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1.0 INTRODUCTION
1.1  Background

Ex-vessel debris coolability is an important ligidter reactor (LWR) technical challenge.
For existing plants, resolution of this challengél wonfirm the technical basis for severe
accident management guidelines (SAMGs). For naetoes, understanding this challenge will
help confirm the effectiveness of the design angl@mentation of new accident mitigation
features and severe accident management designagites (SAMDAS). The first OECD-MCCI
program (MCCI-1) [1] conducted reactor material exqments focused on achieving the
following technical objectives: i) provide confirtagy evidence and data for various cooling
mechanisms through separate effect tests for sewerdent model development, and ii) provide
long-term 2-D core-concrete interaction data fode@ssessment and improvement. Debris
cooling mechanisms investigated as part of thigmam included: i) water ingression through
cracks/fissures in the core debris, ii) melt erumdi caused by gas sparging, and iii) large-scale
crust mechanical failure leading to renewed bulbliog. Additional descriptions of these
mechanisms are provided in Table 1-1. The resfiltasting and associated analysis provided an
envelope (principally determined by melt depth) debris coolability. However, this envelope
did not encompass the full range of potential ndgpths for all plant accident sequences.
Cooling augmentation by additional means may belegeat the late stage to assure coolability
for new reactor designs as well as for various deti sequences for existing reactors. In
addition, the results of the CCI tests showed ldtatal/axial power split is a function of concrete
type. However, the first program produced limiata sets for code assessment. In light of
significant differences in ablation behavior foffelient concrete types, additional data would be
useful in reducing uncertainties and gaining caarick in code predictions.

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

1. Combined effect tests to investigate the interpiglifferent cooling mechanisms, and to
provide data for model development and code asssggmrposes.

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

3. Tests to generate two-dimensional core-concreggdantion 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 extrapwigtthe experiment findings to plant conditions.

12 Objectivesand Approach

As part of the steps to satisfy these objectivemta of 10 successful reactor material
experiments were carried out across the four testgories described above; these tests are
summarized in Table 1-2, along with a descriptibkeay findings from each test category.
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Table1-1. Summary of Coolability M echanisms Observed in Integral Tests[1].

up

M echanism Description Experimental Evidence
Melt sparging rate is initially high enough to High heat transfer rates measured during
Bulk preclude stable crust formation at melt/water | early phase of the melt-water interaction.
Cooling | interface, resulting in high heat transfer rates duata indicates that a coherent crust cannot
to conduction and radiation across the agitated form; rather, crust segments are broken
(area enhanced) interface. Phase terminated | and mixed into melt. Validated models
when a stable interfacial crust forms. have been developed for this mechanism.
Melt dispersal occurs by an entrainment Eruptions have been observed in all tegts
Melt mechanism where sparging gas carries melt | conducted with limestone-common sand
Eruptions | through defects in the crust into the overlying | concrete after crust formation. The
coolant. The dispersed material is quenched agarticle beds are characterized by high
coolable bed of particles and high surface area porosity and large particle size.
volcanic formations.
Corium shrinkage during quench is ~ 18 vol%. Melt/water heat flux far exceeds that
Water This causes voids/defects to appear in the frozemhich could by transferred by conductign
Ingression | material. Water penetrates down through the | across the (up to 10 cm) thick crusts
voids/defects, augmenting the otherwise formed during the tests. Posttest
conduction-limited heat transfer process. measurements indicate that crusts are
permeable.
Due to water ingression, thick crusts form and| Partial crust failures observed in MACE
Crust bond to the cavity walls. These crusts will not| integral effects tests. Various structura
Breach | stable in the typical span of most plants. Thus, mechanical analyses have shown that

they will fail, leading to renewed cooling by the
above mechanisms.

crusts will not be stable at reactor scale|.

Table 1-2. Summary of Tests Completed as Part of the MCCI-2 Program.

Cl
C

Cat. Task Description No. of No. of Tests Summary of Findings
No. Tests Completed
Proposed
1 Combined effect tests up to 4 4. 1) Confirmed prototypicality of crust strength
to investigate the SSWICS-81to 11 measurements made in MCCI-1.
interplay of different 2) Demonstrated that gas sparging during C
cooling mechanisms can enhance crust water ingression cooling.
2 Tests to investigate upto 4 2 small scale: | 1) Provided data on the effects of water head
new design features small SSWICS-12, 13 and concurrent NC gas injection on the
to enhance coolability scale or 1 large scale: efficacy of bottom water injection cooling
1-2 large WCB-1 2) Demonstrated transient evolution and
scale stabilization of a core melt over a water-
cooled steel plate.
3 Tests to provide 1-2 2: 1) Provided data on the effect of cladding
additional 2-D core- CCl-4, CCI-5 oxidation state on long-term CCI.
concrete interaction 2) Demonstrated that test scale did not
data influence rad/ax power split for SIL concrete
4 Integral tests to 1-2 1: 1) Demonstrated that early cavity flooding
validate severe CCI-6 significantly enhances debris coolability,
accident codes even for siliceous concrete.
2) Demonstrated that eruptions are a viable
cooling mechanism for siliceous concrete
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In Category 1, four separate effects tests werepteted [2] in the SSWICS test facility
that was developed as part of the MCCI-1 program\estigate water ingression cooling under
inert basemat conditions [3], as well as crusingfite [4]. The effect of gas sparging on the water
ingression cooling was investigated in two tests. (8SWICS-8 and SSWICS-11) by injecting
argon through capillaries embedded within the basentGases generated at the bottom of the
melt rose up through the corium due to buoyancy gl had the potential to create melt
porosity, which may supplement the fissures induogdhermal stress cracking and enhance
water ingression cooling. Conversely, two othetst§se. SSWICS-9 and SSWICS-10) were
carried out to address the possibility that cutiimgopts into thinner sections contributes to the
existing crack structure and weakens samples bédack testing. Ingots produced by the first
seven tests in MCCI-1 were sectioned becauseheigat of 15 cm, they were too thick to fail in
the desired mode when loaded with the apparatugrassb to measure sample strength. This
uncertainty was eliminated for the new tests byicaty the corium charge to 25 kg so that the
guench process produced a 5 cm high ingot thatddoeilload tested without first experiencing
the sectioning process.

The Project Review Group (PRG) convened a subcamenih order to guide the planning
process for Category 2 experiments. Based on tmemittee deliberations, two general
approaches for stabilizing ex-vessel core meltewefined; i.e.

1) a cold-crucible method in which decay heat fromdbeum 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 steamateon acts to cool and solidify the
melt in a highly porous configuration that is réagiermeable by water.

As shown in Table 1-2, one large scale water-codasemat integral effect test was
conducted in this area to provide data on the coldible method for melt stabilization, and two
separate effect tests that utilized the SSWICSfaesity were conducted to provide data on the
melt fragmentation method for melt stabilizatiof. [3'he specific objective of the Water-Cooled
Basemat (WCB-1) test was to provide prototypic aatdhe transient evolution and stabilization
of a core melt in a generic water-cooled core @atdesign for advanced plant applications. The
experiment approach was to incorporate a waterecobhsemat into the test apparatus used for
the CCI tests [1]. Due to the longer timeframsoagted with this type of experiment, it was
necessary to Direct Electrically Heat (DEH) the tmel provide sufficient time for the melt to
come to thermal equilibrium. The objective of thestftest bottom water injection test (viz.
SSWICS-12) was to evaluate the effect of presseagl lon the debris cooling rate using a porous
concrete nozzle design. The approach was to irfstallnozzles into the inert MgO basemat of
the SSWICS apparatus; each nozzle was fed by erelff header tank, and the four tanks were
positioned at different elevations in the test aelbrder to vary the water head to each nozzle.
The test section was divided into four quadrantagua tungsten cruciform, with one nozzle in
each quadrant, which basically allowed four testba conducted simultaneously. The objective
of the second test (viz. SSWICS-13) was to exarthinanfluence of concurrent noncondensable
(i.e., Nb) gas injection on the local debris cooling ratecs the presence of non-condensable gas
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during melt-water interaction is postulated to segp the possibility of an energetic interaction.
Four stainless steel tube nozzles were incorporatedthe basemat for this test; two were fed
with water only, while the other two were fed wahgas-water mixture. A tungsten cruciform
was used to separate the test section into twmrsedhe first side contained the water-fed
nozzles, while the second contained the water-gagira nozzles. This approach thus allowed
two tests to be conducted simultaneously. Noté EgH was not used in these tests since the
heat removal rate by bottom injection significantlyceeds decay heat, and so the absence of
sustained heating did not constitute a signifiexmeriment distortion.

In Category 3, two additional large scale CCI expents were completed [6] that were
focused on broadening the database that was dexkbyppart of the MCCI-1 program [1]. The
overall objective of this test series was to previicformation in the following areas: i) lateral vs
axial power split during dry core-concrete intei@ct ii) integral debris coolability data
following late phase flooding, and iii) data regagl the nature and extent of the cooling
transient following breach of the crust formed la¢ tmelt-water interface. The experiment
approach was to investigate the interaction ofgiypic core melts with specially-designed 2-D
concrete test sections. The initial phase of éséstwas conducted under dry cavity conditions.
After a predetermined time interval and/or ablatit@pth was reached, the cavities were flooded
with water to obtain data on the coolability of eanelts after core-concrete interaction had
progressed for some time. Tests CCI-1 through E@I-MCCI-1 [1] principally addressed the
effect of concrete type on 2-D cavity erosion beétiaand late phase debris coolability. Test
CCI-4 expanded the parameter base addressed teghseries by examining the influence of
core melt composition on cavity erosion behaviait anolability. The specific objectives were
to: i) increase the metal content of the melt ®lighest practical level to more accurately mock
up a BWR core melt composition, and ii) modify Hygparatus design to increase the duration of
the dry core-concrete interaction phase. The ébgective was met by placing a metal-bearing
concrete insert on top of the concrete basematwhatablated into the melt prior to onset of
basemat ablation, thereby increasing the metakoomo the target levél. The second objective
was met by reducing the inside dimension of thecoste crucible (i.e., 50 cm to 40 cm) to
provide more concrete for ablation, in additionattowing the ablation to proceed to a greater
depth into the crucible relative to the limits inggd in the original test series. Conversely, Test
CCI-5 focused on examining the influence of melblpaspect ratio on the radial/axial power
split under dry cavity conditions. The specifigesiive was to increase the test section aspect
ratio (i.e., test section width/melt depth) to tireatest extent possible to more accurately mock
up prototypic conditions. The approach was to ryaitie test section design to include a single
concrete sidewall that would undergo ablation, wherthe opposing sidewall was made from
refractory MgO that essentially created an adiabbtiundary condition. The initial distance
between the sidewalls was also increased from 5@oc#® cm to maximize the aspect ratio at
the start of the experiment.

Finally, in Category 4 a single large scale inted¢est [8] was conducted to provide a
database for validation of severe accident codderutie conditions of early cavity flooding. In

This technique was originally developed as parthef Advanced Containment Experiment Molten Core dZete
Interaction (ACE/MCCI) test series [7] that focusad quantifying fission product source term duedoe-concrete
interaction.
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the event that the core melt was not quenched t@hdized in the early phase, an array of water
injection nozzles was cast into the basemat sotiaddl data on Category 2 bottom water
injection cooling could be obtained during the lptease of the test. The experiment approach
was to enlarge the test section to include a 7& @i cm basemat, and the initial melt depth was
increased to 28 cm, which corresponds to a melsmah800 kg. To better reflect early flooding
conditions, the thermite charge was redesignedntdude a reduced amount of concrete
decomposition products (i.e., 6 wt %) relativehe previously performed CCI tests. In contrast
to previous tests, the core melt was flooded soiber ahe melt was produced and before
significant cavity erosion had occurred.

The purposes of this final report are to: i) sumeekey results from the various test
categories, and ii) evaluate the results in termsatisfying the overall program objectives
described above. To that end, a summary of relatedies is provided immediately below,
followed by a description of key results and firghnfrom each of the four test categories.
Additional information regarding the apparatusescpdures, and results are provided in the final
reports that were prepared for each test CategorA. bibliography of all technical reports
prepared as part of the MCCI-2 program is provigesppendix A.

1.3 Related Studies

The purpose of this section is to identify ancetyidiscuss findings from related studies
in the various test categories that have been asieldeas part of this work. For consistency, the
literature review is organized along the same lines

1.3.1 Category 1 Studies

This area generally consists of separate effect amdilant material tests to provide
phenomenological insights and test data to suppmdel development and code validation
activities. Areas of investigation relevant to delroolability have included the quench rate of
of melt pools and particle beds by water ingressamd the strength of crust material formed by
contact with water. As discussed by Sehgal [9f tioolability of particle beds in the
containment is similar to that in beds formed ieside lower head, with the primary difference
being the presence of noncondensable gases spathmggh the bed from concrete
decomposition. The effect of countercurrent ingas flow on the quenching process was
evaluated in the POMECO test facility for beds wathrying porosities [10,11]. The data
indicated that for gas flowrates that are char&tterof core-concrete interactions, counter-
current gas flow reduced the quenching rate for pmrosity (i.e. 26 %) particle beds, but the
gases had little effect on quench rate for higlogity (i.e. 40 %) beds. In general, the effect of
non-condensable gas sparging on the dry out hewatdild not appear to be large. These tests
[10,11] were predominately 1-D, and the POMECO litgcwas subsequently upgraded to
examine multi-dimensional bed quenching effects].[12These tests indicated that lateral
injection of water did not significantly increadeetcooling rate relative to top-down quenching
scenarios.
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Aside from the heat transfer data, the SSWICS #@sts provided valuable information
on the mechanical strength of corium crusts thahfduring quench [14]. These measurements
showed that the crust is quite weak, and would ridikely to anchor to the cavity sidewalls at
plant scale during an ex-vessel severe accidehe r@sults of the MACE test series [15] clearly
showed that in relatively small test sections, dhests could anchor, eventually leading to melt-
crust separation as the core-concrete interactiocepded downward. Formation of this gap was
found to effectively terminate the melt eruptiondamater ingression cooling processes [15].
Thus, the finding [14] that the crust will not anchat plant scale is important since sustained
melt-crust contact in a plant accident will alldwese cooling mechanisms to proceed.

1.3.2 Category 2 Studies

The primary objective of research and developm#atte in the area of ex-vessel corium
coolability has been to demonstrate through a coatlwn of experiments and analysis that core
melt interacting with concrete can be quenched milered coolable over a wide range of
conditions. Unfortunately, this has been a ditti@bjective to achieve. Results to date [1,15-
16] indicate that modestly deep (i.e., < 40 cm)ecorelt pools interacting with LCS concrete
should be coolable. However, for deeper meltg§pomelts interacting with siliceous concrete,
the same conclusion cannot be drawn.

For new Generation 3+ plants, the focus has beeachbieving 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. dascribed by Sehgal [9], two approaches have
been taken: i) in-vessel melt stabilization anemgon, and ii) ex-vessel coolability and melt
retention. In-vessel melt retention relies on dimg of the reactor pit and submerging the vessel
lower head with water. The design challenge is dase 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 [17] arid@®P[18] plant designs.

As noted earlier, for ex-vessel conditions, two rapphes for stabilizing the melt have
been either proposed or adopted, viz., i) the caldible technique, and ii) melt fragmentation.
The cold crucible technique has been adopted BERR" [19] that features a spreading room
adjacent to the reactor pit in which the melt i®led by water from the bottom and top after
spreading is completed. An extensive series dfsitile experiments were performed in order
characterize the heat removal capabilities of tmsling structure [20]. The VVER-1000 also
utilizes a crucible technique, but in this desifga trucible is located directly below the reactor
vessel [21].

The melt fragmentation technique, denoted COMET, s waioneered 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 [22-
24]. However, to the best of the author's knowkediis concept has not been deployed in any
current reactor design.  Another concept thatdess developed by Sehgal and coworkers [25-
26] are downcomers that provide a pathway to cHamater from the top of the melt pool to the
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bottom, where the water is introduced into the welbltereby achieving the same beneficial
results as those observed for COMET. This teclaniouay be useful as a simple backfit to
existing plants to improve the chances of cooling atabilizing the core melt in the event of a
severe accident.

1.3.3 Category 3 Studies

This section covers previous studies that haven l=aried out to investigate core-
concrete interaction under dry cavity condition®ther studies addressing these interactions
under wet cavity conditions are described in the section.

Early transient high temperature steel simulanteexpents were conducted under dry
cavity conditions by Powers et al. [27,28] at Sanbiational Laboratories to identify basic
phenomenology associated with core-concrete itierac These early transient tests were
followed by additional sustained heating experirmemsing metallic melts at different power
levels by Copus et al. [29,30] and Tarbell et al][at Sandia, as well as Alsmeyer et al. [32,33]
at Karlsruhe Institute of Technology (KIT; formeffprschungszentrum Karlsruhe) in Germany.
Recently, Sevén et al. at VTT in Finland [34] coothd transient metal tests focused on
guantifying the ablation characteristics for heteationcrete, which is the type used as sacrificial
material in the EPR reactor pit. In terms of reachaterial testing, a series of 1-D experiments
addressing thermal-hydraulic behavior and fissimdpct release were conducted by Thompson
et al. [7,35] and Fink et al. [36] at Argonne Na@b Laboratory. In addition to these tests,
several large scale 1-D core melt tests were caoug at Sandia under both transient [37] and
sustained heating [38-40] conditions. Finally, Z@re-concrete interaction experiments under
dry cavity conditions have been carried out at Wé_CANO test facility at CEA in France
[41,42]. Results from both the simulant and reaataterial testing programs are summarized
below.

Powers et al. [27,28] conducted early explorat@std at Sandia that investigated the
transient interaction of superheated steel meltp (o 200 kg) with basaltic and
limestone/common sand concretes. These testaleglvéhat concrete erosion is primarily a
melting process as opposed to a mechanical sjpallatiocess, and that water vapor and, CO
released by concrete decomposition are reducegdimdgpen and CO. The results also showed
that the heat transfer rate to the concrete wdseinéed by the gas generation rate and the
crucible geometry.

These tests were followed by additional SURC-seaxiggeriments by Copus et al. [29,30]
that featured enhanced instrumentation to monitemelt and concrete temperatures during the
interaction and to quantify aerosol release, a$ ageinduction heating of the metal melt in order
to mock up decay heat. A key element of theseraxpats was the addition of zirconium to the
melt after the interaction was underway. The expents exhibited large increases in melt
temperature, erosion rate, concurrent gas releask aerosol production following zirconium
addition. Another phenomenon that was identifiexb the extensive production of low density
oxide foam.
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In addition to the high temperature sustained hgatests, Tarbell et al. [31] conducted
the FRAG test series to investigate the long-temteraction of solidified core debris with
various concrete types. During cooldown of theatlietphase during long-term core-concrete
interaction, partial or complete solidification thle metal phase may occur, leading to sustained
concrete attack by an overlying solid mass. Tiselte showed that low-temperature debris is
capable of eroding both basalt and limestone/comsama concrete types; typical erosion rates
were of the order of 3-4 cm/hour for the input poveeels applied during the tests.

Aside from the metal tests conducted within the.lUtlse BETA test series [32] at KIT
provided early valuable data on multi-dimensior@eeconcrete interaction using metallic melt.
A total of 19 experiments were conducted in theesemost tests (i.e., 16) utilized siliceous
concrete, although three experiments utilized lbo®s/common sand concrete. The metal melts
were also inductively heated using a cylindrican@ar induction coil to simulate decay heat,
and different input power levels were used to magldifferent stages of the accident sequence.
Early, rapid cooling of the metal phase was obskmehese tests. For siliceous concrete, axial
erosion was found to be more significant than dadidhe limestone/common sand tests
exhibited a more uniform radial/axial power split.

Motivated by the findings of the SURC metal tesiese[29,30], additional experiments
were carried out in the BETA test facility [33] &valuate the effect of cladding oxidation on
ablation behavior. The results confirmed the gjrmfluence of the Zr oxidation process during
the early cavity ablation phase with siliceous cete; which was attributed to the exothermic
reduction of SiQ by the Zr to form Si metal that was later oxidizzdCQ, and HO concrete
decomposition gases.

More recently, the transient interaction betweentathe melt and concrete was
investigated by Sevon et al. in the HECLA progra&#][by pouring melt streams into concrete
crucibles and observing the cavity ablation behaa®the melt cooled. Five experiments were
conducted in this test series; the first two usedinary siliceous concrete, while the last three
used hematite concrete typical of that used inrdaetor pit of the Olkiluoto 3 EPR plant in
Finland. The main objectives of these tests were) tovestigate the ablation characteristics of
this special concrete type in comparison to orginailiceous concrete, and ii) obtain
thermophysical property data for the concrete @l linformation was available in the open
literature at the time. Based on the experimestiltg, it was estimated that ~ 83 mm of
sacrificial concrete would be ablated during thi@ahinteraction in the Olkiluoto 3 reactor pit,
which is much less than the 500 mm of material iy in the plant design.

In terms of reactor material tests, six large scasetor material experiments addressing
thermal-hydraulic behavior and fission product ask during core-concrete interaction were
conducted by Thompson et al. [7,35] and Fink ef34l] at Argonne National Laboratory. These
tests were carried out in a one dimensional tedicsethat examined axial erosion behavior.
Direct Electrical Heating (DEH) of the melt was ds® simulate fission product decay heat.
The melt was doped with non-radioactive isotopegeayf fission product species to mock up
fission products in the melt. The results showmat the concrete erosion process is closely



OECD/MCCI-2010-TRO06, Rev. 1

linked to concrete type, and that fission produslease during core-concrete interaction is
actually quite low [36].

In addition to the 1-D core melt experiments conedat ANL, several large scale 1-D
tests were carried out at Sandia under both trandi@/] and sustained heating [38-40]
conditions. The initial TURC experiment series ][3donsisted of pouring suboxidized
[(U,Zr)O2,] core melts into limestone/common sand crucibled abserving the extent of
concrete ablation and aerosol release as the nwited. The results indicated very rapid crust
formation on the concrete surfaces upon initialtaot) which resulted in no detectable concrete
ablation over the course of either test. The syleset SURC test series [38-40] investigated the
longer term interaction of suboxidized core mefieiacting with limestone/common sand and
basaltic concrete crucibles by inductively heatunggsten susceptors that were positioned in the
crucible. Consistent with findings from the otlpgograms, the results of these tests showed an
initial rapid period of erosion and melt temperat@scalation during the Zr oxidation phase,
followed by a reduced erosion rate and declinindt neenperature after the cladding was fully
oxidized.

Aside from U.S. programs, studies of multi-dimensil core-concrete interaction under
dry cavity conditions have also been carried ouhatVULCANO test facility at CEA [41,42].
The main experimental objectives of this programtarinvestigate long-term 2-D core concrete
interaction using either purely oxidic core melt,stratified configurations consisting of metal
and oxide layers, which is the expected conditibplant scale. The major finding from these
tests is the ablation is non-isotropic for siliceamoncrete, which is consistent with the findings
from the OECD/MCCI-1 core-concrete interaction twstes [1,43].

1.3.4 Category 4 Studies

In terms of wet cavity core-concrete interactiolosy temperature simulant experiments
have been conducted by Theofanous et al. [44] émtify phenomena associated with melt
coolability, while high temperature simulant expsents have been conducted at Sandia by Blose
et al. [45,46], as well as Sdouz et al. [47] andmAdyer et al. [48] at KIT, to investigate
coolability with concurrent concrete erosion. &mms of reactor material testing, the COTELS
[49,50] and MACE [15,51] experiment programs haeerbcarried out to investigate coolability
mechanisms under prototypic MCCI conditions. Rissédlom both the simulant and reactor
material testing programs are summarized below;entiborough discussions of the findings in
this area are provided by Farmer et al. [15] artth8kE[52].

To investigate fundamental phenomena associatédneit coolability, simulant material
experiments were conducted by Theofanous, Liu, nen [44]. In these tests, glycerin and
liquid nitrogen were used to simulate the melt amdrlying coolant, respectively. Gas sparging
from MCCI was simulated by purging air through aqe plate located at the bottom of the
apparatus. Fission product decay heat was sinaulayethe sensible energy deposited in the
glycerin due to cooling of the purged gas fromitilet temperature to the melt pool temperature.
Experiments were conducted in two different georagtrnamely, cylindrical and square test
sections. In the cylindrical tests, the diametdrthe two test sections were 15 and 45 cm. For
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the rectilinear test sections, three differentesalere investigated: 70 cm x 70 cm, 100 cm x 100
cm, and 120 cm x 120 cm. For the small scale wmmtgucted in the circular geometry, quench
was not achieved due to the formation of wall-ametiacrusts which inhibited the melt-coolant
interaction. However, for the larger scale testerngh was generally achieved. In particular, the
data indicates that the time to quench increasels imitial melt depth and decreases with
increasing sparging rate. The principal mechanésading to coolability in these experiments was
volcanic eruptions. These eruptions lead to endthrdebris surface area available for contact
with the overlying coolant. The same phenomenos fivat identified through reactor material
experiments under MCCI conditions [51].

Three melt coolability experiments were conducédSandia using high temperature
simulants with sustained heating and concurrentreda erosion. These experiments include the
SWISS tests [45], conducted with stainless stedtsmeteracting with limestone/common sand
concrete, and the WETCOR test [46] that utilizedoade simulant interacting with Basaltic
concrete. These tests also provided valuableatatiebris coolability, but complete quench was
not obtained in any of these experiments due ihtpahe formation of crusts that anchored to the
test section sidewalls, eventually leading to deting of the melt pool from the crust as the core-
concrete interaction proceeded downwards. Howewesse tests were quite valuable as they
provided information on the effect of an overlyiwgter pool on aerosol scrubbing during core-
concrete interaction, since these data are spatbe literature.

Other simulant material debris coolability datalentop flooding conditions was obtained
at KIT by Sdouz et al. [47] and Alsmeyer et al.][48 part of the COMET test program. These
were large scale multi-component (metal - oxidextore tests that focused on examining two-
dimensional cavity erosion behavior using siliceamncrete in a stratified configuration.
Consistent with the dry cavity metal test result®se experiments exhibited ablation behavior
that was biased downwards. In these experimdmssimulant oxide phase was on top the metal
phase that was heated and therefore driving thed axbsion. This oxide material showed little
evidence of coolability following top flooding.

In terms of prototypic experiments, a total of rBactor material tests that investigated
Fuel Coolant Interaction (FCI) and debris coolapilwere carried out within the framework of a
joint study between NUPEC and the National Nuc@anter (NNC) in Kazakhstan [49,50]. Each
experiment was conducted in two phases; i.e.,deses “B” investigated FCI aspects of the
initial water injection onto molten corium, whileg follow-on series “C” tests investigated the
long-term aspects of MCCI under the conditionsaftmual water injection.

For these tests, based on the rate of steam tdrnsghe condensation system, the steady-
state melt/water heat flux was reported to rangenff.2 to 0.7 MW/rh In all cases, both the
concrete sidewalls and base of the crucible wewadao be eroded. In addition, an interstitial
pebble bed formed at the interface of the core nahi@nd the concrete; the bed was composed of
concrete decomposition products (presumably theegagte). The depth of this pebble bed was
found to increase with increasing ablation depirhe depth of the discolored concrete region
surrounding the decomposed pebble bed was alsa flauimcrease with ablation depth. Posttest
examinations revealed the important finding thatstranchoring to the concrete sidewalls with

10
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subsequent melt/crust separation did not occuafmyrof these tests. The absence of anchoring
was presumably attributable to the sidewall decasitiom that occurred.

The tests were classified terms of the debris mass that was renderedarfdim of a
particle bed above the remaining corium layer.particular, Case (1) corresponded to formation
of a particle bed containing 20-40 wt % of the takabris mass, Case (2) corresponded to 70-80
wt % of the debris mass in the particle bed, wiglese (3) corresponded to no particle bed
formation. For experiments in which particle bednfation occurred (i.e., Cases (1)-(2)), the
depth of the bed was found to increase with inengadsasemat erosion depth, and with increasing
melt specific power density. Particle bed depdmyed from 7 to 12 cm. In the Case (3) tests, no
bed formation occurred; these experiments wereackenized by comparatively low power
density. The mechanism by which these beds forrfed., entrainment by concrete
decomposition gases) was not identified as pattisfwork. The coherent solidified corium layer
remaining over the basemat was always found toacortracks and crevices which axially
spanned the depth of the layer. The test requdisate that water was able to penetrate into these
cracks and crevices during the test, in additiopenetrating into the intervening gap formed at
the sidewall corium-concrete interface due to saleerosion. In fact, for these tests the cooling
mechanisms of water ingression through interstg@iosity and particle bed formation over the
solidifying core material were of sufficient magnie to effectively quench the core material and
terminate the MCCI, as evidenced by thermocouplasmements in the basemat.

A series of melt coolability experiments were cocteéd at Argonne National Laboratory
as part of the Melt Attack and Coolability ExpermiéMACE) program [15,51]. The specific
objective of these tests was to explore the pasdikhefits of massive addition of water to an
MCCI already in progress insofar as: i) quenchang stabilizing the heat generating core melt,
and ii) arresting or even terminating basemattetiaEarly tests MO and M1b were conducted
with 70 % oxidized PWR melt compositions, while theer tests M3b and M4 were conducted
with fully oxidized core melts. Three tests in thatrix were conducted with limestone/common
sand (LCS) concrete, while the fourth test was ootetl with siliceous concrete. A principal
parameter in the experiment matrix was test sedéitaral span, which varied from 30 cm x 30
cm up to 120 cm x 120 cm. Melt masses in thege taaged from 100 to 1800 kg.

The MO experiment was conducted with a purely oetectest section, thereby allowing
both axial and radial cavity ablation data to beéaoied. This test provided early data on the
effectiveness of the melt eruption cooling mechaniwith a substantial fraction of the initial core
melt mass rendered in the form of a coolable bedrbptions. Unfortunately, the crust anchored
to the test section electrodes located along twposipg walls of the test section, and this
eventually led to a configuration in which the medid separated from the crust by the end of the
experiment. Researchers thought that this expetimistortion may have precluded complete
guench of the core debris. On this basis, thditiaevas redesigned to incorporate inert MgO
sidewalls, thereby making it one dimensional, amel ¢lectrodes were recessed into the MgO
sidewalls to reduce the surface area availabléhfocrust to bond to. The balance of the integral
experiments in the program (i.e., M1b, M3b, and Més conducted with this test configuration.
Unfortunately, crust anchoring with subsequent rorlst separation occurred in all these tests,
and so a definitive demonstration of debris codiklgbivas not obtained as a part of this program.

11
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2.0 CATEGORY 1 TEST RESULTS
21  TestsInvestigating Crust Strength

One element of the SSWICS separate effects expetamiavolved measurements of
corium crust strength. The purpose of collectinghsdata was to aid in the assessment of the
potential stability of an anchored corium crusthivita power plant. The crust, rather than
floating on top of the melt and moving downwardths basemat is eroded, could attach to
structures and become fixed in space (Figure 2Mglt movement downward is caused by a
reduction in concrete volume as €@nd HO are lost through concrete decomposition.
Anchoring of the crust to containment walls potaihtiallows a gas gap to form between crust
and melt, which would hinder heat transfer betwaeroverlying water layer and the melt. The
gap is expected to reduce the melt cooling ratevb#éhat of the non-anchored configuration and
to prolong the MCCI. Containment integrity is @asured for such a scenario.

For the crust to remain anchored, it must be stesmgugh to support itself and the water
above it. The stability of the anchored crust agunfation can be assessed if the strength of the
crust is known. Measurements of the structuransfth of corium can be useful in gauging the
strength of a plant-scale crust, but specimens ineidarge enough to contain a representative
sampling of the cracks and voids one would expeetn actual corium crust since a crust with
few flaws is likely to be more stable than one psmted with cracks.

The strength of a corium crust depends upon itsktl@ss, temperature, chemical
composition, and morphology. Crust morphology s&lita strong function of melt composition
and cooling rate, and so strength testing ideallyolves a sample with the expected melt
constituents that has been quenched by water.

These conditions were met for the ingots

(crust samples) generated by the SSWI ' ; -
guench tests, which were conceived with t
primary aim of measuring corium cooling ra RPV
for various melt compositions and syste
pressures. A total of thirteen SSWICS te:
were carried out over the course of the MC(
1 and -2 programs, with eight of the tes
producing ingots suitable for strengt ~°_° bailiigwitero ~ © _
measurements. The following sectiol — :
describe the origination of the ingots, ing
sectioning, the apparatus used to meas
strength, and test results.

gas gap
corium

2.1.1 Ingot Creation reactor cavity concrete

Eight corium ingots were used for th
load tests and all but one were byproducts
guench experiments intended to quantify t

Figure2-1. Crust Anchoringwith Thermal
Decoupling from Melt (heat transfer limited
by radiation across gap).
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influence of melt composition on it
cooling rate [14]. The exception is
guench test with the sole purpose
creating an ingot thin enough fc
strength testing without the need fc
sectioning. All melts were composed ¢
mixtures of UQ, ZrO, and chemical
constituents of concrete. A melt we
created within an inert MgO crucible
using a short-lived exothermic chemic
reaction that raised the temperature
the constituents to ~2080 in less than
one minute. Water was then poure
over the melt to quench it, whicl
produced steam that was collected a
condensed. Figure 2-2 provides
schematic of the quench apparatus &
corium level for the test used to genere
the thin ingot. Five of the melts wer
guenched at ambient pressure wh
three were quenched at 4 bar. The te
incorporated neither heating to simula
fission product decay heat nor spargil
to simulate gas production from concre
ablation. Though these tests provided
possibility of gas-generated voids withi
the corium, the shortcoming is nc
critical as it can only increase samp
strength producing a more conservati
assessment of the stability of &
anchored crust.

The final product of each test was a 30 cm diamatgot.
composition, mass, initial temperature, and syspeessure during the quench. The chemical
constituents of a melt included oxides of eleméntsd in concrete such as silicon, aluminum,
magnesium, and calcium. The quantity was variededeing on the desired type and mass
fraction of concrete to be simulated. The meltstamed either 8, 14, or 23 wt% siliceous or
The range repsesi@fferent phases of a core-concrete
interaction in which concrete is accrued by thetrogker time as it attacks the basemat. The
melts were formulated to have a core-to-claddingi®@xmass ratio of 2.44, which is typical of

limestone common sand concrete.

pressurized water reactors.

The melt compositions listed in the table are kndwibetter than 1 wt% and the melt
mass better than 10 g. The depth is a nominalevahlculated from the melt mass and
theoretical density neglecting potential porosit{arying amounts of melt are lost to upper parts
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Table2-1. Specificationsfor SSWICS Quench Experimentsthat Produced the I ngots.

Par ameter 1 2 3 4 5 6 8 10

Melt composition (wt% | 61/25/6/ | 61/25/6/ | 61/25/6/ | 48/20/9/2 | 56/23/7/1 | 56/23/6/1 | 56/23/6/1 61/25/6/8

UO,/ZrO,/Cr/Concrete) 8 8 8 3 4 4 4

Concrete type LCS SIL LCS LCS LCS SIL SIL SIL
Melt mass (kg) 75 75 75 60 68 68 68 25
Melt depth (cm) 15 15 15 15 15 15 15 5
Initial Melt ~2300 | ~2100 | ~2100 ~2100 ~2100 ~195( ~190p
Temperature®C)

System pressure (bar) 1 1 4 4 4 1 1 1
Water injection flowrate 4 4 12 13 6 14 10 9
(Ipm)

Water injected (liters) 33 39 34 40 61 47 41 29
Test duration (hours) 2.2 1.2 1.8 2.4 2.6 3.9 4.3 40

Test date (day/molyear) 30/08/02  17/09/p2  30/01J033/03/03 15/10/03 24/02/04] 25/01/0Y 5/03/08

of the crucible (above the ingot) and so actualt epths may vary by a few centimeters from
the nominal value. Initial melt temperatures assdual on the peak temperature measured within
a thermowell within the bottom quarter of the neatid should be considered only as a general
indication of initial temperature of the melt awhole. Coolant injection temperatures varied by
as much as £& and the system pressure for high pressure testgagulated to within 0.1 bar
of the 4 bar set point.

2.1.2 Ingot Sectioning

A key requirement for the load tests is that thegyroduce the failure mode expected for
the anchored plant-scale crust. For a full-sca@Vin a power plant, the crust may be thought
of as a large flat plate fixed around its perimépethe containment wall. The failure mode for a
flat plate will depend upon its aspect ratio, whiglllefined as the ratio of the plate diameter and
thickness (D/t). The aspect ratio at the plantesesuld be ~30 for a postulated 20 cm thick
crust within the typical 6 m cavity span of mosengiing plants. The maximum stress in a plate
under these conditions would be tensile and atémerline. The load tests should be designed
to produce a similar stress distribution in theoing

The most practical device for testing the ingots wansidered to be one that applies a
centered point load to the top while the bottomeedgsimply supported. Calculations showed
that the ingot aspect ratio should be greater tbanto assure the desired failure mode. The
30 cm diameter, 15 cm high ingots produced by trengh tests have an aspect ratio of only two
and so it was decided that they would be sectitm@ucrease the aspect ratio.
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Ingots were cut in the radial directio
using a large band saw. Each was cut eit
once or twice to produce between one a
three serviceable samples per ingot. Figure
3 is a photo of Ingot 6 after sectioning. Tl
liner was cut along with the ingot because t
two bond together and could not be separa
without damaging the ingot. The extensi
crack structure seen in the photo is typic
The scale of crack spacing is ~1 cm and so
30 cm-diameter sections should be sufficien
large to reflect the effective mechanic
properties of the plant-scale crust. Figure 2
is included to illustrate that though cracking
always evident on the bottom, it is not evide
on the top. It is emphasized that there :
indeed cracks within the ingots before they ¢
cut. A bottom view of Ingot 10 is shown ii
Figure 2-5 for comparison. The photo sho

-

Figure 2-3. Middle Section of Ingot 6 after

several large cracks but not the denser netw Cutting. (Silver inclusions are metallic Cr).

seen in the cut ingot.
corium section are listed in Table 2-2.

Figure 2-4. Top View of Ingot 6. (Ingot
surface ~15 cm from top of crucible. The
green tint isathin layer of Cr,03, a byproduct

of the reaction producing the melt)

15

Dimensions of each

Figure 2-5. Bottom View of Ingot 10, which
was not Sectioned.
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Table 2-2. Source Data for Calculation of Section Strength.

Ingot number 1 2 3 4 5 6 8 10
Slab thickness (mm) 100 10p 90 55-60 55-60 55 45 565 40 50 50
Aspect ratio 3 3 3.3 5 5 5.4 6.7 (i 5(4 7|5 6 6
Region of ingot T T T M B M B| T | ™ B M

Concrete content (%) 8 8 8 23 23] 14 14 14 14 14 14

Peak load (kN) 8.2 8.2 15.3 3.2 2.1 36 4.4 15 HK.3.0 2.4 1.4
Omax 1.1 1.1 2.7 1.6 1.3 2.0 36 30 212 32 1.6 1.0
Stress uncertainty (MPa) 0.2 0.p 0.4 0.8 03 108 |01.0| 05| 0.7 0.4 0.3
Top surfacé\z atpeak | 156 | 91| 82| 24| 53| 23 2k 5P 38 48 - 5.9
load (mm)

llzc;tct‘o(n%:nt;rfacﬁz at peak 21 22| 8ol 34 34 ) 39

*T = top; M = middle; B = bottom segment.

2.1.3 Apparatus

An apparatus was constructed for the purpose dijiagpa point load to the center of a
corium section. Figure 2-6 shows the loading agparalong with a section in testing position.
A load was applied to the sample via a 35mm-diansée| piston. The surface area of the ingot
was therefore ~73 times that of the piston. The
load was generated using an air-operated device
that pressurized a hydraulic line connected to
piston. The sample was supported around
bottom edge by a steel ring having an ou
diameter of 302 mm and wall thickness of 7 m
Corium sections were centered over the ring
that the outer edge of the ring lied below t
joint. A displacement sensor tracked pist
movement as a surrogate for deflection of t
section’s top surface. A second displacem
sensor was positioned on the underside of
corium directly below the piston. This sensor w i’
used to verify that the piston deflected the ent
section rather than merely crushing a sm
region near the surface. The load was increa
stepwise until the section failed. The applied lo
at the time of failure was used to calculate t
effective tensile strength of the section.

MgO WALL — | CORIUM

The load testing apparatus provides
reasonable facsimile of the idealized point lo
on a simply supported circular plate. Th
particular test geometry was chosen for ease Figure 2-6. Apparatus for Applying

implementation and because it allows one Mechanical Loadsto Corium Sections at
calculate peak tensile stress using a sim Room Temperature.

analytical expression [53].
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2.1.4 Results and Discussion

Figure 2-7 shows force and displacement measuresnmeatle during the load test of a
section cut from the middle of Ingot 6. The reswdte typical for the twelve sections. Loads
were increased stepwise with brief pauses betwksgrs.sEach load increase was accompanied
by piston displacement that was roughly proporfie@@aahe magnitude of the increase. Sections
were loaded until failure, which was often accomedrby audible cracking and, on occasion,
fracture of the MgO liner. Failure was always neatkoy pronounced buckling that brought
stress relief as indicated by a drop in applieddor Such a drop is evident in the figure. Also
evident are slight dips in the load in the secadiollswing each step increase. This relaxation
phenomenon is associated with the pneumatic deweel to generate the load. It was also

observed during trial loading of an aluminum platel does not reflect any particularities of the
corium section.

The peak measured load was used to calculate tkienona stress generated in a section.
The maximum centerline stresses for the ten tesgetions are plotted in Figure 2-8. Each was
loaded until it fractured and so there is a simigiea point per section. The data points in thé plo
are labeled with the number of the originating ingdhe plot shows the relationship between the
strength of the section and its concrete cont@itemical analyses of each section indicated that
the corium constituents were distributed homogelyowsthin the ingots. Therefore the
composition of each section is equivalent to tHathe originating melt as given in Table 2-1.
There is no dependence of strength on concreterbapparent in the data plot. Similarly, there
is no consistent difference between sections caingilimestone common sand concrete (Ingots
1 and 3-5) and those with siliceous concrete (l@ht6 and 10). Section strength falls in the
range of 1-4 MPa. The measured section strengtonsiderably lower than that of sintered
UO,, ~150 MPa [54] and comparable to that of conveufieoncrete, ~2-5 MPa [55]. The error
bars in the plot are based on the largest qudnigfisource of uncertainty, which is variance in
the section thickness. The cutting process pratigseetions that varied in thickness by roughly
+5 mm. Uncertainty in the other parameters, nantleé/ applied load, crust diameter, and
Poisson’s ratio, are comparatively small.

5 [ — Ingot 6 4 8 5
af e /] R a4 :
3+ Z =3 TL 6
; T4 % £ S
21 g x 8 O 4 %
[ =% @ 182
[ T2 8 1 $ 10
17
[ a 1 0 ‘ ‘ ; ;
0 E— w w w 0 0 5 10 15 20 25
50 100 150 200 250 300 Concrete content (%)
Elapsed time (sec)
Figure2-7. Load Test Datafor the Figure 2-8. Maximum Centerline Stress
Bottom Section of 1ngot 6. before Fracturefor Ingot Sections under

Point Load at Room Temperature.
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Section thickness ranged from 40 to 100 mm, wharhesponds to aspect ratios of 7.5 to
3. Three of the sections had aspect ratios belmatarget minimum of four. These thicker
sections could have failed in a manner differeatrfithat of the thinner ones, potentially giving
rise to a much different measure of strength. Samcheffect should be evident in a plot of
strength versus section thickness like that of leg2+9. However, the plot shows measured
strength to be independent of section thicknescating either invariance in the failure mode or
a weak relationship between strength and failurderfor an aspect ratio between 3 and 7.5.

Figure 2-9 includes curves representing the peatedae stress within a 6 m diameter,
self-supported corium crust. Stress was calculatgidg the same stress equation [53] for
simply-supported flat plates employed for the corisamples. The lower curve corresponds to a
dry crust and the upper curve to a crust covered B0 cm deep water pool. The crust is
presumed to be anchored at the perimeter and setdjex a distributed load equal to the weight
of the crust itself (and water in the second cas@ust density was assumed to be 7000 g/m
The peak stress can be compared with
strength data for an indication of th 8

B 8
thickness required of a stable, se
supporting crust. The plot shows that tl & 6 6o

. . . = o
required thickness of a dry crust is 20 = =
300 mm while a crust with an overlyine 2 4 43

. g & )
water layer must be >300 mm thick. 3 - o O 3
% 2 % 2§
The expected melt depth at tr © & &
outset of an MCCI depends upon ti 0 ‘ ‘ ‘ ‘ ‘ 0
accident scenario and plant design. C 0 50 100 150 200 250 300

can say, however, that 300 mm Thickness (imm )

generally regarded as rather deep for Figure2-9. Comparison between Measured
melt pool. This bolsters the notion thi  geetion Strength and Calculated Peak Stress

crust anchoring is unlikely to play a role i in a6 m Diameter, Sdf Supported Crust.
prolonging an MCCI. Firstly, thin crust:

can be expected to break and fall back into

the melt so that a gas gap like that shown in [Eidil cannot persist. Secondly, a crust thick
enough to be self-supporting is likely to embodg thajority of the corium involved in the
MCCI, leaving relatively little to continue the ammete erosion that potentially threatens
containment integrity. Reference [14] presentsoenprehensive case for a weak crust by
examining MACE testing of small corium blocks, ti&SWICS data presented here, and
measured loads on high temperature crusts duringesSe.

2.2  TestsInvestigating Gas Sparging

One aim of the MCCI-2 program was to investigatertble of gas sparging on the corium
cooling rate. The gases are a byproduct of therdposition of concrete, which occurs when the
material overheats. Gases generated near thendoduocrete interaction zone at the bottom of
the melt are propelled up through the corium byylancy forces and the resultant gas flow has
the potential to create melt porosity. This pdsos expected to supplement the fissures induced
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by thermal stress cracking. These
extra pathways could enhance the
amount of water ingression cooling .. ..ccu.
and quench the melt more rapidly
than cases lacking sparging gase:
Alternatively, the upward movement
of noncondensable gas could hinde
the downward flow of water into
cracks with the result being
degradation in cooling rate.

3 mm OD TUNGSTEN TUBE (44)

6 mm OD TUNGSTEN
THERMOWELL

All  seven quench tests
conducted during the previous i
program [3] utilized an inert MgO
basemat and excluded sparging gast
to better isolate the effects of melt
composition on cooling rate.
Sparging gases were included for
two tests in the MCCI-2 program,
SSWICS-8 and -11. The melt composition and queswiditions were matched to those of
SSWICS-6 (56% UgQ 23% ZrQ, 7% Cr, and 14% siliceous concrete, 1 bar pres@ljeto
allow a direct determination of the influence ofsgan morphology and cooling rate. The
SSWICS facility was not equipped to heat the neekimulate fission product decay heat and so
replacement of the MgO basemat with a concretenbaisevould not be useful in generating a
continuing supply of gas from decomposing concrdtestead, the facility was outfitted with a
system to inject gas through a network of cap#aiin the basemat, allowing precise control of
the injection rate. The system configuration feede tests and results are described below.

Figure 2-10. SSWICS-11 Tungsten Tube L ayout

with Capillaries Extending 50 mm Abovethe
Basemat.

2.2.1 Apparatus

The MACE MSET-1 injector pitch was deemed suitablethe SSWICS injector since
the distance is less than the expected bubble tearf6]. The MSET-1 injector was a plate
with 1 mm ID holes arranged on a square pitch om88, which produced a hole density[af
holes/100 crh Figure 2-10 provides an isometric view of thesdraat capillary layout for
SSWICS-11. A total of 44 capillaries were useahdaaving an inner and outer diameter of 0.57
and 1.5 mm, respectively. The capillaries werdiaked to a common plenum. This system
generates the desired flow rate with an even Higion across the capillaries.

For SSWICS-8, the tips of the capillaries were makeh with the basemat surface as it
was considered pointless to extend them above dsenat and into the melt since the initial
thermite temperature is 20 and steel melts at 14W Unfortunately, this geometry allowed
the sparging gases to move laterally across thentatsunder the melt and escape without
passing through the melt. It is thought that diacatfter thermite ignition a thin crust quickly
formed between the melt and the basemat, prevegéaadlow up through the melt [57]. No gas
travelled through the melt during SSWICS-8 andtseeis effectively a repeat of SSWICS-6 and
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unable to provide information on the effects ofrgpay. The remainder of this section covers
SSWICS-11, which was equipped with a modified inggtsystem that proved successful.

The SSWICS-11 configuration introduced tungsteresubxtending 50 mm above the
basemat. The tubes had an outer diameter of 3whmh was the smallest available for tubes of
sufficient length to extend down through the badertine flange, and the compression fitting.
The inner diameter was 1.6 mm. Figure 2-11 shovesda view of the reaction vessel and
injection system. A compression fitting connectach tungsten tube to a stainless steel

capillary.

Zr0 FELT —~
™ COLLAPSED MELT

TC (6) TYPEC N DEPTH (15 cm) a 5mm GAP

MgO (6.35 cm THICK)

;\ DRAWING: MCCI/SSWICS-11 TEST SECTION
N (] (CrOsS secTion) BOTTOM TC
= DRAWING NO.: MCCI1056
DRAWN BY: D. KILSDONK 2-4746
DATE: 8/11/08
FILE: MCCI_TS_CS11_BOT_TC.DWG(AC124)

TC, TYPEC
4 JUNCTION

FROM |::>
FLOWMETER

MANIFOLD \ 1.5 mm CAPILLARIES (1 OF 44)

Figure2-11. SSWICS-11 Tungsten Tube Layout with Capillaries Extending
50 mm Above the Basemat.

2.2.2 Results and Discussion

The revised injector design with tungsten cap#aextending up into the melt succeeded
in preventing the gas bypass observed in SSWICE@st test examinations revealed an ingot
morphology that differed from all other SSWICS s$esfhe ingot did not bond to the MgO liner
as usual, but instead bonded strongly to the basefis permitted removal of the liner by
simply lifting it up from the basemat so that trerimeter of the ingot could be examined. The
ingot is shown in Figure 2-12. The smooth whiteggr material around the outer surface is the
remains of the zirconia felt used to cover thedasof the liner. The felt is normally white and
most of it was scraped away to reveal the coriulovine

The ingot proved to be a solid mass without thersmarack network present in earlier
specimens. It also had an unusually porous appeathat can be seen upon close examination
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of Figure 2-13. The extensive array of dimpleskolvas unique among the SSWICS ingots.
The ingot mass was ~61.8 kg, which was calculatesubyracting the 6.2 kg of corium attached
to the liner walls above the ingot from the initthlermite mass of 68 kg. The porosity was
estimated to be roughly 37%, which was calculatethfthe ingot mass, a density of 6000 k§j/m
and an approximate average height of 23 cm. TH&ISS-6 and -8 ingots were about 15 cm
high though they had the same composition and mass.

Corium Side View of | ngot 11.

tip of

/ thermowell

Figure2-13. Corium at Level of Top of Tungsten Thermowell after Removal of Upper
Layers(Ingot 11).
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Figure 2-14 compares the cooling rates during SSSW8C-8, and -11. As noted earlier,
the injected argon circumvented the melt in SSW8&ad so it was effectively a repeat of
SSWICS-6. The plot shows that the cooling ratesespond well for the two tests. The figure
also shows the cooling rates for all of the ~70 kgrggh tests (SSWICS-9 and -10 were 25 kg).
It can be seen that SSWICS-11, with its comparbtitigh concrete content, cooled at a rate
more comparable to the low concrete melts. OnIWESS-7, with the lowest tested concrete
content, quenched more quickly. Note also thatsnelth high cooling rates seem to plateau
early in the transient, which was associated wittrysmut limit. SSWICS-11 did not exhibit a
plateau, which may be because this porous melaldaglout limit far higher than the other melts.
Without internal heating, the melt would be unableustain an extremely high heat flux and so
one might see the monotonic decline exhibited enplot.

400

300

TEST #
TEST #

—11 lbar 15%SIL

1 8 1bar 15% SIL

300 8 . —1 1bar 8%LCS

£ —6 °¢ 200 2 lbar 8%SIL
E = —3 4bar  8%LCS
—200 = —4 4bar 23%LCS
5 x 5 4bar 15%LCS

b = —6 1bar 15% SIL
3100 . § 100 —7 4bar 4%LCS

‘/\N\/\,‘/\/J""‘v‘-«
R" e A
0 \ ‘ Al at 0 \‘\/ N WJ\«WW"\W”\ A,
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Figure 2-14. (a) Heat Flux for Testswith Sparging (11) and Without (8 & 6); Melt Composition
and Quench Conditionsare ldentical for the Three Tests. (b) Calculated Heat Flux for all Nine
Quench Tests.
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30 CATEGORY 2TEST RESULTS

This test category focused on examining new defgtures that enhance coolability
under ex-vessel accident conditions. As describeskection 1.0, two approaches for achieving
this objective have been conceived, which are: igodd crucible technique, and ii) melt
fragmentation by water injection. As shown in Tabi2, a total of three tests were carried out to
provide data for these two approaches. The reatdtsummarized below under these same two
general headings; refer to [5] for detailed desmis of the test facilities and experiment results
for the various tests.

3.1 Water Cooled Basemat Test

The high-level experiment objective of the Waterf@éd Basmat (WCB-1) test was to
provide reactor material test data on the trangealution and stabilization of a core melt within
a generic water-cooled core catcher design for rambah plant applications. The experiment
approach was to incorporate a test section fegtuainvater-cooled basemat into the Core
Concrete Interaction (CCI) test facility to studietmal performance under long-term conditions
in which melt resistance heating was provided tousate decay heat. Test specifications for
WCB-1 are summarized in Table 3-1.

Table 3-1. Specificationsfor WCB-1.

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

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

System operating pressure Atmospheric
Melt formation technique (timescale) Chemical reac{~30 seconds)
Initial melt mass (depth) 400 kg (25 cm)
Initial melt temperature 1950 °C
Melt heating technique Direct Electrical (Joule)atieg
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

®Based on 150 kW/frdesign heat flux to bottom and top surfaces ot it@e6 nf area), plus an additional 5 kW to
compensate for a long-term heat losses of 10 KdA6MvigO sidewalls (0.5 frarea).

3.1.1 Apparatus

The WCB-1 test facility consisted of a test appasaa power supply for Direct Electrical
Heating (DEH) of the corium, a basemat water sugylytem, a corium top flooding water
supply system, two steam condensation (quench)staakventilation system to complete
filtration and exhaust the off-gases, and a dad@iattion system. A schematic illustration of the
facility is provided in Figure 3-1. The apparatssisted of three rectilinear sidewall sections
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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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Figure 3-1. Schematic of WCB-1 Test Facility.

The test section for containment of the core meds vocated at the bottom of the
apparatus. Cross-sectional views showing the weateled basemat installation are provided in
Figure 3-2. The design utilized four refractory ®gidewalls that were each lined with a layer
of crushed U@ pellets. The pellets served as an inert (i.en-agative) and highly insulating
wall surface. As shown in the figure, the refragtwalls were equipped with instrumented
tungsten backup plates to preclude sidewall metieiph if the pellet layer were to fail and
sidewall erosion occurred. This detection/mitigatsystem formed part of the safety planning
for the experiments, and on this basis the feedutfits for the basemat water lines and
instruments were brought in from the bottom of td& section. The refractory sidewalls were
contained within a flanged steel form that was usesecure the lower section to the bottom test
section support plate and the middle sidewall sactiThe flanges allowed the lower sidewalls to
be disassembled to reveal the solidified corium wader-cooled basemat following the test.
Aside from the instrumented basemat, multi-juncfigppe C thermocouple assemblies were cast
in the sidewalls so that the heat losses from tledt would be calculated given the wall
temperature profile and thermal conductivity of MgO.

Details of the water-cooled basemat design are showigures 3-3. The overall layout
consisted of a 15 cm deep layer of sacrificial cetecthat sat on top of the water-cooled basemat
plate. The plate consisted of five parallel coplichannels that were machined out of a
monolithic piece of 4.4 cm thick Type 304 stainlassel. Although carbon steel would be a
more attractive construction material due to thghér thermal conductivity, melting point, and
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lower material cost, a non-magnetic material waslus preclude induction heating of the plate
by the power supply used to resistively heat th&. nmathough the monolithic design required a

great deal of machining, it was nonetheless adofgtadinimize the chance of spurious water
leaks that could develop if the plate were manufac using a cheaper method in which parts
were sealed with gaskets, since these interfacalsl cevelop leaks if thermal stresses warped
the plate during the test.

The plate instrumentation layout was also designadinimize penetration of the water
channels that could lead to the development ofsleaking the test. The feed throughs for the
multi-junction thermocouple assemblies devoted twasuring melt temperature and basemat
erosion were mounted in the unmachined regionsdeivthe individual coolant channels. This
somewhat limited potential locations for the assi@sbbut nonetheless ensured that the feed
throughs could not provide leakage paths for waté&nother design requirement was to
electrically isolate these thermocouple assemlfl@a the basemat to prevent ground loops that
would present alternative current paths for theesurproviding DEH to the melt. This was
accomplished by using ceramic-sleeve gland seatmdont the thermocouples to the basemat
plate. In addition, the tungsten thermowells thiadtected the melt temperature thermocouple
assemblies were electrically isolated with cerasheeves that were used to seat the base of the
wells in the plate.

Aside from the thermocouple assemblies, the watanigels were also instrumented with
high temperature heat flux meters to provide Ibesdt flux measurements. For these units to be
effective, they had to be installed directly in t@ling channel so there was no choice but to
provide feed throughs that passed through the @&@haover plate. To ensure a leak-tight fit,
specialty units were used that allowed the feedutins to be sealed using high-grade
compression fittings that provided reasonable as®ér that leaks would not develop during the
test. Once the heat flux meters were installesl ctiannels were sealed with stainless steel cover
plates that were welded in place.

Each water coolant channel was equipped with aepeddent water measurement and
control system that included both manual and remistgation valves and an ultrasonic
flowmeter. Temperature rise across each channelmeasured using Type K thermocouples.
The channel piping was constructed from 1.3 cmullirtg. The individual channel flowrate and
water temperature rise data allowed the averageflugato each channel to be calculated. Each
channel was also equipped with a secondary sup@yith manual and remote isolation valves
that could provide additional water flow to selectdhannels during the test if excessive heatup
was observed. Both the primary and makeup suppdg were 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 arad toass flowrate allowed the average heat flux
to the plate to be calculated for comparison todlcal channel measurements determined by the
heat flux meters and the individual channel mass dind temperature rise measurements.
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Since the basemat water inlet and exits were filmgnbbttom of the plate, the test could
not investigate situations in which the bulk watertlet temperature approached saturation,
otherwise the channels could vapor-lock and causmature test termination. On this basis, the
water flowrate through the channels was selectettheeve a highly subcooled boiling regime at
a design basis surface heat flux of 150 kfto the plate. Based on design calculations [58],
after the system equilibrated at the design heat the water temperature rise across the water-
cooled channels was expected to be ~ 9 °C withdhadary condition on the plate inner surface
being highly subcooled nucleate boiling. The todace of the plate was expected to equilibrate
at ~ 373 °C, with the plate protected by a ~ 1 cnp@eeium (or concrete slag) crust.

The melt was produced through an exothermic chdmeeation yielding the target mass
over a timescale of ~ 30 seconds. After the chdmézection, DEH simulating decay heat was
applied through two banks of tungsten electrodés.shown in Figure 3-2, the electrodes lined
the interior surfaces of the two opposing MgO sidiésv The electrodes were 9.5 mm in
diameter and pitched at 1.9 cm; they were attacbeal 560 kW AC power supply by copper
clamps and water-cooled buss bars.

A few minutes after the melt was formed, ablatiérthe concrete basemat commenced.
As shown in Figure 3-1, a 15 cm diameter gas lias wsed to vent the helium cover gas and
the various gas species arising from the core-edacnteraction (i.e., CO, GOH,0O, and H)
into adjacent tanks that were partially filled witlater. In the initial phase of the experiment as
the concrete eroded, the tanks served to coolftigases and filter aerosols generated from the
core-concrete interaction. In the late phase dftercavity was flooded, the tanks served to
condense the steam and, based on the measurechsanoe rate, provide data on the corium
cooling rate. In either case, the helium covergad non-condensables (CO, £@nd H)
passed through the tanks and were vented througiif ayjas system that included a demister
and filters. The gases were eventually exhaudtemlgh the containment ventilation system
and a series of high efficiency filters before fip®deing released from the building stack.

After a specified period of interaction, the cawgs flooded from an instrumented water
supply system. The water entered the test sethicmugh two weirs located in the opposing
(non-electrode) sidewalls of the top test sectidhe water flowed down the test section interior
walls and then atop the melt. Following initialteraaddition, makeup was periodically added to
maintain the water level over the melt at 50 + 5 cm

The WCB-1 facility was instrumented to monitor apdde experiment operation and to
log data for subsequent evaluation. Principal ppatars that were monitored during the course
of the test include the power supply voltage, aurrand gross input power to the melt; melt
temperature and temperatures within the concreterbat, sidewalls, and water-cooled basemat;
supply water flow rate to the basemat and to tisé gection; water volume and temperature
within the test apparatus, and water volume andoéeature within the quench system tanks.
Other key data recorded during the test includedperatures within test section structural
sidewalls, melt/crust upper surface temperaturega$ temperature, and pressures at various
locations within the system. Measurement unceresrfor the various instruments utilized in
the tests are provided in [5].
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Plan and elevation views of the basen 1,503.2 |nitial Mdt Composition for

thermocouple layout are provided in Figure 3 WCB-1.

The basemat was instrumented to monitor i Congtituent | Wt% | Mass(kg)
temperature during both the concrete ablat uo, 60.97 243.88
and plate-cooling phases of the test using mt Zro, 25.04 100.16
junction Type C thermocouples in tungste SiO, 6.38 25.52
thermowells, and also to track concrete ablati MgO 0.07 0.28

during the early sacrificial erosion phase usi Al2Os 0.38 1.52

multi-junction Type K thermocouples ca: Cao 1.25 5.00

directly into the concrete. Other significant te Cr 5.91 23.64
instrtumentation included a lid-mounted vide Total 10000/ 400.00

camera for observing physical characteristics Table 3-3. Composition of WCB-1

the interaction. In addition, a pyrometer was us Siliceous Concrete.

to measure the debris upper surface tempera Constituent Wit %
during periods in which aerosol production d Sio, 60.99
not optically occlude the view of the surface CaO 17.09
Al,O5 3.61
As shown in Table 3-1, the coriur Fe0s 1.52
composition for WCB-1 was specified to conta MgO 0.87
8 wt % calcined siliceous concrete as an init MnO 0.04
constituent. As previously noted, the melt pc '?ig) g'fg
was produced through an exothermic ‘thermi soj 0'44
type chemical reaction that yielded the tar¢ Na,O 0'.67
melt composition over a timescale of ~ K,0 0.83
seconds. The post-reaction melt compositior Co, 998
provided in Table 3-2. H,0 3.76
¥Free and bound water contents are 2.33 and 1.43
The composition of the WCB-1 concretf wt %, respectively.

was siliceous. The mix was identical to that

used in the CCI-3 experiment [1]. The sand andeggge were supplied by CEA as an in-kind
contribution to the program. The chemical compaositor this concrete is provided in Table 3-

3. These data are based on analysis of a spetaken from the CCI-3 concrete archive sample
[1]. The concrete density was determined to b202@y/n? from the archive sample using the

standard mass-volume method.

In terms of test operations, the planned proced#® to raise input power to the initial
target level of 80 kW for the core-concrete intéat phase of the experiment following
completion of the thermite reaction that producee tore melt. Input power would be held
constant at this level until the concrete was ellddea depth of 12.5 cm, leaving a concrete layer
2.5 cm thick over the water-cooled basemat, at vpigint the cavity would be flooded. The
system would then be allowed to come to thermalilibgum for at least 15 minutes (as
evidenced by steaming rate from the test sectisnywel as the melt and water channel exit
temperatures). After this initial constant poweemting phase at 80 kW, the power would be
gradually reduced in 10 kW intervals and the systuld be allowed to equilibrate at each new
power level. After each adjustment, the power sypmuld be run in a constant voltage mode
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Figure 3-4. (a) Plan View of Basemat I nstrumentation and (b) Elevation View of Type C Instrument L ocations.
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for a period of ~ 15 minutes to look for
the possibility of water ingression, &
would be evidenced by reducing inpt
power at constant voltage.Operation
in this manner would continue until th
input power was reduced to zero, eith
by gradual quench, or by periodi
operator reductions in power level.

3.1.2 Results and Discussion

The overall objective of WCB-1
was to provide reactor material test de
on the transient evolution an
stabilization of a core melt within ¢
generic water-cooled core catch
design for advanced plant application
Important  operational  informatior
consisted of the DEH input power as
function of time, which is shown ir
Figure 3-5. Time t=0 in this and al
other graphs corresponds to initial me
contact with the concrete basem
surface (i.e., completion of the thermit
burn). From the viewpoint of the core
concrete interaction, key data include

local melt temperatures, concre
ablation rates, and debris/water he
flux after cavity flooding; this

information is provided in Figures 3-
through 3-8. The criterion used t
define the onset of concrete ablation
a given location in Figure 3-7 was thi
the local temperature reached il
siliceous concrete liquidus temperatu
of 1250 °C [7]. W.ith respect to the
plate thermal response, ke
measurements included local plate he
fluxes and surface temperatures; the
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“Following concrete erosion, melt sparging wouldseea As a result, the test conditions would resenablvater

ingression test [3] but with sustained heating

. ug/hwhen operating with constant voltage, the posteyuld

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¥eérirals
spaced at ~ 15 minute intervals until the powerabetp decrease at constant voltage. This woulisheléfie dryout
limit for the melt, which would be additional ddtaadd to the SSWICS water ingression database
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data are provided in Figures 3-9 and
3-10. Operationally, the test wa

deemed to be successful: a cc 300 = Veluwater Heat Transfer
melt at ~1950 °C was produce T

over a water-cooled basemat th
was originally protected by a 15 cr
thick layer of siliceous concrete, th
concrete was eroded, and the m
came to equilibrium at the plat 000
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programs [37], there was  *®
quiescent period following mels
generation in which the concret
surface was protected by a
insulating corium crust that forme:
on initial melt contact with the colc
concrete. However, continue
heating of the corium eventually le
to heatup of the concrete benea
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and the crust eventually remelted « °]
failed, leading to onset of rapic 0
. . - 240
basemat ablation. The data (Figu Time (Minutes)
3-7) indicated that this transitior Figure3-9. Datafrom All Water-Cooled Basemat
point occurred at ~ 90 minute Heat Flux Meters.
following initial melt contact with 1000
the concrete surface. During tr 900 1 | 0 ot asacran)
quiescent period, melt temperatur: 800 { | T )
were scattered in the range of 17! 700 | e et

to 2000 °C. Melt sparging woulc
have been minimal during thi
phase due to limited ablation (< 2.

600

calculated steady state plate
surface temperature assuming

500 - surface protected by a corium
crust
400 1

Temperature (°C)

cm) and so there was no convecti 300 | /

within the melt to smooth oui 200 |

temperature variations the 100 | Z

developed as a result of the inp 0 : : ‘ ‘ ‘ ‘ ‘ ‘

power to this refractory (i.e., low e, e

thermal conductivity) material. Figure 3-10. Water-Cooled Basemat Upper Surface
Temperatures.

After onset of ablation at ~
90 minutes, a rapid transient occurred in which rés@aining ~ 10 cm of the concrete was
consumed by erosion over a time interval of ~ 15ut@s, resulting in an average ablation rate of
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~ 6.7 mm/minute. This rapid concrete erosion rate gartially be rationalized by considering
the preceding 90 minutes of the interaction, wimetieé concrete beneath the corium crust would
have undergone significant heatup and dryout. [Thdeen erosion finally commenced, the
effective concrete decomposition enthalpy was figantly reduced, thereby allowing for an
accelerated rate of ablation for a given heat flaxthe concrete surface. However, it is
noteworthy that at all basemat thermocouple looatithe progression of the ablation front was
terminated as the water-cooled plate was approachéns observation was confirmed during
posttest examinations, which verified that thegkrvived the experiment intact (see Figure 3-
11(a)). During this phase, the melt temperaturasueements banded more closely together due
to convection from gas sparging in the melt potihe bulk temperature declined from ~ 2000 °C
at 90 minutes to ~ 1800 °C at the time of cavitpflimg. Up until this time, the water-cooled
basemat plate remained relatively cool due tortkalating properties of the overlying concrete.
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Figure 3-11. (a) Rendering of WCB-1 Posttest Debris; (b) Photo of Top Surface of Water-Cooled
Plate after Debris Removal. (both views are from the south)

At 105 minutes, the ablation depth had reachedlthB cm depth at several locations
within the basemat, and on this basis, the cavi#yg Wooded according to the normal test
procedure. In the five minute interval followintpdding, the melt temperature declined an
additional 100 °C before stabilizing at ~ 1700 “At.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 timeé,naelt temperature measurements again
diverged due to the lack of melt convection. Temperatures banded in the range of 1600 to
2000 °C until the power was reduced to 20 kW at4T8inutes. After this time, all remaining
functional junctions indicated a steady melt terapge decline until the test was terminated at
230 minutes. In terms of the melt-water heat fiemste, the heat flux varied from 3.3 MW/m
immediately after cavity flooding, down to ~100 kW/at the time the test was terminated. The
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data indicates that the heat flux to overlying watet or exceeded the DEH input power over
the entire test, indicating that the up-down pos@it was biased heavily upwards.

Aside from the above information, additional datas gathered regarding the plate
thermal response during the experiment. The ddsagis heat flux to the plate was 150 k\&/m
which corresponds to a 50-50 up-down power splibatinitial 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 therswaoled channels would approach 9 °C, with
the boundary condition on the plate inner surfas@d 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 hibates to the plate were exceedingly low,
predominately in the range of 10 - 25 kW/(Rigure 3-9), which is almost an order of magnétud
below the design basis value of 150 k\f/mVleasurements on the water side of the channels
were also consistent with this finding; i.e., tlwdlant temperature rise was only 1-2 °C, which is
far lower than the 9 °C based on the design basisflux.

The collection of data from this experiment thuaslicates that for a configuration in
which a corium melt pool is covered by overlyingtgrawith 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 Catggb tests (see Section 2) indicate that when
this quench process occurs in the presence of isgagas, the cooling rate is increased even
further. Heat transfer to the underlying impergomvater-cooled plate would have been limited
by conduction across a crust to a heat sink teryeraghat at most would have approached the
water saturation temperature. The heat sink teatper established by the overlying water pool
would have also corresponded to the water saturédimperature. Thus, given that the heat sink
temperatures on the top and bottom of the melt wéestively identical, the data from this test
supports the concept that corium quenched by angrlywater forms a morphology in which the
heat flux to the coolant does indeed exceed thdwaion limitation.

Aside from these positive overall findings, seVédrat spots were noted to form on the
coolant plate steel surface during the course efetkperiment that significantly exceeded the
peak temperature expected on the basis of the esngng design calculations (i.e,. 373 °C).
Moreover, posttest examinations revealed that aévgsots on the plate surface had been
corroded (but not ablated); see Figure 3-11(b)e Mot spots seemed to form rapidly, and this
resulted in the operators reducing the input pdveen the initial target value at 145 minutes, and
a second reduction was executed at 178 minutesvetdr, it should be noted that these high
temperature measurements were taken in the reditmelate that included the steel ribbing
that divided each coolant channel. The temperatutieese locations should have been higher in
comparison to those in the channel itself. Howether extent of this increase was not estimated
as part of this study since this would require iayfaletailed three-dimensional heat transfer
analysis in a complicated geometrical configuration
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3.2  Bottom Water Injection Tests

The high-level experiment objective of these tess to examine the influence of water
injection characteristics on the debris coolin@ rahen the coolant is introduced into the bottom
of the melt from isolated nozzles that are caghenbasemat. The first test, denoted SSWICS-
12, examined the influence of nozzle water pressur¢he debris quenching rate. The second
test, denoted SSWICS-13, investigated the effeatonfcurrent noncondensable (i.e;) has
injection on the local debris cooling rate. Speaiions for the tests are provided in Table 3-4.

Table 3-4. Specificationsfor SSWICS-12 and -13.

Par ameter 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 area 30cm ID 30cm ID

Test Section sidewall construction Inert MgO Inert MgO

Basemat construction Inert MgO 25 mm thick LCS concrete over 38
mm thick inert MgO

System operating pressure Atmospheric Atmospheric

Melt formation technique (timescaleLChemical reaction (~30 Chemical reaction (~30 seconds

seconds)

Initial melt mass (depth) 136 kg (30 cm) 136 kg (30 cm)

Initial melt temperature 2000 °C 2000 °C

Melt heating technique None None

Basemat nozzles 4 each (same radius = 108 mm) 4 each: 2 ea watexte2&mw/
(same radius = 106 mm)

Nozzle diameter 32 mm 13.2 mm

Nozzle characteristics Porous concrete Single tube for water
Double tube for water/gas

Concrete thickness above nozzles 0 mm 10 mm

Partition 4 regions 2 regions

Water supply pressure 0.2, 0.15, 0.1, 0.05 bar 0.2 bar

Maximum water flow rate ~ 2.4 lpm ~1.2Ipm

Maximum gas flow rate N.A. 0.24 Ipm (20% of water floate)

3.2.1 Apparatus

The apparatuses for both tests were quite simildrus, the facility for SSWICS-12 is
summarized first, followed by a description of haade modifications required to carry out
SSWICS-13 that is provided at the end of this secti

3.2.1.1 SSWICS-12 Apparatus

The SSWICS reaction vessel (RV) was designed td holleast 100 kg of melt at an
initial temperature of 256C. The RV lower plenum consists of a 67.3 cm lotfg7 cm outer
diameter carbon steel pipe (Figure 3-12). The pips insulated from the melt by a 6.4 cm thick
annulus of cast MgO that was denoted the “lineFhe selected pipe and insulation dimensions
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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 spantiedentire inner diameter of the pipe. The
basemat and liner formed the crucible that helcctraim.

The RV upper plenum
consisted of a second section of pipe
with a stainless steel protective liner.
Three 10 cm pipes welded near the top _
of the vessel provided 1) a vent line
for the initial surge of hot i
noncondensable gases generated by the <& @4
thermite reaction, 2) a pressure relief y e iy rressue
line with a rupture disk (7.7 bar at [ﬁ %:a ]
10°C), and 3) an instrument flange —
for the absolute pressure transmitter o
that measured the reaction vessel .
pressure. A baffle was mounted below /" o e cuon sy
the upper flange to prevent water s e
droplets from being carried up towards \ —
the condenser, which would have %z 0l
adversely affected the heat flux a

ﬁ STEAM
WATER SUPPLY OUTLET

THERMOPILE
HF-VENT

POWDER HEIGHT
(60 cm ABOVE BASEMAT)

measurement. A fourth 10 cm pipe = @@é&
welded to the top flange provided an I RRATE L .
outlet for steam from the quenching e EnEm O I
melt to four cooling coils. The water- T eoweL
cooled coils condensed the steam,
which was collected within a 200 cm e \
20,717}

high, 20 cm diameter condensate tank
(CT). Figure 3-13 provides an
overview of the SSWICS test facility.

A oo DRAWING: MCCISSWICS-12 TEST SECTION
/7 // / // s N (CROSS SECTION)

TR

MgO (6.35 cm THICK) %

WATER INLET C,>

N DRAWING NO.: MCCI 1097
DRAWN BY: D. KILSDONK 2-4746

lgU DATE: 2/13/09
FILE: SSWICS-12_TS_CS 2.DWG(AC131)

For SSWICS-12, the corium
was divided into quadrants by 10 mm
thick tungsten plates. The partitions
had machined slots so that one fit over
the other in an interlocking cruciform. They watgported by 20 mm deep grooves in the liner
to limit shifting under lateral loads. The paditiconsisted of two stacked sections, each with a
height of 20 cm, creating a 40 cm high wall withine melt. Figure 3-14 provides a detailed
views and a photograph of the lower plenum andrbasencluding the tungsten partitions.

Figure 3-12. Side View of Reaction Vessdl.

Four 36-liter tanks provided independent reservioirsupply the nozzles with water. The
nozzles were gravity fed and so the driving presdor injection was set by the elevation
difference between the nozzle and the tank watezl.leA check valve in each line prevented
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TOP VIEW
SCALE 1710

MgO LINER

LOWER TEST SECTION
re
305 mm

li-— DIVIDER

676

mm

(@) o )
Figure 3-14. (a) Design Details and (b) Photograph of SSWICS-12 L ower Plenum.

back flow up into the tank and isolation
valves were opened when the RV prehea
phase of the test began. For SSWICS-12, th
tanks were positioned at different levels to
generate the desired range of driving
pressures. A pressure equalization line linkec
the RV gas space to the gas spaces of all fot
tanks, ensuring that the head was set only b
the nozzle - tank elevation difference. This
was necessary because the RV pressul l
fluctuated following initial water injection.
The tanks were positioned to provide initial semm ]
net driving heads of 0.05, 0.1, 0.15, and 0.z | & mm
bar. The driving head accounted for the effec
of the melt hydrostatic pressure on the
elevation evaluation [5]. The tanks containec
sufficient water inventory to completely N :

guench the melt to saturation so that makeu o

water would not be needed during the test. o sress e

Figure 3-15. SSWICS-12 Nozzle Design.

STAINLESS DIAPHRAGM
0.05 mm THICK
ELECTROM BEAM WELDED

POROUS CONCRETE
FOR WATER INJECTION

187 mm

The design for the concrete nozzles
that were used in SSWICS-12 is shown in Figure 3-F®ur nozzles were cast within the
basemat and positioned so that they were roughlydesant from the liner and neighboring
partitions. The top of each nozzle was flush whit basemat surface and each was filled with a
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specialty design porous concrete [5] to provideathdor water flow up into the melt while
preventing melt flow downward into the nozzle. @ak-tight 0.05 mm-thick stainless steel
diaphragm was welded over the top of each nozz&etee as a temporary seal to prevent water
flow from the feed line up into the thermite duritige vessel preheat phase of the experiment.
Melt contact following the thermite burn rapidlylated through these thin diaphragms, thereby
initiating the water injection phase of the expesmn

As part of pretest operations, orifices (i.e., nee@lves) on each of the supply lines from
the header tanks to the nozzles were adjustecasthid peak flowrate to each nozzle was limited
to 0.01 kg/sec. This action effectively cappedpbeak corium quenching rate at a level of ~ 1.2
MW/m? at saturated coolant conditions if all four nosztepened completely. This step was
taken since the results of previous COMET test$ §iZRthe same test stand indicated that melt
dispersal within the test section could be sigaiiicif the steaming rate was not limited.

Sufficient instrumentation was provided to deterenithe boundary conditions and
cooling behavior for each of the four melt quadsamted in the test. The flow rate and driving
pressure of each nozzle was measured along withtemeperatures. The condensate collection
and measurement system could not provide the @padite of any particular partition. Rather,
the gross melt cooling rate was measured. Onlyraotdindications of individual partition
cooling rates, obtained through measurements df tex@perature and water flow rate into each
guadrant, were available for these tests. In teomsnelt temperature measurements, each
partition was allotted a 5-junction C-type thermogle in a tungsten thermowell. The
thermocouples were spaced every 51 mm so that gpermnost thermocouple was 190 mm
above the basemat surface. The tungsten thernowelle 9.5 mm diameter, which is the same
size used in the WCB-1 (see Section 3.1), but taitgn that used in previous SSWICS tests (6
mm). Though thermowell size should be minimizedintot fin cooling effects, the thermowells
for this test were too long to fabricate in a digenéess than 9.5 mm.

Aside from the test section, the balance of thdifiaevas instrumented to provide the
necessary information to assess the nozzle injetfibovrates as well as the overall steaming rate
from the test section. The instrument locatiores sirown in Figure 3-13. Water levels in the
header tanks were monitored with differential puessransducers; the time-derivative of this
data was used to provide the estimate of water fhie to the nozzles. Temperature rise across
the condenser was measured with Type K thermocsuplhile water flow rate through the
condenser was measured with a paddlewheel flowmefEne water level in the CT was
monitored with a time domain reflectometer with edundant measurement provided by a
differential pressure transducer. Measurementrtenoéies for the various instruments utilized
in the tests are provided in [5].

The composition of the corium oxide phase for SSB/2 and -13 was the same as that
used in SSWICS-6 (i.e., 60.3/24.7/15.0 wt % JAHDO,/siliceous concrete [3]). However, the
thermite was reformulated to react at a higher emaipre to minimize crust formation on the
basemat that might impair initial water flow thréuthe nozzles. The initial melt temperature
for SSWICS-6 was ~1950°C while the target initiahperature for these tests was ~ 2100°C.
Reformulation of the thermite to produce the higresction temperature resulted in a slightly
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higher Cr metal byproduct content of 7.6 wt % ia thelt, which can be compared to the level of
6.4 wt % for SSWICS-6. The initial thermite powdeading for both SSWICS tests is shown in
Table 3-5, while the pre-and post-reaction compmsstare provided in Table 3-6.

3.2.1.2 SSWICS-13 Apparatus Table3-5. Thermite
Chargefor SSWICS Tests.
The overall facility design for SSWICS-13 was |_Constituent Mass (kg)
the same as that used for SSWICS-12, but with the UsOs 78.61
following exceptions: i) the apparatus was modified (éros 129§QGO
such that the melt was partitioned into two sectors iar 22’ 98
instead of four, ii) the injector design was chahge Mg o.io
from porous concrete to a tubular steel constractio Si 351
and iii) the supply system to the injectors was ifed Sio, 7.49
to provide a two-phase gas-water mixture to setecte Al 0.45
injectors. These changes required some Total 136.0
instrumentation modifications, principally  to
characterize the two-phase flow to the nozzles. Table3-6. SSWICS Thermite
Reaction Compositions.
The results of SSWICS-12 indicated that the 10| Constituent Wt %
mm thick tungsten plates that were used to panitio . —— Rgs‘cgtgm Pr‘_’dUCt
the melt survived the test intact, and so the same—;~ - 55 61
design (but new material) was used for SSWICS-13 Zr 16.90 5
The test section was divided into two by a 60 cghhi ZrO, - 22.84
wall made up of three 20 cm high, 10 mm thick date Si 2.58 -
Figure 3-16 provides a detailed view and a photgra Sio, 5.51 11.03
of the lower plenum and basemat including thel M3 0.07 -
tungsten partition. The partition was supported by MA%O 0\233 O'_ll
grooves that were cast in the MgO liner to prevent ALO; - 0.63
shifting under lateral loads. Cao 218 218
CrO; 14.63 -
Another modification for SSWICS-13 was the Cr - 7.60

fact that the upper 25 mm of the basemat was

fabricated from limestone/common sand concrete. As

shown in Figure 3-17, the injection nozzles wersifoaned 10 mm beneath the concrete surface.
The purpose of the concrete was to protect theleeZrom coming into immediate contact with
melt following the thermite burn. As for SSWICS;¥ach nozzle was fed by a single supply
tank so that a differential pressure transmitteuld¢obe used to measure the flow rate to
individual nozzles. One change for SSWICS-13 vhas$ &n isolation valve was added on each
nozzle supply line that could be opened remotetynfrthe control room once the melt had
contacted the basemat. This feature was added #iecSSWICS-13 injection tubes were not
sealed at the top as they were (using a thin sliephragm) in SSWICS-12. Thus premature
opening of these lines would have led to water agepnto the thermite, and this would have
severely degraded the thermite reaction.
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Details of the nozzle design for SSWICS-13 are ey in Figure 3-18. Water left the
nozzle and entered the melt through four 1 mm-diamoles. The holes were positioned 4.5
mm from the nozzle center. The nozzle itself hatbaneter of 12 mm and all components were
made of stainless steel. The two nozzles injeatit@gen had an additional 1-mm hole at the
center. The nitrogen and water were expected totagether as they entered the melt. The
driving pressure for all four units was set to Ba2 on both the water and gas sides for this test.

MO LINER

CONCRETE) Mgo —._AL 3~
BASEMAT

L —THERMOWELL (2)

MgO LINER \

WATER NOZZLE (2) GAS/ WATER NOZZLE (2)

SECTION B-B

(a) (b)
Figure 3-16. (a) Design Details and (b) Photograph of SSWICS-13 L ower Plenum.

GAS/WATER NOZZLE

CONCRETE LAYER

MgO LAYER

{
“10mm 0 <
BASEMAT- ‘25} ( ° Ll {
38mm y / / /

f k \>\< BOTTOM FLANGE
=

1/2"[12.7 mm] TUBE
1/8"[3.2 mm] TUBE

SWAGELOK TEE
FROM WATER
SUPPLY TANK

SWAGELOK REDUCER

P =) (=

N2
SUPPLY

GAS
REGULATOR

MANUAL CHECK GAS METERING REMOTE
VALVE VALVE FLOWMETER  VALVE ISOLATION
VALVE

Figure 3-17. Details of Nozzle Design with Gas I njection.
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As discussed earlier, the water flowrate
to each nozzle for SSWICS-12 was limited to
0.01 kg/s in an attempt to minimize melt
dispersal from the expanding steam in the
early portion of the test. However, the results
indicated that even with this restriction, melt
was ejected from the lower plenum leaving a
coating over most of the inside of the RV that
caused a peak plenum temperature of 3200
To further limit melt dispersal, metering
valves on each supply line were adjusted to
allow a peak water flowrate of 0.005 kg/s at
the initial fill level, which was half of that for
SSWICS-12. This step limited the maximum
achievable debris cooling rate by bottom water
injection to a level ~ 600 kW/mat saturated
coolant conditions.

The gas flowrate to the two nozzles
that ‘injected a two-phase mixture Was riq 6318 SSWICS-13 Nozzle Detail.
specified to be 20% of the initial volumetric
flow rate of the water. The gas system (Figur&’Bvitas configured with an approach similar to
that used for the water. The initial flow rateeach nozzle was defined (0.06 Ipm), as was the
maximum driving pressure at the nozzle exit (0.2tbamatch the initial net driving head set for
the water). The head associated with the corius@va5 bar and so the gas source pressure was
set at 0.35 bar to provide the net 0.2 bar driygregsure. A metering valve was used to adjust
the line losses to achieve the target flow ratb@tine pressure of 0.35 bar [5].

As for SSWICS-12, sufficient instrumentation was\pded to determine the boundary
conditions and cooling behavior of the two partiso The water flow rate and driving pressure
to each nozzle was measured. The nitrogen gas tiio@ach of the two nozzles was also
measured. Each melt partition was allotted a $tjon C-type thermocouple assembly in a
tungsten thermowell with the junction elevations #ame as that used in SSWICS-12.

3.2.2 Results and Discussion

Operationally, both SSWICS-12 and SSWICS-13 fumeitbas designed. SSWICS-12
featured an inert MgO basemat with four porous petecinjection nozzles mounted flush with
the MgO surface. Water driving pressure was thepgarameter investigated in this test, with
heads of 0.05, 0.1, 0.15 and 0.2 bar applied tdainenozzles. Each nozzle was separated from
the other by a tungsten cruciform that effectivdilyided 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 theeothBoth water and gas were injected under a
constant net driving pressure of 0.2 bar. Thetautdil step was taken to cover the upper surface
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of the injection tubes with a 10 mm thick layercohcrete to prevent direct contact with the melt
following the thermite burn.

Principal results from the two tests were the melil temperature response in each melt
sector, average debris-water heat fluxes, and t®le coolant and gas (for SSWICS-13)
injection flow rates. Representative melt tempeemdata for SSWICS-12 and -13 are provided
in Figures 3-19 and 3-20, respectively; junctioavations are shown in these figures as mm
above the initial substrate surface. In additmorjum-coolant heat fluxes are shown collectively
in Figure 3-21. Finally, top views of the test apgiuses that illustrate the posttest debris
morphology are provided in Figure 3-22.
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Figure 3-19. SSWICS-12 M€elt Temperaturesin Quadrantswith (a) 0.1 and (b) 0.2 Bar
Static Water Head.
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Figure3-20. SSWICS-13 M€t Temperaturesin Partitionswith (a) Water Only and (b)
Gas-Water Nozzles.

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 wagseael over a timescale of nominally 65
minutes (Figure 3-19). The average debris codiatg over this time interval was 640 kW/m
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which is ~ 50 % of the peak limit set by the nozaldicing (Figure 3-21). There was no
discernable effect of water head on the rate ofilego At the throttled flowrate for this test, nel
dispersal was quite large, leading to a highly perposttest debris configuration as well as melt
coating of the interior of the test section (Fig@r22). As a result, water was added from the top
in an effort to cool the upper internals of the RVhis somewhat complicated the data analysis,
but it did not change the fact that the melt wasnghed rapidly and effectively at a rate that
exceeded by considerable margin the cooling rate®weed in the other SSWICS tests in which
the melts were cooled by top flooding [3].

3000 6 900 5
—DP —DP
HX 800 | — —HX
2500 A —TDR 15 % —— DR
—V-quench 2 700 | ——V-quench T4
3 A
2000 144 600 |

500 |

inactive; 1:

1500

400
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1000 300

200 [ "\\ l‘ 1,

100

-
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\

|1

k. T T T T T Ty 0
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Elapsed Time after Ignition (minutes) ElapsedTime After Ignition (minutes)

(@ (b)
Figure 3-21. DebrisWater Heat Fluxesfor (a) SSWICS-12 and (b) SSWICS-13.

I g

(a) - (b)
Figure 3-22. Posttest Debris Distributionsfor (a) SSWICS-12 and (b) SSWICS-13.

For SSWICS-13, the nozzles were further throttegrovide a peak debris cooling rate
of ~ 600 kW/nf referenced to saturation conditions. Following thermite burn, the melt was
able to ablate through the 10 mm thick concreterlayerlying the nozzles and flow was initially
established in all four nozzles. However, shodfterwards one of the nozzles fed by the
gas/water mixture plugged so that additional watgction through this nozzle did not occur.
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For the three nozzles that did open, the co-imactif gas through the third nozzle was found to
have no discernable influence on the overall averagter injection flowrate when compared to
the water-only nozzles. Once water flow was eghbtl, the injection flowrate appeared to be
relatively constant at a flowrate that was ~ 90 %hef throttled value. Based on the time to
guench (Figure 3-20), it is estimated that the detwoling rate in the sector where both water
nozzles opened was on average 450 k¥\(Figure 3-21), which is ~ 75 % of that estimated
based on the assumption of saturated coolant ¢ongliin the melt pool. In this test, melt
dispersal still occurred due to steam sparginguitingdhe melt, but not nearly to the extent as that
seen in SSWICS-12 (Figure 3-22). Melt quenching8WICS-13 also occurred at a rate that
significantly exceeded that observed in the previ88WICS top flooding experiments [3].

In summary, the results of both tests confirmed tm&lt cooling by bottom water
injection is an effective method for quenching toee melt. The results of SSWICS-12 showed
that water head on the nozzles had no discernéfilet en the debris quenching rate in the range
investigated (viz. 0.05-0.2 bar). All four poroaosncrete nozzles that were used in this test
opened upon melt contact and provided a pathwawé#ber to enter the melt. For SSWICS-13,
the concurrent gas injection was found to have gligible impact on the average debris
guenching rate relative to that measured for puaseerv In this test, three of the four nozzles
opened upon melt contact, while the fourth opengefli» and then plugged for the balance of
the test. The nozzle that plugged was intendéucjé¢ot the water-gas mixture.
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40 CATEGORY 3TEST RESULTS

Two additional large scale CCI experiments were geted [6] in this test category that
focused on broadening the database that was dexkbyppart of the MCCI-1 program [1]. The
overall objective of the test series was to prowidermation in the following areas: i) lateral vs.
axial power split during dry core-concrete intei@ct ii) integral debris coolability data
following late phase flooding, and iii) data regagl the nature and extent of the cooling
transient following breach of the crust formedret melt-water interface. Specifications for all
tests are provided in Table 4-1. Tests CCI-1 thhoGCI-3 in MCCI-1 [1] principally addressed
the effect of concrete type on 2-D cavity erosiehdwvior and late phase debris coolability. Test
CCI-4 expanded the parameter base addressed setl®s by examining the influence of core
melt composition on cavity erosion behavior andl@boitity. The specific objectives were to: i)
increase the metal content of the melt to the lEgheactical level to more accurately mock up a
BWR core melt composition, and ii) modify the apgias design to increase the duration of the
dry core-concrete interaction phase. Conversadgt TCI-5 focused on examining the influence
of melt pool aspect ratio on the radial/axial posglit under dry cavity conditions. The detailed
objective was to increase the test section aspdict (i.e., test section width/melt depth) to the
greatest extent possible to more accurately mogkroiotypic conditions.

41  Apparatus

Principal elements of the facility consisted ofattapparatus, a power supply for Direct
Electrical Heating (DEH) of the corium, a water glysystem, two steam condensation (quench)
tanks, an off gas system to filter and vent thegaes, and a data acquisition system. A
schematic illustration of the facility is providedFigure 4-1.

The overall facility design was effectively the sarfor both tests. However, the
apparatus for each experiment was modified in otdeachieve the specific test objectives.
Thus, a single description is provided for commacility elements, while design variations are
explicitly addressed for each test.

4.1.1 CCI-4 Test Apparatus

The principal components of the apparatus, showiignre 4-1, consisted of a bottom
support plate, three sidewall sections, and anrmugpaosure lid. The overall structure was 3.4 m
tall. The two upper sidewall sections had a squdsznal cross sectional area of 50 cm x 50 cm.
The concrete test section for containment of thee coelt was located at the bottom of the
apparatus. Side and top views of this componenshown in Figures 4-2 and 4-3, respectively.
The cross-sectional area of the cavity was 50 o xm. The distance between the tungsten
electrodes was the same as that of previous téktb( cm), while the distance between the
concrete walls was reduced by 10 cm to a widthQotrh. This increase in sidewall thickness,
combined with a 5 cm extension in allowable ablgtjgrovided a total of ten extra centimeters of
concrete for lateral ablation per sidewall. Thedmat thickness was increased to accommodate
up to 42.5 cm of axial ablation. The design man&d a concrete thickness of 15 cm in both the
walls and basemat for final melt containment.
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Table4-1. Specificat

ionsfor CCI Tests.

Par ameter Specificationsfor Test:
CCl-1 CCI-2 CCI-3 CCl-4 CCI-5
Corium 100 % oxidized PWR +| 100 % oxidized PWR +| 100 % oxidized PWR +| 78 % oxidized BWR 100 % oxidized PWR +
8 wt% SIL 8 wit% LCS 15 wt% SIL with 7.7 wt % SS and 1 15 wt% SIL
wt % LCS
Concrete type SIL (U.S.-type) LCS SIL (EU-type) LCS SIL (EU-type)

Basemat cross-section

50 cm x50 cm

50 cm x50 cm

50 cm x 50 cm

50 cm x40 cm

50cm x 79 cm

Initial melt mass (depth)

400 kg (25 cm)

400 kg (25 cm)

375 kg (25 cm)

300 kg (25 cm)

590 kg (25 cm)

Test section sidewall

Electrode walls: Inert

Electrode walls: Inert

Electrode walls: Inert

Electrode walls: Inert

Electrode walls: Inert

construction Nonelectrode walls: Nonelectrode walls: Nonelectrode walls: Nonelectrode walls: Nonelectrode wall No. 1
concrete concrete concrete concrete concrete
Nonelectrode wall No. 2
Inert
Lateral/Axial ablation limit 35/35 cm 35/35 cm 35/35 cm 45/42.5 cm 40/42.5 cm
Initial melt temperature 1950 °C 1880 °C 1950 °C 1850 °C 1950 °C

System pressure

Atmospheric

Melt formation tech.

Chem. reaction (~30 s)

Melt heating technique

DEH

Power supply operation
prior to water addition

Constant @ 150 kW

Constant @ 120 kW

Constant @ 120 kW

Constant @ 95 kW

Constant @ 145 kW

Criteria for water addition

1) 5.5 hours of operatiof
2) ablation— 5 cm of

limit

1) 5.5 hours of operatiof
2) ablation— 5 cm of
limit

1) 5.5 hours of operatiot
2) ablation— 5 cm of

limit

1) 7.0 hours of
operation 2) ablatior>

5 cm of limit

1) 6.0 hours of operation
2) ablation— 5 cm of
limit

Inlet water flowrate/temp.

2 Ips/20 °C

Water depth over melt

50+ 5cm

Power supply operation
after water addition

Constant voltage

Test termination criteria

1) Tme < Teonsos 2) @blation arrested, or 3) ablatienlimit

Operational Summary

Successful: pronounce(
lateral erosion in one
sidewall

Successful: symmetrica
cavity erosion

Successful: pronounce(
lateral erosion

Successful: symmetrica
cavity erosion

Successful: pronounced
lateral erosion; cavity
not flooded due to offgas
system plugging

aSIL denotes siliceous concrete, LCS denotes Limeg@ommon Sand concrete.
PAfter erosion of concrete/metal inserts and at sthbasemat ablation
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The electrode sidewalls of the 1975 (s02em) ‘
lower section were fabricated from _ ﬁ QQQQQQQQQQ £ o
castable MgO refractory, while the non- .
electrode sidewalls were fabricated from
Limestone/Common Sand (LCS)
concrete. The middle sidewall section
was fabricated from a high temperature
refractory concrefe while the upper
section was made from LCS concrete.
The concrete and MgO were contained t
within flanged 11 gauge steel forms that,"™"
secured the lower section to the balance
of the existing test section components
with an aluminum transition plate. The
lower section was fabricated with vertical,
flanged casting seams between the MgQ
and concrete so that the walls could be
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disassembled to reveal the solidified sesreclercocoaelior e el boumono vooes
debris following the test. The MgO walls . PLE coM BSOWG(ACHED)
were reused, while the concrete walls  Figyre4-3. Top View of CCl-4 Lower Test
were disposed of as radioactive waste. Section.

A layer of crushed U®pellets was used to protect the interior surfdcthe two MgO
sidewalls against thermo-chemical attack by theuomr In the event that this layer failed, 3.2
mm thick tungsten and molybdenum back-up platesveenbedded in these walls as a final
barrier to terminate sidewall attack. The plateseninstrumented to provide an indication of
corium contact with these surfaces during the tes$fulti-junction Type C thermocouple
assemblies were also cast within the MgO to prowite information required to evaluate
conduction heat losses into these walls.

Melt pool generation was achieved through an exotlee“thermite” chemical reaction
that produced the target initial melt mass ovanmescale of ~ 30 seconds. After the chemical
reaction, DEH was supplied to the melt to simuldéeay heat through two banks of tungsten
electrodes that lined the interior surfaces ofdpposing MgO sidewalls. The copper electrode
clamps were attached to the 2.5 cm thick aluminwttom support plate that formed the
foundation for the apparatus. A total of sixtyew#r9l cm long, 0.95 cm diameter tungsten
electrodes were attached to each electrode clampigth of 1.9 cm. The clamps were attached
with water-cooled buss bars to a 560 kW AC powgapBu As illustrated in Figure 4-3, the
electrodes spanned a total width of 120 cm on satgwall of the lower section. At the start of
the experiment, the electrical current was drawmoubh the center 40 cm lateral span of
electrodes that were in direct contact with thetmels the test progressed and the concrete
sidewalls eroded, additional electrodes were exptséhe corium. Electrical current was drawn
through these newly exposed heating elements,thenaintaining a uniform heating pattern in

*Tufffloor 2500, Matrix Refractories, Columbus, OH.
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the melt over the course of the experiment. Givendverall electrode span of 120 cm, up to 45
cm of sidewall ablation could be accommodated wimiéentaining uniform heat input.

As shown in Figure 4-1, a 15 cm diameter gas lias wsed to vent the helium cover gas
and the various gas species arising from the comerete interaction into two adjacent tanks that
were partially filled with water. In the initialhase of the experiment, while the cavity remained
dry, the tanks served to cool the reaction prodiastes and filter aerosols generated from the
core-concrete interaction. In the late phase/ dfte cavity was flooded, the tanks served to
condense the steam and, based on the measurechsatide rate, provide data on the corium
cooling rate. In either case, the helium coveragabnoncondensables (CO, £@nd H) passed
through the tanks and were vented through an affsgatem that included a demister, filters, and
a gas flow meter. The gases were exhausted thriggbontainment ventilation system and a
series of high efficiency filters before finallyibg released from the building stack.

After a specified period of core-concrete intemactithe cavity was flooded using an
instrumented water supply system. The water editére test section through two weirs located
in the opposing (non-electrode) sidewalls of the test section. After initial water addition, the
water level over the corium was kept roughly in thege of 50 £ 5 cm by periodically adding
makeup. Once a stable crust formed at the mek+waterface, an insertable lance was used in
an attempt to break the crust to obtain data omé#tere and extent of debris cooling that occurs
following transient crust breach. As described éttin 1, this is a cooling mechanism that is
expected to be active at plant scale owing to teehanical instability of crusts that would form
in the typical 5-6 m cavity span of most plantsheTance was simply a 2.54 cm diameter, 304
stainless steel rod with a pointed tip. The lawes inserted through a seal in the lid of the test
section. The driving force for the lance was a 4§0dead weight that was remotely lowered
with the cell crane during the test.

4.1.2 CCI-5 Test Apparatus

Test CCI-5 focused on examining the influence ofltnpmol aspect ratio on the
radial/axial power split under dry cavity conditgon Specifically, the test section aspect ratio
(i.e., test section width/melt depth) was incredseithe greatest extent possible by modifying the
test section design to include a single concratev&ll that would undergo ablation, while the
opposing sidewall was made from refractory MgO #egentially created an adiabatic boundary
condition. Top and side views of the modified lowest section design are provided in Figures
4-4 and 4-5, respectively. The thickness of the nen-electrode sidewall was the same as the
existing MgO electrode walls (i.e., 25 cm), anavés also protected with a crushed JJs2llet
liner. As shown in Figure 4-5, the underside & tést section transition plate was exposed due
to the addition of the thin MgO sidewall. To prdgithermal protection, the plate was lined with
Al,O3 insulation and a tungsten heat shield. A sintilzait shield design was found to be highly
successful in protecting the inner surface of t@EAVCCI test apparatus lid [7].

The selected sidewall dimensions increased thentstssidth from the nominal value of
50 cm in Tests CCI-1 through CCI-3 to 79 cm for &CI Taking credit for the symmetry
boundary condition, then the aspect (width/melttkepatio was increased from 1.0 in tests CCI-
1 through CCI-3 to 3.2 for CCI-5, given the initraklt depth of 25 cm for CCI-5 (see Table 4-1).
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As for Test CCI-4, the safety plan for the testsuased that a minimum thickness of 15 cm was
maintained for all concrete
components to  ensure final R

© © © 6 0|]0© © © 6 © 6 © 6 6/0 6 0 6 00 NORTH

containment of the melt. On this ° >
basis, up to 40 cm of lateral ablation : / a T
could be accommodated in the LNV ﬁﬁ | conererespanu
concrete sidewall. Conversely, up to : Hie o o oo H
42.5 cm of axial ablation could be . : ‘ 3 :
accommodated given the initial AV E i %:/MGSTENBACKUPMS
basemat thickness of 57.5 cm. The ° % & B
balance of the test section design { |- | ;Pf TR |
above the lower section was identicalue |-,/ |'[ % .
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4.1.3 Concrete Compositions RN ‘”%%' (o emxeoem

As shown in Table 4-1, : s, 1 LI E—"
concrete type was one of the key NV 4 =% \ :
parametric  variations in  the Z/ \“5\ :
experimental series. Test CCIl-4 was R —
conducted with Limestone-Common ® oo

Sand (LCS) concrete, while CCI_5Figure4-4. Top View of CCI-5Lower Test Section.
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Figure4-5. SideView of CCI-5 Lower Test Section Showing Concrete Sidewall.
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was conducted with siliceous concrete. The chdrmomapositions of the two concrete types are
shown in Table 4-2. The compositions were deteeghithrough chemical analysis of samples
taken from concrete archives that were producedewfabricating the basemat and sidewall
components for each test. Refer to the individizah reports [59,60] for additional information

regarding the engineering compositions (i.e., mix

ratios) for each concrete type. Table 4-2. Chemical Composition of
Concretes.

The densities of the concretes used in ! Oxide CCl-4 CCI-5
tests are shown in Table 4-3. These densi Wt% Wt%
were calculated on the basis of the measu SiO, 25.99 58.27
mass and volumes of the concrete arch Al;O; 2.78 3.51
samples for each test. Instrumentation locatic Fe0s 1.40 1.33
within the sidewalls and basemat are descrit Cal 27.81 20.20
later in this section. MgO 9.21 0.92

SO, 0.91 0.45
4.1.4 Corium Compositions Na,O 0.39 0.49
K50 0.54 0.80

As shown in Table 4-1, the initial coriun TiO; 0.17 0.15
compositions for the tests were quite differel P,0s 0.09 0.07
with CCI-4 conducted with a partially oxidize Mn,Os 0.04 0.05
BWR core melt, while CCI-5 was conducte Sro 0.02 0.03
with a fully oxidized PWR core melt. Th Co, 23.80 9.50
compositions for the two tests contained varic H:O, Free 3.58 1.90
proportions of calcined concrete as initi |__H20, Bound 3.42 2.88
constituents. The compositions of the concr: Total 100.15 100.54
additives were consistent with the type .
concrete used for the sidewalls and basemat Table4-3. Concrete Densities.
each test. Aside from lowering the melting poi Test Concrete Density

. .. (kg/m )
of the mixtures [61],the additives were CCia 404
incorporated to account for concrete erosion t CCI5 5382

is expected to occur during the corium spread..
phase following breach of the Reactor Pressureel¢R$V) [62].

For test CCI-4, one objective was to increase tetahtontent of the melt to the highest
practical level to more accurately mock up a psgimt BWR core melt, with the target value
being 15 wt %. The approach for achieving thiseotiye was to place a metal-bearing concrete
insert that overlaid the basemat for dissolutido ime melt prior to onset of basemat ablafion.
The initial melt compositions at the start of theeraction with the concrete basemats for the two
tests are shown in Table 4-4. For CCI-4, the casitipm includes both the initial melt volume
produced by the thermite, as well as the matenmatbe inserts that were ablated into the melt
prior to contacting the basentat. For CCI-5, the melt content simply correspotuwlthe posttest
thermite reaction composition as no inserts weeg us that experiment.

“This technique was originally developed as pathefACE/MCCI test series [7].
*The estimate includes the expected oxidation ofvifln H,O and CQ gases liberated upon decomposition of the
concrete in the inserts.
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Table4-4. Detailed Melt Compositions at the Start of Basemat Ablation.

Constituent CCl-4 CCI-5
Wt % Mass (kg) Wt % Mass (kg)
uo, 56.52 169.36 56.32 332.29
ZrO, 21.53 64.51 23.13 136.47
SiO, 4.05 12.15 11.17 65.90
Al ;O3 0.49 1.47 0.64 3.78
MgO 1.36 4.08 0.12 0.70
CaO 3.75 11.23 2.21 13.04
Zr 4.61 13.82 0.00 0.00
Cr 4.70 14.08 6.41 37.82
Fe 2.99 8.97 0.00 0.00
Total 100.00 299.67 100.00 590.00

4.1.5 Instrumentation

The CCI facility was instrumented t
monitor and guide experimental operation &
to log data for subsequent evaluatic
Principal parameters monitored during t
course of the test included the power sup *°
voltage, current, and gross input power to = °
melt; melt temperature and temperatu -
within the concrete basemat and sidewa .1
crust lance position and applied load; sup .
water flow rate; water volume an
temperature within the test apparatus, ¢ A
water volume and temperature within t 25 20 5 A0 S 0 %S 10 +15 +20 25

® MULTI-JUNCTION Cr/Al, INCONEL 600 SHEATH, TIP OF TC FLUSH

quench system tan ks. Other key di WITH BASEMAT SURFACE (1 UNIT, 11 JUNCTIONS).

LOCATIONS: 0.0, -25,-5.0,-7.5,-12.5, -17.5, -22.5, -27.5, -32.5, -37.5, -42.5 cm.

recorded by the DAS InC|Uded temperatu‘ & MULTI-FJUNCTION W5Re/W26Re, TANTALUM SHEATH, TUNGSTEN
within test section structural sidewalls, off g THERMOWELL (5 UNITS, 4 JUNCTIONS EA)

& MULTI-JUNCTION Cr/Al, INCONEL 600 SHEATH, TIP OF TC FLUSH

temperature and flow rate, and pressures — wmesanrsTaccw T cicneveen,
various locations within the syster NOTE: ALL TC DIMENSIONS ARE CENTIMETERS

Measurement uncertainties for the varic  fFigyre4-6. Plan View of CCl-4 Basemat
instruments utilized in the tests are provid

in [6].
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I nstrument L ocations.

The concrete sidewall instrumentation locations @€1-4 and CCI-5 are shown in
Figures 4-2 and 4-5, respectively, while plan vi@ivghe basemat thermocouple layouts for these
two tests are provided in Figures 4-6 and 4-7.hBbé basemat and sidewalls were instrumented
with multi-junction Type K thermocouple assembltesdetermine the 2-D ablation profile as a
function of time. In addition, multiple Type C tineocouple assemblies that were protected by
tungsten thermowells were mounted vertically witthie basemats and horizontally through the
concrete sidewalls. The purpose of these instrisneas to provide data on the axial and lateral
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melt temperature distributions versus time. Othignificant test instrumentation included a
stationary (lid mounted) video camera for obsenphgsical characteristics of the core-concrete
interaction. In addition, for CCI-

5, a two-color optical pyrometer -+
was used to provide melt surface *=
temperature data during the test. *»

+25

Y

NORTH

&

B (-125,+19.7) C(+125,+19.7)

® ®

4.2 Resultsand Discussion 0

As a whole, The CCI test '
series investigated the effects of *°
concrete type and input power on
two-dimensional  core-concrete
interaction under both wet and dry
cavity conditions. The purpose of
this section is to compare the
results from the two experiments
conducted as part of the current _,
test series with the data from the .,
test series as a whole [1] to 25 20 A5 0 5 0 45 410 +15 +20 +25
identify key parametric effects.
Principal variables measured
during the experiments included
melt temperature, local concrete
ablation rates, and debris/water heat flux aftertgdlooding. However, tests CCI-4 and CCI-5
did not provide any prototypic debris coolabilitgtd for direct comparison to the data obtained
under late cavity flooding conditions as part & MMCCI-1 program [1]. In CCI-4, direct melt-
water contact was precluded by the presence ofge laantle crust that formed in the upper
regions of the test section due to extensive nugining that occurred over the course of the
experiment [6]. For CCI-5, the cavity was not fied due to plugging of the main gas line for
the apparatus [6]. Thus, the following discusdimeuses on core-concrete interaction behavior
as opposed to debris coolability, with discussioegarding coolability aspects deferred to
Section 5. The reader is referred elsewhere [llafaliscussion of the results regarding debris
coolability underlate flooding conditions obtained as part of MCCI-1.or®ersely, additional
data and discussions regarding coolability undarly flooding conditions are provided in
Section 5 of this report.
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Figure4-7. Plan View of CCI-5 Basemat
Instrument L ocations.

A comparison of key results from the CCI test serseprovided in Figures 4-8 through 4-
10, which provide the estimated average melt teatper and characteristic lateral and axial
concrete ablation rates for each of the testssh@svn in Figure 4-8, the initial melt temperature
for all tests was in the range of 1880-1950 °C. e THifferences were due to
uncertainty/variability in the thermite reactiomtperatures for the different chemical mixtures
used to generate the initial melt compositions. rimudry cavity operations, all tests showed the
overall trend of decreasing melt temperature aatialol progressed, which was due to a heat sink
effect as relatively cool concrete slag was intaztlinto the melt, as well as the increasing heat
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transfer surface area as the melts expanded ietacdhcrete crucibles. The decline in melt
temperature may further reflect the evolution of fhool boundary freezing temperature that

decreased as additional concrete was erod

One of the key objectives of the
current test series was to investigate the
effect of unoxidized Zr cladding on the
thermalhydraulics of the core-concrete
interaction. To examine this effect,
CCI-4 was conducted with a 78 %
oxidized BWR melt composition. As is
evident from Figure 4-8, the effect of
the oxidation reaction between Zr and
sparging concrete decomposition gases
(CO,, H,0) was to cause an exothermic
transient in which the melt temperature
increased by ~ 100 °C during the first
20 minutes of the test. This same type
of transient was observed in metal tests
conducted at Sandia [30-31] and KIT
[33]. In addition, the effect of Zr
oxidation was also investigated as part
of the ACE/MCCI test series with core
oxide material [7]. Unfortunately, tests
conducted in this series with partially
oxidized melt and LCS concrete were
of very short duration (i.e., several
minutes), and so the long term effects
of the oxidation reactions on
thermalhydraulic behavior were not
clear. However, CCI-4 ran for several
hours past the point at which all the
cladding had oxidized. Moreover, CCI-
2 can be considered a counterpart
experiment insofar as cladding
oxidation state IS concerned.
Comparison of the results indicates that
cladding oxidation reactions cause an
early exothermic temperature transient
in the melt, and after the reaction is
complete, the temperature drops to that
consistent with fully oxidized melt
conditions.

Axial ablation depth (cm) Average melt temperature (°C)

Lateral ablation depth (cm)

ed iatodlit over the course of the tests.
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Additional examination of Figure 4-8 indicates ti@&€I-1 exhibited slightly different
melt temperature behavior compared to the othdy faxidized tests. In this test, the melt
temperature was relatively constant over the fild minutes of the interaction. One possible
contributor to this trend was the fact that thistteas run at a 25 % higher power level in
comparison to the other CCI tests. In particu@€l-1 was run at a power level that was
consistent with a heat flux of 200 kW/rapread over all surfaces initially in contact witte
melt (i.e., axial and lateral concrete surfacesyel as the overlying atmosphere), whereas the
other tests were initiated at a power level comatswith a flux of 150 kW/m(see Table 4-1 for
initial gross power levels). However, the lack oteamperature decline may have also been
caused by crust formation at the core-concreterfattes that acted to insulate the melt.
Relatively low heat transfer rates to the concbetendaries were evidenced by the low ablation
rates exhibited over the first 40 minutes. Not this type of behavior is consistent with other
transient core oxide tests carried out at Sandid, [herein fairly large-mass (200 kg)
substoichiometric melts consisting of (U,Zp)Owere dropped into concrete test sections and
allowed to cool with no further heating. In thdssts, no concrete ablation occurred and the
conclusion was drawn that crusts acted to thernpabfiject the concrete. However, in the current
tests the melts were continuously heated. Thuse time surface crusts failed in CCI-1, ablation
proceeded vigorously and the melt temperaturegdgildly in comparison to the other tests. This
initial stable crust behavior may have been linkedhe exceptionally low gas content for this
concrete type in comparison to others used indbeseries (see Table 3-18 in [1]). In particular,
gas sparging at the core-concrete interface mayigedhe mechanical force required to dislodge
the crust material from the interface, therebyvailhg ablation to proceed. If this interpretation
is correct, then the reduced gas sparging allowedrtsulating crusts to remain stable over an
extended period of time in Test CCI-1, which imteaused the melt temperature to increase.

Aside from Test CCI-1, examination of Figures 4@ &-10 indicates that the other CCI
tests also showed evidence of early crust formaioaises that influenced the overall ablation
behavior. For CCI-2, both axial and lateral ablatirates were quite low and the melt
temperature relatively constant until ~ 30 minugser which time a period of rapid erosion
occurred. However, unlike CCI-1, these erosiorstsuwere not sustained. Rather, after ~5 cm
of ablation, both the axial and lateral ablatiotesaslowed significantly and approached quasi-
steady states. The reduced period of crust dtafoli CCI-2 is consistent with the idea that gas
sparging can disrupt surface crusts, since thegatent of the CCI-2 concrete was significantly
greater compared to CCI-1.

Unlike tests CCI-1 and CCI-2, sidewall erosion eésttCCI-3 commenced immediately
upon contact with melt, and progressed steadilyutiinout the balance of the test. Conversely,
the data suggests that the concrete basemat weecteh by an insulating crust until ~ 50
minutes, at which point the crust failed and enastommenced, albeit at a reduced rate relative
to lateral ablation. In contrast, the results @16 suggest that the sidewall was protected by
crust material for nearly 2.5 hours before ablatias initiated. However, once erosion began,
the lateral ablation rate approached that obsanvé&I-3.

Aside from initial crusting effects, examinationifjures 4-9 and 4-10 indicates that the
long-term ablation process is influenced by corctgpe. Estimates of average lateral and axial
ablation rates for the five tests are provided @bl€ 4-5. This table also includes estimates of
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the concrete heat fluxes that were formulated basethe average erosion rates using a quasi-
steady concrete erosion assumption [6]. As shawthe table, long-term lateral and axial
ablation rates for Tests CCI-2 and CC-4, both oicWwhvere conducted with LCS concrete, were
about the same. For CCI-2, the concrete erosittnaeeraged 4 cm/hr over several hours of
interaction before gradually decreasing; the cpwasding surface heat flux was ~ 60 kV¥/m
For CCI-4, the fluxes were slightly lower (i.e, ~ K®//m?), but this is due to a surface scaling
effect as the initial cavity size and thereforeunpower level were reduced to expand the test
duration. Thus, the lateral/axial heat flux ratiosthese LCS tests are approximately unity.

Table4-5. Lateral/Axial Ablation Rate and Power Split Estimatesfor CCl Tests.

Lateral Ablation Axial Ablation Lateral-Axial
Heat Flux

Test Concrete Ablation Heat Flux Ablation Heat Flux Ratio

Rate (kW/m?) Rate (kW/m?)

Type (cm/hr) (cm/hr)

CCl1 SIL (US) N: 39.1 395 26°1 265 2

S: 8.4 86
CCI-3 SIL (EV) 10.0 97 2.5 25 4.0
CCI-5 | SIL (EV) 9.8 95 2.1 21 4.7
CClI-2 LCS 4.0 58 4.0 59 1.0
CCl-4 LCS 2.7 39 2.8 41 1.0

®Heat flux ratio not evaluated for this test dudatge asymmetry in lateral cavity erosion.
®Ablation burst; rate appeared to slow significamifier this time interval; see Figure 4-9.

The relatively uniform power splits for CCI-2 andCE4 can be contrasted with th-
results of the three tests conducted with siliceomuscrete. For test CCI-1, the ablation w..c
highly non-uniform, with most of the ablation cont@ated in the North sidewall of the test
apparatus. As described above, this test was ctediat a higher power density in comparison
to CCI-2 and CCI-3. Moreover, the concrete fos ti@st had exceptionally low gas content (see
Table 3-18 in [1]). Based on the discussion preglidbove, it thus appears that crust stability
played a major role in determining the ablationgpession for this experiment. In particular, the
data suggests that after the insulating crustdaile the North concrete sidewall, the input power
was dissipated predominately through ablation isf $idewall, while crusts continued to protect
the basemat and south sidewall surfaces. As showable 4-5, the ablation rate averaged 39
cm/hr in the North wall over the last 30 minutesdo§ cavity operations; the average concrete
surface heat flux was ~ 395 kWimConversely, brief ablation bursts that reachddcgn/hr in
the South wall and 26 cm/hr axially occurred eamlfthe experimental sequence, but the data
suggests that crusts subsequently reformed on thefees, resulting in very little ablation over
the balance of test operations. Based on thessi¢ra effects, a power split estimate was not
formulated for this test, since the estimate wdaddighly speculative.
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In contrast to Test CCI-1, the other two tests caed with siliceous concrete (CCI-3 and
CCI-5) seemed to exhibit repeatable, albeit notragic, ablation behavior. For CCI-3, fairly
symmetrical ablation occurred insofar as the pregjom of the ablation fronts into the two
opposing sidewalls of the apparatus is concernefbwever, unlike Test CCI-2, the lateral
ablation was highly pronounced in comparison taksor this particular test. A similar trend
was noted for CCI-5 that was conducted with a sirsgiceous concrete sidewall. As shown in
Table 4-5, lateral ablation averaged 10 cm/hr dutime late phases of the CCI-3 and CCI-5
experiments, while the axial ablation rate was tiahito 2.1 to 2.5 cm/hr over the same
timeframe for the two tests. The correspondingt fleaes in the lateral and axial directions
were roughly 100 and 25 kWfnrespectively. On this basis, the lateral/axiaface heat flux
ratios for tests CCI-3 and CCI-5 were estimated dsand ~ 4.7, respectively. These values are
significantly higher than the near-unity ratios deed for tests CCI-2 and CCI-4 with LCS
concrete. Thus, the data suggests that there effeet of concrete type on the spatial heat flux
distribution at the core-concrete interface durilng core-concrete interaction. Between these
two concrete types, possible explanations for bfiees in the erosion behavior are chemical
composition (LCS concrete has a high CaO4S#dio in comparison to siliceous), and concrete
gas content (LCS has ~ 2.5 times as much gas asaiB). A third possible explanation was
revealed during posttest examinations. In padiguhe nature of the core-concrete interface was
noticeably different for Test CCI-2 in comparisanTtests CCI-1, CCI-3, and CCI-5, as shown in
Figure 4-11. (Note that a cross-sectional vievhef CCI-4 debris is not included in this figure
since there was so little core debris remaininghenconcrete basemat). The ablation front for
the three tests conducted with siliceous concreteoted to consist of a region where the core
oxide had locally displaced the cement that bortdecaggregate. Conversely, the ablation front
for Test CCI-2 consisted of a powdery interfacemMnich the core and concrete oxides were
clearly separated. The interface characteristiag have influenced the heat transfer rate across
the boundaries, thereby resulting in different abtabehavior for the two concrete types.

Finally, one of the key test objectives for CCWas to examine the influence of melt
pool aspect ratio on the radial/axial power sphider dry cavity conditions. The specific
objective was to increase the test section asjdict (i.e., test section width/melt depth) to the
greatest extent possible to more accurately mogBrafotypic conditions. The approach was to
modify the test section design to include a sirmglecrete sidewall that would undergo ablation,
whereas the opposing sidewall was made from refinradgO that essentially created an
adiabatic boundary condition. As discussed iniBe@, with this approach the aspect ratio was
increased from a value of ~ 1 for CCI-3 to ~ 3.2@&l-5. The relatively close agreement in
long-term ablation behavior for tests CCI-3 and GCindicate that aspect ratio has little
influence on ablation characteristics. This obagown lends credibility to the measured power
split for siliceous concrete insofar as extrapalathe results to plant conditions.

Aside from the overall cavity erosion behavior,eadootage from the tests indicated that
a crust was present over the melt upper surfaceglar large fraction of dry cavity ablation
phase for all five tests. The crusts contained wpenhings which allowed melt eruptions to occur
as the tests progressed. The frequency and itytesfsihe eruptions were directly correlated to
the gas content of the concrete for any given test.
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Figure4-11. Axial DebrisMorphology for Siliceous Concrete Tests (a) CCI-1, (b) CCI-3, and (c) CCI-5,and LCSTest (d)
CCl-2. (All testswereflooded except CCI-5 ().
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In terms of the chemical analyses conducted as gdatihe test series, samples were
collected to: i) characterize the lateral and ag@hposition variations of the solidified debris,
and ii) characterize the composition of corium ogegi that played key roles in the coolability
aspects of the tests (e.g., porous crust zonestbahthe melt/water interface, and the material
erupted after cavity flooding in CCI-2). See [bf fa discussion of the implications of these
results for debris coolability in Tests CCI-1, a&d -3. Analysis of samples taken to characterize
the lateral composition variation indicate that foost tests, the corium in the central region of
the test section had a higher concentration of origes in comparison to samples collected near
the two ablating concrete sidewalls. Conversebmpes taken to characterize the axial
composition variation over the vertical extent bk tsolidified corium remaining over the
basemat indicate that general trend of slightlyaasing core oxide concentration as the concrete
surface is approached. For all three tests coadueith siliceous concrete, two zones appeared
to be present: a heavy monolithic oxide phase imatelg over the basemat that was enriched in
core oxides, with a second overlying porous, lighide phase that was enriched in concrete
oxides. This axial phase distribution is cleariydent in Figure 4-11.
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50 CATEGORY 4TEST RESULTS

A single large scale integral test was conductethis test category with the objective of
providing data for validation of severe accidende® under the conditions of early cavity
flooding. In the event that the core melt was quénched and stabilized in the early phase, an
array of water injection nozzles was cast intolthgsemat so additional data on Category 2 bottom
water injection cooling could be obtained during thte phase of the test. Specifications for the
experiment are provided in Table 5-1. To minimiza| effects, the test section was enlarged to
include a 70 cm x 70 cm basemat, and the initidt ohepth was increased to 28 cm. To better
reflect early flooding conditions, the thermite waslesigned to include a reduced amount of
concrete decomposition products (i.e., 6 wt %)tnadato the previously performed CCI tests (see
Section 4). In contrast to these previous tektscbre melt was flooded soon after the melt was
produced and before significant cavity erosion beclrred.

Table5-1. Specificationsfor CCI-6.

Par ameter Specification
Corium 100 % oxidized PWR with 6 wt % siliceous concr&eA type)
Test section cross-sectional area 70 cm x 70 cm
Initial melt mass (depth) 900 kg (28 cm)
Test section sidewall construction 24 cm thick concrete folldwedgO protected with a 2.5 cm
thick layer of crushed Ufpellets and powder.
Test section basemat construction 48.1 cm thick concrete withegnodiwvater injection nozzles

embedded at a depth of 27.5 cm from the concrete top surfac
Nozzles are uniformly pitched at a lateral spacing of 14.0 cm.

1%

Sidewall maximum ablation depth 24.0cm

Basemat maximum ablation depth 32.5cm

System operating pressure Atmospheric

Melt formation technique Chemical reaction (~30 second reactia) i

Initial melt temperature ~2300 °C

Melt heating technique Direct Electrical (Joule) Heating

Melt heating method (dry cavity) Constant power at 216 kw

Melt heating method (wet cavity ) Constant voltage (preservesspegtific power density)

Criteria for top cavity flooding Any combination of twifférent thermocouples located 2.5 cm
within the concrete indicate arrival of the ablation front

Top flooding water inlet conditions Inlet water temperatue®c

Inlet water flowrate: ~ 2 liters/sec
Sustainedvater depth over melt: 265 cm

Criterion for bottom water injection Passive opening of rempince the axial ablation depth reachgs
27.5cm
Bottom injection water inlet conditions Inlet water tempegaturl5 °C

Inlet water flowrate: 3.8 g/sBper nozzle, or 170 g/sec maximurn

if all 45 basemat nozzles are opened

Inlet water pressure at nozzle opening: 105 kPad

Test termination criteria 1) melt is quenched, or 2) maxiraxial ablation depth of 32.5

cm is reached.

3Based on 150 kW/Mmdesign heat flux to top, bottom, and two sidewalhcrete surfaces (1.37°rarea), plus an
additional 5 kW to compensate for a long-term hesges of 10 kW/mto MgO sidewalls (0.5 frarea).

Corresponds to an average debris cooling rate @kB@/n7 g/sec if all 45 nozzles opened.
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51  Test Apparatus

The overall facility design and test operating paares for CCI-6 contained many
elements that were similar to those used in the €6ts described in Section 4. However,
several changes were made so that the test cowe @& an increased scale integral experiment
for validation of severe accident codes, and thesnges are outlined below. Overall, the
facility consisted of a test apparatus, a powepbufor Direct Electrical Heating (DEH) of the
corium, a top flooding water supply system, a bagenozzle water supply system, two steam
condensation (quench) tanks, a ventilation systeroomplete filtration and exhaust the off-
gases, and a data acquisition system. A schertiasitation of the overall setup is provided in
Figure 5-1. The apparatus consisted of threelirezdr sidewall sections and a lid. The overall
structure was 3.4 m tall. The two upper sidewatitons had a square internal cross sectional
area of 50 cm x 50 cm.

The test section for containment of the core meds vocated at the bottom of the
apparatus. A top view of this component is showhRigure 5-2, while a cross-sectional view of
the non-electrode sidewalls is provided in Figuse8. The test section was enlarged to
incorporate a 70 cm x 70 cm basemat. The consid®valls allowed for 24 cm of lateral
erosion, and the sidewall design was modified tdute refractory MgO with a Upellet/UsOg
powder liner. This is the same inert sidewall gesihat was successfully used behind the
tungsten electrodes in all previous CCI tests. Tthessidewall design was intended to allow for
continued test operation after the maximum latabddtion depth of 24 cm was reached. In this
manner, the core melt could be stabilized and &tbw proceed downwards to expose the water
injection nozzles in the event that the melt was suxcessfully cooled by top flooding in the
early part of the experiment, and/or rapid sidewsdision occurred.
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Figure 2-1. Schematic of CCI-6 Test Facility.
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Figure5-3. Side View of CCI-6 Lower Test Section.

reached.
As shown in Figures 5-

2 and 5-3, the sidewalls of the lower test sectvene contained within a flanged steel form that
was used to secure the unit to the balance of xinstirgg test section components with an
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aluminum transition plate. The flanges allowed ltheer sidewalls to be disassembled to reveal
the solidified corium following the test. As preusly noted, a layer of crushed Y@ellets and
U3sOg powder was used to protect the interior surfaceéhef MgO sidewalls against thermo-
chemical attack by the corium. For the electrodievsalls, molybdenum and tungsten plates
were embedded in the MgO to stop erosion in cas&J/Us;Og protection layer failed. Multi-
junction Type K and Type C thermocouple assembliese cast within the sidewalls so that the
time-dependent heat loss from the melt could beutated from the local temperature gradient
and the thermal conductivity of the MgO.

The melt was produced through an exothermic chedméaction yielding the target mass
over a timescale of ~ 30 seconds. After the chdmézection, DEH simulating decay heat was
applied through two banks of tungsten electrod&s.shown in Figure 5-2, the electrodes lined
the interior surfaces of the two opposing MgO sidésv The electrodes were 9.5 mm in
diameter and aligned in a row with a pitch of 1m®. cThey were attached by copper clamps and
water-cooled buss bars to a 560 kW AC power supplye electrodes spanned a total width of
120 cm on each sidewall of the lower section. I#¢ start of the experiment, the electrical
current was drawn through the center, 70 cm-widdiee of electrodes that were in direct
contact with the melt. As the test progressedthadconcrete sidewalls were eroded, additional
electrodes would be exposed to the corium. Curvemild be drawn through these newly
exposed heating elements, thereby maintaining framiinternal heat pattern in the melt over
the course of the experiment. With the overaltetele span of 120 cm, the entire 24 cm of
lateral sidewall erosion could be accommodatedaih bides of the test section while ensuring
that the entire melt cross-sectional area was maod with the electrodes.

A few minutes after the melt was formed, ablatibthe concrete basemat and sidewalls
would commence. As shown in Figure 5-1 a 15 cm diamgas line was used to vent the
helium cover gas and the various gas species @risim the core-concrete interaction into two
adjacent quench tanks that were partially filledhwivater. In the early initial phase of the
experiment when the cavity was dry, the tanks sketeecool the off-gases and filter aerosols
generated from the core-concrete interaction. Atter cavity was flooded, the tanks served to
condense the steam and, based on the measurechsanoe rate, provide data on the corium
cooling rate. In either case, the helium covergad non-condensables (CO, £@nd H)
passed through the tanks and were vented througiif ayjas system that included a demister
and filters. The gases were eventually exhaustemlgh the containment ventilation system
and a series of high efficiency filters before fip®deing released from the building stack.

Soon after concrete erosion began, the cavity Veesiéd using an instrumented water
supply system. During this stage of the testwheer entered the test section through two weirs
located in the opposing (non-electrode) sidewdllthe top test section. The supply tank was
pressurized and water was injected using gas peessuthe driving force to push water through
the interconnected piping to the test section weirblakeup water was periodically added to
maintain the water level in the test section at imafty 25 £ 5 cm. This was an increased scale
test, and so the system was set up to recycle \Watarthe quench system overflow tanks to the
water supply tank as the test progressed.
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As concrete erosion proceeded, the po Table5-2. Chemical Composition

would eventually be reached at which the porc of CCI-6 Siliceous Concrete.
concrete nozzles in the basemat would open Oxide W1t%
ablation. When the axial ablation depth reache SIO, 53.65
predefined level, isolation valves that separated Al20s 4.03
nozzle header tank from the nozzles would Fe.0s 1.30
opened in preparation for water injection fro Ca0 22.42
below. The total head included that required MgO 0.90
offset the melt hydrostatic head, which w SO 0.77
estimated as ~ 23.6 kPa. Thus, the header tank N&O 0.67
configured in the test cell to provide a static ava -||'<i200 g-i’;
height of 3.45 m to the nozzles. The plenum of 5 02 0-07
header tank was attached by a pressure equilire Mr21 5 007
line to the test section plenum to ensure that Sr203 0’ o
proper head was maintained as the test sec co, 8"74
plenum pressure fluctuated. As the quench proc H,0. Free > 87
progressed, makeup water to the header tank wi H,0. Bound 361
be provided automatically by a water supply lii Total 100.26

that included a float switch so that the net he

would be maintained in the range of 10+£0.1 kPad. Table5-3. Initial Melt Composition.

Constituent | Wt % Mass, kg
- . . ‘ Uo, 62.50 562.50
After a specified time with water present | Zro, 25.67 231.03
the cavity, the option was provided to break t Sio, 4.49 40.41
crust formed at the melt-water interface with . MgO 0.04 0.36
insertable crust lance to obtain data on the ci Al,O3 0.27 2.43
breach cooling mechanism. As for the CCI te Cao 0.89 8.01
(see Section 4), the lance was made from 2.54 Cr 6.14 55.26
diameter, 304 stainless steel rod with a pointpd Total 100.00] _ 900.00

The driving force for the lance was simply a 450 kg

dead weight that was remotely lowered with the erdaring the test. The lance was equipped
with a load cell to measure applied load and alaégment transducer to measure lance tip
elevation in the test section.

As shown in Table 5-1, the composition of the CQ@eBicrete basemat and sidewalls was
specified to be of the siliceous type. The samtl@ggregate for the mix were supplied by CEA
as an in-kind contribution to the program. Themoloal composition for this concrete is
provided in Table 5-2. This composition is basadanalysis of a specimen taken from the CCI-
6 concrete archive sample that was produced dyrtnging of the test section sidewalls and
basemat. The concrete density was calculated &88% kg/mi based on the measured mass and
volume of the archive sample. Instrumentation tiocs within the sidewalls and basemat are
described below.

The corium oxide phase composition for CCI-6 waeactied to be a fully oxidized core

melt containing 6 wt % calcined concrete as anaind@onstituent. The melt composition at start
of the interaction with the concrete basemat isnghin Table 5-3. The compositions of the
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concrete additives were consistent with the siliseconcrete used for the sidewalls and basemat
for the test. Aside from lowering the melting poof the mixtures [61]the additives were
incorporated to account for concrete erosion tlsatexpected to occur during the corium
spreading phase following breach of the Reactasdtire Vessel (RPV) [62].

The CCI-6 facility was instrumented to monitor aguide experiment operation and to
log data for subsequent evaluation. Principal ipatars 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 concreterbat and sidewalls; crust lance position and
applied load; supply water flow rate to the testtise weirs as well as to the concrete nozzles;
water volume and temperature within the test apgpsyaand water volume and temperature
within the quench system tanks. Other key datardsd by the DAS included temperatures
within test section structural sidewalls, off ga&snperature and flow rate, and pressures at
various locations around the system. Measurema#rtainties for all instruments are provided
in [63].

The concrete sidewal’
instrumentation locations fo +3
CCI-6 are shown in Figure 5-{ .
while a plan view of the
basemat thermocouple layout
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Figure 5-4. Plan View of CCI-6 Basemat | nstrumentation.
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5.2 Results and Discussion

Key thermalhydraulic results fron
the test included the DEH input power at
the corresponding melt temperatures, late
and axial concrete erosion rate
information on crust strength an
morphology provided by the crust lanc
and finally the debris water heat flux. Tr
input power, ablation rate, and debris-wai
heat flux data are provided in Figures 5
through 5-7, respectively, while mel
temperature data measured near the -
section centerline and the two concre
walls are shown in Figure 5-8.

Unlike previous CCI tests, the
operating procedure for CCI-6 called fc
early cavity flooding soon after cavit
ablation was established (see Table 5-1).
actuality, water was added ~ 40 secor
after the melt pool was formed, as oppos
to after cavity ablation was initiated (se
Table 5-1°  Thus, the initial cooling
behavior was indicative of a corium me
pool containing 6 wt % siliceous concre
interacting with a concrete crucible i
which the concrete surfaces were protec
by insulating crusts. Despite the relative
low heat transfer rate to the concre
through the crusts, the initial debris coolir
rate was quite high (i.e., 5 MWfxn and
melt eruptions were observed over the fii
3 minutes of the melt-water interactio
(Figure 5-7). Although cavity ablation wa
not occurring during this interval, concrei
heatup was nonetheless occurring whi
resulted in the release of concre
decomposition gases. The gas release
turn caused melt eruptions. Due to the I
concrete content of the corium the cru
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Figure5-5. CCI-6 DEH Input Power.
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Figure5-6. CCI-6 Axial and Radial Ablation
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Figure5-7. CCI-6 Top Flooding Debris-Water
Heat Flux.

®Early addition was performed to reduce the tempegatf the gas issuing into the cell through thikedstest section
main steamline [63]. This occurrence did not affiee fidelity of the test data, as sufficient mshentation was
available to provide the data required to calculagedebris-water steaming rate using other metfgg]s

66



OECD/MCCI-2010-TRO06, Rev. 1

dryout limit was fairly high (> 200 kwW/fm
based on the SSWICS correlation [3
Thus, water ingression into the fracture
crust may have also contributed to the ea
high debris cooling rate.

After 10 minutes, onset of axia
ablation began. Thereafter, axial ablatit
proceeded slowly but steadily at a rate of -
cm/hour over the balance of the test. T
lance insertion data suggested that i
concrete surface was covered by a 2-3
thick crust at ~ 60 minutes into the te
sequence, which may explain the slow k
steady ablation behavior. The radi
ablation characteristics were quite differe
from the axial case (Figure 5-6). Tr
sidewall melt temperature thermocoup
readings (Figure 5-8) showed that bo
walls were initially protected by coriun
crusts. However, at 21 minutes a raf
ablation burst was initiated on the sou
concrete wall, leading to an average ablati
rate of 2.7 cm/min as the ablatic
proceeded to a depth of 16 cm befc
stabilizing. Assuming that the ablatio
progression was driven by convective he
transfer from the melt, then the local he
flux to the concrete required to sustain tt
ablation rate is of the order of 2 MW#m
[63]. Following this transient, additiona
sidewall ablation was terminated by wat
ingression at the core/concrete interface.

~

Data from the experiment furthe
illustrated the local coupling between tt
cavity erosion behavior and the melt po
thermalhydraulics. In particular, me
temperature measurements indicate that
ablation transient in the south concrete w
was initiated at 21 minutes by failure of tf
crust that protected that surface during t
early phase of the experiment. Over t
next six minutes, melt temperatures near
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Figure5-8. Melt Temperatures Measured (a)
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ally Near North Concrete Wall, (b) Axially

Near Test Section Centerline, and (c) Radially
Near South Concrete Wall. (junction locations
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south wall dropped O o=r_
steadily until reaching a

plateau at ~ 27 minutes. wi ey e
The plateau occurred at |EssEises ™"

about the same time as the
ablation transient in the

MAXIMUM RADIAL INTIAL POWDER SIDEWALL CRUST

%

o]
ol

ablation during this
transient was provided by
the melt fairly close to the
south wall, as opposed to
bulk energy extraction
from the entire melt
volume. In particular, ‘
given the measured melt o |

VIEW FORM WEST

temperature drop adjacent — _ _ _
to the wall as well as the Figure5-9. Rendering of CCl-6 Posttest Debris Configuration.
known mass of eroded concrete, then a simple erigyce reveals that the energy required to
erode the concrete would have been extracted framelamass of ~ 340 kg, which amounts to ~
38 % of the initial melt mass used in the experitneAnother plausible explanatibfior the
temperature transient near the wall is based cgneent paste liquefaction concept wherein the
siliceous aggregate was only partially melted wtien crust disappeared. This relatively cold
material was then introduced into the melt pooleotite crust failed, causing the temperature
decrease. After the aggregate melted, the pogi¢esture was then able to rise again.
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Following the transient, the concrete temperatuega diemperature indicates that
additional ablation was minimal. The lack of busbiduced convection within the melt from
concrete decomposition resulted in large tempezagradients across the extent of the test
section that ranged up to 500°C or more (Figurd.5Bhe disparity was enhanced by the fact
that the corium for this test contained a very liovtial concrete content. Thus, the melt may
have been quite stiff in the measured temperaange, and conduction within the debris would
not have been negligible. Under these condititarge temperature gradients developed. By the
end of the experiment, temperatures varied fromt@A®B80°C across the extent of the debris.

Heat removal to overlying water over the coursett experiment was substantial;
amounting to ~ 1400 MJ by the time power input vasitnated at 150 minutes. This level of
heat extraction can be compared with the ~ 1080nitidli energy content of the melt, as well as
the 450 MJ of heat input from DEH during the testhe large degree of heat removal to
overlying water is also consistent with both thevpo supply response and the posttest debris
morphology (Figure 5-9). In particular, the ingpgwer fell from ~ 210 kW to ~ 70 kW during

" M. Cranga and J.-M. Bonnet, IRSN, personal comumatitn (e-mail) to M. T. Farmer, ANL, 28 SeptemB6n.0.
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the rapid sidewall ablation phase. Since inputegioiw constant voltage operation is inversely
proportional to the size of the electrical conductbis level of power reduction is consistent

with the loss of ~ 65 % of the debris from the nehe in the form of cooled core material.

Furthermore, the posttest debris examinations atedt that over 50 % of the debris had been
guenched in the form of a coolable debris configoraby the end of the test (i.e., 186 kg

particle bed from eruptions, as well as 266 kg ttreerd crust from water ingression); the

morphology of this material is illustrated in Figub-10. Furthermore, the lance insertion
sequence indicated that a loose debris structude beeen formed by 60 minutes into the

experiment sequence which is consistent with eaggressive debris cooling. In terms of melt
eruption characteristics, analysis of the dataceugis that the melt entrainment coefficient
averaged over the course of the test was 0.04 %nofed by Bonnet and Seiler [64], this value
is in the range where debris cooling and stabibimatan be achieved on the basis of melt
eruptions alone.

In summary, the CCI-6 was operationally successfagpite early melt through of the
main steamline. The debris cooled exceptionallly,\warticularly in light of the fact that the test
was conducted with siliceous concrete which haatively low gas content. The debris-water
heat flux, power supply response, and posttestisiefwrphology were all consistent with very
good cooling. The question arises as to why s tooled so well relative to previous tests
conducted in the OECD/MCCI and MACE experiment paogs. Differences between this
experiment and those conducted previously inclidecreased scale, ii) early cavity flooding,
iii) lowest initial concrete content in the melt\{& %), and iv)crust anchoringlid not occur that
confounded coolability demonstration in the pregiddACE experiment program. Finally,
another difference between this test and virtuallytests conducted in the MACE program is
that CCI-6 utilized a 2-D concrete crucible, as aggal to the 1-D configuration used in MACE.
With respect to cooling mechanisms, the test atsnahstrated that melt eruptions are viable for
siliceous concrete, and that water ingressionfrigctured crust material is very effective for low
concrete melts. Unfortunately, due to the reldyig®od cooling that was experienced early on,
no data on bottom water injection cooling at lasgale was obtained as the axial erosion depth
realized in the test was limited to a few centimete

g |
e e | | [ T e
0 il e 0% & 0 @ % @ o ow % 1o o m w120 | e

(@ (b)
Figure5-10. Photographs of (a) Particle Bed and (b) Fractured Crust Debris Regions.
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6.0 SUMMARY AND CONCLUSIONS

Based on the findings from previous MACE and OECDM programs, a broad
workscope was defined for the follow-on MCCI-2 pram. The workscope was divided into the
following four categories:

1. Combined effect tests to investigate the interpiglifferent cooling mechanisms, and to
provide data for model development and code asssggmrposes.

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

3. Tests to generate two-dimensional core-concreggdantion 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 extrapwigtthe experiment findings to plant conditions.

In Category 1 four separate effects tests were completed irS8WICS test facility that
was developed as part of the MCCI-1 program tostigate water ingression cooling under inert
basemat conditions, as well as crust strength. efileet of gas sparging on the water ingression
cooling was investigated in two tests (i.e. SSWE&nd SSWICS-11) by injecting argon
through capillaries embedded within the basematseS generated at the bottom of the melt rose
up through the corium due to buoyancy and thisthadootential to create melt porosity, which
may supplement the fissures induced by thermassteceacking and enhance water ingression
cooling. The composition of both melts was 56%,UZB% ZrQ, 7% Cr, and 14% siliceous
concrete, identical to that of SSWICS-6 in thetfgqqgench series. For SSWICS-8, the ends of the
capillaries were flush with the surface of the Inasg i.e., at the level of the corium/MgO
interface at the bottom of the melt. The test dathcated that the sparging gases travelled
around the melt rather than through it, and saekewas effectively a repeat of SSWICS-6 and
could not provide an indication of the effects plagying gases. It did, however, serve to
demonstrate test repeatability as the cooling rafeSSWICS-6 and -8 are well matched.
SSWICS-11 was a repeat of SSWICS-8 with capillagietended 50 mm above the basemat to
discourage gases from circumventing the melt. Thiadification proved successful and
SSWICS-11 cooled considerably faster than eith&VE&S-8 or -6. Moreover, the morphology
of the ingot was unusual, exhibiting a porous stneclacking in any of the previous ingots. The
test indicated that the sparging gases can indee#edly influence both the morphology and
cooling rate of the corium.

The SSWICS-9 and SSWICS-10 tests were carried @@dtiress the possibility that
cutting ingots into thinner sections contributesthe existing crack structure and weakens
samples before load testing. Ingots produced byfitht seven tests in MCCI-1 were sectioned
because, at a height of 15 cm, they were too tudkil in the desired mode when loaded with
the apparatus designed to measure sample strefgib.uncertainty was eliminated for the new
tests by reducing the corium charge to 25 kg sotti@quench process produced a 5 cm high
ingot that could be load tested without first exgecing the sectioning process. Both SSWICS-
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9 and -10 quench tests successfully created thieedeimgots, but only Ingot-10 was sturdy
enough to survive removal from the quench test gps and placement into the loading
apparatus. Ingot-9 broke apart upon removal froenldasemat. The chemical composition of
Ingot-10 was 61% Ug) 25% ZrQ, 6% Cr, and 8% siliceous concrete, identical &t tf Ingot-2

in the first quench series. The measured streoigingots-2 and -10 were 1.1 +0.2 MPa and 1.0
+0.3 MPa, respectively, effectively identical givitre level of measurement uncertainty. Though
only a single measurement of the strength of amitucrtist sample was obtained, it supports the
notion that the cutting process did not unduly veeakhe samples. Moreover, it is noted that
Ingot-9 proved too fragile for loading in part besa it did not bond to the MgO liner. All the
samples suitable for loading, both cut and unc@rewsupported in part by this outer ring of
MgO. This suggests that the MgO contributed toetfiective strength of the ingots and that the
measurements are conservative.

In Category 2 one large scale water-cooled basemat integrattefést was conducted to
provide data on the cold-crucible method for m&lbgization, and two separate effect tests were
carried out to provide data on the melt fragmeatatnethod for melt stabilization. The specific
objective of the Water-Cooled Basemat test (WCBwAp to provide prototypic data on the
transient evolution and stabilization of a core tnrela generic water-cooled core catcher design
for advanced plant applications. The experimemr@gch was to incorporate a water-cooled
basemat into the core-concrete interaction tesarapys used for the CCI tests. The basemat
was composed of five parallel water channels thetewnstrumented to provide both local and
global data on the plate heat transfer performambe. basemat was covered with a layer of
sacrificial concrete that was ablated by the oweglymelt at the start of the experiment.
Eventually, the melt approached, and then was thkyratabilized at, the interface of the water-
cooled plate. The results from the test indichtd the up-down power split was heavily biased
upwards to the overlying water pool that was addedtop the melt as the ablation front
approached the plate. In general, the plate wesessful in cooling and stabilizing the core melt,
although several hot spots developed on the pktthe experiment progressed, and the input
power was reduced on that basis. However, thespots were noted to form on the ribbing
between coolant channels, and additional analgsiseeded to determine if the hot spots are
problematic, or indicative of the heat removal twauld be expected from a ribbed plate design.
Due to the longer timeframe associated with thpetpf test, Direct Electrical Heating (DEH)
was used to simulate decay heat within the mgitewide sufficient time for the melt to come to
thermal equilibrium over the plate.

The SSWICS-12 and SSWICS-13 tests were carriednotite SSWICS test facility to
provide data on the melt fragmentation cooling naee$m. The objective of the first test was to
evaluate the effect of pressure head on the debnfng rate using a porous concrete nozzle
design. The experiment approach was to install fmazles into the inert MgO basemat of the
SSWICS apparatus; each nozzle was fed by a ditfdreader tank, and the four tanks were
positioned at different elevations in the test aelbrder to vary the water head to each nozzle.
The test section was divided into four quadrantsgua tungsten cruciform, with one nozzle in
each quadrant. This design basically allowed tests to be conducted simultaneously. The
objective of the second test was to examine tHaante of concurrent noncondensable (i.g), N
gas injection on the local debris cooling ratecsithe presence of non-condensable gas during
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melt-water interaction is postulated to suppregspbssibility of an energetic interaction. For
this test, four stainless steel tube nozzles warerporated into the basemat; two were fed with
water only, while the other two were fed with a-gasger mixture. A tungsten cruciform was
used for this test to separate the test sectiantimb sectors; the first side contained the water-
fed nozzles, while the second contained the wadermgixture nozzles. All four nozzles were fed
with the same driving pressure. This approach tallswed two tests to be conducted
simultaneously. The results of both of these arpamnts confirmed that melt cooling by bottom
water injection is an effective method for quenghihe core melt. The results of SSWICS-12
showed that the water head on the nozzles hadseerdiable effect on the debris quenching rate
in the range that was investigated (viz. 0.05-@8.bAll four porous concrete nozzles that were
used in this test opened upon melt contact andigedva pathway for water to enter the melt.
For SSWICS-13, the concurrent gas injection wasdoto have a negligible impact on the
averagedebris quenching rate relative to that measuregdioe water. In this test, three of the
four nozzles opened upon melt contact, while thetfoopened briefly and then plugged for the
balance of the test. The nozzle that plugged nasded to inject the water-gas mixture.

Tests CCI-1 through CCI-3 conducted as part of MM&CI-1 program principally
addressed the effect of concrete type on 2-D casibsion behavior and late phase debris
coolability. InCategory 3 two additional tests were conducted in ordenqoa@d the parameter
space addressed in the series. In particular, T€$t4 examined the influence of core melt
composition on cavity erosion behavior and cooibil The specific objectives were to: i)
increase the metal content of the melt to the lEgpeactical level to more accurately mock up a
prototypic BWR core melt composition at the timevegsel failure, and ii) modify the apparatus
design to increase the duration of the dry coresgir interaction phase. Conversely, Test CCI-
5 focused on examining the influence of melt pcagpext ratio on the radial/axial power split
under dry cavity conditions. The specific objeetiwas to increase the test section aspect ratio
(i.e., test section width/melt depth) to the grehextent possible to more accurately mock up
prototypic conditions.

In terms of meeting program objectives, both t€3®4-4 and CCI-5 provided valuable
data on 2-D cavity erosion behavior. However, heittest unfortunately provided debris
coolability data that would have augmented thermftion gathered as part of the MCCI-1
program. For test CCI-4, the cavity was flooded ditect melt-water contact was precluded by
the presence of a large mantle crust that formetthienupper regions of the test section due to
extensive melt foaming that occurred over the eowifsthe experiment. For CCI-5, the cavity
was not flooded due to plugging of the main gas lior the apparatus. Thus, the following
conclusions focus on core-concrete interaction Wiehas opposed to debris coolability. The
reader is referred to the MCCI-1 program final mefor conclusions that were drawn regarding
debris coolability under late flooding conditionased on MCCI-1 test results. However,
valuable information regarding coolability underlgdlooding conditions was obtained as part
of the CCI-6 experiment that is summarized below.

In terms of the findings from the CCI test seriak,tests showed the overall trend of

decreasing melt temperature as ablation progresgkith was due to a heat sink effect as
relatively cool concrete slag was introduced ifte melt, as well as the increasing heat transfer
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surface area as the melts expanded into the cenmmatibles. The reduction in melt temperature
may have further reflected the evolution of the Ipboundary freezing temperature that
decreased as additional concrete was eroded iatméit over the course of the tests.

All tests also showed evidence of initial crustnfiation on the concrete basemat and
sidewalls that resulted in an incubation perioavhnich the ablation rates were very low and the
melt temperature was relatively stable. Theseltesare consistent with the TURC tests
conducted at Sandia with in-vessel [i.e., (U,Z)Pmelts that were poured into concrete
crucibles and allowed to cool with no further hegti The duration of the incubation period
appeared to be inversely proportional to concrete @ntent, which suggests that crust failure
may be driven in part by the mechanical forces #nsie from the production of decomposition
gases at the core-concrete interface. Crust feematas stochastic, with some surfaces
exhibiting initial crust formation while other sades did not.

Early initial exothermic oxidation of cladding farpartially oxidized melt caused a rapid
transient increase in melt temperature of ~ 100%€ obce the cladding was oxidized, both the
melt temperature and overall cavity ablation betvaapproached that observed under fully
oxidized conditions.

Long-term ablation behavior was found to be closeked to concrete type. Lateral and
axial ablation rates for the LCS concrete testsewdrtually indistinguishable. Thus, the
lateral/axial heat flux ratio for this concrete éyywas ~ 1. The relatively uniform power split for
the LCS concrete tests can be contrasted with ¢kalts of the three tests conducted with
siliceous concrete. For test CCI-1, the ablatioms vihighly non-uniform, with most of the
ablation concentrated in the North sidewall of st apparatus. Crust stability may have played
a major role in determining the ablation progresdmr this experiment; i.e., the data suggests
that after the crust failed on the North concratewall, the input power was predominately
dissipated through ablation of this sidewall, whileists continued to protect the basemat and
south sidewall surfaces during the balance ofriteraction.

In contrast to Test CCI-1, Test CCI-3 exhibitedlfasymmetrical behavior insofar as the
progression of lateral ablation is concerned. Hareunlike Test CCI-2, the lateral ablation
was highly pronounced in comparison to axial abtati The same conclusion was drawn based
on the CCI-5 test results; this experiment was ootedl in an increased span test section with
one ablating concrete wall. Long term lateral abfain both CCI-3 and CCI-5 averaged ~10
cm/hr, while axial rates were in the range of 25 &n/hr. On this basis, the lateral/axial surface
heat flux ratio for the siliceous tests was ~ 4,clhis significantly higher than the near-unity
ratio deduced for LCS concrete tests. The relgtickose agreement in long-term ablation
behavior for tests CCI-3 and CCI-5 indicate thgteas ratio has little influence on ablation
characteristics. This observation lends credibitd the measured power split for siliceous
concrete insofar as extrapolating the results aotptonditions. Between the two concrete types,
possible explanations for differences in the emdb@havior are chemical composition and
concrete gas content. A third possible explanatiaa revealed during posttest examinations. In
particular, the core-concrete interface for theesdus concrete tests consisted of a region where
the core oxide had locally displaced the cement flmmded the aggregate. Conversely, the
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ablation front for the LCS tests consisted of a gery interface in which the core and concrete
oxides were clearly separated. Variations in tiierface characteristics may have influenced the
ablation behavior for the two concrete types.

In terms of the chemical analysis results obtaaggart of the test series, the corium in
the central region of the test section was genefailnd to have a slightly higher concentration
of core oxides in comparison to that adjacent éodblating concrete sidewalls. Conversely, core
oxides were found to be slightly concentrated ribarconcrete basemat in comparison to that
found in the bulk of the corium for some tests. Rdir siliceous concrete tests, two zones
appeared to be present. a heavy monolithic oxidselimmediately over the basemat that was
enriched in core oxides, with a second overlyingops, light oxide phase that was enriched in
concrete oxides.

The objectives of th€ategory 4CCI-6 test were to: 1) carry out a large scalegrdl-
effect test to provide data on core debris codlghiinder earlytop floodingconditions, and if
the corium did not quench during this initial irgetion, 2) provide additional data on coolability
underbottom floodingconditions wherein water would be injected inte thelt through nozzles
cast in the basemat. The overall experiment apprteken to meet these objectives was to: 1)
enlarge the test section to minimize scaling digios, and 2) incorporate an array of water
injection nozzles into the core-concrete interactiest apparatus to inject water from below.
Specifically, the test section was enlarged toripomte a 70 cm x 70 cm basemat, and the initial
melt depth was increased to 28 cm (900 kg melt )naBke thermite was redesigned to reduce
the amount of concrete initially present (i.e., 6%) to better mockup early cavity conditions.
Water was intended to be added to the cavity as smoablation began. The basemat was
redesigned to accommodate an array of water injectozzles to quench the melt from below if
the melt was not quenched earlier and ablationgaded to 27 cm.

The experiment was operationally successful, desparly melt through of the main
steamline. The debris cooled exceptionally welktipularly in light of the fact that the test was
conducted with siliceous concrete which has reddyivow gas content. The debris-water heat
flux, power supply response, and posttest debrigphuogy were all consistent with very good
cooling. The question arises as to why this texilerl so well relative to previous tests
conducted in the OECD/MCCI and MACE experiment paogs. Differences between this
experiment and those conducted previously inclidecreased scale, ii) early cavity flooding,
iii) lowest initial concrete content in the melt (@ %), and iv)no anchored crusbccurred that
confounded coolability demonstration in the MACEpesment program. Finally, another
difference between this test and virtually all $estnducted in the MACE program is that CCI-6
utilized a 2-D concrete crucible, as opposed tdltieapparatus used in MACE.

With respect to cooling mechanisms, the test aloahstrated that melt eruptions are
viable for siliceous concrete, and that water isgi@n into fractured crust material is very
effective for low concrete melts. Unfortunatelyedto the relatively good cooling that was
experienced early on, no data on bottom watertigjecooling at large scale was obtained.
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In terms of the applicability to plant conditiosese tests have provided information that
will contribute to the database for reducing maatgluncertainties related to two-dimensional
molten core-concrete interaction under both wetdnyccavity conditions. However, note that in
real plant accident sequences, a significant metahiraction may be present that may result in a
stratified pool configuration. This type of podlture was not evaluated in this program.
Thus, additional analysis and testing may be reguwith melts containing a significant metal
fraction to further reduce phenomenological unaetitss related to core-concrete interaction,
and to evaluate the effects of melt metal conterdebris coolability.
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