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MR. KELLY: Well, we’re talking about not
inside the drop, we’re talking about between the vapor
and the drop. And so, quite often, it is close to a
conduction limit. If you look at the formulas, the
traditional one is Lee and Ryley, but there are more
modern versions.

MEMBER KRESS: Yes. I was ignoring the
inside of the drop, I was still talking about vapor to
the drop.

MR. KELLY: Yes. They all say the Nusselt
number is something like two plus a square root -- a
constant times the square root of the Reynolds number
times the Prandtl number. And, quite often, the value
is between two and ten.

MEMBER KRESS: Okay. So it’s not just
two.

MR. KELLY: It’s seldom more than ten, but
it’s not just two. It depends on the flow condition.

DR. BANERJEE: It depends on the size of
the drop. I mean if it’s too big, then you get
internal circulations.

MEMBER KRESS: Yes. I’'m assuming for this
size drop that’s not a big factor, though.

MR. KELLY: The drops will become

distorted, they won’t stay spherical.
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DR. BANERJEE: They’ll oscillate a little

bit.
MEMBER KRESS: Well, it could be higher

then.
DR. BANERJEE: You can get an analytical
solution to this problem as a bounding calculation by

just taking a heat sink in your egquations and

integrating them, and that will at least show you an

upper bound.

MR. KELLY: There is an analytical
solution out in the literature. There was one done by
Jens Andersen, and there was an older one before that
but I can’t remember the author’s name. But Yao at,
I think, the University of Pittsburgh has done a lot
of work on this.

DR. BANERJEE: Yes, maybe.

MR. KELLY: And I did a numerical solution
for laminar flow on this, and that’s where I came up
with the heat sink factor and the superheat factor.
And those results, actually for certain conditions,
give you the kind of numbers that you see in the data.

MEMBER KRESS: Well, 1if this two-phase
enhancement factor turns out to be a relatively strong
function of the 1liquid vapor mass loading ratios,

which you expect it to be, I worry about only having
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three values for those.

MR. KELLY: Well, I would like to have
more, but if we can only operate the facility for half
a year, and they’re actually saying it’s going to take
them two years to do this series of tests --

MEMBER KRESS: Yes. You take what you can
get, I guess.

MR. KELLY: Yes.

DR. BANERJEE: Also, if it turns out to be
really important, you can probably go back and do
that.

MEMBER KRESS: Probably go back and do
that, ves.

DR. BANERJEE: If it is.

MR. KELLY: So Steve and I are both very
interested in this program and trying to follow it
along and also to encourage it and direct it to what
we think is important.

MEMBER KRESS: You’'re going to choose
these three liquid vapor mass loading ratios to span
what you expect in the real case, I guess, so that you
can extrapolate in between them.

MR. KELLY: At least up to the point for
the dispersed flow regime.

MEMBER KRESS: Yes, okay.
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MR. KELLY: Now, one of the regimes we'’re
going to talk about later, if we get there, is what I
call inverted slug, and that’s why I’'m thinking of
more as 1like a fluidized bed where the volume
fractions are on the order of 50 to 90 percent, and
you have these liquid drops and fragments going every
which way, and the heat transfer can Dbe pretty
significantly enhanced. And the loading ratios there
get up to about 1,000. And if we were to spray that
kind of liquid mass flux in these 1little droplet
injectors, there’s no way we wouldn’t gquench the
bundle. We wouldn’t be able to do the steady state
dispersed flow test. So we’ll push it as far as we
can, but we’ll at least make sure we end up with a
good model for disperse flow. And this is how we
would use that data that we would get from the
facility to generate the model we need. Okay.

Now we’re going to back up, because I
skipped some slides, and go back to the background and
talk about drop diameter, because it’s primary role is
its effect on vapor superheat, and that’s really
crucial because that’s going to be your sink
temperature. But it also affects the grid space-to-
drop breakup. This two-phase conductive enhancement

factor is going to be a function of a drop diameter.
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And also water drop radiation heat transfer is a
function of the drop volume fraction and diameter. So
it affects all of these.

We don't even know what mechanisms forms
these drops. If you look in the literature, there’s
a lot of speculations. You know, is it aerodynamic
breakup of these liquid slugs? Well, maybe and
probably at least some of the -- maybe the majority of
the drops come from that. You’ll see papers where
they waive entrainment from that inverted annular
core. Now, if you’'re going to develop waves on it,
you can strip drops off of it. Or if you go to a low
flooding rate, what you have is actually an annular
film down below the quench front. You can develop
waves in that film and entrain drops actually before
you get to the quench front. But this wouldn’t too
often happen just because of the heat flux levels
below the quench front.

MEMBER KRESS: Aren’t you producing vapor
at the guench front? And when the vapor breaks to a
liquid interface, doesn’t it carry liquid with it?

DR. BANERJEE: That’s a splattering.

MEMBER KRESS: 1Is that what you mean by
splattering?

MR. KELLY: Yes.
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MEMBER KRESS: ©Oh, okay.

MR. KELLY: It depends on your liquid flow
rate and your liquid subcooling. If you’re at high
flow rates and high subcooling, yes, you generate
vapor at the quench front, but you immediately
condense a lot of it. So you get your onset of film
boiling there, but the eventual -- and that’s how you
have the liquid inverted annular core downstream of
the quench front is because you’ve condensed the
majority of that vapor.

You can also generate droplets by wall-to-
drop interactions. As we talked about, if you slam a
drop up against this hot wall, it’s going to flatten
out, you’'re going to be generating under the drop,
instability is -- as you start to push the drop away,
you’ll have instabilities on that vapor surface, and
the drops will tend to break up with some critical
wavelength that will be the size of the drop. And I
don'’t remember what the formula is, but that’s there.

You also have drops colliding with other
drops, with the grids, of course, and sputtering is
what happens if, say, for example, you have an actual
annular flow, we’'re talking about low flooding rate
cases, so below the quench front it’s two-phase and

you actually have an annular flow regime near the
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quench front that then this film trips over the quench
front itself where you go from basically a cool wall
to red hot and blows the liquid film off, and the name
for that is sputtering.

But if you look at the current database,
there is some data for drop diameters in reflood from
both experiments in tubes and rod bundles. But,
typically, the local conditions are not reported. All
you get are the droplet diameters. And so what
happens, and I guess now I can’t use "ad hoc" anymore,
I'm going to have to go check that definition. What
you’ll see in a lot of codes 1is they’ll take a
critical value for the Weber number based upon the
local conditions, not where the drop was actually
created, and they’ll tune that critical Weber number
so they’ll match the PCT for a particular experiment.
And you’ll end up seeing things like Weber numbers of
one or two years.

MEMBER KRESS: That seems backwards to me.

MR. KELLY: But part of it’s a limitation
that if you don‘t have some kind of interfacial
transport mechanism for the droplets, you have to do
it based upon local conditions, because the reality
isn’'t steady state. Normally, you know, you can

analytically you can say, "Well, I know where it was,"
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but that doesn’t happen in the codes. And this is not
an idea, this is what gets done, and that’s what we
want to improve on.

This gives you an example of what’s out
there now. You know, I searched, I looked for droplet
data, and there’s not a whole lot. I’'ve got two set
-- ah, my 1legend went away here. That happens
sometimes when you cut and paste things in.

MEMBER KRESS: We have it on ours.

MR. KELLY: So the black triangles are
from FLECHT SEASET, and these were done optically,
high-speed movie, looking through a window, then you
project it on graph paper and your graduate student
draws circles around the drops and gets out. So in
this case, each one of these triangles represents an
individual reflood test. You notice most of them are
at 40 psi, one is at 20.

Typically, the number of drops measured
range between about 50 and 300. So these populations
that -- each of these represents a population, and
what this 1is is the Sauter mean diameter in
millimeters, but they’re fairly small populations, so
you wouldn’t really trust the shape of it and even the
value. It give you a pretty good idea. But, again,

we don’t know what the flow conditions were. We know
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the pressure, but we don’‘’t know what the wvapor
velocity and we don’t really know where the drops came
from.

MEMBER KRESS: But those size droplets
are, for example, too large to get Kelvin Helmholtz
stripping off -- you don’t get droplets that big, do
you?

MR. KELLY: No, and you don’'t get droplets
this big with a Weber number of 12.

MEMBER KRESS: With a Weber number of 12,
you get a really small --

MR. KELLY: Well, no, actually, let me
back up. You don’t get -- these drops are too small
for the Kelvin Helmholtz thing if you use the droplet
terminal velocity. That’s why you need to go to a
Weber number of like one or two to get these.

DR. MOODY: Larry Hochreiter showed
droplet data. Did he make predictions of those
droplet diameters that he measured?

MR. KELLY: No.

DR. MOODY: He just measured them and
there they are for --

MR. KELLY: Yes. And I'm going to talk
about that in just a minute, about how we’re going to

use that data. I'll finish with this. These orange
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diamonds are from the ACHILLES test which were done in
Great Britain, and in this case they did two reflood
tests. This is the only -- they have more data, but
this is the only that I had access to. So there are
two different tests, and what you’re looking at is
each diamond is a value measured for one sub-channel.
And I don’'t remember how these were measured.

And then we have some tube test data, some
tests done at the University of Berkeley, I think it
was an Inconel tube, I don’t remember. And in tests
done in Britain by -- I think it was Britain -- by
Ardron and Hall, and these are quenching of a quartz
tube with a little wire wrapped around it. And so
here -- in both cases, they were using optical
techniques. Each one of these represents a point in
a reflood test, and these are sometimes as many as
1,000 drops in each one of these. Again, this is
Sauter mean diameter. And so these were taken at a
couple axial elevations in the tube, so at different
distances from the quench front. Whereas these were
all at the exit of the tube. So we have a very large
difference between the two, and one of the questions
is why, how can you measure droplets that are --

DR. BANERJEE: It’s hard to get a nine

millimeter drop.
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MEMBER KRESS: Yes.

MR. KELLY: Well, we talked about Kelvin
Helmholtz. Let’s throw Rayleigh-Taylor into this.
These are about as large as a drop can be and remain
stable.

DR. BANERJEE: They must be these big
chunks. I think Keith Ardron must have been calling
those drops, he was English. Anything which has sort
of a circular shape is okay.

MR. KELLY: Well, but --

DR. BANERJEE: They’'re big chunks of
liquid, I think.

MR. KELLY: But, you know, that’s what
they were measuring.

DR. BANERJEE: Yes.

MR. KELLY: That’'s what was there. And
this is actually Sauter mean, so they saw things even
bigger, but you can’t get much bigger than this. You
just can’'t. You know, a Rayleigh-Taylor limit is
about four times over -- which is about ten
millimeters at these conditions, so you’re not going
to get much bigger than that.

So at any rate, if you were to ask me
what’s a droplet correlation --

DR. BANERJEE: One to two millimeters.
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MEMBER KRESS: Yes. That’s what I was
thinking.

MR. KELLY: Well, except what we'’re
measuring in RBHT, at least the couple of tests I
looked at, are about half a millimeter. And that’s
one of the things we’re going to have to look at is
what’s the difference here.

DR. BANERJEE: But maybe there’s a spacer
effect.

MR. KELLY: These have spacers too. Egg
crate, not mixing vane, but definitely there’s a
spacer effect. But part of it may be the flow
conditions being different, you know, vapor velocities
being higher in these tests. Part of it may be the
measurement technique. Here we’re actually using an
automated software to measure the drops. And the
laser camera, the digital camera here has a very high
resolution, better than what was available back in the
1970s. So if you look in the test report for these,
they say that they -- I don’t remember the number, but
there’s a certain diameter drop that they can’t see.
Anything below that, they can’t see. Whereas here we
can see some of those very small drops, and, of
course, if what you’re doing is Sauter mean, you know,

ratio of the volume to the area for the population, if
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you’re not counting small drops, it’s very easy for
you to overestimate the droplet size.

DR. MOODY: I guess in every case the
droplets are formed from a bigger body of liquid,
whether they’re ripped off, stripped off, coaxed off.

MR. KELLY: Somehow. And probably several
different mechanisms build a population, and we simply
don’t know.

DR. MOODY: Isn‘t that amazing, here we
are 100 years later and we still don’t know.

MR. KELLY: You know, there’s thousands of
papers out there on inverted annular or dispersed flow
film boiling, and when you have to sit down and put
their model for a code, you’re scratching your head
sometimes, and it's surprising. There’'s a lot of
inconsistency between the papers that are there.

Okay. I talked about this. Okay. This
was how are we going to get the interfacial heat
transfer between the vapor and the drop. And the
point is you can’t really. I mean we'’re not measuring
the rate at which droplets are evaporating, but we can
get an indication of it by looking at the axial
profile of the vapor temperature. So we can use the
models that we get -- excuse me, we can use the data

that we’re going to get, the superheated wvapor
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temperatures, the drop diameter and the vapor-
entrained liquid flow rates.

MEMBER KRESS: Does the change in Sauter
mean diameter give you any information on that?

MR. KELLY: It’s --

DR. BANERJEE: Too small.

MEMBER KRESS: Too small?

MR. KELLY: The uncertainty in what you’'re
measuring is much larger.

DR. BANERJEE: But the superheated vapor
temperature is a function of the heat transfer from
the wall and a whole lot of stuff going into that.

MR. KELLY: Right. But it can give you --
you can at 1least use it to help you select which
models, and then once you have a set of models in and
are doing a comparison, you can then validate their
integral effect.

MEMBER KRESS: I would be tempted there to
use existing correlations for single drops and swarms.
I think some of those exist, don’t they?

MR. KELLY: Yes.

MEMBER KRESS: I think I’'d be tempted to
say, "All right, we’ll just put those in for that."

MR. KELLY: Yes. Whenever you think you

know something, use it. That’s what I'm doing. And
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so, for example, for the vapor-to-drop interfacial
heat transfer, there are experiments where they either
put a little sphere and coat it with a liquid film and
put it in a wind tunnel and --

MEMBER KRESS: Yes. They've done a lot of
that.

MR. KELLY: -- come up with those
correlations, so that’s what I'll use. The only catch
is the multi-particle effect.

MEMBER KRESS: Now, it may be that your
loading is so small that these act 1like single
particles, but I don’t know that.

MR. KELLY: Well, not quite. We’re not at
the dense solution where you have to worry about
clusters like in fuel ignitors. So we’re not having
to worry about penetrating clouds of drops. But on
the other hand, we have enough drops around that the
rate’s going to be a little bit more than the single
particle. And that’s where you might look like and
what I’'ve been doing is looking at the correlations
for fluidized beds for the wvapor-to-particle heat
transfer in a fluidized bed.

DR. BANERJEE: Are you talking of the heat
transfer coefficient on the vapor side or on the
liguid side?
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MR. KELLY: Vapor side.

MEMBER KRESS: Yes. I think --

MR. KELLY: Between the vapor and the
particle.

MEMBER KRESS: Yes. I think you would
generally neglect the 1ligquid side for this size
particle.

MR. KELLY: The drops are in saturation
and it’s high enough because the drops are small.

DR. BANERJEE: But, usually, the liquid
side heat transfer can vary, of course, by a factor of
two or three.

MR. KELLY: Yes. Here it’s so much larger
than the vapor side that it’s really a no "never
mind, " and if you just do a conduction on the drop and
have a fairly constant number, you’re close enough,
because it doesn’t limit the rate process.

DR. BANERJEE: Well, the flow around the
drop is turbulent, correct, by then?

MR. KELLY: But it’s fairly -- if you look
at the Nusselt number, you get a Nusselt number of
about ten or less on the vapor side.

DR. BANERJEE: You see, if you had a very
high conduction heat transfer inside the 1liquid

compared to the convective heat transfer outside, you
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won’t get any vaporization.

MR. KELLY: But these drops are saturated.

DR. BANERJEE: They are saturated.

MR. KELLY: By this point, you know, the
liquid is broken up and everything, and now you’ve got
little small drops. They’re basically saturated.

DR. BANERJEE: If that’s the case, then
all that heat transfer will just go to vaporization.

MR. KELLY: Right.

DR. BANERJEE: And you don’t care what
happens.

MR. KELLY: Yes. We don’t care what
happens on the liquid side. I should have said that
at the outset.

Now we're going to talk about drop
diameter again. Sorry for the aside in interfacial
heat transfer. What I said in the existing database,
as you see some drop diameters, is there’s a large
disparity but you don’t have a local fluid conditions,
so you can’t go and make any judgments. Well, this
one set of data by Ardron & Hall they do report at
least the exit conditions. So at the end of their
tube, they give you the steam velocity. And so if I
assume that steam mass flux were constant all the way

back to where they made their measurements, I don‘t
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have enough data to make any other assumption, but if
I assume that, I can do this plot, which is a non-
dimensional drop diameter, it’s a drop diameter
divided by the cost number, so that’s the square root
of the surface tension over G delta rho, versus a
modified Weber number.

It’s modified in two ways. It uses the
vapor superficial velocity rather than the relative
velocity, so I don’t know the relative velocity, I
only know the vapor superficial. And, actually, you
see that in a lot of annular mist things for droplet
diameter. The other way it’s modified is instead of
using the droplet diameter, it uses the LaPlauce
number. So that’s what meant by modified Weber number
here.

And because you’re plotting it that way,
and I picked this up with some annular mist stuff, you
can draw these dashed lines that are straight, and
what you’ll see in your handout is that it says Weber
number equals 12, Weber number equals four. There are
two sets of data here. What I'd like for you to look
at first are the diamonds. Those are the drop
diameters that they measured for locations that were
more than I believe it was 0.7 meters away from the

quench front -- or maybe it was one meter. It’s in
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your handout. So what you’re basically seeing for
these Sauter mean diameters 1is something that you
would get for the Weber number criterion based on
vapor superficial velocity of about four. Well, you
would tend to believe the number of 12, but 12 would
give you the maximum size drop. In the Sauter mean,
because there’s a population, a distribution, it’s
typically three to four times smaller than the
maximum, which brings you right into this wvalue.

Now, if vyou 1look at the open orange
triangles, those were taken at a distance of a tenth
of a meter, only ten centimeters, away from the quench
front in these tests. So these drops haven’t had much
time to accelerate, haven’t even had much time to
break up, but they tend to be bounded by that Weber
number value of 12 and then move down towards this
limit. So this is an indication of something you
might be able to use as a correlating factor, and
that’s one of the things I’'1l1 be looking at --

MEMBER KRESS: Droplet size versus
position along the tube, without consideration of
evaporation?

MR. KELLY: Well, actually, I didn’t mean
that. What I meant as a correlating factor was the

vapor superficial velocity or the vapor momentum flux.
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Okay?

MEMBER KRESS: Would you use the four or
the 12 or the --

MR. KELLY: Well, for the maximum, you
would use a 12, for the Sauter mean, a value more like
the four. And this is just first order model here.

DR. BANERJEE: Anyway, the vapor velocity
is very close to superficial, right? There aren’t
that many problems.

MR. KELLY: Right. And also -- well, yes.
But I'm ignoring the relative velocity here.

MEMBER KRESS: The relative velocity is
pretty low.

MR. KELLY: Yes. There’s a difference
between the vapor superficial and the relative, and
what I’1ll be saying in this model, if I were to use
this, is that where the drops are actually created the
drops are initially standing still. They haven’t
accelerated to the terminal velocity up here. So
their velocity is basically zero so that that wvapor
superficial is indicative of the relative, the
relative at the top of this, say, fluidized bed before
it becomes fully dispersed.

MEMBER KRESS: Even if it wasn’t that way,

you almost have an empirical factor.
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MR. KELLY: Oh, it’s going to be
empirical.

MEMBER KRESS: Yes. So it wouldn’t matter
if that was the right interpretation or not would be
a good way to look at it.

DR. BANERJEE: It’s more or less in line
with what you expect.

MEMBER KRESS: Yes.

MR. KELLY: Yes. And the point of showing
the 12 and this is to show where some of those very
large drops came from. These are drops close to the
quench front that haven’t had the chance to really
accelerate and break up.

MEMBER KRESS: And they’re not going to do
much, I don’t think, are they?

MR. KELLY: They'’re going to stay down.

MEMBER KRESS: Yes. So we don’'t know
really a whole lot about them.

MR. KELLY: Yes. Eventually, they’1ll
break up and then become important.

MEMBER KRESS: Yes.

DR. BANERJEE: It’s a mess down there.

MR. KELLY: Yes. And one that I’'m not
going to model the details of for a long, long time.

MEMBER KRESS: But it looks like a Weber

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




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

622
number might be a good shot at getting --

MR. KELLY: That’s what I’'m going to try.
And I got this from the annular mist literature, and
I'm just adapting it for a different situation. And
then I'm going to try to actually get other data to
check this, and I’'1ll explain that when I come back and
give you the models, okay?

This is what Professor Hochreiter showed
you from the RBHT --

MEMBER KRESS: I think we’re going to lose
one of our members here very shortly.

DR. MOODY: Your audience is shrinking,
it’'s nothing personal.

MR. KELLY: I‘1l1l tell you what: Before I
lose all my audience, let me go to my last slide.
It’s not in your handout.

MR. BOEHNERT: Powerpoint poisoning.

(Dilbert Cartoon.)

(Laughter.)

MR. KELLY: Since I'm noted for standing
up here for hours on end and boring my audience with
hundreds of viewgraphs, I just couldn’t resist. This
is what I was trying to desperately get to just before
Professor Wallis left, because I thought he would
enjoy this.
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MR. ROSENTHAL: Let me be serious for just
a second, and that is we read the consultant’s report,
and to some extent I think we have to agree that the
experimental program and the analytic program wasn’t
tucked together as tightly as everybody would have
liked, just what was funded when and who was on staff
when and what not. I mean even we recognize that we
could have done better, but I think that we’re playing
catch up but we‘re getting better. So I'm sure that
you have to -- or would be writing additional
consultant’s reports, and if in those reports you
included your views, having read this presentation,
I'd appreciate it.

MEMBER KRESS: I think that may be all you
get out of this meeting is a consultant’s report,
unless Graham wants to write a summary.

MR. ROSENTHAL: I'm not asking for
anything more, but what I'm saying is that the prior
reports were based on the Hochreiter were fair but
negative. So if you have whatever -- if you change
your views or have additional views, we’d appreciate
seeing what they are.

MEMBER KRESS: Well, the other issue -- 1
share your concern about losing support for the rod

bundle heat transfer test, and I don't know how to

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE., NW
(202) 234-4433 WASHINGTON, DC  20005-3701 www nealrgross com




10

11

12

i3

14

15

16

17

is8

19

20

21

22

23

24

25

624
convey that concern at the moment, because I don’'t
think we intended to have a letter.

MR. BROEHNERT: Well, vyou’re writing a
research report. Maybe you want to think about that,
getting some --

MEMBER KRESS: But the research is what
were supposed to focus on advance reactors, but I
think this is probably --

MR. BOEHNERT: I haven’t seen it, so I
don’t know.

MEMBER KRESS: -- appropriate.

MR. ROSENTHAL: Or even in your lesser
reports. If you think that --

MR. BOEHNERT: Well, but the research
report would be good because that’s going to elevate
this right to the top.

MEMBER KRESS: Okay. That’s a good point.

MR. BOEHNERT: Yes.

MR. KELLY: And from my perspective, even
in a consultant report, you know, you may even see a
sentence that says, "This is a pretty interesting test
series. We think we’re going to get some valuable
data." But then there might be 20 different ways in
which it could be better, and they may be very true,

and maybe we can make the program better, but when
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couple levels of Management above sees this, they see
20 and one, and they come away with, "Well, this -- my
staff doesn’t know what we’re doing, our experimenters
don’'t know what we’re doing, 1let’s just kill the
program." So if there’s a cover letter that goes with
the consultant reports, I mean if you really feel this
is a worthwhile program, just make it very clear in
the front, and then tell us how to do it better. We
don’t mind that, because --

MR. BOEHNERT: Let me give some input
here, because you have to keep in mind what are the
intents of the reports the consultants provide the
Subcommittee. It’s basically for internal use, and in
fact we kind of grapple with, gee, should we give you
guys these reports? And I tend to say you ought to
see this stuff because I think it’s useful, but I
always have to get the permission of the Chairman to
do that. And he generally says, "Sure, go ahead." So
that’s why it’s -- it’s a different audience and
that’s why they tend to be maybe not as positive as
you’d like, but it’s basically for internal use.

MR. ROSENTHAL: I think that given the
presentations that were made, I think that the reports
that came in were fair. And we’re all saying we need

to do better. Having heard this presentation, if you
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have additional comments x

DR. BANERJEE: Well, you have to know that
that when we listen to the RBHT Program, this program
which is going on in parallel wasn’t presented.

MR. ROSENTHAL: Right.

DR. BANERJEE: And maybe the right thing
would have been to make it one more day at that point
and put those two together.

MR. ROSENTHAL: Fair enough.

DR. BANERJEE: That would have made a
difference.

MR. ROSENTHAL: A little bit of a history,
by the way, if we go back like six months to a year,
we would come in and have these 1like summary
presentations, you know, a one-day or two-day
marathon. And Professor Wallis said it would be more
useful if we came in instead of with these big
overview presentations where you got into no detail on
anything is if you can have more detailed ones on
specific topics. So Steve brought Vijay Dhir,
Hochreiter, et cetera, and I guess we’re losing
something in maybe we’re being too fragmentary. So
I'm just saying some combination.

DR. BANERJEE: Yes. In fact, if there was

even an hour presentation by Joe or Steve or something
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to put this in some context, yes, that would have been
different.

MR. ROSENTHAL: Fair enough. Fair enough.

DR. BANERJEE: The only thing that still
bothers me, to some extent, and I think it’s a crucial
issue, is this maybe we need to see something of what
Steve and Joe have done in terms of sensitivity of
these temperatures to the sort of modeling assumptions
you were saying that you had made. Because we are
sort of getting conflicting information on this, and
I can see how it’s coming about, because there are
people who want to get S-RELAP or whatever the next
code applicable for their fuel reload analysis or
whatever they’re doing, and so they’re going to
present a case that nothing needs improvement in these
codes, we can do everything with it, right? I mean
even if you --

MR. ROSENTHAL: I think you‘re still
bleeding from yesterday.

DR. BANERJEE: Yes. If you take that at
face value, then there'’s no program needed of any sort
whatsoever. We know that’s not true. But there is
something there which is sort of in the middle ground
I think that they’ve been maintaining that a lot of

the dispersed flow, heat transfer flow, the nuances

NEAL R. GROSS
COURT REPORTERS AND TRANSCRIBERS
1323 RHODE ISLAND AVE , NW
(202) 234-4433 WASHINGTON, DC 20005-3701 www nealrgross com




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

628
and so on, don't matter. What we’ve got 1is good
enough to give us PCT, which I disagree with
personally, because I think the work should be done.
But we need to have some evidence presented to us that
we can make the case stronger, because I believe this
is a good program too.

MR. ROSENTHAL: We’'ve had a 1lot of
discussion, by the way, and you'’ve heard a little bit
from Joe, a little bit from Steve about developing
metric again. The one thing that I think we’re all
convinced of is that PCT should not be the only
metric.

MR. ROSENTHAL: Right.

MR. BAJOREK: When we did the best
estimate methodology for the Westinghouse model, that
was our original attack was to, hey, if we can get the
PCT correct, everything might be all right. And that
was thrown out and rightfully so, because when we did
take a look at what the code was doing, we did start
to find compensating errors. You’'re getting the right
reason but for the wrong -- you’re getting the right
answer but for the wrong reasons. Where that comes
back to haunt you is in a full-scale PWR analysis
where if you might be correct for a test, which runs

either at steady state or over a short time scale, now

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




10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

629
you think you have an answer that’s got a good bias,
small uncertainty. But it becomes very important if
you take that uncertainty and propagate it over time.
So if you think your answer is good and you do it only
on PCT, you may be missing the fact that your heat
transfer coefficient may be off by ten, 20 percent.
And when you propagate that in a code that goes for
several hundred seconds, then you could Dbe
mispredicting your PCT by hundreds of degrees.

MR. ROSENTHAL: And along that line, we’re
trying to -- you know, this idea, you heard the
expression, large-break LOCA center, and that is that
if on probability you dismiss the double-ended
guillotine break, I don’t think that you’ll ever
dismiss breaks that depressurize the plant, you know
like surge line. Then people will immediately take
the margin that they’ve gained by that, you’ll be up
against new limits, and then you have to ask is your

code capable of these other issues? So for all these

DR. BANERJEE: Well, one of the points I
made in my last report was that NRC, now I don’‘t know
which appropriate branch of NRC it should be, should
develop more than just the PCT criteria for evaluating

a code. Maybe it should have -- this is up to NRC to
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decide what is the most important factors, but say
time to PCT could be important too or there could be
a number of other things which I can think of, and I'm
sure you can, which are sort of would give more
credibility to these calculations, which have been
presented by all the vendors and people like that in
licensing their codes. And there should be a short
list of four or five things that they have to get
right, more or 1less, before we sign off on these
things. Because PCT is -- you know, they adjust stuff
and they finally get the PCT and they say, "Well,
we’ve assessed 59 experiments now" or whatever the
number is, "and we're fine."

MR. BAJOREK: If you’d like, I’'1l1l give you
part of a presentation we made December last year, and
we covered exactly some of those concerns where we
said quantification of code performance it's
conservative, you compare the PCT, and we basically
said that’s unacceptable. For reflood heat transfer,
we would look at more of a list of parameters which
would go from steam cooling heat transfer coefficient,
dispersed flow heat transfer coefficient, inverted
annular heat transfer coefficient. Minimum £ilm
boiling temperature has a very big effect in your

blowdown cooling, a carryover fraction. We haven’t
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said anything on that yet, but if you remember
watching that movie from RBHT, we were still well
above the minimum film boiling point, but we saw lots
of water in this, wvery high carryover fractions. We
need to get that correct and level swell to make sure
that you aren’t frothing up your quench front to a
higher elevation than it should be.

So I can give you this, and that’s when it
comes to assessment and in our model development we're
not going to use PCT except as a --

DR. BANERJEE: But somehow it has to get
through to NRR, and they have to say, "Okay, these are
five or six variables that we look at."

MEMBER KRESS: You’'ve got to change the
rule.

MR. BOEHNERT: You have to change the
rule.

MEMBER KRESS: That might be a problem.
I guess given the hour and the time, I want to thank
you guys for a very interesting, productive meeting,
and I think at this point I’1ll declare the meeting
adjourned.

(Whereupon, at 1:20 p.m., the ACRS meeting

was concluded.)
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TRAC-M: Code Consolidation Status

m Code Release Schedule
+ Release a version to internal users: 12/31/02
+ Run input decks from RELAPS, TRAC-B & TRAC-P
+ Documentation

w User Guide: first draft, may be missing RELAPS translation guide.

» Theory Manual: first draft, will not include BWR models and sections on
new physical models (e.g., reflood).
» Developmental A nent: not available
o Release § version: Spring CAMP meeting 2003
¢ Documentation
w User Guide: final form.

» Theory Manual: complete draft version
» Developmental Assessment: partial first draft.

o Official release: 12/31/03
+ Meets success metrics & documentation in draft form.

N Potential that documentation and some assessment may be
delayed due to AP-1000 & ESBWR efforts.

TRAC-M: Code Consolidation and

Development

s TRAC-M Development Objectives
o Modern Architecture

e Code Consolidation:

+ Recover modeling capabilities of predecessor codes (Ramona, TRAC-P,
TRAC-B, RELAPS5), and

+ Retain investment in legacy input models (RELAP5S & TRAC-B).

» Success Metric: simulation fidelity must be equal to or better than that of
predecessor codes for their targeted application.

Ease of Use

Accuracy

o Numerics

R



TRAC-M: Code Consolidation Status

s TRAC-M Development Objectives

¢ Architecture
+ Ease of Development
+ Extensibility (ECI)
» REMIX & CONTAIN (prelimtnary)
+ Reduce maintenance
» Modulanty & readability

s Consolidation
+ Coupled Kinetics & T/H (Ramona)
¢ BWR Transient & LOCA (TRAC-B)
+ PWR SBLOCA (RELAP-5)
¢+ PWR LBLOCA (TRAC-P)

Status
complete

complete

continuing effort

complete
complete
late 2002
late 2002

TRAC-M: Code Consolidation Status

= TRAC-M Development Objectives

o Ease of Use

+ Graphical User Interface
w Construct new input models with drag/drop

» Display, edit and run existing RELAPS , TRAC-B

and TRAC-P input models
w Post-processing plotting & playback
» Interactive display with user feedback

+ Automatic mapping to 3-D kinetics
+ Platform independent graphics and restart file
+ Documentation

Status

complete

late 2002
late 2002
future

complete
complete

continuing effort




TRAC-M: Code Consolidation Status

= TRAC-M Development Objectives

e Accuracy
+ Physical Models
+ Advanced 2® Model
+ Quantification of Accuracy
o Numerics
+ Robustness
+ Computational Efficiency
+ Parallel Processing (coarse grain)
+ Accuracy:
w Higher order differencing (e.g., thermal fronts).
» Level tracking (1-D & 3-D).
»w Semi-implicit scheme (stability).

Status

beginning
2003-2005

continuing effort
2004-2005
completed

2003-2004
completed
completed

TRAC-M: Code Consolidation Status

m Oscillating Manometer Test Problem
« TRAC-M without Level Tracking:
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TRAC-M: Code Consolidation Status

» Oscillating Manometer Test Problem
¢ TRAC-M with Level Tracking:
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TRAC-M: Code Consohdatlon and

Development
» Legacy Input Models
SNAP
RELATS inout RELAPS TRACM TRACM
Modettditor ModelEditor PostProcessing
3
RELAPS TRACM
™ TR
. A 4 A
TRALGP Input
TRty RELAP to TRAC o
—_—> ComponentMapping &.‘:"
TRACB nput .
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ongoing
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TRAC-M: Code Consolidation Plan & Status

m Calendar Year 2002 Activities:

Aschitecture
Modetnization

3D Reuclon(heﬂc)s
a

TRACB Functionality

[ RodBunde
intertacisl Diag

AELAPS o -felease

—— Component ———‘ DevelopmentalAssessment l— Consolidated
: Code

Interim Refioad Model

:
?
!

AELAPSFunctionalily

1/02 1/03
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TRAC-M Current Model Development
= 3; B
a Bundle Interfacial Drag:
o Necessary for Peach Bottom Turbine Trip benchmark.
+ Implement TRAC-B interfacial drag and heat transfer models.
» Apply to CHAN component (BWR fuel assembly).
» Apply to 3-D Vessel core region.
+ Implement low-level modularization of interfacial drag package.
» Reflood Model (interim)
» Necessary for realistic auditing calculations of AP-1000.
» Current model has unacceptably large oscillations and is highly
conservative for separate effects tests.
+ Physical models and fine-mesh rezoning numerical scheme.
» Fine Mesh: phase | (correct implementation)
» Physical Models
» Fine Mesh: phase !l (improve adaptive grid criteria)
12
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TRAC-M: Code Consolidation Plan & Status

m Calendar Year 2003 Activities:

. % ~ - > e
W tmprove official
ol o I e I e > “cada
. . x Numerics 5 Raleass
v < -
A
Updata Documentation “
1703 1704
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TRAC-M: Code Consolidation Assessment Plan

n Developmental Assessment Matrix (example):

Code
Test RS _ T-B _ TP _ T M | Priority Comments
Refloed Heat Transfer
FLECHT SEASET X X x " Basic reflood
~Test 31504 {173} modeling capability
- Text 31701 (67/s) Test 33436 dropped
- Test 3400 (0 67/s) due 10 grawity reflood
SCTF Core 1 x X R Large scale gravity
~Run 719 B reflood with steep
pawer
GOTA Reflood. X x H Combined 10p and
- Test42 bottom flooding
Post-CHF Heat Transfer
THTF Transient Transient upflow film
- Test 3.03 6AR X X H bouling at high
- Test 3.06 6B pressure mass flux &
- Test 3.08 6C heat flux conditioas
THTF Steady Steady pflow film
Test 1.079B X[ X X H botling at tugh
- Test .07 9H pressure, and
Test JOTIN moderate mass flux &
Test 107 9W beat flux condihons
GOTA Radiation
Test 17 X X "

14




Consolidation & RELAPA& SNAP 0
Assessment | [ DeveloprentalAssessment |
. | Wodellmprovements? |
............
. BWR Intf.Drag Subc.Bolling | LowP Wit Dreg | .
Physical [~ terimRefood Phase Separation |
Models Condensationw.HC
: (PCCS&5PY
[ Wobusiness | ECI& Parallel . .
[ 3D Level Tracking Imphicit HS & INtL.HTC . .
Improvements . Drapiet Freid Dissolved Gas Field .
: EnergyEqn. -+ impiicit 1.0 Soin.
. Highetr Order Ditterencing (boron & thermal Nonts)
[ PARCSImpiovements
Copablities CONTAINCOupling .
, Adv. BWR Fuel .
Code :
Release

TRAC-M Long-Term Development

R O R B R I s oy o)

= Anticipated BWR model improvement needs:

+ Core spray model.

Boiling transition:
+ Better default model.

+ Provide “user defined routine” to easily incorporate proprietary model
for auditing calculation ?

Modern fuel designs:

+ Radiation view factors (part length rods, water channels)
» This effort is underway.

Reflo

od model.

Top-down rewet:
+ Channel box
+ Fuelrods




TRAC-M Long-Term Development

m Anticipated PWR SBLOCA model improvement needs:

Loop seal cleanng.
Hot leg stratified 2& flow and CCFL.
Cntical flow (SGTR).
Reflux condensation with non-condensable gas.
Recirculation in parallel loops (2x4 plants).
Core level swell
» High pressure: operating plants
» Low pressure AP-1000
+ Thermal stratification:
» Vertical components (e g pressunzer & CMT)
» Honzontal loops
+ Phase separation in tees: -
» Hot leg to ADS carryover (e g AP-1000)

* & & & O 0

TRAC-M Long-Term Development

= Anticipated PWR LBLOCA model improvement needs:

+ Reflood model.
+ Intenm model for AP-1000.
¢ More mechanistic model based on RBHT data.

« Blowdown heat transfer & rewet.

« Upper plenum de-entrainment => hot leg carry over.

+ Downcomer interfacial drag => ECC bypass. ‘
« Downcomer & cold leg condensation:

+ ECC bypass
+ Downcomer boiling

« Steam generator heat transfer => steam binding.

o Core interfacial drag.
+ Normal flow regimes at low pressure.

18




TRAC-M Long-Term Development

s Incorporation of Experimental Results

UCLA Subcooled Boiling
» Targeted to known code deficiency, implementation in 2003.
OSU Phase Separation
» Extension of data base to larger off-take diameter ratio and non-stratified regimes.
» Targeted to known code deficiency, implementation in 2003
PSU Rod Bundle Heat Transfer
¢ Designed to provide detailed measurements for mode! development.
» Reflood tests to be conducted in 2002 & 2007.
» Steam cooling/drop injection tests in 2004-2006.
» Data analysis & model development to begin in 2004.
Purdue/UW Interfacial Area Transport
+ Exploratory research program with the potential for a revolutionary improvement
in two-phase flow modeling capability.
» Implementation to begin in 2005, data can be used for mode! assessment.

Code assessment results => future experimental programs.

TRAC-M: Code Consolidation and
Development

i3

= Summary

Code development associated with consolidation will be completed by the
end of 2002.

Developmental assessment initiated in the second half of 2002 and will
be completed in 2003.

Both interfacial drag and reflood models will be improved for inclusion in
the consolidated code.

Initial a-release of the consolidated code at end of 2002.
Initial g-release to CAMP members at Spring 2003 meeting.
Initial public release of the consolidated code at end of 2003,

Long-term code development and experimental programs to be driven by
assessment results and user needs.

20
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Code Consolidation DA

J sults similar to TRAC- P,
-B, »and RELAP5, =

, Mo_stleffojrts td date have been on small
scale separate effects tests.
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Work in Progress

‘s Priority given to BWR related asséssment, in
‘ “'order to support ‘anticipated ESBWR reyiew.'

= For large break LOCA
OFT Tests LZ-S L2-6 LB 1

Slmulatlons for 2003

Depen ing on av |able resources :
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Rod Bundle Heat Transfer Program

m CONTENTS

® Background: Program Rationale
® TRAC-PF1/MOD2 Reflood Model
e Sample of TRAC Reflood Results

® Reflood Model Development Needs

% Role of the RBHT program in providing data for model development,
selection, or validation.

® Summary

December 12, 2002 2



Rod Bundle Heat Transfer Program
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Background

@ Whatis the Rod Bundle Heat Transfer Program ?
® Why' is this re.search needed ?:

e What ére'tﬁe broduct‘s of this research ?

® What is'the technical apﬁroach ?

® Whét is uniqué about the e);périmentél' pProgram '?

° What;is the schedule ?

December 12, 2002




Rod Bundle Heat Transfer Program

m What is the Rod Bundle Heat Transfer Program ?

® Model Improvement Effort:

» Improve accuracy of LBLOCA modeling for the consolidated code to minimize
uncertainty in best-estimate calculations.

= Make extensive use of current data base augmented with new more detailed
measurements.

» Principal investigator: J.M. Kelly (USNRC)

® Experimental Program:

» Small-Scale Reflood/Blowdown rod bundie heat transfer test facility.

Instrumentation & testing guided by needs of best-estimate model development NOT
demonstration of Appendix K margin.

» Contract awarded through competitive bid: November 1997.
» Located at the Pennsylvania State University.
» Principal investigator: Prof. L.E. Hochreiter (PSU)

December 12, 2002




Rod Bundle Heat Transfer Program

ST ot s §

What is the Rod Bundle Heat Transfer Program ?

e ARy

Types of Tests:

e Bqndle Characterization:

» steady-state flow => bundle & grid spacer pressure drop

» steady-state two-phase => low pressure / low flow void fraction
were not performed as part of bundle characterization.

» bundle heat loss => boundary condition for other tests

» radlat|on tests with evacuated bundle => rod-housing etc.

® Steam & Mist Cooling:

» single-phase steam cooling
. turbulent & mixed convection vapor htc.
single-phase grid spacer enhancement
» steam cooling with injected drops (fixed drop mass flux & SIze)
-two-phase enhancement of convective heat transfer
interfacial heat transfer => vapor superheat
two-phase grid spacer enhancement

December 12, 2002
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Rod Bundle Heat Transfer Program
What is the Rod Bundle Heat Transfer Program ?

kg oL S SRR

m Types of Tests (cont):

® Forced Reflood Tests:

» froth region parametric study: (P, G, AT
void fraction & heat transfer
break-up & entrainment

» dispersed flow film boiling parametric study: (P, G, Ot)
drop size & entrainment rate

» guide tube and/or grid parametric study

sub)

® Gravity Reflood Tests:
» forced reflood overlap:
effect of oscillations on entrainment & heat transfer
» outlet resistance parametric study

» NOTE: cost of facility construction and operation together with
funding reductions make “grayed out” tests now unlikely.

December 12, 2002 6



Rod Bundle Heat Transfer Program
Why is this research needed ?

TR Bt o a2

m LBLOCA CSAU study quantified uncertainty for TRAC-PF1/MOD1:

» demonstrated methodology for best-estimate plus uncertainty

» illustrated existence of large safety margin for LBLOCA:
~350 deg K for Westinghouse 4-Loop with peak LHGR of 9.35 (kWIHt).

m To improve nuclear reactor performance and economics,
licensees are beginning to use best-estimate analysis methods:

» Longer fuel cycles, increased core power levels, higher peaking factors, etc.
recent calculations ‘are using peak LHGR ~ 15. (kW/ft).

= Result: peak clad temperatures (95" percentile) are calculated to occur during
reflood and are similar to Appendix K values (see plot on next slide).

m Risk Informed Regulation:

» NRC needs LBLOCA analysis tool that can be applied with a high degree of
confidence to assure public safety without unduly penalizing licensees.

December 12, 2002 . 7




Rod Bundle Heat Transfer Program
Why is this research needed ?

m Sample Best-Estimate Calculation:
® Peak LHGR = 15.1 (kW/it)

December 12, 2002

» Peak Clad Temperature is representative of 95th percentile value
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Rod Bundle Heat Transfer Program
Why is this research needed ?

o e s - T A T AN

m Is the NF{:C’s‘ LBLOCA analysis tool “good enough” ?

e CSAU study quantified uncertainty for TRAC-PF1/MOD1:

» identified areas of TRAC modeling deficiency & high uncertainty
~.potential for significantly larger margin than that demonstrated in CSAU study

® TRAC constitutive models extensively modified => MOD2.

» ' completely'new “mechanistic” reflood model based primarily on experimental data for
tubes (e.g., Winfrith “hot patch” tests).

= minimal assessment against rod bundle data.
» pediﬂgree of MOD1 does not apply to MOD2 version.

°® Initial SET assessment results for TRAC-PF1/MOD2:

= calculations for low flooding rate are unrealistically conservative
" = calculations exhibit large oscillations (even with fixed inlet flow rate)

» Significant model improvement is needed before uncertainty
quantification is pursued. '

December 12, 2002 . . 9




Rod Bundle Heat Transfer Program
Why is this research needed ?

m  What needs to be done to make the model “good enough” ?

e TRAC Reflood modeling capability needs improvement:

» current model is overly complicated, a simpler approach is needed
reduce oscillatory behavior, and
improve accuracy of predictions

e Old Approach:

=» try different correlations, tune coefficients, increase smoothing...

» overly complicated model with compensating errors
no assurance answer is “right for the right reason” !

e Current Program:

% experimental program to provide detailed data for model development

= models are selected/developed based on “fundamental assessment”
right local fluid conditions <=> right heat transfer

= compatability with numerical representation considered from outset

December 12, 2002 10



Rod Bundle Heat Transfer Program
What are the produots of this research ?

tasea s SER R ¥ ; . . Bl s e e

B Improved code models to support the Agency in |mplementatlon of
Risk Informed Regulation:

» minimize uncértainties to provide true best-estimate analysis capability for
auditing of licensee submittals

e LBLOCA Analysis Capability:

model that is more accurate credlble and robust

e T/H Data Base:

_ensure exnstlng reflood data base is archived & useable
expand data base with detailed measurements targeted to code modeling issues

e Assessment Library: :
comprehensive assessment matrix => automated DA system

® Experimental Facility:
provude NRC W|th a flexible rod bundle separate effects test facility

° Umversuty/Student Support

provide learning opportunities for next generation of T/H engineers

December 12, 2002 11




Rod Bundle Heat Transfer Program

X SR ciotar L

m What is the Technical Approach ?

® Analysis of Existing Data Base
= Perform detailed analysis of separate effects tests for reflood and
blowdown heat transfer phenomena.
assess data needs => testing needed ?

provide informed guidance on instrumentation, test matrix & procedure
provide data base for model assessment and/or improvement

® Small-Scale Experimentation

» Use well-instrumented facility to provide detailed data under carefully
controlled conditions.

allows “fundamental assessment” of the underlying physical parameters
upon which code constitutive models are based

provides detailed data base targeted at two-fluid code modeling needs

December 12, 2002 12



Rod Bundle Heat Transfer Program

0

Technical Approach: (cont.)

e Model De\}elopment (when necessary)

» Accuracy:

improve by detailed experimentation, better use’of current data base, component
specific relations, and development W|th|n two-fluud framework .

: -» Consustency - T
treatment of flow regimes and constltutlve models should be consustent
" (e.g.) interfacial friction & heat transfer should use same flow regime.
level of detail in numerical model should be consistent with that of the experimental data

base => eliminate use of “ad hoc” models.
- % Numerical Characteristics:

remove unphysical discontinuities, base correlations on “integral variables”, build-in
physical time scales when possible, and make sure model is appropriate for
discretization used in system calculations.

December 12, 2002 ) ) ‘ . 13




Rod Bundle Heat Transfer Program

m What is unique about the experiment ?

® Purpose of program => provide data for model development
= NOT a demonstration of design adequacy vs. Appendix K limits

® Series of well defined experiments to separate and evaluate the
individual phenomena which together constitute “Reflood Heat Transfer”

= provide consistency between level of detail in code model and in data base

® Takes advantage of instrumentation improvements to provide more
accurate detailed information than is currently available, for example:

=» froth region: axial profile of void fraction just downstream of the quench front
» froth => dispersed transition: laser enhanced imaging of regime transition
» dispersed flow: drop size, entrainment rate & 2® enhancement

® Close collaboration between experimental & modeling efforts.

= NRC staff is responsible for performing code development, and provided
input to instrumentation needs and test matrix.

December 12, 2002 14



Rod Bundle Heat Transfer Program
R B R e S

What is unique about the experiment ? (cont.)

® Power Profile = . | |
» Top skew axial power profile:

Provides limiting case.

Extends length of dispersed flow film boiling region by minimizing region of
reversed heat transfer at top of bundle.

Constant rod power extends reflood transient providing longer periods of film
boiling with conditions that are changing less rapidly.
» facilitates data analysis to infer local fluid conditions for mode! development.

e Test Matrices:
» “Inverted Annular Film Boiling” parametric study (subcooling at QF)
» “Dispersed Flow Film Boiling” parametric study (void fraction at QF)
» Droplet Injection Tests: two-phase convective enhancement

December 12, 2002 15
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Rod Bundle Heat Transfer Program

What is the Schedule ?

® Experimental Program (proposed, based on reduced budget)

» Interfacial Drag Tests: 2003 to mid-2004
» Steam Cooling Test: mid-2004 to mid-2005
» Droplet Injection Tests: mid-2005 to 2006
» Higher PCT Reflood Tests: 2007
» Variable Flow Reflood Tests: 2007
® Model Development Effort
» Interim reflood model: mid-2003
» Implementation of droplet field: 2003
= Reflood model based on RBHT: 2004 to 2005

e NOTE: model development effort has been delayed due to
potential submittal of ESBWR.

December 12, 2002 16



Rod Bundle Heat Transfer Program

b s A

Backgrouvnd Surlnma‘ry:'

® Anticipated trend in industry: mcreasmgly utilize margin to pursue
operation at ever higher linear heat rates and peaking factors:

» Plants can be LBLOCA limited with best-estimate peak clad
temperatures approaching those of Appendix K. :

® CSAU study identified significant modeling deficiencies and
uncertainties in MOD1 so that CSAU result was conservative.

® MOD2 has not undergone uncertainty quantmcatlon and recent
experience indicates that model improvement is needed before
uncertainty quantification is pursued.

® Rod Bundle Heat Transfer Program has goal of reducing uncertainty
and biases due to CSAU identified modeling deficiencies.

December 12, 2002 . 17




TRAC-PF1/MOD2 Reflood Model

faiescae L ]

m MOD2 vs. MOD1:

® Changes to Constitutive Packages:
» Interfacial Friction & Heat transfer correlations (other than reflood)
changed considerably.
(e.g.) use of “Blasius” correlation for interfacial shear in the downcomer
» Blowdown heat transfer: Forslund-Rohsenow removed (now as option)
» Interface sharpener removed.
= Wall shear changed, consistent between 1-D and 3-D components.

» New subcooled boiling model for partitioning wall heat transfer between
vapor generation and sensible heat transfer.

» “Relaxation Limiter” method employed universally to damp changes in
constitutive models.

» New reflood model implemented:

completely new set of correlations for interfacial friction and heat transfer,
and wall heat transfer based on fundamental tube experiments

requires user intervention (setting a trip) to activate during transient

December 12, 2002 18



TRAC-PF1/MOD2 Reflood Model

MOD2 Reflood Model Development:

e “Well-Intentioned” -
» Used data from fundamental experiments performed in tubes
(e.g.) Ishii & DeJarlais experiments on jet breakup

» Consistent treatment of flow regimes for'interfacial shear, interfacial heat transfer
& wall heat transfer:
position dependent inverted annular flow map (distance from quench front)

e But...

= Very complicated, level of detail not supported by experimental evidence and not
consistent with system discretization.
contains 48 adjustable coefficients to be optimized
contains multiple “smoothing” functions (what is really being used ?)
» Ignores differences between rod bundies & tubes.
» Appears susceptible to numerical oscillations.

» Requires user intervention to switch from blowdown to reflood heat transfer
packages.

n§
s

December 12, 2002 19




TRAC-PF1/MOD?2 Reflood Model
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m Reflood Flow Regimes:

fLegenog
Ca =, VvV, /70 (Caplllary Number)

V, = Uquid Velocity
Highly Dispersed
o 'YF e B, = Liquid Viscosity

Regim '_ [. ] - Surface Tension
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Rough Wavy
1AF
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Smooth INVERTED
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Transition ad CHFE
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December 12, 2002 20



TRAC-PF1/MOD2 Reflood Model

ey

m MOD2 Reflood Flow Regimes:

.. 5 . | Vih,=2.54 | V, =15.2
Regime " | Zar=fn{Ca}| ' (crs) (cm/s)
Transition Boiling =N (Gy/ Dene) - -
Inverted Annular Smooth =60 Ca'” 0.83 (cfn) 2.4
Inverted Annular Rough =295 Ca™ 4.10 10.05
Invértéd Annular Agitate:d' =595Ca™ | 8.28 20.28
Highly Disperseﬂd» Flow .a> 0;98 . -
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TRAC-PF1/MOD2 Reflood Model

m Reflood Heat Transfer Coefficient Logic:
» weighted sum of contributions from each regime

Legend YRS
W . Weighted ®  Bremiey
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Sample of TRAC / ModZ Reﬂood Results

oss @ sy

B FLECHT - SEASET Test #31 504

» Geometry
17 x 17 bundle geometry
161 heated rods & 16 thimbles
8 egg-crate grid spacers
full heated Iength (3.66 m) |
' chopped cosine axial power proflle (peak/avg = 1.66)
unlform radial power profile

-» Test Condltlons
Pressure = 2.76 (bar)
Inlet Subcooling = 80 (deg C)
Nominal Heat Flux = 4.64 (W/cm?)
Inlet Mass Flux = 23.7 (kg/m2-s)
Constant Flooding Rate -= 24 (mm/s)

December 12, 2002
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Sample of TRAC/Mod2 Reflood Results

S, L

m FLECHT - SEASET Test #31504

® Axial Profile of Clad Temperature (at time of peak clad temperature for data)
=» TRAC QF lags data by over 0.5 (m).

=» TRAC over-predicts peak temperature at this time by 85 (deg C)
evidence of compensating error: too hot at mid-plane, too cold at upper levels.

1600 frrmrme g

1400 +

1200 |-

1000

800 }

Clad Temperature (°K)

600 }--

400 |

December 12, 2002 Axial Position (m) 24



Sample of TRAC /Mod2 Reflood Results

s #my puTT

ity

FLECHT - SEASET Test #31504

® Axial Profile of Clad Temperature (at time of peak clad temperature for TRAE?)
» TRAC QF lags data by over 1.1 (m).
» TRAC over-predicts peak temperature by 320 (deg C) -
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Sample of TRAC/Mod2 Reflood Results

WAL Yo how s

FLECHT - SEASET Test #31504

e Clad Temperature vs. Time (just above core mid-plane)
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Sample of TRAC/Mod2 Reflood Results

G A s it

R T

FLECHT - SEASET Test #31504

® Vapor Temperature vs. Time (just above core mid-plane)
» TRAC calculation exhibits large oscillations (400-800 °K)
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Sample of TRAC/Mod2 Reflood Results

FLECHT - SEASET Test #31504
® Summary'

| » TRAC- PF1/Mod2 drastlcally over-predicts the peak clad temperature
(320 deg C) for this Iow reflood rate test.

» TRAC- PF1/Mod2 calculation exhlblts very large oscnlatlons
‘ - vapor temperature, void fraction, vapor & liquid flow rates

» TRAC-PF1/Mod2 greatly under-predicts quench front p‘rogression.
~‘oscillations throw too much liquid out of bundle

» Improvement is needed:
reduce oscillatory behavior, and
improve accuracy of prediction

» Use a simpler modeling approach based onrod bundle data.

December 12, 2002 . 29




Reflood Model Development Needs

m Reflood Regimes O

STEAM

® Transition Boiling:
» at quench front, ~ 1-2 cm long.

+

MR
® Film Boiling: )
» a.k.a. inverted annular film boiling *eoh

= occurs for high flow & subcooled conditions.

D=

® Transition Regime:

» ak.a.inverted slug, agitated inverted annular, or
froth.

» mixture of liquid fragments & droplets

= occurs when inverted core disintegrates or when 2&
mixture exists below quench front.

=) ¢

FLOW PATTERN
TRANSITION REGIME

et -’
-

;

e -’\‘

. -
o~

FILM BOILING

|

® Dispersed Flow:
» a.k.a. dispersed flow film boiling.

» superheated steam & droplets with Sauter mean
diameter ~ 1 mm.

TRANSITION BOILING

%

NUCLEATE BOSLING

1

LiQuID
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Reflood Model Development Needs

Film Boiling Heat Transfer:

December 12, 2002
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Reflood Model Development Needs

m Discuss modeling needs for each regime:
e Inverted Annular Film Boiling

Dispersed Flow Film Boiling

Inverted Slug Film Boiling

Transition Boiling

Normal 2@ Interfacial Drag

m For each regime:
e Importance
® Background
e Constitutive models needed
e How RBHT data will be used

December 12, 2002
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Reflood Model Development Needs

Inverted Annular Film Boilin g

YT p Y 2 e - . e ey

Importance:
@ Heat transfer in this regime is largely responsible for the rate of
quench front propagation (cools rods to the quench temperature).

® The vapor generation from the combined film boiling and quench
front heat release provrdes the inlet condition (my, G, T,) to the
dispersed flow region where the peak clad temperature occurs.

m Background: |
e Quasi-steady analysis of PERICLES reflood tests
» Rod bundle with 368 heater rods

» Most important effect is the void fraction just downstream of the
qguench front.

e Steady-state low-quality film boiling data of Fung
= Tube with hot patch (to freeze quench front) and gamma-densitometer
» Subcooling is also highly important (interface-liquid heat transfer).

December 12, 2002 . . 33




Reflood Model Development Needs

Inverted Annular Film Boiling

B

m Background: PERICLES Cylindrical Reflood Tests

» Geometry:
17 x 17 bundle geometry
368 heated rods & 25 guide tubes
8 mixing vane grids
full heated length (3.66 m)
chopped cosine axial power profile (peak/avg. = 1.6)
uniform radial power profile

» Test Conditions:
Pressure = 3 (bar)
Inlet Subcooling =60 (C)
Nominal Heat Flux = 3.35 (W/cm”"2)
Inlet Mass Flux = 10 - 190 (kg/s-m"2)

» |nstrumentation:
Rod thermocouples and delta-P cells (~0.5 m)

December 12, 2002 34



Retlood Model Development Needs

Inverted Annular Film Boiling

1y g3l

g e ——y s

Background: PERICLES Cylindrical Reflood Tests
® Frozen Quench Front: example of results

December 12, 2002

heat transfer coefficient referenced to saturation temperature
large value near quench front with axial decay »
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Reflood Model Development Needs

Inverted Annular Film Boilin g
Lot skt Y

m Background: PERICLES Cylindrical Reflood Tests

® Liquid Mass Flux Effect:
» Heat transfer coefficient increases with mass flux.

800
I . Zqf = 1760 mm |
i . G-190] |

600 -m i HA] gz;gﬂ .
‘m..

400 e

200

Heat Transfer Coefficient
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0 200 400 600 800 1000
Axial Distance from Quench Front (mm)

December 12, 2002 36



Retlood Model Development Needs

Inverted Annular Film Boiling

-y Metla it

Background: PERICLES Cylindrical Reflood Tests

e Liquid Mass Flux Effect:

December 12, 2002

= Void Fraction Profile:
interpolated from AP cell data (no friction correcti{Jrj)

.
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Reflood Model Development Needs

Inverted Annular Film Boiling

TP g + Ty

m Background: PERICLES Cylindrical Reflood Tests

® Heat Transfer Coefficient vs. Void Fraction

December 12, 2002

Mass flux effect appears due to the void fraction profile.

800

vvvvvvv L
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: : : : H A G=80

400 Lo i
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Heat Transfer Coefficient
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Interpolated Void Fraction
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Reflood Model Development Needs

Inverted Annular Film Boilin g

-~ LN e

| Background PERICLES Cylmdrlcal Reflood Tests
o Summary

% Both the “mass flux” and “quench front proximity” effects appeér to
primarily be functions of the axial profile of the void fraction
downstream of the quench front.

» NEED TO PREDICT VOID FRACTION CORRECTLY !

correct void fraction => correct heat transfer coefficient

other effects appear to have secondary importance and should only"be .
treated after the void fraction

= the rod bundle heat transfer experiment will be instrumented to provude
more detailed void fraction data in froth region:

» 11 delta-P cells located between 109 - 216 cm (Az ~ 8-12 cm)
» investigated use of low energy gamma densitometer

December 12,2002 . . 39




Reflood Model Development Needs

Inverted Annular Film Boiling

R e L

m Background: Fung Low-Quality

Film Boiling Experiment

L
® “Hot Patch” to freeze quench front. 3
® Instrumentation:

December 12, 2002

» 10 wall thermocouples

TO COUNTER

» Gamma densitometer => void fraction
at 5 elevations

7 uonn‘;q —_—

\
&L
» Atmospheric pressure

-
A
» Mass Flux = 100 - 500 (kg/m2-s) " ot patcw :[D
» Inlet Subcooling=1-20 (C)

CARTR!DGE : l
HEATERS

Test Conditions: E

COOLANT
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Reflood Model Development Needs

g e han

Inverted Annular Film Boiling

Background: Fung Low-Quality Film Boiling
® Void fraction dependence is similar to that of PERICLES reflood tests:

» Mass flux effect may be present but is of secondary importance.

December 12, 2002

Note: void fraction can be ~70% even though liquid is subcooled!

HTC
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Reflood Model Development Needs

Inverted Annular Film Boiling

m Background: Fung Low-Quality Film Boiling
® Film boiling heat transfer coefficient is primarily a function of equilibrium
quality, i.e., the liquid subcooling.
» Interfacial heat transfer (interface-liquid) must be modeled accurately.
= Test matrix designed to use subcooling at the quench front as a parameter.

450 .
« J*6'="100 (kg/mz-s)
400 - . |G =200 (kg/m2-s)
x 4 1 G =300 (kg/m2-s)
350 ¢« X .| G =350 (kg/m2-s)
x¢ XG = 400 (kg/m2-s)
300 - 'n xx ‘ 1 |®*G =500 (kg/m2-s)
Cand » N N :
z 0'..1' L] *
EZSO CtaR . .
; x x x e
< 200 : P oy B
: s i 15
I
150 o - "
(‘d““n " - :. ]
100 - - » .
* o & Y4
. % o Ae, 3 % *
28 3 F 3 o, ¢ @
50 - :
0 ; ' , .
-0.04 -0.02 0 0.02 0.04 0.06 0.08
Equilibrium Quality
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Retlood Model Development Needs

. Inverted Annular Film Boiling

aropen-
.

AE e
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Background
@ Proposed RBHT Test Matrix for IAFB Conditions:

December 12, 2002

¢

case | TS "Rnte™ | Power | Subcoeting | Temp, | o @F: | Vol u
Case | (psia) k) | kWit | (deg F) k (deg 2’) Quality' | - tion Comments
— — = &
5 - 20 6.0 0.7 150 1600 | -0.1146 - - laser above 90" gnd.
6 40 60 0.7 150 1600 | -0.1181 - - laser above 90" gnd.
7 60 6.0 0.7 150 1600 | -0.1208 - - laser above 90" grid.
8 40 6.0 0.7 96 1600 | -0.0596 - | -1aser above 90" grid.
9 40 6.0 0.7 42 1600 | -0 0005 - - laser above 90" grid.
10 40 60 0.7 20 1600 - 0.554 |- laser above 90" gnd.
" 20 6.0 0.7 42 1600 | -0.0009 - - laser above 90" grid.
12 60 . 6.0 0.7- 42 1600 | -0.0003 - - laser above 90" gnd.
13 40 30 0.7 136 1600 | -0.0595 - - laser above 90" gnd.
14 40 3.0 0.7 82 1600 § -0 0000 - - laser above 90" gnd.
15 40 3.0 0.7 41 1600 - 0.556 |- laser above 90" gnd.
16 10 100 0.7 134 1700 |-0.1183 - - laser above 90" gnd.
17 40 10.0 0.7 80 1700 | -0.0599 - - laser above 90" grid.
18 40 100 0.7 25 1700 | .00006 | 0003 |- laser above 90" gnd.

‘

! For quench front at 53 inch elevation, which is the beginning of the span of fine delta-!’ cells.

-
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Reflood Model Development Needs

Inverted Annular Film Boiling

B Constitutive Models Needed

® Primary wall heat transfer mode is
convection to vapor film, ultimate heat
sink is the subcooled liquid.

® Models needed are:
=» Wall-Vapor heat transfer
= Vapor- Interface heat transfer
= Liquid-Interface heat transfer
#» Wall-Liquid radiation heat transfer
»
»

Interfacial drag

Criteria for regime transition (liquid core
breakup)

» Note: the wall heat transfer is enhanced
above laminar convection due to waviness of
liquid core, as is the interfacial drag.

Vapor Liquid

December 12, 2002 44



Reflood Model Development Needs

~Inverted Annular Film Boiling -

m Usage of RBHT Data

® Available Data:
» Wall temperature & heat flux
~» Liquid mass flux (inferred)
= Void fraction (for a8cm mterval)
» Liquid temperature (maybe)

e ‘RBHT data provides enough detail to validate the combined
performance of the wall heat transfer, mterfacual drag and .
interfacial heat transfer models.

® RBHT data can be used as part of model selection process:

» Wall heat transfer coefficient and void fraction => model for convectlve
~ heat transfer from wall-interface. : -

» [f subcooled liquid temperature measurements are accurate enough,
can provide gundance for Ilqwd mterface heat transfer model.

Decemberu12, 2002 . 45




Reflood Model Development Needs

Dispersed Flow Film Boiling
IR B AR R T Y

m Importance:
® Peak clad temperature occurs in this regime.

m Background:

® Large over-predictions of heat transfer when drop-wall contact
(Forslund-Rohsenow) was included in TRAC-PF1/Mod1.

e DFFB data indicate large enhancement of convective heat transfer
to vapor due to presence of dispersed droplet phase.

® RBHT, FLECHT-SEASET and FEBA data indicate large heat
transfer enhancement due to grid spacers.

» Rod temperature decreases of as much as 200 C observed for
prototypic mixing vane grids in RBHT facility.

December 12, 2002 46
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Retlood Model Development Needs
Dlspersed Flow Fllm Boﬂmg

v B b e ey
PEH

m Background

LU Convection 3
e Traditional DFFB Model
» Superposition of vapor convection, radiation e b Qwe Qvd
) w o
and drop-wall contact Tv

£

— .o Tsat
» Primary mode of wall heat transfer is -

convection to superheated vapor:
Preductuon of vapor superheat is paramount.

» Radlatlon is small, but wall- -drop is non- . T . Qed
negligible (~5-30%). . S B "'\
» Radiation to structures should be N Tv

considered for small bundles (BWR or o
RBHT) and maybe for PWR guide tube o

effect. _\
» For Twall > Tmin, wall-drop contact heat ) @ DropWall Contact
transfer is less than uncertainty in vapor o

convective component.
Assume negligible.
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Reflood Model Development Needs
Dispersed Flow Film Boiling

m Background: 2(J Enhancement

® Preliminary investigation indicates large enhancement of convective heat
transfer to vapor due to presence of dispersed droplet phase:

= Enhancement ranges from 20% to more than 100% over the single phase forced
convection value.

e Current models under-predict the convective HTC and compensate by
calculating cooler than actual superheated vapor temperatures:

= Cannot predict rod temperature histories both at centerline and upper elevations
of the bundle.
® Unclear whether enhancement is due to:
» enhancement of turbulence (interfacial drag), or
» effect of distributed heat sinks on vapor temperature profile

= Vapor convective HTC is not just a function of vapor Reynolds No. and fluid
properties.
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Reflood Model Development Needs
Dispersed Flow Film Boiling

Background: example of 2@ enhancement

@ [ehigh 3x3 Rod Bundle Results:
Pressure: 1.05 to 1.2 (bar)
Mass Flux: 0.1 to .26 (kg/m2-s)
Heat Flux: 5 to 43 (kW/m2)
Inlet Quality: subcooled to 40%

100 ey

¢ lLehighData |]
----- Dittus-Boelter |
e Flecht-Seaset

Nu / Pr'/3

Vapor Reynolds No.

December 12, 2002
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Reflood Model Development Needs
Dispersed Flow Film Boiling

TS, R

m Background: example of 2@ enhancement

® Lehigh Tube Film Boiling Test Results:
Pressure: 2.4 to 5.7 (bar)
Mass Flux: 13 to 85 (kg/m2-s)
Heat Flux: 18 to 57 (kW/m2)
Inlet Quality: subcooled to 70%

100

I | & Dispersed Flow Data
+ | X Single-Phase Vapor

9l
8
7t
6
5

Convective Nusseit No.

X
)A}( Radiatlon Subtracted
z 3 4 R S S B 2 3
4
10 50
December 12, 2002 Vapor Reynolds No.




Reflood Model Development Needs
Dlspersed Flow Film Boiling

Jrererare

Background: Drop Diameter

® Primary role is its effect on vapor superheat.

December 12, 2002

» Also effects:
Grid spacer drop breakup.
Two-phase convective enhancement.
Wall-drop radiation heat transfer.

» Drop formation mechanism not known:
Aerodynamic breakup of liquid slugs, or inverted annular core ?
Wave entrainment either from IA core or annular film (low flooding rate): ?
Wall-drop interactions, collisions or sputtering ?

=» Current data base:

Some drop diameter data is available for reflood expenments in tubes and :
rod bundles, but

Local fluid conditions are not reported, so dependencies are unknown and
code models are somewhat ad hoc.

» e.g., critical value for Weber no. tuned so pct matched for one reflood test.

51




Reflood Model Development Needs
Dispersed Flow Film Boiling

A R

s e SRR

m Background: Drop Diameter

e Current reflood data base
» Local flow conditions not reported.

9 f ' | '

8 Lo SIS e ... ACHILLES

o SO ST A FLECHT-SEASET
i s Ardron & Hall
]

Sauter Mean Diameter (mm)

- N
E@:
>

o

1.5 2 2.5 3

e
tn
—

Pressure (bar)
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Reflood Model Development Needs
Dispersed Flow Film Boiling

.

®m Constitutive Models Needed

e DFFB will be modeled as superposition of convection to vapor and
radiation (primarily to droplets):

qy = (1+Pq) he (T =Ty) + 47y

® Models needed are:

» Wall-Vapor convective heat transfer.
Include effects of two-phase enhancement.

» Vapor-Drop interfacial heat transfer.
' - Drop diameter and entrainment rate.

» Wall-Fluid thermal radiation.
Wall-vapor is negligible except at high pressure.

» . Wall-Structure thermal radiation. .
For housing in experiments, BWR channel box, and PWR guide tube.

» Grid Spacer Effects:
Enhancement of convective heat transfer, grid rewet, and drop shattering.

December 12, 2002 53




Reflood Model Development Needs
Dispersed Flow Film Boiling,

e iz

m Usage of RBHT Data

® Wall-Vapor convective heat transfer.

= Steam cooling tests will provide data for model selection or development.
Include effects of bundle geometry, mixed convection, and lower Reynolds no.

NOTE: major assumption is that single-phase convection heat transfer
coefficient can be applied to dispersed flow.

2

T

# F§§-161 Steam Cooling Data
— Dittus-Boelter
—— FS§5-161 Correlation

100 -

Y I, NI S
T

¢ L A e | ¢ L 1
s 2 3 4 5 6 7 8 9 . 2 3 4 5
10 10
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Reflood Model Development Needs
- Dispersed Flow Film Boiling = -

weve  rw

Usage of RBHT Data
® Wall-Vapor convective heat transfer.

» Steam cooling tests will provide baseline for two-phase enhancement.
16 tests: 2 pressures & 8 Reynolds nos.
Tentative schedule: mid-2004 to mid-2005.

» Droplet lnjectlon tests to provide data for model selection or development.

48 tests: 2 pressures, 8 Reynolds nos. & 3 liquid/vapor mass loading ratios,
possnblhty of using two different size drop injectors.

Tentative schedule mid-2005 to 2006.

Available data: J

» Rod heat flux and temperature

» Liquid and vapor flow rates

» Superheated vapor temperature

» Drop diameter
Allows direct evaluation (and correlation) of two-phase enhancement with only
assumption bemg that of the radiative heat transfer component.

i)

11,2(1) _ ( rad) 1

December 12, 2002 ( -1 ) 55
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Reflood Model Development Needs

Dispersed Flow Film Boiling

m Usage of RBHT Data
® Vapor-Drop interfacial heat transfer.

» Modeling needs:

Vapor-drop interfacial heat transfer coefficient
» needs to include multi-particle effect
Droplet diameter

Droplet volume fraction

» Available data: reflood test conditions
Superheated vapor temperature
Droplet diameter

Vapor and entrained liquid flow rates (exit measurement)

=» RBHT data should be sufficient to:

Develop models for drop diameter and reflood entrainment rate.
Perform validation for predictive capability of combined models.

December 12, 2002
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Reflood Model Development Needs
Dispersed Flow Film Boiling

pra e DY

B Usage of RBHT Data

® Reflood Drop Diameter: example of dependence on vapor velocity -
=» Difference between Ardron & Hall data and UCB data may be
explained by differing flow conditions. :
Ardron & Hall reported exit steam velocities:

5
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Reflood Model Development Needs

Dispersed Flow Film Boiling

m Usage of RBHT Data
® Drop diameter: distributions based on large populations:

Percen t Number Distribution - £xp. 1096 - Below 110 In. Grid
5590 Counts
4 . ey —r—
H *
Camera below 110 in. Grid | 0.0181 in.
. i
35l 20 psia . |
1.0 in/sec flooding rate ;
0.4 kW/ft §
3k 20 °F inlet subcooling ’
2.5} |
£
2 2 1.
$ * '
o
05. :""‘ ‘(«. . .
15+ , *“1‘ -
# e . * .
K. w
+ ¥
1 I . _
+
“‘
: * lew
oS- .. . . . A Ay FP — o
+ H .
A "‘ '_t *ﬂ“‘} H
W ot ;
0 1 —— 3 'V.'Mn"’h'»:“ tcies L L : .;f% L AN
10° 10° 10"
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Reflood Model Development Needs
Dispersed Flow Film Boiling

o
etk

AP

B Usage of RBHT Data
® Drop diameter:
= Evolution of diameter vs. time provides potential for correlation versus
flow conditions. 1

Sauter Mean Drametervs Time - Exp 1096
003 —— P —— ; T

AR ' . ¢
" Camerdal~93m ' : o
mps-a§
1 weec fooding tate o 0 ¢ o
0025 f------ 0 4 KW poak power. . i g -
1400 F fotial temp 0 ¢ * $
20 F it ﬂ.:b:uolmg o 4 P
o i < °
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1474 o oo PSRN - 0 oo. .......
o0 ¢ %00 oi o o
g on%0 o ~
3 o off ¢ o7°
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S 0015 - eedesses sennnen
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b3
3
] [
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0
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Reflood Model Development Needs

Dispersed Flow Film Boiling

R R

m Usage of RBHT Data

® Wall-Fluid thermal radiation

= RBHT provides no direct data, only validation for predictive capcbility
of combined models.

® Wall-Structure thermal radiation

» RBHT data from heatup experiments will allow assessment of CHAN
component radiation model.

® Grid Spacer Effects

» Steam cooling tests will provide data base for model selection or
development for single-phase enhancement downstream of spacers.
Prototypic mixing vane grid spacers.

Fine array of rod thermocouples downstream of grids.
Tests at 8 different flow conditions.
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Reflood Model Development Needs
Dispersed Flow Film Boiling

IR A et v fre W v
LML) A pi e

Usage of RBHT Data

e Grid Spacer Effects (cont.)

= Two-Phase enhancement is result of vapor desuperheating caused
either by grid rewet or droplet shattering.

Steam Temp, Exp 1096 (2 54 cmisec, 137.9 kPa, 760 C initial temperaturs, 1,312 kW/m)
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Reflood Model Development Needs

Dispersed Flow Film Boiling

m Usage of RBHT Data

e Grid Spacer Effects (cont.)

» Large effect upon clad temperature in upper regions of the bundle for
low reflood rate tests.

Clad Temperature, Exp 1096 (2.54 cm/sec, 137.9 kPa, 760 C initial temperature, 1.312 kW/m)
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Dlspersed Flow Film Boﬂmg

Retlood Model Development Needs

e,
M -

Usage of RB'H"I' Data
e® Grid Spacer Effects.(cont.)

» RBHT data provides axial evolution of rod and vapor temperatures that

can be used for model vahdatlon and/or selection.

Temp@ tumaround time, Exp 1096 (2 54 cm/sec, 137.9 kPa, 760 C Initlal temperature, 1,312
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Reflood Model Development Needs

Dispersed Flow Film Boiling

m Usage of RBHT Data

® Grid Spacer Effects (cont.)

= Droplet injection and reflood tests will provide data base for model
validation and possibly for development.
Available data:
»  Grid condition (dry or wet)
»  Droplet flow rate and diameter (upstream & downstream of grids)
» Droplet velocity (maybe)
» Vapor flow rate and temperature
» Rod heat flux and temperature (fine array downstream of grids)

= High temperature reflood tests may be needed to distinguish between
effects of droplet shattering and wet grids.

Because of modest clad temperatures (< 1000 K), grids rewet early in first
series of RBHT tests, not prototypic for 95th percentile PCTs.

Criteria needed for grid rewet.
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Reflood Model Development Needs

Inverted Slug Film Boiling

Importance

e For normal reflood conditions, this regime is more extensive than
the inverted annular film boiling regime, and

» The vapor generation from the combined film boiling and quench front
heat release provides the inlet condition (my, G, T,) to the dispersed
flow region where the peak clad temperature occurs.

» The flow conditions probably govern the droplet diameter.

B Background: | |
e Unable to find a heat transfer model for this regime.

® Most codes view it as a transition regime and interpolate between
_ their models for inverted annular and dispersed flow.

e Codes tend to under-predict heat transfer. for low-quality medlum-
high flow rate conditions, do not have correct trend with mass flux.
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Reflood Model Development Needs

Inverted Slug Film Boiling

T

m Background

® Fung low-quality film boiling data

» HTC for positive quality increases as the quality increases, indicating
that the primary heat transfer mode is convection to vapor.

December 12, 2002
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Reflood Model Development Needs

Inverted Slug Film Boiling

B A e et b g5 P
L

S -

Background

e Fung low-quality film boiling data

» HTC for positive quality i increases as the void fraction i increases, helplng
to confirm that the primary heat transfer mode is convection to vapor.

!
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Reflood Model Development Needs

Inverted Slug Film Boiling

At Rall R R
m Background
® Winfrith “hot patch” film boiling data
= Displays same basic trends as the Fung data.
WINFRITH POST-CHF HEAT TRANSFER
Void Fraction Dependence at P = 2 bar
400
Radiation Subtracted n
[ .
Q 300 | a a <
]
£ %B]D @ o oo © .
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Reflood Model Development Needs

~ Inverted Slug Film Boiling

ek adader o o I !

e

R P T

Background

® RBHT “IAFB” test matrix was designed to investigate this regime
by using quench front subcooling as a parameter in addition to

mass flux.
Pressure n‘;{;‘:iﬂﬂ Pl;e\::r GuI:“t:::in ':‘Tr‘r:al QF. \?of;l '
Case | (psia) anis) | aewsmy : p d:g ) g (deg :.) Quality’ Fraction Comments
S 20 60 0.7 150 1600 |-0.1146 = . | -laser above 90" gnd.
6 40 60 0.7 150 1600 | -0.1181 - - laser above 90" gnd.
7 . 60 6.0 0.7 150. | .1600 |-01208 - - laser above 90" grid.
8 40 60 0.7 96 1600 [ -0.0596 - - laser above 90" gnd.
9, 40 6.0 0.7 “c 42 1600 | -0 0005 - - laser above 90" grid. ° .
10 40 60 0.7 20 1600 - 0554 | - taser above 90" gnd.
. on 20 6.0 07 42 1600 | -0 0009 - - laser above 90" grid,
12 60 60 0.7 42 1600 | -0 0003 - - laser above 90" grid.
13 40 30 0.7 136 1600 | -00595 - - laser above 90" gnd.
14 40 3.0 07 82 1600 | -00000 - - laser above 90~ grid
15 40 3.0 0.7 41 1600 - 0.556 | - faser above 90" grid.
16 410 100 07 134 1700 |-0.1183 - - laser above 90" gnd.
17 40 100 f 07 ‘80 1700 | -00599 =« " | - laser above 90~ grid
18 40 100 0.7 25 1700 | .00006 | 0003 |- laser above 90" grid.
“t
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Reflood Model Development Needs
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Inverted Slug Film Boiling

m Background

® RBHT results for high inlet subcooling display similar heat transfer

behavior to FLECHT-SEASET tests.
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Retlood Model Development Needs
Inverted Slug Film Boﬂmg

] ey Pty » i g

Background .

- ® RBHT restlts for low inlet subcooling display markedly different
heat transfer behavior than that observed in FLECHT-SEASET.
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Reflood Model Development Needs

Inverted Slug Film Boiling

R R

m Constitutive Models Needed
e Primary wall heat transfer mode is convection to vapor .

® Models needed are:
» Wall-Vapor heat transfer
includes two-phase enhancement effect.
» Vapor- Interface heat transfer
» Wall-Liquid radiation heat transfer
» Interfacial drag
» Effective drop diameter (liquid fragments)

» Note: both the interfacial heat transfer and the interfacial drag are expected to be
substantially enhanced above normal droplet models due to distortion and multi-particle
effects.

Usage of RBHT Data

e Only validation of combined model can be performed, comparing predicted
heat transfer coefficient and void fraction to data.
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Reflood Model Development Needs
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Importance |
e Initiation of t(ahsition‘ boiling largely governs the quench front velocity.

» ie., the time necessary to cool the surface to the quench temperature

e Quench front heat release can-be a major component of the vapor

generation rate which provndes the. boundary condition for the

dlspersed flow fllm b01||ng region.

| Background

e The value of “Tmln” the cntenon for onset of transmon b0|||ng, has a
large'impact on fract|on of core quenched during blow down.

e

® The “maximum heat flux” during quench is usually modeled as the

‘CHF, its magnitude has little impact as long as it is sufficiently large.
» Griffith modification of Zuber CHF can adversely affect quench front

propagation by substantially under—predlctlng this maximum.

® Code oscillations have been traced to the poor behavnor of transition
boiling heat transfer correlations.

December 12, 2002
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Reflood Model Development Needs

Transition Boiling

m Constitutive Models Needed

® Minimum Film Boiling Temperature: “Tmin”
» Should include material property effects for oxidized fuel rods.

® Maximum Heat Flux
» Needed for both bottom reflood and falling-film quench fronts.

» EXxpected to have dependence upon pressure, mass flux, and
subcooling or void fraction.

= Is not necessarily the same as the critical heat flux due to burnout or
annular film dryout.

® Transition Boiling Heat Transfer Coefficient
» Needs to be consistent with the maximum heat flux point and Tmin.

» Must have good numerical behavior, that is, not the initiator of large
oscillations.
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Tran51t10n Boiling

Retlood Model Development N eeds

TR by s

S T VT T

B Usage of RBHT Data

® Rod temperature sampling rate increased to-10 Hz so that walls

heat flux can be inferred by 2-D inverse conduction.
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Reflood Model Development Needs

Transition Boiling

R Ce O e

R

m Usage of RBHT Data

® Maximum Heat Flux

=» Example of maximum heat flux
during quenching inferred by 2-D
inverse conduction for Reflex reflood
tests.

= Provide data base for model
selection for both the maximum heat
flux and transition boiling heat
transfer coefficient.

® Minimum Film Boiling Temperature

» Can be inferred for Inconel-600 from
RBHT data without using
interpolation scheme needed for
FLECHT-SEASET.

» Need other data (e.g., ANL quench
tests) for zirc with oxide.
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Reflood Model Development Needs

. Normal 2& 'In‘tterfaci,al Drag

R i

Importance

® Reflood rate is determined by a balance between buoyancy and
frictional losses, the void fraction below the quench front can be an
important contributor to the driving force.

e Highly important for passive plants during depressurization and
long term cooling phases of SBLOCA.

m Background

® During AP-600 assessment, RELAP5 was shown to over-predict
void fraction in rod bundles for low pressure conditions.

® Auvailable void fraction data for low pressure conditions in rod
bundles is limited.

m RBHT Data

e Series of 75 interfacial drag tests planned for 2003-2004.
» 3 pressures, 5 liquid mass fluxes, 5 power levels.
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Rod Bundle Heat Transfer Program

m SUMMARY:

December 12, 2002

It is anticipated that best-estimate analyses will be increasingly
used by licensees to request power & peaking factor upgrades.

» NRC needs a best-estimate analysis tool for LBLOCA that has
minimized uncertainty and can be used with confidence to confirm
operating plant limits.

TRAC-PF1/MOD2 reflood model is overly complicated and
vulnerable to numerical oscillations:

= a simpler model based on rod bundle data is needed.

Existing rod bundle reflood & blowdown data will be analyzed to
provide local conditions for model assessment & development.

RBHT experimental program is providing detailed data for model
selection or development and “flundamental assessment”.

» Provides data not available from FLECHT-SEASET or other reflood tests.
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