OECD/MCCI-2010-TR06

OECD MCCI Project
Category 3 Teststo Generate 2-D Core-Concrete I nteraction Data:

Final Report

Rev.1- Final
November 2010

by:
M. T. Farmer, R. W. Aeschlimann, D. J. Kilsdonk, and S. L omper ski

Nuclear Engineering Division
Argonne National Laboratory
9700 S. Cass Avenue
Argonne, IL 60439 USA



OECD/MCCI-2010-TRO06, Rev. 1

Table of Contents

1.0 INTRODUCTION. ...t e et e e e e e et e e e e e eetba e e e e e e eenmnnsa e eeas 1
I A = - o3 (o | 11 T PSSR 1
1.2 Objectives and APPIOACK ... .o a e 2
1.3 Related STUAIES. .......eeeeiiscmeeee et 4
1.3.1 Dry Cavity EXPErIMENTS. . ... e e e e e e e aenenaaaas 4
1.3.2 Wet Cavity EXPErMENES....uuiiiii e e e e e e e e e e e e e e e eeeeannnnnnnnns 6
2.0 FACILITY DESCRIPTION ...ttt e e e ee e e e e e e e eeeees 10
2.1 TESEAPPAIALUS ......uuiieeieeiit oo e e e e ettt e e e e e e eeeea s e e e ee e et mae s e eeeeesnn e e eeaeennaneaaaeas 10
2.1 1 CCl-4 TS APPAIALUS ......ccvuneiirieeeeiiaeeeeiaeaeeie e s essaeaseeees e eeea s e eesnaeeesnaeeennaaees 10
2.1.2 CCl-5TESE APPAIaLUS ......ceuuuuieeieieiii e e eeeeta e e e e eet e e e e e e eerra e e e eeesana e eeeeenennns 20
2.2 Water SUPPIY SYSTEIM ...ttt a e e e e e 22
2.3 QUENCHN SYSTEBIM ..ttt e e ettt e e e e e e e e e et e e et e et eennneeebbsbbnn e e e e e e eeaeaaans 23
2.4 Test Section Pressure Relief SYStemM. ... 25
2.5 Off GAS SYSIEM ... e e e e e e e e e e e eeaaraanaa 26
2.6 COVEIN GAS SYSIBIM ...t eeiiieeeee e ettt e e et e e e e e eeatt e e e aaeeneasba e e eaaeesnn e aaeeennes 27
2.7 POWET SUPPIY -ttt a e e e s e e ea e e s e e e e e e e e e e eeeeeeeesennnennnnns 27
2.8 CoNncrete COMPOSITIONS ... .ot ettt e e e ettt r e e ee e eeesee b e s 28
2.9 COorium COMPOSITIONS ...ceviiiiiiiiiiaaee e e e eeeeeeetitbiaa s e e e e e e e e e e e e eeeeeeeeaneeeeeeseesaannna e eeeas 29
2.10 Instrumentation and Data ACQUISITION weeceamiiiiiiiieeiiiiiiceeeeeei e 33
2.11 TESE PrOCEUUIES ...ttt e e e e e e e e e e e e e e eeas 40
2.11.1 PreteSt OPEraliONS .. ....uu e eeeeeeeeeeeeeeeeetttteeeasrssna e e e s e e eeeaeeeeeeeeeesseennnnnns 40
2.11.2 TESt OPEIAliONS. ....ceeeiieietuniiiaaa e e e e e e eeeeeeeeeeeettreananeesseasnnn e e s aeeeeaaaaaeeeeeesssennnnns 42
2.11.3 POSIEESt OPEI @LIONS.....tvueiiaeeeeeeeeeeeeeeeeeeeettteeteas it s s e e e e e e e e e e e eeeeeeeeeesnennnnnns 43
3.0 RESULTSAND DISCUSSION ...t eeemmn e e e e e s ennnn e e e e ennnnas 45
3.1 CCl-4 TSt RESUILS ...t ieeeeee ettt e e e e e e 45



OECD/MCCI-2010-TRO06, Rev. 1

Table of Contents (Contd.)

3.1.ThermalhydrauliC RESUILS.........ccovveiiiiicee e e e e e e e 45
3.1.2Posttest EXamination RESUILS. ....c..eee e 54

3.2 CCI-5 TSt RESUILS ..o e e e e e e e 62

3.2.1ThermalhydrauliC RESUITS..........uuuuiieiiiise e e e e e e e e e aaes 62
3.2.2Posttest EXamination RESUILS. ....c..een i 70

IR T B oY ol D11 0] o IR 76

4.0 SUMMARY AND CONCLUSIONS ...ttt 84
5.0 REFEREN CES. .. .o oo e ettt e e 87



Figure
2-1
2-2
2-3
2-4
2-5
2-6
2-7
2-8
2-9
2-10
2-11
2-12
2-13
2-14
2-15
2-16
2-17
2-18
2-19
2-20
2-21
2-22
2-23
2-24
2-25
2-26
2-27
2-28

OECD/MCCI-2010-TRO06, Rev. 1

List of Figures

Page
Key Elements of the CCl Test APParatus............cuuueuueeiiiiiiiiieeeeeeeeeeieeeeeeeeseeeeeeeeeannnnns 11
Overview Photograph of CCI Test FaCiliLy...........ccouuuiiiiiiiiiiiieeeeeeeeeee e 11
Details Of the CCl-4 TSt SECHON cereeeetiiiiiieiiiieiii e 12
Top View Of CCI-4 LOWET TEST SECHOMuuu .. iieieeeeeeeeiiieeieeiiiiii e 12
Side View of CCI-4 Lower Test Section $img Inert MgO Sidewall Sections ................ 13
Side View of CCI-4 Lower Test Section $frtg Concrete Sidewall Sections............. 13..
Photograph Showing Lower Section Side®alinponents after Fabrication............... 14..
lllustration of the CCI-4 Thermite Powd&rading Scheme.............cccceevvivivvtcemmnaennn... 16
Photograph Showing Electrodes Instalhe@lamps...........ccccceeeiiiiiiiiiiiiiiiiiiee e 16
Details of the Top Test Section ShowING&VEVEIrS...........uiiiiiiiiiiieiii e 17
lllustration of Crust Lance Assembly Idigid in Test Section..................ovvvvvnmmmmmneeeenn. 18
Details of Crust Lance Loading DeVICE .........uuuuuiiiiiii et 19
lllustration of Test Section Mounted onRZP Reactor Bed............cocccvviveeeeiiiceeennnnee, 19
lllustration of Test Section Clamping Bars...........coooiiiiiiiiiiiiiiii e 20
Top View Of CCI-5 LOWET TE@ST SECHOMummevvrrrrrrnniiiieeieeeeeeeeeeeeeeeevesienenneesanennnnnns 21
Side View of CCI-5 Lower Test Section Shhagvnert MgO Sidewall Sections ................ 21
Side View of CCI-5 Lower Test Section Sihrmyv\Concrete Sidewall .............c.cccceeeeeeee 22
Test Section Water SUPPIY SYSTEIM . s eneeeaeee ettt e e 23
Quench and OVErflIOW TaANKS .........cecc e eees e e e e e e e e e eeenes 24
SPrAY TANK ..t aaaaeaaes 24
Test Section Pressure Relief SYStEM. .. oo 26
Off GAS SYSTBIM .ttt ettt e e e e e e e e e e e et et et e eeeeeeeesesbbban e e e e e e e eaeaaaeees 27
COVEI GAS SYSIBIM ...ttt et et ee e e n e e e e r e e e et e e e eaa e eeannns 28

lllustration of CCIl-4 Concrete-Metal Inseover the Concrete Basemat.....................30
CCI-4 Basemat with Insert Prior to Placetma Test Stand..........cc.ccevvvvvvevin e 31

DAS SetUP fOr CClI TESES ..eiiiiiiiiemmmmi ettt e e e e et e e ee e e e ee e e e eeesaeebaaaa e eeeees 34
Plan View of CCI-4 Basemat Instrumentati@giout .............ccceeeeeeeeiiiiiieeeeiivieeeeenecennnnns 35
Elevation View of CCI-4 Basemat Type C ithecouple Locations...........cccccceeeeeeeennn. 35



Figure
2-29
2-30
2-31
2-32
2-33
2-34
2-35
3-1
3-2
3-3
3-4
3-5
3-6
3-7
3-8
3-9
3-10
3-11
3-12
3-13
3-14
3-15
3-16

3-17
3-18
3-19
3-20

OECD/MCCI-2010-TRO06, Rev. 1

List of Figures (Contd.)

Page
Plan View of CCI-5 Basemat Instrumentati@giout .............ccceeeeeeeeiiiiiieeeiiivieeeeenecennnnns 36
Elevation View of CCI-5 Basemat Type C ithecouple Locations............ccccceeeeeeennn. 36
Exterior View of CCI-5 Sidewall Form Shailnstrument Locations ........................ 37
Typical Thermocouple Installation in BaS@MROrM ... e 38
Typical Thermocouple Installation in SIGMFOIM ..........ccccovviiiiiiiiiieie 38
CCl-4 (a) Sidewall Thermocouple and (l@€8ure Transducer Locations................c.. 39.
Thermite SAmMPIE TraAIN ......ue e e e e e e e et e e e e e e aaaaeeeeees 42
CCl-4 DEH INPUL POWET ... oottt e e et e e e e e e e emeatn e e e aaeenbn e aeaeennes 47
CCI-4 Basemat Heatup Near CenterlinG ... ....uiiiiiiieeieeeeeeeeeeeeeeeeeeeee e 47
CClI-4 NOIh Wall HEAtUP ... ..o e e e e e e e e eeeeneees 48
CClI-4 SOUth Wall HEAIUP ... .o ceeeeeiiiee et e e e e e e e e e e e e aenanenees 48
CCI-4 Melt Temperatures in Northwest Qaat of Basemat ..............ccccceeeeeiiivieecacanns 49
CCI-4 Melt Temperatures near the NOrtHIWa...........ccoviiiiiiie e e 49
CCI-4 Melt Temperatures near the SOUth Ma............ccooooiiiiiiiiiiiiiiiii e 50
Collection of CCl-4 Melt TeMPEIAtUINES.cae . uuuueiei e e e e e eeeeeeeeeeeeeeee e e e e e e e 50
CCl-4 AXIal ADIALION ... e e e e e e e e e e e eenneae 52
CCI-4 North Sidewall ADIALION .......cooaeiiiiiiiieiee e 52
CCI-4 South Sidewall ABIAtION .......coaamimeniiiiaie e 53
CCI-4 Characteristic Axial and Lateral AlxdN Data...............evveeeiiiiiiiiieeescmmmmneeeeeeeeenns 53
CCl-4 Melt-Water Heat FIUX.........ucauueiiiie it ee e 55
(a) Top View of CCI-4 Bridge Crust, and §thematic Showning Elevation .............. 55..
(a) Electrode and (b) Nonelectrode SideMiaws of the CCI-4 Solidified Debris........ 56
(a) View Towards North and (b) South CeteiSidewalls after Removal of
Middle Sidewall SECHON ..o e e 58
(a) Top and (b) West Side Views of Cadifter Removal of MgO Sidewalls ................ 9.5
Close-up Photo of Northeast Basemat Cd@hewing Melt Penetration...................... 60
Concrete Basemat and Sidewalls after B&BBIY ..............ccoiiiiiiiiiiiiiiiii e 60
CCl-5 DEH INPUL POWET......ccuuiiet sttt e e s et e s e aeseeeai e e e ean e e e eenn e eeennns 64



Figure
3-21
3-22
3-23
3-24
3-25
3-26
3-27
3-28
3-29
3-30
3-31
3-32

3-33
3-34
3-35
3-36
3-37

OECD/MCCI-2010-TRO06, Rev. 1

List of Figures (Contd.)

Page
CCI-5 Basemat Heatup near Centerling............cccceeeeiiiiiie i 65
CCI-5 NOIh Wall HEAtUP ... ..ottt e e e e e e e e 65
CCI-5 Melt Temperatures near the Baserateline.................ccceeeevieveeeeves e e 66
CCI-5 Melt Temperatures near the NorthIWal...............iiiiii 66
Collection of CCI-5 Melt TEMPEIAtUIES...ce.vvvverreeiiiiiieeeeeeeeeeeeee e eennneeeeeen s 67
CCI-5 AXIal ADIALION ...t e e e e 68
CCI-5 North Sidewall ABIAtION .......ccaaeiiiiiiiiiee e 68
CCI-5 Characteristic Axial and Lateral Afobn Data...............ovvveeeiiiiiiinnn s 69
Top View of the Lower Section after RemayaJpper Components ..........ccccceeeeenne. 70
View from the West of the Solidified Canwver the Basemat................ccceeiiiieenneeenns 71
View from the North of the Solidified Com over the Basemat................oooeiiiieeennnns 72
(a) Perspective and (b) Close-up Photdgrap Corium on the North Concrete
SIABWALL ... e ettt a e e e e e e eaas 73
CCI-5 Posttest Debris Renderings as Viefnad the (a) West and (b) South ............. 74..
Average Melt Temperatures for CCl TeSIS.....oiiiiiiiiiiiiiiiieie e 76
AXial ADIALION TOr CCI TOSIS. ...t vttttttttte ettt et e e e e e e e e e e e e e s s s s snnr et e e e e e e aaaeeeeeaaaaaaans 77
Lateral ADIAtioN fOr CCI TESES ... s 77
Axial Debris Morphology for Siliceous Caate Tests (a) CCI-1, (b) CCI-3, and
(€) CCI-5, and LCS TSt () CCl-2uieiiiiiiiiiiiiiiee et e e e e naeee e e e 82



Table

1-1
2-1
2-2
2-3
2-4
2-5
2-6
2-7
2-8
3-1
3-2
3-3
3-4
35
3-6

OECD/MCCI-2010-TRO06, Rev. 1

List of Tables

Page
SPECIfICAtIONS TOr CCI TESIS ..uvuuiiiieeieiii et e e e e e e e e e e e e e e e e e e e e e e s 3
Chemical Composition of Castable MO e oo 14
Chemical Composition Of CONCIELES ...cmme i e e e e e r e e e e e e e e e e e e eeeeeaananes 29
CONCIELE DENSITIES ...ttt ettt ettt et e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e nnbbbn s e neee e 29
Composition of CCI-4 Concrete/Metal INSEILS..........ccoevviiviieeiicre e 31
Initial Melt COMPOSITIONS ........ooiiii oottt e e et e e e e e e e e e e e ee et b erb e eeeeeas 31
Detailed Melt Composition at the Start oEBanat Ablation .............cooovvviiiiiiiiii o e 32
Thermite COMPOSITIONS ......ccoieiiie et e e e e e e e e aeeees 32
Summary of Data Measurement Uncertaintie€fol TESES .......vvviiiiiiiiiiieeeeeeeeeeee 33
CCl-4 EVENE SEOUEBNCE ...ttt e ettt e e e e et et e e e e e e eemmsaa e e e e eeeesa e e eeeennnnnnns 46
Bulk Chemical Analysis Results for Sampletl€tted from CCI-4 Posttest Debris ............. 61
CCl-5 EVENE SEOUEBNCE .....ceiii ettt ettt e e et e e e e e e e mmsaa e e e e e e enaa e e e e eenennnnns 63
Bulk Chemical Analysis Results for Sampletdl€tted from CCI-5 Posttest Debris ............. 75
Lateral/Axial Ablation Rate and Power Splgtimates for CCl TeStS...........oooeviiiiieeecnees 80
Properties of Concretes Used iN CCl TEIESEL..........cuuvuviiuiiiiiieeeeeeee e e e s eeeeeeeennnnnns 80

Vi



OECD/MCCI-2010-TRO06, Rev. 1

10 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 conducted reactor material experimentssiedwon achieving the following technical
objectives: i) provide confirmatory evidence andadfor various cooling mechanisms through
separate effect tests to support model developraenit,i) provide long-term 2-D core-concrete
interaction data for code assessment and improviemen

Debris cooling mechanisms investigated as parheffirst MCCI program included: i)
water ingression through cracks/fissures in thee adebris, ii) melt eruption caused by gas
sparging, and iii) large-scale crust mechanicdufai leading to renewed bulk cooling. The
results of this testing and associated analysigigeed an envelope (principally determined by
melt depth) for debris coolability. However, tleisvelope does not encompass the full range of
potential melt depths for all plant accident se@esn Cooling augmentation by additional means
may be needed at the late stage to assure cotldbilinew reactor designs as well as for various
accident sequences for existing reactors. In @aglithe results of the CCI tests showed that
lateral/axial power split is a function of concreyge. However, the first program produced
limited data sets for code assessment. In liglgigriificant differences in ablation behavior for
different concrete types, additional data woulduseful in reducing uncertainties and gaining
confidence in code predictions.

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

1. Combined effect tests to investigate the interpibglifferent 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-concreggdation data.

4. Integral tests to validate severe accident codes.

In addition to the experimental work, an analyasktwas defined to develop and validate
coolability models that form the basis for extragwlg the experiment findings to plant
conditions.
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To broaden the database generated as part of th€lHU(program [1], the project
completed two additional large scale CCI experimentthe third test category defined above.
Specifications for all five tests are provided iable 1-1. This final report documents the results
of the CCI-4 [2] and CCI-5 [3] tests that were coeted as part of the MCCI-2 program.

1.2  Objectivesand Approach

The overall objective of the test series was tovigi® information in several areas,
including: i) lateral vs. axial power split durirtyy core-concrete interaction, ii) integral debris
coolability data following late phase flooding, ainjldata regarding the nature and extent of the
cooling transient following breach of the crustnimd at the melt-water interface. The
experiment approach was to investigate the intemaaif prototypic core melts with specially-
designed 2-D concrete test sections. The iniialsp of the tests was conducted under dry cavity
conditions. After a predetermined time intervati@n ablation depth was reached, the cavities
were flooded with water to obtain data on the coitityg of core melts after core-concrete
interaction had progressed for some time.

Tests CCI-1 through CCI-3 principally addresseddtiect of concrete type on 2-D cavity
erosion behavior and late phase debris coolabilityest CCI-4 expanded the parameter base
addressed in the test series by examining theeinfle of core melt composition on cavity erosion
behavior and coolability. The specific objectivasthis test [2] were to: i) increase the metal
content of the melt to the highest practical leieore accurately mock up a prototypic BWR
core melt composition at the time of vessel failamd i) modify the apparatus design to increase
the duration of the dry core-concrete interactitrage. The approach for satisfying the first
objective was to place a metal-bearing concreterinan top of the concrete basemat that was
ablated into the melt prior to onset of basemaatain, thereby increasing the melt metal content
to the target level. This technique was origindiyeloped as part of the Advanced Containment
Experiment Molten Core Concrete Interaction (ACEMIL test series [4] that focused on
guantifying fission product source term due to ewvacrete interaction. The approach for
satisfying the second objective was to slightlyuethe initial inside dimension of the concrete
crucible (i.e., 50 cm to 40 cm) to provide more @ete for ablation, in addition to allowing the
ablation to proceed to a greater depth into theilole relative to the limits utilized in the origih
test series [1].

Test CCI-5 focused on examining the influence ofltnp®ol aspect ratio on the
radial/axial power split under dry cavity condit®on The specific objective was to increase the
test section aspect ratio (i.e., test section vimogtt depth) to the greatest extent possible toemor
accurately mock up prototypic conditions. The apph was to modify the test section design to
include a single concrete sidewall that would ugdeablation, whereas the opposing sidewall
was made from refractory MgO that essentially @@ain adiabatic boundary condition. The
initial distance between the sidewalls was alsoeased from 50 cm to 79 cm to maximize the
aspect ratio at the start of the experiment. Witk choice of siliceous concrete and melt
composition (see Table 1-1), CCI-5 was thus a itepéaCCI-3, but with the aspect ratio
increased to the greatest extent possible givefatliity hardware constraints.
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Table 1-1. Specificationsfor 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
construction

Electrode walls: Inert
Nonelectrode walls:
concrete

Electrode walls: Inert
Nonelectrode walls:
concrete

Electrode walls: Inert
Nonelectrode walls:
concrete

Electrode walls: Inert
Nonelectrode walls:
concrete

Electrode walls: Inert
Nonelectrode wall No. 1
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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Note that in these tests a significant iron-bearmegal phase was not involved, but may
be present during an accident at levels approaabirexceeding 30 wt %. Based on the initial
melt density of ~6500 kg/Mmthe steel may be layered below the oxide phdgwis, data from
this test series may not be directly applicableetactor accident sequences, but the results are
nonetheless useful for code validation purposee ifiput power levels used in the tests were
selected so that the fluxes from the melt to cdecseirfaces and the upper atmosphere were
initially in the range of that expected early i #ccident sequence (i.e., 150-200 k\W/m

This final report provides a summary of the res@iltsn the CCI-4 and CCI-5 tests.
Following a description of related studies in tlextnsection, an overview description of the test
facility is then provided, followed by a summary die thermal-hydraulic and posttest
examination results for both tests. The repornthencludes with a discussion focused on
comparing and contrasting the results from all fiests that were carried out as part of the
MCCI-1 and MCCI-2 programs. Additional informatioegarding the apparatus, procedures, and
results are provided in detailed data reportswleae prepared for each test [2,3].

1.3 Related Studies

The purpose of this section is to identify ancetyidiscuss findings from related studies
regarding core-concrete interaction under both alrgl wet cavity conditions. The review is
organized under these two headings to facilitatsgmtation of the material.

1.3.1 Dry Cavity Experiments

Early transient high temperature steel simulanteexpents were conducted under dry
cavity conditions by Powers et al. [5,6] at Sandliational 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. [7,8] and Tarbell et al. §0]Sandia, as well as Alsmeyer et al. [10,11] at
Karlsruhe Institute of Technology (KIT; formerly BBchungszentrum Karlsruhe) in Germany.
Recently, Sevon et al. at VTT in Finland [12] 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. [4,13] and Fink et al. [14] at Argonne Na@b Laboratory. In addition to these tests,
several large scale 1-D core melt tests were choug at Sandia under both transient [15] and
sustained heating [16-18] conditions. Finally, Zz@e-concrete interaction experiments under
dry cavity conditions have been carried out at é_CANO test facility at CEA in France
[19,20]. Results from both the simulant and reaataterial testing programs are summarized
below.

Powers et al. [5,6] conducted early exploratorytstest 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 sjpalatiocess, and that water vapor and, CO

4
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released by concrete decomposition are reducegdimdepen and CO. The results also showed
that the heat transfer rate to the concrete wdseinfed by the gas generation rate and the
crucible geometry.

These tests were followed by additional SURC-sesigseriments by Copus et al. [7,8]
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 within the melt. A key elatrad these experiments was the addition of
zirconium to the melt after the interaction was emehy. The experiments exhibited large
increases in melt temperature, erosion rate, comgurgas release, and aerosol production
following zirconium addition. Another phenomendmatt was identified was the extensive
production of low density oxide foam.

In addition to the high temperature sustained hgatsts, Tarbell et al. [9] conducted the
FRAG test series to investigate the long-term adgon of solidified core debris with various
concrete types. During cooldown of the metallicagd 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.Utlse BETA test series [10] 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 testiese[7,8], additional experiments
were carried out in the BETA test facility [11] forther investigate the influence of cladding
oxidation on ablation behavior. The results conéid the strong influence of the Zr oxidation
process during the early cavity ablation phase siltbeous concrete, which was attributed to the
exothermic reduction of Siby the Zr to form Si metal that was later oxidizgdCG, and HO
concrete decomposition gases.

More recently, the transient interaction betweentathe melt and concrete was
investigated by Sevon et al. in the HECLA progrd][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

5
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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 jgied in the plant design.

In terms of reactor material experiments, six lasgale reactor material experiments
addressing thermal-hydraulic behavior and fissiomdpct release during core-concrete
interaction were conducted by Thompson et al. [4at®l Fink et al. [14] at Argonne National
Laboratory. These tests were carried out in adimensional test section that examined axial
erosion behavior. Direct Electrical Heating (DE#f) the melt was used to simulate fission
product decay heat. The melt was doped with ndieaative isotopes of key fission product
species to mock up fission products in the melhe Tesults showed that the concrete erosion
process is closely linked to concrete type, and fisaion product release during core-concrete
interaction is actually quite low [14].

In addition to the 1-D core melt experiments conedat ANL, several large scale 1-D
tests were carried out at Sandia under both trandiE5] and sustained heating [16-18]
conditions. The initial TURC experiment series ][1éonsisted of pouring suboxidized
[(U,Zr)O2,] core melts into limestone/common sand crucibled abserving the extent of
concrete ablation and aerosol release as the owited. 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 sylsat SURC test series [16-18] 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 [19,20].
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 siliceatoncrete [21], which is consistent with the
findings from the OECD/MCCI-1 core-concrete intdiac test series [1].

1.3.2 Wet Cavity Experiments

In terms of wet cavity conditions, low temperatuwienulant experiments have been
conducted by Theofanous et al. [22] to identify pdraena associated with melt coolability,
while high temperature simulant experiments havenbeonducted at Sandia by Blose et al.
[23,24], as well as Sdouz et al. [25] and Alsmesfeal. [26] at KIT, to investigate coolability
with concurrent concrete erosion. In terms of t@amaterial testing, the COTELS [27,28] and
MACE [29,30] experiment programs have been camwigcto investigate coolability mechanisms

6
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under prototypic MCCI conditions. Results fromibthe simulant and reactor material testing
programs are summarized below; more thorough disomos of the findings in this area are
provided by Farmer [30] and Sehgal [31].

To investigate fundamental phenomena associatetd wielt coolability, simulant
material experiments were conducted by Theofandusand Yuen [22]. In these tests, glycerin
and liquid nitrogen were used to simulate the rmaeld overlying coolant, respectively. Gas
sparging from MCCI was simulated by purging airotigh a porous plate located at the bottom
of the apparatus. Fission product decay heat wagdated by the sensible heat deposited in the
glycerin due to cooling of the purged gas fromittiet temperature to the melt pool temperature.
Experiments were conducted in two different geoimgtrnamely, cylindrical and square test
sections. In the cylindrical tests, the diametdrthe two test sections were 15 and 45 cm. For
the rectilinear test sections, three different esalere investigated: 70 cm x 70 cm, 100 cm X
100 cm, and 120 cm x 120 cm. For the small seadestconducted in the circular geometry,
guench was not achieved due to the formation oFarathored crusts which inhibited the melt-
coolant interaction. However, for the larger sctdsts, quench was generally achieved. In
particular, the data indicates that the time tongbeincreases with initial melt depth and
decreases with increasing sparging rate. Theipahmechanism leading to coolability in these
experiments was volcanic eruptions. These eruptiead to enhanced debris surface area
available for contact with the overlying coolantThe same phenomenon was first identified
through reactor material experiments under MCCudawons [29].

Three melt coolability experiments were conducédSandia using high temperature
simulants with sustained heating and concurrentrede erosion. These experiments include the
SWISS tests [23], conducted with stainless stedisnsteracting with limestone/common sand
concrete, and the WETCOR test [24] that utilizedoaide simulant interacting with Basaltic
concrete. These tests also provided valuableatatebris coolability, but complete quench was
not obtained in any of these experiments due ihtpathe formation of crusts that anchored to
the test section sidewalls, eventually leadingecadipling of the melt pool from the crust as the
core-concrete interaction proceeded downwards. evew these tests were quite valuable as
they provided information on the effect of an oyer) water pool on aerosol scrubbing during
core-concrete interaction, since this data is gparshe literature.

Other simulant material debris coolability dataden top flooding conditions was
obtained at KIT by Sdouz et al. [25] and Alsmeyeale[26] as part of the COMET test program.
These were large scale multi-component (metal dexmixture tests that focused on examining
two-dimensional cavity erosion behavior using siias concrete in a stratified configuration
under top flooding conditions. Consistent with tdey cavity metal test results, these
experiments exhibited ablation behavior that wasédd downwards. In these experiments, the
simulant oxide phase was on top the metal phasevds heated and therefore driving the axial
erosion. This oxide material showed little eviden€ coolability following top flooding.

In terms of prototypic experiments, a total of re@ctor material tests that investigated
Fuel Coolant Interaction (FCI) and debris cool@pivere carried out within the framework of a
joint study between NUPEC and the National Nucl€anter (NNC) in Kazakhstan [27,28].
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Each experiment was conducted in two phases;test series “B” investigated FCI aspects of
the initial water injection onto molten corium, Whthe follow-on series “C” tests investigated
the long-term aspects of MCCI under the conditioihsontinual water injection.

For these tests, based on the rate of steam tdngpthe condensation system, the
steady-state melt/water heat flux was reporte@nge from 0.2 to 0.7 MW/m In all cases, both
the concrete sidewalls and base of the crucibleevieund to be eroded. In addition, an
interstitial pebble bed formed at the interfaceh#f core material and the concrete; the bed was
composed of concrete decomposition products (prablynhe aggregate). The depth of this
pebble bed was found to increase with increasirigtiab depth. The depth of the discolored
concrete region surrounding the decomposed peldaleMas also found to increase with ablation
depth. Posttest examinations revealed the impofitaaing that crust anchoring to the concrete
sidewalls with subsequent melt/crust separatiomdidoccur for any of these tests. The absence
of anchoring was presumably attributable to thewall decomposition that occurred.

The tests were classifi@a terms of the debris mass that was renderedarfarm of a
particle bed above the remaining corium layerpdrticular, Case (1) corresponded to formation
of a particle bed containing 20-40 wt % of the ltoebris mass, Case (2) corresponded to 70-80
wt % of the debris mass in the particle bed, wiikese (3) corresponded to no particle bed
formation. For experiments in which particle bedniation occurred (i.e., Cases (1)-(2)), the
depth of the bed was found to increase with iningadasemat erosion depth, and with
increasing melt specific power density. Partichel lbepths ranged from 7 to 12 cm. In the Case
(3) tests, no particle bed formation occurred; ¢hexperiments were characterized by
comparatively lower power density. The mechanisyn which these beds formed (e.g.,
entrainment by concrete decomposition gases) wasdeatified as part of this work. The
coherent solidified corium layer remaining over basemat was always found to contain cracks
and crevices which axially spanned the depth oflalger. The test results indicate that water
was able to penetrate into these cracks and creedizeng the test, in addition to penetrating into
the intervening gap formed at the sidewall coriumnarete interface due to sidewall erosion. In
fact, for these tests the cooling mechanisms oémiagression through interstitial porosity and
particle bed formation over the solidifying core teraal were of sufficient magnitude to
effectively quench the core material and termirth MCCI, as evidenced by thermocouple
measurements in the basemat.

A series of large scale melt coolability experitsenwere conducted at Argonne National
Laboratory as part of the Melt Attack and Coolapikxperiment (MACE) [29,30]. The specific
objectives of the program were to explore the fmsdienefits of massive addition of water to an
MCCI already in progress insofar as: i) quencland stabilizing the heat generating core melt,
and ii) arresting or even terminating basemattedsiaEarly tests MO and M1b were conducted
with 70 % oxidized PWR melt compositions, while tater 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 test matrix was test sectiondasgan, which was varied from 30 cm x 30 cm
up to 120 cm x 120 cm. Core melt masses in thageus scale tests have ranged from 100 to
1800 kg.
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The MO experiment was conducted with a purely oetectest section, thereby allowing
both axial and radial cavity ablation data to béaoted. 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 coolakl® by eruptions. Unfortunately, the crust
anchored to the test section electrodes locatatyaleo opposing walls of the test section, and
this eventually led to a configuration in which tinelt had separated from the crust by the end of
the experiment. Researchers thought that this rempet distortion may have precluded
complete quench of the core debris. On this b#sesfacility was redesigned to incorporate inert
MgO sidewalls, thereby making it one dimensionall ahe electrodes were recessed into the
MgO sidewalls to reduce the surface area availtléhe crust to bond to. The balance of the
integral experiments in the program (i.e., M1b, M3bd M4) was conducted with this test
configuration. Unfortunately, crust anchoring withbsequent melt-crust separation occurred in
all these tests, and so a definitive demonstragfotiebris coolability was not obtained as a part
of this program.
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20 FACILITY DESCRIPTION

Principal elements of the test facility for both & and CCI-5 consisted of a test
apparatus, a power supply for Direct Electrical tihgp(DEH) of the corium, a water supply
system, two steam condensation (quench) tanksif ga® system to filter and vent the off-gases,
and a Data Acquisition System (DAS). A schemdtigcsiration of the facility is provided in
Figure 2-1, while an overview photograph showing kéements of the facility is provided in
Figure 2-2. The specifications for the individdests conducted as part of the CCI test series
were previously summarized in Table 1-1. Withexeeption of the DAS, the entire system was
housed in an explosion-rated containment cell. oplrational features of the tests, including
DEH input power, water supply, and gas flows, wemmotely controlled from the
experimenter’s console located outside the contamimThe various elements of the facility are
described in sequence below.

The overall facility design was effectively the safor both tests. However, the apparatus
for each experiment was modified in order to achidwe specific test objectives (see Section
1.2). Thus, to avoid duplication, a single dedaipis provided for common facility elements,
while design variations are explicitly addressedeach test.

21  Test Apparatus
2.1.1 CCIl-4 Test Apparatus

The principal components of the apparatus, showignre 2-3, consisted of a bottom
support plate, three sidewall sections, and anmugpeosure lid. The overall structure was 3.4
m tall. The two upper sidewall sections had a sgjugternal cross sectional area of 50 cm x 50
cm. The concrete test section for containmenhefdore melt was located at the bottom of the
apparatus. A top view of this component is showfigure 2-4, while cross-sectional views of
the electrode and non-electrode sidewalls are geavin Figures 2-5 and 2-6, respectively. The
cross-sectional area of the cavity was 50 cm x @0 cThe distance between the tungsten
electrodes was the same as that of previous teést&(0 cm), while the distance between the
concrete sidewalls was reduced by 10 cm to a wadtdO cm. This increase in sidewall
thickness, combined with a 5 cm extension in alloeaablation, provided a total of ten extra
centimeters of concrete for lateral ablation pdewiall. The basemat thickness was increased by
2.5 cm to 57.5 cm to accommodate up to 42.5 cnxiall ablation. This design maintained a
minimum concrete thickness of 15 cm in both thewials and basemat for melt containment.

As shown in Figure 2-4, the electrode sidewallgheflower section were fabricated from
castable Mg® refractory, while the non-electrode sidewalls wefabricated from
Limestone/Common Sand (LCS) concrete. A photogrsippwing typical components after
fabrication is provided in Figure 2-7. The middidewall section was fabricated from a high
temperature refractory concrétevhile the upper section and lid were made fromally
obtained LCS concrete. The chemical compositioth@fcast MgO is shown in Table 2-1,

!periclase Permanente 98-AF; from National Refréescand Minerals, Columbiana, OH.
2Tufffloor 2500, Matrix Refractories, Columbus, OH.
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S

Figure 27, Typi Sidewall CoponentAfter Fabrication.

Table2-1. Chemical Composition of Castable MgO.

Element Mass %
(Oxide Form) Element Oxide
Al (Al ,05) 0.24 0.45
B (B205) 0.12 0.39
Ca (CaO) 0.58 0.81
Fe (FeOs) 0.14 0.20
Mg (MgO) 58.4 96.8
Mn (MnO) 0.038 0.049
Si (SiQy) 0.24 0.51
Ti (TiOy) 0.002 0.003
Zr (ZrOy) 0.038 0.023
Total 99.24

while the detailed composition of the concrete bateand sidewalls is provided later in this
section. The concrete and MgO were contained witlanged 11 gauge steel forms that secured
the lower section to the balance of the existingt ®ection components with an aluminum
transition plate. The lower section was fabricatdtth vertical, flanged casting seams between the
MgO and concrete so that the sidewalls could basdmmbled to reveal the solidified corium
following the test. The MgO sections were intendede reusable, while the concrete sidewall
remnants were disposed of as radioactive waste.

14



OECD/MCCI-2010-TRO06, Rev. 1

A layer of crushed U@pellets was used to protect the interior surfdadb® MgO sidewalls
against thermo-chemical attack by the corium. ha évent that the UQayer did not provide
adequate protection, 3.2 mm thick tungsten and Iba@gum back-up plates were embedded in
these sidewalls as a final barrier to terminatewall attack. The plates were instrumented to
provide an indication of corium contact with eithefr these two surfaces during the test. As
illustrated in Figure 2-5, multi-junction Type Cetilmocouple assemblies were also cast within the
MgO sidewalls. These thermocouples allowed theetitependent heat loss from the melt to be
estimated from the local temperature gradient d&edthermal conductivity of the MgO through
standard inverse heat conduction techniques.

Melt pool generation was achieved through an exotlee“thermite” chemical reaction that
produced the target initial melt mass over a tirakesof ~ 30 seconds. A depiction of the powder
loading scheme is provided in Figure 2-8. As islent from the figure, two iron/alumina sparklers,
wrapped with nichrome starter wire, were positioaddw centimeters below the top of the corium
charge near the centerline of the test section.e Gnthese sparklers was used to initiate the
thermite reaction by heating the neighboring powtlerthe ignition point. (The thermite
composition is described in detail later in thigtg®). The second sparkler was provided as a
backup in case the first failed to ignite the mater

After the chemical reaction, DEH was supplied te thelt to simulate decay heat through
two banks of tungsten electrodes that lined theriot surfaces of the opposing MgO sidewalls. As
illustrated in Figures 2-5 and 2-6, the copper tebele clamps were attached to the 2.5 cm thick
aluminum bottom support plate that formed the fatimh for the apparatus. A total of sixty three
91 cm long, 0.95 cm diameter tungsten electrodes atached to each electrode clamp at a pitch
of 1.9 cm. A photograph showing the electrodésr &t typical installation in the clamps but prior
to placement of the lower section sidewalls is mtedt in Figure 2-9. The clamps were attached
with water-cooled buss bars to a 560 kW AC pow@psu As shown in Figure 2-4, each electrode
bank was vertically restrained by a horizontallyumied, 0.95 cm diameter tungsten rod which was
recessed into the concrete sidewalls near thedbftge electrodes. These restraints were provided
to prevent slumping of the electrodes away fromsidewalls, as occurred in the Scoping Test [32].

As illustrated in Figure 2-4, the electrodes spanmé¢otal width of 120 cm on each sidewall
of the lower section. At the start of the expemtehe electrical current was drawn through the
center 40 cm lateral span of electrodes that werdirect contact with the melt. As the test
progressed and the concrete sidewalls eroded,i@utlitelectrodes were exposed to the corium.
Electrical current was drawn through these newlyosed heating elements, thereby maintaining a
uniform heating pattern in the melt over the cowtéhe experiment. Given the overall electrode
span of 120 cm, up to 45 cm of radial sidewall tshacould be accommodated in this design while
maintaining uniform heat input. As shown in Fig@-4, the concrete sidewalls were 61 cm thick,
which provided ~ 15 cm of remaining sidewall thickesence the 45 cm radial ablation limit had
been reached.

Water was introduced into the test section througgrs located in the upper sidewall
section just beneath the lid of the apparatus. lapeut for the weirs is shown in Figure 2-10. A
total of nine penetrations were cast into the uppkeof the test section. Of these penetrations,
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Figure 2-8. Illustration of the CCI-4 Thermite Powder L oading Scheme.
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”Figure 2-9. Phtgraph Showing Elecfrodes Installed in Clamps.
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Figure 2-10. Detailsof the Top Test Section Showing Water Weirs.

six were utilized for Test CCI-4: one stationany Viideo camera view port, a port for an insertable
water level probe, a 15 cm steam line to the quesystem, two light ports, and a port for an

insertable crust lance. An illustration of the tdmera installed in the test section is shown in
Figure 2-3. For test CCI-5, a seventh port wasduse a lid-mounted optical pyrometer that

provided data on the surface temperature of the debris.

The insertable crust lance was designed to faitthst formed at the melt/water interface in
order to obtain data on the transient crust breadiing mechanism. An illustration of the lance
installed in the test section is shown in Figurgl2-while details of the lance loading device are
provided in Figure 2-12. The lance was made frobd 2m diameter, 304 stainless steel rod with a
pointed tip. The lance contained an electricalison hub so that there was no need to terminate
DEH power input during the crust loading procedufes shown in Figure 2-12, the driving force
for the lance was simply a 450 kg dead weight wes remotely lowered with the crane during the
test. The lance assembly was equipped with adedcand displacement transducer to record load
vS. position data as force was applied to the crust
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Figure2-11. lllustration of Crust Lance Assembly Installed in Test Section.
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The test section components were bolted togethénestationary half of the existing ZPR-
9 reactor bed. Zirconia felt and silicon gasketemal were used to seal the flanges. An illugtrat
is provided in Figure 2-13. Installation and targuof test section flange bolts was performed
according to an approved procedure to ensure umifireload on the flange surfaces. Additional
reinforcement of each test section component wasiged by clamping bars installed in both the
North-South and East-West directions. A diagratasitating the complete flange bolt and
clamping bar layout is provided in Figure 2-14.
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Figure 2-12. Detailsof Crust Lance L oading Device.
ACCESSPORTw

PRESSURE RELIEF LINE
TO LARGE QUENCH TANK

TEST SECTION

S
o SHROUD

> TOSPRAYTANK

575cm

i \ L

5,

Dj(l%mﬂ IS T S

] O [ 1 ]

L ]
(VIEW FROM NORTH)
DRAWING: CCl4 MAIN STEAM LINE
TO QUENCH TANK - 6" LINE
FLOOR

DRAWING NO.: MCCI742
DRAWN BY: D. KILSDONK 2-4746
DATE: 1/11/07

FILE: CCl4_MSL1.DWG(118)

Figure 2-13. lllustration of Test Section Mounted on ZPR-9 Reactor Bed.
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Figure 2-14. lllustration of Test Section Clamping Bars.
2.1.2 CCI-5 Test Apparatus

Test CCI-5 focused on examining the influence oftpeol aspect ratio on the radial/axial
power split under dry cavity conditions. Specillizathe test section aspect ratio (i.e., testisact
width/melt depth) was increased to the greatesndyiossible by modifying the test section design
to include a single concrete sidewall that wouldengo ablation, while the opposing sidewall was
made from refractory MgO that essentially createcdiabatic boundary condition. A top view of
the modified lower test section design is provide#igure 2-15, while cross-sectional views of the
electrode and non-electrode sidewalls are provideigures 2-16 and 2-17, respectively. The
thickness of the new non-electrode sidewall wassdme as the existing MgO electrode walls (i.e.,
25 cm), and it was also protected with a crushed pillet liner. This approach had been found to
provide an inert (i.e., non-ablative) and highlgutated wall surface. As shown in Figure 2-17, the
underside of the test section transition plate egsosed due to the addition of the thin MgO
sidewall. To provide thermal protection, the plates lined with AJO; insulation and a tungsten
heat shield. A similar heat shield design was alsed to protect the inner surface of the
ACE/MCCI test apparatus lid [4]. The thicknesgh concrete sidewall was the same as that used
in the CCI-3 test [1].
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Figure2-17. SideView of CCI-5Lower Test Section Showing Concrete Sidewall.

The selected sidewall dimensions increased thentstssidth from the nominal value of 50
cm in Tests CCI-1 through CCI-3 to 79 cm for CCI-baking credit for the symmetry boundary
condition, then the aspect (width/melt depth) rates increased from (25 cm/25 cm =) 1.0 in tests
CCI-1 through CCI-3 to (79 cm/25 cm =) 3.2 for C&lgiven the initial melt depth of 25 cm for
CCI-5 (see Table 1-1). As for Test CCI-4, the safdan for the tests assumed that a minimum
thickness of 15 cm was maintained for all concostaponents to ensure final containment of the
melt. On this basis, up to 40 cm of lateral ablatcould be accommodated in the concrete
sidewall. Conversely, up to 42.5 cm of axial ablatcould be accommodated given the initial
basemat thickness of 57.5 cm.

The balance of the test section design above therlsection was identical to that used in
test CCI-4; see Section 2.1.1 for details.

22  Water Supply System
The water supply system consisted of a 1900 la@gptank connected to the flooding weirs

in the north and south sidewalls of the top testige through a valve-controlled supply line that
provided water to the test section at a specified fate. A schematic illustration of the supply

22



OECD/MCCI-2010-TRO06, Rev. 1

system is provided in Figure 2-18; details of tlewding weirs were shown previously in Figure

2-10. The supply system flowmeter, pressure tnacesg level sensor, and thermocouple
instrumentation locations are also shown in Fig1de3.
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MV-WS-9

2"LINE

Figure 2-18. Test Section Water Supply System.

Water flow through the system was driven by an B8 Hifferential pressure in the supply
tank at a nominal flow rate of 120 Ipm (2 I/s). iFimlet flow rate corresponded to a melt/water
heat flux of approximately 20 MW/rbased on a specific enthalpy of 2.6 MJ/kg for isdad
steam at atmospheric pressure, assuming heatdramsfurs through boiling of the overlying
coolant. The water flow rate was monitored witipaddlewheel flowmeter. Both the initial
water inventory (125 I) and makeup were providedulgh pneumatic ball valve RV-1, which
was opened as needed at the control console tdammathe water volume inside the test section
constant at a target level of 125 + 13 | (50 = 5.cr redundant supply line, activated by
pneumatic ball valve RV-2, was provided in case R¥&iled to open during the test. A third
pneumatic valve, RV-3, was provided in case RV-RWr2 failed in the open position.

Note from Figure 2-18 that the supply line to thsttsection contained a manual bypass
valve downstream of water injection valves RV-1 &M-2. This valve was vented to a catch
pan equipped with an alarmed water detector. [Qupiretest procedures, this valve was left in
the open position to divert any water leakage afn@y the test section. The alarm was intended
to notify personnel that a leak was present so ¢betective action could be taken. This valve
was closed as one of the final steps of pretesttipas just prior to evacuation of the cell.

2.3  Quench System

The quench system, shown in Figures 2-19 and 2dttsisted of a primary quench tank,
a secondary spray tank, and a condensate ovewdloky tThe quench system flowmeter, pressure
transducer, level sensor, and thermocouple instntatien locations are also shown in these two
figures.
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Steam and concrete decomposition gases passedHeotast section through a 16.1 cm
ID stainless steel pipe into the 680 | capacityc@0ID primary quench tank. This tank contained
an initial water inventory of 250 I. With this aomtt of water, a pool void fraction of ~ 60%
could initially be accommodated before the voideatew height reached the top of the tank. The
guench tank was equipped with a 1.9 cm diametelingpeoil to remove heat from steam
condensation, thereby maintaining a subcooled.statee coil water flow was drawn from the
building supply system. The flow rate was thrattte nominally 38 lpm, which corresponded to
a heat sink of 210 kW assuming a water heat cgpati4200 J/kgK and a temperature rise of
80 °C across the coil. If the condensate levéhéntank rose to a level of 560 I, spillover inte t
adjacent 930 | overflow tank occurred through a @5 ID pipe. The quench tank, and the
interconnecting piping between the test sectionquehch tank, were insulated to minimize heat
losses.

The secondary 1230 | capacity spray tank was caeddo the quench tank by a 16.1 cm
ID stainless steel pipe. In situations where tlears generation rate overwhelmed the primary
guench tank, the secondary spray tank served tdecme the remaining steam. This tank
contained an initial water inventory of nominall@l. With this amount of water, a pool void
fraction in excess of 60% could be accommodatedrbehe voided water height reached the top
of the tank. The spray tank and interconnectingngifoetween the spray and quench tank were
also insulated to minimize heat losses.

24  Test Section Pressure Relief System

A pressure relief system was provided to prevert-pressurization and possible failure
of the test section. A schematic illustration of gystem is shown in Figure 2-21. The system
consisted of a 16.1 cm vent line from the testisedb an auxiliary tank containing a nominal
initial water inventory of 400 I. The auxiliaryrta had an inside diameter of 1.22 m and a
capacity of 4100 |. The tank was open to the apherse. The pressure relief line to the tank was
equipped with a passive, counter-weighted checkevakt to open at a differential pressure of
nominally 68 kPa. A rupture diaphragm (68 + 13Pa# failure pressure) upstream from the
check valve prevented any flow through the linesgslthe pressure in the test section exceeded
the design value of 68 kPad. As shown in Figugd 2the relief line was also equipped with a
7.5 cm vacuum breaker valve. This valve was peith prevent water hammer from occurring
due to steam condensation should the pressuré valiee open and then reseat after water had
been introduced into the test section.

The initial water inventory in the auxiliary tankag provided to cool gases from the test
section and to remove aerosols before noncondezsspb#sent in the gas stream passed into the
cell atmosphere. The tank was instrumented wiffype K thermocouple to measure water
temperature, as well as a differential pressur@stiacer to measure water depth. The
instrumentation locations are shown in Figure 2-Pie instruments were provided so that the
steam condensation rate could be determined shbalgressure relief valve open during the
test. In this manner, there would be no loss td daould the pressure relief system activate.
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Figure2-21. Test Section Pressure Relief System.
25  Off Gas System

An illustration of the off gas system is providedFigure 2-22. Thermocouple and
flowmeter instrumentation locations are also shawrthis figure. This system filtered and
exhausted the noncondensable concrete decompaogas®s, as well as the test section covergas,
to the cell exhaust. The decomposition gases @@, CQ) and cover gas exited the spray tank
and passed through a flow separator. The cleaffigiercy of this separator was 99% of all
entrained solid and liquid when the particle sixeeeded 10 microns. After passing through the
separator, the flow was vented through a 10 cm efiemline to a filter bank to remove any
remaining particulate. The flow then passed thhotlte final off gas flowmeter to the cell
atmosphere. The filters were equipped with a passbunter-weighted check valve set to open
at a nominal differential pressure of 7 kPa. Tiedss valve was provided to ensure that a vent
path for the test section was always availabldédvent that the filters become plugged during
the experiment.
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Figure 2-22. Off Gas System.

26  Cove Gas System

During the test a uniform flow rate of helium wiasl into the test section to suppress
burning of combustible concrete decomposition ggbksand CO) and to protect test section
internals. An illustration of the cover gas systenshown in Figure 2-23. Cover gas flow was
modulated by a total of three Hastings Flow Coigrsl (FC's). One 0-200 slpm FC provided
cover gas to the lid camera and light port penetnat while a second 0-350 slpm FC provided
dedicated cover gas flow to the lid camera to pneaerosol deposition on the camera quartz
window through which the melt upper surface wasve@. A third 0-100 slpm FC was used to
inert the apparatus on the evening prior to the tes

2.7  Power Supply

The power for Direct Electrical Heating (DEH) bktcorium was provided by a 560 kVA
single phase AC power supply manufactured by NWdn$formers. Output of the power supply
was voltage or current controlled. The supply fad voltage/current ranges: 56.4 V/10 KA,
113 V/5 kA, 169 V/3.3 kA, and 226 V/2.5 KA. Thevper supply was connected to the two
arrays of tungsten electrodes in the test sechoough water cooled copper pipes. The total
voltage drop through the pipes and tungsten eléesr@t operational temperature and maximum
current was calculated to be less than 0.5 V. [€hkage current through the overlying water
pool after the cavity was flooded was estimateletdess than 1% of the total current.
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Figure 2-23. Cover Gas System.
2.8 Concrete Compositions

As shown in Table 1-1, concrete type was one othibekey parametric variations among
the tests conducted as part of the experimentaésser Test CCIl-4 was conducted with
Limestone-Common Sand (LCS) concrete, while CCl&s wonducted with siliceous concrete.
The chemical compositions of these two concreteshown in Table 2-2. These compositions
were determinetlbased on chemical analysis of archive samples fhenCCI-4 and CCI-5 tests
that were produced when the components from thesetésts were poured. The reader is
referred to the individual data reports [2,3] faolddional information regarding the engineering
compositions (i.e., mix ratios) and aggregate dig&ibutions for each concrete type.

To prevent downward migration and possible escdpeoncrete decomposition gases
during the course of the experiments, the electpmeetrations through the bottom support plate
were sealed using O-rings. As a part of normalegteoperations, the test sections were leak
checked at a differential pressure of 83 kPa andddo have very low leak rates. On this basis,
essentially all concrete decomposition gases nadrapwards through the melt pool during the
experiments, as opposed to partial loss throughdttem support plate of the apparatus.

For CCI-4, the concrete surfaces were protectea tyn (i.e., 3 mm) layer of low density
(~ 480 kg/m) ZrO, felt to prevent thermal shock of the concrete teeand sidewalls during
the initial chemical reaction. After the reactimas complete, the felt dissolved into the melt.

¥Chemical analysis carried out by the Constructientihologies Laboratories (CTL Group) in Skokigndls.
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For CCI-5, this insulation layer was omitted in @rdo minimize the time to onset of concrete
ablation after the thermite burn was completed.

The densities of the concretes used in the testslkaywn in Table 2-3. These densities
were calculated on the basis of the measured nmassa@dumes of the concrete archive samples
for each test. Instrumentation locations withia gidewalls and basemat are described later in
this section.

Table 2-2. Chemical Composition of Concr etes.

Oxide CCl-4 CCI-5
W1t% Wt%
SiO, 25.99 58.27
Al,03 2.78 3.51
FeOs 1.40 1.33
CaO 27.81 20.20
MgO 9.21 0.92
SO, 0.91 0.45
Na,O 0.39 0.49
K-0 0.54 0.80
TiO, 0.17 0.15
P,Os 0.09 0.07
Mn,Os 0.04 0.05
SrO 0.02 0.03
CO, 23.80 9.50
H-0O, Free 3.58 1.90
H-O, Bound 3.42 2.88
Total 100.15 100.54

Table 2-3. Concrete Densities.

Test Concrete Density
(kg/m®)

CCl-4 2404

CCI-5 2382

2.9 Corium Compositions

As shown in Table 1-1, the initial corium compasits for the two tests were quite
different, with CCI-4 conducted with a partially ideed BWR core melt, while CCI-5 was
conducted with a fully oxidized PWR core melt. Tdwmmpositions for the two tests contained
various proportions of calcined concrete as intt@istituents. The compositions of the concrete
additives were consistent with the type of concreted for the sidewalls and basemat for each
test. Aside from lowering the melting point of timxtures [33]the additives were incorporated
to account for concrete erosion that is expecteddrmur during the corium spreading phase
following breach of the Reactor Pressure VesseMRB4].
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For test CCI-4, one of the key objectives was twaase the metal content of the melt to
the highest practical level to more accurately magla prototypic BWR core melt at the time of
vessel failure. The target value for the initiatal content was 15 wt % The overall approach
for satisfying this requirement was to place a iHegaring concrete insert that overlaid the
basemat for dissolution into the melt prior to dnsebasemat ablation, thereby increasing the
melt metal content to the target level. This teghe was originally developed as part of the
ACE/MCCI test series [4] that focused on quantidyfission product source term during core-
concrete interaction. The metal content of theritss shown in cross-sectional view in Figure 2-
24 and in tabular form in Table 2-4, included Zatthepresented unoxidized cladding plus iron
that, when combined with the Cr metal reaction bgpct from the thermite reaction, produced a
mixture that mocked up stainless steel from ablag=$el structures. A photograph showing the
inserts in place over the CCI-4 basemat is providdelgure 2-25.

The initial bulk melt compositions at the start thie interaction with the concrete
basemats for the two tests are shown in TableviZabe the detailed breakdowns are provided in
Table 2-6. In addition, the compositions of therthites that were used to produce the initial
melt volumes are provided in Table 2-7. For TeSt-@, the bulk compositions shown in Tables
2-5 and 2-6 includes both the initial melt volumedguced by the thermite, as well as the
materials in the inserts that were ablated intortigdt volume prior to contacting the basemat.
The estimate includes the expected oxidation ovitln H,O and CQ gases that were liberated
upon decomposition of the concrete in the insertSor CCI-5, the melt content simply
corresponds to the posttest thermite reaction ceifipp as no inserts were used in that
experiment.

CRUSHED PELLETS
+ | TUNGSTEN ELECTRODES ZrROD (1.27 cm OD) o
] / 8- 37 cm LONG ON TOP OF INSERT +
+ 40 - 39 cm LONG CAST IN INSERT 5
10 - 35 cm LONG ON TOP OF BASEMAT
1 I N SERT D ETAI LS (2206 cm LENGTH TOTAL) +
cm + r
-—+15 Fe ROD (1.27 cm OD) +
=4 - 16 - 39 cm LONG CAST IN INSERT
=0 1| 38LcmTHICK 8- 35 cm LONG ON TOP OF BASEMAT +
=4 n (904 cm LENGTH TOTAL)
3+ 10 8- 37 cm LONG Zr RODS
=4 LAYING ON TOP OF INSERTS 4
Ex N CONCRETE MATRIX
0 1 +
TN St Bose’ |G th | e i
= 1 2000100 OOIICOOOIOD OO +
= o |T][|Locece oceoce e060 ©0000 J|||
0 ! +
- + 35 cm LONG Zr AND Fe
I AN RODS ON BASEMAT A ﬁ 4
SR
=0 +
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\ +
-10 i
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L1 DRAWING: CCl4 BOTTOM SECTION

(SOUTH VIEW) W/ INSERT DETAILS

DRAWING NO.: MCCI730

DRAWN BY: D. KILSDONK 2-4746

DATE: 2/9/07

FILE: CCl4_BSSV_INSERT_DETAILS.DWG(AC117)

Figure 2-24. lllustration of CCl-4 Concrete-Metal Insertsover the Concrete Basemat.

“See the summary record of the first meeting of Menagement Board of the OECD MCCI-2 Project, NEA
Headquarters, Paris France 4-5 April 2006.
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Figure 2-25. CCIl-4 Basemat with Insert Prior to Placement on Test Stand.

Table2-4. Composition of CCI-4 Concrete/Metal I nserts.

Constituent W1t% Mass (kg)
Zr rod 48.88 17.88
Fe rod 24.52 8.97

Limestone/common sand concrete 26.60 9.73
Total 100.00 36.58
Table 2-5. Initial Melt Compositions.
Constituent CCl-4 CCI-5
(Wt%) (Wt%)
uo, 56.52 56.32
ZrO, 21.53 23.13
Calcined Concrete 9.65 14.14
Metal componenfs 7.69 6.41
Unoxidized cladding 4.61 0.00

Calcined LCS concrete: 42.0/14.1/38.8/5.1 wt% 8Wg0O/CaO/ALO;
PCalcined siliceous concrete: 79.0/0.9/15.6/4.5 \8i@,/MgO/CaO/ALO
°61.1/38.9 wt % Cr/Fe

9100 % Cr
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Table 2-6. Detailed Melt Composition 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
Table2-7. Thermite Compositions.
Chemical CCl-4 CCI-5
Wt % Mass (kg) Wt % Mass (kg)
U30g 66.44 176.07 58.70 346.33
Zr 16.48 43.67 17.16 101.24
Si 0.84 2.23 1.57 9.26
SIO, 1.79 4.74 7.84 46.26
Mg 0.72 1.91 0.07 0.41
Al 0.23 0.61 0.09 0.53
CaO 3.30 8.74 2.21 13.04
CrQO; 10.20 27.03 12.36 72.93
Total 100.00 265.00 100.00 590.00

Note that the compositions shown in Tables 2-5 2+&do not include an additional
mass of crushed Upellets (typically ~ 300 kg) that was used as aqutove layer for the cast
MgO (see Figures 2-4, 2-5, 2-15, and 2-16). Thaemal did not participate in the initial
exothermic chemical reaction. The pellets werevered and weighed following each test. This
information, as well as chemical analysis of tmalffimelt compositions, indicated that the pellet
layer remained essentially intact as an inert ptote layer during test operations, with little if
any of the material dissolving into the melt.

As depicted in Figure 2-8, the thermite powdersemgacked into the test sections in
large aluminized bags that were pre-installed therbasemats. The weight of bagging material
typically amounted to an average contaminant le¥et 0.04 wt% in the charge. The bagging
was utilized to minimize moisture uptake by hygaysc chemicals in the thermite (CCGCaO,
and SiQ). Excessive moisture uptake was an operationaterm since the moisture reacted
with metallic constituents to form hydrogen duritige thermite reaction. As an additional
measure to minimize moisture uptake, exposed cteh@erfaces were covered with bagging
material before the thermite was loaded. See Ei@4® for a photograph showing the film
installed over a basemat.
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2.10 Instrumentation and Data Acquisition

The CCI facility was instrumented to monitor anddguexperiment operation and to log
data for subsequent evaluation. Principal paramebat were monitored during the course of
the test included the power supply voltage, currand 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; water voluamel temperature within the test apparatus, and
water volume and temperature within the quenchesysanks. Other key data recorded by the
DAS included temperatures within test section stnad sidewalls, off gas temperature and flow
rate, and pressures at various locations withinsgrstem. An overview of the instrumentation
for the CCI test series is provided in this secticomplete instrument lists are provided in the
individual data reports for each test [2,3]. Measuent uncertainties for the various instruments
that were used in the tests are summarized in TaBle

Table2-8. Summary of Data M easurement Uncertaintiesfor CCIl Tests.

M easur ement I nstrument Accuracy
Temperature (other Type K thermocouple +2.2°Cor+0.75%
than melt)
Temperature (melt) Type C thermocouple +4.5°& b0 %
Temperature (corium Two-color optical pyrometer +4.0°C
upper surface)
Pressure Pressure transducer Differential: £0.4 kPa
Absolute:+ 2.0 kPa
Water flowrate Test section supply and quench tamilk +4%
paddlewheel flowmeters
DEH input power Hall effect meter +0.2%
Power supply voltage Digital voltmeter +0.008 %
Tank water volume Magnetic float * 2 | for quench tank;
+ 5| for all other tanks
Debris-water heat flux Calculated based on steamsteyas +10 9%
measured by quench tank level float.

®Primary contributor is corium surface area (9%)

All data acquisition and process control tasks weanaged by a DAS PC executing
LabVIEW under Windows XP. Sensor output terminaéye connected inside the test cell to
model HP E1345A 16-channel multiplexers, which wietegrated into a mainframe chassis in
groups of eight. An illustration of the DAS setigpprovided in Figure 2-26. The multiplexers
directed signals to an HP E1326B 5 ¥ digit multenenhcorporated into each chassis. Three
independent 128 channel systems were used foalectgiacity of 384 channels.

Signal noise was reduced by the digitizer througlegration over a single power line
cycle (16.7 ms). The digitized sensor readingseweuted from the test cell to the PC in the
control room via two HP-IB extenders. The extesddlowed the ASCII data from the HP to be
sent through the cell wall over a BNC cable. Theeeder within the control room then
communicated with a GPIB card within the PC. Tbanfiguration also permitted remote
control of the multimeter through LabVIEW.
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Figure 2-26. DAS Setup for CCI Tests.

Integration of the signal over the period of a powee cycle limited the speed with
which the multiplexer could scan the channel lishe theoretical minimum scan time was ~1.7
s (i.e., 16.7 mas 100 channels per chassis). Though the threersgst@erated independently,
implying the ability to update all 300 channels~r2 seconds, the actual time required for the
update was about 5.5 seconds.

Instrumentation for both tests was selected to igeothe necessary measurements to
determine the time-dependent 2-D concrete ablajwaofile and the melt temperature
distributions. The instrument layouts for the tuwests were slightly different due to the
differences in cavity geometry and initial size.lar? and elevation views of the basemat
thermocouple layout for CCI-4 are provided in Fegr2-27 and 2-28, respectively, while
instrument locations in the concrete sidewalls sh@wn in Figure 2-6. The analogous
illustrations for CCI-5 are provided in Figures 2;2-30, and 2-17. Since CCI-5 only utilized
on concrete sidewall, extra thermocouples were r@oupnff the sidewall centerline to provide
better resolution of the ablation progression & sidewall. The locations of these instruments
are shown in Figure 2-31. The thermocouple elematshown in these figures are all taken with
respect to the original height of the basemat sar{@=0).
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DRAWING: CCl4 TC LAYOUT

50 cm X 40 cm BASEMAT (TOP VIEW)
DRAWING NO.: MCCI711

DRAWN BY: D. KILSDONK 2-4746

DATE: 10/9/06
25 20 -15 -10 5 0 +5 +10 +15 +20 +25 FE cCla TOLTV.DWG(ACLIS)

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

® MULTI-JUNCTION W5Re/W26Re, TANTALUM SHEATH, TUNGSTEN
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@ MULTI-JUNCTION Cr/Al, INCONEL 600 SHEATH, TIP OF TC FLUSH
WITH BASEMAT SURFACE (4 UNITS, 9 JUNCTIONS EA.).
LOCATIONS: 0.0,-2.5,-7.5,-12.5, -17.5, -22.5, -27.5, -35.0, -42.5 cm.

NOTE: ALL TC DIMENSIONS ARE CENTIMETERS

Figure 2-27. Plan View of CCIl-4 Basemat I nstrumentation L ayout.
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Figure 2-28. Elevation View of CCl-4 Basemat TypeC Ther mocouple L ocations.
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Figure 2-30. Elevation View of CCI-5 Basemat rType C Thermocouple L ocations.
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Figure 2-31. Exterior View of CCI-5 Sidewall Form Showing Instrument L ocations.

Both the concrete sidewalls and basemat were msinted with multi-junction Type K
thermocouple assemblies to determine the 2-D alblgtiofile as a function of time. In addition,
Type C thermocouple assemblies in long-body tumgtermowells protruded upwards from the
basemat and laterally inwards from the concretevgidls in several locations. The purpose of
these instruments was to provide data on the axidllateral melt temperature distributions as a
function of time. For both tests, a total of fif@ur-junction Type C thermocouple arrays in
tungsten thermowells (20 junctions total) were dasb the concrete basemat, while each
concrete sidewall was instrumented with an eightfion Type C array in a tungsten
thermowell. Photographs showing typical thermode@ssemblies installed in the basemat and
sidewall forms prior to placement of the concrete arovided in Figure 2-32 and 2-33,
respectively. For test CCI-5, a two-color optipgtometer was also installed on the test section
lid to provide data on the melt upper surface taeupee as a function of time.

Aside from the concrete basemat and sidewalls,Mg® sidewalls of the lower test
section, as well as the upper sidewall sectionsgevimstrumented with Type K and Type C
thermocouples to measure the sidewall heat up prigvater addition, and also to measure the
sidewall cooling rate above the melt surface afteter was added. lllustrations of these
thermocouple locations are provided in Figure 2x@ 2-34(a).

Several methods were provided for monitoring waésel in the test section. One
method consisted of a differential level probe whicas inserted through a sealed penetration in
the lid. The probe was maintained in a retractesitpn during dry cavity operations. After
water was added, the probe was inserted to a destain~ 50 cm from the initial basemat surface

37



OECD/MCCI-2010-TRO06, Rev. 1

(viz. ~ 25 cm from the initial collapsed melt sudac The probe tip was also instrumented with
two Type K thermocouples that monitored the plergam temperature prior to water addition;
thereafter, these thermocouples measured the teatgerature over the melt surface. The probe
tip location above the melt after insertion is shaw Figure 2-34(b).

Aside from the insertable water level probe, tvddlitonal methods were provided to
monitor the water volume in the test section. fits® was a static water level port located in the
North sidewall 55 cm from the initial basemat soefg30 cm from the initial collapsed melt
surface). The port location is shown in Figure4Zb3. The second redundant method was
provided by an on-line calculation of the waterurok in the test section based on conservation
of mass for the water volume in the system, whiels fixed at the start of the test.

e N

VS Aty 1

Figure 2-33. Typical Thmocouplelnallation in Sidewall Form.
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Figure 2-34. CCl-4 (a) Sidewall Thermocouple and (b) Pressure Transducer L ocations.

Water levels in the water supply and quench systatks were monitored with magnetic
floats. As a redundant level measurement technpiglieéanks were equipped with differential
pressure transducers to monitor water heads. Waterate to the test section from the supply
tank, in addition to the water flow rate througke thrimary quench tank cooling coil, were
monitored with paddlewheel flow meters. Transwemater temperatures in all tanks, as well as
the temperature differential across the quench tating coil, were monitored using Type K
The main steamline between the destion and quench tank was also
instrumented with Type K thermocouples to measheesldcal gas and structure temperatures.

thermocouples.

VIEW FROM SOUTH
AT CENTER LINE

ﬂi

TC LAYOUT(SOUTH VIEW)
DRAWING NO.: MCCI710
DRAWN BY: D. KILSDONK 2-4746
DATE: 10/23/07

FILE: CCl4_TSTCSV.DWG(AC120)

(@)

FROM INSIDE WALL) ARE IN CENTIMETERS.

PT5 | |

LOCATED
IN LIGHT LEVEL PROBE
PORT 1.3 cm DIA. TUBE
° . [N ADOD
o ©° 4 b o » oy ®
INE 8| N A [T-a
v o o <
N 2 %
v ! g
« D oo 0 4 o
c -
= = R % a
VAR o v
[ ] J
ﬂﬁ% a7 [0
[ 175 L
‘ WATER L~
MtV 75.0 cm
LP-2 ~_
PT-4
25cm =
o e } §
T - "
57.5cm
R=-" =g
PT-6 [ % 4 l C
EAST " M WEST
—— VIEW FROM NORTH

(b)

The locations of these instruments are shown ioregy2-13 and 2-18 through 2-21.
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Key system pressures were monitored with strauggaype pressure transducers. As
shown in Figures 2-18 through 2-20 and 2-34(b) pitessure in all system tanks was monitored,
and also the test section plenum pressure. Artiaddi transducer was located in the lower test
section to monitor the pressure beneath the mekrugurface. This transducer was mounted on
the east sidewall of the test section at an elewaif 50 cm beneath the initial concrete surface.
As described earlier, the gap between the MgO satlsvand the electrodes was packed with
crushed UQ@ pellets during corium loading. Thus, this transeturecorded the pressure beneath
the melt surface as long as the gap remained uggtliduring the test.

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

In addition to the above instrumentation, visudbimation regarding the core-concrete
interaction and melt quenching behavior was pravidg a video camera mounted on the upper
lid of the apparatus. The camera location and fadlview are shown in Figure 2-3. Five area
video monitors were also used to monitor for leals] to record any disruptive events should
one occur. Finally, the crust lance was equippéth Voad and displacement transducers to
provide data on the crust load vs. time duringcttust failure sequence.

211 Test Procedures
2.11.1 Pretest Operations

Assembly of the apparatus began by installingttimgsten electrodes (126 total; 63 per
side) into machined copper electrode clamps. Téetrede clamps were then attached to the
bottom of the 2.54 cm thick aluminum support platech served as the foundation for the entire
apparatus. With the electrode clamps installegl sthpport plate was moved into position on the
steel platform that supported the apparatus. Tdrerete basemat was then placed atop the
support plate. The basemat was then completelgredvwith a continuous sheet of 1.7 mil
aluminized Saran film to prevent moisture contamamaof the thermite powders from the
basemat once the powders were loaded into theséesibn. The lower test section sidewalls
were then set in place. The concrete wall(s) va¢ése covered with aluminized Saran before
placement to prevent moisture contamination ofttieemite from these components. The lower
section flange bolts and clamping bars were thetailed and torqued according to an approved
procedure.

In parallel with test section assembly, the th&smpowders were mixed in preparation for
corium loading. As a precursor for initiating nrigi, a gas sample t&stas conducted to verify
that the initial level of volatile impurities insample prepared from the thermite constituents to

®The gas sample test procedure consisted of ignitingpresentative sample of the thermite in a dosssel. The
amount of noncondensable gas produced was themdess from the ideal gas law.
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be used for a given test was sufficiently low teghnde excessive gas release during the burn.
Upon successful completion of this test, mixing \wasated.

Once the lower section was assembled, preparatmnkwading of the corium charge
began. A single, large 1.7 mil aluminized Sarag was preinstalled over the basemat. During
loading, the thermite charge was placed within bag in order to reduce the amount of bagging
material present in the thermite. As the powdezsevplaced in the test section, the basemat melt
temperature thermocouples were monitored to dedegt localized heating in the corium
powders. If heating was observed, the cell waBetammediately evacuated. As the thermite
was placed, the gap between the tungsten electesdeMgO sidewalls was filled with crushed
UO, pellets. The crushed pellets served as a proeetdixer against excessive chemical/thermal
attack by the corium during the test. Once loadiag completed, two sparkler igniters were
placed a few centimeters below the top of the posvdear the center of the test section, and
then the bag was folded and sealed. An illustnatibthe loading scheme is provided in Figure
2-8. As described in Section 2.9, the use of thgle large bag for containment of the thermite
resulted in a low bagging material contaminant llesfenominally 0.04 wt % present in the
charge at the time of ignition.

Once loading was completed, a removable trainawoimg a 1.0 kg bagged sample of
thermite was installed over the powder bed; arstithtion is provided in Figure 2-35. The
sample train was removed weekly and the sampleh&di¢gp monitor the moisture pickup by the
thermite during the period between loading and it@sation. Note from Figure 2-35 that the
top portion of the train also contained a 4.5 kgister of desiccant. The desiccant was provided
to maintain the plenum gas as dry as possible gupetest operations. As an additional
measure to prevent moisture accumulation in the deowbed, the lower test section was
continuously purged with argon (2 slpm) from thediloading was completed until the test was
initiated.

After installation of the sample train, the rentin of the test apparatus was assembled.
This included installation of the transition plateo upper sidewall sections, and finally the
enclosure lid. Peripheral instrumentation was timstalled on the lid and sidewalls of the test
section. The main steamline run from the test@edtb the primary quench tank was completed,
as well as the pressure relief line from the testien to the auxiliary tank. (The main steamline
was closed off from the test section using an tabéz blank-off plate throughout pretest
operations to preclude moisture migration fromdhench tank into the test section).

After assembly was completed, extensive systemkohu@rocedures were performed to
ensure that the facility was in proper working ard€his included a proof test of the test section
at 83 kPad, which is 20 % in excess of the presslief system activation pressure of 69 kPad.
The pressurization gas for this test was argon.indartable blind flange was installed upstream
of the rupture disk in the pressure relief linesiwate this system. During the test, the apparatu
was gradually pressurized to the proof pressur@3kPad. After a 1 minute hold at this
pressure, the system was isolated to determinte#ikerate. The leak rate of all the assembled
CCl test sections was found to be < 5 kPa/min (@@ sat a nominal pressure of 55 kPad, which
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was significantly below the acceptance criterioe.{i< 2 % of the expected peak gas/vapor
generation rate during the tests).

Pretest preparations culminated with a final fydtem checkout that involved remotely
running all equipment with the power supply in @giEm across a water cooled dummy load.
Once the full system check was completed, finatesyspreparations were carried out. These
efforts included: (i) hookup of the powe~ »
supply to the tungsten electrodes throu S 7 ¥ g
water cooled buss bars, (ii) installation L AT R nae swrew
the final piping connection between tr Al
water supply tank and the test sectic

|:> MAIN STEAM LINE OUTLET
TO SMALL QUENCH TANK

and (iii) removal of the sample train fror
the test section. Following connection «
the power supply to the electrode clamy
the key for the power supply lockot
located in the cell, as well as the key f
the interlock located on the control rooi
console, were assigned to a custodi
who kept the keys in their possessit
until the test was initiated. This step wi
taken to preclude inadvertent activatic
of the power supply.

Over the several weeks spannii
pretest operations, the thermites with
the test sections gradually absorb
moisture. Peak moisture pick up for tt
test series was limited to 0.2 wt%, whic
was well below the maximumr
permissible level of 0.3 wt %. This wa
the last criterion that needed to [
satisfied before final approval wa
granted to proceed with test operations.

2.11.2 Test Operations

TESTSECTION

ACCESS PORT SIZE: 6, SCH.10PIPE
(6.3"ID). 5.0"MAX. OD OF SAMPLE
COLUMN BECAUSE OF INTERFERENCE
WITH TOP SECTION

{— 1/4" DIA. SST CABLE
ATTACHED TO SAMPLE

K

COLUMN

SAMPLE COLUMN
IN POSITION

COMPARTMENT DESICCATOR
4.5" 0D X 16" LONG

5.0 kg (11.0 Ibs.)
HELD IN PLACE WITH RODS

| — SAMPLE COLUMN MADE WITH
1.4"DIA SST ROD AND SST
RINGS WELDED TOGETHER

=]
| — SAMPLEBASKET
PERFORATED STEEL
SHEET 58% OPEN

| —2 kg BOTTOM SAMPLE
IN PLASTIC BAG

ket

o |
#1

DRAWING: CCl4 MOISTURE
®  MONITOR (NORTH VEW)
DRAWING NO.: MCCI746
k= DRAWN BY: D. KILSDONK 24746

!

| B et

DATE: 1/11/07
FILE: CCU3_MM1.DWG(118)

(VIEW FROM NORTH)

Figure 2-35. Thermite Sample Train.

The planned operating procedure was essentia@dlgdime for both tests. This procedure
is described below. The actual test event seqseareesummarized in the next Section as part of
the presentation of the test results.

On the evening prior to the experiment, the apparatas inerted with a slow bleed of
helium into the test section. On the day of thpegxnent, the apparatus was brought up to
operating conditions, a final walk through inspectivas performed by operating personnel, the
thermite igniter was hooked up, and finally the powsupply was energized before the
containment was evacuated and sealed. Data aoguisias initiated, and the video camera
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recorders were started. Coolant and cover gassfleere brought up to design conditions, and
the cell ventilation system was closed and seal@dter verifying that operating personnel were

at their assigned positions, power was appliethe¢onichrome wire/sparkler located at the top of
the powder charge. Thermite ignition was cleaxident on the lid video camera that viewed

the top of the powder bed (see Figure 2-3); basethis information, ignition was announced

and logged in the control room. Based on readiragga thermocouples located near the bottom
of the charge, completion of the burn was also anoed and logged. (Thermite burn times
were less than one minute for the two tests).

At completion of the burn, the power supply operatdiated a current ramp at a rate of
~ 3000 Amps/minute up to target power (see Tabl¢. 1After target power was reached, the
input power would be held constant at target lgu@hver for a specified period of dry core-
concrete interaction, or until an ablation trigdjenit was reached in either the lateral or axial
direction. After one of these two criteria was nteé cavity would then be flooded. However, if
a crust was present at the melt upper surfacegrttst lance would be used to fail the crust prior
to flooding so that the water would be able to aohthe underlying melt. Following water
addition, the power supply operation would be swett from constant power at the target level
to a constant voltage operating mode. This approamuld keep the specific power density in
the remaining melt zone approximately constant hausolidification (quench) front develop
during the interaction (recall that the DEH techu@qdoes not appreciably heat solidified
corium). Forty five minutes after water additioor, after the debris cooling rate had been
reduced to a relatively low level, the crust wobll failed with the lance to obtain data on the
transient crust breach cooling mechanism. Aftezabh, power supply operations would
continue for an additional 45 minutes, yieldingptal operating period of 90 minutes with water
present in the cavity, or until the maximum ablationit was reached in either the lateral or
axial directions. At this point, the input poweowd be turned off and the test was terminated.
The primary datasets from the experiment were tremked up, and the DAS was restarted in a
slow recording mode (1 scan per minute) to recaiditeonal information during the long term
cooldown. The system was then left unattendedniylet.

2.11.3 Posttest Operations

On the day after the experiment, a Health Physezhifician made the initial reentry into
the containment cell and performed a survey torgete if any radioactive material had escaped
from the apparatus during the test. In all caes,survey turned up negative. On this basis,
personnel reentered the cell and began the nonsedsembly process.

Instrument cabling on the apparatus was discondextd rolled back to terminal boxes
in the cell. Peripheral instruments and equipniért, video cameras, pressure transducers,
lance load assembly, water level insertion prolmeeliwere then removed, cleaned, and stored.
The test section reinforcing bars and flange beéiee then removed, cleaned, and stored.

At this point, physical disassembly of the testtisecwas initiated. This phase of the
work was carried out in anti-contamination suitewl dull face respirators according to an
approved Radiation Work Permit (RWP). The testiseamain steamline and pressure relief
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line were removed from the lid, cleaned, and storElde test section lid and top sidewall section
were then removed, cleaned, and stored. Photograplild then be taken to document the
debris state in the as-found condition. Followthgs step, the middle sidewall section was
removed, and splattered corium that had solidibedhe inner surfaces of this component was
collected and weighed. The middle section was thesmed and stored.

Removal of the middle section fully revealed thevdo test section that contained the
solidified core material. At this point, the toprace of the solidified corium could be examined
and characterized. Photographs were taken, andumamaents of the upper surface elevation
profile were made. Sidewall crust material abdwe wipper crust was then removed, collected,
and weighed. Any suspended crust material that prasent over the bulk of the solidified
corium was then collected, characterized, and veslghA second set of photographs and surface
elevation profile measurements were then obtaingdring this stage of disassembly, samples
were collected for subsequent chemical analysidetermine elemental composition to better
characterize the debris distributions.

After the debris upper surface was characterizezljrtert MgO sidewalls that backed up
the tungsten electrodes were then removed, cleamedstored. During this step, the remnants
of the crushed U@pellet liner that served as a protective layeritkhhe tungsten electrodes
was collected and weighed. After additional phaaphs were taken, the North and South
sidewalls were removed with the cell crane andsédhe platform for examination. During this
step, the corium fractured vertically along a plém roughly followed the original inner surface
of the concrete walls. After the concrete wallsenget out of the way, the solidified corium over
the basemat was lifted from between the two barfkisimgsten electrodes and placed on the
platform for examination. The basemat and conasetié remnants were then photographed, and
additional measurements were taken to better ctesiize the overall debris distribution.
Additional samples were collected for chemical gsial to provide data on the corium lateral
composition variation.

Following these steps, the basemat and sidewalhaats were placed in heavy gauge
sheet metal storage containers. The containers then moved to an adjacent cell for archival
storage. With the test specimens out of the wag/,electrodes were removed from the clamps
on the test section bottom plate. The plate aachps were then cleaned and stored. Following
these steps, the cell was decontaminated baclslio@cover area, which completed the posttest
operations phase of the experiment.
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30 RESULTSAND DISCUSSION

This section presents the major thermalhydraulit posttest examination results for the
two CCI experiments conducted as part of the teges. A discussion that compares and
contrasts key results of these tests, along welrélsults of tests conducted as part of the MCCI-
1 program, is provided at the end of this secti@pecifications for the tests are provided in
Table 1-1.

31 CCl-4Test Results

As shown in Table 1-1, Test CCI-4 investigated ihieraction of a 78 % oxidized
Boiling Water Reactor (BWR) core melt, initially mi@ining 10 wt % Limestone/Common Sand
(LCS) concrete, with a two-dimensional LCS concretd section (see Section 2.1 for a design
description). For reference, the initial melt casion is provided in Table 2-6. Target input
power during dry cavity operation was specifie®akW. The planned test operating procedure
was detailed in Section 2.11. The actual operaétguence is described below.

3.1.1 Thermalhydraulic Results

CCI-4 was performed on 26 May 2007. An event segeids provided in Table 3-1.

Test operations began by applying electrical currenhe nichrome wire located near the top of
the charge; the burn time was ~30 seconds. Folpwia reaction, DEH input to the melt was
ramped up to the target power of 95 kW. The padveaare for the test is shown in Figure 3-1. In
the discussion that follows, time t = O correspotalthe onset of basemat ablation beneath the
concrete-metal inserts that were placed over teerbat (see Section 2.1). As indicated in Table
3-1, target power level was reached at -36.6 mguwtdere it was essentially maintained for the
balance of the test involving dry cavity operations

Following the thermite burn, there was a quiespemniod during which concrete surfaces
were protected by insulating crusts. However, 181.3 minutes, plenum gas temperatures
suddenly increased by several hundred degreeshangbwer supply operating current dropped
at constant power, indicating onset of concretatadi within the test section. The data further
indicates that ablation of the concrete-metal itssand concrete sidewalls began at this time.
The insert was rapidly eroded, and onset of basabiation was detected at the centerline and in
the four outer quadrants over the time intervairfré.54 to + 4.41 minutes. The average time
for all five arrays was 0.0 minutes, which defiriese t = O for the experiment. The thermal
response at the basemat axial centerline is showhigure 3-2, while the north and south
concrete wall thermal responses at the +0.0 cmagtev are shown in Figures 3-3 and 3-4,
respectively (see Figures 2-3 and 2-27 for schematiowing the thermocouple array locations).
Note that only data preceding the first off-scaading by the thermocouples are shown. The
dimensions shown in the legends for these figuneicate the distance of the thermocouple
junctions from the concrete inner surfaces. Asedoearlier, the sequential rise in the
temperatures is indicative of the progression efdblation front into the concrete. In general,
onset of ablation at a given location corresporadshe local temperature reaching the LCS
concrete liquidus temperature of 1295 °C [4].
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Table3-1. CCIl-4 Event Sequence (timesrelative to onset of ablation of the basemat).

Shifted Time Event
(Minutes)
-38.2 Thermite burn initiated; view of melt surfamecluded by aerosol within 5 seconds.
-37.7 Thermite burn completed (burn time ~ 30 sdsyrmelt temperature ~1900 °C
-36.6 Target DEH input power of 95 kW reached and taaed until power off.
-10.3 Sharp increase in aerosol production andpfggsum temperature, indicating onset| of

insert ablation.

-6.54 to 4.41] Onset of basemat ablation detected at all five basémgations; average time for all
arrays is 0.0 minutes, which defines time t = Otf@r experiment.

0.0 Onset of basemat ablation based on averageatimk five basemat locations. Initial
melt temperature ~1850 °C.
23.1 DAS communications failure halts data transmissietween the PC and the analog to
digital converters in the cell. Recovery efforgiated.
41.0 DAS recovery operations completed and data sitiguni restarted.
30.6 to Aerosols clear to reveal interaction. The surfaceither devoid of crust, or covered|in
135.2 areas with skin crusts that are not stable. Buplpiool observed.
135.2to Solid crust platelets form on melt surface, atténgpto bond together, as well as the
172.2 test section sidewalls. Convection within the mekufficient to periodically break up

these formations.

172.2to Crust becomes fixed and bonded to sidewalls. Tvas@leruption and melt extrusion
314.6 events occur almost continuously through varioust ¥®les that form, migrate, and
close (freeze shut) over the extent of the crudtea.

259.2 to Crust lance inserted twice in an attempt to brehehbridge crust. Peak load of 3.83

267.4 kN applied, but the crust was not breached. Suréeeation measurements were|in
the range of 66.5 - 69.8 cm at the point of larm&tact.

314.6 Last eruption through crust occurs, and vbale freezes shut. Thereafter,
pressurization of lower test section occurs dueotttinoued gas production from CCI
with partial gas venting through leaks around tleetebde clamps.

383.7 Sparks seen from beneath the test sectioonb@late; DEH input terminated.

384.9 Water addition to test section initiated.

403.3 to Crust lance inserted again in an attempt to bréhehbridge crust. Some breakdge

407.8 occurred on initial contact at an elevation of 6&n, but the full depth of the material

was not penetrated to reveal the underlying mettakRoad of 4.70 kN was applied;
surface elevation reduced to ~ 60 cm after firebkage.

458.3 Data acquisition terminated.

As described in Section 2.10, a total of seven ifuuiction Type C thermocouple arrays
were used to monitor melt temperatures at varioual @nd lateral locations. Data from an
axially configured array in the northwest quadrainthe basemat is shown in Figure 3-5, while
data from the laterally configured arrays locatedhie north and south sidewalls at the +5.0 cm
elevation are shown in Figures 3-6 and 3-7, resgadgt Finally, data from all melt temperature
thermocouples that contacted corium over the cooirtiee test are shown collectively in Figure
3-8 for comparative purposes. Dimensions in tgerels again refer to junction elevations with
respect to the concrete surfaces. The initial nesttperature following the thermite reaction
was ~ 1900 °C. By the time erosion of the condoeemat commenced, the melt temperature
had declined to ~1850 °C.
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Figure 3-1. CCI-4 DEH Input Power.
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Figure 3-2. CCl-4 Basemat Heatup near Centerline.
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Figure 3-3. CCI-4 North Wall Heatup (0 cm €elevation).
1800 , .
South Sidewall Type K Thermocouple, 0.0 cm Elevation
1600 1 —SWH-1 (0.0 cm) —SWH-2(-2.0cm) ——SWH-3 (-6.0 cm) SWH-4 (-10.0cm) | |
—SWH-5(-15.0cm) —SWH-6(-20.0cm) —SWH-7(-25.0cm) —SWH-8 (-30.0cm)
SWH-9 (-35.0cm) ——SWH-10 (-40.0 cm) ——SWH-11 (-45.0 cm)

1400 /J
1200 J —\—7 /
1000 1 /

800 / /

400 - /

200

mm—mmm———
0 T T T
-50 0 50 100 150 200 250 300 350 400 450

Elapsed Time (Minutes)
Figure 3-4. CCI-4 South Wall Heatup (0 cm elevation).
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Figure 3-5. CCI-4 Melt Temperaturesin Northwest Quadrant of Basemat.
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Figure 3-6. CCl-4 Met Temperaturesnear the North Wall (+5 cm Elevation).
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Figure 3-8. Collection of CCl-4 Melt Temperatures.
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During the first 10 minutes of concrete erosionvesal melt temperature thermocouples
detected a steady increase in melt temperature #8860 °C up to ~2000 °C, which was likely
due to exothermic chemical reactions between nmetalelt constituents (Zr, Cr, Fe) and
concrete decomposition gases. After this initlahge, the data in Figure 3-8 indicates that: i)
the average melt temperature declined steadily @800 °C at 50 minutes to ~1550 °C at the
time during dry cavity operations ended at 383 n@su and ii) no large lateral or axial
temperature gradients developed in the melt poahduhe interaction. Note that the latter
observation is not applicable at the pool uppefaserlate in the experiment sequence (i.e. past
172 minutes), where the sustained presence of il s indicative of a large temperature
gradient at that boundary.

As shown in Table 3-1, at ~ 23 minutes in the ofregasequence, an unidentified DAS
communications failure halted transmission betwé®sn PC and the Hewlett Packard (HP)
analog to digital converters in the cell. The eawsis thought to be a transmission error between
one of the HP units and one of the two repeatetsdsn each HP and the PC. The error froze
traffic along the General Purpose Interface BusIBpRhat linked all repeaters with the PC.
Diagnostic and recovery operations were initiagey communications were reestablished at 41
minutes, leaving a 16.9 minute gap in the recomksd. During this time, input power to the
melt was maintained at 95 kW based on panel readouhe control room that were independent
of the data acquisition system.

In terms of melt surface behavior, over the timemal from 30.6 to 135.2 minutes,
aerosols in the plenum cleared to reveal the uppdace of the core-concrete interaction. The
surface was either completely devoid of crust,areced in areas with skin crusts that were not
stable. Bubbling pool behavior was observed. Wes éxperiment progressed past this point,
crust platelets began to form on the melt surfalieese platelets intermittently bonded together,
as well as to the test section sidewalls. Howewenyection within the melt was sufficient to
periodically break up these formations, and thegse would begin again. At 172.2 minutes,
the crust became permanently fixed and bondeddewsills. Over the next two hours of the
interaction, two-phase eruption and melt extrusgants occurred almost continuously through
various vent holes that would form, migrate, anakel (freeze shut) over the extent of the crust
surface. During this interval (i.e., from 259.2267.4 minutes), the crust lance was inserted
twice in an attempt to breach the bridge crustpeak load of 3.33 kN was applied, but the crust
was not breached. Surface elevation measuremaarts iw the range of 66.5 to 69.8 cm at the
point of lance contact, which can be compared Withinitial collapsed melt pool height of 25
cm. As discussed in the next section, extensivié fim@ming and subsequent corium freezing in
the upper regions of the test section graduallytdetthe development of a large mantle of frozen
material on the sidewalls in the upper region eftdst section.

The progression of the axial ablation front locatturing the course of the test is shown
in Figure 3-9, while the analogous set of datatf& north and south concrete sidewalls are
provided in Figures 3-10 and 3-11, respectivelynally, characteristic erosion rates measured
on each concrete surface are shown collectivelyignre 3-12. This collection of data indicates
that after the first 50 minutes of the interactiablation proceeded fairly uniformly in the axial
and radial directions, with no large spatial ina@mee in the ablation progression observed until
~ 300 minutes. At this point, axial ablation agseto increase. However, at 314 minutes the
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Figure3-9. CCIl-4 Axial Ablation.
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Figure 3-10. CCI-4 North Sidewall Ablation.
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Figure3-11. CCl-4 South Sidewall Ablation.
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Figure 3-12. CCIl-4 Characteristic Axial and Lateral Ablation Data.
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bridge crust effectively sealed off the upper regad the test section (see Table 3-1), causing
concrete decomposition gases to vent downwardsighréeaks around the electrode clamps as
opposed to upwards through the melt pool. Thisg fleversal undoubtedly affected the pool
thermalhydraulics, and so it is not clear thatdbeelerated axial erosion observed in Figures 3-9
and 3-12 after 300 minutes is prototypic.

As shown in Table 3-1, the lid camera view showet the last melt eruption ended at
314.6 minutes, at which time the final vent holeotlgh the crust was plugged by solidifying
melt entrained through the hole. Moderate presation of the lower test section started at this
time (i.e., up to ~ 0.4 bar differential) due to toned gas production from the core-concrete
interaction, while the normal gas flow path up tigb the system was at least partially blocked
by the crust. Posttest examinations further inditdhat part of the gas flow was then vented
through small leaks at the bottom of the test eaatthere the electrode clamps bolted to the test
section bottom support plate. Formation of thgngicant blockage was not detected by the
operators during the conduct of the test.

During the final stages of test operations, inpodv@r was held constant at 95 kW as
concrete erosion continued. At 383.7 minutes, ksparere seen emanating from the bottom of
the test section, indicating the development ofrromleak. At this time, power input to the melt
was terminated. The cavity was subsequently fldodiéh ~ 125 liters of water at 384.9 minutes
to bring the water level over the melt to ~ 50 cAfter this time, liquid lost to evaporation was
periodically replaced to maintain the water lewatiothe melt roughly in the range of 50 £ 5 cm
per the test procedure. The debris-water heaf flalculated on the basis of the steam formation
rate normalized by the estimated crust planar seréaea in contact with the coolant of 0.2 in
shown in Figure 3-13. The peak debris cooling re@ched ~ 2.4 MW/fduring the initial
flooding stage, but then fell rapidly to a level-o200 kW/nf at the time the test was terminated.
However, for this test, the large and relativelypérnvious mantle of crust material that formed in
the upper regions of the test section preventedvtter from directly contacting the underlying
melt. Thus, the heat flux shown in Figure 3-13ndicative of the cooling rate of the mantle
crust, and not of the underlying melt. The crasick was inserted again over the time interval
from 403.3 to 407.8 minutes in an attempt to digeothis mantle crust. Some breakage occurred
on initial contact at an elevation of 69.1 cm, the full depth of the material was not penetrated
to reveal the underlying melt. The peak load @04&N was applied; the surface elevation was
reduced to ~ 60 cm after first breakage. Due tcstistained presence of this mantle crust, Test
CCI-4 unfortunately did not provide any prototyd@&ta on debris coolability.

Data logging continued until 458.3 minutes. Atstipoint, the system was shutdown
following the normal termination procedures. ThA@was restarted to record the long-term
cool down data. The experiment was left unatteridexbol down overnight.

3.1.2 Posttest Examinations

Following the experiment, the apparatus was clyetlisassembled to document the
posttest debris configuration. Figure 3-14 prosidepicture of the top surface of the mantle
crust after removal of the top sidewall sectionwadl as a sketch showing key elevations. These
initial views of the debris confirmed the presentéhe large mantle crust at very high elevations
relative to the initial collapsed melt depth, agiafly surmised from the crust lance elevation
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measurements made during the test. The axiallaiibns of this mantle are better illustrated in
Figure 3-15, which provides renderings of the mss$ttebris configuration as viewed from the
west (non-electrode) and south (electrode) sidetheftest section. The peak height of the
mantle was at ~ 1 m elevation relative to the ihitancrete surface. Based on the initial
collapsed melt depth of 25 cm, then a melt voidtfoam of ~ 75% would have been needed for
the mantle to form at this elevation. Unlike t€€2I-2 for which a mantle crust also formed due
to extensive melt foaming [1], there were no disaéfe openings through this crust that would

have provided a pathway for water to contact theedging melt at the time of cavity flooding.
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Figure 3-13. CCl-4 Melt-Water Heat Flux.
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Figure 3-14. (a) Top View of CCl-4 Bridge Crust, and (b) Schematic Showning Elevations
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After key features of the mantle crust were docuted, this material was removed to
gain access to the lower test section cavity. v in Figures 4-30, these steps revealed that
the remaining corium was essentially in the forna@ontinuous layer that was distributed fairly
uniformly over both the concrete and electrode galks, as well as the concrete basemat.
Photographs of the cavity after removal of the tmsantle and middle sidewall section are
provided in Figure 3-16. The MgO sidewalls werertliemoved to gain additional information
regarding the shape of the cavity erosion profilep and (west) side photographs taken after the
sidewalls were removed are provided in Figure 3-TJonsistent with thermocouple readings
from the lower section, cavity erosion was foundéofairly symmetrical. Erosion in the upper
region of the test section above the initial cakgh pool height was extensive. At these
elevations, ablation was probably driven by radmatiheat transfer from the melt surface during
periods in which the melt pool was collapsed, dsd ay convective heat transfer directly from
the melt when the pool was undergoing extensivdingi

Additional examinations during this stage indicatbat melt had been extruded down
into the ~ 3 mm wide gap between the concrete basanthsidewalls on both the north and
south sides of the test section from the top ofrémeaining basemat surface. On the north side
of the assembly, the melt had traveled all the wawn to the test section bottom plate,
eventually leading to plate breach and loss of wmtfinement at 383.7 minutes (see Table 3-1).
This extrusion behavior had not been observedior @CI tests. Concrete decomposition gas
venting out of the bottom of the test section does¢aling of the suspended mantle crust is
believed to have been a key driver in this procésghotograph that shows the melt penetration
in the northeast corner is provided in Figure 3-18.

Following these examinations, the corium remairomgr the basemat and sidewalls was
removed and the balance of the test section coeipldisassembled to fully reveal the final
cavity erosion profile. A photograph showing thencrete components after these steps is
provided in Figure 3-19. The cavity erosion pmBhown in Figure 3-15 (a) is based on contour
measurements taken at the centerline of thesemspesi Both sidewalls showed slightly
concave ablation patterns azimuthally. Thus, thesien pattern shown in Figure 3-15 is
bounding with respect to lateral ablation; erosi@ar the edges was generally within 3 cm of
that at the centerline at all axial elevations. cbmtrast, the basemat was tapered with the
minimum erosion occurring in the southwest quadrant the maximum ablation occurring in
the northeast quadrant. This is in contrast &vipus CCI tests where the basemat ablation
profile was fairly uniform. This unique erosiontigan may in part be attributed to gas venting
out of the bottom of the test section late in tkpegiment sequence, as opposed to a naturally
occurring phenomenological effect.

As the debris was removed, samples were colldotechemical analysis by Inductively
Coupled Plasma Atomic Emission Spectroscopy (ICFYAEThese analyses were carried out by
the Analytical Chemistry Lab (ACL) at Argonne; ays$ details are provided in [2]. Sample
locations are shown in Figure 3-15. Key resulbgnfithe analysis of seven of these samples are
provided in Table 3-2. The compositions showrhia tiable have been simplified in the form of
core, structural, and concrete (CaO, £iWMgO, ALO3) oxides; raw data are provided in [2].
Also provided in the table is an estimate of thd-efitest average melt composition that was
formulated by taking the melt composition at thtart of the test, oxidizing all metals, and then
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(b)
Figure 3-16. (a) View Towards North and (b) South Concrete Sidewalls after Removal of Middle Sidewall Section.
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Figure 3-17. (a) Top and (b) West Side Views of Cavity After Removal of MgO Sidewalls.
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Figure 3-18. Close-up Photo of Northeast Baserh_falt Corner ShbWin
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Table 3-2. Bulk Chemical Analysis Resultsfor Samples Collected from CCI-4 Posttest Debris (dataarein wt %).

Oxide 1 4 5 7 8 9 10 Estimated
Upper Near Near Bulk Bulk Bulk Bulk End-of-Test
surface bottom of bottom of material material material material Composition

bridgecrust | bridgecrust | bridge crust over fromnorth | fromsouth | from pitin
closeto closeto basemat concrete concrete NE corner
MgO cavity wall wall of basemat
interior
uo, 16.80 68.91 19.47 12.88 13.00 14.09 36.34 26.31

yA(O% 10.79 19.73 12.47 7.73 8.01 8.30 8.24 12.93

Cr,03 0.37 0.36 0.43 0.31 0.34 0.41 0.41 2.01

Fe0s 3.53 0.05 2.82 3.75 3.54 3.32 1.63 3.19

concrete 68.50 10.95 64.81 75.32 75.10 73.89 53.3P 55.56

Total 100.00 100.00 100.00 100.00 100.00 100.0 .0000 100.00
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incorporating the slag from the decomposition o2.470f concrete that was eroded during the
test [2]. All samples contained elevated concletels except Sample No. 4 that was obtained
near the MgO in the upper region of the test sacildiis sample was probably deposited during,
or soon after, the thermite burn and thereforectimposition is representative of the initial melt

(see Table 2-7). The elevated concrete levelsoth bamples obtained from the mantle crust
(i.e., Nos. 1 and 5) are consistent with depositibthis material late in the experiment sequence,
which is also consistent with visual data obtaifretn the melt camera (see Table 3-1). This
confirms that the mantle was not formed by some ddsfact; e.g., a remnant of the thermite

burn. Finally, the four samples taken from theeiimr of the corium cavity below the mantle

crust reveal that concrete erosion continued a#aling of the mantle (as evidenced by the
comparatively high concrete content of Sample Ne@.compared to 1 and 4), and that the bulk
material in the northeast corner of the test sac{®ample No. 10) had higher fuel content
relative to the balance of the samples. It isalear whether this situation existed during the
experiment, or developed after test terminationtdusensity-driven stratification.

3.2 CCI-5Test Results

As shown in Table 1-1, Test CCI-5 investigated thieraction of a fully oxidized
Pressurized Water Reactor (PWR) core melt, inytiathntaining 15 wt % siliceous concrete,
with a two-dimensional siliceous concrete testisacfsee Section 2.1 for a design description).
The siliceous concrete for this test was of Eurap@&gin (supplied by CEA); the composition is
shown in Table 2-2. For reference, the initial neelmposition is provided in Table 2-6. Target
input power during dry cavity operation was specifas 145 kW. The planned test operating
procedure was detailed in Section 2.11. The acip@tating sequence is described below.

3.2.1 Thermalhydraulic Results

Test CCI-5 was performed on 25 September 2008. eVhat sequence is shown in Table
3-13. Test operations began by initiating therthr reaction with the nichrome wire located at
the top of the charge; the burn time was ~40 secofdfiowing the reaction, DEH input to the
melt was ramped up to the target power of 145 KWie power trace for the test is shown in
Figure 3-20. Time t=0 in the figures that followaén corresponds to onset of ablation of the
concrete basemat. Target power level was reachdd9aminutes, where it was essentially
maintained for the balance of the test involving chivity operations.

Onset of ablation was detected within the first umeénof the interaction at all five
thermocouple locations in the basemat, as welt a8l five thermocouple locations in the north
concrete sidewall of the apparatus. Past thistpaxial ablation proceeded slowly but steadily
throughout the experiment. However, localized @dntain the north wall was not sustained.
Rather, the data suggest that an insulating coustdd on the sidewall that terminated ablation
until later in the experimental sequence. Thentaresponse of the basemat at the centerline is
shown in Figure 3-21, while the north wall respoasthe 0.0 cm elevation is shown in Figure 3-
22 (see Figures 2-17, 2-29, and 2-31 for schemaltiosving the thermocouple array locations).
The dimensions shown in the legends indicate tleentbcouple junction distances from the
concrete surfaces. The rise in the temperatur@glisative of the progression of the ablation
front into the concrete. In general, onset of tnaat a given location corresponds to the local
temperature reaching the siliceous concrete liguaful250 °C [4].
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Table3-3. CCI-5Event Sequence (timesrelative to onset of cavity ablation).

Time Event

(Minutes)

-0.9 Thermite burn initiated; view of melt surfaoecluded by aerosol within 5
seconds.

-0.3 Thermite burn completed (burn time ~ 40 secpmdslt temperature ~1950 °C

0.0 Onset of ablation detected at all five baseamat all five sidewall TC array
locations initially contacted by melt; average tiioe onset is 0.0 minutes,
which defined time t = O for the experiment. Hétexa there were local spatial
variations, but on average axial ablation procesda/ly but steadily at ~ 8
cm/hour.

1.9 Target DEH input power of 145 kW reached.

3.5-49.0 Melt surface view effectively blocked l®rasols generated by the CCI.

1.4-10.2 Test section pressure steadily increases 1.14 to 1.62 Bar at which point
test section pressure relief system activated.

40.7 Tap change from 56 to 112 Volt range on thegossupply.

49.0-54.0 | Aerosols in plenum gradually clearedeweal the interaction. Melt surface
was crust free and highly agitated by sparging gjaséelt surface continued to
heat up until the view was lost due to excessiykt lintensity (through a No. 4
filter). View of surface not recovered until ~ 1ifnutes.

44.0-76.0 | Bulk melt temperature measurements weadesed, but average value rises

from ~ 1710 to ~1780 °C over this interval, while treelrface temperature rises
from 850 to 1767 °C at the same time.

158.0 Sidewall ablation suddenly increases and irenfairly steady over the balance
of the experiment. Average rate is ~ 10 cm/hour.

171.3- | Test section pressure relief system activates,imgusst section pressure [to

199.0 drop gradually from 1.7 to 1.28 Bar over this tim&rval before settling out.

178.0- Melt surface video showed predominately a moltefase, but crust segments

280.0 periodically formed on sidewalls, broke, and wetiged in with melt.

259-271.4 | Pyrometer measured steady surface tetapedecline from 1513 °C to 1250
°C, before rebounding suddenly back to 1515 °Cririguthis time, crust grew
to cover surface except for a small pocket in NWheo. At 269 minutes, mejt
began to flow over the crust. At 269.2 minutesgdacrust segments gradually
broke off and were mixed into the bulk, and by B6ost of surface was
crust-free.

257.7 Lance inserted to break crust; minimal fon@es required to puncture the
material.

275.4 South MgO sidewall surface temperature @hct230 °C at the + 10 cm
elevation. Decision made to terminate the testtlon basis of excessive
sidewall heatup.

280.8 Input power to melt terminated. Averageuinpower over the time interval
from O to 280.8 minutes was 143.8 kW. Peak axuddtaon depth was 22.b
cm, while peak radial ablation was 30 cm.

927.8 Data acquisition terminated.
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As described in Section 2.10, a total of six mpltiction Type C thermocouple arrays
were used to monitor melt temperatures at variaied and lateral locations. In addition, a two-
color optical pyrometer was used to provide datahendebris upper surface temperature. Data
from the axially configured Type C array locate@mnthe basemat centerline are shown in Figure
3-23, while data from the laterally configured grtacated in the North sidewall are shown in
Figure 3-24. Finally, data from all melt temperatthermocouples that made contact with melt
during the test are shown collectively in Figur@=3for comparative purposes. The melt surface
optical pyrometer data are also shown in this gdihe dimensions in the legends again refer to
junction elevations with respect to the concretéases.

As is evident from Figure 3-23, the initial medtriperature in the bulk of the pool was ~
1950 °C. By 10 minutes into the interaction, theltnlemperature had gradually declined to
~1800 °C. From ~ 10 minutes to 76 minutes, temperatin the pool were scattered, with
gradients across the extent of the pool of sevewaldred degrees observed. These types of
gradients can develop under low convection conditiavithin the pool. However, at ~ 76
minutes, the temperatures began to cluster togetsara temperature of ~1780°C. In the same
time interval (i.e., from 44 to 76 minutes), thelimgurface temperature was observed to rise
from 850 to 1767 °C. Past 76 minutes, the avenagjetemperature continued to decline, falling
to ~ 1620 °C by the time input power was terminatBudiring the last 200 minutes of operation
with DEH present, melt temperatures were fairlyfamn across the extent of the interaction,
generally clustering within a band of approximat&hp0°C of the average temperature at any
given time.
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Figure 3-20. CCI-5DEH Input Power.
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Figure3-21. CCI-5Basemat Heatup Near Centerline.
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Figure3-22. CCI-5North Wall Heatup (0 cm elevation).
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Figure 3-23. CCI-5 M€t Temperaturesnear the Basemat Centerline.
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Figure 3-24. CCI-5Méelt Temperaturesnear the North Wall (+5 cm Elevation).
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Figure 3-25. Coallection of CCI-5Méelt Temperatures.

The progression of the axial ablation front logatduring the course of the test is shown
in Figure 3-26, while the analogous set of datatf@r north concrete sidewall is provided in
Figure 3-27. Finally, the maximum erosion ratesasueed on the two concrete surfaces are
shown in Figure 3-28. As is evident from Figur@&-onset of axial ablation began as soon as
melt contacted the surface, and proceeded stethditgafter at a rate of ~ 3 cm/hour. However,
onset of radial ablation was delayed until latethe experiment sequence. In particular, at 158
minutes, the sidewall ablation rate suddenly ineedaand remained fairly steady over the
balance of the experiment. The average rate wdscmlhour near the end of the test. The long
delay in the onset of ablation in this wall suggehtt the surface was protected by an insulating
corium crust that formed soon after initial melhtaxct with the cold concrete surface. However,
the data in Figure 3-28 suggest that radial ablagimoceeded at a rate of approximately four
times that observed in the axial direction.

Over the time interval from 1.4 to 10.2 minutd® pressure in the test section steadily
increased. The test data, as well as posttestiradans, indicated that this occurred due to
plugging of the final off-gas flowmeter by aerostilat were entrained through the system during
the thermite burn. The pressure in the test segiiadually increased from 1.14 to 1.62 Bar over
the time interval from 1.4 to 10.2 minutes, at whitne the pressure suddenly decreased to 1.36
Bar. This sudden reduction was caused by actiwatiothe rupture disk in the test section
pressure relieve system; the rupture disk was rate®8 + 13 kPad. The counter-weighted
check valve (see Figure 2-21) subsequently resefsicg the pressure in the test section to
gradually rise again. The pressure hovered inahge of 1.36 to 1.7 Bar until 171.3 minutes, at
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Figure 3-26. CCI-5 Axial Ablation.
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Figure 3-27. CCI-5North Sidewall Ablation.
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Figure 3-28. CCI-5Characteristic Axial and Lateral Ablation Data.

which point the check valve appears to have reapeared remained that way during the balance
of the test. This occurrence was most likely dua targe increase in noncondensable gas flow
associated with the onset of sidewall ablation & ininutes (Table 3-1). The fact that the
pressure relief line remained open after 171 mewtas verified by the sustained heatup of the
water inventory in the auxiliary tank past this éimThis data also indicated that there was little
flow bypass through the pressure relief systenhéntime interval following initial rupture disk
failure (at 10.2 minutes) up to the time that thkef line reopened (at 171 minutes).

During the course of the interaction, the lid Wdeamera provided some information on
melt pool phenomenology. Over the first 49 minutdse view of the melt surface was
effectively blocked by aerosols generated from dbee-concrete interaction. At ~ 49 minutes,
aerosols in the plenum gradually cleared to retlelinteraction. The surface was observed to
be crust free, and was highly agitated by spargages. The melt continued to heat up to the
point where the view was lost due to high lighemgity (through a No. 4 filter) at ~ 54 minutes.
The view was effectively lost until ~ 178 minuteAt this time, the melt had cooled to the point
where surface features could again be distinguisfduls view revealed a predominately molten
surface, with crust segments periodically formingsadewalls, breaking off, and mixing back
into the melt. From 259 to 271 minutes, the nmitometer measured a steady surface
temperature decline from 1513 °C to 1250 °C, befet®unding suddenly back to 1515 °C.
During this time interval crust material grew stdadut from the sidewalls to the point where
the entire surface was covered, except for a spwdket in the northwest corner. At 269
minutes, melt began to flow over the crust. At .26@inutes, large crust segments gradually
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broke off and were mixed into the bulk, and by B6&inutes most of surface was crust-free.
This re-sorption of crust material occurred sirmdtausly with the sudden increase in surface
temperature from 1250 °C to 1515 °C that was rembizy the pyrometer.

As the experiment progressed, the lower test sedligO sidewalls continued to heat up
due to convection from the melt. The most inteth@emal loading occurred on the south MgO
sidewall opposite from the concrete sidewall underg ablation. The temperature near the
surface in this wall reached 1230 °C at 275.4 nd@sutThe decision was then made to terminate
the test on the basis of excessive sidewall heataput power to the melt was subsequently
terminated at 280.8 minutes. Peak axial ablateptidwas 22.5 cm at this time, while the peak
radial ablation was 30.0 cm. The cavity was nobdled due to the concern that, with the
plugged offgas system, the resultant steam spildkel dead to gross failure of the test section.

3.2.2 Posttest Examinations

Following the test, the apparatus was carefullyasbembled to document the posttest
debris configuration. A picture showing the dehspper surface after removal of the middle
section transition plate is provided in Figure 3-29side view of the lower section after removal
of the MgO sidewalls is provided in Figure 3-30,ihFigures 3-31 and 3-32 provide two
different views of the solidified corium over thademat after removal from the test section
bottom plate. Figure 3-33 provides the analogdusiqgraphs of the corium remaining on the
North concrete sidewall. Finally, renderings o ghosttest debris configuration based on the
posttest examination activities are provided iruFég3-34.

In general, the examinations revealed that, inreshtto tests with limestone/common
sand concrete (viz. Test CCI-4 that is describatii;mreport as well as CCI-2 that is documented
in [1]), melt foaming was not a major issue andaagsult the vast majority of the corium was
left as a uniform layer atop the basemat.

T
B, e
A i
R
4, i

Figure3-2. Top View of the Lower Section fter Removal of Upper Comonents
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The morphology of the solidified corium for CCI-5asr somewhat different in
comparison to the other CCI tests where the cavaty flooded late in the experiment sequence.
In particular, for CCI-5, the solidified corium wadominated by a dense, monolithic,
homogenous oxide layer over the basemat with vty porosity and few cracks, covered by a
fairly thin (i.e., ~ 5 cm) porous oxide layer. Thrphology can be contrasted with the other
tests in which there was generally a more substialayer of porous material (5-10 cm thick)
overlying monolithic oxide that had more crackscomparison to the CCI-5 corium mass.
Consistent with the thermocouple data, the poséesminations indicate that the overall cavity
erosion was skewed radially by the end of the erpant.

As the debris was removed, samples were collecedHemical analysis by ICP/AES.
Sample locations are shown in Figure 3-33. Kevyltesfrom the analysis of five of these
samples are provided in Table 3-2. The compostgiown in the table have been simplified in
the terms of core, structural, and concrete (Cal@,,3VgO, ALO;3;) oxides; raw data are
provided in [3]. Also provided in the table is astimate of the end-of-test average melt
composition that was formulated by taking the noelnposition at the start of the test minus
material splatter in the upper regions of the sestion (50.44 kg; see Figure 3-33(a)), oxidizing
all the remaining metals, and then incorporatirg glag from the decomposition of 321.1 kg of
concrete that is estimated to have been erodedgdltiie test. Samples from the dense oxide
layer (i.e., Nos. 5, 7, 8, and 9) do not indicateignificant dependency of the composition on
axial or radial position within the layer. Thissg@vvation is consistent with the melt temperature
thermocouple measurements in the latter phaseeoexiperiment that indicated that the melt
pool was well mixed. The composition of the poraxsde layer on top the dense oxide was
highly enriched in concrete oxides relative to tense oxide. Overall, the samples contain
slightly more concrete content than would be exgukdbased on the estimated end of test
composition. The discrepancy could arise thoroaghunderestimate of the mass of splatter
material removed from the melt zone at the starthef experiment, which is possible since a
substantial amount of material was deposited onMg@® sidewalls in the lower section (see
Figure 3-33). However, segregating the initiallgpdsited material from that subsequently
deposited by melt voiding as the test progressesdngapractical.

Table 3-4. Bulk Chemical Analysis Resultsfor Samples Collected from CCI -5 Posttest
Debris (dataarein wt %).

Oxide 5 7 8 9 10
Dense Oxide | Dense Oxide Dense Oxide | Dense Oxide Porous Estimated
@ Axial Near Core- Near Axial Near Top @ | Oxide @ End-of-Test
Centerline Concrete Centerline @ Center of Center of | Composition
and by North Interface@ | Center of Test | Test Section Test
Wall Center of Test Section Section
Section
uo, 34.04 33.71 33.39 31.16 25.67 36.47
2ro, 12.27 10.14 12.32 12.53 12.70 14.98
Cr,0s 0.23 0.15 0.23 0.31 0.37 6.06
concrete 53.46 56.00 54.07 55.99 61.25 42.49
Total 100.00 100.00 100.00 100.00 100.00 100.0d
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3.3 Discussion

As a whole, The CCI test series investigated thectf of concrete type and input power
on two-dimensional core-concrete interaction unoleth wet and dry cavity conditions. The
purpose of this section is to compare the resubis fthe two experiments conducted as part of
the current test series with the data from thedeses as a whole [1] to identify key parametric
effects. Principal variables measured during tkgegments included melt temperature, local
concrete ablation rates, and debris/water heatdfter cavity flooding. However, tests CCI-4
and CCI-5 did not provide any prototypic debrislabdity data for direct comparison to the data
obtained under late cavity flooding conditions ast jof the MCCI-1 program [1]. As previously
discussed, for test CCI-4 direct melt-water contaas precluded by the presence of the large
mantle crust that formed in the upper regions eftdst section due to extensive melt foaming
that occurred over the course of the experimerdr GCI-5, the cavity was not flooded due to
plugging of the main gas line for the apparatubusl the following discussion focuses on core-
concrete interaction behavior as opposed to debotability. The reader is referred elsewhere
[1] for a discussion of the results regarding delmoolability under late flooding conditions
obtained as part of MCCI-1. Conversely, additiodala and discussions regarding coolability
under early flooding conditions developed as pathe MCCI-2 project are provided in [35].

A comparison of key results from the CCI test sergeprovided in Figures 3-34 through
3-36, which provide the estimated average melt t&gatpre and characteristic lateral and axial

2100

—8—Test CCI-1 (SIL Concrete)
2000 + ——Test CCI-2 (LCS Concrete) | |

E<— CCI-1 Water Addition —8—Test CCI-3 (SIL Concrete)
1900 - : \

Test CCl-4 (LCS Concrete) | |
—8—Test CCI-5 (SIL Concrete)

'« CCI-3 Water Addition

le— CCl-2 Water Addition
1700 :

1600

1500 - \.ﬁ/\'

1400

Average melt temperature (°C)

1300

1200
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Elapsed time (minutes)

Figure 3-34. Average Melt Temperaturesfor CCI Tests.
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Figure 3-36. Lateral Ablation for CCI Tests.
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concrete ablation rates for each of the tests. sAswn in Figure 3-34, the initial melt
temperature for all tests was in the range of 1B880 °C. The differences 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 intazlinto the melt, as well as the increasing heat
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 eroded iatmétt over the course of the tests.

One of the key objectives of the current test sen@s to investigate the effect of
unoxidized Zr cladding on the thermalhydraulicstlué core-concrete interaction. To examine
this effect, CCI-4 was conducted with a 78 % oxadiBWR melt composition (see Table 3-1).
As is evident from Figure 3-34, the effect of thadation reaction between Zr and sparging
concrete decomposition gases(-8,0) was to cause an exothermic transient in whiehntlelt
temperature increased by ~ 100 °C during the fdstnthutes of the test. This same type of
transient was observed in metal tests conduct&hatlia [8,9] and KIT [11]. In addition, the
effect of Zr oxidation was also investigated ag pathe ACE/MCCI test series with core oxide
material [13]. Unfortunately, tests conductedhis tseries with partially oxidized melt and LCS
concrete were of very short duration (i.e., sevaralutes), and so the long term effects of the
oxidation reactions on thermalhydraulic behavioreveot clear. However, CCI-4 ran for several
hours past the point at which all the cladding baidlized. Moreover, CCI-2 can be considered
a counterpart experiment insofar as cladding okdastate is concerned. Comparison of the
results indicates that cladding oxidation reactiaraise an early exothermic temperature
transient in the melt, and after the reaction is\glete, the temperature drops to that consistent
with fully oxidized melt conditions.

Additional examination of Figure 3-34 indicatestti@Cl-1 exhibited slightly different
melt temperature behavior compared to the othdy fakidized 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 3-1 for
initial gross power levels). However, the lack oteanperature 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 SandH, [vherein 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
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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 3&%d 3-36 indicates that the other
CCI tests also showed evidence of early crust faonaphases that influenced the overall
ablation behavior. For CCI-2, both axial and lakeblation rates were quite low and the melt
temperature relatively constant until ~ 30 minuggser 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 eneastommenced, 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&dI-3.

Aside from initial crusting effects, examination leigures 3-35 and 3-36 indicates that
the long-term ablation process is influenced byccete type. Estimates of average lateral and
axial ablation rates for the five tests are prodide Table 3-5. To the extent possible, data
points for these estimates were selected neamith@fethe dry cavity erosion phase for each test
so that the erosion rate estimates are indicativibeolong-term behavior. Assuming a quasi-
steady erosion process, then the heat flux atdheaoncrete interface is related to the ablation
rate through the expression:

Oc = pchyc oc, (3-1)

where p. is the concrete densityy is the concrete decomposition enthalpy, ahds the
ablation rate. The assumed property data requirevaluate the above expression is provided
in Table 3-6; the corresponding heat flux estimatesprovided in Table 3-5. As shown in the
table, long-term lateral and axial ablation ratesTests CCI-2 and CC-4, both of which were
conducted with LCS concrete, were about the sarfer CCI-2, the concrete erosion rate
averaged 4 cm/hr over several hours of interactlmfore gradually decreasing; the
corresponding surface heat flux was ~ 60 kW/mor CCI-4, the fluxes were slightly lower (i.e,
~ 40 kW/nf), but this is due to a surface scaling effecthasinitial cavity size and therefore
input power level were reduced to expand the tesattbn. Thus, the lateral/axial heat flux
ratios for these LCS tests are approximately unity.
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Table3-5. Lateral/Axial Ablation Rate and Power Split Estimatesfor CCl Tests.

Test

Concr.
Type

Lateral Ablation

Axial Ablation

Ablation
Rate
(cm/hr)

Heat
Flux
(kW/mz)

Ablation
Rate
(cm/hr)

Heat
Flux
(kW/mz)

Latera
[-Axial
Heat
Flux
Ratio

Data Points Utilized for
Ablation Rate Estimates

CCI-1

SIL
(US)

N: 39.1

395

S: 8.4

86

26.1°

265

N Lateral: (19.1 cm, 51 min)
(29.2 cm, 66 min)

S Lateral: (7.6 cm, 54 min)
(5.1 cm, 35 min)

Axial: (7.6 cm, 53 min)

(1.3 cm, 39 min)

CCI-3

SIL
(EV)

10.0

97

2.5

25

4.0

Lateral: (19.1 cm, 47 min)
(29.2 cm, 107 min)

Axial: (2.5 cm, 117 min)
(5.1 cm, 178 min)

CCI-5

SIL
(EV)

9.8

95

2.1

21

4.7

Lateral: (25.0 cm, 250 min)
(30.0 cm, 280 min)

Axial: (17.5 cm, 134 min)
(22.5 cm, 280 min)

CClI-2

LCS

4.0

58

4.0

59

1.0

Lateral: (19.1 cm, 148 min)
(29.2 cm, 302 min)

Axial: (15.2 cm, 107 min)
(24.1 cm, 240 min)

CCl-4

LCS

2.7

39

2.8

41

1.0

Lateral: (10.0 cm, 145 min)
(15.0 cm, 255 min)

Axial: (12.5 cm, 165 min)
(17.5 cm, 271 min)

®Heat flux ratio not evaluated for this test dueamé asymmetry in lateral cavity erosion.
®Ablation burst; rate appeared to slow significanftemthis time interval; see Figure 3-35.

Table 3-6. Propertiesof ConcretesUsed in CCl Test Series.

Concrete Property Property for Test:
CCl-1 CCl-2and CCl-4 | CCI-3and CCI-5
Type SIL (US) LCS SIL (EV)
Liquidus Temperatufé (°C) 1250 1295 1250
Gas Content (wt %) 4.6 34.1 13.5
Decomposition Enthalpy (MJ/KY) 1.60 2.27 1.72
Density (kg/m) 2300 2330 2270

®Evaluated at concrete liquidus temperature
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The relatively uniform power splits for CCI-2 andCE4 can be contrasted with the
results of the three tests conducted with silicecmscrete. For test CCI-1, the ablation was
highly non-uniform, with most of the ablation contated 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 ttast 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 if $idewall, while crusts continued to protect
the basemat and south sidewall surfaces. As showable 3-5, 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 kWmConversely, 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 thefeces, 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.

In contrast to Test CCI-1, the other two tests camed 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 pregjon 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 taksar this particular test. A similar trend
was noted for CCI-5 that was conducted with a sirsgiceous concrete sidewall. As shown in
Table 3-5, lateral ablation averaged 10 cm/hr dutime late phases of the CCI-3 and CCI-5
experiments, while the axial ablation rate was tiaito 2.1 to 2.5 cm/hr over the same
timeframe for the two tests. The correspondingt leaes in the lateral and axial directions
were roughly 100 and 25 kWhnrespectively. 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 effect 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 dbfiees 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 gasiesosis). A third possible explanation was
revealed during posttest examinations. In padicuhe 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 3-37. (Note that a cross-sectional vievthef CCI-4 debris is not included in this figure
since there was so little core debris remainingh@nconcrete basemat). As shown the ablation
front for the three tests conducted with silicecogacrete consisted of a region where the core
oxide had locally displaced the cement that bortecaggregate. 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.
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Figure 3-37. 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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Finally, one of the key test objectives for CCl-asmo 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 mografotypic 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 refinracMgO 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 @CI-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 obagon lends credibility to the measured power
split for siliceous concrete insofar as extrapalathe results to plant conditions.

Aside from the overall cavity erosion behavior,aodootage from the tests indicated that
a crust was present over the melt upper surfaceglar large fraction of dry cavity ablation
phase for all three tests. The crusts contained @panings which allowed melt eruptions to
occur as the tests progressed. The frequency r@tedsity of the eruptions were directly
correlated to the gas content of the concreterfgrgaven test.

In terms of the chemical analyses conducted as gfatihe 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, aad -3.

Analysis of samples taken to characterize thedat@mposition variation indicate that for most
tests, the corium in the central region of the sestion had a higher concentration of core oxides
in comparison to samples collected near the twatmlg concrete sidewalls. Conversely,
samples taken to characterize the axial composiemmtion over the vertical extent of the
solidified corium remaining over the basemat inthcthat general trend of slightly increasing
core oxide concentration as the concrete surfagppsoached. For all three tests conducted with
siliceous concrete, two zones appeared to be preserheavy monolithic oxide phase
immediately over the basemat that was enricheabia oxides, with a second overlying porous,
light oxide phase that was enriched in concretelexi This axial phase distribution is clearly
evident in Figure 3-37.
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40 SUMMARY AND CONCLUSIONS

Tests CCI-1 through CCI-3 conducted as part oMIC| program principally addressed
the effect of concrete type on 2-D cavity erosiehdwior and late phase debris coolability. Test
CCI-4 focused on expanding this parameter spacexaynining the influence of core melt
composition on cavity erosion behavior and cooihil The specific objectives were to: i)
increase the metal content of the melt to the lgpeactical 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 coresiir interaction phase. Conversely, Test CCI-
5 focused on examining the influence of melt papext 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 greaxtent 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 the rimfition 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 the large mantle crust that formebe upper regions of the test section due to
extensive melt foaming that occurred over the eowfsthe experiment. For CCI-5, the cavity
was not flooded due to plugging of the main gae lior the apparatus. Thus, the following
conclusions focus on core-concrete interaction Wiehas opposed to debris coolability. The
reader is referred to [1] for conclusions that werawn regarding debris coolability under late
flooding conditions based on MCCI-1 test results. addition, valuable information regarding
coolability under early flooding conditions weretained as part of the CCI-6 test experiment
that was conduced as part of MCCI-2 and is docueakint [35].

Principal findings from both the CCI tests relatied two-dimensional cavity erosion
behavior are summarized as follows:

1. All tests showed the overall trend of decreasindf teenperature as ablation progressed,
which was due to a heat sink effect as relativelgl concrete slag was introduced into
the melt, as well as the increasing heat transigase area as the melts expanded into the
concrete crucibles. The reduction in melt tempeeaimay have further reflected the
evolution of the pool boundary freezing temperathet decreased as additional concrete
was eroded into the melt over the course of this.tes

2. All tests showed evidence of initial crust formation the concrete basemat and sidewalls
that resulted in an incubation period in which #i#ation rates were very low and the
melt temperature was relatively stable. Theselteave consistent with the TURC tests
conducted at Sandia with in-vessel [i.e., (U,Z)melts 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 tocoete gas content, which suggests that
crust failure may be driven in part by the mechahfiorces that arise from the production
of decomposition gases at the core-concrete imerfaCrust formation was stochastic,
with some surfaces exhibiting initial crust forneatiwhile other surfaces did not.
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Early initial exothermic oxidation of cladding farpartially oxidized melt caused a rapid

transient increase in melt temperature of ~ 100A€,once the cladding was oxidized,

both the melt temperature and overall cavity abfabehavior approached 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 test wanteially indistinguishable. Thus, the
lateral/axial heat flux ratio for this concrete éyyvas ~ 1.

. The relatively uniform power split for the LCS coete tests can be contrasted with the
results of the two tests conducted with siliceoasccete. For test CCI-1, the ablation
was highly non-uniform, with most of the ablatiooncentrated in the North sidewall of
the test apparatus. Crust stability may have plagyemajor role in determining the
ablation progression for this experiment; i.e., da¢a suggests that after the crust failed
on the North concrete sidewall, the input power wesdominately dissipated through
ablation of this sidewall, while crusts continuedptotect the basemat and south sidewall
surfaces during the balance of the interaction.

In contrast to Test CCI-1, Test CCI-3 exhibitedlfasymmetrical behavior insofar as the
progression of lateral ablation is concerned. Hamweunlike Test CCI-2, the lateral
ablation was highly pronounced in comparison taka&blation. The same conclusion
was drawn based on the CCI-5 test results; thisrxgnt was conducted in an increased
span test section with one ablating concrete wading term lateral ablation in both CCI-
3 and CCI-5 averaged ~10 cm/hr, while axial ratesevin the range of 2 - 2.5 cm/hr. On
this basis, the lateral/axial surface heat fluxorédr the siliceous tests was ~ 4, which is
significantly higher than the near-unity ratio deed for test CCI-2 with LCS concrete.
The relatively close agreement in long-term abfatehavior for tests CCI-3 and CCI-5
indicate that aspect ratio has little influenceatatation characteristics. This observation
lends credibility to the measured power split fdticeous concrete insofar as
extrapolating the results to plant conditions.

Between the two concrete types, possible explamatior differences in the erosion
behavior are chemical composition and concrete gastent. A third possible
explanation was revealed during posttest examingtion particular, the core-concrete
interface for the siliceous concrete tests congisfea region where the core oxide had
locally displaced the cement that bonded the agdeegConversely, the ablation front for
the LCS test consisted of a powdery interface ircvthe core and concrete oxides were
clearly separated. Variations in the interfaceratizristics may have influenced the
ablation behavior for the two concrete types.

In terms of the chemical analysis results obtaiaggart of the test series, the corium in
the central region of the test section was generfalind to have a slightly higher

concentration of core oxides in comparison to thdjacent to the ablating concrete
sidewalls. Conversely, core oxides were found ¢osbghtly concentrated near the
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concrete basemat in comparison to that found inbtiik of the corium for some tests.
For all siliceous concrete tests, two zones appetrebe present: a heavy monolithic
oxide phase immediately over the basemat that washed in core oxides, with a
second overlying porous, light oxide phase that @aghed in concrete oxides.

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 podlgture 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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