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ABSTRACT
,

|
;

' The D9 experiment investigated the coolability of a shallow.

i (77 mm), stratified urania bed in sodium. The bed was fis-
! sion heated in the Annular Core Research Reactor (ACRR) at

Sandia National Laboratories to simulate the effects of-

radioactive decay heating. It was the first stratified
j debris bed experiment to use an extended UO2 Particle size

distribution (0.038 to 4.0 mm). Dryout occurred at powers
ranging from 0.10 to 0.58 W/g, which was close to the incip-4

1 ient boiling power and before channels penetrated the sub-
cooled zone in the bed, even with subcoolings as low as
80*C. Channel penetration was observed after dryout began,
but the bed became only moderately more coolable. All these
observations agree with current models.

Rapid increases in power to prototypic decay power levels
yielded dry zone thicknesses similar to those expected from
a very slow increase. Repeatable and reversible channel
formation was observed during extended dryouts. A large
superheat (90*C) flashing event increased the incipient
dryout power from 0.2 to 4.4 W/c, presumably because it
disrupted the bed stratification. However, superheat in
excess of 30*C could not be achieved with a large power-step
prototypic of heating in accident debris.

The D9 experiment provided significant new data on cool-
ability of debris beds. Phenomenological information was
derived for incipient dryout powers, bed channeling,
extended dryouts, prototypic power steps, and superheat
flashing. The incipient dryout powers were low, implying
that such debris beds would not be coolable for significant
times after the onset of an accident. These data are
extremely valuable for validating the models used in,

assessing reactor safety. The current coolability model
developed by Lipinski was able to predict accurately all of
the incipient dryout, extended dryout, and channeling
behavior. This good agreement and the fact that the model
is physically based indicates that it may be used to assess
coolability questions related to debris bed behavior under a
variety of accident conditions.
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1. INTRODUCTION

The Debris Bed Experiment Program at Sandia National Labora-
,

tories is jointly sponsored by the USNRC, the Joint Research
Center Ispra (EURATOM), and the Power Reactor and Nuclear
Fuel Development Corporation (PNC) of Japan. The program.

investigates the coolability of UO2 particulate debris
which can form following a severe core-disruption accident
in a sodium-cooled nuclear reactor. The debris is heated by
radioactive decay which is simulated in these experiments by
fission heating fully enriched UO2 particulate using the
Annular Core Research Reactor (ACRR) at Sandia National
Laboratories. Sodium, present in the reactor accident, is
also contained in the experiment as a coolant.

The Debris Bed Experiments were designed to investigate the
important factors which can affect the coolability of debris
beds and provide the data base for use in model development
and verification. Stratification is one such factor that
affects the coolability of debris beds. Stratification can
occur in many accident scenarios. For example, if the
debris settles through an overlying pool of sodium prior to
forming the bed, the large particles would sink faster than
small ones resulting in a debris bed with large particles on
the bottom with decreasing particle sizes toward the top of
the bed.

The D9 experiment is the ninth in the series of twelve
debris bed experiments and investigated the coolability of a
shallow, stratified urania debris bed with an extended UO2
particle size distribution in sodium. The D9 experiment was
the third D-series experiment to study the effects of strat-
ification on coolability and dryout power. In previous
stratified debris bed experiments (D6 and D7), a particle
size range of 0.1 mm to 1.0 mm was used. D9 was the first
of the stratified experiments to use an extended particle
size distribution from 0.038 mm to 4.0 mm to better simulate
the size ranges of fragments observed in the quenching of
UO2 by sodium.1 The D9 experiment had the same bed
height (77 mm) as the previous stratified bed experiment
(D7) but was designed to have an even lower range of sodium
subcooling (as low as 70*C) than the D7 experiment (130*C
minimum) to aid in the investigation of channeling.

The UO2 particulate was held in a crucible with insulated
,

sides and bottom to simulate a portion of a larger debris
bed found in accident scenarios. This also allowed for
easier analysis and subsequent modeling efforts which areo
necessary to evaluate debris beds under conditions other
than those few examined experimentally.

.



. _ _ . _

The sodium pool above the debris bed in every D--s e r ies
experiment is subcooled below the sodium saturation temper-
ature. Subcooled sodium pools are expected in many accident
scenarios. The subcooling in the D9 experiment was varied

*over a wide range (70* to 415*C) to study its effect on
dryout power.

.

The D9 experiment was conducted in October 1982 with approx--
imately 74 hours of nuclear heating and many more hours of
heatups and chutdowns. Subcooling effects, dryout, post-
dryout behavior, channeling, large power steps, and liquid
superheat flashing were studied over the cource of the
experiment. The experiment apparatus is described first,
followed by the operation and obcorvations of the experiment.

.

e
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2. EXPERIMENT DESIGN

2.1 Experiment Description
.

_The D9 experiment hardware consisted of an experiment sec-
tion specific to this test and an access section and closed,

helium cooling loop which are common to other debris bed
experiments. A once- through nitrogen cooling system was
also used during the last session of the experiment in place
of the helium loop because of a failure in the helium sys-
tem. The access section provided the piping for helium and
instrumentation cables. The experiment section and access
section were connected and placed in the central cavity of
the Annular Core Research Reactor at Sandia National I,a b o ra -
tories (Figure 2-1). The access section helium piping was
connected to the helium cooling loop via an overhead
through. All instrumentation was then connected to the data
acquisition system.

2.1.1 Experiment Section

The experiment section is shown in Figure 2-2. The UO2
particulate was held in a double-walled insulated crucible
suspended from the primary containment cover plate. The
primary containment assembly served as the radiological
containment as well as the sodium containment. An evacuated
expansion tank, which served to reduce the cover gas pres-
sure and extend the subcooling range, was opened to the,

'

primary containment remotely during the experiment. A
secondary radiological containment assembly surrounded thei

! primary. A helium cooling system surrounded the secondary
! containment and removed heat from the bulk sodium above the
| debris bed. Insulation was placed around the helium system

to reduce heat losses from the experiment.

A double-walled insulated crucible was used to hold the UO2
debris bed (Figure 2-3). The inner wall of the crucible was
machined from Inconel 617 as a single unit. The outer wall
and small pinch-off tube were fabricated as a single unit
from stainless steel 321. The insulation between the two
cylinders was Min-K 2000. An extensive procedure was
adopted to prevent out-gassing of the insulation during the
experiment operation which would lead to pressurization of
the sealed crucible. First the insulation was baked out in
a vacuum furnace at about 10--5 torr by heating from room

* temp?rature to 650*C over a period of 5 hr and then main-
taining 650*C for approximately 2 hr. After the insulation

-was placed between the walls of the crucible, a single,

electron beam weld was made at the top of the outer cylinder
to the flange of the inner cylinder. Then, the assembled
crucible containing the insulation was baked out again while
evacuating through the small tube. The crucible and insu-
lation were heated from room temperature to 700*C over a

-3-
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period of 4.5 hr and held at a maximum temperature of 700*C
for 11 hr. The insulation was left under vacuum while the
small tube was pinched off and sealed with an electron beam
weld. To insure that the bake-out process had been ade-.

quate, the sealed crucible was again heated to 700*C over a
period of 5 he and held for 45 min prior to a final helium
leak check of the integrity of the crucible walls.-

The primary containment consisted of a 321 stainless steel
cylinder and a 316 stainless steel cover plate which
threaded into the cylinder at the top and was sealed with a
weld (Figure 2-4). All containment penetrations were made
through the cover plate. The crucible was suspended from a
central support column welded to the cover plate. Side
openings in the support column allowed for loading of UO2
into the crucible. Prior to attachment of the crucible,
Inconel-sheathed K-type thermocouples were fed through the
cover plate, positioned, and secured on the solid sides of
the support column by brackets. The thermocouples were then
brazed into the cover plate using a high nickel content
braze (Nicrobraze 125). Following loading of the debris bed
into the crucible, the cylinder was threaded onto the cover
plate and sealed with a weld.

An expansion tank, made of 321 stainless steel, was con-
nected to the primary containment through a one-time use
valve. An orifice disk was placed in line with the valve to
l'imit the rate of change of pressure between the tank and
the primary containment. After the tank was evacuated, the
valve was closed. The valve was opened remotely during the
experiment using an electric heater which melted a silver
braze joint (Tmelt = 730*C) in the valve knob.

Electrical heaters were located in the bulk sodium above the
debris bed and served to melt the sodium at the start of the
experiment. The heaters also helped to achieve high bulk
sodium temperatures when the bed was at low powers. These
heaters were operational during the first 13 hr of the
experiment.

A secondary containment surrounded the primary containment
and served as a backup radiological containment in the event
of leakage from the primary containment. The 321 stainless
steel secondary containment consisted of a cover plate
welded into the top of a cylinder. Again, all penetrations
were made through the cover plate. Electrical connections,

for the thermocouples and heaters were made to feedthroughs
prior to installation and welding of the cover plate to the
cylinder. The feedthroughs contain chromel and alumel wires.

with glass-to-metal hermetic coals. The feedthroughc were
sealed to the cover plate by pulling the tapered body of
each feedthrough into holes in the cover plate, making a
metal-to-metal seal.

-7-
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BC was placed between the sides of the primaryPowered 4
and secondary containment cylinders to harden the neutron
spectrum and flatten the power profile within the debris
bed. The powder was packed to a density of approximately.

1.2 g/cm3 A plate of dense BC was placed between the4
bottoms of the containment cylinders. Neutronic calcula-
tions were performed for the experiment configuration prior-

to the experiment operation. These calculations indicate
BC filters produce a radial peak to averagethat the 4

power in the debris bed of 1.17 and an axial peak to average
power of 1.11.2

A stainless steel helium chamber surrounded the containment
cylinders. A manifold above the containment cylinders
directed helium flow to the containment cylinders and also
provided a central port to allow the passage of all instru-
mentation and electrical wires. The helium flow provides
cooling of the sodium pool above the debris bed.

2.1.2 Instrumentation

Inconel sheathed K-type thermocouples provided the primary
instrumentation for the D9 experiment. Both single and
multijunction thermocouples were used in the experiment.
The thermocouples were baked out at 500*C under vacuum for
5 hours prior to installation in the experiment. Sixteen
thermocouple junctions were located in the bed at axial
locations of 1.5 (B0x), 10 (B1x), 20 (B2x), 35 (B3x), 50
(B4), and 65 (BS) mm with respect to the bottom of the bed.
Three thermocouples (S1, S2, S3) were located in the sodium
above the bed to monitor bulk sodium temperatures. Five
(C1, C2, C3x) were located in the sodium surrounding the
crucible to monitor radial and downward heat losses from the
bed and to monitor containment boundary temperatures.
Locations of these thermocouples are shown in Figure 2-5.
Eighteen thermocouple junctions were located in the insu-
lation around the helium chamber and next to the outer shell
to monitor heat losses from the experiment. Eleven more
thermocouples were located elsewhere in the package to moni-
tor other component temperatures.

| The thermocouple data were scanned at 5-seconil intervals for
! real time display and for storage on an HP-1000 system. The
i data were also sampled at 1-second intervals by an analog-

to-digital converter and stored on a disk by an HP- 9845B
computer..

2.2 Debris Bed Characteristice
.

The debris bed consisted of 3500 g of UO2 particulate with
an extended size distribution (particle size ranges from
0.038 mm to 4.0 mm). The particles had been separated into
14 groups and were loaded into the crucible one group at a

-9-
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time with the largest particles on the bottom. The height
to the top of each layer was measured after it was loaded
(Figure 2-6). Each layer was level within 2 to 3 mm. The
final measured height of the bed was 74 to 77 mm. The
weight and size of each group are listed in Table 2-1. The'

UO2 was - then baked out under vacuum for 6 hr at 300*C to
390*C. The final bed height was determined from x-rays,

(Figures 2-7 and 2-8) taken following sodium filling and
ranged from 80 mm down to 70 mm (where the sodium entered
the bed during filling), with an average height of 77 mm.
The average bed porosity was calculated to be 43.5 percent.
The walls of the crucible extend 8.6 to 9.6 cm above the top
of the bed.

.

e
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Table 2-1

UO2 Particles in D9 Debris Bed
.

Particle Size Mass of Height to Top Layer
Range (um) UO (g) f Layer (mm) Thickness (mm).

2

2000-4000 126 3 3
2000-2800 165 8 5
1400-2000 228 11 3
1000-1400 273 16 5
710-1000 322 21 5
500-710 364 29 8
355-500 374 37 8
250-355 378 44 7
180-250 326 53 9
125-180 318 58 5
90-125 238 65 7
63-90 199 69 4
45-63 133 72 3
38-45 56 75 3

.

O

4
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3. EXPERIMENT OPERATION AND RESULTS

The experiment was conducted in four sessions over the
"

period October 17-27, 1982 with approximately 74 hours of
nuclear heating and 30 dryout investigations. The first
session, conducted October 17-18, investigated incipient .

dryout as a function of sodium subcooling. Subcoolings as
low as 70*C were achieved after the evacuated expansion tank
was opened. Dryout occurred near incipient boiling, with
incipient dryout powers of 0.10 to 0.46 W/q. The second
session, conducted October 19, investigated the effect of
large rapid power steps (up to 2.5 W/g) on the dryout
powers. These step changes had minimal effect on the incip-
ient dryout powers. The third session, conducted
October 21-22, investigated extended dryouts to a maximum
temperature of 1150*C and superheat flashing effects.
Repeatable channel formation, which decreased the dry zone
thickness, was observed. After prolonged boiling, a large
superheat flashing event (approximately 90*C) was trig-
gered. Following this event, the dryout power was
4.4 0.6 W/g. The fourth session, conducted October 26-27,
investigated superheat phenomena. Superheat flashing was
achieved following boiling in the bed. Large power steps
produced only small (approximately 20*C) superheat flashes.

3.1 Session 1

The first session investigated the incipient dryout powers
and channeling behavior of stratified debris beds. As in
all sessions, calibration and control runs consisting of
steady-state operation at low power were made first in order
to define the bed power and geometry. After these were
completed, incipient dryout measurements were made for a
wide range of subcoolings with the dryout powers remaining
quite low (<0.46 W/g). Following the dryout study, the bed
was heated rapidly using relatively small power steps. The
rapid heating, which simulates the heating of an actual
debris bed upon formation, caused channels to form, but dry-
out still occurred at low power.

3.1.1 Session 1 Bed Power Calibration Determination

The specific power (W/q UO2) of the fuel relative to the
ACRR reactor power was determined by the heatup rate of the i

bed in response to a step increase in power. Eleven such
power calibrations were mado during the conduct of the *

experiment (sometimes in conjunction with a large power- step
test), always starting from a near s t eady- s ta te nonboiling

,

condition. The initial calibration test resulted in a
coupling of 2.50 W/g-UO /MWACHR. This value remained2
constant throughout the experiment.

-16
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1

3.1.2 Session 1 Nonboiling Control Runs

The state of the bed can be partly determined by comparing
the bed temperatures with expected temperatures based on

'

conductive heat flow. The temperatures from the control
runs made at the start and end of each session are shown in
Figure 3-1. The purpose of the control runs is to determine,

if changes ha3 occurred in the bed as a result of a partic-
ular set of operations. Shown on the graph are the thermo-

I couple readings from the bottom of the bed (O at 1.5 mm) to
the top of the bed (5 at 65.0 mm). On the left hand ordi-
nate, the calculated temperatures at the thermocouple loca-
tions based on Kampf Karsten's thermal conduction are
shown. The most significant changes occurred in the bed
during session 1 and Session 3.

During Session 1 the bed was boiled for some time and chan-
nels were also formed. This modified the bed slightly such
that the bed was cooler (better heat transfer) than at the
start of Session 1. The bed was relatively unchanged during
Session 2 but was changed significantly in Session 3 by the
superheat flashing event. This disrupted the stratification
in the bed and ejected debris out of the crucible. This is
indicated by the 65 mm (B5) thermocouple which was then read-
ing the sodium saturation temperature. The runs shown were
all made with 300*C bulk sodium and 0.250 W/g-UO2 (except
for the end of Session 3 which was with 0.500 W/g-UO2 and
which has been normalized to 0.250 W/g-UO2), allowing a
more direct comparison of the data.

3.1.3 Bed State at the Start of Session 1

Two control runs were made near the start of Session 1
(Figure 3-2 at 11:25-11:45 and 12:50-12:58). The first run
showed that, while the temperatures in the top of the bed
were as predicted, the temperatures in the bottom of the bed
were higher than predicted.3 This discrepancy could be
due to trapped gas or porosity variations. After heating
the bed for a period to encourage wetting and gas release,
the second control run was made and resulted in a slight
decline in temperatures. This decline may be evidence of
gas release. The measured temperature difference through
the bed was 152*C after the power run for wetting. The
calculated value was 118*C or 22 percent lower than meas-
ured. Part of this difference is due to errors in power
level, coupling factor, and thermocouple location. However,
it is evident that some additional resistance remained in-

the bed or the conductivity was slightly lower than pre-
dicted by Kampf-Karsten.

,

|
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3.1.4 Session 1 Incipient Dryout Measurements

During the course of the experiment. 30 incipient dryout
measurements were performed with 10 being made in the first
session (Figures 3-2, 3-3, and 3-4). In most cases, the

.

dryout power was determined by bracketing the incipient
condition between two powers. That is, the power was held -

constant at a power below dryout and then increased in steps
until dryout occurred; hence the dryout power lies between
two power levels. Typically, the bed prior to dryout has a
subcooled zone at the top of the bed with a boiling zone in
the lower parts of the bed which is at the saturation tem-
perature. As the power density is increased in the bed, a
zone will "dryout" and the temperatures will increase above
the saturation temperature. The saturation temperature is
determined by the pressure in the vessel. Subsequent to a
given dryout measurement, the power is lowered to reestab-
lish boiling in the bed, the conditions are changed, e.g.,
sodium subcooling is decreased, and the process is repeated
by increasing the power in steps.

In this session, however, with the boiling power so close to
the incipient dryout power, the bed was not allowed to rewet.
If the bed temperature was reduced below the boiling point,
a superheat flash would be expected as the power was
increased to the next incipient dryout power. This would
risk disturbing the stratification in the bed before suffi-
cient measurements could be made. Thus, in Figure 3-3,
there is one incipient dryout point at 16:00 and the other
dryout powers at different bulk sodium temperatures are
inferred from changes in the bed temperatures. If the dry
zone was going to rewet for a given power, that power was
considered below the incipient dryout power.

The dryout powers for the entire experiment are given in
Table 3-1 along with the bulk sodium and saturation temper-
atures and subcoolings. The uncertainty in the power is
estimated to be about 1 0.02 W/g unless otherwise specified.
Some dryouts (labeled T) were not stable, as will be
described in the section on Session 2 results. Following
dryout 5, the evacuated expansion tank connected to the
primary containment was opened, as noted in Figure 3-3,
causing a decrease in the package pressure. This decreased
the saturation temperature and allowed a smaller subcooling
while maintaining bulk sodium temperatures and containment
temperatures within the experiment safety limitations. The
impact of the pressure change on the bed structure was min- ,

imal. During depressurization, the boiling zone generated
additional vapor because of the stored heat in the UO2 -

particles as the saturation temperature decreased. This
excess generation was equivalent to an increase in bed power
of about 0.034 W/g (which is small compared to the fission
power of 0.42 W/g at this time). The increase in bed height

-20-
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Table 3-1

Incipient Dryout Powers in D9
.

Dryout T Subcool- Powerbulk Sat
Number ng ( ) ( g-UO2)

-

(*C) (*C)

Session 1:
1 305 717 412 0.46
2 400 730 330 0.36
3 405 730 325 0.35
4 500 747 247 0.26
5 355 728 367 0.40
6 355 695 340 0.36
7 460 700 240 0.24
8 540 708 168 0.15
9 625 716 91 0.10

10 530 706 176 0.20

Session 2:
11 375 698 323 0.43
12 370 692 322 0.44
13 460 700 240 0.35
14 550 702 152 0.29
15 650 720 70 0.50 T
16 605 714 109 0.38 T
17 645 720 75 0.38 T
18 640 719 79 0.20
19 640 720 80 0.23
20 370 700 330 0.50
21 500 700 200 0.36
22 550 710 150 1.040.1 T
23 305 690 385 0.58

Session 3:
24 360 695 335 0.49
25 403 700 300 0.44
26 55.2 708 156 0.21
27 548 708 162 0.38
28 550 708 158 0.24
29 560 709 149 0.30
30 660 720 60 4.4+0.6

.

9
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due to the increased vapor flow was estimated to be 2 mm or
less.

The dryout points for Session 1 are plotted in Figure 3-5. -

Also shown are the predicted incipient boiling powers and
dryout powers using the series conduction model and the
one-dimensional dryout model described in Reference 4. The -

data from Session 1 (points 1 to 10) are very consistent and
reproducible, and indicate that the measured dryout power is
consistently lower than predicted. The reason for this is
that the pressure in the D9 experiment package was greater
than that used in the pre-experiment calculations and also
that there was still some increased thermal resistance in
the bed as compared with Kampf-Karsten equations. The dry-
out predictions implicitly depend on the conduction calcu-
lations being correct. The one-dimensional boiling and
dryout model4 predicts that dryout will occur very close
to incipient boiling 3 which is in good agreement with the
data. The first dryout point in Session 1 occurred within
5 percent of the incipient boiling power.

The reason for the dryout to occur near the onset of boiling
is the effect of capillary force in stratified beds. Capil-
lary force tends to keep the liquid in the region with the
smallest particles, impeding the downward flow of the liquid
and causing dryout almost as soon as boiling begins.

It is important to note that because of the strong surface
tension in sodium, not much stratification is required to
induce low 'dtyout powers. For example, the first dryout
point occurred with the boiling zone extending only over the
bottom 10 mm of the bed. Above that, heat was removed in
the subcooled zone by conduction. The particle diameters in
the boiling zone ranged from 4.0 to 1.4 mm (bottom to top).
The particle diameters spanned a factor of three in size.
(The average size of the layers spanned only a factor of
two.) Yet this small amount of stratification was suffi-
cient to induce a low dryout power.

The dryout power in D9 did not increase dramatically at very
low subcoolings as it did in D4. Since the subcooled zone
in D4 was thinner than in D9, it was postulated that channel
penetration of the thinner subcooled zone at low subcoolings
allowed the higher dryout power in D4.5 In D9, dryout
occurred before channel penetration at all subcoolings inves-
tigated (except for the last dryout, as will be described .

later). This was predicted by the one-dimencional model4
and again is a consequence of stratification: the dryout
power in a stratified bed is so close to the incipient boil- -

ing power that the subcooled zone in thick and channels
cannot penetrate. Such behavior was also seen in D6 and
D7.6,7

.24-
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3.1.5 Session 1 Channel Formation

Detection of channel formation was one of the objectives of
the experiment. The pretest predictions indicated that ,

channeling would occur, but only after dryout. Consequent-
ly, channeling was not expected to provide an increase in
the incipient dryout power. Furthermore, once the channels -

formed, they would not extend to the bottom of the bed and
would only serve to decrease the size of the dry zone. The
pretest predictions showed that with channeling the dry zone
would be less than 20 mm thick, but certainly greater than
10 mm thick.

Experimentally, the occurrence of a channel was detected by
a sudden reduction in the boiling temperature. This reduc-
tion occurred due to pressure relief in the lower region of
the bed caused by the channel. Drops of about 7'C are
predicted by the one-dimensional boiling model.3,4 g
superheat flashing event also produces a similar thermo-
couple response. The difference between the two is that
channel formation must occur after boiling is initiated,
while by definition a superheat flashing event must occur
before boiling. Hence, by careful observation of the
thermocouple readings, it is possible to differentiate
between a channel formation and a superheat flashing event.

One must also be able to detect the onset of boiling in
order to distinguish channeling from Clashing. This is
sometimes difficult because the saturation temperature is a
function of vapor fraction and location in the bed because
of varying capillary pressure. Such behavior was first
noted in D5 and was also seen in D7.8,7 However, one can
detect the onset of boiling by noting when the temperature
difference between two levels in the bed begins to decrease
in response to a power increase, which results from the
improved effective thermal conductivity from two- phase heat
transfer.

Several sudden decreases in saturation temperature occurred
in the first session (Figure 3-4 at 20:30, 20:40, and
20:53). The power was held constant and the bulk sodium
temperature was allowed to increase in order to cause the
subcooled zone in the bed to decrease. The 20-mm (B2x)
level was definitely boiling during the first two decreases
because the temperature remained nearly constant while the
3 5- mm (B3x) level temperature increased. Thus, the satur-
ation temperature drops indicated channel formation or a bed *

loosening of some kind. These events occurred after dryout,
as predicted, and at about the same subcooled zone thickness ,

as predicted for channel penetration. However, they did not
lead to a state of increased coolability. The dry zone tem-
perature did not decrease and the 20-mm (B2x) Icvel later
became dry, indicating that the bed war still behaving as a
packed bed. Thus, these events may have been the formation

. 2 6-
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of small internal channels that did not penetrate through
the subcooled zone of the bed.

,

Following these events, two power steps were made (at 22:31-
,

22:48 and at 23:08-23:17), and channeling was again observed
(Figure 3-4). In this case, the 20-mm (B2x) level did not
dry out, and the dry zone temperatures were cooler than they.

were previously with a lower power. This indicates that the
bed was in a more coolable state and that channels may have
penetrated the subcooled zone. Thus, the subcooled zone
thickness required for channel penetration was slightly less
than predicted, but the basic phenomenon was supported by
these results. More direct support occurred in Session 3
and will be described later.

3.1.6 Session 1 Flashing

Superheat flashing was also investigated in the experiment.
Flashing events result from the reactivation of deactivated
nucleation sites. Before boiling can be initiated, the
liquid-temperature must exceed the saturation temperatute in
order to have vapor bubble growth. The degree to which the
liquid temperature must exceed the saturation temperature is
called superheat. The superheat needed to initiate boiling
is inversely proportional to the radius of a nucleate bubble
in a cavity. Current theory suggests that as boiling pro-

'

coeds, trapped gas in the cavities escapes. If boiling
ceases and the liquid becomes subcooled, the liquid may
penetrate into the cavities deeper than before. The part of
the cavity near the liquid will then wet, and the nucleate
bubble for starting boiling will be smaller. Upon reheat.
ing, the amount of superheat needed for boiling will be

.,
greater.

While no direct study of flashing was made in the first
session, one situation occurred which is related to the
superheat flashing phenomenon. Shortly after the first
dryout was attained, and aftet 75 minutes of boiling, the
reactor scrammed (Figure 3-3 at 15:30) causing a loss of
power and rapid temperature decrease. The bed became.

entirely subcooled and upon heating it was anticipated that
a superheat flashing event would occur. Fortunately no such
event occurred and the bed configuration was unaltered.
Apparently, in this case, the bed had not boiled long enough
to fully outgas the nucleation sites.

*

3.1.7 Bed State at the End of Session 1

During Session 1 the bed was boiled extensively and taken to.

elevated temperatures. During the control run at the end of
Session 1 the temperatures through the bed, except at the
top, were in fairly good agreement with the conduction model
as compared to the bed at the start of Session 1. This
infers that any additional trapped gas or nonwetting was

-27-
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taken care of during Session 1. The channeling investiga-
tions may have opened up the top layers of the bed and
provided increased cooling as indicated by B5. The exten-
sive boiling also may have caused some bed settling which
would have led to lower temperatures in the bed. A bed

~

shortening or nonuniformity of about 4 mm would also account
for the temperature at the 65-mm level. It is noted that ,

the 65-mm level temperature increased during Session 2,
indicating that the bed may have leveled or increased in
height.

3.2 Session 2

Essentially all dryout investigations, both in the D-series
experiments and elsewhere, have used small power increments
so as to determine the incipient dryout power with precision.
This also minimizes disturbances in the bed so that the bed
state at- dryout is better characterized. However, debris
formed in an accident is at a decay power level around 1 to
3 W/g-UO2, and the power decays very slowly. When the bed
is formed by falling through liquid sodium, the particles
are initially at low temperatures. Heatup calculations
indicate that the bed could easily form before it had heated
to the boiling point.10 Thus, a more prototypic heating
method than slow power increases would be a single power
step to 1 W/g or more (starting with a partially heated
bed). Fifteen such large power steps were performed in
Session 2 to determine the behavior of the bed under these
more prototypic conditions. Stepr. up to 1.4 W/g were taken
with both boiling and subcooled initial conditions. The
main result from these tests was that the dryout power was
not significantly increased.

3.2.1 Bed State at the Start of Session 2

The nonboiling control run at the start of the second ses-
sion (Figure 3-6 at 04:50-05:00) was essentially identical
to the one at the end of the first session (Figure 3-1).
This indicates that no major bed changes occurred during the
freezing and reheating cycle between the first two ses-
sions. Later control runs showed no significant changes
during any of the freezing and reheating cycles.

:

3.2.2 Session 2 Large Power-Step Tests

All the power steps of D9 are summarized in Table 3- 2 and
the ones in Session 2 are shown in Figures 3-6, 3-7, and *

3-8. Most of the power steps started with the bed below
dryout, and some with the bed below boiling. Initial powers

*

ranged from 0.05 to 0.45 W/g. Final powers ranged from 0.30
to 2.50 W/g. All step tests resulted in dryout, except for
the last four, which either were deliberately terminated
early or occurred after a significant bed change, which will
be addressed in Section 3.3.2. In most of the tests the dry
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,

Table 3-2

Large Power-Step Tests

.

Initial Initial Final
Step T T Power Power 20-mmbulk max ,

Number
(*C) (*C) (W/c) (W/c) pryout?

Session 1:
1 625 792 0.10 0.30 No
2 625 797 0.10 0.45 No

Session 2:
3 375 698 0.40 0.60 No
4 365 700 0.40 0.90 Yes
5 360 703 0.40 1.20 Yes
6 360 705 0.40 1.20 Yes
7 465 707 0.35 0.75 No
8 460 703 0.38 1.13 No
9 545 710 0.28 0.60 No

10 540 710 0.28 0.90 No
11 550 712 0.28 1.20 No
12 640 725 0.15 0.75 No
13 640 725 0.25 1.20 No
14 355 537 0.23 0.90 No
15 360 546 0.23 1.43 No
16 445 630 0.23 1.43 No
17 550 657 0.08 1.43 No

Session 3:
18 365 640 0.35 1.43 ?

19 375 700 0.45 0.90 No
20 375 700 0.45 0.60 No
21 550 -690 0.15 2.00 No
22 550 682 0.15 2.00 No
23 620 698 0.05 2.00 No
24 605 700 0.00 2.50 No
25 390 740 0.38 0.60 -

26 500 748 0.28 0.90 -

Session 4:
27 500 552 0.05 2.50 -

28 360 560 0.38 1.50 .

.

.

-30



.. - . - . .

,

i

. . . .

gi j jii ii;e igs r i 6 i i i i i i i i i i7
SESSION 2 -bL s

-

_-._

1000 j- _E

.k l f. I !
g

E._ g
'

E h i A\p
? f 0\ >it

'

\ al** ii ; \~
.

g~ f< q { f jv \ fr*' i, .Yi

aOO E- 1 ii An 1 % i. . fA , . < v L:_

Ji \ II.b hk YS, ~%w f '.' *
.
G'.

'M-- 8 _j \) '
Li '' v | v # ~'

../ x
,. .

''' , \ '' ' s[p [2,83
ft

*
-

g
p| ,,e,/

'::'

6 0 0 ~[_-
~ / ,, _-,

=<-.
.

z, ,

n. '' r - t ..
". /

.

2 $ '. - f, \,,r,
#

g p 85 /. ,/
"'w .

,

, ,. s ' .- .- s

Butx soOeum.-_- j
* '*\ _ 'IA . - - <

i

|

400 E
_ . .

_

E-
_ .350 1.125 325 .600 .375 .150 1.200

'3M, ,5.450Y, , .52 5 p.300 g.375
.306225 .150 .250 .300.275 1.200E .350 *I,5pq7$ g.375350.300, , A7 .275 g; .275 .525.250. 50.25 .

t,

[ SPECIFIC POWER (W/g)
200~ ' '''''I L'-..' ' ' - 1._ .x .L__|'

i i i i i i

10:00 11:00 12:00 13:00 14:00
10/19 10/19 10/19 10/19 10/19

TIME (HOUR: MIN MONTH '?.A,y)

Figure 3-7. Session 2 Power Steps

|



- - . _. _ . - . - - . . . -__ .-.

_ i ; i i i i i ; . i i i i ; i i i i i ; i i i i i
, ._

'

: ai
T SESSION 2 E
--

~

1000[{ 'f. I l n01]l'/
-

,

g
I

i '
'

r
r IS

E-
,! e. :;
i}

,I
h.

.

_-

)<\ |u l;-Jp 1 ;

\ 1
h_

l
|

'- =.
!

[
h a021 E

[ l I g)i
6 ' '

3 soO t- ,- E
L h_ g

O{l
'

'

l 5 _-
' ;

,,i

E k, M }
~

J . V'- # _5
' '

3 - - I: w 0

, $ [g % ) h. /' .I '\'V p*s ._ "p _f
# s1.t

[ 600 [\\ g\.
Lj., MA , v '| /N

'

., \

'

\ .2

i L 2 | jy ,j / C__ i , /N . i
'' _-_ h / , < 5 '",y N \ '\ ,_ ' \\ ' \ ,'9 3 ', -'

w, ,

E .. s \ N r autx so0suu ; sg j jP\ \ N_. * \- (s4_ g
.

| E k, 'M | ( \,'.,[e
, ,

.! k- \\ '.--

\
. ,.~ .

*
- ; ./ \ s, as400 ~

, , ,

j E '"y - ) .- i,,

; - \, '

E .225 .225 .150 1200u
,373 225 ,.375gfO7 f12YiiP g)ff8.450, .:* 50E 375 5A25,.225 re00,.225 i, i p

I SPECIFIC POWER (W/g) I
- - - - - 1 U- -- ' '- ' l- - -- ' ' ' 1 ' ' ' '''200 -

15:00 16:00 17:00 18:00 19:00

10/19 10/19 10/19 10/19 10/18

TIME (HOUR: MIN MONTH / DAY)
.-

Figure 3-8. Session 2 Power Steps
t

i

G 9 0 4



zone was less than 20 mm thick, indicating that in these
cases the bed was channeled. Only with large subcooling was
it possible to dry out the 20-mm (B2x) level, presumably
because of channel suppression. (Although steady state was
never achieved at these high powers, the dry zone thickness*

was usually established and nearly steady well before tem-
perature limits forced a power reduction.) Some examples

,

will demonstrate the features of these tests.

Figure 3-9 shows the bed temperatures for power step 4. The
bulk sodium temperature was 365*C and the initial subcooled
zone was about 60 mm thick. A step to 0.90 W/g yielded very
rapid dryout of the 1.5-mm (B0x), 10-mm (B1x), and 20- mm

(B2x) levels. A slow decrease in the saturation temperature
(see B3x during power step) suggests some bed loosening, but
it may be a nonpenetrating channel as described in Section
3.1.5.

Figure 3-10 shows the bed temperatures for power step 10.

The bulk sodium temperature was 540*C and the initial
subcooled zone was only 40 mm thick. A power step to the
same level as the previous example (0.90 W/g) produced
dryout in the 1.5-mm (B0x) and 10- mm (B1x) levels only.
Thus the bed was more coolable with reduced subcooling.
This increased coolability may be due to the formation of
penetrating channels.

Figure 3-11 shows the bed temperatures for power step 14.
The bulk sodium temperature was nearly the same as in power

.

step 4, but the bed power was chosen to be lower so as to
start the step well below boiling. When the power was'

increased to the same level as in the previous two cases, a
sharp drop in temperatures occurred just before dryout. In

g this case, the drop represented flashing of superheated
liquid sodium. Comparison of the response of the temper-
atures in the subcooled zone to that in power step 4,

indicated that the Clash released a large amount of vapor.
This very large vapor flow may have disrupted the bed and
established a penetrating channel. Evidence for this was
that the dry zone temperatures were much less than in power
step 4 and the 20 mm (B2x) level did not dryout. Thus, with
the additional effect of flashing, a highly subcooled bed
may channel and be more coolable.

The implication of having a dry zone which is limited to
20 mm under prototypic heating is that the maximum temper-
ature will be less than the melting point of UO2 (based on*

conduction calculations). Unfortunately, it will be above
the molting point of steel. Furtherncre, this result

,

applies only to stratified beds the height of the D9 bed.
Thicker stratified beds that channel will have a larger
limit to their dry zones. This is because the dry zone is
limited by the bottom of the channels, and channel lengths
are limited by the particle diameter at a given level and
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the weight of the bed above that level. Thus, although the
power-step series indicated a state of increased coolability
with more prototypic heating, the increase was not signifi-
cant.

,

3.2.3 Session 2 Dryout Measurements
'

In the second session, 13 incipient dryout points were deter-
mined between the large power-step tests. As shown in Fig-
ure 3-12, the dryout powers indicated by data points 11-14
and 18-23 were slightly higher (about 30 percent) than dur-
ing the first session. These differences may be attributed
to minor changes in the bed structure, manifested primarily
by an increase in the power required for incipient boiling.
Dryout still occurred within 20 percent of incipient boil-
ing, indicating that in spite of the many large power step
tests, the bed remained sufficiently stratified to greatly
suppress the dryout power.

Even though most of the dryout points indicated low dryout
powers, some showed abnormally high powers. These dryout
points were transitory in nature and are labeled "T" in
Table 3-1 and in Figure 3- 13. These measurements were made
shortly after a large power step test and it is believed
that the bed had not settled completely. The sequence of
points 15 to 18 shows how the dryout flux decreased over a
period of 90 min. The o ne-- d ime ns io na l model predicts that
the dryout power in a stratified bed will be greater if the
porosity increases with elevation so as to compensate for
the decreasing particle size. The power step may have
expanded the bed in such a way to cause an increased dryout
flux, and then the bed settled with time and boiling.

3.2.4 Session 2 Channel Formation

During the many power steps in the second session, channel
formation occurred in all cases except those with the high-
est subcooling. Apparently, the channels can be suppressed
if the subcooling is sufficiently large and the power isj

I low. When the channels formed, the 20- mm (B2x) level
remained in the boiling zone as predicted by the pretest

| calculations.3
|

3.2.5 Session 2 Flashing

; Since some of the power steps were made from subcooled
initial conditions, it was anticipated that a superheat*

. flashing event would occur. The pretest predictions had
| indicated that the amount of superheat should be nearly,

equal to the degree of subcooling if the subcooling was not
i too large.9 However, in all cases the amount of superheat
| was 30*C or less (e.g. Figure 3-11) even though the subcool-
l ing was as large as 180*C and the bed had been continuously
|
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boiled for over 8 hr prior to the first flash. Possibly,
the rapid heating caused boiling to be initiated near the
middle of the bed where active nucleation sites were still
present. .

Another unexpected result was obtained at the first onset of
boiling in the second session (Figure 3-6 at ~06:48). Since -

the bed had been subcooled after boiling during the first
session, a superheat flashing event was again anticipated.
However, upon heating the bed to the boiling temperature,
boiling was initiated and no flash was observed. The lack
of a flash may be due to cover gas leaking into the bed
along shrinkage cracks that formed when the bed was frozen
between sessions. The gas then provided nucleation sites
that reduced the superheat to undetectable levels. Flashing
did not occur at the beginning of any of the sessions. This
result is important for future tests which need to run over
many days.

3.2.6 Bed State at the End of Session 2

The control run at the end of Session 2 (Figure 3-8 at 18:50-
18:58) indicated that the bed thickness was essentially
unchanged during Session 2. The top thermocouple (B5)
indicates a small change in the bed surface, but the lower
thermocouples do not indicate any integral change in bed
height.

3.3 Session 3

The third session was concerned with performing extended
dryout studies. In these studies incipient dryout was first
attained and then the power was slowly increased, so that
the -growth of the dry zone could be monitored. Also, the
pretest predictions had shown that at certain power levels,
channels would form that would subsequently reduce the size
of the dry zone. Hence, by performing very careful extended
dryout studies these phenomena could be observed.

In addition to the dryout studies, an attempt to produce a
superheat flashing event was also made. As described below,
this attempt was successful and a 90*C flash was obtained.
After the flash, the incipient dryout power was determined
to be approximately 4.4 W/g, which was 20 times larger than
previous dryout powers at the same subcooling. This
indicated that the bed geometry and stratification were sig-

'

nificantly altered.

3.3.1 Session 3 Dryout and Channeling Investigations .

During the third session, an extended dryout investigation
was performed (Figures 3-14, 3-15, 3-16, and 3-17). This
study explored the growth of the dry zone as power increased
and the shrinkage of the dry zone upon channel formation.
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Incipient dryout measurements made in this study were
slightly higher than in previous sessions. Again, these
differences were probably due to changes in the bed struc-

. ture (i.e., porosity and height changes).

The pretest predictions had indicated that channeling would
only occur after dryout and when it occurred the dry zone-

thickness would decrease. Figure 3-18 illustrates the
anticipated thicknesses of the subcooled, boiling, and dry
zones as a function of power (based on a 77-mm thick bed).

During the extended dryout study, channeling occurred after
dryout and reduced the dry zone thickness as predicted.
This phenomena can be more clearly seen in Figure 3-15
(18:00 to 20:00). The thermocouple readings before the
channel formation show that the dry zone extended above the
20-mm (B2x) level. After the channel formation, the temper-
atures dropped rapidly and the 20--mm (B2x) level was then in
the boiling zone. This drop in temperature is a clear
indication that the dry zone thickness decreased. Indeed,
it appears that the dry zone would have eventually disap-
peared entirely with sufficient time. This is greater cool-
ability than predicted, but as seen in Figure 3-18, the
channeling after dryout behavior was qualitatively predicted
correctly.

Further study showed that the channel formation phenomenon
I was reversible and repeatable. Figure 3-15 (20:00 to 23:00)

shows that initially the channel was suppressed, and the bed
dried out at approximately the same power. Furthermore, at
essentially the same power level, a channel formed and the
bed temperatures dropped. The temperatures after channel
formation were slightly higher in this case, indicating some
hysteresis, but this is probably a minor point. The obser-
vation of repeatable channel formation and collapse suggests
that the bed was wetted and that the hypothesis of channel
suppression by subcooling (as evolved from and supported by
previous D-series experiments) is correct.

3.3.2 Session 3 Flashing

In the previous sessions, the superheat flashing events were
either nonexistent or significantly reduced relative to
their predicted values. At the start of the third session,
again no flash occurred when boiling was first attained.
Hence, after the extended dryout study was completed, a

,

careful attempt was made to produce a superheat flashing
event.

O

To perform this study, the bed was first substantially
subcooled (100*C) and then slowly raised to the boiling
temperature. The power was increased slowly and temper-
atures rose above the boiling temperature. A maximum
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superheat of 100*C was obtained before reducing power for
safety reasons. Attempts were then made to initiate the
flashing event. After several attempts a 90*C flash was
initiated (Figures 3-16 and 3-17). A flash of this magni-
tude was higher than anticipated and may be a result of the-

long boiling times prior to the flash.

After achieving the flash, the incipient dryout power was
investigated. The bed appeared to be packed at first, as
evidenced by the large span of saturation temperatures in
the bed (Figure 3-17 at ~03:50-04:10). Similar behavior
was seen in D5.8 As the power was increased, a channel
formed (at 04:16) before dryout was reached. Subsequent
power increases yielded more channels, and the dryout power
was eventually determined to be approximately 4.4 W/q. This
was the last dryout measurement to be made in this experi-
ment. Apparently, the large flashing event mixed the bed
considerably, thereby negating the effects of stratifica-
tion. With a mixed bed, channels could penetrate to the
bottom of the bed resulting in the dramatic increace in the
dryout power.

3.3.3 Bed State at the End of Session 3

The control run at the end of Session 3 (Figure 3-16 at
05:55-05:58) showed that the bed height decreased about
12 mm to 65 mm or less (Figure 3-1). Evaluation of temper-
ature profiles during Session 3 indicate that about half of
this change occurred during the first large (90*C) flashing
event and half during the strong boiling (with low subcool-
ing) during the subsequent search for incipient dryout after
the flash (Figure 3-17). This large change indicated that a
fraction of the original bed was outside of the crucible at
the end of this session. The thermocouples below the cruci-
ble exhibited a larger response to a step increase in power

. at the start of Session 4. Their response was consistently
| much smaller prior to the 90*C flash. This supported the

idea that there was fuel outside the crucible, and indicated
j that most of it left the crucible during the flash and the

subsequent high-power boiling.'

I

| 3.4 Session 4
|

|- The fourth session investigated the flashing phenomenon. As
found in the third session, a large flash could disrupt the
bed to such an extent that the dryout power increased by a
factor of 20. Hence, it was important to gain a better-

understanding of this phenomenon in a systematic manner.

~

A large number of flashing events were initiated in this
study. However, the maximum superheat attained was only
70*C. The 90*C flash could not be repeated. On the whole,
the magnitude of the flashing events followed the theoret-
ical curve if sufficiently long boiling times were used. If
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short boiling times were used the superheat was substan-
tially reduced.

3.4.1 Session 4 Dryout Measurements .

A search for dryout was made at the start of Session 4 with
300*C bulk sodium (Figure 3-19). Several channel events *

were observed as the power was increased. No dryout was
observed up to 1.28 W/g. Higher powers were not attempted
because vigorous channeled boiling could have disrupted the
bed more. The fact that the bed was coolable at a power of
1.28 W/g demonstrated that the bed disruption caused by the
90*C flash at the end of Session 3 was a permanent change.

3.4.2 Session 4 Flashing

Most of Session 4 was devoted to investigating the superheat
flashing phenomena (Figures 3-20 and 3-21). Figure 3-22
illustrates the measured superheats at which flashing
occurred. The theoretical values are also plotted.3,9
Three classes of measurements are presented: those in which
the saturation temperature was exceeded during a large power
step test, and those involving only small power increments
with either more or less than 15 min of boiling since the
last flash. The measurements that agree well with the pre-
diction were obtained with small steps after allowing the
bed to boil for a period of time (15 min) prior to that
flash. (Note that all these data occurred after the many
hours of initial boiling in Session 1.) The values that lie
beneath the curve were either boiled for shorter times or
subjected to large power steps. Apparently, both the boil-
ing history and the heating mode are important for the crea-
tion of-a large flashing event.

3.4.3 Bed State at the End of Session 4

The control run made at the end.of the fourth session gave
essentially the same results as the run at the start of the
session. This indicated that the bed height was unchanged
during Session 4.

.

et
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4. POSTTEST X-RAYS

~

X-rays were taken of the experiment following the completion
of the test (Figures 4-1 and 4-2). The bed height varied
from approximately 53 to 61 mm with an average height of
57 mm, confirming the observation of an apparent decrease in.

bed height at the end of Session 3. The original bed height
was 77 mm: therefore, the average bed height decreased by
approximately 20 mm. Based on the observed temperature
profiles during control runs, this occurred primarily duringi

the 90*C superheat flaching event and the strong boiling
during the subsequent search for incipient dryout. Some of
the UO2 which left the bed settled on the top flange of
the crucible. Most of the UO2 particulate, as evidenced
by the x-rays, was located in the region below the crucible.

|
|
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5. SUMMARY

The D9 experiment provided significant new data on the cool-
,

ability of debris beds. This data will be extremely valua-
ble for validating models needed in assessing reactor safety.

.

The data largely consisted of dryout measurements for a
shallow, stratified urania bed; however, other deb r is- bed
phenomenological data related to channeling, extended dry-
out, and superheat flashing were also obtained. From these
data a number of conclusions can be drawn.

The most significant result of the experiment was that
incipient dryout occurred in the debris bed at extremely low
specific power levels, ranging from 0.10 to 0.58 W/q. In
fact, dryout always occurred at power levels just above the
boiling power level. This result, which was predicted by
Lipinski,4 implies that if a stratified bed, even a very
shallow one, begins to boil, then it is likely that dryout
will occur.

In previous experiments. (e.g., Reference 5) the formation
of vapor channels in a debris bed was found to increase the
coolability of the bed. However, in D9 there was no clear
evidence that channeling ever occurred before dryout was
attained. Even at the lowest subcooling level attained
during the incipient dryout investigations, no vapor chan-
nels formed. Rather, only a loosening of the bed, due to
capillary pressure relief, was detected. Also, during the
large power step investigations, dryout always occurred
before any vapor channels were detected. In fact, for all
cases prior to the bed-disrupting superheat flashing event,
channeling only occurred after dryout and the channels did
not penetrate to the bottom of the debris bed.

Consequently, the full benefit of channels (order of magni-
tude change in coolability) did not occur. This effect of
" channeling after dryout" and the failure of the channels to
completely penetrate the bed, were both in excellent agree-
ment with the Lipinski model.4 Therefore, in a shallow,
stratified debris bed, even with channeling, dryout (and,
hence overheating) will occur. Incipient dryout powers
ranged from 0.10 to 0.64 W/g which is well below the dryout
power expected during in-vessel portions of the accident
scenarios.

.

During the extended dryout investigations, the dry zone
thicknesses were fairly close to those predicted by the ,

one-dimensional model.3,4 in addition, a small increase
in power yielded a collapse of the dry zone with low sub-
cooling. This was the most direct indication of channeling
in the experiment. It was repeatable and occurred at only
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slightly higher powers than predicted. The modeling could
predict the extended dryout behavior and, hence, this data
provided validation of the model.

~

The investigations into flashing, while perhaps not directly
applicable to reactor safety, did reveal that this phenome-
non could significantly alter the debris bed characteristics..

As evidenced by the 90*C superheat flashing event, the
stratification in the bed was completely changed following
this event. This left the bed in a state which allowed
complete channel penetration and a factor of 20 increase in
the dryout power. This large dryout power is typical of a
shallow uniform bed which would be coolable in an accident
situation. The subsequent studies showed that the flashing

theory.9 However, questionscould be predicted based on
still remain as to whether or not the proper conditions for
a flashing event would occur during an accident.

Finally, it is important to note that all of the data is
valuable for assessing and validating models. To a large
extent, all the dryout and channeling data were well pre-
dicted by the Lipinski model.4 The good agreement here
and the fact that this model is physically based mean that
this model can be used to assess coolability questions
related to debris bed behavior under a variety of accident
conditions.

.
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