The containment s estimated to fall dve Lo steam over-

pressurization st sboul fifty-efght min, The emer

CORE DAMAGE CONTRIBUTION: J0% Injection Is asswmed to Tall when the contalnment faily

due 1o elther deformation of the Injection 1ines or
cavitation of the pusps,

INITIATING ¥ <= Any transient other than & loss of offsite power transient that requires @ resctor shutdown,
Eving .
SEQUENCE This sequence makes several assumptions which mey not be valld. :
DISCUSSION I’ It s assumed that the fallure of three edjocent rods will not shut the resctor down. This be comservative,
2) 1t is assumed that the High Pressure Coolant injection, Low Pressure Coolant Injection or l:;num Core Spray
pumps will not faill before contalnment fallure, MHowever, 1t Is possible that the pups could fall prior to conteiment
fallure due to lack of net positive suction head or high temperatures.
3) Traditional procedures were assumed. The new emergency procedures may allow the operators te remefn within the heat
resoval capacity of the suppression pool,
4) AINS JA inplementation was not considered.
SEQUENCE Reactor subcriticality,
FUNCT IONAL
FAILURE
SEQUENCE EYENT ~« Reactor Protection System (RPS) falls.
SYSTEM FAILURES ~= The Standby Liquid Control (SLC) system falls,
SEQUENCE EVENT C -~ RPS * SIC
SYSTEm C -~ 1lE-6
UNAYAILABILITIES
SEQUENCE EVENTY 1. WPS swucceeds and contrel rods are inserted into the core OR
SYSTEM SUCCESS 2. Recirculation pusp trip and menval shutdown of the reactor wiing SIC or menually driving In contre} rods.
CRITERIA

DOMINANT FACTORS
DRIVING SEQUENCE

g Fallure of the rator to initiate SIC or to menusily Insert the control rods.

= Fatlure of any t adjacent rods to Insert,
-= Cowmon mode fallure of the RPS logic system resulting from hew rrors in testing and seintenance.




PLANT:
SEQUENCE: Tw

SEQUENCT FREQUERCY: BE-6 (From ASEP Rebaseline)
INITIATING EVENT FREQUENCY:
CORE DAMAGE CONTRIBUTION: 303

Peach Bottom

SEQUENCE

Mwllﬂlﬂz This sequence 1s Inftiated by » trmlnu" foliowed by
& fallure of the Residual Heat Removal (RHR) system
to remove heat from the slon pool (¥). ©
the heat rejection is not Inftiated within twenty -nine
hours the containment 15 assumed to overpressurize and
Tall ot approximetely 132 psi, The rapid
depressurization caused by contsinment fallure 13 assumed
to cause the suppression pool water to flash, resulting
in cavitation of the low pressure [mergency Core Cooling
System pumps due to fnsufficient net position suction
head.  Injection I3 therefore predicted to fal)
subsequent to contafnment failure.

7 transients/year

INITIATING | !| + l, . 1, where !. == Transient due to loss of offsite power (0.1).
LVENT 15 == Transient due to sutomstic trip with Interruption of metn feedwater (3/yr), k
l, == Transient due to an automstic trip without Interruption of mein feedwater (a7yr),
SEQUENCE The frequency of this sequence is somewhat subjective. Becouse of the long time aveilable, the credit glven for recovery
DISCUSSIoN con vary orders of magnitude depending on what recovery mode! s wsed. Most BWRs may slso be able to ,cloy contsinment
fatlure further by opening normel containment vent Vines,
SEQUENCE == Loss of Reactor Coclant Systewm (RCS) fntegrity,
FUNCT 1OMAL == Containment protection from overpressure due to stesm.
FAILURE =~ Fallure to replenish lost RCS inventory,
SEQUENCE EVENT W -- Fallure to recover the Power Conversion System (PCS) or fatlure te remove heat from the suppression pool wsing the pool
SYSTEM FAILURES cooling mode of the RHR system,
SUDVENCE EVENT T 1
SYS1en ! y
UNAVAILABILITIES W -- BE-6 16-6
SEQUENCE EYENT 1. One RHR train with flow to the heat exchanger of that train and cooling water operational te thet heat exchanger OR
SYSTEM SUCCESS 2. PCS,
CRITERIA

DOMINANT FACTORS
DRIVING SEQUENCE

== Hardware fallures in the output plping and valves of the fme ¥ Service Vater (ESW) system,
== Fallure of the operator to start any high pressure ESW purp within twenty-five hours.




PLANT: Grand Gelf

. SEQUENCE
DESCRIPTION:  This sequence 1s Initisted by & transient followed by o

SEQUENCE : !" C fallure to achieve reactor subcriticality. After the
fatlure te achleve subcriticality the power 15 eapected
SEQUENCE FREQUENCY: SE-6 (From Grand Gulf RSSMAP ) to equilibrate ot 165, The heat sent to the suppression
pool Is greater than the residval heat removel capacity,
INITIATING EVENT FREQUENCY: 7 transients/year The contatment Is estimated to fall due to steom over-
pressurization st sbout eighty minutes., The ome rgeng
CORE DAMAGE CONTRIBUTION: 2% Injection Is assumed to fall when the contelmment 'u’s
due to either deformation of the injection lines or
cavitation of the pumps.
:ll':l"n '2) =~ Any transient other than & loss of of fsite power transient that requires a reactor shutdown,
Yin
SEQUENCE The sequence description assumes severa) things, eny of which 1f not true could ¢ the s . c-vnﬂn.
N%SSIN 1) It is assumed thet the fallure of three mnnl rods will not shut the resctor . This may conservalive,
Z) It 15 assumed that the pumps will not fail before containment fallure. This mey not be true; the pumps could fall
earifer due to lack of net positive suction head or high tesperature,
3) It is assumed that the high pressure core spray can prevent core melt, This Say be & non-conservative asswmption,
Because cold water Is put on the top of the core, power Instabilities May occur and upward moving stesm may prevent water
from reaching core hot spots.
4) Traditional procedures are assumed. The new emergency procedures may allow the operation to remein within the heat
removal capacity of the ession c::
S) The ATNS JA implementation have not cons idered,
SEQUENCE Reactor subcriticality,
FUNCT IONAL
FAILURE
SEQUENCE EVENT == The Reactor Protection System (RPS) falls.

SYSTEM FAILURES

== The Standby Liquid Control (SLC) System falls,

SEQUENCE EVENT RPS -- BE-6

SYSTEM SLC -~ 1E-)

UNAVAILABILITIES

SEQUENCE EVENT 1. RPS succeeds and control rod: are inserted Into the core DR

SYSTEN SUCCESS 2. Recirculation pump trip and manual shutdown of the reactor using SLC or menually driving In control rods.
CRITERIA

DOMINANT FACTORS
DRIYING SEQUENCE

== Fallure of the operator to Initiate the SIC or to manually insert the control rods,

== Fatlure of any three adjacent rods to Insert,
== Cosmon wode fallure of Lthe RPS logic system resulting from human errors in testing and maintenance.
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‘brend iV

SEQUENCE FREQUENCY: 4E-6 (From ASEP Rebaseline)
INITIATING EVENT FREQUENCY:
CORE DAMAGE CONTRIBUTION: 173

STQUENCE
DESCRIPT HON:

the power conversiof system (0), fallure of the hi
pressure Injection systems ‘ll. and fatlure of the low
pressure fnjection systems (V).

0.1 transients/year

(l:(ll:lllﬂ 'l == Reactor shutdown Initiated by & loss of uffsite power,

N

SEQUENCE There are two TQUY type sequences possible:

DISCUSSION 1) The early TQUY where Wigh Pressure Core Spray (NPCS) and Reactor Core Isolation Cooling (RCIC) are lost fomediately and
the low pressure Injection systems are lost elther due to independent fallures of the Low Pressure Coolant Injection
(LPCI) and Low Pressure Core Spray (LPCS) systems or because the reactor coolant system s not depressurized.

2) A later TQUY where all AC power 13 lost cousing eventual loss of WPCS and RCIC systems and fmmediate loss of the low
pressure injection systems. The results presented here have been rebasel ined with the following changes: @ generic
frequency of 0.1 Instead of 0.2 for 1,; an early norecovery of offsite v of 0.45 rather then 0.2; and the addition of
the long term TQUY sequence (see soq-‘un event system unavallabilittes).

SEQUENCE == Loss of Reactor Coolant System (RCS) integrity.

FUNCT IONAL == Fallure to replenish lost RCS inventory.

FAILURE

SEQUENCE Event Q -~ Fallure of the Power Conversion 5;stem to provide makeup.

SYSTEM FAILURES

U -~ Fallure of the WPCS or tie YCIC systems to provide high pressure makeup to the resctor core.
¥V -~ Fatlure of the LPCS or the LPCI to provide low pressure makewp to the resctor core.

SEQUENCE EVENT Q- 10
SYSTEM u ‘lw fatlure) -~ 2¢-3
UNAVAILABILITIES ¥ {independent fallure) -- 4£.)

Diesel unavatlability -- 3-4

Nonrecovery of offsite power one howr - 0.45%

Nonrecovery of offsite power in eight hours -- 0.2

Nonrecovery of diesel in eight hours -- 0.7

U¥ given no recovery of of fsite power or diesels n elght howrs -- 1.0 (batteries are assumed to deplete In elight howrs)
SEQUENCE EVENT Q) -~ One complete condensate and feedwater path.
SYSTEM SUCCESS U -~ Efther the HPCS or the RCIC train,
CRITERIA ¥ -« Automatic depressurization and any one of the low pressure pups (LPCI or i PCS).

DOMINANT FACTORS
DRIVING SEQUENCE

== One of six motor operated valves s closed for maintenance or the RCIC punp Is down for maintenance.
== Diesel #3 falls to start, diesel 71 falls to start, diesel #2 falls to start.
~= Bstterfes deplete,

This sequence Is Inftiated by o transients due to o loss
of offsite power (7,) followed by the wnavatlability of



PLANT:
SEQUENCE: TC

SEQUENCE FREQUENCY: Case A -- 1E-7, Case B -- M-6
{From Limerick PRA)

INITIATING EVENT FREQUENCY:
CORE DAMAGE CONTRIBUTION: Case A -- 1T, Cose B -- 9%

Limerick

6E-5 transients/year

SEQUENCE
DISCRIPTION: This scquence is Inttiated by o transient followed by »
fallury to achieve subcriticality. The Lirerick PRA
Included thirty nine sequences that fit this description,
The results are presented In two cases: A) those
sequences In which core melt s cavsed by fallure to shut
the reactor down, and B) those sequences In which the
control vods fall to Insert, bul the reactor Is shutdown
through alternate methods. Core melt eventwally occwrs
in the Case B sequences due to fallure of other systems,

INITIATING T =~ Any transient after which the control rods fall to fnsert.

tviny

SEQUENCE -

DISCUSSION

SEQUENCE Case A: Faliure to shut reactor down.

FUNCTIONAL se 5: Fallure to maintain reactor fnventory after the resctor was shutdown,

FAILURE

SEQUENCE EVENT Case A: id Control (SLC), Mecirculation

SYSTEM FAILURES

Fallure or various combinations of the Resctor Protection, Sln‘kt
Pump Trip (RPT), Feedwater (IW), Reactor Core Isolation Cooling (RCIC), and Migh Pressure Injection (WPCH)
systems (see success criteria).

':H.rt of Injection systems or Residual Meat Removal (RMR) systews after the reactor has been shutdown by
slternate means,

SEQUENCE EVENT
SYSTEM SUCCESS
CRITERIA

Falled Systems or Functions

2 SIC ¢+ 2 SIC » weel nsiy
Transfent 2 SIc e 2851C+ 2851C» Fu ¢ LEVEL ® Fu LEVEL )
Inftfator PUnP RCIC 1 RNR 2 fWm L8 | mie RUNBACK e Lid}
TURBINE TRIP * » A # . L , & R
M5V CLOSURE A 2 A n » L] A . L] A: acceptable
LOSS OF OFFSITE A A ’ L] A L] L A . N: mot scceplable
POWER
INADYERTENT OPEN A t A L] L L] A A *
RELIEF vyALVE
(1ony)

°m:: The analysis classifies this combination of falled systems for an 10RY as being not acceptable,
The sequence was determined through analysis to be acceptable too late to be changed in the analysis.

DOMINANT FACTORS
DRIVING SEQUENCE

fFallyre o

f rods to insert,




PLANT: Limerick
SEQUENCE:  Touy

SEQUENCE FREQUENCY: 1E-5 (From Limerick PRA)
INITVIATING EVENT FREQUENCY:

SEQUENCE

DUSCRIPTION: The TOUY sequence for Liserick actuslly consists of fowr
sequences: TOUY, TOUX, 1OV and 1. U¥ a1l four (1)
tequences represent tn‘llnu "D fowed by & loss of
Injection. This type of scquence Involves & relatively
fast core melt In an fntact contalmment at low pressure.
The four sequences are described briefly below In the

-- S5E-2, l' - 1.78,
table wnder sequence discussion,

1
l‘ o 3.3 " == 3.98, transients/year

CORE DAMAGE CONTRIBUTION: #6%

INITIATING T l( ‘ l' . t. + " where I‘ == Loss of Offsite Power,
EVERT Ty == Main Steam Isolation Yalve (MSIV) closure and Loss of Feedwater, Offsite Power.
l. == Manua!l Shutdown,
V' «= Turbine Irilp,
SEQUENCE TQUY -- A turbine trip (T,), » menval shutdown (1,) or & loss of Power Conversion System (PCS), (1, ) transient followed
DISCUSSION :a;lu:: o!(:; K ll"on to recover the K! (Q), fatlure of high pressure tnjection (U N'zoﬂon of low mnw.: ¢
njection s
ux -- :u:'n TQUY except that ¥ becomes K: fallure to sctuste the Autometic Depressurization System (ADS) fa o, timely
ashion,
t‘ﬂ == A loss of offsite power transient (T.) followed by loss of a1l injection (U end ¥). This seavence I3 the ot
le of the four types and tnciubes the station blackowt ..
'!Il .- !! followed by loss of high pressure Injection (U) and @ fallure to sctuwate the ADS In & ti 'y feshion,
All sequences except T¥ result in early fatlures of core Injection. In T,UY sequence, the high pressure Injection systems
(Wigh Pressure Coolant Injection and Reactor Core Isolation Cooling - HPCI and RCIC) can concelvably last for sore then fowr
hours. At some time greater than four hours, the batteries will deplete and control of the turbine driven HPCI and RCIC
systems will be Tost. Fatlure of WPCH and RCIC s assumed ot this Liee and core weil will eventually occur,
SEQUENCE == Loss of Reactor Coolant System (RCS) Integrity.
FUNCT 1ONAL == Follure to replenish lost RCS inventory,
FAILURE
SEQUENCE EVENY Q -~ Fallure of PCS to provide sekeup water,

SYSTEM FAILURES

U -« Fallure of the HPCI and the RCIC systems to ide high pressure makeup to the resctor core,

¥ -~ Fallure of the Low Pressure Core Spray (LPCS) and the Low Pressure Coolant Injection (1PCI) systess to provide low
sure mshevp to the resclor core,

I == Fallure to depressurize the reactor vessel at the sppropriste time (f.e., fallure of the ADS).

SEQUENCE EVvENY " '- l' 'l (Actual 1. coalculation ncludes follure of diesels and
SYSTEm nonrecovery of diesels and of fsite power).
UNAVAILASILITIES qQ -- 2€-2 783 7€-1 (nonrecovery) 1

U -~ 4.9%-) §.9¢-) 4.9%-) 4.9E-3 (for four hry -~ 1.0 after Tour hrs 1f no AC 1y

svallable

| 7.7¢-5 r.0€6-8 7.7¢-5% 1 (1f no AC

K - 263 -] F{ S | --
SEQUENCE EVENY Q -~ One Feedwater (FW) and one condensate pump (If RY >S540 psia) and one MSIY open (30 that W can operate) and low vacwum
SYSVTEm SUCCESS Interlocks on WSIVs and on bypass valves overridden |1 condenser vacwum falls below 7° by,
CRITERIA U -~ WPIC or RCIC,

¥ - One out of four LPCI pusps or one out of four LPCS pumps,

R -~ Operation of two owt of five ADS valves.

DOMINANT FACTORS
DRIVING SEQUENCE

== Operator fails te initiate ADS in & timely senner,

«« Transient results in 8 loss of indication for need of ADS.
= Fallure to restore of fsite power with thirty min,

«« (ommon mode fallure of diesels,

-« Fallure to recover diesel generator within thirty min,

«» Hardware fallures of WPCI turbine.

«« MHardware fallures of RUIC turbine,




PLANT:  Limerich
Stquemce: T
SEQUENCE FREQUENCY :

SEQUENCE
DESCRIPTION:  This sequence represents o transfent (1) with o ttech
‘C‘ relied valve (F) tn which atl tnjection tatly (1),
The TPE sequence for Limerich also sctval) contisty of
ZE-7 (From L imerich PRA) four sequences: TPQUY, TPOUR, 1 PUY and | . Mhese
rebuit 1a u‘l, fotlure of

sequences, except 1 PUY, ot}
IRITIATING CVENT FREQUINCY: T, - SE-2, T, -- 1.8, core Injection. Fob TP, Migh presvere Inect tom
Ty == 3.2, " == .98, transients/year ’mr 'vosuv: (oolant Injection rl Reactor (ore
solation Cooling - WPLI and PCIC) me rate wnt il
CORE DAMAGE CONTRIBUTION: 1% battery “Oo": (probasly > four .-:n . Lows of in-
Jection and swbsequent core melt was sssumed to sccwr ot
that e
INFTIATING 1- " - l' . l. . " where 1‘ ~= Losy of Dffsite Power,
tvim Ty = Main Stesm Isolation Yalve (MSIV) closure and Loss of Feedvater, Difsite Power.
Ty =~ Menus! Shutdown.
l"' = Turbine Irip,
SEQUERCE PQUY -~ A turbine trip (l'). & maousl shutdown (1.} or & loss of Power Comversion System (PCS) (1, ) transiont followed e
DISCUsSS 10N stuck open reltef valve and o failure of Br & fatlure to recover the PCS (), fallure of ‘Oﬂ pressure injection
(V) and fallure of low pressure Injection (V). 3
o .. :u:'n TPOUY except that ¥ becomes X: fallure to sctuste the Autometic Depressuivzstion System (ADS) tn & timely
ashion,
TEPUY <= & Toss of offsite power transient (T.) followed by & stuch open relief valve and o Toss of al) Injection (¥ ané V).
This sequence 13 the most probable o' the four types and Includes the station blackowt sequence .
IIM .- " followed by loss of hgh pressure Injection (U) and & fallure to actuwate the ADS In & timely fashion.
ALl sequences sacept 1 PUY result in early fallures of core Injection. In the T PUY sequence, the Mgh pressure Injectlon
systems (MPC] and Itl(‘ con concelvably last for more tham fowr howrs. AL yome tise greater than four howrs, the batleriey
will deplete and control of the turbine driven NPCI and ACIC systems will be Jost. Fatlure of HPCH snd RCIC 13 ossumed ot
this time and core melt will eventuwally occur.
SEQUEnCE == Loss of Reactor Conlant System (R(S) tnventory.
FUNCTIONAL == Fatlure te replenlish lost RS taventory.
FAILURE
SEQUENCE Event P -~ Fatlure te reclose all safety reltef valves,
SYSTEN FAILURES Q - Fatlure of power comversion system to provide mekewp.
U -« Fatlure of the WPCI and the RCIC systems to ide hMigh pressure mebeup to the resctor core.
¥ -- Fatlure of the Low Pressure Core Spray (LPCS) and the Low Pressure Coolant Injection (LPCI) systews to proviee low
sure mekevp to the resctor core,
B <« Fatlers to depressurive the resctor vestel ot the appropriste tine (Lo, Tatlure of the ADS).
SEQUENRCE EvinT I' '. !’ '! (Actusl T, caleulotion Includes fTatlure of dlesely and
Srstm non-recovbry of diesels and of falte power).
UNAVA L ABILITIES p-- ".2 -2 -2 -
Q-- -2 7%-) 211 (mon-recovery) ]
V- 4.%) “%) ") 5t (for first two hrs. - 1.0 after twe howrs 11 no
AC 1y avalleble).
V- 1.2%-% 1.0 7.8 1 (11 ne ).
- %) ) ny .
SEQUINCE Eviry P - Closure of all safety rellef valves. ¥ - WPL) or MIC,
SYSTEm SUCCESS Q@ -~ One Teedwater (F¥) and one condensate pumg (If RE > 540 ¥ oo One owt of fowr LPC] pumps or ome owl of fowr pumgs.
CRITERIA 'no) and one MSIY open (10 that TW con operate) and ¥ - Operation of two out of Tive ADS valves.
ow vecwwm Interlocks om MSIVs and on bypess valves

overcidden 11 condenser vacwum fally below 7 by

DONINANT TACTORS
PRIVING SEQUENCE

=~ Operator talls to Inftiate ADS in & Cimely manner.

== Tramsient results in o toss of Indication for need of ADS.
<= Fatlure to restore offsite power with thirty min

«« C(owmon mode fallure of diesely.

== Fatlure to recover diesel genecotor within thirty min,

-~ MWardware fallures of HPC) turbine.

= MWardware fallure of RCIC turbine




T g?ﬂ"%l. ™i
s § sequence Is Inftisted by any transient except loss

SEQUENCE : '” - :0 o"ul:“m'r Involving sutosatic reactor trip with an
nterrupt of main teedwater Injection (1,) or

SEQUENCE FREQUENCY: JE-6 (From Sequoyah RSSMAP) :u«tm.nn“v;q o'u-lk trip with ne ‘.lu_v:'ﬁun
nterrupt lon . This 13 followed first by fof

INITIATING EVENT FREQUENCY: 7 transients/year recover the Powdr Conversion System (PCS) (!o! !' -
transients) or by PCS hardware and other system slluresy

CORE DAMAGE CONTRIBUTION: 3% for 1, (both are referred to as M); and fo lowed, second
by tallure of Auntltary Feeduater System (AFWS), ).
These fatlures result in loss of normel and y
means of supplying water to the stesm generators. Ihe
stesm rators boll dry, the PCS pressure Increases,
water is discharged through the safety rellef valves and
the core uncovers and melts,

INITIATING I" . 'l . l, where T, -~ Transient due to an sutomatic trip with Interruption of main feedwater ()/yesr). '

EVENT l, == Transient due to an sutometic trip withouwt Interruption of main feedwater (4/year).

SEQUENCE Sequence may be reduced more than an order of magnitude 1f feed and bleed credit con be glven, It does depend, however

DISCUSSION on procedures and specific rnt characteristics such as avallability of PORY support systems during feed and bleed

operation. Without such Information, this insight cannot be applied at this time,
—

SEQUINCE Fatlure of core decay heat removal to the ultimate heat sink.

FUNCT 1ONAL

FAILURE

SEQUENCE EVENT M -« Fatlure of the PCS,

SYSTEM FAILURES L =~ Fallure of the AFNS.

SEQUENCE EVENT N -~ 1E-2

SYSTEM L - 8E-§

UNAVAILABILITIES

SEQUENCE EVENT M -~ PCS Operational,

SYSTEM SUCCESS L == L One of one steam driven pump or one of two electric pumps AND

CRITERIA 2. One of five safety valves per generator or two of four steam relle! valves.

DOMINANT FACTORS
DRIVING SEQUENCE

== Fallure of singie Isolatton valve between the condensate storage tanks and the AFWS puepsy
== Fallure of the Essential Raw Cooling Water system,




W - S < g This sequence Is Initiated by & smal) {OCA hovi
SEQUENCE: S,ﬂ tquivalent diameter between one half fnch and t: ::tin
SEQUINCE FREQUINCY: SE-6 (From RSSWAP PRA) by :;;:2'7;:&;.'75;'&"::’:2&2::"
INITIATING EVENT FREQUENCY: 26-3 SLOCAs/year : A SRS S SR 5.

CORE DAMAGE CONTRIBUTION: S%

l'cl'u“m Sl =~ Small {(LOCA) break of the size of one half Inch to two inches, -
SEQUENCE Fatlures of the ECCRS and the CSRS are dominated by & common mode contributor. Between the ] -
DISLUSSION compariments are two drains that must be closed during refueling operations. The ECCRS end ( ‘,ﬁ .::.: :",-“:.,, ‘:' n

the lower containment. The water that the (SRS sprays Into the upper compartment sust pass through the dratns ¢t t
the sump for further recirculation. Closure of the drains would cause o) water to witimately be transferred lr.-':h:"l.c::r
compartment to the upper compartment. Attespting to draw water from the dry sump would fatl both ECCRS and CSRS.,

This could be reduced by an order of magnitude or more If the elor can depressurize during the Injection
to Residual Heat Removal without going to the recircuiation mode or If tc procedures for double checking the :r':h pl:“

after refueling have been improved. (TVA has tmproved procedures for checking the drain plugs,)

SEQUENCE == Fatlure of Reactor Coolant System integrity.
FUNCT 1ONAL == Core decay heat removal during recirculation phase.
FAILURE == Radioactivity remova) from conteinment during recirculation phase,

SEQUENCE EVENT N -~ Fatlure of the ECCRS,
SYSTEM FAILURES F -~ Fatlure of the CSRS.

SEQUENCE EVENT WF - 3E-)

SYSTEN

UNAYATLABILITIES

SEQUENCE EYENT

SYSTIM SUCCESS W -~ L One of two Low Pressure Recirculation System (LPRS), AND

CRITERIA 2. One of two centrifugal charging pumps or one of two safety iInjection pumps, ANL

3. Two of four heat exchangers corresponding to the vperating L PRS,
F == 1. One of two containment spray pumps.

DOMINANT FACTORS  Operator failure to remove plugs from Intercompartment drains folluwing refueling
DRIVING SEQUENCE
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s e : gg"zlﬂ fh
L] ¢ Breach of high pressure reactor cooling system bowndary
SEQUENCE: ¥ (Interfacing LOCA) ot Its hﬂorro« with the low pressure u::hq system,

SEQUENCE FREQUENCY: << E-6 (From ASEP Rebaseline)

INIVIATING EVENT FREQUENCY: << £-6 ILOCAs/year
CORE DAMAGE CONTRIBUTION: < |I%

‘l:!ll:lll“ ¥ <~ Fallure of Low Pressure Injection System (LPIS) check valves separating LPIS from High Pressure Injection System.

. .
SEQUENCE A portion of the Emergency Core Cooling System (FCCS) wses dowble check valves In series a3 & barrier between the LPIs,
DISCUSSION which Is outside the contalnment, and the high pressure Reactor Coolant tem (RCS) which Is Inside the cc talnment .

Fatlure of this barrier would result In reactor coolant discharge to the LPIS outside the containment. The LPIS would thenm
fall due to overpressure and result in 2 core melt,

When the components of the low pressure injection system are subjected to high primary system pressure, fallure I3 eapected
to occur at some point in the system. The location and mode of fallure s wncertain, It 15 possible that some delay in core
uncovery could be achicved by operation of the high pressure Injection system If this system is operational. Secouse of
uncertainty In the response of the system and the ability of the operator to Iy interpret and respond to the accident,
it was assumed In the source term analysis that the active components of the ECCS are fnoperable.

SEQUENCE -~ Loss of Reactor Coolant System (RCS) Integrity.
FUNCT TONAL ~- Fatlure to replenish lost RCS inventory,
FAILURE
SEQUENCE EVENT ¥ -~ Loss of barrier between RCS and LPIS. ®
SYSTEM FAILURES
:(M(ltl EVENT ¥ «- €< (-6 (based on testing and monitoring LPIS check valves).
¥STim
UNAYATLABILITIES
SEQUENCE EVENT Al) three LPIS trains isolated from RCS.
SYSTEM SUCCESS
CRITERIA

DOMINANT FACTORS Fatlure of two LPIS check valves In serfes.
DRIVING SEQUENCE




PLANT: Surry
SEQUENCE: AS

DESCRIPTION:  This sequence fs Initiated by o large LOCA having on

SEQUENCE “REQUENCY: « (<< £-8), (From ASEP Rebaseline)

INITIATING EVENT FETOURACY:

1E-4 LOCA/year

CORE DAAGE CONTRIBUTION: <« 1%

equivalent diameter ter than six Inches followed by
loss of power. The loss of prevents the
!nm«l; Safety Features ‘!sﬂ) from operating.

Loss of [SFs result in fallure of y Coolant
Injection (ECH) which 13 needed to mitigate the sccident,
The £C1 functional requirements for o large LOCA are the
sccomulators (unaffected) and the low pressure fnjection
system (failed),

INITIATING A -« Large LOCA (pipe break) > six iInches.

EvEne ;

SEQUENCE -

DISCUSSION

SEQUENCE -~ Loss of Reactor Cooient System (RCS) fntegrity. Ll
FUNCT 1ORAL ~= Fallure to replenish lost RCS fnventory.

FAILURE

SEQUENCE EVENT 8 -~ Loss of offsite and onsite power,

SYSTEM FAILURES

SEQUENCE EVENT Loss of offsite power -- 1E-)

SYSTEN Loss of onsite power - 26-)

UNAVAILABILITIES 8 .- 28

Stﬂtg't:'ll} Sufficient AC and PT power to emergency buses to orerate the mintoum required ESF subsystens which are:
SISTEN CES

CRITERIA 1. One of two Low Pressure Injection System trafus AND

2. iwo of three accumulators (passive),

DORINANT FACTORS
DRIVING SEQUENCE

importance ulc;hum were not done for this sequence by ASEP since ASEF did not find it to be dominant.




MANT: Surry
SEQUENCE : SJI

SEQUENCE FREQUENCY:
IRITIATING EVENT FREQUENCY:

9% -5 (From ASEP Rebaseline)

16-2 SLOCAs /year

CORE DAMAGE COMTRIBUTION: SO%

SEQUENCE
DISCRIPTION:  This sequence Is Inftiated by a sewll LOCA having an
equivalent diameter of Tess than two tnches (8 Beactor
Coolant Pump (HCP) seal LOCA) followsd by & fallure of

Imergency Coolant Injection ([C1) system.

:::::lllﬁ Sy == Small LOCAs (€ 2%) coused by a reactor coolant pump seal fallure. The frequency was based on operationsl wats.
SEQUENCE S,! 13 & new sequence. ASEP expanded the Surry S,l (which Is defined as < 2°) iInto two bresk sizes: S. and S, where
DISCUSSI10M $3 == Small LOCA not including RCP seal leak. ? )
S’ = Small LOCA coused by » seal leak,
SEQUENCE == loss of Reactor Coolent System (RCS) iIntegrity,
FUNCT IONAL «« Fatlure to replenish the lost RCS inventory,
FAILURE
SEQUENCE EVENT D -~ Fallure of ECI: fallure of high pressure injection. Depressurization of the primery system using the Auxl’fary

SYSTEM FAILURES

Feedwater System and subsequent low pressure Injection is not considered.

SEQUENCE EVENT
SYSTEM
UNAYATLABILITIES

-~ 9€-3

SEQUENCE EvENY
SYSTEM SUCCESS
CRITERIA

One of three High Pressure Injection System trains,

DOMINANT FACTORS
URIVING SEQUENCE

Fellure In sensing & low temperature condition of the operat
Hardware faults leading fallure of alternate means of sensing BIT Jow temperature.

Soron Injection Tank (BIT) heater,
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PLANT: lion

SEQUENCE: 5,0 (SEFC - Yoss of Component Cooling Water)
SEQUENCE FREDUENCY:
INITIATING EVENT FREQUENCY:
CORE DAMAGE CONTRISUTION: SO%

SEQUENCE
DESCRIPTION:  The IPSS review Identificd the sost dumingnt sequence a3
one Initiated by » loss of the Component Cooling Water
System (COWS), which falls the charging and Pesctor
Coolant Pump ‘l(') seal thermal barrier cooling. In thiy
Situstion, the RCP seals are assumed to fall in
thirty-five min. The safety fnjection pops will actuate
on low Reactor Coolant System (RCS) pressure. The Safety
Injection (S1) pumps will fatl in sbout ten minutes due
1o the Toss of CCWS, Primery systems mahevp will be
lost. Core melt will occur wnlessy cooling to the I
prs or charging pweps 13 restored within forty-Tive
ninutes,

2E-4 (From IPSS Review)
26-4 SLOCAs/year

tlul!:l!lﬁ S2 == Loss of the (CCNS) which leads to a small LOCA,

YiN

SEQUENCE No pipe break small LOCA fnftiated loss of injeciion sequences ($ ) were found to be dominant by elther the Ilon

DISCUSS1OM Probabilistic Safety Study (IPSS) or the IPSS review (MUREG/CR-3300). Intorwation on the loss of CONS sequence 13 therefore
presented here.  The assumption that a catastrophic seal fallure occurs due to loss of seal cooling 15 o big wncertainty
in this sequence. There Is Information that shows that » catastirophic seal LOCA (1200 gpm) way -: occur In Westinghouse
puwps. If no catastrophic seal fatlure does not occur this sequence would become bogus.

SEQUENCE -« Fatlure of RCS integrity,

FUNCT IOMAL == Fallure to replenish lost RCS fnventory,

FAILURE

SEQUENCE EVENT D -~ Fatlure of SI purps caused by fallure of CONS,

SYSTEN FAILURES

SEQUENCE EVENT Loss of COWNS:

SYSTEm D -~ 26-4 (loss of CCWNS)

UNAVAILABILITIES

SEQUENCE EVENT 1. Two of five CONS pumps AND 1. One of five CINS pusps AND
SYSTEM SUCCESS 2. Two of six SNS pumps. 2. Three of six SNS pumps,
CRITERIA

" Both swccess criterie result In similar numbers.

DOMINANT FACTORS
DRIVING SEQUENCE

~= Pipe rupture in COWS,
== Hardware or Maintenance outages of CONS pumps.
-« Fallure to recover the CONS,




PLANT: Ziom

SEQUENCE: TMB' (SE - selsmic Induced)
SEQUENCE FREQUENCY: 6E-6 (From 2PSS and ZPSS Review)
INITIATING EVENT FREQUENCY: Different probabilities for different

SEQUENCE
' DESCRIPTION: In this Sequence, & selsmic event occurs thet i3 large
enough to fall both offsite power and the service woter
pumps. Fallure of the service water falls the diesel
generators due to lack of cooling. A loss of ol AC
nn' "r (n:t‘::tblocla:) occurs which results in o
allure o tor Coolant Puwy (RCP) coold P
LOCA, fatlure of sefety tnjection oot fatlure sl the
contalmment systems., Core melt results,

magnitude sefsmic events

:I(l::lllm T == The Initiating event Is & selsmic event large enough to fal? both offsite power and the service water,

\J

SEQUENCE This sequence does not strictly meet the description of & T’ sequence. It is sore of o T8* « Swccess of elther

DISCUSS1OM PCS (M) or AFW (L) 13 frrelevant because 1t 15 assumed that the RCP seals fal) cotastrophically (1200 gpm) and & LOCA 1
created. However we have taken TMB' to represent stetion blackout sequences. The sequence described here 1s an early
core melt with fatlure of the contsirment systems which 1s what was nalyred in the source term sStudy. It asswmes thet »
catastrophic RCP LOCA occurs within one half hour #fter loss of cooling to the RCPs, The probability of this sequence would
decrease If the assumption thet & loss of RCP cooling covsed o catastrophiic seal fallure were mot ede .

SEQUENCE == Fallure of Reactor Coolant S!ﬂu (RCS) Integrity.

FUNCT IONAL ~= Fatlure to replenish loss RC inventory.

FAILURE == Fallure of containment heat removal.
== Fatlure of radiosctivity removal.

SEQUENCE EVENT N -- NA

SYSTER FAILURES L -~ NA

B'~- Fallure of of fsite and onsite emergency AC system leading te fallure of safety injection and the contsinment tysiews,

SEQUENCE EVENY The description of the wnavailabtlities (component fragilities and magnitudes of different selsmic Inftiators) goes beyond
SYSTEm the level of this description,

UNAVAILABILITIES

SEQUENCE EVENT 1. Any AC bus for front line systems AND

svs:tn :II(!SS 2. Support cooling systems require two buses between two units,

CRITER)

DOMINANT FACTORS
DRIVING SEQUENCE

== The seismic Initiator,
== Fragility of service water pump shafts,




APPENDIX B
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