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1.0 INTRODUCTION
1.1 Background

Ex-vessel debris coolability is an important ligteiter reactor (LWR) safety issue. For
existing plants, resolution of this issue will conf the technical basis for severe accident
management guidelines (SAMGs). For new reactarderstanding this issue will help confirm
the effectiveness of the design and implementattbmew accident mitigation features and
severe accident management design alternatives [B¥Yl The first OECD-MCCI program
[1-4] conducted reactor material experiments fodusea achieving the following technical
objectives: i) provide confirmatory evidence andadéor various cooling mechanisms through
separate effect tests for severe accident mod@lo@went, and ii) provide long-term 2-D core-
concrete interaction data for code assessmentnamdyement.

Debris cooling mechanisms investigated as parheffirst program included: i) water
ingression through cracks/fissures in the coreideby melt eruption caused by gas sparging,
and iii) large-scale crust mechanical failure legdio renewed bulk cooling. The results of this
testing and associated analysis [1,5-6] providecemwvelope (principally determined by melt
depth) for debris coolability. However, this ero¢ does not encompass the full range of
potential melt depths for all plant accident seqesn Cooling augmentation by additional means
may be needed at the late stage to assure cotldbilinew reactor designs as well as for various
accident sequences for existing reactors. In mhdithe results of the CCI tests showed that
lateral/axial power split is a function of concrayge. However, the first program produced
limited data sets for code assessment. In liglgignfificant differences in ablation behavior for
different concrete types, it became clear that tamdil data would be useful in reducing
uncertainties and gaining confidence in code ptextis.

Based on these findings, a broad workscope wasateffor the follow-on MCCI-2
program. The workscope was divided into the follgyfour categories:

1) Combined effect tests to investigate the intergaglifferent cooling mechanisms, and to
provide data for model development and code asssggpurposes.

2) Tests to investigate new design features to enhemalability, applicable particularly to
new reactor designs.

3) Tests to generate two-dimensional core-concregsantion data.
4) Integral tests to validate severe accident codes.

In addition to the experimental work, an analyasktwas defined to develop and validate
coolability models to form the basis for extrapwlgithe experiment findings to plant conditions.

As part of the steps involved in satisfying thebgeaotives, the project Management Board
(MB) approved the conduct of three dedicated expemis to provide data in the area of
Category 2: design features to enhance coolabiliiyne MB convened a subcommittee to
recommend testing options to investigate generpragches for augmenting ex-vessel corium
coolability in new reactors. Based on the comnaittieliberations, two general approaches for
stabilizing ex-vessel core melts were defined; i.e.
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1) a cold-crucible method in which decay heat fromabeum is removed by cooling of the
crucible exterior boundary with water, and

2) a melt fragmentation method in which water is idtroed at the bottom of the melt pool
at a slight overpressure, and the ensuing steamafmn acts to cool and solidify the
melt in a highly porous configuration that is rdpgiermeable by water.

On the basis of deliberations that spanned sefPeogct Review Group (PRG) meetings,
the MB subsequently approved the conduct of ongelacale water-cooled basemat integral
effect test to provide data on the cold-cruciblehud for melt stabilization, and two separate
effect tests that utilized the SSWICS test faci[By to provide data on the melt fragmentation
method for melt stabilization. This final reporinsmarizes the test facilities, operating
procedures, and key test results obtained fronettlese experiments. Additional details can be
found in the test plans [7-9] and follow-on datpaes [10-12] for the experiments.

1.2 Objectives and Approach

Specifications for the Water-Cooled Basemat (WCHafggral effect test are provided in
Table 1-1. The objective was to provide prototypiata on the transient evolution and
stabilization of a core melt in a generic wateriedocore catcher design for advanced plant
applications. The experiment approach was to purate a water-cooled basemat into the core-
concrete interaction test apparatus used for thiet€3ts [2]. The basemat was composed of five
parallel water channels that were instrumentedréwige both local and global data on the heat
transfer performance. The basemat was coveredandljer of sacrificial concrete that would be
ablated by the overlying melt at the start of theweziment. Eventually, the melt would
approach, and then be thermally stabilized atjritexface of the water-cooled basemat. Due to
the longer timeframe associated with this typeest,tit was necessary to Direct Electrically Heat
(DEH) the melt to provide sufficient time for theelnto come to thermal equilibrium.

Specifications for the two SSWICS tests that wexeied out to provide data on the melt
fragmentation cooling mechanism are provided inl@ab2. The objective of the first test
(denoted SSWICS-12, which was thé"18st in the SSWICS series) was to evaluate theeedf
pressure head on the debris cooling rate using@paoncrete nozzle design. The approach for
achieving this objective was to install four nozzlato the inert MgO basemat of the SSWICS
apparatus; each nozzle was fed by a different mgad&, and the four tanks were positioned at
different elevations in the test cell in order torywthe water head to each nozzle. The test sectio
was divided into four quadrants using a tungstertitorm, with one nozzle in each quadrant.
This design basically allowed four tests to be cmbeld simultaneously. The objective of the
second test (i.e., SSWICS-13) was to examine tteeimce of concurrent noncondensable (i.e.,
N2) gas injection on the local debris cooling ratece the presence of non-condensable gas
during melt-water interaction is postulated to segp the possibility of an energetic interaction
[13]. For this test, four stainless steel tubeztesz were incorporated into the basemat; two were
fed with water only, while the other two were fedtwa gas-water mixture. For this test, a
tungsten cruciform was used to separate the tesbséanto two sectors; the first side contained
the water-fed nozzles, while the second contaihedmater-gas mixture nozzles. This approach
thus allowed two tests to be conducted simultarigous
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Table 1-1. Specifications for WCB-1.

Parameter Specification
Corium 100 % oxidized PWR with 8 wt % siliceouscrete
Test section cross-sectional area 50 cm x 50 cm
Test section sidewall construction Inert MgO prteddoy UQ pellet layer.
Basemat construction 0-15 cm depth: siliceous @iacr

15-19.4 cm: water-cooled basemat, 5 parallel chlann

System operating pressure Atmospheric
Melt formation technique (timescale) Chemical resac{~30 seconds)
Initial melt mass (depth) 400 kg (25 cm)
Initial melt temperature 1950 °C
Melt heating technique Direct Electrical (Joule)altieg
Initial power input level Constant power at 80 kW
Inlet water temperature 15°C
Inlet water flow rate 2 liters/second
Sustained water depth over melt 50+ 5cm

4Based on 150 kW/frdesign heat flux to bottom and top surfaces ot iffeb nf area), plus an additional 5 kW to
compensate for a long-term heat losses of 10 I&A6rMgO sidewalls (0.5 frarea).

Table 1-2. Specifications for SSWICS-12 and -13.

Parameter SSWICS-12 SSWICS-13
Corium 100 % oxidized PWR with | 100 % oxidized PWR with
15 wt % siliceous concrete | 15 wt % siliceous concrete
Test section cross-sectional areg 30cm ID 30cm ID
Test Section sidewall construction  Inert MgO INdgO
Basemat construction Inert MgO 25 mm thick LCS ceteover
38 mm thick inert MgO
System operating pressure Atmospheric Atmospheric
Melt formation technique Chemical reaction (~30 Chemical reaction (~30 seconds)
(timescale) seconds)
Initial melt mass (depth) 136 kg (30 cm) 136 kg €80
Initial melt temperature 2000 °C 2000 °C
Melt heating technique None None
Basemat nozzles 4 each (same radius = 108 4 each: 2 ea water; 2ea water/gas
mm) (same radius = 106 mm)
Nozzle diameter 32 mm 13.2 mm
Nozzle characteristics Porous concrete Single fiotb@ater
Double tube for water/gas
Concrete thickness above nozzlgs 0 mm 10 mm
Partition 4 regions 2 regions
Water supply pressure 0.2,0.15, 0.1, 0.05 bar bar2
Maximum water flow rate ~2.41pm ~1.2Ipm
Maximum gas flow rate N.A. 0.24 Ipm
(20% of water flow rate)
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1.3 Related Research and Development

The primary objective of research and developm#atte in the area of ex-vessel corium
coolability has been to demonstrate through a coatiwin of experiments and analysis that core
melt interacting with concrete can be quenched r@mdlered coolable over a wide range of
conditions. Unfortunately, this has been an exélgndifficult objective to achieve. Results to
date [1,5-6] indicate that modestly deep (i.e.,0<cfn) core melt pools interacting with LCS
concrete should be coolable. However, for deepatsmor for melts interacting with siliceous
concrete, the same conclusion cannot be drawn.

For new Generation 3+ plants, the focus has beeacbieving long term coolability and
melt stabilization as a key design objective. \@sdave taken note of the results coming out of
the debris coolability R&D programs and decided #ragineering features to enhance coolability
would need to be built into new plant designs. d&scribed by Sehgal [14], two approaches have
been taken: i) in-vessel melt stabilization anetmabn, and ii) ex-vessel coolability and melt
retention. In-vessel melt retention relies on dlimg of the reactor pit and submerging the vessel
lower head with water. The design challenge ia tase is to ensure that the thermal load to the
water pool through the head does not exceed the @HIF with sufficient margin. This
approach has been adopted for the AP600 [15] add@®[16] plant designs.

For ex-vessel conditions, the two approaches filsting the melt were summarized in
Section 1.1; i.e., i) the cold crucible technigaed ii) melt fragmentation. The cold crucible
technique has been adopted for the BPR7] that features a spreading room adjacent to the
reactor pit in which the melt is cooled by wateonfr the bottom and top after spreading is
completed. An extensive series of full scale expents were performed in order characterize
the heat removal capabilities of this cooling stnoe [18]. The VVER-1000 also utilizes a
crucible technique, but in this design the cruciblecated directly below the reactor vessel [19].

The melt fragmentation technique, denoted COMET, s wgioneered by
Forschungszentrum Karlsruhe (FZK). Both simulamd a limited number of reactor material
tests have shown that this is a very effective mdanquenching and stabilizing core melt [20-
22]. However, to the best of the authors knowledlis concept has not been deployed in any
current reactor design.  Another concept thatldees developed by Sehgal and coworkers [23-
24] are downcomers that provide a pathway to cHamater from the top of the melt pool to the
bottom, where the water is introduced into the @ebrereby achieving the same beneficial
results as those observed for COMET. This teclmiouay be useful as a simple backfit to
existing plants to improve the chances of coolind atabilizing the core melt in the event of a
severe accident.
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2.0 WATER COOLED BASEMAT TEST RESULTS

The high-level experiment objective of WCB-1 wagtovide reactor material test data
on the transient evolution and stabilization ofceiecmelt within a generic water-cooled core
catcher design for advanced plant applicationse @kperiment approach was to incorporate a
test section featuring a water-cooled basemat tihéo Core Concrete Interaction (CCI) test
facility to study thermal performance under long¥teconditions in which melt resistance
heating was provided to simulate decay heat. Betagarding the test design and experiment
results are provided below.

2.1  Facility Description
2.1.1 Test Apparatus

The WCB-1 test facility consisted of a test appasaa power supply for Direct Electrical
Heating (DEH) of the corium, a basemat water supgylstem, a corium top flooding water
supply system, two steam condensation (quench)staakventilation system to complete
filtration and exhaust the off-gases, and a dag@iation system. A schematic illustration of the
facility is provided in Figure 2-1. The apparatssisted of three rectilinear sidewall sections
and a lid. The overall structure was 3.4 m tdlhe sidewall sections had a square internal cross
sectional area of nominally 50 cm x 50 cm.
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The test section for containment of the core melsvocated at the bottom of the
apparatus. Cross-sectional views showing the wateled basemat installation are provided in
Figures 2-2 and 2-3. The design utilized fouraetory MgO sidewalls that were each lined
with a layer of crushed U{pellets. The pellets served as an inert (i.en;algative) and highly
insulating wall surface. As shown in the figurdlse refractory walls were equipped with
tungsten backup plates to preclude sidewall metitthph if the pellet layer were to fail and
sidewall erosion occurred. The plates were insémbed with contact circuits to alert operating
personnel in the control room if melt contacted fiates. This detection/mitigation system
formed part of the safety planning for the expentse and on this basis it would have been
difficult to modify these components to provide deiroughs for the basemat water lines and
instruments. Thus, the connections were broughiinough the test section bottom plate. This
approach had both design and operational implioatias outlined below.

The refractory sidewalls were contained within anfled steel form that was used to
secure the lower section to the bottom test sestupport plate and the middle sidewall section.
The flanges allowed the lower sidewalls to be disathled to reveal the solidified corium and
water-cooled basemat following the test. Asiderfrine instrumented basemat, multi-junction
Type C thermocouple assemblies were cast withirsidh@walls so that the time-dependent heat
loss from the melt could be calculated from thealo®emperature gradient and the thermal
conductivity of the MgO.
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Design details of the water-cooled basemat are shawrigures 2-4 and 2-5, while a
photograph showing the actual test article aftéri€éation is provided in Figure 2-6. The
overall layout consisted of a 15 cm deep layeragfificial concrete that sat on top of the water-
cooled basemat plate. The plate consisted ofdarallel cooling channels that were machined
out of a monolithic piece of 4.4 cm thick Type 38inless steel. A photograph of the plate
after machining is shown in Figure 2-7. Althouglrbion steel would be a more attractive
construction material due to the higher thermaldemtivity, melting point, and lower material
cost, a non-magnetic material had to be used tdymte induction heating of the plate by the
power supply used to resistively heat the melt.e Dasemat was the critical feature in this
experiment, and it was essential to preclude spsrgystem failures that could develop as a
result of fabrication techniques that could haverbadopted to reduce costs. Although the
monolithic design required a great deal of maclyrand welding, it was nonetheless adopted to
minimize the chance of spurious water leaks thalccdorm if the plate were manufactured
using a cheaper method in which parts were sealtd gaskets, since these interfaces could
provide leakage pathways if thermal stresses watpeddlate during the test. A photograph
showing the plate as it was being welded is pravideFigure 2-8.
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after Mc’ting (view of bottom surface).
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Figure 2-8. Photograph Showing Basemat Plate DurqmWelding Stage.

In one of the original design concepts for thig,tée basemat was segmented with non-
conductive electrical material (i.e., micarda) batta shorting path could not develop if melt
were to come into direct contact with the platévio different locations. However, there was a
concern that the insulation material could causallbot spot(s) to form that could impede plate
thermal performance, and on this basis the segm@mtavas omitted in the final design.
Thermal analysis [9] indicated that the plate stipuinder normal operating conditions, be
protected by an insulating corium crust, and theeethe technical risk associated with omitting
the segmentation was deemed to be small.

As described later in this section, the test asgemlas instrumented to measure
overlying melt pool temperature, ablation profifetlee sacrificial concrete, and the plate/coolant
thermal response. The plate instrumentation lay@st also designed to minimize penetration of
the water channel that could lead to the developnuénleaks. For the multi-junction
thermocouple assemblies devoted to measuring erapdrature and basemat erosion, this was
accomplished by mounting the assembly feed througtise unmachined regions between the
individual coolant channels (see Figure 2-22 intifa2.1.11). This somewhat limited potential
locations for the assemblies, but nonetheless edghat the feed throughs could not provide a
leak path for water. Another design requiremens Wa electrically isolate the thermocouple
assemblies from the basemat to prevent ground ltlogiswould provide alternative current
paths for the electrical current used to heat tleét.nThis was accomplished by using ceramic-
sleeve gland seals (Conax) to mount the thermoesu the basemat plate. In addition, the
tungsten thermowells that protected the melt teatpez thermocouple assemblies were
electrically isolated with ceramic (fired lavitdgsves that were used to seat the base of the wells
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in the plate. Photographs showing the instrumengepations through the plate as viewed from
above and below are provided in Figure 2-9.

side from the thermocouple assemblies, the watanroéls were also instrumented with
in-situ high temperature heat flux meters to provide Ideht flux measurements. For these
units to be effective, they had to be installecedlity in the cooling channel so there was no
choice but to provide feed throughs that passeectlyr through the channel cover plates. To
ensure a leak-tight fit, specialty units were métl that were fitted with a 6.4 mm diameter pipe
nipple that passed signal wiring through the chhho#tom plate; see Figures 2-10 and 2-11. In
this manner, the feed throughs could be sealedgukigh-grade compression fittings that
provided reasonable assurance that the fittingddwoat develop leaks during the test. As noted
earlier, once the heat flux meters were installee ,channels were sealed with 3.2 mm thick 304
stainless steel cover plates that were weldedaoepio ensure a leak-tight fit (see Figure 2-8).

Figure 2-9. Photograph Showing Instrument Penetradns in the Cooling Plate (a) From
Above, and (b) From Below.

Melt pool generation was achieved through an exotte“thermite” chemical reaction
that produced the target initial melt mass oveneescale of ~ 30 seconds. Two iron/alumina
sparklers, wrapped with nichrome starter wire, wasitioned a few centimeters below the top
of the corium charge near the centerline of thedestion. One of these sparklers was used to
initiate the thermite reaction by heating the nbmimg powder to the ignition point. (The
thermite composition is described later in thistised. The second sparkler was provided as a
backup in case the first failed to ignite the mater

A few minutes after the melt was formed, dblaof the sacrificial concrete basemat
began. As shown in Figure 2-1, a large (15 cm diam gas line was used to vent the helium
cover gas and the various gas species arising tilhencore-concrete interaction (i.e., CO,£O
H,0, and H) into two adjacent tanks that were partially fillleith water. In the initial phase of
the experiment as the concrete was eroded, thes teeved to cool the off-gases and filter
aerosols generated from the core-concrete interactin the late phase after the cavity was
flooded, the tanks served to condense the steapbasdd on the measured condensation rate,

11
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provided data on the corium cooling rate. In bptlases, the helium covergas and non-
condensables (CO, GQand H) passed through the tanks and were vented thrangtff gas
system that included a demister and filters. Taseg were eventually exhausted through the
containment ventilation system and a series of Hfjitiency (HEPA) filters before finally
being released from the building stack.

(b)
Figure 2-11. Photographs of (a) Actual Heat Flux Mter After Installation in Channel and (b)
Array of Heat Flux Meters Installed with Channel Cover Plates in Position for Welding.

After a specified period of dry core-concrete iat#ion, water was introduced into the

test section through weirs located in the uppeewdall section just beneath the lid of the
apparatus. The layout for the weirs is shown guFfe 2-12. A total of nine penetrations were

12
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cast into the upper lid of the test section. Qfsth penetrations, six were utilized for WCB-1.:
one lid video camera view port, a port for an iteele water level probe, a 15 cm steam line to
the quench system, two light ports, and a portaforoptical pyrometer to view the melt upper
surface.

The test section components were bolted togethehe stationary half of the existing
ZPR-9 reactor bed. Zirconia felt and silicon gaskaterial were used to seal the flanges. An
illustration is provided in Figure 2-13. Instaitat and torquing of test section flange bolts was
performed according to an approved procedure tarensiform preload on the flange surfaces.
Additional reinforcement of each test section cong was provided by clamping bars
installed in both the North-South and East-Westdions.
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Figure 2-13. lllustration of WCB-1 Test Section Mainted on ZPR-9 Reactor Bed.
2.1.2 Basemat Water Supply System

A schematic illustration of the basemat water syppistem is shown in Figure 2-14.

The instrumentation locations are also shown is filgure. As previously noted, the water
supply and return lines to the basemat were broughhrough the test section base support
plate. Each channel was equipped with an indepgngdater measurement and control system
that included both manual and remote isolationesand an ultrasonic flowmeter. Temperature
rise across each channel was measured using TytherKocouples. The channel piping was
constructed from 1.3 cm ID tubing. The individeaknnel flowrate and water temperature rise
data allowed the average heat flux to each charmnéle calculated. Each channel was also
equipped with a secondary supply line with manuad aemote isolation valves that could
provide additional water flow to selected channgélsing the test if excessive heatup was
observed. Both the primary and makeup supply liwese fed from 3.9 cm diameter header
manifolds, and vented through a common manifolthefsame diameter. The bulk temperature
rise across the supply and return manifolds aral toass flowrate allowed the average heat flux
to the plate to be calculated for comparison toldleal channel measurements determined by the
heat flux meters and the individual channel massg/témperature rise measurements.

14



OECD/MCCI-2010-TR02, Rev. 1

TC Lﬂﬁ TBACK-IN

|:> BACKUP WATER SUPPLY
SUPPLY
(S-CENTRAL)
SP-6 SP-10
TV-SP-6 TV-SP-7 TV-SP-8 TV-SP-9 TV-SP-10
SUPPLY i i l i
(W-WALL)
FROM SP-6
MS-1 C5-TW-IN BASEMAT COOLING CHANNEL C5-TW-OUT (1) C5-TW-OUT (2)
cs (EAST)
SP-1 TV-SP-1 TC Tc Tc r\
REMOTE  MANUAL  M2'LINE FM -
ISOLATION ~ VALVE
VALVE
FROM SP-7
CA-TW-IN BASEMAT COOLING CHANNEL ~ C4-TW-OUT (1) C4-TW-OUT (2)
c4 (EAST-CENTRAL)
T\/ SP-2 Q Tc
FM C4
=
% 4
o FROM SP-8
o C3-TWAIN BASEMAT COOLING CHANNEL ~ C3-TW-OUT (1) C3-TW-OUT (2) P
=) C3 (CENTRAL) H:J
N TV SP-3
o C o
F—J E
S s
FM C3
Z Z
g FROM-SP-9 g
Co-TWAN BASEMAT COOLING CHANNEL ~ C2-TW-OUT (1) C2-TW-OUT (2)
¢ C2 (WEST-CENTRAL)
SP-4 TV-SP-4 c |7 Q c Tc
TC M TC
—| FC2 —r
TMAIN-IN TMAIN-OUT
FROM SP-10
C1-TW-IN BASEMAT COOLING CHANNEL C1-TW-OUT (1) C1-TW-OUT (2)
01 (WEST)
P-5 TV-SP-5 T g r—? TCLF
FM Cl
DRAWING: CAT2-1 BASEMAT COOLANT
WATER FLOW CIRCUIT MR-1
DRAWING NO.: MCCI 1267
DRAWN BY: D. KILSDONK
DATE: 7/5/09
FILE: CAT2-1_BM_CWFC_4.DWG(AC126) DRAIN @

Figure 2-14. Basemat Water Channel Cooling Circus.

Since the basemat water inlet and exits were fimrbbttom of the plate, this test could
not investigate situations in which the bulk watertlet temperature approached saturation,
otherwise the channels could potentially vapor-laokd cause premature test termination.
Finally, given this design, it was important to véime air out of the lines before the test section
was fully assembled. As shown in Figures 2-4 aifd @ach channel was equipped with a small
(6.4 mm diameter) pipe plug that was mounted atdpeof the channel on the inlet side. Prior
to installing the test section sidewalls, the waitees were pressurized and the plugs loosened
until all the air was vented and the plugs resealkftier this point, test procedures did not allow
the water line return side isolation valves to pered unless the inlet valves were opened and
the lines pressurized. This prevented air fronmteréng the system.
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2.1.3 Test Section Water Supply System

The water supply system consisted of a 1900 |a@gptank connected to the flooding
weirs in the north and south sidewalls of the tegt section through a valve-controlled supply
line that provided water to the test section giecsied flow rate. A schematic illustration okth
supply system is provided in Figure 2-15; detaiflthe flooding weirs are shown in Figure 2-12.
The supply system flowmeter, pressure transducerell sensor, and thermocouple
instrumentation locations are also shown in FiggwEs. Water flow through the system was
driven by a ~ 1 Bar differential pressure in the@ypank at a nominal flow rate of 120 Ipm (2
I/s). The inlet water flow rate of 120 Ipm corresgs to a melt/water heat flux in excess of 20
MW/m? based on a specific enthalpy of 2.6 MJ/kg for sdad steam at atmospheric pressure,
assuming heat transfer occurs through boiling efawerlying coolant. The inlet water flow rate
to the test section was monitored with a paddleWt@emeter. Both the initial water inventory
(225 1) and makeup were provided through pneuntadit valve RV-1, which was opened as
needed at the control console to maintain the watkime inside the test section constant at 125
+ 131 (50 £ 5 cm). A redundant supply line, aated by pneumatic ball valve RV-2, was
provided in case RV-1 failed to open during the.teé third pneumatic valve, RV-3, was
provided in case RV-1 or RV-2 failed in the opersifon. The test was initiated with valve RV-
3 in the open position.

Note from Figure 2-15 that the supply line to thsttsection contained a manual bypass
valve downstream of water injection valves RV-1 &M-2. This valve was vented to a catch
pan equipped with an alarmed water detector. [Qupiretest procedures, this valve was left in
the open position to divert any water leakage awagn the test section. The alarm was
intended to notify personnel that a leak was priesethat corrective action could be taken. This
valve was closed as one of the final steps of pt@gerations prior to evacuation of the cell.
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Figure 2-15. Test Section Water Supply System.
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2.1.4 Quench System

The quench system, shown in Figures 2-16 and 2dn&isted of a primary quench tank,
a secondary spray tank, and a condensate oveudiukv tThe quench system flowmeter, pressure
transducer, level sensor, and thermocouple instntatien locations are also shown in these two
figures. Steam and concrete decomposition gaseseg@drom the test section through a 15 cm
stainless steel pipe into the 680 | capacity, 6ABmrimary quench tank. This tank contained an
initial water inventory of 250 I. With this amouot water, a pool void fraction of ~ 60% could
initially be accommodated before the voided waterght reached the top of the tank. The
guench tank was equipped with a 1.9 cm diametelingp@oil to remove heat from steam
condensation, thereby maintaining a subcooled.state
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Figure 2-16. WCB-1 Quench and Overflow Tanks.

The secondary 1230 | capacity spray tank was caeddo the quench tank by a 15 cm
stainless steel pipe. In the event that the sigameration rate overwhelmed the primary quench
tank, the secondary spray tank served to condéeseetnaining steam. This tank contained an
initial water inventory of 375 I. With this amouait water, a pool void fraction in excess of 60%
could be accommodated before the voided water heggithed the top of the tank. The spray
tank and interconnecting piping between the spnay quench tanks was also insulated to
minimize heat losses.
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Figure 2-17. WCB-1 Spray Tank System.
2.1.5 Test Section Pressure Relief System

A pressure relief system was provided to preveet-pressurization and possible failure
of the test section. A schematic illustration of #ystem is shown in Figure 2-18. The system
consisted of a 15 cm vent line from the test sactman auxiliary tank containing a nominal
initial water inventory of 400 I. The auxiliaryri had an inside diameter of 1.22 m and a
capacity of 4100 I. The tank was open to the aphese. The pressure relief line to the tank
was equipped with a passive, counter-weighted cliable set to open at a differential pressure
of nominally 68 kPa. A rupture diaphragm (68 +41BPa differential failure pressure) upstream
from the check valve prevented any flow throughlthe unless the pressure in the test section
exceeded the design value of 68 kPa differenthd. shown in Figure 2-18, the relief line was
also equipped with a 7.5 cm vacuum breaker vali/kis valve was provided to prevent water
hammer from occurring due to stream condensatiouldhthe pressure relief valve open and
then reseat after water had been introduced irtoetst section.

The initial 400 1water inventory in the auxiliadgnk was provided to cool gases from the
test section and to remove aerosols before anyomalenisables present in the gas stream passed
into the cell atmosphere. The tank was instruntemtih a Type K thermocouple to measure
water temperature and a differential pressure dwcey to measure water depth. The
instrumentation locations are shown in Figure 2\Mater depth and temperature instruments
were provided so that the steam condensation catiel e determined should the pressure relief
valve open. In this manner, there would be no tdstata should the system activate.

18



OECD/MCCI-2010-TR02, Rev. 1

15 cm ADJUSTABLE SWING CHECK
ACCESS PORT PRESSURE RELIEF VALVE
(68 kPa NOMINAL)

BURST PRESS.: 68 kPa

7.5 cm VACUUM BREAKER
u_{ MAIN STEAM LINE OUTLET VALcm
% TO SMALL QUENCH TANK
B
TEST SECTION B
- ‘ > SHROUD
R R /4 -
v
KN PE
v e - 7
s o a
t )
T s
v .
0 4]
e % B op %
7 7 ‘ = )
il
&=
[
1]
— = S
1]
: - =
easT wesT i
g ]
I U e = g

]
(VIEW FROM NORTH)
DRAWING: WCB-1 PRESSURE RELIEF
SYSTEM (NORTH VIEW)
DRAWING NO.: MCCI 1375
DRAWN BY: D. KILSDONK 2-4746

DATE: 11/23/09
FILE: WCB-1_PRS.DWG(136)

Figure 2-18. WCB-1 Test Section Pressure Relief Sgm.
2.1.6 Off Gas System

An illustration of the off gas system is providedrigure 2-19. This system filtered and
vented the noncondensable concrete decompositgesda the cell exhaust. The decomposition
gases (K CO, CQ and the cover gas) exited the spray tank and gdaksaugh a flow separator.
The cleanup efficiency of the separator was 99%albfentrained solid and liquid when the
particle size exceeded 10 microns. After passimguigh the flow separator, the flow could
potentially split into two parallel off gas systdmes. One line was constructed from 7.5 cm
piping, while the second was made from 10.0 cmngipi The system was designed with the
capacity to accommodate large-scale (up to 120 ch2k cm) tests. Since WCB-1 used a
reduced scale 50 cm x 50 cm test section, therid.Side of the parallel off gas system was taken
out of service using a blank-off plate at the brapoint in the system (see Figure 2-19). As a
result, all gas flow was diverted through the 10side of the off gas system. The final filters in
the system (4 individual filters per filter housjngelding a total of 8 filters for each side okth
off gas system) removed any remaining particulatorie venting the off gases through the
flowmeter to the cell atmosphere. The filters wegglipped with a passive counter-weighted
check valve set to open at a nominal differentraspure of 7 kPa. The bypass was provided in
the event that the filters plugged during the eixpent.
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Figure 2-19. WCB-1 Off Gas System.
2.1.7 Cover Gas System

During the test a uniform flow rate of helium wiasl into the test section to suppress
burning of combustible concrete decomposition ggsesand CO) and protect test section
internals. An illustration of the cover gas systisnshown in Figure 2-20. Cover gas flow was
modulated by a total of three Hastings Flow Coidrsl (FC's). One 0-200 slpm FC provided
cover gas to the lid camera and light port penetnat while a second 0-350 slpm FC provided
dedicated cover gas flow to the lid camera andcappyrometer to prevent aerosol deposition
on the camera and pyrometer quartz windows threughh the melt upper surface was viewed.
A third 0-100 slpm FC was used to inert the apparan the evening before the test.

LEVEL PROBE,

LID CAMERA, AND
rﬁ—\ LID CAMERA LIGHT PORTS ’_ﬁ_‘
LT  E—

RV-12 FC-7 350 1/m FC-2 RV-11
200 I/m

=N
i TESTSECTION o=

— LowFLow 7 %
FC'I? 1 SIDE OF %

100¥m  MIDDLE SECTION o

44

VIEW FROM NORTH
AT CENTER LINE

Figure 2-20. WCB-1 Cover Gas System.
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2.1.8 Power Supply

The power for Direct Electrical Heating (DEH) dfet corium was provided by a 0.56
MW single phase AC power supply made by NWL Tramsfrs. Output of the power supply
was voltage or current controlled. The supply Fag voltage/current ranges: 56.4 V/10 KA,
113 V/5 kA, 169 V/3.3 kA, and 226 V/2.5 kA. Thewper supply was connected to the two
arrays of tungsten electrodes in the test sectioough water cooled copper pipes that passed
through a wall of the former reactor fuel loadirampartment. The calculated total voltage drop
through the water cooled copper pipes and tungslectrodes at operational temperature and
maximum current was less than 0.5 V. The leakageent through the overlying water pool
during test operation has been estimated to baHass1% of the total current.

2.1.9 Corium Composition

As shown in Table 1-1, the corium composition foCB/1 was specified to contain 8 wt
% calcined siliceous concrete as an initial constit. As part of the developmental work for the
CCI-1 experiment [25], a specific thermite was deped to produce this particular melt
composition. The thermite reaction was of the form

1.22U;,0g + 3.3Zr + 0.58Si + 1.14SiGr 0.026Mg + 0.36 CaO + 0.12Al + 1.842Gro
3.66UQ + 3.3ZrQ + 1.72SiQ + 0.026MgO + 0.91CaO + 0.36/); + 1.842Cr;
Q =-252.2 kJ/mole (1.71 MJ/kg);
Tadiabatic= 2572 °C
Tactua~ 2100 °C

The bulk composition of the melt produced from tt@action is summarized in Table 2-
1, while the detailed pre- and post-reaction contjpos are provided in Table 2-2. Note that
the pre- and post-reaction compositions do notgelthe mass of the Y@ellets that were used
to line the test section MgO sidewalls; see Fig@r@sand 2-3. This material did not participate
in the initial exothermic chemical reaction, andheeéned essentially intact as a protective layer
during the test.

The 400 kg thermite charge was packed into theseadton in a large, 1.7 mil aluminized
Saran bag that was pre-installed over the baseriae thermite was packed in the bag to
prevent water absorption by CGy@nd concrete oxides (principally CaO and £j@ince these
constituents are hygroscopic. Any moisture absbtiyethe thermite is converted te Has that
not only degrades the burn process, but resultemmbustible gas generation that is unrelated to
the scientific aspects of the experiment.

Table 2-1. Post-Reaction Bulk Composition for WCB-T'hermite.

Constituent W1t%
uo, 60.97
Z2rO, 25.04
Calcined Concrete 8.8
Cr 5.91

PCalcined siliceous concrete: 79.0/0.9/15.4/4.7 \Bi%,/MgO/CaO/ALO;
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Table 2-2. Detailed Pre- and Post-Reaction Compaisins for WCB-1 Thermite.

Constituent Reactant Product
Wit% Mass (kg) Wit% Mass (kg)

U304 63.38 253.52 - -
uo, - - 60.97 243.88

Zr 18.53 74.12 - -
Zr0O, - 25.04 100.16

Si 1.00 4.00 - -
Sio, 4.23 16.92 6.38 25.52

Mg 0.04 0.16 - -
MgO - - 0.07 0.28

Al 0.20 0.80 - -
Al,04 - - 0.38 1.52
CaoO 1.25 5.00 1.25 5.00
Cro; 11.37 45.48 - -

Cr - - 5.91 23.64
Total 100.00 400.00 100.00 400.00

Table 2-3. Engineering Composition of WCB-1 Siliceus Concrete Basemat.

Constituent wt % Size Distribution
Aggregate 47.4 5-8 mm: 16.6 wt %
8-11 mm: 20.4 wt%
11-16 mm: 10.4 wt%

Sand 30.6 0-2 mm: 12.2 wt %
2-4 mm: 18.4 wt %
Type 1 Cement 15.3 N/A
Tap Water 6.7 N/A

2.1.10 Concrete Composition

The composition of the WCB-1 concrete was siliceouShe mix was identical to that
used in the CCI-3 experiment [26]. The engineegongposition for this particular concrete
type is shown in Table 2-3. The sand and aggregate supplied by CEA as an in-kind
contribution to the program. The chemical composifor this concrete is provided in Table 2-
4. These data are based on analysis of a spetaken from the CCI-3 concrete archive sample
[2]. The concrete density was determined to b202&y/n? from the archive sample using the
standard weight-volume method.

2.1.11 Instrumentation and Data Acquisition

The WCB-1 facility was instrumented to monitor andde experiment operation and to
log data for subsequent evaluation. Principal mpatars that were monitored during the course
of the test included the power supply voltage, entirand gross input power to the melt; melt
temperature and temperatures within the concreserbat and water-cooled basemat plate;
supply water flow rate to the basemat and to tisé section; water volume and temperature
within the test apparatus, and water volume andoégaiure within the quench system tanks.
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Other key data recorded by the DAS included tentpexa within test section structural
sidewalls, melt/crust upper surface temperaturega$ temperature, and pressures at various
locations within the system. Measurement uncer&srfor the various instruments that were
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used in the test are summarized in Table 2-5.

Table 2-4. Chemical Composition of Siliceous Conete (CCI-3 basis [2]).

Constituent Wt %
SiO, 60.99
CaO 17.09

Al,O3 3.61
FeOs 1.52
MgO 0.87
MnO 0.04
SrO 0.04
TiO, 0.16
SO; 0.44
Na,O 0.67
K,O 0.83
CO, 9.98
H,O 3.76

Free water content is 2.33 wt % while bound watetent is 1.43 wt %.

Table 2-5. Summary of Data Measurement Uncertaingis for WCB-1.

upper surface)

Measurement Instrument Accuracy
Temperature (other Type K thermocouple +2.2°Cor+0.75%
than melt)
Temperature (melt) Type C thermocouple +4.5°€ 010 %
Temperature (corium Two-color optical pyrometer +4.0°C

Pressure

Pressure transducer

Differential: 0.4 kPa
Absolute:x+ 2.0 kPa

Basemat channel and quench tank coijl: + 0.3 Ipm
Water flowrate ultrasonic flowmeters
Test section supply and quench tank cqil: +4%
paddlewheel flowmeters
Basemat heat flux Heat flux meter + 5%
DEH input power Hall effect meter +0.2%
Power supply voltage Digital voltmeter +0.008 %

Tank water volume

Magnetic float

+ 2 | for quench tank;
+ 5| for all other tanks

Debris-water heat flux

Calculated based on steamsitegas
measured by quench tank level float.

+109%

All data acquisition and process control tasks weranaged by a PC executing
LabVIEW 8.2under Windows XP. Sensor output terminals wereneoted inside the test cell

aPrimary contributor is corium surface area (9%)
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to model HP E1345A 16-channel multiplexers thatenietegrated into a mainframe chassis in
groups of eight. An illustration of the DAS setigpprovided in Figure 2-21. The multiplexers
directed signals to an HP E1326B 5 % digit multenehcorporated into each chassis. Three
independent 128 channel systems exist as paredatility; two of these were used for WCB-1.

Signal noise was reduced by the digitizer througlegration over a single power line
cycle (16.7 ms). The digitized sensor readingseweuted from the test cell to the PC in the
control room via two HP-IB extenders. The extesddlowed the ASCII data from the HP to be
sent through the cell wall over a BNC cable. Theéeeder within the control room then
communicated with a GPIB card within the PC. Tbanfiguration also permitted remote
control of the multimeter through LabVIEW.

Integration of the signals over the period of a poWine cycle limited the speed with
which the multiplexer could scan the channel li$he minimum time for the digitizer to scan
the list was ~1.7 s (16.7 ms100 channels/chassis for this test). Though hineet systems
operate independently, implying the ability to uigdall 300 channels in roughly two seconds,
the actual time required for the update was ab@aconds.

The basemat for WCB-1 was instrumented to monitelt temperature during both the
concrete ablation and plate-cooling phases ofdseusing multi-junction Type C thermocouples
in tungsten thermowells. In addition, a two-cotmtical pyrometer was used to measure the
debris upper surface temperature during periodsnwderosol production did not optically
occlude the view of the surface. Multi-junction By thermocouples cast directly into the
basemat were also used to track the location ottmerete ablation front during the concrete
erosion phase of the test. Plan and elevation sviefsthe basemat thermocouple layout are
provided in Figures 2-22 and 2-23. The water-acddlasemat and basemat water supply system
(Figure 2-14) were instrumented to provide local global heat transfer performance data.

The water supply tank was equipped with a magtiletat to measure the time-dependent
water level. As a redundant level measurementnigale, the supply tank was also equipped
with a differential PT. Water flow rate to the ttesection was monitored by a paddlewheel
flowmeter. The location of the supply system iastentation is shown in Figure 2-15.

The quench, overflow, and spray tanks were insgtnted to measure the transient energy
deposition due to steam generation from corium duigxg in the test section. The quench and
overflow tank instrument locations are shown in ufeg 2-16, while the spray tank
instrumentation is shown in Figure 2-17. Each tards equipped with a magnetic float and
(redundant) differential PT to measure the accutimgawater volume due to steam
condensation. Transient water temperatures itaaks were monitored using Type K TC's (two
in the quench and spray tanks and one in the overtfhink). Water flow rate and temperature
differential across the quench tank cooling coilravenonitored with a paddlewheel (and
redundant ultrasonic) flowmeter and Type K TC'spestively, thus providing a measurement of
the time-dependent energy extraction rate fromwager mass in the tank. The main steamline
between the test section and quench tank was mestried with Type K TC's to measure the
local gas and pipe structure temperatures. Tharditee thermocouple locations are shown in
Figure 2-13.
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Figure 2-21. Data Acquisition System Setup for WCH.

The test section sidewalls and upper lid were mstwumented with a total of 20 Type K
and Type C thermocouples to measure the sidewatl Uy prior to water addition, and also to
measure the sidewall cooling rate above the melase after water was added. lllustrations of
the TC locations in the test section sidewallsprozrided in Figures 2-24 and 2-25.

One method for monitoring water level in the testt®n was provided by a differential
level probe which was inserted through a sealedetpa&tion in the lid. The probe was
maintained in a retracted position during the drlaton phase until water was added to the test
section. After water addition, the probe was itegkito a distance of 63 cm from the initial
basemat surface (38 cm from the initial collapsedit surface). The probe tip was instrumented
with two 1.6 mm diameter ungrounded junction TypeTK's which monitored plenum gas
temperature prior to water addition; thereafteg, TiC's monitored the water temperature over the
melt surface. The probe tip locations after inearare shown in Figure 2-26.

Aside from the insertable water level probe, tvddlitonal methods were provided to
monitor the water volume in the test section. Titst was a static water level port located in the
North sidewall 70 cm from the initial basemat saefgd45 cm from the initial collapsed melt
surface). The port location is shown in Figure&2-Zl'he second method was provided by an
on-line calculation of the water volume in the tsttion based on conservation of mass; i.e., the
water volume in the test section at any time wagktp the initial volume in the supply/quench
system tanks minus the volume in the same tankkeaturrent time.
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Figure 2-22. Plan View of Basemat Instrumentatiohiayout (dimensions are in cm).
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Figure 2-24. WCB-1 Test Section Sidewall Instrumdation (View from West).
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Figure 2-25. WCB-1 Test Section Sidewall Instrumeation (View From South).
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Figure 2-26. WCB-1 Test Section Pressure Transduckayout.

Key system pressures were monitored with straurggatype pressure transducers
manufactured by Sensym, Inc. As shown in Figur&$ #hrough 2-17 and 2-26, the pressure in
all system tanks were monitored, as well as thession plenum pressure. An additional PT
was located in the lower test section to moniterghessure beneath the melt upper surface. This
transducer was mounted on the north sidewall ofdbesection at an elevation of 46 cm beneath
the initial concrete surface (see Figure 2-26).e Dap between the MgO sidewalls and the
electrodes was packed with crushed,yllets during corium loading. Thus, this PT cbul
sense the pressure beneath the melt surface aaddhg gap did not plug during the test.

In terms of the power supply operating parameteoftage drop across the tungsten
electrode bank was monitored with the DAS voltmetdrile current input was monitored with
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two 5000:1 current transformers. Power input ® tielt was monitored with two Hall Effect
meters.

In addition to the above instrumentation, visudbimation regarding the core-concrete
interaction and melt quenching behavior was praviblg a video camera mounted on the upper
lid of the apparatus. Five area video monitorsenadso used in the cell to monitor for leaks, and
to record any disruptive events (e.g., steam expipshould one occur.

2.2 Test Procedures
2.2.1 Pretest Preparations

Assembly of the apparatus began through the iastall of tungsten electrodes into
machined copper electrode clamps. The electraalaps were then attached to the bottom of
the 2.54 cm thick aluminum support plate, whichvedr as the foundation for the entire
apparatus. With the electrode clamps installegl sthpport plate was moved into position on the
test stand. The water-cooled basemat was thealledst plumbed up to the supply and return
water manifolds, vented of air, and then leak chdck Once these steps were completed, the
four sidewalls were set in place on the supporteplaThe lower section flange bolts and
clamping bars were then installed and tightenedllowing this step, the basemat instruments
were connected to terminal boxes that were prewodlde data acquisition system.

In parallel with test section assembly, the theerpibwders were mixed in preparation for
corium loading. As a precursor for initiating nmgi, a gas sample test was conducted to verify
that the initial level of volatile impurities in sample prepared from the WCB-1 thermite
constituents was sufficiently low to preclude expes gas release during the burn. The results
of this test were positive, and on this basis, ngxvas initiated.

Once the lower section is assembled, preparafarnsading of the corium charge were
initiated. A single large 1.7 mil aluminized Satzag was preinstalled over the basemat. During
loading, the 400 kg thermite charge was placediwithis bag in order to reduce the amount of
bagging material present in the thermite. As tbe/gers were placed in the test section, the
basemat melt temperature thermocouples were meditir detect any localized heating in the
corium powders. If heating was observed, the walt to be evacuated immediately. As the
thermite was placed, the gap between the tungstetr@les and MgO sidewalls was filled with
crushed UQ pellets. The crushed pellets served as a progeddyer against excessive
chemical/thermal attack by the corium during thst.te Once loading was completed, two
sparkler igniters were placed a few centimeterswoehe top of the powders near the center of
the test section, and then the bag was folded aaléd.

Once loading was completed, a removable trainatoimg a 2.0 kg bagged sample of
thermite was installed over the powder bed. Thapsa train was removed weekly and the
sample weighed to monitor the moisture pickup by thermite during the period between
loading and test initiation. The train also condéal a 4.5 kg canister of desiccant. The desiccant
was provided to maintain the plenum gas as dryaassiple during pretest operations. As an
additional measure to prevent moisture accumulatiotmne powder bed, the lower test section
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was continuously purged with argon (2 slpm) from time loading was completed until the test
was initiated.

Once loading was completed, the remainder of teedpparatus was assembled. This
included installation of the two upper sections #menclosure lid. Peripheral instruments were
then installed and connected to terminal boxesie Main gas line from the test section to the
guench tank was installed, as well as the presslief line from the test section to the auxiliary
tank. (The main steamline was closed off from tdm section using an insertable blank-off
plate throughout pretest operations to precludestu@ migration from the quench tank back
into the test section).

After assembly was completed, extensive systemkoue@rocedures were performed to
ensure that the facility was in proper working ard€his included a proof test of the test section
at 83 kPad, which is 20 % in excess of the presslief system activation pressure of 69 kPad.
The pressurization gas for this test was argon.in&artable blind flange was installed upstream
of the rupture disk in the pressure relief linestlate this system. During the test, the apparatu
was gradually pressurized to the proof pressurdterfa 1 minute hold at this pressure, the
system was isolated to determine the leak ratee |&ak rate of the WCB-1 test section was
found to be 2.0 kPa/min (8 slpm) at a nominal presof 55 kPad, which was significantly
below the acceptable leak rate of the fully assemipést section (i.e., < 2 % of the expected
peak gas/vapor generation rate during the test).

Pretest preparations for WCB-1 culminated withiralf full system checkout that
involved remotely running all equipment with thewms supply in operation across a water
cooled dummy load. Once the full system check eamspleted, final system preparations were
carried out. These efforts included: (i) hookuptloé power supply to the tungsten electrodes
through water cooled buss bars, (ii) installatiothe final piping connection between the water
supply tank and the test section, and (iii) rem@fdahe sample train from within the test section.
Following connection of the power supply to thecalede clamps, the key for the power supply
lockout located in the cell, as well as the key tloe interlock located on the control room
console, were assigned to a custodian who kepkels in their possession until the test was
initiated. This step was taken to preclude inathreractivation of the power supply.

2.2.2 Test Operations

The planned test operating procedure is descriiostd followed by a summary of the
actual operating procedure.

As shown in Table 1-1, initial target power for tt@e-concrete interaction phase was 80
kW. After melt formation, the input power would held constant at 80 kW until the concrete
was eroded to a depth of 12.5 cm, as evidencetldiynbcouple readings near the bottom of the
concrete. Once the concrete ablation depth reatBed cm, leaving a concrete layer 2.5 cm
thick over the water-cooled basemat, the cavity [d/dae flooded and the input power held
constant at the 80 kW level until the system camtnérmal equilibrium. The determinants for
thermal equilibrium would be that the steaming faden the test section, as well as the melt and
water channel exit temperatures, remained stabl&@Soninutes. After the initial operating stage
at a constant power level of 80 kW, the power wdwddgradually reduced in 10 kW intervals
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and the system would be allowed to equilibrateaahenew power level. After each adjustment,
the power supply would be run in a constant voltagele for a period of ~ 15 minutes to look
for the possibility of water ingression, as would bvidenced by reducing input power at
constant voltag®. Operation in this manner would continue until itygut power was reduced to
zero, either by gradual quench, or by periodic afmgrreductions in power level.

WCB-1 was performed on 29 July 2009. On the ewgmnor to the experiment, the
apparatus was inerted with a slow bleed of helinto ithe test section. On the day of the
experiment, the apparatus was brought up to opegratonditions, a final walk through
inspection was performed by operating personnelttiermite igniter was hooked up, and finally
the power supply was energized before the contabhm@s evacuated and sealed. Data
acquisition was initiated at 4:47 pm. Coolant aoder gas flows were brought up to design
conditions, and the cell ventilation system wasetband sealed per test procedures.

The event sequence for WCB-1 is provided in Tabte 2n the discussion that follows,
time t = O corresponds to melt contact with thecrete basemat. The criterion used to define
the onset of concrete ablation at a given locan@s that the local temperature reached the
siliceous concrete liquidus temperature of 12502°Q.

As shown in Table 2-6, data acquisition began &t3-3ninutes relative to initial melt
contact with the basemat. Power was applied toitt@ome wire/sparkler located at the top of
the powder charge at -1.1 minutes. Based on wdawera data from the test section and plenum
gas temperature readings, thermite ignition wa®anced and logged in the control room at -0.7
minutes. Based on readings from the Type K theouples cast flush with the concrete
basemat surface (Figures 2-22 and 2-27), the bom feached the bottom of the powder bed
and contacted the concrete in ~ 40 seconds (i.8.0aninutes), which was within the planning
basis for the experiment. The readings from setectelt temperature thermocouples are shown
in Figure 2-28 over the first few minutes of théemaction. As is evident from this collection of
data, peak melt temperatures near the center ahéeover the first minute were in the range of
1900 to 1960 °C, with the average being close 80I'C.

As shown in Figure 2-29, DEH input power was siabd at the initial target level of 80
kW by 2.1 minutes. The power was maintained neddyi constant at this level until the first
reduction at 145.2 minutes. By 5.0 minutes, adsoso the test section plenum cleared
sufficiently to reveal the debris surface. Thetnpelol was quiescent, and was covered with an
overlying stable crust. At 18.6 minutes, aerosoldpction increased, and by 20.6 minutes, the
view of the surface was again occluded. In genexatosol production for this test was
substantial, with limited views of the debris sgdaobtained in the time intervals from 23.3 to
25.5 minutes and from 59.3 to 64.3 minutes. Edcth@se views indicated a fairly quiescent
melt pool covered by an overlying crust.

®Following concrete erosion, melt sparging wouldseeaAs a result, the test conditions would resenabivater
ingression test [3] but with sustained heating. u§hwhen operating with constant voltage, the posheuld
decrease as the material quenched if water ingressicurred. However, if the power did not falpegriably, then
the power level would be above the dryout limit.this event, the power would be reduced in 10 k¥erirals
spaced at ~ 15 minute intervals until the powerabelp decrease at constant voltage. This woulshel¢tie dryout
limit for the melt, which would be additional dataadd to the SSWICS water ingression database.
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Table 2-6. WCB-1 Event Sequence (times relative toelt contact with basemat).

Shifted Time Event
(Minutes)

-31.3 DAS started.

-1.1 Power applied to thermite igniter wire.

-0.7 Thermite burn initiated; view of melt surface occludeadnpsol within 5 seconds.

0.0 Thermite burn completed (burn time ~ 40 seconds); emafiérature ~1950 °C
2.1 DEH input power stabilized at target level of 80 kKW.
30.7-52.6 Onset of basemat ablation detected at basemat centerlin@tfolr quadrants.
86.6-99.5 Basemat ablation depth reached 2.5 cm; sharp incrediation rate.
103.3-105.5| Basemat ablation depth reached 12.5 cm at centerlime smdhwest quadrant (A and|C
array locations); preparations for cavity flooding initiated.

106.1 Water addition to test section initiated. Intermitspairks observed from melt surface for ~
1 minute, then the surface darkened for the rest of the liitial debris cooling rate was
3.3 MW/nt, then steadily declined below 500 kW/at 120 minutes.

108.3 Makeup water added to test section (makeup water addé@.2f 115.1, 132.9, 149.9,
173.3, 209.1, and 229.2 minutes)

130.0 Melt temperatures stabilized in the range of 1700 — @0Mebris/water heat flux falls fo
370 kW/nf (DEH input power equivalent to 320 kWAm Plate upper surface temperatufes
at 4 out of 5 locations stabilized in the range of 100-Z50 Fleat fluxes to the plate were
low; 10-20 kW/ni. Power split biased heavily upwards.

134.8 Basemat ablation depth reached 12.5 cm in northeasanuégiarray location)

137.1 Input power reduced to 70 kW, constant voltage oparatitiated (47 volts). Backup
water flows in channels C3, C4, and C5 started; channeldtes/increased from ~ 10 to 12
Ipm.

145.2 Plate surface temperature in northeast quadrant continnedetonear 800 °C; input power
reduced to 40 kW. Constant voltage operation resumed (89.vol

152.0 Plate surface temperature in northeast quadrant (E acetioty fell below 600 °C and
continued to decline thereafter.

145.0 - Melt temperatures scattered (1600-1950 °C). Debris-water lhgatdclined to 150 kW/Mm

165.0 and stabilized. Plate temperature in northeast quadrant deckaetlystwhile temperature
near centerline approached 500 °C. All other plate temperatures Wi@@ *C. Plate heat
fluxes ranged from 10 to 40 kW#mwith an average near 20 kWimPower split remained
biased heavily upwards.

169.5 Basemat ablation depth reached 12.5 cm in northwesaquérarray location)

168.2-181.5| Plate surface temperature in northwest quadrantign B-7 in B array) recorded a stegdy
increase in local temperature from 223 °C to 743 °C ovaetirtteeinterval; heating rate was
~ 40 °C/minute.

178.4 Input power reduced to 20 kW; constant voltage openaggumed (29 volts).

178.4-194.6| Melt temperatures scattered in the range of I9@WW-IC. Plate surface temperature in
northwest quadrant stabilized in the range of 7586- °C before starting gradual declir
Debris-water heat flux declined steadily to ~ 120 k/and stabilized. Local plate heat
fluxes were in the range of 10 — 25 kW/nPower split remained biased heavily upwards.

194.6 Input power reduced to 10 kW; constant voltage openaggumed (25 volts).

194.6 — Melt temperatures steadily declined to 1500 — 1600 °C at theofetite period. Debris

227.0 cooling rate also fell from 120 to 75 kW/mInput power at constant voltage declined tp <
2 kW. Local plate heat fluxes remained in the range of 10 kVg8n’. Power split
remained biased heavily upwards.

227.0 DEH input to melt terminated.

230.3 Data acquisition terminated.
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Figure 2-27. Concrete Surface Temperatures over éhFirst 10 Minutes of the Interaction.
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Figure 2-29. DEH Input Power for WCB-1.

As in previous tests, there was a calm periodotalhg melt formation in which the
concrete surface was protected by an insulatingt.cr@ver the time interval from 30.7 to 52.6
minutes, onset of ablation was detected at thenhb@seenterline and in all four quadrants.
However, ablation continued to proceed slowly untB0 minutes. Over the time interval from
86.6 to 99.5 minutes, the basemat ablation deptthexl 2.5 cm at the basemat centerline and in
all four quadrants. Past 90 minutes, the ablatide picked up dramatically, with the ablation
depth reaching 12.5 cm at the centerline and insthehwest quadrant over the time interval
from 103.3 to 105.5 minutes. On this basis, prepara for flooding the cavity were initiated,
and cavity flooding began at 106.1 minutes. Intdemt sparks were observed emanating from
the melt surface until 107 minutes. The surfa@ntivent dark and remained that way for the
balance of the experiment. The initial debris uplrate peaked at 3.3 MW?#mand then
steadily declined to 500 kW/mby 120 minutes. Makeup water was periodically estd
throughout the balance of the test to maintainviheer level over the melt roughly in the range
50+5cm.

By 130 minutes, the melt temperature measuremeets gcattered, but had stabilized in
the range of 1700 to 1900 °C. The temperaturbeilpper surface of the water-cooled basemat
plate had stabilized in the range of 100 to 25Gf@ur out of the five measurement locations.
The debris/water heat flux had fallen to 370 k\i//mhile the DEH input power was equivalent
to 320 kW/nf (i.e., 80 kW DEH input power divided by the testtien planar area of 0.25%n
Conversely, heat fluxes to the plate were quite telative to the design basis value of 150
kW/m? (see Appendix A); i.e., 10 to 20 kW/m Thus, the up-down power split was biased
heavily upwards.
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At 134.8 minutes, the basemat ablation depth reh@Be5 cm in the northeast (E-array)
guadrant. Subsequently, from 136.2 to 140.1 m#utiee plate surface temperature at this
location rapidly increased from 143 °C to 813 °@lding a local heating rate of ~ 180
°C/minute. On this basis, the DEH input power wetuced to 70 kW at 137.1 minutes, and the
power supply operating mode was switched from @mgbower to constant voltage. Backup
water flows to channels C3, C4, and C5 were stattesl increased the channel flowrate from ~
10 to 12 Ipm on the east side of the plate wheeehigh temperature was observed. At 145.2
minutes, the plate surface temperature in the eagthquadrant continued to hover near 800 °C,
and on this basis, the input power was reduced tkWd. Constant voltage operating mode was
then resumed at the lower power level. By 152 meimuthe plate surface temperature in the
northeast quadrant had fallen below 600 °C, andmaed to decline thereatfter.

Over the time interval from 145 to 165 minutes, memperatures were still scattered in
the range of 1600 to 1950 °C. After the power otidn, the debris-water heat flux declined and
then stabilized at 150 kW/m The plate temperature in the northeast quadrantinued to
decline, while the temperature near the centedppgroached 500 °C. All other plate temperature
measurements were < 400 °C. Plate heat fluxeedafrgm 10 to 40 kW/fm with an average
value near 20 kW/fm The power split remained biased heavily upwards.

At 169.5 minutes, the ablation depth reached 1&5ncthe northwest quadrant (B array
location). From 168.2 to 181.5 minutes, the plRtdace temperature in this quadrant steadily
increased from 223 °C to 743 °C, yielding an averagating rate of ~ 40 °C/minute. At 178.4
minutes, the input power was reduced to 20 kW, emalstant voltage operation was again
resumed at the reduced power level. From 178.49%.6 minutes, the melt temperatures
remained scattered in the range of 1700 to 1900 T®e plate surface temperature in the
northwest quadrant stabilized in the range of @80 °C before starting to decline. The
debris-water heat flux declined steadily to ~ 120/kivand also stabilized. Local plate heat
fluxes were in the range of 10 — 25 kW/at this time. The power split remained biased/iga
upwards.

At 194.6 minutes, the input power was reduced t&\A0 and constant voltage operation
was resumed. From 194.6 to 227.0 minutes, melpeeatures steadily declined to within the
range of 1500 — 1600 °C. The debris cooling rée fell from 120 to 75 kW/f Input power
at constant voltage declined to < 2 kW. Local@laat fluxes remained in the range of 10 — 25
kW/m?. The power split was still biased heavily upwardst 227 minutes, DEH input to the
melt was terminated. Data logging continued W2®.3 minutes. At this point, the system was
shutdown following normal termination procedurédhe DAS was restarted to record the long-
term cool down data. The experiment was left undtte to cool down overnight.

2.3  Test Results
2.3.1 Melt Temperatures
As described in Section 2.2.11, a total of sixtégpe C thermocouple junctions were

used to measure melt temperatures at various ¢msatiin addition to a two-color optical
pyrometer mounted in the lid of the apparatus firavided data on the melt upper surface

36



OECD/MCCI-2010-TR02, Rev. 1

temperature. Data from these instruments are shiowhkigure 2-30.  This collection of
information indicates that in the time intervalrfranelt formation up to the point at which rapid
concrete ablation commenced at ~ 90 minutes, malpéeatures were scattered in the range of
1750 to 2000 °C. During this interval, melt spaggivas minimal due to limited ablation, and so
there was no convection within the melt to smoathtemperature variations that developed as a
result of the input power to this refractory (i.lew thermal conductivity) material. However,
following onset of significant basemat ablation -at 90 minutes, the melt temperature
measurements banded more closely together. Thetémiperature declined from ~ 2000 °C at
90 minutes to ~ 1800 °C at the time of cavity flmmdat 106.1 minutes. In the five minute
interval following flooding, the temperature deelthan additional 100 °C before stabilizing at ~
1700 °C. At this point, a stable crust probablynfed at the melt upper surface, terminating the
bulk cooling transient.

2200

Water addition at 106.1 minutes ——»

2000 | g —————r 4
"‘4 I ,‘ AL, \\
B | - v “ i w’“ "’ \" 4 \
1800 e e ‘:‘.‘ " YA P;"-Q,,. :«A*~,' .
{ S W
1600 - T %

1400 - r Wi

1
\

1200

1000 - i}
800

Temperature (°C)

600

400
Pyrometer Data

200

0 B — T T T T T T T
-30 0 30 60 90 120 150 180 210 240

Time (minutes)
Figure 2-30. Data from all Melt Temperature Measuement Devices.

After the initial transient, effectively all of theoncrete had been consumed over the
water-cooled basemat plate. Thus, pool gas spamgould have ceased at this time. Past this
point (~ 110 minutes), melt temperature measuremagtn diverged due to the lack of
convection within the melt. The temperatures bdridethe range of 1600 to 2000 °C until the
power was reduced to 20 kW at 178.4 minutes. Affiteés time, all remaining functional
junctions indicated a steady melt temperature declntil test termination at 230 minutes.

As discussed in Section 2.2.2, views of the detuiéace during the dry phase of the test
generally indicated the sustained presence of st awer the melt. The optical pyrometer data
shown in Figure 2-30 supports this observation.akBdan the readings from this instrument
generally correspond to time intervals in whichogets in the test section plenum cleared to
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provide a view of the crust upper surface. The sueaments during these intervals indicate
crust surface temperatures that declined from ~ £@06arly in the interaction to ~ 900 °C just
before onset of significant ablation at ~ 90 minut@sst this time and up to the point of cavity
flooding at 106.1 minutes, the surface temperatueasurements escalated sharply up to ~ 1400
°C. After cavity flooding at 106.1 minutes, thergyeter data are no longer reliable as the
corium surface would have been quenched to therwataration point of ~ 100 °C.

2.3.2 Basemat Ablation

The basemat was instrumented with five multi-junctType K thermocouple arrays to
monitor the axial progression of the ablation fraag well as the thermal response of the water-
cooled basemat plate (Figure 2-22). The sequens@lin signals obtained from the A-array
located near the basemat centerline is shown ar&ig-31; the responses at the other four array
locations were similar [10]. Figure 2-32 providbs axial ablation depth versus time that was
deduced from the data provided by the five arrdgpsgeneral, the data from all units indicated a
gradual heatup and ablation of the concrete basewst the first ~ 90 minutes of the test.
Thereafter, a rapid transient occurred in which témaining ~ 10 cm of the concrete was
consumed by erosion over a time interval of ~ 1Butds. However, it is noteworthy that at all
thermocouple locations, the progression of thetasldront was terminated as the water-cooled
plate was approached. This observation was coefireiuring posttest examinations, which
indicated that the plate survived the experimetatan
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Figure 2-31. Basemat Thermal Response at the Cerliee (“A” Array).
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Figure 2-32. Basemat Axial Ablation Front Locatia.

2.3.3 Water-Cooled Plate Thermal Response

Evaluating both the local and global thermal perfance of the basemat water-cooled
plate was a key design objective for WCB-1. Td #vad, the plate was instrumented to measure
local temperatures and heat fluxes, as well as rwitderate and coolant inlet and outlet
temperatures. The design-basis heat flux to thatepvas 150 kW/f which roughly
corresponds to a 50-50 up-down power split atiiteal DEH input power level of 80 kW in the
50 cm x 50 cm test section. Based on design @louk [9], after the system equilibrated at the
design heat flux, the water temperature rise adtwssvater-cooled channels was expected to be
~ 9 °C, with the boundary condition on the plateemsurface being highly subcooled nucleate
boiling. The top surface of the plate was expettedome to equilibrium at ~ 373 °C, with the
plate protected by a ~ 1 cm deep corium (or conaletp crust.

In reality, the data indicates that the up-down @ogplit after the concrete basemat was
fully eroded was highly biased to the overlying @atayer. The heat fluxes to the plate
measured by the nine flux meters that were incatpedrinto the basemat are shown collectively
in Figure 2-33. With the exception of one readirggn meter C4M, located in the midpoint of
the east-central channel (see Section 2.2.11)ynallsurements were exceedingly low, in the
range of 10 to 25 kW/Mmwhich is almost an order of magnitude below tasigh basis value of
150 kW/nf. The one reading by C4M of slightly over 40 k\¥/at 146 minutes corresponded to
the time at which the plate surface temperaturdgubat slightly over 800 °C in the northeast
guadrant of the basemat; see Table 2-6. Surfagpa®tures measured on the upper and lower
plate surfaces are shown in Figures 2-34 and 2e3pgectively.
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Figure 2-33. Data from All Water-Cooled Basemat Hat Flux Meters.
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Figure 2-34. Water-Cooled Basemat Upper Surface Teperatures.
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Figure 2-35. Water-Cooled Basemat Lower Surface Teperatures.

Measurements in the water channels also indicdtadthe plate heat fluxes were quite
low. Flowrates to each of the five cooling chasramie shown collectively in Figure 2-36, while
water inlet and outlet temperatures, as well apeatures measured 2 cm below the steel upper
surface, are shown for the center coolant chamEigure 2-37. The thermal responses for the
other four coolant channels are similar to thatsuead for the center channel [10]. As shown in
in Figure 2-36, at 137 minutes backup water flowswatiated in channels C3, C4, and C5; this
was due to the high plate surface temperature vbden the northeast quadrant (see Figure 2-
34). This action increased the flowrate to thdssoels from ~ 10 to ~ 12 Ipm.

As previously noted, the expected coolant tempegatise across the channels at design
conditions (i.e. 150 kW/f was 9 °C. As is evident from Figures 2-37, theual temperature
rises were much lower; i.e., 1-2 °C. This degregemperature rise is consistent with the heat
fluxes shown in Figure 4-16. The steel temperatuneasured 2 cm below the plate surface
inside the cooling channels also remained relgtigebl (< 100 °C). This can be contrasted with
several of the temperatures measured on the pbgter surface (see Figure 2-34). However, it
should be noted that these high readings werededan the region of the plate that included the
steel ribbing that divided each coolant channet (Bgures 2-4 and 2-22). The temperature at
these locations should have been higher in compatis those in the channel itself. However,
the extent of this increase has not been estinagquhrt of this study since this would require a
fairly detailed three-dimensional heat transfer Igsia in a complicated geometrical
configuration.

41



OECD/MCCI-2010-TR02, Rev. 1

16

14 -

12

10

Flowrate (litersl/min)
(o0]

6 ]
—FM-C5
4 —FM-C4
FM-C3
2 FM-C2
—FM-C1
O T T T T T T T T
-30 0 30 60 90 120 150 180 210 240
Time (minutes)
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2.3.4 Corium Top-Flooding Quench Rate

As dictated by the test procedure, after the basexbkation depth reached the pre-
defined level of 12.5 cm, the cavity was floodedbtiiain data on the nature and extent of the
corium cooling when flooding occurs over a wateoled basemat plate. The debris-water heat
flux was evaluated on the basis of the steaming fraim the interaction using the test section
planar area of 0.25 1ji10]; the results are shown in Figure 2-38 and 2-3Bhese figures also
include the DEH input power normalized with testte® area for comparison with the debris
cooling rate. The rate varied from 3.3 MW/immediately after cavity flooding, down to ~ 100
kW/m? at the time the test was terminated. For moshefest, the heat flux to overlying water
met or exceeded the DEH input power. This indeait@t the up-down power split was biased
heavily upwards. Note that the same conclusiondvasn based on the plate thermal response
results described in the previous section.

As described in Section 2.2.2, the test operatirggeriure was not only designed to
evaluate the performance of the basemat water-d¢qukgte, but also to determine the dryout
limit of the melt. The intended procedure wasystematically reduce (i.e. step down) the input
power, followed by a 15 minute period of constaoltage operation at the new level obtained
following the power reduction. If water ingressiamas initiated at the new voltage level, then
the input power should decrease as the melt qudnlyereduction in conductor area, which is
the same as increasing load resistance), and thigdvbe the indicator that the corium dryout
limit had been reached. Unfortunately, the poweeluctions in WCB-1 were not as structured as
planned in the original test procedure due to tegetbpment of hot spots on the plate.
Nonetheless, a first order comparison can stilinagle.

The first step is to estimate the dryout limit tbe WCB-1 corium from the SSWICS
correlation [3] for comparison with the heat fluatd from the experiment. The correlation is
shown graphically in Figure 2-40. As shown irblEa2-1, the 400 kg corium charge for WCB-
1 contained 8 wt % siliceous concrete as an intt@stituent. The 15 cm thick basemat
weighed 85.1 kg, which resulted in the additiory®f4 kg of slag to the melt after dryout of the
water vapor and COfrom the concrete (see Table 2-2). Thus, atetie of the test the melt
contained ~ 23 wt % siliceous concrete. From Fi@ud®, the dryout limit for the melt was ~ 53
kW/m? based on the SSWICS correlation at that time s Tibat flux is shown in Figure 2-39 for
comparison with the debris-water heat flux, alonthwhe normalized DEH input power. For
this relatively low dryout limit, water ingressiamould not have been initiated until late in the
experiment sequence when the input power was sulzhareduced. At 145.2 minutes, input
power was reduced to ~ 40 kW (equivalent to a fliix 860 kW/nf). As is evident from Figure
2-40, the power stayed fairly constant past tletindicating that ingression was not occurring.
Power was reduced to 20 kW at 178.4 minutes (etgrivéo a flux of ~ 80 kW/rf) and after this
time, the input power does seem to indicate a negalope. The power was reduced again to ~
10 kW (40 kWni equivalent flux) at 194.6 minutes, and the inpuer curve continues to show
a similar negative slope. During these last twavgroreductions, the debris-water heat flux
drifted down to ~ 120 kW/fmat 190 minutes, and remained at this level ovedabkt 30 minutes
of the experiment. Thus this collection of datagesis a dryout limit of ~ 100 kW/nfor the
end-of-test core melt composition. This is slightigher than the 53 kW/npredicted from the
SSWICS correlation, but of the same order of magieit
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Figure 2-39. Heat Flux to Overlying Water Pool: Eyanded Scale.
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2.3.5 Posttest Examinations

Following the experiment, the apparatus was clyeflisassembled to document the
posttest debris configuration. Figure 2-41 presic picture of the top surface of the debris
after removal of the top sidewall section. Elematmeasurements at this point indicated that the
upper surface of the debris was near the initilhpsed pool height of + 25 cm relative to the
initial concrete surface elevation.

As the debris was removed, physical charactesistincd dimensions were recorded so that
accurate renderings of the posttest debris cordtgur could be produced; the results are
provided in Figures 2-42 and 2-43. Since the Kejgdive of this experiment was to examine
the performance of the water-cooled plate, theuoorivas completely removed from the test
section to reveal the plate so that it could besga}ly examined and photographed.

During the latter phase of the experiment, gasgspg from concrete decomposition was
absent, and so an anchored crust configuration avitintervening void between the melt pool
should not have formed in this test. The posgesiminations confirmed that this was indeed
the case. The overall debris configuration coaedisif an upper, 10-15 cm thick porous layer
that probably formed during the initial phase of tjuenching process when gas sparging was
still present (i.e., as the remaining ~ 2 cm thaoker of concrete was eroded from the plate upper
surface). Beneath the porous layer was a 25 wr8thick monolithic layer of solidified corium
with minimal porosity. This layer of material wasost likely the balance of the melt pool that
was not initially quenched, and thus underwentaonger-term interaction with the water-cooled
plate.
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Finally, beneath the solid corium layer was a tfinl cm) layer of concrete that
completely covered the plate upper surface. Tayerl of material was not ablated during the
test, confirming that the water cooling was sucitgéss halting the progression of the ablation
front. Photographs showing the upper surface @ftater-cooled plate are provided in Figure 2-
44. Examination of the plate provided no evidetiw the plate had melted. A few darkened
areas are evident in the photographs that wouldvash off. These may be locations where the
plate heated up and locally corroded.

Figure 2-44. (a) Face-On and (b) Side Views of WatCooled Plate (views from south).
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2.4 Discussion

The high-level experiment objective of WCB-1 wasptovide reactor material test data
on the transient evolution and stabilization ofasecmelt within a generic water-cooled core
catcher design for advanced plant applications.this regard, the experiment was felt to be
operationally successful. A core melt at 1950 ‘€3 wroduced over a water-cooled basemat that
was originally protected by a 15 cm thick layersiliceous concrete. As in previous core-
concrete interaction tests, there was a quiescambc following melt generation in which the
concrete surface was most likely protected by aalating corium crust that formed on initial
melt contact with the cold concrete surface. Havewontinued heating of the corium
eventually led to heatup of the concrete beneaththa crust eventually remelted or failed,
leading to onset of rapid basemat ablation. Tis¢ data indicated that this transition point
occurred at ~ 90 minutes following initial melt caat with the concrete surface. During the
quiescent period, melt temperatures were scatiergite range of 1750 to 2000 °C. The melt
sparging would have been reduced during this ptaseto limited ablation_(< 2.5 cm) and so
there was no convection within the melt to smoathtemperature variations that developed as a
result of the input power to this refractory (ilew thermal conductivity) material.

After onset of ablation at ~ 90 minutes, a rapidsrant occurred in which the remaining
~ 10 cm of the concrete was consumed by erosionatiare interval of ~ 15 minutes, resulting
in an average ‘ablation’ rate of ~ 6.7 mm/minutehisTrapid concrete erosion rate can partially
be rationalized by considering the preceding 90uteis of the interaction, wherein the concrete
beneath the corium crust would have undergonefgignt heatup and dryout (see Figure 2-31).
Thus, when erosion finally commenced, the effectbemcrete decomposition enthalpy was
significantly reduced, thereby allowing for an decated rate of ablation for a given heat flux to
the concrete surface. However, it is noteworthat &t all basemat thermocouple locations, the
progression of the ablation front was terminatethaswater-cooled plate was approached. This
observation was confirmed during posttest exanonati which verified that the plate survived
the experiment intact. During this phase, the nathperature measurements banded more
closely together due to convection from gas spargnthe melt pool. The bulk temperature
declined from ~ 2000 °C at 90 minutes to ~ 1800 *@attime of cavity flooding. Up until this
time, the water-cooled basemat plate remainedivelgtcool due to the insulating properties of
the overlying concrete.

At 105 minutes, the ablation depth had reachedlthb cm depth at several locations
within the basemat, and on this basis, the cavi#ag flooded according to the normal test
procedure. In the five minute interval followintpdding, the melt temperature declined an
additional 100 °C before stabilizing at ~ 1700 “&.this point, a stable crust probably formed at
the melt upper surface, terminating the bulk capliransient. Following the initial transient,
effectively all of the concrete had been consumesr the water-cooled basemat plate. Thus,
pool gas sparging would have ceased at this time,raelt temperature measurements again
diverged due to the lack of melt convection. Témperatures banded in the range of 1600 to
2000 °C until the power was reduced to 20 kW at4 8inutes. After this time, all remaining
functional junctions indicated a steady melt terapee decline until the test was terminated at
230 minutes. In terms of the melt-water heat fianste, the heat flux varied from 3.3 MW/m
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immediately after cavity flooding, down to ~ 100 kw# at the time the test was terminated.
The data indicates that the heat flux to overlyivager met or exceeded the DEH input power
over the entire test, indicating that the up-dowwer split was biased heavily upwards.

Aside from the above information, additional datas gathered regarding the plate
thermal response during the experiment. The desagis heat flux to the plate was 150 kW/m
which corresponds to a 50-50 up-down power splibatnitial DEH input power level of 80 kW
in the 50 cm x 50 cm test section. Based on thigey the plate cooling system was expected to
evolve such that the temperature rise across theragaoled channels would approach 9 °C, with
the boundary condition on the plate inner surfagi@dp highly subcooled nucleate boiling. The
top surface of the plate was expected to come udilegum at ~ 373 °C, with the plate protected
by a ~ 1 cm deep corium (or concrete slag) crustreality, the plate thermal response data also
indicated that the up-down power split after cotererosion was biased heavily towards the
overlying water. In particular, the measured Heates to the plate were exceedingly low, in the
range of 10 to 25 kW/Mmwhich is almost an order of magnitude below thsigh basis value of
150 kwW/nf. Measurements on the water side of the channefe walso consistent with this
finding; i.e., the coolant temperature rise wasydi?2 °C, which is much lower than the 9 °C
based on the design basis heat flux.

The collection of data from this experiment thuadicates that for a configuration in
which a corium melt pool is covered by overlyingtarawith an underlying water-cooled plate,
the power split will be biased heavily towards theerlying water. From a different point of
view, these findings are also consistent with thevipus SSWICS test results [3] that indicate
that cracks and fissures that form in the debrisnduquench result in cooling rates that exceed
the conduction limitation. Results from the cutr@ategory 1 test program [28] indicate that
when this quench process occurs in the presensparfjing gas, the cooling rate is increased
even further. Heat transfer to the underlying ilmis water-cooled plate would have been
limited by conduction across a crust to a heat derkperature that at most would have
approached the water saturation temperature. Ha¢ $ink temperature established by the
overlying water pool would have also correspondethe water saturation temperature. Thus,
given that the heat sink temperatures on the tdpbattom of the melt were effectively identical,
the data from this test supports the concept tbhetim quenched by overlying water forms a
morphology in which the heat flux to the coolanedandeed exceed the conduction limitation.

Aside from these positive overall findings, sevdrat spots were noted to form on the
coolant plate steel surface during the course efekperiment that significantly exceeded the
peak temperature expected on the basis of the ezrgny design calculations (i.e,. 373 °C).
These hot spots seemed to form rapidly, and tteslted in the operators reducing the input
power from the initial target value. However, toslld be noted that these high temperature
measurements were taken in the region of the pheatieincluded the steel ribbing that divided
each coolant channel. The temperature at theséidos should have been higher in comparison
to those in the channel itself. However, the eixtdrthis increase was not estimated as part of
this study since this would require a fairly deddilthree-dimensional heat transfer analysis in a
complicated geometrical configuration.
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3.0 SSWICS BOTTOM WATER INJECTION TEST RESULTS

The high-level experiment objective of the SSWIGHtdm water injection tests was to
examine the influence of water injection charasters on the debris cooling rate when the
coolant is introduced into the bottom of the metini isolated nozzles that are cast in the
basemat. As shown in Table 1-2, two experimentg wenducted as part of this test series. The
first, denoted SSWICS-12, examined the influencenotzle water pressure on the debris
guenching rate. The second test, denoted SSWIC$1t8stigated the effect of concurrent
noncondensable (i.e.,)Ngas injection on the local debris cooling ratecs the presence of
non-condensable gas during melt-water interacsgpostulated to suppress the possibility of an
energetic fuel-coolant interaction [13]. The famb for these two experiments were quite
similar. Thus, the SSWICS-12 facility is descrilfgdt, followed by a section that describes
hardware changes that were made for SSWICS-13. r@sdts from the two tests are then
presented and discussed. Full details regardiedaitility designs and test results can be found
in dedicated test plans [7,8] and data reportslP]that were developed for each test.

3.1 SSWICS-12 Facility Description
3.1.1 Test Apparatus

The SSWICS reaction vessel (RV) was designed td holleast 100 kg of melt at an
initial temperature of 250C€. The RV lower plenum consists of a 67.3 cm leHg7 cm outer
diameter carbon steel pipe (Figure 3-1). The pips insulated from the melt by a 6.4 cm thick
annulus of cast MgO that was denoted the “linéfhe selected pipe and insulation dimensions
resulted in a melt diameter of 30 cm and a suréaea of 707 cfn The melt depth for a typical
corium charge of 75 kg was about 15 cm. The RVeloflange was insulated with a 6.4 cm
thick slab of cast MgO (the “basemat”) that spantiexentire inner diameter of the pipe. The
basemat and liner formed the crucible that helcctraim.

The RV upper plenum consisted of a second sectfopipe with a stainless steel
protective liner. Three 10 cm pipes welded nearttip of the vessel provided 1) a vent line for
the initial surge of hot noncondensable gases g&tbiby the thermite reaction, 2) a pressure
relief line with a rupture disk (7.7 bar at £0), and 3) an instrument flange for the absolute
pressure transmitter that measured the reactiselpgessure. A baffle was mounted below the
upper flange to prevent water droplets from beiagied up towards the condenser, which
would have adversely affected the heat flux measeng. A fourth 10 cm pipe welded to the top
flange provided an outlet for steam from the quamgmelt to four cooling coils. The water-
cooled coils condensed the steam, which was cetleafithin a 200 cm high, 20 cm diameter
condensate tank (CT). Figure 3-2 provides an ogerof the entire SSWICS test facility.

For SSWICS-12, the corium was divided into quadrdoyt 10 mm thick tungsten plates.
The partitions had machined slots so that oneofiexr the other in an interlocking cruciform.
They were supported by 20 mm deep grooves in tiex ko limit shifting under lateral loads.
The partition consisted of two stacked sectionsheaith a height of 20 cm, creating a 40 cm
high wall within the melt. Figure 3-3 provides aalked view of the lower plenum and basemat
including the tungsten partitions, while Figure 3tbws photographs of the test article during
assembly.
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Figure 3-3. SSWICS-12 Lower Plenum and Basemat Dals.
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@ G
Figure 3-4. SSWICS-12 Basemat Assembly (left) ands8embled Lower Section Assembly
Showing Tungsten Cruciform (right).

3.1.2 Injection Supply System

Four 36-liter tanks provided independent reservtrsupply the nozzles with water.
The nozzles were gravity fed and so the drivingsguee for injection was set by the elevation
difference between the nozzle and the tank watel ig-igure 3-5). A check valve in each line
prevented back flow up into the tank and isolataives were opened when the RV preheat
phase of the test began.

For SSWICS-12, the tanks were positioned at diffetevels to generate the desired
range of driving pressures. A pressure equalialiime linked the RV gas space to the gas
spaces of all four tanks, ensuring that the head s& only by the nozzle - tank elevation
difference. This was necessary because the R\&ymesoutinely spiked for a short period
following initial water injection. If the reservsi were not at the absolute pressure of the RV,
then the initial pressure spike would halt watgedtion, causing steam production and RV
pressure to drop, which in turn would permit conéid water injection. It is likely that the
system would have oscillated during the early meabthe test.

The tanks were positioned to provide initial nevidig heads of 0.05, 0.1, 0.15, and 0.2
bar. The net driving headP is defined here as the head remaining after actbig the
hydrostatic head associated with the melt; i.e.,

AP = pIgL_mh|corium (3'1)

whereh is the height of the corium (30 cnb),s the distance from the bottom of the corium pool
to the tank water surface, apdandp are the coolant and corium densities, respectivdlige
head associated with the corium was calculatedet®.b8 bar by assuming a density of 6000
kg/m®. Assuming a water head of 10 meters per bartaifies were positioned so that the water
surfaces were 2.3, 2.8, 3.3, and 3.8 meters athaviedttom of the corium pool.
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Figure 3-5. SSWICS-12 Water Injection System Geontry (drawn to scale).

In the interest of simplicity, no system was usedeplenish the tanks during the test to
maintain water level and so the driving head felixater was injected into the melt. The drop in
water level can be made small by using large-diamanks, but they serve as pressure vessels
during the test and so there is a strong incentivaninimize their size. On this basis,
commercially available 30 cm diameter pressureelsssere selected for use. The initial water
inventory for each tank was 15 liters for SSWICSAli2lding a total inventory of 60 liters. This
volume was selected to ensure that there wouldulfiicient water available to completely
guench the 136 kg core melt mass to the saturatioperature. The tank level would thus
decline by 20 cm during injection of the entire grahventory.
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3.1.3 Injection Nozzles

The design for the concrete nozzles that were is8&WICS-12 is shown in Figure 3-6.
Four nozzles were cast within the basemat andiposd so that they were roughly equidistant
from the liner and neighboring partitions. The wipeach nozzle was flush with the basemat
surface and each was filled with porous concrefédprovide a path for water flow up into the
melt while preventing melt flow downward into thezzle. A photograph showing the nozzles
after installation in the basemat is provided igufe 3-4. The porous concrete filled nozzle was
of interest because it mimicked a proposed engateeorium cooling system. This separate
effect test offered the opportunity to determine tiehavior of the nozzle with prototypical
corium. A leak-tight 0.05 mm-thick stainless stdelphragm was welded over the top of each
nozzle to serve as a temporary seal to preventilate from the feed line up into the thermite
during the vessel preheat phase of the experimdett contact following the thermite burn was
expected to rapidly ablate through these thin diagins, thereby initiating the water injection
phase of the experiment.

As part of pretest operations, orifices (i.e., neadilves) on each of the supply lines
from the header tanks to the nozzles were adjssigtiat the peak water flowrate to the nozzles
would be limited to 0.01 kg/sec each. This aceffiectively capped the peak corium quenching
rate at a level of ~ 1.2 MW/mat saturated coolant conditions if all four nosziepened
completely. This step was taken since the residifsevious COMET tests [20] on the same test
stand indicated that melt dispersal within the sestion could be significant if the steaming rate
was not limited.

3.1.4 Instrumentation and Data Acquisition

The test design for SSWICS-12 featured a partiiamelt with an injector in each of the
four quadrants. This approach effectively combirfedr quench experiments into one.
Sufficient instrumentation was provided to detemnithe boundary conditions and cooling
behavior of the individual partitions. The flowt@aand driving pressure of each nozzle was
measured along with melt temperatures. The comdersllection and measurement system
used in past tests to determine the steaming ragealso used, but it could not provide the
cooling rate of any particular partition. Rathtie gross melt cooling rate was measured. Only
indirect indications of individual partition coolirrates, obtained through measurements of melt
temperature and water flow rate into each quadvegre available for these tests.

Figure 3-7 shows the thermocouple layout in theetvesg and the liner for SSWICS-12.
Each partition was allotted a 5-junction C-typerthecouple in a tungsten thermowell. The
thermocouples were spaced every 51 mm so that gpermost thermocouple was 190 mm
above the basemat surface. The tungsten thernsowete 9.5 mm diameter, which is the same
size used in the WCB-1 (see Section 2.0), but fatlgen that used in previous SSWICS tests (6
mm). Though thermowell size should be minimizedinot fin cooling effects, the thermowells
for this test were too long to fabricate in a diéenéess than 9.5 mm.
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Figure 3-7. Melt Thermocouple Locations for SSWICSL2.

The nomenclature used to identify thermocouplessisollows: TM (temperature within
the corium melt), TF (fluid temperature), TG (gapase temperature), TS (structure
temperature), H# (height above the bottom of th&)ma mm, and N, S, E, W representing the
cardinal points. The partition was oriented sat e “wedges” faced towards the cardinal
points. For example, TM-N-H190 is the melt thermauale in the north facing wedge, 190 mm
above the bottom of the melt.

Aside from the test section, the balance of thelif\acvas instrumented in order to
provide the necessary information to assess theleazjection flowrates as well as the overall
steaming rate from the test section. The instrunwgations and nomenclature are shown in
Figure 3-2. Water levels in the header tanks wa@nitored with differential pressure
transducers; the time-derivative of this data waended to provide the estimate of water flow
rate to the nozzles. Temperature rise across timelenser was measured with Type K
thermocouples, while water flow rate through thedsnser was measured with a paddlewheel
flowmeter. The water level in the CT was monitoreith a time domain reflectometer with a
redundant measurement provided by a differentiadsgure transducer. Measurement
uncertainties for the various instruments utilirethe tests are summarized in Table 3-1.
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Table 3-1. Summary of Data Measurement Uncertainéis for SSWICS Tests.

Measurement Instrument Accuracy
Temperature (other than melf) Type K thermocouplé 2.22°Cor+£0.75 %
Temperature (melt) Type C thermocouple + 4.5 °€ b0 %
Pressure Pressure transducer | Differential: + 0.4 kPa
Absolute:

- test sectiont 14.0 kPa
— tasemat gas sparger2.0 kPa

Water flow rate Paddlewheel flowmeter + 0.3 Ipm

Gas flow rate Mass flowmeter +0.003 Ipm

Water level Time domain reflectometer +3.0 mm
Corium-water heat flux Calculated + 17 kWA

@See Reference [10] for basis.

All data acquisition and
process control tasks for the Sensor
SSWICS tests were managed by . ﬂ
PC executing LabVIEW 8.2 under .

Valve

Windows XP. Sensor output 16.Channel Weltiplexck

terminals were connected to mode HP 75000 ®7) 120 VAC
HP E1345A 16-channel oap P ELS2E ~
multiplexers and the signals were -
digitized by an HP E1326B 5 % GPIB Cable

digital multimeter located within g@

the test cell (Figure 3-8). Signal
noise was reduced by integratior
over a single power line cycle | (L5m Concrete) ||
(16.7 ms). The digitized sensor o comia oot —
readings were routed from the tes
cell to the PC in the control room IE;,E N b | convolpanei
via two HP-IB extenders. The omeael 0 LT
extenders allowed the ASCII data T
from the HP to be sent through the NI-4021 l SCXII161] exi1000
cell wall over a BNC cable. The Convole|  */* sn@oves] Chassi
extender within the control room
then communicated with a GPIB oo
card within the PC. This PC-GPIB ookt
configuration also permitted remote

control of the multimeter through |DHB
LabVIEW. The power line cycle == =Tt
integration resulted in a minimum

(theoretical) time of 0.75 s to scan Figure 3-8. SSWICS Data Acquisition and Control
the channel list. In practice, Systems.

however, the acquisition of a single scan wasfegquency of ~ 0.5 Hz.

75Q Coaxial Cable

| Test Cell Wall Il

PC

CIC

Monitors

Valves were controlled with the PC using a relagddaoused within an SCXI chassis
(National Instruments). These electromechanidalysewere capable of switching up to 8 A at
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125 VAC or 5 A at 30 VDC. They were operated visvatch controller in the SCXI chassis,
which communicated with the PC through a genergbqse data acquisition card. As shown in
Figure 3-8, the relays in the control room operatedices within the test cell indirectly, through
a second relay. This was intended to provide atitiadal level of electrical isolation between
the NI switching hardware and high voltage souxegisin the cell. As an added safety measure,
all wiring was routed through a control panel tbatild be switched from automatic (PC) control
to manual control in the event of computer failure.

3.1.5 Corium Composition

The oxide phase of the corium composition for SSB/I2 and -13 was the same as that
used in SSWICS-6 (i.e., 60.3/24.7/15.0 wt % AXPO,/siliceous concrete [29]). The thermite
was, however, slightly reformulated to react aighér temperature to minimize crust formation
on the basemat that might impair initial water flalwough the nozzles. The initial melt
temperature for SSWICS-6 was ~1950°C while the targgal temperature for these tests was ~
2100°C. Reformulation of the thermite to produge higher reaction temperature resulted in a
slightly higher Cr metal byproduct content of 7.6 %
in the melt, which can be compared to the leved.dfwt

% for the SSWICS-6 thermite. The initial thermite Table 3-2. Thermite

powder loading for both SSWICS tests is shown inlda (C:ihart%e fotr SSW'\IACS TEStS'
3-2, while the pre-and post-reaction compositions a |—=20>TUen ass (kg)

. . U3O0g 78.61
provided in Table 3-3. Cro, 16.90
- e CaO 2.96
3.2 Facility Modifications for SSWICS-13 7r 2298
The overall facility design for SSWICS-13 was '\g? gég
similar to that used for SSWICS-12, but with the Sio, 7:49
following exceptions: i) the apparatus was modifsedh Al 0.45
that the melt was partitioned into two sectorsaasdt of Total 136.0

four, i) the injector design was changed from p@ro
concrete to a tubular steel construction, and tii¢ Table 3-3. SSWICS Thermite

supply system to the injectors was modified to pte\a Reaction Compositions.
two-phase gas-water mixture to selected injectdt®ese [ constituent Wt %
changes required some instrumentation modifications Reactant Product
principally to characterize the two-phase flow teet Us0g 57.80 -
nozzles. These various facility modifications are UO, - 55.61
summarized in this section. Conversely, the corium Zzr 16.90 -
composition and data acquisitions for the two testse ZrO, - 22.84
identical; refer to Section 3.1 for details. Si 2.58 -
SiO, 551 11.03
3.2.1 Test Apparatus Mg 0.07 -
MgO - 0.11
The reaction vessel and overall quench facility Al 0.33 -
layout for SSWICS-13 were identical to that used i Al20; - 0.63
SSWICS-12 (see Figures 3-1 and 3-2). However, forC89 2.18 2.18
SSWICS-13 the corium was divided into two sect@'s I\ C(r:(} 14.63 - éo

opposed to four. The results of SSWICS-12 inditate
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that the 10 mm thick tungsten plates that were tsquhrtition the melt survived the test intact,
and that they functioned as well as could be exaeot terms of maintaining a well-defined
experiment configuration. Thus, the same desigm flew material) was used for SSWICS-13.
The test section was divided into two by a 60 cghitwall made up of three 20 cm high, 10 mm
thick plates. The partition was supported by greotheat were cast in the MgO liner to prevent
shifting under lateral loads. The SSWICS-13 baseatetail is provided in Figure 3-9, while a
photographs showing the lower section at varioagest of assembly is provided in Figure 3-10.

Another modification for SSWICS-13 was the facttttiee upper 25 mm of the basemat
was fabricated from locally obtained limestone/camrsand concrete. As shown in Figure 3-9,
the injection nozzles were positioned 10 mm ben#athconcrete surface. To ensure that the
nozzles did not plug during pouring of the concréte surface of each unit was covered with a
layer of Scotch tape. The purpose of the conavetrlayer was to protect the nozzles from
coming into immediate contact with the melt followithe thermite burn, as this might have
plugged the nozzles before the operators had aceltanopen valves and establish the basemat
water flow.

3.2.2 Injection Supply System

As for SSWICS-12, each nozzle was fed by a singlgly tank so that a differential
pressure transmitter could be used to measurddieréte to individual nozzles. The nozzles
were gravity fed so that the driving pressure fgecdtion was set by the elevation difference
between the nozzle and the tank water level (Figdatd). A check valve was also placed in
each line prevent back flow up into the tank. @hange for SSWICS-13 was that an isolation
valve was added on each line that could be opesradtely from the control room once the melt
had contacted the basemat. This feature was atidetb the fact that the SSWICS-13 injection
tubes were not sealed at the top as they wereg(asthin steel diaphragm) in SSWICS-12. Thus
premature opening of these lines would have ledidater seepage into the thermite, and this
would have severely degraded the thermite reaction.

As discussed in the previous section, the watevréite to each injector for SSWICS-12
was limited to 0.01 kg/s in an attempt to minimirelt dispersal from the expanding steam in
the early portion of the test. However, the ress(dee next section) indicated that even with this
restriction, melt was ejected from the lower plenigawving a coating over most of the inside of
the RV that caused a peak plenum temperature di®C700n this basis, provisions were made
in SSWICS-13 for supplementary injection of 20rktef water from the top shortly after water
flow from below was established. The purpose wasobl the superheated steam generated in
the very early stages of the test. As a furthep gt limiting melt dispersal, metering valves on
each supply line were adjusted to allow a peak middavrate of 0.005 kg/s at the initial fill
level, which was half of that for SSWICS-12. Thiep limited the maximum achievable debris
cooling rate by bottom water injection to a leved00 kW/nf at saturated coolant conditions.

3.2.3 Injection Nozzles
The nozzle design is illustrated in Figure 3-12at@V left the nozzle and entered the melt

through four 1 mm-diameter holes. The holes weastipned 4.5 mm from the nozzle center.
The nozzle itself had a diameter of 12 mm andathgonents were made of stainless steel. The
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Figure 3-9. SSWICS-13 Lower Plenum and Basemat Dat.
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Figure 3-10. SSWICS-13 Basemat Before (tlft)ld After (top-right) Concrete
Placement, and Assembled Lower Section (bottom).

two nozzles injecting nitrogen had an additionahir hole at the center. The nitrogen and
water were expected to mix together as they entdredmelt. As shown in Figure 3-9, the
nozzles were all cast in the basemat such thantdzzle surfaces were 10 mm below the
concrete surface.

The gas flowrate to the two nozzles that were jecina two-phase mixture was specified
to be 20% of the initial volumetric flow rate ofettwater. The original plan was to deliver the
gas using a flow controller set at a constant flate. However, there was concern that the
forced gas flow might suppress the natural circotetvater flow since the two are combined
beneath a heavy corium pool. There was also corthat the combination of forced and natural
circulation flow would not generate good gas/watexing near the nozzle. To address these
concerns, the decision was made to switch to apresegulated flow.
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Figure 3-12. SSWICS-13 Nozzle Detail.
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The gas system shown in Figure 3-13 was configwigd an approach similar to that
used for the water. The initial flow rate to eaubzzle was defined (0.06 Ipm), as was the
maximum driving pressure at the nozzle exit (0.2tbanatch the initial net driving head set for
the water). The head associated with the coriusi@a5 bar and so the gas source pressure was
set at 0.35 bar to provide the net 0.2 bar driyiressure.

The metering valve was used to adjust the lineelgs achieve the target flow rate.
Since the corium was not present beforehand taiboig to the net head, the adjustment had to
be made without it. The capillary was removed fritra fitting at the Swagelok tee shown in
Figure 3-13. With the source pressure at 0.35tharpressure drop between the source and the
end of the gas line was 0.35 bar rather than tAdo@. expected during the test. The correct
valve position was determined by considering thetienship between flow and pressure drop:

V =NC,APY? (3-2)

whereV is the volumetric flow rate) is a constaniC, the metering valve loss coefficient, and
AP the pressure drop across the valve. Most of tesspre drop between the source and nozzle
occurs across the metering valve. The requitegvalve position) for 0.06 Ipm at 0.2 haP is
found by using the above equation along with tl3& @ar used to adjust the metering valve; i.e.,

1/2
%:(0%3 = x=0.079pm (3-3)
X .

Thus, the metering valve position that would prev@lO6 Ipm at alP of 0.2 bar would give
0.079 Ipm at 0.35 bar. The metering valves wejasteld until the flow meters showed 0.079
Ipm as a part of the pretest setup. The isolat@nes were then closed and the tubing was
reattached to the Swagelok tee.

3.2.4 Instrumentation

As for SSWICS-12, sufficient instrumentation was\pded to determine the boundary
conditions and cooling behavior of the two partiso The flow rate and driving pressure of each
nozzle was measured along with melt temperatufidse nitrogen gas flow to each of the two
nozzles was also measured. The condensate coflesmtid measurement system was also used
to characterize the overall debris cooling rate.

Figure 3-14 shows the thermocouple layout in theebwat and the liner for SSWICS-13.
Each partition was allotted one 5-junction C-tygeertnocouple assembly in a tungsten
thermowell. The thermocouples were spaced evenmyni so that the uppermost thermocouple
was 195 mm above the basemat surface. The tuntieemowells and nomenclature used to
identify thermocouple locations are the same asdhused in SSWICS-12 (see Section 3.1.4).
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3.3 SSWICS-12 Test Results

3.3.1 Test Operations

The day before the test, the water injection lindces were adjusted so that each tank
would provide an initial flow rate of 0.01 kg/s.h& adjustments were made over several fill and
drain runs. The day of the test, the tanks weoh di#led with water to a level of ~0.4 m to
provide the initial net driving heads of 0.05, 00115, and 0.2 bar. The isolation valves were
opened shortly before the cell was closed for ignibf the thermite.

The RV structures were preheated0FC to minimize heat sink effects after water
injection. The igniter coil was then energizedindiate thermite ignition, which was first
detected by a sudden rise in the upper plenumegagdrature TG-RV; see Figure 3-15. All data
have been plotted such that the x-axis origin spwads with the initial rise in plenum gas
temperature as measured by TG-RV. Thermocoupldgsneach melt partition began rising 30-
60 seconds after thermite ignition.

Within the first minute following ignition the videmonitors showed evidence of a small
fire around the top RV flange. The operators taokaction for the next two minutes in the
hopes that water injection and steam generatiorlduvmegin cooling the melt and extinguish the
fire. However, it was not possible to confirm gawater injection through reservoir level
changes because of system pressure fluctuatiodsiged by the thermite ignition (and possibly
the water injection itself).
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Figure 3-15. SSWICS-12 RV Plenum and Surge Tank Iet Temperatures.
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Sporadic signs of fire continued and after two resuthere was still no clear evidence of
water injection from the reservoirs. However, ®dgent data analysis and posttest
examinations indicated that water injection hadeedl been initiated by this time, and the
resulting steam generation had ejected melt upwaimbat the entire inner surface of the RV,
including the lid.

The operators noted gas temperature readings itesttesection plenum that exceeded
1700 °C, and on this basis water injection fromvabwas initiated at 2.3 minutes by opening the
isolation valve on the back-up supply line. Theelwas open for approximately 9 minutes. A
temperature increase on the heat exchanger oybetaged at 2.5 minutes and the condensate
tank water level began to rise at 3.2 minutes.eNloat the valve to the surge tank was open until
~ 3.7 minutes (Figure 3-16) and so it is likelytthantil then, most of the steam flowed to the
surge tank rather than the condenser. The reddimg the test section pressure transducer
(Figure 3-16) indicated an initial ramp up in pragsthat began with thermite ignition and then a
drop at 2.8 minutes, about 30 seconds after topditm was started. The pressure drop
continued until the surge tank valve was closedhdn quickly rose to the test peak of 1.9 bar.

Melt temperature readings in each of the four camaidr reached a peak of ~ 20D
within three minutes. However, these temperatheggmn to rapidly decline after water injection
and all melt thermocouples reached the saturagimpérature by 73 minutes, at which point the
test was terminated using normal shutdown procadure
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Figure 3-16. SSWICS-12 Test Section Pressure an@Ne Positions.
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3.3.2 Thermalhydraulic Results

Operationally, SSWICS-12 deviated from the planpegcedure in that bottom water
injection through the porous nozzles was suppleetkhy injection from above out of concern
for the integrity of the RV. There was no flow mebn this emergency line and it is estimated
that ~40 liters were injected from above. Seconde reservoir level measurements are
considered to be in error, which is likely due toriem plugging of the plenum pressure
equilibration line between the test section ancemasr tanks early in the experiment when
corium coated the upper internals of the RV [1Rpnetheless, the data did show that the tanks
were all emptied at about the same rate.

Figures 3-17 through 3-20 show melt temperaturessored in each of the four basemat
quadrants. The peak temperature of ~ 2@avas reached within 3 minutes. Thereafter, the
temperatures turned rapidly around and declineadgdteto the coolant saturation temperature.
The time for complete quench in the four quadraatges from 50 to 73 minutes, with no clear
relationship between water head and time to quendfis implies that the water injection rate
and subsequent corium cooling behavior are nomngtriminctions of the injection pressure.
However, there does seem to be a correlation betiveejunction location within the melt and
the local debris cooling rate. In particular, jhections at the lowest (i.e., +16 mm) and highest
(+168 mm) elevations above the basemat seem twiexigher cooling rates in comparison to
the rates recorded in the intervening region.
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Figure 3-17. SSWICS-12 Melt Temperatures in NortlQuadrant (Water Head = 0.5 m)
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Figure 3-18. SSWICS-12 Melt Temperatures in SoutQuadrant (Water Head = 1.0 m)
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Figure 3-19. SSWICS-12 Melt Temperatures in East @adrant (Water Head = 1.5 m)
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Figure 3-20. SSWICS-12 Melt Temperatures in SoutQuadrant (Water Head = 2.0 m)

Figure 3-21 provides the debris-water heat fluxwéer from measurements of condensed
steam flow and from an energy balance on the hedtamger that condenses the steam. Two
independent measurements were used within the neatketank: a differential pressure sensor
(DP) that measured water column head and a timeanhomeflectometer (TDR) that measured
water column height. The heat exchanger energynbalwas derived from a flow measurement
on the HX secondary side along with inlet and dutleermocouples. Details of the data
reduction can be found in the data report [10]. dAscribed in Section 3.1.3, metering valves on
the injection lines were adjusted to limit the peaer flow to a level that would yield a corium
quenching rate of ~ 1.2 MW/nat saturated coolant conditions. However, inghy portion of
the test (t < 12.5 minutes), the debris was cobiath both below and above due to the fact that
water was added from the top to reduce the RV pletemperature. Thus, comparison of the
heat flux with this value is not that meaningfidlowever, by 65 minutes the data indicate that
the corium had been effectively quenched. TheiBpa&mnthalpy change upon complete quench
of the SSWICS-12 melt composition from 2000 °Cdtugation was estimated to be 1.3 MJ/kg.
Given the quench time (65 minutes), initial melts®@136 kg), and the test section planar area
(0.071 n?), the average heat flux during the transient \as talculated to be 640 kW/mThis
heat flux is noted to be significant in comparidornthe fluxes observed in previous SSWICS
tests [3] in which the melt was only flooded frone top.

With respect to the derived heat flux data showRigure 3-21, note that the underlying
calculation assumes a well-defined corium surfaea aquivalent to the test section planar area
[10,11]. In early tests, nearly all the corium eened within the bottom liner to form an ingot
with a surface area defined by the inner diamettéheMgO liner. However, for both Tests 12

71



OECD/MCCI-2010-TR02, Rev. 1

and 13 with water injection from the bottom, melasvejected throughout much of the test
section and so corium surface area was not weithel@f The heat flux plot shown in Figure 3-

21 is useful mainly for comparing the heat loadnwtevious tests. This could also be done
without assumptions of corium geometry by compadagdenser heat loads in Watts. Previous
test results were presented in terms of heat fluextd the interest in measuring the dryout heat
flux and so results have been presented here wihsame scaling even though the corium
surface area is not as well defined, at least enettrly part of the test when the relatively thin

layer of material covering the upper surfaces @eangoing quench to coolant saturation.
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Figure 3-21. SSWICS-12 Debris-Water Heat Flux.

3.3.3 Posttest Examinations

Despite the fact that the water injection flowratas limited in SSWIC-12, the melt was
still ejected above the MgO liners. This can bmpared with the results of previous SSWICS
tests in which the maximum corium height was esalintimited to the initial thermite powder
height. Photographs were taken in order to docurttes corium distribution. Figure 3-22
shows the lower assembly with all three MgO linarplace before and after the test. The figure
also shows the lower assembly after the test. @mbyof the liners are present in the second
photograph. The corium coating the liner walls a&madgsten plates was approximately 2 cm
thick. Figure 3-23 shows a wider view of the adsignthat includes the pressure vessel; this
photograph illustrates the characteristics of thisst material.

Additional examinations revealed that the coriurd B#so coated the upper internals of
the RV. Figure 3-24 provides a view from belowtlod upper plenum after the lower assembly
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had been removed. The circular plate seen inehéec of this photograph is the baffle used to
prevent water droplets from flowing directly uparthe steam line (see Figure 3-1). The 6 mm
stainless steel tubes used for the four water tiojedines were completely melted away by the
melt that was splattered into the upper regionthefRV. The steel liner above the third MgO
liner was also completely coated with corium, as west of the baffle plate.

/ MG . e R

Pretest (left) and Postte@ight) Views of Lower Test Assembly.

Figure 3-22. SSWICS-12

Figure 3-23. SSWICS-12 Lower Plenum Showing Crustbove Tungsten Partition.
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Figure 3-25. S>S>WICS-12 Pretest (left) and Postte@ight) VieWs of Basemat Assembly.

The lower section of the RV was subsequently liftegt from the test section bottom
flange using the cell crane in order to revealrdtranants of the basemat. Figure 3-25 provides
pretest and posttest photographs. Close exammafithese figures confirms that each nozzle
diaphragm melted as planned and that the porouge@remained within the nozzle housing.

Figure 3-26 shows the distribution of corium caiéetfrom the vessel. As the apparatus
was disassembled, corium was scraped from selecees, collected and weighed. The top
zone includes the underside of the flange and éaifid the sides of the pressure vessel above
the steel liner. The second zone consists of tiw 8ner and the third corresponds to the top
MgO liner. The fourth zone extends from the toptted second liner down to the top of the
tungsten partition and corium in the remainderhef Yessel is grouped into the fifth zone. The
mass for this lowest zone was assumed to be tlaadmfrom the initial 136 kg thermite charge.
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Note that corium occasionally fell from the wallarehg disassembly. Also, corium from one
zone might have fallen off during collection of icon from a neighboring zone and so there was
some mixing of material from various zones. Theautainty in the mass values given in Figure
3-26 is estimated to be £ 20%. It is likely, howewvthat the uncertainty is not random and that
the masses for the upper regions are skewed slighwl while those of the lower plenum are
high (as some corium fell into the lower plenumidgmdisassembly).

Finally, level measurements were made in each ef fdur quadrants in order to
determine the final debris depths remaining overthsemat. These data are shown in Figure 3-
27. The level was measured from the corium surfadbe top of MgO liner, which was 60 cm
above the basemat. Thus, corium depths in eattedbur quadrants were as follows: north 19
cm, east 18 cm, south and west 15 cm. These depth®e compared with the initial target
collapsed pool depth of 30 cm. The fact that thalfheights are significantly less than the
target depth is consistent with the debris dispehsa occurred within the test section.
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Figure 3-27. SSWICS-12 Corium Levels in Each Pation.

3.4 SSWICS-13 Test Results

3.4.1 Test Operations

The day before the test, the metering valves omnwttter lines were adjusted so that each
tank would provide an initial flow rate of 0.005/&EgThe adjustments were made over several
fill and drain runs. The day of the test, the wmlere each filled with water to a level of ~0.3 m
to provide the initial net driving heads of 0.2 barhe source pressure for the nitrogen sparging
lines was then set to 0.35 bar and the meteringesalere adjusted until the flow to each meter
showed 0.079 Ipm.

The day of the test, the RV structures and watpplgufor top injection were preheated
to J100°C to minimize heat sink effects after water injeati The thermite ignition system was
then armed and the cell closed. The igniter cait wnergized to initiate the thermite reaction,
which was first detected by a sudden rise in thpeuplenum gas temperature TG-RV; see
Figure 3-28. As for SSWICS-12, all data have bedotted such that the x-axis origin
corresponds with the initial rise in plenum gas perature as measured by TG-RV. Peak melt
temperatures of ~2000 were recorded in the north and south partitidng0aand 80 seconds,
respectively.
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At one minute into the test sequence the valvehensteam line to the condensate tank
was opened and at 1.4 minutes the signal to cliseudrge tank valve was sent so that steam
would be routed to the condenser and condensake the surge tank valve takes 10-15 s to
fully close. When closure of the surge tank valas confirmed, the isolation valves on the
water and sparge lines were opened. The firstimisiee HX outlet temperature was detected at
1.2 minutes while the first increase in the TDRelewvccurred at roughly 2.5 minutes. Gas
injection began from both lines at 1.23 minutegs&voir level measurements fluctuated, but by
roughly 5 minutes it became clear that water inoges were dropping in three of the four tanks.
The reading from the RV pressure transducer (Figu28) showed that after closure of the surge
tank valve and onset of bottom water injection, phessure steadily rose to a peak level of 1.15
bar at 3.2 minutes. Thereafter, the pressurerttiand stayed below 1.1 bar for the balance of
the test. By 92 minutes, three of the four tankd lkemptied. The fourth tank, which was
connected to one of the water/gas nozzles, didhjextt any water.

No further action was taken until 112 minutes, whkeater injection from the top was
initiated because the melt cooling rate seemecetntited by the lack of water from the fourth
tank. Top injection was repeated three more tibedsre the end of the test. The thermocouples
for the north melt sector (water nozzles, both safiukictioned) reached saturation temperature at
~ 108 minutes. The thermocouples in the south reetttor (water/gas nozzles, one tank
functioned) reached saturation temperature at ~ rhfutes. The test was subsequently
terminated at 151.1 minutes.
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Figure 3-28. SSWICS-13 RV Plenum and Surge Tank Iet Temperatures.

77



OECD/MCCI-2010-TR02, Rev. 1

1.3 5
—PA-RV

- =V-ST —
1.2 1 +4 o
8 2
\q-: PA-RV ﬁi
5 o
g 1.1 1 + 3 .:JZ:
o ri 3
o A £
0 1]
7] o
2 1.0 123
c S
© =
3} 0p)
8 V-ST g
X 094— — — — — — — +1%5
] >

|

|

0.8 1 1 1 T 0
-5 0 5 10 15 20

Elapsed Time After Ignition (minutes)

Figure 3-29. SSWICS-13 Test Section Pressure an@Ne Positions.

3.4.2 Thermalhydraulic Results

Operationally, SSWICS-13 called for water injectioom the top shortly after injection
from the bottom was observed. This was intendesufipress the temperature of superheated
steam early in the transient and avoid damaged@thssure vessel. This early injection was
not performed because the upper plenum gas ternperfatl quickly to < 720C at 1.3 minutes,
and remained below this value for the balance eftéist. Instead, water was added from the top
only late in the transient when it appeared thatrttelt cooling rate might be limited by a lack of
water. As the data presented later in this sedlwws, the cooling rate did indeed rise each
time water was injected. There may have yet besmtienvcovering the bottom of the melt and the
surge in heat flux could have been due to coolirgelt attached to the sides of the liners.

In terms of the bottom coolant injection systemtexdlow was established from only
three of the four reservoirs. Level data fromrtbgervoir tanks is provided in Figure 3-30, while
the corresponding injection flowrates (calculated differentiating the tank level data with
respect to time) are shown in Figure 3-31. Howgether injection rate from each of the three that
functioned was ~ 4.5 g/s, close to the target oate g/s. Two of the emptied reservoirs were
connected to water nozzles on the north partitidnch cooled to saturation temperature first at
~108 minutes. One of the two tanks connecteddonditer/gas nozzles in the south partition did
not drain. The south partition did not reach s#tan temperature until ~ 150 minutes. As
shown in Figure 3-32, both sparge lines began jexirmgas at 1.2 minutes, but line 2 spiked at
around 3.0 minutes and then fell to zero at ~ 4inutes. Flow through line 1 was roughly 0.02
Ipm for the first 83 minutes. Neither line reachkd target rate of 0.06 Ipm.
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Condensate Tank Inventory (kg)
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Figure 3-30. SSWICS-13 Nozzle Reservoir Tank Watt Level Data.
10
—R1: water
8 R2: water
—R3: water/gas
6 ]
4 !
2 |
0 '\J 1 1 1 1 1 1 1
-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150

Elapsed Time After Ignition (minutes)

SSWICS-13 Nozzle Water Flowrates.

Figure 3-31.
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Figure 3-32. SSWICS-13 Nozzle Gas Flowrates.

Figures 3-33 and 3-34 show the melt temperaturessuned in the north (water nozzle)
and south (gas/water nozzle) melt sectors, resgdgti The peak temperature of ~ 20@was
reached within 1.3 minutes. Thereafter, the teatpees in both sectors declined steadily to the
coolant saturation temperature. As noted earttez, time for complete quench in the north
sector was less than that in the south (i.e., ~rb&ites vs. 150 minutes), but this is most likely
due to the fact that coolant flow was not estaklisto one of the nozzles in the south sector.
Thus, it is not possible to determine from the nefhperature data whether gas injection had
any influence on the cooling behavior. In additidhere seems to be no clear correlation
between the junction elevations within the melt #rallocal debris cooling rate for this test.

Figure 3-35 provides the debris-water heat fluxweer from measurements of condensed
steam flow (DP and TDR) and from an energy balamcéhe heat exchanger that condenses the
steam (HX)! The flux evaluated from the heat exchanger dd) provides the best estimate
of the heat removal rate for this test since thpedweated steam produced by the bottom
guenching process passed directly into the condeaseopposed to being cooled to saturation
by an overlying water layer as occurred in SSWI@S-This can be contrasted with the flux

As for SSWICS-12, two independent measurements weed within the condensate tank: a differentiaspure
sensor (DP) that measures water column head aintkadomain reflectometer (TDR) that measures wedérmn
height. The heat exchanger energy balance wagedefiom a flow measurement on the HX secondary aidng
with inlet and outlet thermocouples. Details of thata reduction can be found in the data repdit [1
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estimates based on the condensate collection hrateassume saturated steam conditions, since
the steam inlet conditions to the condenser ar@remisely known.

As described in Section 3.2.2, metering valves lanihjection lines were adjusted to
limit the peak water flow to a level 5 g/s, whictelgs a maximum corium quenching rate of ~
600 kW/nt at saturated coolant conditions. This was hafftbwrate limit set for SSWICS-12,
and the reduction was motivated by a desire tdhéurtimit the melt dispersal that occurred in
that test. As is evident from Figure 3-35, thethke during the early phase of the experiment
exceeded this limit (due to superheating of tharatas it passed up through the melt). During
the middle portion, the flux hovered near 250 k\Whefore tapering off to zero as the material
cooled to saturation. Since one of the nozzleshdidopen in the south sector, that region was
water-starved late in the test sequence becauséhbatoolant required to quench the melt was
retained in the reservoir tank. On this basis tamdhl water was added using the top flooding
system at 111, 128, 140, and 145 minutes, and éheisdin the south sector was finally
guenched at 150 minutes.

On the other hand, the debris in the north sects fully quenched by bottom injection
alone at 108 minutes. The specific enthalpy chamgan complete quench of the melt from
2000 °C to saturation is estimated as 1.3 MJ/kapésas that assumed for SSWICS-12). Given
the quench time (108 minutes), initial melt masthm north sector (78 kg), and the sector cross-
sectional area (0.0353nthe average heat flux during the transient \mas talculated to be 450
kW/m?. This heat flux is noted to be significant in qmarison to the fluxes observed in previous
SSWICS tests [3] in which the melt was only floodiexin the top.
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Figure 3-33. SSWICS-13 Melt Temperatures in NortlfQuadrant (water nozzles).
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Figure 3-35. SSWICS-13 Debris-Water Heat Flux.
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3.4.3 Posttest Examination

Disassembly of the pressure vessel indicated tledtt was ejected upwards in a fashion
similar to that of SSWICS-12. However, there waschmless corium in the upper liners and
none on the lid. The stainless steel liner wagetbavith a rather even layer of corium with a
thickness of 1-2 mm. It was not possible to wellgis corium separately because it was not
firmly attached to the steel and much of it felloirthe lower plenum with other debris during
disassembly. Figure 3-36 shows top views of theetoplenum before and after the test, while
closeups of the posttest debris configuration enrtbrth and south basemat sectors are provided
in Figure 3-37.

Figure 3-36. SSWICS-13 Pretest (top) and Posttediottom) Views
of Lower Test Assembly.
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&\: A tm‘ - ¢/ r g
Figure 3-37. SSWICS-13 Closeups of Debris in Nortfiop) and South (bottom)
Basemat Sectors.

Figure 3-38 shows the distribution of corium caiéztfrom the vessel. As the apparatus
was disassembled, corium was collected and weighéte top zone consists of the steel liner
and the second zone corresponds to the top Mg@ lifke third encompasses the entire lower
plenum. The amount of corium attached to the limas based on the observed thickness range
and a density of 6000 kgfnestimated to be between 1.7 and 3.4 kg. Coriuas firmly
attached to the MgO liners and so the mass inghengl zone could be determined directly by
chipping corium away from the liner and weighingéparately. Corium from this second zone
weighed 9.5 kg. Corium that fell from the steakli was combined with loose debris taken out
of the lower plenum. This was weighed and foundb¢oll1l.5 kg. The remaining corium was
firmly affixed to the liners of the lower plenum danthe tungsten plates. This material was
estimated to be 113 kg based on the initial chafde6 kg.

Finally, level measurements were made in each ef fdur quadrants in order to
determine the final debris depths remaining overthsemat. These data are shown in Figure 3-
39. The level was measured from the corium surfadbe top of MgO liner, which was 62 cm
above the basemat. Thus, corium depth in the s@ctor where water only was injected was 21
cm, while the depth in sector where a water/gagurgxwas injected was 16 cm. These depths
can be compared with the initial target collapsedl glepth of 30 cm. The fact that the final
heights are significantly less than the target llaptconsistent with the debris dispersal that
occurred within the test section.
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35 Discussion

Operationally, both SSWICS-12 and SSWICS-13 fumettbas designed. SSWICS-12
featured an inert MgO basemat with four porous oetecinjection nozzles mounted flush with
the MgO surface. Water driving pressure was thepgaameter investigated in this test, with
heads of 0.05, 0.1, 0.15 and 0.2 bar applied tddienozzles. Each nozzle was separated from
the other by a tungsten cruciform that effectivéiyided the test section into four quadrants. In
SSWICS-13, a specialty tube design was employdte design was further refined by injecting
water through two tubes in one sector of the mdiile a nitrogen gas-water mixture (20 % void
fraction) was injected through two tubes in theeothin SSWICS-13, the additional step was
taken to cover the upper surface of the injectidres with a 10 mm thick layer of concrete to
prevent direct contact with the melt following titermite burn.

In SSWICS-12, the nozzles were throttled to provadpeak debris cooling rate of 1.2
MW/m? referenced to saturated coolant conditions. @lirfnozzles successfully opened upon
contact with the melt, and debris quenching wadeaeld over a timescale of nominally 65
minutes. The average debris cooling rate overtitrie interval was 640 kW/mwhich is ~ 50
% of the peak limit set by the nozzle orificinghéfe was no discernable effect of water head on
the rate of cooling in the pressure range invewtyas part of this study. At the throttled
flowrate for this test, melt dispersal was quiteyé leading to coating of the interior of the test
section. As a result, water was added from theriagm effort to cool the upper internals of the
RV. This somewhat complicated the data analysis,itbdid not change the fact that the melt
was quenched rapidly and effectively at a rate éxaeeded by considerable margin the cooling
rates achieved in the other SSWICS tests in whiehnelts were only cooled by top flooding
alone [3].

For SSWICS-13, the nozzles were further throttegrovide a peak debris cooling rate
of ~ 600 kW/n? referenced to saturation conditions. Following thermite burn, the melt was
able to ablate through the 10 mm thick concreteerlayverlying the nozzles and flow was
initially established in all four nozzles. Howeyshortly afterwards one of the nozzles that was
fed by the gas/water mixture plugged so that aolakdi water injection through this nozzle did
not occur. For the three nozzles that did opea,ctirinjection of gas through the third nozzle
was found to have no discernable influence on therame water injection flowrate when
compared to the water-only nozzles over the dumatibthe quenching transient. Once water
flow was established, the injection flowrate appéato be relatively constant at a flowrate that
was ~ 90 % of the throttled value. Based on theetio quench, it is estimated that the debris
cooling rate in the sector where both water nozafe=ned was on average 450 k\W//mhich is
~ 75 % of that estimated based on the assumptisgatoirated coolant conditions in the melt
pool. In this test, melt dispersal still occurmge to steam sparging through the melt, but not
nearly to the extent as that seen in SSWICS-12lt denching in SSWICS-13 also occurred at
a rate that significantly exceeded that observedthe previous SSWICS top flooding
experiments [3].
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4.0 SUMMARY AND CONCLUSIONS

One of the key experiment objectives of the MCQifBgram was to conduct tests to
investigate new design features to enhance cotlabélpplicable particularly to new reactor
designs. In order to meet this objective, onedatple water-cooled basemat integral effect test
was conducted to provide data on the cold-crucibkthod for melt stabilization, and two
separate effect tests were carried out to provata dn the melt fragmentation method for melt
stabilization. This final report has summarized test facilities, operating procedures, and key
test results obtained from these three experiments.

The specific objective of the Water-Cooled Basernsst (WCB-1) was to provide
prototypic data on the transient evolution and ittion of a core melt in a generic water-
cooled core catcher design for advanced plant eggpdns. The experiment approach was to
incorporate a water-cooled basemat into the conerete interaction test apparatus used for the
CCl tests. The basemat was composed of five lpavahter channels that were instrumented to
provide both local and global data on the platet hemsfer performance. The basemat was
covered with a layer of sacrificial concrete thatswablated by the overlying melt at the start of
the experiment. Eventually, the melt approached]| then was thermally stabilized at, the
interface of the water-cooled plate. The resulenfthe test indicate that the up-down power
split was heavily biased upwards to the overlyirafexr pool that was added on top the melt as
the ablation front approached the plate. In gdnén@ plate was successful in cooling and
stabilizing the core melt, although several hottspteveloped on the plate as the experiment
progressed, and the input power was reduced orb#sa. However, the hot spots were noted to
form on the ribbing between coolant channels, afdit@nal analysis is needed to determine if
the hot spots are problematic, or indicative of hieat removal that would be expected from a
ribbed plate design. Due to the longer timeframssoeiated with this type of test, Direct
Electrical Heating (DEH) was used to simulate delsagt within the melt to provide sufficient
time for the melt to come to thermal equilibriumeothe plate.

Two separate effect tests were carried out in tR&/ECS test facility to provide data on
the melt fragmentation cooling mechanism. The abje of the first test (denoted SSWICS-12,
which was the 12 test in the SSWICS series) was to evaluate thexetff pressure head on the
debris cooling rate using a porous concrete nakzdign. The experiment approach was to install
four nozzles into the inert MgO basemat of the SS®/hpparatus; each nozzle was fed by a
different header tank, and the four tanks weretjmo®d at different elevations in the test cell in
order to vary the water head to each nozzle. €bedection was divided into four quadrants
using a tungsten cruciform, with one nozzle in equadrant. This design basically allowed four
tests to be conducted simultaneously. The objeaifthe second test (i.e., SSWICS-13) was to
examine the influence of concurrent noncondens@lgde Ny) gas injection on the local debris
cooling rate, since the presence of non-condensghk during melt-water interaction is
postulated to suppress the possibility of an energeeraction. For this test, four stainlesste
tube nozzles were incorporated into the basemat,were fed with water only, while the other
two were fed with a gas-water mixture. A tungsteuciform was used for this test to separate
the test section into two sectors; the first sidetained the water-fed nozzles, while the second
contained the water-gas mixture nozzles. All fowzzles were fed with the same driving
pressure. This approach thus allowed two testeetoonducted simultaneously. The results of
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both of these experiments confirmed that melt cgpby bottom water injection is an effective
method for quenching the core melt. The resultS®WICS-12 showed that water head on the
nozzles had no discernable effect on the debriaajueg rate in the pressure range investigated
as part of this study. All four porous concretezies that were used in this test opened upon
melt contact and provided a pathway for water teretine melt. For SSWICS-13, the concurrent
gas injection was found to have a negligible immacthe overall average debris quenching rate
relative to that measured for pure water. In ths, three of the four nozzles opened upon melt
contact, while the fourth opened briefly and théugged for the balance of the test. The nozzle
that plugged was intended to inject the water-gesune.
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