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ABSTRACT

The DCC-1 and DCC-2 experiments have provided the first data
on dryout and quench behavior of internally heated UDg debris in
water. The pressure range of this data extends from 1 to 170
atmospheres. Both of the experiments used the Annular Core
Research Reactor (ACRR) at Sandia National Laboratories to sim-
ulate the effects of radiocactive decay heating.

The debris in DCC-1 ranged from 75 microns to in excess of
10 mm in diameter, with a mean diameter of 0.75 mm. The bed depth
was 0.5 m and the Borosity was 0.345. Dryout heat fluxes ranged
from about 41 kW/m (0.012 W/g) at a saturation temperature of
100°C to about 69 kW/m? (0.021 W/g) at 340°C. This measured
pressure dependence is a factor of two to three lower than
predicted by the analytical models. This is believed to be due to
the breadth of the debris distribution, but the evidence is
inconclusive. Quenches of dried debris took hours to complete.
Quench fronts progressed uniformly without the 1liquid fingers
observed in large particle tests.

The debris distribution in DCC-2 was much narrower than in
DCC 1, with the majority of particles having diameters between 0.5
and 8 mm. A small amount of "fines" with diameters down to 75
microns was added to the mixture. In DCC-2, thermally stable
local dry zones were observed at bed powers below the conventional
dryout point. These are believed to be caused by the concentra-
tion of fines creating a low permeability zone. Data on global
dryout, in which the bed bottom can dry out, agree well with
analytical predictions. Quenches of dry zones took about 10 min-
utes to complete. The quench fronts were not uniform, having a
liquid finger which penetrated to the bottom of the bed before the
quench was complete.

iii, iv
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. 18 INTRODUCTION

Since the accident at Three Mile Island (TMI-2), there has
been increased interest in nuclear accidents involving severely
damaged fuel in water reactors. However, the study of damaged
fuel has been of interest to the fast reactor community since
about 1971..1] Over this period of time, a large amount of data
on the coolability of particulate fuel has been generated. The
majority of the data was acquired using bench scale apparatus,
simulant materials, and simulant heating techniques. These
simulant experiments have been supplemented by a small number of
in-pile coolability experiments using prototypic materials.

The obvious approach to the problem of LWR debris
cooclability is to apply the models developed for the liquid
metal fast breeder reactor (LMFBR) coolability program. As in
the LMFBR program, it is necessary to generate benchmark data
for the coolability of water/urania debris beds using prototypic
materials. The Sandia Laboratories LWR Degraded Core
Coolability (DCC) experiments, part of the USNRC’s integrated
Severe Fuel Damage Research Program, are designed to provide
this benchmark data. In addition, the three DCC experiments are

designed to examine the effect of paTaTeters which are more
typical of LWR debris than LMFBR debris. |2

DCC-1 was designed to look at boiling in deep beds with a
broad particle size distribution. The diameter range extends
from about 0.075 mm to 12 mm, with an average particle diameter
(Fair-Hatch!3') of 0.310 mm. This size might be expected from
an energetic reaction. . 2] The bed depth was 0.5 m. The
pressure range of the experiment was from 0.1 MPa to 17 MPa.
Dryout powers in DCC-1 corresponded to the laminar flow regime
(Fig. 1.1).

DCC-2 was designed to examine boiling in deep beds with
larger particles. The size distribution was fairly narrow, with
the predominant range being between 1.0 and 8.0 mm. Added to
this was a small amount of "fines" in the range of 0.075 to
1.0 mm. The average particle diameter (Fair Hatch) was 1.42 mm
and the bed height is 0.5 m. The planned pressure range of the
experiment was from 0.1 MPa to 17 MPa. Dryout powers in DCC-2
corresponded to the transition regime between laminar and
"turbulent" flow.

This report presents the analysis of the DCC-1/DCC-2 data.
Several new facets of debris coolability have been discovered
through these experiments. In DCC-1, the data on dryout did not
follow the original predictions of pressure dependence. This
led to measurements of capillary pressure in UDg/water beds,
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where it was discovered that beds with broad particle size
distributions behaved differently than those with narrow
distributions. From a measurement of capillary pressure on

DCC-1 UDg bed, and wusing the method of Brooks and Corey,[4»5?

new relative permeabilities were derived for DCC-1. Use of
these new properties in the Lipinski model (®) yields predictions
of lower pressure dependence. The quench times for DCC-1 are

hours long. This suggests that surh a bed might be impossible
to cool by flooding i1f formed in a ury state.

In DCC-2, a new phenomenon, "local" dryout, was observed
in addition to the anticipated "global" dryouts. Local dryout
is characterized by a thermally stable local dry zone surrounded
by a boiling zone. This behavior 1is believed to have been
caused by a zone of low permeability formed by the relocation
and concentration of small particles at the time of bed
construction. Zones of varying permeability are expected to be

characteristic of debris formed during reactor accidents.
Disruptions of the bed were successful in modifying this zone,
but not in eliminating it. Post-disruption data on global

dryout are in good agreement with the Lipinski model, displaying
the predicted pressure dependence and approximate magnitude.
Post-disruption local dryouts display the same predicted
pressure dependence. The quench times for DCC-2 are only
minutes long, indicating a capability for reflood not observed
in DCC-1.



DCC-2 EXPERIMENT DESCRIPTION AND ASSEMBLY

The DCC-1 and DCC-2 experiment packages (Fig. 2.1) are
nearly identical. The debris bed consists of coarse UDg
particulate seeded with Gdg03 to decrease thermal neutron
sensitivity. The bed has a diameter of 10 cm and a height of
about 50 ecm, and is contained in a double-wall, insulated
crucible. The crucible provides a nearly adiabatic boundary
condition on the bed bottom and walls.

The debris bed, crucible, and water bath are enclosed in
the primary containment vessel. To prevent fission product
release in the event of any primary boundary failure, a
secondary containment vessel completely surrounds the primary
vessel. The concentric-flow heat exchanger is attached to the
secondary vessel. The manifold on the top of the heat exchanger
routes cold helium gas down the outside of the secondary
containment vessel and receives the return flow from the outer
annulus of the package. The primary vessel instrumentation is
routed through the secondary containment and enters the primary
vessel through the instrumentation passthrus.

The DCC auxiliary systems and their interconnection to the
experiment package are shown in Fig. 2.2. The debris bed is
fission heated in the central irradiation cavity of the Annular
Core Research Reactor (ACRR). The experiment package is
suspended from a shield plug which contains serpentined
instrumentation cables and cooling lines. Cooling lines are
connected via an overhead trough to the mobile helium cooling
loop located outside of the reactor highbay. The return flow
from the loop to the package can be diverted to a heat exchanger
in the liquid nitrogen tank to provide additional cooling
capacity. Diagnostic instrumentation from the package is
monitored by an HP-9845/HP-1000 computer-based data acquisition
system. A separate computer-based data acquisition system
(HP9845) is used to monitor cooling loop parameters for
diagnostic and control functions.

For the DCC-1 and DCC-2 experiments, the most important
functional dependence to be investigated is the relationship
between the dryout heat flux and pressure. The pressure level is
set by controlling the saturation temperature of the water bath
in the closed primary vessel. This is achieved by affecting a
balance between the heat sources (fission heat and electric
heater) and the cooling system. The lowest pressure which can
be attained is the fill pressure of the primary containment
(initially 10 psia). If non-condensable gases are generated
during the course of the experiment, the pressure rises, and the
lower pressure limit of the experiment increases. This effect
was observed in DCC-1 where the pressure rose from the initial
10 psia to approximately 30 psia. In DCC-2, the pressure rose
from 10 psia to about 60 psia.




SECONDARY CONTAINMENT
AND BULKHEAD
(INCONEL-625, 3000 PSI MAWP)

INSTRUMENTATION PASSTHRUS

B

PR ——
- f

PRIMARY CONTAINMENT
AND BULKHEAD
(INCONEL-625, 3500 PSI MAWP)

DOUBLE-WALL HEAT EXCHANGER
(1.5 METER LENGTH)

1Yol __'_t_,','r___—WAven BATH
HiR e
| | |
1 S DEBRIS BED
3 | | T g (UO; 10% ENRICHED AND
s | S I 1 ATOM % GADOLINIUM)
|
L RS
BERS VIR B 3R
¢ ||iild
0 || |
R || 4
3 { 1,3 ! DOUBLE-WALL CRUCIBLE
31| Y WITH MIN-K THERMAL INSULATION
H R / (INCONEL-625)
|8l - ‘» tr i
— b

,L.":;t'ii:“i-'
e "“w"j

e

Figure 2.1 DCC Experiment Package



REACTOR HIGHBAY

OVERHEAD TROUGH \

B —— . — T —

EXPERIMENT PACKAGE
DIAGNOSTIC

DATA ACQUISITION
SYSTEM

¥

LIQuiD
NITROGEN
TANK

HELIUM
COOLING LOOP
CONTROL PANEL

SYSTEM

Figure 2.2 DCC Auxiliary Systems



A summary of the assembly procedure detailing the main
components and tests is given in Fig. 2.3. To support the
discussions of the results, the following assembly steps are
described:

Primary Thermocouples
Fue! Loading

Hot MAWP Test

Water Loading

OPST’'s and IPST

Primary Thermocouples Locations

Sheathed K-type thermocouples (chromel-alumel) were used
in these experiments. Bed thermocouples were introduced into
the primary through seven passthrus located in the primary
bulkhead. Eight thermocouples were brazed into each passthru.

0f the 56 total thermocouples in the primary system, 36
are located in the bed as shown in Figures 2.4 and 2.5. These
thermocouples are positioned vertically along the wall of the
primary. The end of each thermocouple is bent horizontally to
the correct radial position. The bed thermocouples are axially
positioned in 2.5 c¢m increments along the bed centerline.
Around the «crucible, another 11 thermocouples are used in
determining crucible heat losses, the level of the top of the
bed, and water bath temperatures immediately above the bed.

2.2 Debris Bed Fuel Description and Loading

The debris bed consists of 10.6% enriched UDg particles
with a small fraction of gadolinium in the form of GdgO3 to
serve as a thermal neutron poison. The poison decreases the
influence of the liguid fraction on the local power density.
Because the effect of the gadolinium in DCC-1 (1.0 atom-percent)
was not as great as predicted, the concentration for DCC-2 was
increased to 3.6 atom percent. For DCC-2, this was achieved by
mixing 6.2 kg of 10.9% Gd loaded fuel with 17.8 kg of 1.0%
loaded fuel to obtain the higher concentration.

The size distribution of the particles composing the DCC-2
debris bed is relatively mnarrow, having an average diameter of
2.43 mm (Fig. 2.6). By comparison, DCC 1 contained a broad
particle distribution with an average diameter of 0.75 mm. The
DCC-2 distribution was selected to provide data in the
transition and turbulent coolability regimes, whereas DCC-1
operated in the laminar regime. The DCC-2 particle distribution
contained a small portion of fine debris (less than 0.1 mm) to
closely simulate observed particle disuributions in LOCA tests
and to emphasize the significance of small particles on bed
coolability.
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In DCC-2, the addition of very fine particles to the
otherwise logarithmic diameter distribution caused concern about
particle migration. To investigate this, a pre-assembly packing
test was conducted in which 1 kg of fuel was poured into a
graduatedgcylinder, creating a bed 170 mm high. The fuel was
then "packed" by tapping the side of the cylinder. Visual
inspection of the fuel revealed that the fines in the upper 40
mm of the bed had settled into the lower portion of the bed.
Additional tapping failed to cause further particle migration.

To limit the amount of particle settling observed in the
pre-assembly test, the fuel was proportionately weighted and
mixed into 13 batches (11 batches each containing 2.0 kg and two
batches with 1.0 kg). Fuel loading was performed by thoroughly
mixing each batch and pouring it into the crucible while
simultaneously tapping the crucible to pack the bed. Based on
the pre-assembly test, settling may have occurred within each
batch, but intur-batch migration of fines probably did not take
place. The total fuel loading for DCC-2 was 24.0 kg, a bed
height of 47.0 em, and an achieved porosity of 38.4%. After
fuel loading, the pool thermocouples were repositioned at 1.0
and 2.0 cm above the bed. These thermocouples were later used
to detect changes in the bed height. DCC-1 was loaded in a
similar manner. The total fuel loading for DCC-1 was 27.0 kg
and the porosity was 31.0%.

2.3 Hot Maximum Allowable Working Pressure (MAWP) Test

The hot MAWP Lest was intended to demonstrate the sealed
primary vessel integrity under the most severe accident
conditions for the experiment. The test was performed
immediately prior to the integral leak test to assure that any
leak generated during the hot MAWP test would be detected. The
setup for the test consisted of the urania-loaded crucible
sealed in a dry primary vessel. The vessel was initially filled
with 1500 psi of helium gas and then heated with external
heaters to achieve a pressure of 3000 psi al approximately
370°C. The urania particulate in the debris bed was exposed to
3000 psi helium at an average bed temperature of about 250°C for
a period of about two hours.

2.4 Water Loading

Following the integral helium leak test, a vacuum was
pulled on the primary system and maintained for four hours.
With the package still under a vacuum, a water fill tube was
connected to the backfill port and 9.8 kg of distilled water was
loaded into the vessel. This procedure assured that non-
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condensables were not trapped in the interstices of the bed.
After the water fill, the primary system was sparged twice with
500 psi helium gas to remove dissolved oxygen from the water
bath. The second sparge was depressurized to 10.0 psia and the
primary system was sealed. Is)

2.5 QOut-of Pile Systems Tests (OPST) and In Pile Systems
Tests (IPST)

Three DCC systems tests weie performed prior to nuclear
heating to assure that all designed performance specifications
for the experiment package and auxiliary systems were satisfied.
The tests consisted of two OPST’'s (OPST-1 and OPST-2) and one
IPST. OPST-1 demonstrated the internal electric heater (4 kW
cartridge unit) performance and the response of the primary
pressure transducers under operating conditions. During this
test, the fueled primary vessel was pressurized to 2700 psi by
increasing the saturation temperature to 360°C. In OPST-2 the
same conditions were achieved with the secondary vessel and heat
exchanger assemblies completed. The most important data
obtained in the second OPST were the temperatures in the heat
exchanger and the natural convection heat loss from the package
(approximately 2.9 kW) The IPST was performed prior to the
start of fission heating with the package in the reactor and all
auxiliary systems connected. Again, the package heater was used
to pressurize the primary system to 2700 psi at 360°C. The IPST
checked out all instrumentation connections, cooling-loop
performance, and data acquisition system operation.
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Having obtained and confirmed the pressure dependence of
incipient dryout, the transient and post-dryout behavior of the
bed was then examined. First, incipient dryout powers at
temperatures of 104°C, 122°C, and 141°C were repeated and found
to be unchanged. The next two dryouts, conducted at 142°C, were
executed by bringing the reactor power from just below incipient
dryout power to a preset factor above the known dryout power.
This was done to examine changes in the initial location of
drycut as a function of reactor power. Incipient dryout was
first observed at thermocouple 7C (DO 33). At a reactor power
1.5 times that of incipient dryout, dryout was first observed at
thermocouple 5C (DO 34). At a reactor power 2.0 times incipient
dryout power, dryout was first observed at the thermocouple 7C
(DO 35). This last dryout was extended until a fuel temperature
of 330°C was obtained (Fig. 3.7). The quench that followed took
about two hours to complete.

This procedure was continued the following day. The
incipient dryout power 141°C was found to be unchanged (DO 36).
A forced dryout was then conducted with a power step 3 times
that of incipient dryout power (DO 37). The initial location of
dryout was thermocouple 7C.

On the seventh day of the experiment, the transient dryout
behavior was examined at a new temperature of about 222°C. The
reactor power at incipient dryout was found to be between 25.5
to 27.0 kW (D0 38). This is slightly higher than the previously
measured value of between 24.0 to 25.5 kW (DO 11, DO 23, DO 28).
This indicated that the power step taken the previous day had
loosened the bed slightly. The first dryout location was at
thermocouple 5C. Three forced dryouts were then conducted at
levels of 1.4, 2.0 and 3.0 times the incipient levels. Initial
locations were at thermocouples 5C, 7C, and 5C/7C respectively.
The last of these was extended to a maximum temperature of 850°C
(Fig. 3.8). The quench of this extended dryout took about two
hours to complete. The 1increase in saturation temperature
initiated in the last hour of the quench reduced the required
quench time.

During the final two days of the experiment, the effect of
bed disruption was investigated. First. the incipient dryout
reactor power at 141°C was found to be between 17 to 18 kW. The
increase over the previously measured power to 15 to 17 kW
(DO 6, DO 33, DO 36) reflects the same slight loosening cf the
bed observed the previous day. The dryout was then extended to
study the quench behavior (Fig. 3.9). The quench behavior of
all the extended dryouts displayed common characteristics.
Unlike most out-of-pile experiments, no liquid fingers
penetrated the dry zone. The quench began at the top of the dry
zone and rroceeded in a reasonably uniform manner downward.
Quench times were measured in hours.
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The measurement cof incipient dryout at 141°C served as a
baseline for the condition of the bed. Three attempts were then
made to disrupt the bed by taking large steps in reactor power
(300 kW for dryout 43, and 1000 kW for aryouts 45 and 47). Each
of these attempted disruptions was followed by a measurement of
incipient drvout powers. Dryouts 44, 46, 48, and 49, taken at
temperatures of 169°C, 219°C, 140°C, and 221°C, respectively,
displayed increases in reactor power of about 19%, 15%, 44%, and
21%, respectively. On September 1, 1983, the DCC-1 experiment
was terminated.

3.2 DCC-2 Experiment

The DCC-2 experiment was initiated on April 6, 1984
(Appendix Table A2). Three bed power calibrations were made
while the water was subcooled. The power was then slowly
increased until boiling in the bed was initiated. The first bed
boiling temperature was 95°C and was obtained with the pool
subcooled. This boiling temperature indicated that the initial
backfill pressure of 10 psia, with allowance for thermal
expansion, was unchanged due to the elevated temperatures and
pressures generated during the system tests.

On the first day of operation, dryouts were obtained by
increasing the reactor power in small steps and waiting 10 to 20
minutes for incipient dryout. Initially, at the first sign of

dryout, the reactor power was dropped on the assumption that the
local initiation of dryout would spread across the width of the
bed and a global dryout would ensue. The containment pressure
was then increased, and the reactor power was incremented until
incipient dryout was observed at the new pressure.

On the seventh dryout (Day 1), the reactor power was
maintained past the point of incipience. The temperature data
for this run indicated that, contrary to expectations, the dry
zone stabilized locally without extending across the debris bed
(Fig. 3.10), i.e. temperatures within the localized zone leveled
off to a steady-state temperature in excess of the saturation
temperature. This formation of a stable localized dry zone had
not been observed in DCC-1 or the D series.19] of LMFBR bed
experiments.

In order to assure that global dryouts were obtainable in
this bed, the next dryout was performed at the same pressure as
DO 7 (Figure 3.10). The power was quickly raised to the level
set in DO 7, and the local dry zone was established. The power
was then increased until the dry zone extended across the width
of the bed. This confirmed that global dryouts could be created
at sufficiently high powers.
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On the second and third days, the nature and extent of the
local dryouts were explored. The plan was to search for
incipieat dryout and then keep increasing the power until global
dryout was achieved. Typically, <*he initial dryout took place
at thermocouple 4S or 88 (Fig. 2.5), located at the wall of the
vessel, or at 8M. If the power step initiating dryout had been
moderate, the temperatures stabilized in a matter of minutes and
a local dry zone was quickly established. The size of the dry
zone would vary in proportion to the reactor power, and could
become quite large without becoming global (Figs. 3.11, 3.12).
Frequently, temperatures at the vessel wall in a local dryout
reached the 850°C safety limit. This prevented the continued
increase of power necessary to reach global dryout.

By this time, a consensus among the progran staff had been
reached as to the probahle cause of the local dryouts. During
assembly, some of the fine particles may have segregated.
Interpretation of the bed temperatures suggested that some of
the fines had concentrated in the region monitored by
thermocouples 4S and 8S (Fig. 3.13), creating a zone of low
permeability. Reactor powers capable of drying this zone were
unable to dry the horizontally adjacent zone which had a higher
permeability. Water could flow through this zone of higher
permeability to the bottom of the bed. Vapor generated in the
boiling zones convected through the dry zone, stabilizing the
particle temperatures at some level above the saturation
temperature.

On the fifth day of operation, the particle bed was
disrupted by applying a 3 MW power step for about 120 s. The
rapid generation of vapor during such a step pushes liquid
within the bed upward into the overlying pool. The drag on the
particles induced by this flow tends to expand the bed and allow
it to resettle in an expanded configuration. It was hoped that
this procedure would loosen the region of low permeability and
help to make the bed more homogeneous. Based on the behavior of
the pool thermocouples after the disruption, it was concluded
that the particles now covered thermocouple #38, indicating an
increase in bed height of about 20 mm.

The next seven dryouts (DO 34 - DO 40) were obtained in
the following manner: the reactor power was set just below the
pre-disruption dryout power at a given pressure, and equilibrium
was achieved. The power was then raised in a single step to
between 125% to 200% of the pre-disruption dryout power. 1In all
seven cases, only local dryouts were observed. DO 34 began at
thermocouple OC; the remaining six started at 48S.
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On the beginning of the sixth day of operation, a second
attempt was made to loosen the bed and make it more homogeneous.
Two more disruptions were induced with 3 MW power steps. Pool
thermocouples indicated that the bed level had not progressed to
POOL-3. Subsequent local dryouts originated at the bottom at
thermocouple OC if the steps in power were moderate. If the
power steps were large, the dryout origin remained 4S. This was
interpreted as a partial success 1in restructuring the bed, but
the disparity in reactor power between local and global dryouts
persisted.

At this time, it was noticed that the ratic between the
incipient local and global drycut powers was approximatel)
constant at 1.8. A new procedure for obtaining global dryouts
was initiated. At a given pressure, the incipient dryout power
was determined by gradually increasing reactor power. Once the
local dryout was observed, the reactor power was increased in a
large step, and the bed was examined for global dryout. The
power was then reduced, and the dry 2zone was allowed to

resaturate. If the first step step in power had caused a global
dryout, then a second power step, smaller than the first, was
applied to the bed. Conversely, if the first step had not

resulted in global dryout, the second step was made larger than
the first. This procedure was repeated until the global power
was bracketed to within about 10%. Data for both local and
global dryouts was obtained through the eighth day of operation
(Figs. 3.14-3 .16).

At the beginning of the eighth day of operation, a single
phase convection test was initiated. The reactor power was held
at about 25 kW and the temperature distribution of the bed was
examined. Fig. 3.17 shows that the temperatures in the region
of OC and 48 were greater than those in the rest of the bed.
This confirmed the hypothesis of a low permeability region, and
showed that the disruptions were unsuccessful in eliminating it.

At the end of the eighth day, the temperature restrictions
on the crucible wall were relaxed, and extended dryouts were
conducted in which the fuel <“emperature was allowed to rise to
1050°C. This created a larger dry zone than in previous runs.
The resulting quenches were thus extended, resulting in a better
quench data base (Figures 3.18, 3.19, 3.20). At 15:10 on April
13, 1684, the final dryout was completed and the experiment
concluded.

During the course of the experiment, the difference
between the vessel pressure and the saturation pressure of the
water increased. Most of the change occurred after the pre-
disruption high-temperature dryouts. After this point, the
minimum obtainable vessel pressure was about 4 bars. This meant
that no post-disruption data for dryout could be obtained for
saturation temperatures less than 145°C. It is speculated that
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the source of the increased total pressure was due to the
evolution of helium by the fuel. During the hot MAWP test in
the experiment assembly, the fuel was exposed to 3000 psi helium
at temperatures of about 250°C. This may have allowed helium to
diffuse into the fuel along grain boundaries, and subsequently
diffuse out of the fuel when sufficiently high temperatures were
realized.
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4. ANALYS1S
4.1 Bed Power Calibration

The local energy generation in the in-pile debris bed is
not spatially uniform, but rather is a function of both position
and saturation. (Saturation is the fraction of the bed void
occupied by water.) The positional dependence stems from the
axial bow in the neutron flux generated by the ACRR and the
radial variation due to neutron capture. The dependence upon
saturation is due to neutron moderation by the water.

The method used for bed power <calibration 1is part
experimer .al and part analytical. Experimentally, local power
generation near a thermocouple can be measured via an adiabatic
heatup. Starting from a steady state condition with constant
reactor power, the reactor power is suddenly increased to a
higher constant level and the thermocouple response is recorded.

For a short period of time, radial conduction near the center
and middle thermocouples is negligible, and the local
temperature increases are adiabatic. The local power generation

can then be calculated using the temperature history and
material properties.

This technique 1is direct, but it has its limitations.
There are a finite number of thermocouples in the bed, and only
those sufficiently far from the outside perimeter can be used
for calibration. For calibration of a dry bed, only the bottom
of the bed can be dried, further limiting the number of local
calibrations that can be made . For this reason, the
measurements are supplemented by neutronics calculations.

Neutronics calculations of the power generation rate are
made using the code TWOTRAN. 8] The accuracy of the predictions
of the power level are, by themselves, not sufficient for these
experiments. Table 4.1 contains the measured and predicted
power generations for the centerline thermocouples in the
totally saturated DCC-1 bed. While the measured specific powers
are about 40% higher than those predicted by TWOTRAN, the ratio
between prediction and measurement 1s reasonably constant except
at the extreme ends of the ted. Thus, while the absolute values
of power generation predicted by TWOTRAN are in error, the
predicted spatial distribution of power appears to be adequate.
To circumvent this problem, the predictions from the neutronics
code are normalized with respect to the adiabatic heat
measurements. In so doing, the accuracy of the measurements is
combined with the spatial resolution of the neutronics
calculations to obtain an acceptable description of the
positional dependence of the power generation.



TABLE 4.1
PREDICTED AND MEASURL® SPECIFIC GENERATION
FOR THE SATURATED DCC-1 DEBRIS BED

Specific Power Generation

Height (W/g/MWreactor) Ratio
Thermocouple (m) Measured Predicted

18C 0.475 0.62 0.56 1.107
18C 0.450 0.66 0.46 1.435
17C 0.425 0.79 0.5€ 1.411
1€C 0.400 0.87 0.64 1.359
15C 0.375 0.99 0.72 1.376
14C 0.350 1.07 0.78 1.372
13C 0.32b 1.5 0.84 1.369
12C 0.300 1.22 0.88 1.386
11C 0.275 1.24 0.90 1.378
10C 0.250 1.27 0.92 1.380
acC 0.22% 1.30 0.92 1.413
8C 0.200 1.30 0.u2 1.413
7C 0.175 1.27 0.90 1.411
6C 0.150 1.24 0.86 1.442
5C 0.125 1.18 0.81 1.457
4C 0.100 1.10 0.74 1.486
ac 0.075 1.02 0.66 1.545
2C 0.050 0.90 0.58 1.5562
1C 0.025 0.79 0.49 1.612
oC 0.0 0.36 0.38 0.947

!
]

For this analysis, the spatial description of the specific
power generation,q, has been reduced from two dimensions (radial

and axial) to one dimension (axial). This was accomplished by
radially averaging the power generation using "first moment"
integration. The resulting profile was then described using a

truncated sine wave. The form of this equstion is

Legg ~ L

2
eff

*

—a— - ginl|n i

Apeak

(4.1)

where L is the height of the bed, x is the distance from the
bottom of the bed, and Lggs is the half wavelength of the sine
wave. The wavelength is calculated from the peak to-average
power ratio determined from the radially averaged neutronics
calculations.
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a—g—- = %; {cos[ 5 (y - l)] - cos[ 3 (¢ - 1)]} (4.2)
peak
where
, L
¢ Le’f

and g is the bed average of the local energy generation.

For DCC-2 the peak-to-average ratio is 1.265, which yields
a9y of 0.73816. For DCC-1, the peak to average ratio is 1.269,
which yields a § of 0.74286. The spatial distributions are
similar because they are controlled primarily by the control
rods in the ACRR.

The dependence of the power generation upon saturation is
handled by assuming 1) separation of variables between position
and saturation, and 2) that the local power generation is a
function of the local saturation, and not the ertire saturation
profile. The first assumption is justified by the fact that the
control rods in the ACRR control the neutron flux and that there
is no feedback from the debris bed to the neutron source. The
second assumption reqguires that the moderated neutron migration
length be much smaller than the characteristic lengths of the
saturation gradients in the bed. This may break down in regions
where saturation gradients are large, but the assumption appears
adequate for these calculations.

The saturation dependence is determined in a manner
similar to that used to determine the positional dependence.
During the course of the experiment, local measurements are made
of the power generation at saturations of null and unity.
Neutronics calculations are made for these bounding saturations
and at intermediate saturations. The calculations are then
normalized to the measured values. The saturation dependence of
the bed average power generation is shown in Table 4.2.
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TABLE 4.2
SATURATION DEPENDENCE OF BED POWER

Bed Average Power Generation in Fuel (q)

w/‘I’fuel I

reactorJ
Saturation DCC-1 DCC-2
0.0 0.585 0.530
0.2 0.684 0.648
0.4 0.779 0 755
0.6 0.872 0.846
0.8 0.963 0.914
1.0 1.043 0.960

These values have been fitted to facilitate their use in the
data reduction program. For DCC-1

F (S) - b 5 4.3

pec-14%) = Tp S (4.3)
where

g - 0.585

Fpee-1(8) = 77023~ 0.585
and the fitting coefficients (f) are:

bo = 0.

A, 1.102360

P, 0.09582610
For DCC-2, 2

o Po t P48 + PSS
Fpoc_2(S) (4.4)

2
1+ ﬁss + ﬂ4S
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where

L (8) = 720930
DCC-2 0.960 - 0.530

F

and the fitting coefficients (f) are:

Po = O-

p, = 1.37306
p, = -0.3103605
p, = -0.2183065

B, = 0.2834590

Details of the reactor calibration procedure are found in
references [8,9].

4.2 Effect of Saturation-Dependent Power Generation on Bed

Dryout Power

The first problem to be addressed in the reduction of the
DCC-1/DCC-2 data is that of the impact of the power saturation
dependence upon the bed dryout heat flux. Tables 4.3 and 4.4
contain predictions of the dryout flux using the standard
Lipinski model using constant power generation. Also shown are
the predictions of drycut flux made using an extended version of
the Lipinski model which incorporates the information on
positional and saturation dependent local power generation.
Examination of the table shows little difference between the
predictions; for the DCC-1 and DCC-2 configurations, the
incipient dryout behavior is nearly the same as that of debris
beds having a uniform power generation.

An examination of the predicted saturation profiles within
a debris bed helps to explain this effect. Figure 4.1 shows
several saturation profiles corresponding to several bed powers
for a DCC-2 bed with uniform power generation. The saturation
profiles preceding dryout share common characteristics. From
the base of the channels, a large saturation gradient leads to a
minimum saturation. From this point, the saturation recovers
with depth in the bed. At a heat flux just above the dryout
heat flux, the saturation changes radically. The region below
the minimum saturation point becomes totally unsaturated; the
region above remains partially saturated. Further increases in
bed power result in an increase in the extent of the dry region.
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Saturation
Temperature
(°C)

120

140

160

180

220

240

260

280

300

320

340

350

DCC-1 PREDICTIONS

TABLE 4.3

DRYOUT HEAT FLUX ,/ REACTOR POWER / (RATIO)

Lipinski 1-D Lipinski

Flat Power
Profile

36.8

57.3

73.

on

94.0

116.

(6]

137 .5

185.5

185.2

175.1

149.5

120.0

103.9

(cW/m2) (kW)
1-D Lipinski 1-D Lipinski 1-D
DCC-1 Power New Rel Perm Linearized
Profile New Rel Perm
as.7 / 13.1 25.6 / 8.68 39.4 / 15.0
(2.71) (2.95) (2.62)
52.0/19.0 37.5 /7 12.6 52.3 / 19.8
(2.74) (2.97) (2.67)
69.9 / 25.2 51.7 /7 17.3 65.3 / 24.2
(2.77) (2.98) (2.70)
90.4 / 32.6 86.68 / 22.2 78.1 / 28.1
(2.77) (3.00) (2.64)
110.4 / 39.8 82.4 / 27.56 2.4 / 35.1
(2.78) (3.00) (2.64)
130.2 / 46.9 98.9 / 33.0 104.0 / 36.8
(2.81) (2.99) (2.83)
149.0 / 52.6 113.4./ 329 116.8 / 40.7
(2.83) 2.97) (2.87)
166.1 / 58.8 126.7 f 42.6 128.9 / 46.1
(2.82) (2.88) (2.96)
176.7 / 62.6 135.2 / 47.0 135.3 / 45.8
(2.82) (2.93) (2.96)
176.0 / 62.5 136.5 / 46.6 136.1 / 46.4
(2.82) (2.93) (2.96)
166.3 / 59.5 127.6 / 43.9 127.1 / 43.7
(2.80) (2.90) (2.91)
143.4 / 51.6 110.9 / 38.6 110.1 / 38.3
(2.78) (2.87) (2.87)
1156.8 / 42.1 88.1 / 42.1 88.5 / 31.3
(2.75) (2.83) (2.83)
99.7 / 36.5 76.1 / 27.2 77.0 / 27.6
(2.73) (2.79) (2.79)
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Saturation
Temperature

(*C)

100.

120.

140.

160.

180.

200.

220.

240.

260.

280,

320.

340.

350.

TABLE 4.4
DCC-2 PREDICTIONS

- DRYOUT HEAT FLUX / REACTOR POWER / (RATIO)

_ (kW/m?)

Lipinski

e

1-D

Flat Power

Profile

575.1

756.7

836.0

1118,

1280.

1433.

1544.

1651.

1678.

1651.

1571.

1435.

1191.

1046 .

Lipinski

(kW)

DCC-2 Pover
Profile

(2

726.2 / 301.

(2

90R8.0 / 375.

(2

1077.
(2.

1236.
(2.

1388 .
(2.

1505.
(2.

1600 .
(2.

1632.
(2.

1€621.
(2.

1552.
(2.

13956.
(2.

1.69.
(2.

1026

(2
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552.0 / 230.

.39)

.41)

.42)

43)

43)

43)

43)

42)

42)

40)

39)

37)

34)

.33)

/ 443.

/ 507.

/ B570.

/ 619.

/ 660.

/ 675.

/ 6765.

/ 650.

/ 589.

/ 499.

/ 440.

1-D

Lipinski 1-D
New Rel. Perm

545.1 / 219.7
(2.48)

728.3 / 292.1
(2.49)

919.0 / 371.9
(2.47)

1116. / 445.6
(2.50)

1299. / 518.6
(2.50)

1471. / 587.8
(2.50)

1622. / 649.9
(2.50)

1720. / 691.0
(2.49)

1782. / 729.7
(2.44)

1792. / 728.8
(2.46)

1712 / 701.6
(2.44)

1546. / 639.9
(2.42)

1296. / 543.3
(2.39)

1149. / 485.3
(2.37)




This behavior suggests that the critical condition for

dryout is located at the point of minimum saturation. Through
this "throat" passes the liguid which cools the lower portion of
the beu and the vapor which 1is produced there. Dryout occurs

when the liquid and vapor fluxes required to cool the lower
portion of the bed can no longer satisfy the momentum equation.
This explains why the dryout heat flux for deep beds is
independent of bed depth. The maximum permitted liquid and
vapor fluxes in the throst are integral quantities of the bed
below the throat. As long as the throat is sufficiently far
from the bottom, these maximum quantities represent constraints
that are local in nature, and are independent of the region
below the bed.

The same argument that explains the independence of deep
bed dryout power to bed depth applies to the problem of
saturation dependence. Since, for deep beds, the constraints at
the throat are local conditions, the form of the power profile
below the throat is relatively unimportant. All that counts is
the integral of that profile over the distance between che
bottom and the throat. Fig. 4.2 shows that the saturation
profiles predicted for the DCC-2 power profile are about the
same as those for the flat power profile. The location of the
throat and the saturation in the throat are about the same. The
dryout power appears unaffected by the power profile.

Because of the increased importance of capillarity, the
saturation profiles for DCC-1 are more complicated than for
DCC-2. For flat power profiles and bed powers below about
30 kW/m2, the throat remains in the upper third of the bed
(Fig. 4.3). However, beyond about 80% of dryout power, the
throat migrates into the lower half of the bed. This same
behavior is predicted for the DCC-1 power profile (Fig 4.4).
This suggests a potential dependence upon power profile in the
dryout powers which is not observed in the experimental data.
The reason for the lack of dependence can be found in the nature
of the power profile. In the spatial component of the power,
the peak power is about twice the value of the power at the
ends. The saturation at the ends, however, is about twice that
near the middle. The enhancement of the power near the ends due
to the higher saturation offsets the variation in the spatial
component. The net effect is a reasonably flat power profile.
Thus, the tctal dryout power in DCC-1 is unaffected by the power
profile, even though the throat migrates.

One interesting aspect of saturation dependence in the
power generation is that there 1s a range of reactor powers
beyond incipient dryout for which there is no one-dimensional
steady state solution to the momentum/energy equations for a
debris bed. The reason for this can be seen by examining the
variation of the saturation profiles with reactor power (Figs.
4.2, 4.4). Up until incipient dryout is reached, the bed power
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varies smoothly with reactor power. Because the average
saturation of the bed decreases with increasing bed power, the
relationship between reactor and bed powers is not quite linear
(Fig. 4.5).

As for a bed with uniform power generation, the saturation
profile changes drastically when the bed power is increased
slightly above the incipient dryout level. Because the region
below the throat is now dry, the reactor power corresponding to
this slight increase in bed power must be substantially larger
than the reactor power at incipient dryout (Fig. 4.5). The
amount of this jump in reactor power is dependent upon the
magnitude of the saturation dependence and the relative effect
of capillarity upon saturation profiles. Attempts to determine
the saturation profile at intermediate reactor powers result in
an inability to satisfy both the energy and the momentum
equations simultaneously. From this, one can conclude that no
steady-state one-dimensional solution to the cooling equations
exists. This means that the flow must either have a periodic
solution or be two-dimensional for these intermediate rcactor
powers. The question is somewhat academic to the experiments at
hand . None of the post incipient dryout conditions
experimentally achieved are ever steady. For the purpose of
this analysis, the reactor powers at incipient drycut are those
which will be used for comparison against the experimental data.

4.3 Data Reduction

Because the power generation 1is partially dependent upon
the local saturation, the conversion from reactor power to total

bed power is, to some extent, dependent upon thr model used to
describe boiling in debris beds. Three poteniial methods of
data reduction are described here. The choice of method is
based upon mathematical validity and minimization of the

dependence of the result upon the model.

The first possibility is simply to input the measured
reactor power into the debris code to determine the
corresponding bed power. The problem with this is that the
saturation profile would be obviously wrong. Consider the plot
of predicted saturation profile for different reactor powers

(Figs. 4.2, 4.4). If the measured reactor power were less than
the predicted incipient dryout power, the code would predict a
saturation profile inconsistent with dryout. The higher

saturations would result in an overprediction of bed power. If
the measured reactor power were greater than the predicted
dryout power, the problem would be worse. Spanning the region
of reactor power without a steady state one-dimensional solution
(Fig. 4.5, Section B), a large change in reactor power results
in a small change in bed power. This is strictly a result of
the predicted post dryout saturation profile, which is not
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actually realized in the experiment. The result would be that
the reduced bed power corresponding to the measured reactor
power would be unrealistically close to the bed power predicted
by the model. This procedure would make the reduced bed powers
too dependent upon the model.

The second technique 1is to use the code to compute an
average saturation, and then to use the reactor calibration
(Fig. 4.5, Section A) to compute total bed power.
Unfortunately, this cannot be justified wmathematically. The
total bed power can be written as the spatial integral of the
product of the spatial component and the saturation component.
This 1is not equal to the product of the average spatial
component and the average saturation component. This is because
the bed power is dependent upon the saturation distribution, and
not just the average saturation.

The third technique is to assume that the predicted
saturation profile at incipient dryout is that which actually
occurs in the experiment. Under this assumption, the conversion
from reactor power becomes a simple one of ratios:

o S : (4.5

reactor exp Preactor pred
3

This technique avoids the problem of data compression associated
with the first option and circumvents the averaging problem of
the second option. There 1is, nevertheless, an obvious error
associated with it. The actual saturation profile must be
different than the predicted profile if the measured reactor
power is different than the predicted reactor power. 1In the
absence of measured saturation profiles, this problem cannot be
avoided. In spite of the problem, this method provides a
reasonable and consistent method of interpolating between the
limiting bounds corresponding to totally saturated and totally
unsaturated beds.

There are two interesting aspects associated with this
last data reduction technique. The first is that the ratio of
predicted bed dryout power and predicted reactor dryout power is
very nearly constant over the entire temperature range of the
experiment (Tables 4.2, 4.3). This can be explained as the
result of two compensating effects. As the temperature
increases, the density of the liquid decreases, and the
corresponding thermalization of neutrons decreases because of
the lower hydrogen density. By itself, this would predict a
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decrease in the bed power/reactor power ratio. Countering this
trend is the hydrodynamic prediction that the average saturation
at dryout increases with increasing saturation temperature.
These two competing effects are sufficiently well balanced in
DCC-1 and DCC-2 that the predicted bed power/reactor power ratio
is almost constant.

The second aspect of the reduction technique is that, for
the range of variation in models examined, the ratio between bed
power and reactor power varies by at most 13%, even though the
predicted dryout powers vary by 50% (Table 4.2). This suggests
that the data reduction technique is not very sensitive to the
mode]l itself, and adds credence to the claim that the reduced
bed powers are reasonable.

4.4 DCC-1 Dryout Data

Reduced dryout powers for DCC-1 are contained in
Table 4.5. The pressure dependence of the DCC-1 dryout heat
flux data is shown in Fig. 4.6. Near one atmosphere pr?s?ure,
the dr*out heat fluxes are best predicted by the L}ginsij54 and
Henry 17 models. At higher pressures, the Jones 3,14]  Dhir-
Catton | 1], and Lipinski 6! models work best. With the
exception of the Theofanous-Saito model (10], all the models
overpredict the dependence on pressure. The variable power
Lipinski model predicted a ratio between the maximum dryout flux
and the dryout flux at one atmosphere of about 5, compared to
the measured value of 1.9. While the Theofanous-Saito model
comes closer to predicting the pressure dependence, it
overpredicts the dryout fluxes by an order of magnitude. This
is because it is based on flooding data, and is therefore
inappropriate for small particle beds.

Figure 4.6 shows the difference between the Lipinski 0-D
model for uniform heat generation and the one-dimensional
calculation which includes the spatial and saturation
dependencies of the heat production. The 1-D prediction is
slightly greater than the O0-D prediction and has a slightly
different pressure dependence, but the net result is a disparity
in the pressure dependence.

The probable cause of the disparity between the
predictions and the measurements is the breadth of the particle
size distribution coupled with the depth of the bed. Most of
the world data are based upon beds composed of narrow particle
size distributions. It is therefore consistent to expect
predictive models to work better for narrow distributions than
for broad distributions.
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Dryout
Number

N0 AN

TABLE 4.5
REDUCED DCC-1 INCIPIENT DRYOUT POWERS

Saturation
Temperature

(*C)

Reactor
Power
(kW)

5

101
107
122
141
160
180
202
222
240
261
280
300
323
342
353
151
220
303
322
342
224
133
104
122
141
141
223

15-16
1416,
16-17
15-17
17-19
18-20
21-24
24-25.5
27-28.5
27-28.5
25.5-27
25.5-27
24-256.
24-25.
24-25.
14-16
24-25.
27-28.
25.5-2
24-25.
24-25.
14-16
14-16
15-16
1617
1517
25.5-27

oo

eSO

Bed
Power
(kW/m<)
40 .8-43.
38.4-43.
43 .8 46,
41 .4-47.
47 .1-562.
50.6-56
59.0-67
67 .9-72
76.3-80
76.2-80
71.8-76
71.3-756
66.6-70
65.9-70
65.5-69
38 .8-44
67.9-72
75.5-79
70.8-75
65.9-70
67 .8-72
38.7-44
38.5-44
41.1-43
44 .2-47 .
41.4-47.
71.9-76.
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A limited amount of dryout data has been obtained for beds
with broad size distributions, but these have involved beds less
than 16 cm high cooled with sodium. 19] In these tests, the
effect of channels and capillary pressure greatly influence the
dryout phenomena. In beds such as DCC-1, the capillary pressure
does not dominate the boiling phenomena and the effect of
channels is insignificant. Instead, thte dryout phenomena is
dominated by the momentum transport in each phase, as described
by the relative permeability curve.

Ideally, one would measure directly the relative
permeabilities of a simulated DCC-1 bed as well as on a bed
having the same effective particle diameter, but having a narrow
distribution. The results of each could then be used in a 1-D
model to assess expected differences in the dryout behavior.
Unfortunately, such measurements are difficult to conduct, and
are beyond the scocpe of the present study.

What is accessible is to assess the validity of the
approach which led to the currently used models for relative
permeability, and to look for expected differences between pcc-1
and more common bed configurations. The currently used relative
permeabilities were deduced using he Brooks and Corey
correlation.4:5] and Leverett's data.20] for capillary pressure
in sands. The Brooks and Corey correlation relates the liquid
and vapor laminar relative permeabilities to the capillary
pressure/saturation behavior of a porous material. This
approach was extended by Reed (21! to describe turbulent relative
permeabilities. Leverett's capillary pressure correlation was
based on data for fairly narrow distributions of sand having

diameters less than 200 microns. The results of these
calculations were then fitted with a power law to make the 0-D
mode] more manageable. The final result was:

k] = Sefg?

ky = (1-Sagp)3
: (4.6)
K] = Seff®

gy = (1-8¢21)5

In order to obtain some idea of the applicability of the
Leverett correlation to Ulg/water systems, measurements were made
of the capillary pressure of several UOg/wltTr ?edl in which
particle size and size distribution were varied, P Figure 4.7
shows a comparison of the measured non-dimensional capillary
pressures for narrow particle size distributions and the
Leverett correlation. The agreement between the two is good,
even though the data base has been expanded to diameters in
excess of 1 mm.
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The agreement does not extend to the capillary pressure

measured for DCC-1 (Fig. 4.8). The difference between the
Leverett correlation and the bee 1 data sheds light on
differences in microscopic geometry. The Leverett function is
relatively flat over a wide range of saturation, and rises only
at small saturations. This means that the pores within the
media are reasonably uniform in size, with a comparatively small
population of small pores. Because the water is the wetting
phase, it preferentially occupies the smaller pores. The

uniformity of the pore size distribution implies that there
should be little difference in the hydraulic diameters of the
liquid and vapor phases. This is reflected in the symmetry of
the reiative permeabilities of the wetting and non-wetting
phases.

The DCC-1 data demonstrates a shape very different than
that of the Leverett correlation. The non-dimensional
breakthrough pressure is 23 times lower than that for uniform
particles, but the capillary pressure increaces constantly as
the saturation is decreased. This means that the pore size
distribution is comparatively broad, and that, for a given
saturation, the hydraulic diameter for the ligquid phase will be
less than that of the vapor phase. This should result in an
asymmetry in the wetting and non-wetting permeabilities.

These rudimentary concepts of preferential phase
occupation and pore diameter are the basis of Brooks and Corey’s
semi-empirical correlation for laminar relative permeability.
The relationships they derived are:

k] = Sepqdteb
ky = (1 - Seff)® (1 - Sgpel*ab), (4.7)
where the capillary pressure has the form

pe = a Sepp® . (4.8)

»

The extension derived by Reed for turbulent relative
permeability is:

k] = seffs‘b
By = (1 - Sepg)d (1 - Seppl*b/2) (4.9)
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The application of these formulae to the wmeasured
capillary pressure data is seen in Figures 4.9 and 4.10. The
solid lines are the models currently used in the Lipinski model
(Equation 4.6). The relationships closest to those are derived
from the Brooks and Corey formula and a curve fit of the
Leverett correlation

J(8) = 0.3771 Sepp0.243 (4.10)

There is little difference between these two models for relative
permeability.

The third set of curves were derived by using the measured
DCC-1 capillary pressure data in the Brooks and Corey
relationships. The data was used without fitting and the
integrations were executed numerically. The laminar relative
permeabilities derived in this manner display significant
differences from the currently used models. While the vapor
laminar permeability appears to increase by about 30%, the major
difference seems to lie in the liguid laminar permeability,
which drops by more than half. The variation in the models of
turbulent relative permeability is comparatively small. The
total elimination of the turbulent term for DCC-1 results in an
increase of about 20% in the predicted dryout fluxes with little
change in the pressure dependence. his suggests that .the
attention should be concentrated on the laminar terms.

The effect that these alternate relative permeabilities
have on the predicted dryout heat flux is seen in Figure 4.11
(also Table 4.2). The net effect is to shift the prediction
downward without modifying the pressure dependence
significantly. This model, however, displays an interesting
sensitivity which is not present in the Lipinski values. The
liquid laminar relative permeability is small between the
effective saturations of 0.0 and 0.4 (Fig. 4.9). If the liquid

permeability is made to vary linearly between these two
saturations, the predicted pressure dependence decreases
(Fig. 4.11). While this is still greater than the effect

observed in the data, it does suggest the observed trend.
The legitimacy of the suggested change in liquid relative
permeability must be considered with reference to the data base

of the Brooks and Corey correlation. In their work, the
capillary pressure data was fitted with the equation form

ol T s»fl' (4.11)
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This allowed them to carry out the integrations analytically.
The capi:lary pressure data for DCC 1 cannot be fit by the
equation form proposed by Brooks and Corey., This implies a
violation of a microscopic geometric requirement for similarity,
and that a correlation for the relative permeability of broad
particle distributions might take on a slightly different form.

It is not the intent of this exercise to deduce a relative
permeability function appropriate to DCC-1. What has been shown
is that the current data base in the field of two phase porous
flow suggests that a difference exists between broad and narrow
size distributions. The DCC-1 data suggests that this
difference results in different pressure dependencies in dryout
heat flux. This does not detract from the utility of the
currently used Lipinski medel. At the worst, the model is off
by a factor of 2.5. To the field of LWR safety, the difference
is academic; under any circumstances, a DCC-1 configuration is
uncoolable. It does, however, provide some concern about the
impact  of broad particle distributions on other bed
configurations.

4.5 DCC 2 Dryout Data

Reduced dryout powers for pecc-2 are contained in
Table 4.6. Figure 4.12 shows the reduced post-disruption global
dryout data as a function of pressure. Plotted on the same
figure is the post-disruption local dryout data. The conversion
from reactor power to heat flux for local dryouts was
accomplished by assuming that the saturation profile for
incipient local dryout was the same as that for incipient global
profile; i.e., the ratio between bed power and reactor power is
the same for local and global dryouts. The error in this
assumption results in at most an underprediction in the average
saturation of about 30% at one atmosphere, which would result in
bed powers about 15% too low. This error should decrease with
increasing pressure.

The effect of local dryouts on the global dryout data is
believed to be small because of the manner in which the data was
obtained. Because large steps in reactor power were used to
bound the global dryout power, the local dry zones did not have
an opportunity to fully develop. This limited their effect on
the total bed power when global dryout was achieved.

0f the models shown the Theofanous-Saite!10],
Lipinski (8!, and Dhir-Barleon|18] models predict thTtgsyout

level 8 d the pressure dependence well. The Henry and
Gabor | 18] models predict the dryout levels adequately, but do
not track the pressure dependence. The predictions of the

Lipinski 1-D model are extremely close to those of the 0-D
model, and have been omitted from the figure for the sake of
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legibility. Predictions using the Leverett correlation and the
relative permeabilities derived from it (previous section) yield
only very minor deviations from the currently used Lipinski
models (Table 4.4), and have also been omitted.

P R ——

TABLE 4.6
‘ REDUCED DCC-2 INCIPIENT GLOBAL DRYOUT POWERS

, Saturation Reactor Bed

! Dryout Temperature Power Power

' Number (*C) (kW) (MW/m=)
44 207 750 865 1.82-2.10
45 209 740 R70 1.80-2.11

| 46 /47 245/242 R65 O8R5 2.08-2.38

' 49/50 277 /282 865 985 2.00-2 .38
52/53 321 750 870 1.78 2.06
56 /57 141/144 625 685 1.561-1.66
60,61 203/202 750 B65H 1.82-2.10
63/64 230/221 R70 690 2.11 2.41
66 /65 259 030-10560 2.256-2.54
67 /68 343 685-8156 1.66-1.97
70/58 15689/160 625 685 1.562-1.66

180/184 756561030 1.83 2.50

|
1
l
]
?
3
|
|
!
i

|
|
: 59/73
i

4.6 Error Analysis
4.6.1 Drift in Saturation Temperature

| Une quantity which could affect the reduction of dryout
f data is the drift i1n the saturation temperature. Contrel of the
: system pressure was accomplished by controlling the temperature
of the overlying pool v '*h an internal heater and the external
coolant flow. Since this was operated manually, a small drift
in the system pressure existed in the search for dryout. This
drift modifies the bed power in two ways. First, the particles
in the bed drift in temperature, and the corresponding change in
sensible heat is

, g, = Mt (4.12)
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Second, drift in system pressure can cause evaporation or
condensation within the bed. The change in bed power that this
corresponds to is

‘M b, * ds ds
Ug,2 * o [“ L il S .50

®|lv

While the amount of condensation/evaporation that occurs is
dependent upon the saturation within the bed, bounds can be
calculated by assuming the extremes in saturation of zero and
unity.

The drift rate for each dryout in DCC-1 and DCC-2 was
measured, and is shown in Tables 4.7 and 4.8. Also tabulated
are the calculated effects the drifts rates have on the bed
power . Comparison of the dryout powers and the drift effects
show that drift in saturation temperature has little effect on
the dryout data.

4.6 2 Saturation Prediction

The major component in the uncertainty of the dryout
data is the saturation of the bed at the time of dryout. The
magnitude of this uncertainty can be bounded by considering the
extremes in saturation of zero and unity. For a uniform
saturation profile, the ratio between the total bed heat flux
and the reactor is

) E

. M (4.14)
Semste corr’ fuel

where the specific power density (Table 4.1) is adjusted for the
water density

8p,(T) « (1 - 8)p (T)
Sorr * —HTF TR (4.18)

This correction accounts for the decrease in neutron moderation
with the decrease in water density that accompanies increasi
saturation temperature. The resulting ratios for saturations :’
O and 1 are then applied to the lower and upper bounds of the
dryout reactor power. The results of this calculation are
presented in tables 4.9 and 4.10.
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DCC -2 POST-DISRUPTION DRIFT RATES

Drift Rate
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Dryout
Number
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TABLE 4.9
DCC-1 BED DRYOUT HEAT FLUX BOUNDS BASED ON S-0,1

Saturation Ratio Reactor
Dryout Temperature S=0,1 Power
Number (*C) (n-2) (kW)
2 101 1.950/3.423 15-16
4 107 1.950/3.416 14-16
5 122 1.950/3.416 16-17
6 141 1.951/3.376 15-17
7 160 1.963/3.351 17-19
= 180 1.956/3.322 18-20
9 202 1.961/3. 287 21-24
11 222 1.968/3.2562 24-25.5
12 240 1.977/3.217 27 -28 .56
13 261 1. 988/3,171 27 -28 .5
14 280 2.003/3.126 256.5-27
15 300 2.025/3.069 25.5-27
16 323 2.062/2.992 24-25.5
17 342 2.108/2.908 24-25.5
18 353 2.149/2 . 845 24-25.5
21 1561 1.9563/3 364 14-16
23 220 1.968/3,2556 24-25.56
24 303 2.028/3.060 27 -28.5
25 322 2.060/2.9956 25.56-27
26 342 2.108/2.908 24-25.5
28 224 1.970/3.248 24-25.56
30 133 1.951/3. 386 14-16
31 104 1.950/3.419 14 16
32 122 1.950/3.309 15-16
33 141 1.951/3.376 16 17
36 141 1.951/3.376 15-17
3% 223 1.968/3, 249 25.5-27
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TABLE 4.18
DCC-2 BED DRYOUT HEAT FLUX BOUNDS BASED ON S-0,1

Saturation Ratio Reactor Bed

Dryout Temperature $=0,1 Power Power
Number (*C) (m-2) (MW) (MW/m2)

44 207 1.584/2.750 .750- . 865 1.19-2.38

45 209 1.584/2.749 .740- .870 1.17-2.39
46/47 245/242 1.599/2.715 . 865 . 985 1.38-2.67
49/50 277 /282 1.624/2.659 .8BB5- . 985 2.40-2.62
52/53 321 1.683/2.576 .750- .870 1.26-2.24
56/57 141/144 1.572/2.796 .B625- .685 0.98-1.92
60/61 203/202 1.582/2.754 .750- . 865 1.19-2.38
63/64 230/221 1.592/2.737 .870- .990 1.30-2.71
66 /65 259 1.608,/2.694 .930-1.050 1.50-2.83
67 /68 343 1.730,/2.502 .685- . 815 1.19-2.04
70/58 156/160 1.573/2.786 .625- .685 0.98-1.91
59/73 180/184 1.577/2.769 ,7556-1.030 1.19-2.856

While the saturation limits of O and 1 do produce absolute
limits on the bed powers, the limits are unnecessarily wide.
More reasonable limits on average saturation are 0.2 and 0.8.
To use these values, one must prove that the bed power can be
approximated by the product of the averageg of the spatial and
saturation terms, i1i.e., that

% a8 M (4.16)
g = g '
o s auib corr’ "fuel
where grorr is *he average bed saturation corrected for water
density. To chel thie, the average saturations computed by

the Lipinski 1-D model were used to compute power ratios using
equations 4.15 and 4.16. These power ratios are shown in tables
4.11 and 4.12 along with the power ratios computed by the 1-D
model. As seen in the tables, the two ratios are close at all
pressures. This indicates that the use of an average saturation
in the calculation of bed powers is a reasonable approximation.

Using equation .416 and saturation limits of 0.2 and 0.8,
error limits for the dryout data were computed. These are
presented in tables 4.13 and 4.14 These are the error bounds
shown in Figures 4.6, 4.11 and 4.12.
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TABLE 4.11
POWER RATIOS FOR DCC-1 CONFIGURATION

Lipinski
1-D Model Power Ratio from
Average Power Average Saturation
Temperature Saturation Ratio [Equation 4.16]
(*C) (m~2) (m-2)
100 0.433 2.71 2.73
120 0.433 2.74 2.61
140 0.433 2.77 2.60
160 0.461 a.77 2.63
180 0.447 2.78 2.59
200 0.473 2.81 2.62
220 0.507 2.83 2.65
240 0.503 2.82 2.63
260 0.559 2.82 2.67
280 0.560 2.82 2.65
300 0.609 2.80 2.68
320 0.641 2.78 2.67
340 0.647 2.76 2.64
350 0.697 2.73 2.65
TABLE 4.12
POWER RATIOS FOR DCC-2 CONFIGURATION
Lipinski Y]
1-D Model Power Ratio from
Average Power Average Saturation
Teasperature Saturation Ratio [Equation 4.16]
(*C) (m2) (m2)
100 0.488 2.39 2.33
120 0.501 2.41 2.34
140 0.544 2.42 2.38
160 0.558 2.43 2.38
180 0.570 2.42 2.38
200 0.582 2.43 2.38
220 0.593 2.43 2.37
240 0.603 2.42 2.386
260 0.614 2.42 2.35
280 0.625 2.40 2.33
300 0.637 2.39 2.31
320 0.648 :.37 2.28
340 0.660 2.34 2.27
350 0.666 2.33 2.21
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TABLE 4.13
DCC-1 BED DRYOUT HEAT FLUX BOUNDS BASED ON S-=0.2,0.8

Saturation Ratio Reactor Bed
Dryout Temperature $=0.2, 0.8 Power Power
Number (*C) (m-2) (kW) (kW/m2)

2 101 2.266/3.149 15-16 34.0-50.4
4 107 2.264/3.143 14-16 31.7-50.3
5 122 2.259/3.129 16-17 36.1-53.2
6 141 2.256/3.110 15-17 33.8-52.9
7 160 2.252/3.089 17-19 38.3-58.7
8 180 2.248/3.067 18-20 40.5-61.3
9 202 2.244/3.038 21-24 47.1-72.9
11 222 2.241/3.011 24-25.5 53.8-76.8
12 240 2.240/2.984 27-28.5 60.5-85.0
13 261 2.238/2.947 27-28.5 60.4-84.0
14 280 2.240/2.913 25.5-27 57.1-78.7
15 300 2.244/2.870 25.5-27 57 .2-77.5
16 323 2.256/2.804 24-25.5 54.1-71.5
17 342 2.274/2.754 24-25.5 54.6-70.2
18 353 2.293/2.710 24-25.5 55.0-69.1
21 151 2.255/3.100 14-16 31.6-49.6
23 220 2.242/3.013 24-25.5 53.8-76.8
24 303 2.245/2 .863 27-28.5 60.6-81.6
25 322 2.255/2.816 25.5-27 57.5-76.0
26 342 2.274/2.754 24-25.5 54.6-70.2
28 224 2.241/3.007 24-25.5 53.8-76.7
30 133 2.258/3.119 14-16 31.6-49.9
31 104 2.265/3.145 14-16 31.7-50.3
32 122 2.260/3.129 15-16 33.9-50.1
33 141 2.256/3.110 16-17 36.1-52.9
36 141 2.256/3.110 15-17 33.8-52.9
38 223 2.240/3.008 25 5-27 57.1-81.2

—75-




TABLE 4.14

DCC-2 BED DRYOUT HEAT FLUX BOUNDS BASED ON $5=0.2,0.8

Saturation Ratio Reactor Bed

Dryout Temperature $=0.2, 0.8 Power Power
Number (°C) (m-2) (MW) (MW /m2)

44 207 1.876/2.599 .750- .865 1.41-2.25

45 209 1.876/2.597 .740- .870 1.39-2.26
46 /47 245/242 1.872/2.562 .865- .985 1.62-2.52
49/50 277/282 1.874/2.507 865 - . 985 1.62-2.47
52/53 321 1.889/2.434 .750- .870 1.42-2.18
56 /57 141/144 1.890/2.651 .625- .685 1.18-1.82
60/61 203/202 1.877/2.603 .750- .865 1.41-2.25
63 /64 230/221 1.873/2.585 .870- .990 1.63-2.56
66,65 259 1.872/2.541 .930-1.050 1.74-2.67
67 /68 343 1.910/2.374 .B685- .815 1.31-2.93
70,58 159/160 1.886/2.639 .625- .685 1.18-1.81
£9/73 180/184 1.882/2.620 .755-1.030 1.42-2.70
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5. QUENCH BEHAVIOR

Several out-of-pile experiments have investigated the
quenching of heated particulate beds. xhese Txperiments have
been of two types. In the first variety, .23,24] 3 bed composed
of large (>1 mm) particles is heated to a preset temperature.
Water is then poured on the top of the bed, and allowed to
percolate throughout the bed. These experiments have two common
features. First, the flow pattern of the quench is two-
dimensional, 1.e., a uniform saturation front moving downward
into the dry portion of the bed is not observed. Instead, a
"finger" of liquid forms which penetrates the dry portion of the
bed until it reaches the bottom. The remainder of the dry bed
is saturated from the bottom. The second point is that the rate
of cooling throughout this process is nearly constant in time,
and is approximately equal to the dryout heat flux.

These observations do not hold for smaller particles.lzs]
In such beds, the quench front tends to be horizontal while
progressing uniformly downward. More importantly, the bed power
at which quenching will take place is less than half of the
dryout power.

This dichotomy of behavior was observed in the DCC-1 and

DCC-2 experiments. In DCC-1, the quench front progressed
downward uniformly, corresponding with the reported small
particle behavior. Rough estimates of the cooling rate were
obtained form the temperature data and are presented in
Table 5.1. The average bed temperatures presented represent
volume averages over the entire bed, including both satv . ated
and unsaturated sections. The average particulate heat cajacity

used in the calculation is 300 W/kg-K.

TABLE 5.1
DCC-1 QUENCH COOLING RATES

Measured
Average Bed Average Dryout
Drycut Time Temperature (C) Cooling Rate Heat Flux
Number Start Stop Start Stop (kW/m?2) (kW/m?)
35 19:50:02 22:00:01 224 143 9.6 44
41 15:50:00 16:289:57 551 383 64 70
42 14:22:03 15:12:00 165 140 % 4 44
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Of the three extended dryouts, only number 41 has a
cooling rate in the vicinity of the dryout heat flux. The other
two have cooling rates a factor of 4 to 5 lower than the dryout
fluxes. The calculation for DO 41 involved only a portion of
the guench in which the dry bed temperatures were significantly
larger than the saturation temperature. The calculation for the
remaining two quenches used a much longer portion of the quench
and the dry bed temperatures were much closer to the saturation
temperature. This suggests that the quench cooling rate is not
constant, but decreases with time. This is supported by a more
careful examination of each quench.

The DCC-2 quench behavior is much different than that of
DCC-1. At the initiation of quench, a liquid finger penetrated
the high-permeability side and traveled to the bottom. The low-
permeability region then quenched, filling both from above and
below. This fingering appears to be similar to that described
in the large particle tests, although the large horizontal
temperature gradient present at the cessation of power could
have influenced its formation.

Table 5.2 contains estimated cooling rates for two of the

extended dryouts. As in DCC-1, the «cooling rates are
significantly lower than the dryout flux. Part of this may be
due to the low permeability zone. This was always the region

which was to quench.

TABLE 5.2
DCC-2 QUENCH COOLING RATES

Measured
Average Bed Average Dryout
Dryout Time Temperature (°C) Cooling Rate Heat Flux
Number Start Start Stop (kW/m2) (kW/m2)
70 1187 :58 292 167 167 1600
71 12:57:58 445 160 258 1600

The calculation of average cooling rate during the quench
is necessarily approximate; the limited number of thermocouples
and the three dimensional nature of the temperature field cause
some uncertainty in the average bed temperature. Nevertheless,
the calculation is adequate for comparing quench cooling rate to
dryout heat flux.
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TAHLE Al

DOC-1 Experiment lLog (cont’d)

Saturation Reactor ~ Dryout«
Temp Press Power Heat Flux
Date-Time Event °0 (MPa) (kW) (W/cm2) Remarks
8/26 15:33 Dryout. #28 224 2.500 24 - 25.5 8.0 - 8.5 Low temperature
(Incipient) gradient across
crucible wali
17:26 Dryout. #29 150 0.476 1.0 = Dryout caused by
(Forced) pressure drop
19:17 Dryout. #30 133 0.295 14 - 16 4.7 - 5.3 Low temperature
(Incipient) gradient, across
crucible wall
8/29 10:22 Adiabatic Heatup #3 Subcoo | ed ~0.110 50 kW - Max imum AT=30°C
for 200 sec
12:03 Superheat. Flash #1 Superheat ~0.110 14 - ~4°C Superheat
12:04 Stable Bed Boiling 103 0.113 14 -~ 2.7 psi rise in
primary pressure
13:17 Dryout #31 104 0.117 14 - 16 4.7 - 5.3
(Incipient)
15:05 Dryout, #32 122 0.211 15 - 16 $5.0-853
(Incipient)
16:28 Dryout. #33 141 0.372 16 - 17 53-5.7
(Incipient)
17:22 Dryout #34 142 0.382 15 - 24 - Check location
(Forced) of dryout at

*Based on a preliminary coupling factor of 1.0 W/g/MV-ACRR.

1.5 x dryout power






TAHLE Al
DOC-1 Experiment. Log (cont’d)

Y - - Saturation = Reactor = Dryout=
Temp Press Power Heat Flux
Date-Time Event. (°C) (MPa) (kW) (W/cm?) Remarks
8/31 13:26 Dryout. #39 223 2.454 24 - 36 -— Location check at
(Forced) 1.4 x Dryout Power
13:56 Dryout. #40 221 2.362 24 - 51 - Location check at
(Forced) 2.0 x Dryout Power
14:24 Dryout. #41 222 2.408 24 - 76 - Location check at
(Forced & Extended) 3.0 x Dryout Power,
Extended to maximum
Temperature = 850°C
i
291 10:32 Superheat, Flash #4 Superheat, ~ 15 -— ~3°C Superheat
1
10:35 Stable Boiling 116 0.175 15 -— 10.8 psi total pressure
rise in primary
12:13 Dryout #42 141 0.372 17 - 18 5.7 - 6.0 Dryout extended to
(Incipient & Extended evaluate quench rate as
function of power
15:36 Dryout. #43 Subcoo | ed 0.618 1 - 300 - - Attempt to disrupt the
(Forced) bed with prototypic
decay power step
16:57 Dryout #44 169 0.773 20 - 24 6.7 - 8.0 Check incipient dryout
(Incipient) tc see if bed changed
17:26 Dryout #45 Subcoo | ed 0.869 1 - 1000 - Attempt to disrupt the
(Forced) bed with prototypic

decay power step
*Based on a preliminary coupling factor of 1.0 W/g/MV-ACRR.
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TAHLFE. A2
DOC-2 Experiment Logs

Saturat.ion 7 Reactor
Temp Press Power
(*C) MPa) (kW) me Remarks

Heatup #6 Subcoo |l ed 250 Wet. Cal ibrat.ion
Stable Boiling 138.6 250 Subcoo!ed Pool

Dryout. #55 144 2 -l Local
Extended Local

Dryout. #56 141 4 - Local
Extended Local

10: 46 Dryout #57 144 .2 . Global

11:37 Dryout. #58 160.5 Local
Global

12:44 Dryout. #59 180.2 1.002 v Local
Extended Local

13:37 Dryout. #60 202.6 1 654 ] Local

14:43 Dryout. #61 201 .6 1.620 Local
Global

15:22 Dryout #62 208 .0 1.831 Dry Calibration

17:00 Dryout. #63 222.5 2 408 Local
230.0 2.795 Extended Local

17:32 Dryout #64 220.9 2.362 Global

«Based on a preliminary coupling factor of 0.746 W/g/MNV-ACRR.
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predictions. Quenches of dry Jones took about 10 min
fronts were not unifors, havigg a liquid finger which
the bed before the quench complete.

The DCC-1 and DCC-2 experiments Yprovidfd the first data on dryout and quench
behavior of internally heated U0y ddrisf in water. The pressure range of this
data extends from 1 to 170 atmosphere Both of the experiments used the Annular
Core Research Reactor (ACRR) at San National Laboratories to simulate the
effects of radicactive decay heating.

The debris in DCC-1 ranged from 7 crons to 10 am in diameter, with a mean
diameter of 0.75 em. The bed depth wffs QA5 m and the porosity was 0.345. Dryout

heat fluxes ranged from about 41 kW/ (OWI12 ¥/g) at a saturation temperature of
100°C to about 66 kW/e? (0.021 W/g)ff at C. This measured pressure dependence
is a facter of two to three lower Jthan preficted by the analytical models. This
is believed to be due tc the breagth of the Yebris distribution, but the evidence
is inconclusive. Quenches of driefl debris toRk hours to complete. Quench fronts
progressec uniformly without the Jiquid fingersjobserved in large particle tests.

Tue debris distribution in D@C-2 was wmuch Wparrower than in DCC 1, with the
majority of particles having diapeters between OR5 and 8 mm. A small amount of
*fines" was added to the mixturd. In DCC-2, the ly stable local dry zones were
observed at bed powers below t conventional dryQut point. These are caused by
the concentration of fines crgating a low permedpility zone. Data on global

dryout, in which the bed ottom can dry out,Qagree well with analytical

s to complete. The quench
penetrated to the bottom of
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