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EXECUTIVE SUMMARY

A series of separate-effects experiments was caedumder the MCCI-1 program to investigate
the influence of melt composition on quench raté enust strength. Seven quench tests using 75 kg me
demonstrated that melt cooling is enhanced by wiatgession made possible via thermal stress-irdiuce
cracking, and that the role of water ingressiorraases as concrete content decreases. The tests
employed flooding from above, an inert basemat (Ma@er than concrete), and excluded sparging
gases. Load tests performed on sectioned indodsbyproduct of the quench tests, indicated that th
material is rather weak and suggested that a codwmst is unlikely to have the strength to be self-
supporting in a plant-scale, anchored crust condition. The test series left one issue open asdda
second: 1) how would the sparging gases expeotendl thhe decomposition of concrete affect the dryout
heat flux, and 2) did sectioning the ingots weatteam and lead to an unduly low assessment of crust
strength? These two issues were addressed byewstisrconducted in the MCCI-2 program and are the
subject of this report.

Sparging gases were simulated in two tests, den8&d/ICS-8 and -11, by injecting argon
through capillaries embedded within the basematseS generated at the bottom of the melt are pedpel
up through the corium by buoyancy forces and this the potential to create melt porosity, which may
supplement the fissures induced by thermal stremsking and enhance water ingression cooling. The
composition of both melts was 56% LlQ@3% ZrQ, 7% Cr, and 14% siliceous concrete, identicahtd t
of SSWICS-6 in the first quench series. For SSWE:#e ends of the capillaries were flush with the
surface of the basemat, i.e., at the level of traum/MgO interface at the bottom of the melt. Thst
data indicated that the sparging gases travelleanarthe melt rather than through it, and so teeveas
effectively a repeat of SSWICS-6 and could not le\an indication of the effects of sparging gasis.
did, however, serve to demonstrate test repeatabidi the cooling rates of SSWICS-6 and -8 are well
matched. SSWICS-11 is a repeat of SSWICS-8 wiflllages extended 50 mm above the basemat to
discourage gases from circumventing the melt. foglification proved successful and SSWICS-11
cooled considerably faster than either SSWICS-86or Moreover, the morphology of the ingot was
unusual, exhibiting a porous structure lacking my af the previous ingots. The test indicated that
sparging gases can indeed markedly influence betimorphology and cooling rate of the corium.

SSWICS-9 and -10 were commissioned to addressdssihjlity that cutting ingots into thinner
sections contributes to the existing crack strictand weakens samples before load testing. Ingots
produced by the first seven tests were sectioneduse, at a height of 15 cm, they were too thidiito
in the desired mode when loaded with the appardasigned to measure sample strength. This
uncertainty is eliminated for the new tests by o#dg the corium charge to 25 kg so that the quench
process will produce a 5 cm high ingot that carldael tested without first experiencing the sectigni
process. Both SSWICS-9 and -10 quench tests sfollgsreated the desired ingots, but only Ingot-1
was sturdy enough to survive removal from the ghetest apparatus and placement into the loading
apparatus. Ingot-9 broke apart upon removal froenltasemat. The chemical composition of Ingot-10
was 61% UQ 25% ZrQ, 6% Cr, and 8% siliceous concrete, identical tat thf Ingot-2 in the first
guench series. The measured strength of Ingotse? -40 are 1.1 +0.2 MPa and 1.0 +0.3 MPa,
respectively, effectively identical given the lewal measurement uncertainty. Though we have only a
single measurement of the strength of an uncut sample, it supports the notion that the cuttiracpss
does not unduly weaken the samples. Moreoves,ribted that Ingot-9 proved too fragile for loading
part because it did not bond to the MgO liner. tA# samples suitable for loading, both cut anduync
were supported in part by this outer ring of Mgthis suggests that the MgO contributes to the gifec
strength of the ingots and that the measuremeatsaaservative.

Below is a summary table of the conditions for 8®WVICS-1 through -11:
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Test Specificationsfor SSWICS Quench Experiments

Test Number
Parameter
1 2 3 4 5 6 7 8 9 10 11

Melt composition (wt%
UO,/ZrO,/CriConcrete)| 61/25/6/8| 61/25/6/8 61/25/6/8  48/20/9/28  56/23/7Y186/23/6/14| 64/26/6/4 56/23/6/14 56/23/6/14 61/85/656/23/6/14
Concrete type LCS SIL LCS LCS LCS SIL LCS SIL SIL SIL SIL
Melt mass (kg) 75 75 75 60 68 68 80 68 23 25 68
Melt depth (cm) 15 15 15 15 15 15 15 15 5 5 15
Initial Melt
Temperature’C) ~2300 ~2100 ~2100 ~2100 ~2100] ~195 ~2100 ~1900 - ~1850
System pressure (bar) 1 1 4 4 4 1 4 1 1 1 1
Water injection
flowrate (Ipm) 4 4 12 13 6 14 13 10 9 9 -
Water injected (liters) 33 39 34 40 61 47 40 41 20 29 >30
Test date (day/mo/yeaf) 30/08/02 17/09/02 30/01/0313/03/03 15/10/03| 24/02/04  14/12/04  25/01/07 1482/ 5/03/08 | 11/05/08
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1.0 INTRODUCTION

Seven small-scale water ingression tests were npeefib during the first MCCI program (MCCI-
1) to evaluate debris cooling mechanisms identifiredhe Melt Attack and Coolability Experiments
(MACE). In particular, the tests were designedneasure the dependence of dryout heat flux onmoriu
composition and system pressure for melts floodewh fabove. Tests were performed with 75 kg melts
made up of U@ and varying amounts of either siliceous or limast@ommon sand concrete. The
concrete contents varied from a low of 4 wt% toighhof 23 wt% and the melts were quenched at
pressures of either 1 or 4 bar. These tests demter$ that melt cooling can be enhanced by water
ingression made possible by thermal stress-indwredking, and that the role of water ingression
increases as concrete content decreases. Theddegenof water ingression cooling rate on concrete
content is strongest for melts containing less thé¥ concrete. For melts with 14% or more congrete
little evidence of water ingression cooling wascdrsible. It was also found that melts with sitiae
concrete cooled at about the same rate as melts avisimilar amount of limestone common sand
concrete.

A second element of the MCCI-1 program involvedleating the strength of corium crusts
produced by the flooding and quench process. datén this area arose during the MACE program when
the large-scale tests were seen to produce chetshchored to the sides of the test sectionmidiér
isolating the overlying water layer from the me#idw. Such decoupling is not expected for a typical
reactor cavity where the lateral span is much largg-6 m. Instead, the crust is expected to diract
under the weight of the coolant and the crustfitselthat coolant contact with the melt is maingain
However, because of a lack of knowledge of thengtteof the crust, one cannot be certain that ildio
actually fracture under such circumstanc€kis issue was addressed with an apparatus designed
mechanically load the corium samples produced bygiench tests, which are formedg@® x 15 cm
ingots. It could be seen that a network of craeksthrough each ingot, presumably the result efmtial
stress-induced cracking. Ingots were sliced itb05cm-thick slabs to increase the aspect ratio and
improve the measurement of crust fracture strengthe slabs were tested individually by placingnhe
upon a thin annular support ring and loaded witbision until they fractured. The strength of these
samples was found to be far below that of unflawedcrete or U@ The data suggests that corium
crusts are not strong enough to be self-suppodimpdant scale.

The quench tests carried out for MCCI-1 utilizediaert basemat, thus excluding the sparging
gases that are expected from the decompositiororérete during an actual MCCI. It is thought that
these gases may influence the morphology of thst @ieng with its strength and, indirectly, the mel
cooling rate. The separate effects tests of MC@lete not designed to address this issue. A second
open issue is associated with the act of cuttimgitigots before they were tested for strength.ceSin
cracks permeated each ingot prior to sectioningyai$ not clear whether the process added additional
cracks and further weakened the samples. Fouwy ireshe MCCI-2 program were assigned to address
these two issues, which can be summarized as:

1) How would sparging gases affect the cooling rate mworphology of the melt compared to
that of the previous melts quenched with an inasemat?

2) Did sectioning the ingots weaken them and leadtoraluly low assessment of crust strength?

This report describes the results of SSWICS-8 tifinott1 (small scale water ingression and crust
strength) performed as part of the OECD-sponsor€@LCM program. Two tests were devoted to the
sparging issue and two to uncertainty in measurest strength. Though there is no direct connactio
between these two issues, they are both includddruhe program heading of “category 1” tests and s
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they are treated together here. The report begthsthe results of sparging tests SSWICS-8 andasid
then covers the effort to assess the influenceitving corium ingots through SSWICS-9 and -10.

2.0 SPARGING TESTS

One aim of MCCI-2 is to investigate the role of ggmrging on the corium cooling rate. The
gases are a byproduct of the decomposition of edbmcwhich occurs when the material overheats.e§&as
generated near the corium/concrete interaction abttee bottom of the melt are propelled up throtingh
corium by buoyancy forces and the resultant gas fi@as the potential to create melt porosity. This
porosity is expected to supplement the fissuresdad by thermal stress cracking. These extra @athw
could enhance the amount of water ingression cpaiind quench the melt more rapidly than cases
lacking sparging gases. Alternatively, the upwaravement of noncondensable gas could hinder the
downward flow of water into cracks with the reduding degradation in cooling rate.

All seven quench tests conducted during the prevpyagram utilized an inert MgO basemat and
excluded sparging gases to better isolate the teffet melt composition on cooling rate. A table
summarizing test parameters can be found in batheecutive summary and in Section 3.1. For two
tests in the MCCI-2 program, SSWICS-8 and -11, gipgrgases were included. The melt composition
and quench conditions were matched to those of £S5/l (56% UQ 23% ZrQ, 7% Cr, and 14%
siliceous concrete, 1 bar pressure) to allow actliletermination of the influence of gas on morphgl
and cooling rate. The SSWICS facility is not egig to heat the melt to simulate fission produciage
heat and so replacement of the MgO basemat witmerete basemat would not be useful in generating a
continuing supply of gas from decomposing concrétestead, the facility was outfitted with a system
inject gas through a network of capillaries in basemat, allowing precise control of the injectiate.
The system configuration for SSWICS-8 and -11 scdbed below.

21 Gas Sparging System Description

The MACE MSET-1 injector pitch was deemed suitafle the SSWICS injector since the
distance is less than the expected bubble diarfidtelThe MSET-1 injector was a plate with 1 mm i.d
holes arranged on a square pitch of 38 mm, whiokymred a hole density a7 holes/100 cfa  Figure
2-1 provides a top view of the basemat showing dhgillary layout for SSWICS-8. A total of 44
capillaries were used, each having an inner andraiiameter of 0.57 and 1.5 mm, respectively. The
capillaries were all linked to a common plenum.e Teason for using capillaries in this fashiorhis the
system can generate low flow rates with relativieiyh pressure drops. A high pressure drop reduces
flow fluctuations associated with changes in thevalstream (reaction vessel) pressure, which can vary
with, for example, liquid level. An equal flow digution is achieved by simply matching the cai
lengths.

The tips of the capillaries were made flush with fasemat surface as it was considered pointless
to extend them above the basemat and into thegimelé the initial thermite temperature is 28&nd
steel melts at 140Q. After SSWICS-8 was conducted it was found thafortunately, the sparging
gases moved laterally across the basemat undenghend escaped without passing through the nielt.
is thought that shortly after thermite ignition kint crust quickly formed between the melt and the
basemat, preventing gas flow up through the méltiNd gas travelled through the melt during SSWICS
8 and so it was effectively a repeat of SSWICS-8 anable to provide information on the effects of
sparging. The remainder of this section covers ES8AL1, which was given a modified injection system
that successfully prevented gas from bypassingnigle
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BASEMAT WITH HOLES FOR 1.5 mm
OD CAPILLARIES (44)

FLANGE FOR 18" PIPE,CLASS 150,
BLIND, RAISED FACE, CARBON STEEL
APPROX. WT.: 100 kg.

THERMOWELL

DRAWING: MCCI/SSWICS-8 TEST SECTION
BOTTOM FLANGE (TOP VIEW)

DRAWING NO.: MCCI721

DRAWN BY: D. KILSDONK 2-4746

DATE: 12/13/06

FILE: MCCI_TS_BOT_FLANGE_S8_TV.DWG(AC119)

TOP VIEW

Figure2-1. SSWICS-8 Stainless Steel Capillary Layout; Capillary Tips Flush with Basemat
Surface (dimensionsin mm).

3 mm OD TUNGSTEN TUBE (44)

6 mm OD TUNGSTEN

MgO BASEMAT THERMOWELL

SCALE 0.3 1 DRAWING: MCCISSWICS-11
BASEMAT & BOTTOM FLANGE
DRAWING NO.. MCCI1058
DRAWN BY: D, KILSDONK 2-4746
DATE: 8/11/2008
FILE: SSWICS-11.idw

Figure2-2. SSWICS-11 Tungsten Tube Layout (array pitch identical
to that of SSWICS-8). Capillaries Extend 50 mm Above the Basemat.
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The new configuration for SSWICS-11 introduced tubgtending 50 mm above the basemat and
into melt, which is 150 mm deep. An isometric viefMhe layout is shown in Figure 2-2. Because the
initial temperature of the corium is so high, thbds must be made of a refractory material. Cexsaare
unlikely to withstand the thermal shock of thermigrition and so tungsten was selected. The thhes
an outer diameter of 3 mm (1/8”), which was the l&gBaavailable for tubes of sufficient length tdend
down through the basemat, the flange, and the aassjan fitting. The inner diameter is 1.6 mm.

As in SSWICS-8, the total number of tubes is 44 #rel pitch 38 mm. A Swagelok fitting
connects each tube to a capillary. Figure 2-3 shawside view of the reaction vessel and injection
system. A photo of the basemat is provided in FEg14.

Within the melt the tubes act as cooling fins drayiheat down into the flange, which increases
undesired heat losses. This source of heat lossesamated to be no more than 800 W near the
beginning of the test when the melt temperatutéghest, falling as the melt cools. This corressoto
roughly 5% of the initial cooling rate and was deemcceptable.

2.2  Sparging System Limitations

The sparging system has two particular charadesigitat should be noted: 1) it delivers gas at a
constant mass flow rate rather than a constant saekrficial velocity, and 2) the gas is not prebda
before injection. This section describes how tleseacteristics influence the gas sparging test.

A key specification for a gas sparging test is ¢fas injection rate. This parameter is most
conveniently defined in terms of a melt superfigals velocity. The approach has been to specify a
particular superficial gas velocity to be estaldidtat the very beginning of a test. The flow caligr is
then set to deliver the rate that produces theaetbiitial test condition. The flow controller gaint is
calculated with the assumption that the injected @gall be instantaneously heated to the melt
temperature. The initial condition for SSWICS-8swacm/s at the beginning of the test with a presiim
initial melt temperature of 2000. The flow controller was set to a constant ldmsl(standard
liters/minute).

The flow controller effectively maintains a condtamass flow rate and so, as the melt cools, the
superficial gas velocity drops. Figure 2-5 illases the velocity drop that can be expected dutieg
course of the test. At the end, when the meltdumded to 108C, the gas velocity has dropped by a
factor of six to 0.3 cm/s. Though this is a laojpeange, much of it may be irrelevant with regaathe
creation of melt porosity since the corium is ificgéorm for much of the quench test. Shown inufeg
2-5 is the approximate lower limit melt solidus feerature. Below ~110Q the melt is completely solid
and the gas cannot influence the corium permewbilihe plot shows that between the initial tempeea
of 2000C and the solidus limit of 1160, the superficial velocity drops only 40%. In suary, one
should be aware that the sparging system does aiotain a constant superficial gas velocity thraugh
the test. There is a large drop in velocity, buthof it occurs after the melt has solidified.

Figure 2-5 also shows the heat transfer rate frati ta the injected argon as it is heated from
room temperature to the melt temperature. Likedootion losses through the capillaries, this is
undesirable heat transfer as the experiment indei# to measure the heat transfer rate from thetmel
the overlying water layer. It can be seen thatpgbeer is highest (1.6 kW) at the beginning of thst
when the melt is at peak temperature, decliningss than 1 kW at the solidus temperature of 3200
This can be compared with typical melt cooling sadeiring past testsfil0 kW shortly after water has
been added to the melt anB-4 kW by the time the temperature dropsli®0CFC. Thus the thermal
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Figure 2-3. Sparging System Side View.

Figure 2-4. Photo of SSWICS-11 Basemat with Tungsten Capillaries.
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power heating the gas from room temperature tartbk temperature was expected to be equivalent to,
very roughly, ~15% of the initial cooling power verface boiling, increasing to ~25% as the melt
reaches the solidus temperature. These loss lakekignificant and so gas preheating was considdte
was not implemented due to technical difficultiesl #imited benefits [3]. The formation of melt psity

by the gas is thought to be unaffected, or onlyreudly affected by these additional heat losses.

23 Test Apparatus Overview

The SSWICS reaction vessel (RV) has been designéoltd up to 100 kg of melt at an initial
temperature of 250C. The RV lower plenum consists of a 67.3 cm lakg7 cm outer diameter carbon
steel pipe (Figure 2-6). The pipe is insulatedrfriie melt by a 6.4 cm thick layer of cast MgO.eTh
selected pipe and insulation dimensions result imedt diameter of 30.5cm and a surface area of
730 cni. The melt depth at the maximum charge of 10Gskapiout 20 cm.

The RV lower flange is insulated with a 6.4 cm khitab of cast MgO that spans the entire inner
diameter of the pipe. The MgO slab and sidewadisnfthe crucible containing the corium. This
particular geometry was chosen to facilitate rerhovahe slab for the crust strength measuremests.te
Corium has a tendency to bond with the MgO insoileind this design normally allows one to pull the
corium ingot off the basemat without damage.

The RV upper plenum consists of a second sectigripaf lined with stainless steel. The role of
this liner is to protect the walls of the reactigssel upper plenum from the heat of thermite iigmit
Three 10 cm pipes welded near the top of the vgsseide 1) a vent line for the initial surge oftho
noncondensable gases generated by the thermitorea2) a pressure relief line with a rupture disk
(7.7 bar at 10T), and 3) an instrument flange for the absolusgure transmitter that measures the
reaction vessel pressure. Four 6 mm tubes semwatas inlets for melt quenching. A baffle is moeoht
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below the upper flange and the water flow is deddiowards the baffle to reduce the momentum of the
fluid before it drops down onto the melt. The b&afé also intended to prevent water droplets flmimg
carried up towards the condenser, which would algraffect the heat flux measurement. A fourth 10
cm pipe welded to the top flange provides an outetarry steam from the quenching melt to four
cooling coils. A control valve on the line alloysessure regulation for tests carried out at eéal/at
pressure. The water-cooled coils are used to cwmedehe steam flowing from the RV, and the
condensate is collected within a 200 cm high, 20diameter condensate tank (CT). Figure 2-7 is a
schematic that provides an overview of the entBBVBCS melt-quench facility.

24 I nstrumentation

Instrumentation was selected to provide the measemes necessary to determine the melt dryout
heat flux. The critical measurement for thesestéstthe steaming rate in the RV, which is found
indirectly by measuring the rate of condensateectithn in the CT. A differential pressure sensoused
as the primary sensor for measuring the inventdrythe condensate tank while a time domain
reflectometer provides a supplementary level messent.

The melt temperature is measured with a multi-jencprobe made up of 4 C-type (W-5%Re/W-
26%Re) thermocouples (Figure 2-8). The probe isntex on the bottom flange of the RV and protected
from the melt by a tungsten thermowell. The themelbhas a 6 mm o.d. and 1 mm wall, and the top end
is positioned 100 mm above the bottom of the mélhe thermocouples are located 90, 65, 40, and
15 mm above the bottom of the melt.

Six C-type thermocouples are used to measure temypes at the corium/lining interface to show
whether water seeps around the edges of the melprdside unwanted lateral cooling. Two
thermocouples are positioned 150 mm above the dlade melt, two at 100 mm, and two at BOm.
Instruments are listed in Table 2-1.
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TIW-H50-@0
TIW-H150-20

TIW-H50-@180
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Figure 2-8. Instrumentation Positionsin Basemat and Lower MgO Liner.
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Table 2-1. Instrument List.

# Channel Name Type Description Serial # Output Range Accuracy

0 HPS-0 T-CJ-HPS AD592 IC Cold junction compensationsse. - 1pA/K 0-70°C +0.5°C

1 HPS-1 TM-H100$0 TCtype C Melt temp. 100 mm above bottom of medtt(ingsten thermowell). - 0-37 m\V| 0-2320C +4.5°C or 1%
2 HPS-2 TM-H8040 TCtype C Melt temp. 80 mm above bottom of meltt(ingsten thermowell). - 0-37 mV| 0-2320C +4.5°C or 1%
3 HPS-3 TM-H6040 TCtype C Melt temp. 60 mm above bottom of meltt{ingsten thermowell). - 0-37 mV| 0-2320C +4.5°C or 1%
4 HPS-4 TM-H4090 TCtype C Melt temp. 40 mm above bottom of meltt(ingsten thermowell). - 0-37 mV| 0-2320C +4.5°C or 1%
8 HPS-8 TIW-H5090 TCtype C Melt temp. at inner sidewall 50 mm abbegom of melt. - 0-37 mV | 0-2320C +4.5°C or 1%
9 HPS-9 TIW-H509180 TCtype C Melt temp. at inner sidewall 50 mm abbwttom of melt. - 0-37 mV| 0-2320C +4.5°C or 1%
10 HPS-10| TIW-H100$90 TC type C Melt temp. at inner sidewall 100 mm abbwttom of melt. - 0-37 mV| 0-2320C +4.5°C or 1%
11 HPS-11| TIW-H100$270 TCtype C Melt temp. at inner sidewall 100 mmabbottom of melt. - 0-37 mV| 0-2320C +4.5°C or 1%
12 HPS-12| TIW-H15090 TCtype C Melt temp. at inner sidewall 150 mm abbué&om of melt. - 0-37 mV | 0-2320C +4.5°C or 1%
13 HPS-13| TIW-H150$180 TCtype C Melt temp. at inner sidewall 150 mmabbottom of melt. - 0-37 mV| 0-2320C +4.5°C or 1%
18 HPS-18| TG-RV TC type C Gas temp. in reaction vesppkr plenum. - 0-37 mV| 0-2320C +4.5°C or 1%
22 HPS-22 TS-RV-tf TC type K Temperature of RV top fian - 0-50 mv 0-1250C +2.2°C or 0.75%
23 HPS-23 TS-RV-1000 TC type K Outer wall temp. of R8OD mm above bottom of melt. - 0-50 m{ 0-12560C +2.2°C or 0.75%
24 HPS-24| TS-RV-mf TC type K Temperature of RV middénfe. - 0-50 mV | 0-1250C +2.2C or 0.75%
25 HPS-25| TS-RV-100 TC type K Outer wall temp. of RM0I8m above bottom of melt. - 0-50 m({ 0-1250C +2.2°C or 0.75%
26 HPS-26 TS-RV-bf TC type K Temperature of RV bottdange. - 0-50 mv 0-1250C +2.2°C or 0.75%
27 HPS-27| TS-vent TC type E Outer wall temp. of veme li - 0-70 mVvV 0-900C +1.7°C or 0.5%
28 HPS-28| TF-CT-102 TC type K Fluid temp. in condensati at a water level of 102 mm. - 0-50 my 0-1256C +2.2°C or 0.75%
29 HPS-29| TF-CT-406 TC type K Fluid temp. in condensatk at a water level of 406 mm. - 0-50 my 0-1256C +2.2C or 0.75%
30 HPS-30| TF-CT-711 TC type K Fluid temp. in condensatk at a water level of 711 mm. - 0-50 my 0-1256C +2.2°C or 0.75%
31 HPS-31| TF-CT-1016 TC type K Fluid temp. in condeegank at a water level of 1016 mm. - 0-50 m{ 0-1256C +2.2°C or 0.75%
32 HPS-32| TF-CT-1321 TC type K Fluid temp. in condeegsank at a water level of 1321 mm. - 0-50 m{ 0-1250C +2.2C or 0.75%
33 HPS-33| TF-CT-1626 TC type K Fluid temp. in condeegsank at a water level of 1626 mm. - 0-50 mV 0-12560C +2.2°C or 0.75%
34 HPS-34| TF-HX-in TC type K Fluid temp. at HX coolanlet. - 0-50 mV | 0-1256C +2.2°C or 0.75%
35 HPS-35| TF-HX-out TC type K Fluid temp. at HX coolanitlet. - 0-50 mV | 0-1250C +2.2C or 0.75%
36 HPS-36 HF-vent Thermopile Heat Flux through conmertine to V-ST. 0632 0-5.50 m\/ 0-5 kw/nf +3%

38 HPS-38 TF-quench TC type K Temperature of waterctejg into RV - 0-50 mv 0-1250C +2.2°C or 0.75%
40 HPS-40 PA-RV 1810AZ Absolute pressure in reactiosseé 02351-00P1P 1-6 V |0-14 bar gad +0.14 bar
41 HPS-41| PD-CT 1801DZ AP transmitter to measure condensate inventory. D-9 0-13V 0-0.35 bar| +0.004 bar
42 HPS-42 L-TDR-CT BM100A Time domain reflectometemteasure CT level. A02331879A 4-20mA 0-2 +3 mm
44 HPS-44 F-sparge HFC-203 Flow rate of argon intocijefor gas sparging 362130000fL 0-5 0-50 sl/m Ar  +0.5 sl/m
60 HPQ-50( T-CJ-HPQ AD592 IC Cold junction compensasensor. - 1uA/K 0-70°C +0.5C
61 HPQ-51| TF-ST TC type K Fluid temp. in spray tank. - 0-50 mV | 0-1250C +2.2C or 0.75%
62 HPQ-52| TG-CL-out TC type K Gas temperature in cosdentank outlet line to spray tank. - 0-50 mV 0-12560C +2.2°C or 0.75%
63 HPQ-53| TG-ST-in TC type K Gas temp. in the sprakfame inlet. - 0-50 mvV 0-1250C +2.2°C or 0.75%
64 HPQ-54| TG-ST-out TC type K Gas temp. in the sprak iae outlet. - 0-50 mV | 0-1250C +2.2C or 0.75%
65 HPQ-55 F-quench Paddlewhegl Flow rate of waterrieéstion vessel (for quenching melt). 3144 0-5 Oghtn +0.5 gpm
66 HPQ-56| F-HX Paddlewhee| Flow rate of cold water ¢éathexchangers. 3143 0-5V 0-50 gppn +0.5 gpm

10
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25 Results

The revised injector configuration with tungstempittaries extending up into the melt succeeded
in preventing the gas bypass that was observe@iWISS-8. Post test examinations revealed an ingot
morphology that differed from any of the other $esfThe ingot did not bond to the MgO liner as lisua
but instead bonded strongly to the basemat. Téimpted removal of the liner by simply lifting uip
from the basemat so that the perimeter of the ingotd be examined. The ingot is shown in Figu@e 2
The smooth white-green material around the outdase is the remains of the zirconia felt usedawer
the inside of the liner. The felt is normally wéhiand most of it was scraped away to reveal thieiroor
below.

The ingot proved to be a solid mass without thersmacrack network present in earlier
specimens. It also had an unusually porous appeataat can be seen upon close examination ofd-igu
2-10. The extensive array of dimples/holes is uai@gmong the SSWICS ingots. Thegot mass is
~61.8 kg, which is calculated by subtracting th2 g of corium attached to the liner walls above th
ingot from the initial thermite mass of 68 kg. Tperosity is estimated to be roughly 37%, which is
calculated from the ingot mass, a density of 60§0nk and an approximate average height of 23 cm.
Note that the heights of both the SSWICS-6 anchegdts were about 15 cm though they had the same
composition and mass. Figures 2-11 and 2-12 eveidqed for further consideration of the differing
ingot morphologies. The surface of Ingot 6 is wrebut rather smooth except for the orange region
which is chromium left over from the chemical réactused to create the melt. In addition, theeerar
readily evident cracks. Ingot 11, on the otherdhdras a very rough surface with a significant gathe
perimeter. Sparging clearly plays a role in addimglt porosity beyond what is normally generated by
thermal stress cracking.

The melt cooling rate was measured for comparisgh previous tests. Melt temperatures
measured by the multi-junction thermocouple intimegsten thermowell are shown in Figure 2-13. The
melt cooled from its peak temperature of ~18@ 100C in 1 ¥ hours, which is faster than all other
tests except SSWICS-7, which had the least amdwdrerete at 4%. Figure 2-14 shows the calculated
heat flux derived from measurements of condenseaistflow and from an energy balance on the heat
exchanger that condenses the steam. Two independsasurements are used within the condensate
tank: a differential pressure sensor (DP) that mmess water column head and a time domain
reflectometer that measures water column heiglite Aeat exchanger energy balance is derived from a
flow measurement on the HX secondary side alonp wiet and outlet thermocouples. Details of the
data reduction can be found in the data report [4].

Figure 2-15 compares the cooling rates during SSSMdC-8, and -11. As noted earlier, the
injected argon circumvented the melt in SSWICS-8 sm it was effectively a repeat of SSWICS-6. The
plot shows that the cooling rates correspond veglitie two tests. In the next section it will beown
that there is also similarity in the structuralesgth of the SSWICS-6 and -8 crusts. Though this
repetition of SSWICS-6 was accidental, it is us@itdupporting the notion that these tests areatajpée.

Figure 2-16 shows the cooling rates for all of ##-80 kg quench tests (SSWICS-9 and -10
were 25 kg and are discussed in the next sectibrran be seen that SSWICS-11, with its compaebtiv
high concrete content, cooled at a rate more caaly@to the low concrete melts. Only SSWICS-7hwit
the lowest tested concrete content, quenched mocklyg Note also that melts with high coolingest
seem to plateau early in the transient, which weeessociated with a dryout limit. SSWICS-11 does
not exhibit a plateau, which may be because thaively small melt, which lacks internal heatirig,
unable to sustain extremely high heat fluxes lamgugh to produce a plateau.

11
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View of Ingot 11.

.f# S
Figure?2
Figure 2-10. Corium at Level of Top

-9 0|u de

of Tungsten Thermowell after Removal of Upper Layers(Ingot 11).

tip of

/ thermowell
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Figure2-11. Top View of Ingot-6 I ngot Within Liner.

Figure2-12. Top View of Ingot-11 Ingot before Liner Removal.
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Figure 2-16. Calculated Heat Flux for all Nine Quench Tests.
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3.0 CRUST STRENGTH TESTS

Along with the quench rate measurements, the SSVéfarate effects experiments included
measurements of corium crust strength. The purpbsellecting such data is to aid in the assessmien
the potential stability of an anchored corium crwéthin a power plant. A crust that anchors to the
containment walls could hinder heat transfer framoaerlying water layer down to the melt below. A
crust with few flaws is thought to be more stalblert one permeated with cracks. Measurements of the
structural strength of corium can be useful in gagighe strength of a plant-scale crust, but spensn
must be large enough to contain a representatimplgag of the cracks and voids one would expeeirin
actual corium crust. The quench tests describetidrpreceding section produced ingots that met thi
requirement.

The quench tests were designed to optimize measuaterof heat flux from the corium surface
and consequently the ingots were not of optimalkiinéss for the strength measurements. A minimum
corium depth of 150 mm was considered necessambtain a satisfactory heat flux measurement.
However, 150 mm is too large for optimal load tggtand so the ingots were sectioned (cut in thelrad
direction) to increase their aspect ratio (diam#tmkness) to make them more suitable for loatirtgs
Unfortunately, the cutting process is laborious ameblves much handling of the ingot, increasing
uncertainty that mechanical strength is not sigaifily changed before the load test. This uncestai
would be eliminated if the ingots produced by therph tests could be tested without having to cut
them.

SSWICS-9 & 10, in contrast to previous tests, waasigned to optimize the ingot thickness for
load testing. A reduced amount of corium was usethe quench test to produce a thinner ingot. The
ingot was then load tested without sectioning. Tdilewing sections summarize the test conditiond a
results of these two tests and compare them togttraneasurements performed in the previous pragram

31 Test Results

The reaction vessel and auxiliary systems are @allgrihe same as those described in Section
2.3, though somewhat simplified as no spargingesystvas used. A side view of the reaction vessel is
shown in Figure 3-1. Melt mass for these two tests 25 kg instead of the usual ~70 kg to produse a
mm high ingot. Usually melt temperature is meagwvih a thermocouple within a tungsten thermowell
projecting up from the basemat into the melt, bwtas omitted to avoid creating a potential weatt ap
the specimen. Corium compositions and test canditior SSWICS-9 and -10 match those of SSWICS-
6 and -2, respectively. A complete table of th&#V8SS quench tests is provided in Table 3-1.

The ingots for both SSWICS-9 and -10 were creategdyforming a quench test in the same
fashion as that of the larger-melt tests. Systemditions such as pressure and temperature were
duplicated with water addition from above. Theeimton was to reproduce the thermal stress cracking
mechanisms that produced the crack structure wilt@rthicker ingots. The cooling rate of thesellna
ingots is of little interest since lateral heatskes are relatively large and the corium cools taickly to
allow a determination of the dryout heat flux. Tdfere temperature traces and heat flux plots arda
included here. They are, however, available indiu@ reports [5, 6].

The ingot produced by the SSWICS-9 quench testteafirst one that failed to bond to the MgO

liner, which effectively supports the corium wheansported and placed on the loading apparatus and,
for the thicker ingots, during the cutting proce8gcause of this lack of bonding Ingot 9 brokerapa

16
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Table 3-1. Test Specificationsfor SSWICS Quench Experiments.

Test Number
Parameter
1 2 3 4 5 6 7 8 9 10 11

Melt composition (wt%
UO,/ZrO,/CriConcrete)| 61/25/6/8| 61/25/6/8 61/25/6/8  48/20/9/28  56/23/7Y186/23/6/14| 64/26/6/4 56/23/6/14 56/23/6/14 61/85/656/23/6/14
Concrete type LCS SIL LCS LCS LCS SIL LCS SIL SIL SIL SIL
Melt mass (kg) 75 75 75 60 68 68 80 68 23 25 68
Melt depth (cm) 15 15 15 15 15 15 15 15 5 5 15
Initial Melt
Temperature’C) ~2300 ~2100 ~2100 ~2100 ~2100] ~195 ~2100 ~1900 - ~1850
System pressure (bar) 1 1 4 4 4 1 4 1 1 1 1
Water injection
flowrate (Ipm) 4 4 12 13 6 14 13 10 9 9 -
Water injected (liters) 33 39 34 40 61 47 40 41 20 29 >30
Test date (day/mo/yeaf) 30/08/02 17/09/02 30/01/0313/03/03 15/10/03| 24/02/04  14/12/04  25/01/07 1482/ 5/03/08 | 11/05/08

18
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during removal from the basemat and was unsuitétmeload testing. Ingot 10, however, was
successfully moved and tested.

The load test apparatus and calculation of santpdagth have been described in an earlier report
[7] and will not be described in detail here. Hpparatus uses a piston to apply a point loadetcdinter
of the ingot. Sensors attached to the upper amdrlsurfaces of the sample measure displacemeimigdur
loading. Figure 3-2 shows the sample stress, leabzlifrom the applied load, versus time. Incluited
the plot are measured displacements of the uppkiaaver surfaces. The two measurements move in
tandem and this is an indication that the sampl®igyhly speaking, bending rather than being &dsh

The peak load at failure was 1.4 kN with the remltcalculated strength equal to 1 MPa +0.3
MPa. The uncertainty value is derived from varamcthe sample thickness (5 mm), which is believe
to be the largest source of uncertainty in theutatmon of strength from the peak load.

Figure 3-3 is a plot of ingot strength for all bettested ingots. It can be seen that the straxigth
sample is very close to that of Ingot-2, which taelsame chemical composition. Details of eactptam
are provided in Table 3-2 for reference.

Figure 3-3 also includes crust strength measuresnerede during two CCI (core-concrete
interaction) tests. These are in-situ measuremegide during the melt quench process and are an
indication of the strength of a high temperatungstmwith a large temperature gradient. The tofaser
of the crust was held near Pa0by the overlying layer of boiling water while thenderside was
~2000C. The CCI crusts proved to be weaker than thenrtsmperature SSWICS samples, suggesting
that the SSWICS measurements provide a conservasitimate of corium crust strength. Additional
discussion of the implications of the measuremeht®rium crust strength can be found in [8].

Table 3-2. Source Datafor Calculation of Section Strength.

Ingot number 1 2 3 4 5 6 8 10
Slab thickness (mm) 100 100 90 5560 5560 55 |45 |565 | 40 50 50
Aspect ratio 3 3 3.3 5 5 54 6/ 6 54 75 6 6
Region of ingot T T T M B M B T | M B M

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

Peak load (kN) 8.2 8.2 15.3 3.2 2.7 36 44 45 §.30 2.4 1.4
Oimax 1.1 11| 27 1.6 1.3 20 36 30 22 32 1.6 1.0
Stress uncertainty (MPa) 0.2 0.R 0.4 0.8 038 108 |01.0| 05| 0.7 0.4 0.3
op S(ﬁqrrf]‘;’m at peak 100 | 91| 82| 24| 53| 23 24 spb 38 48 - 5.9
E)gté"(’:; ;‘;rfamz atpeak | R - . - | 21| 22| 89| 32 3§ - 3.9

* T =top; M =middle; B =bottom segment.
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Figure3-2. Ingot 10 Load Test.
Figure 3-3. Measured Strength of SSWI1CS Room Temperature Samplesand In-Situ
M easurements of Crust Strength in CCl-1 and CCI-3.
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