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Abstract

The WETCOR-1 test of simultaneous interactions of a high-temperature melt with water and a
limestone/common-sand concrete is described. The test used a 34.1-kg melt of 76.8 w/o A1203, 16.9 w/o
CaO, and 4.0 w/o SiO2 heated by induction using tungsten susceptors. Once quasi-steady attack on concrete
by the melt was established, an attempt was made to quench the melt at 1850 K with 295 K water flowing at
57 liters per minute. Net power into the melt at the time of water addition was 0.61 + 0.19 W/cm 3. The
test configuration used in the WETCOR-1 test was designed to delay melt freezing to the walls of the test
fixture. This was done to test hypotheses concerning the inherent stability of crust formation when high-
temperature melts are exposed to water. No instability in crust formation was observed. The flux of heat
through the crust to the water pool maintained over the melt in the test was found to be 0.52 + 0.13 MW/n_.
Solidified crusts were found to attenuate aerosol emissions during the melt concrete interactions by factors of
1.3 to 3.5. The combination of a solidified crust and a 30-cm deep subcooled water pool was found to

attenuate aerosol emissions by factors of 3 to 15.
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Executive Summary

An important issue that has arisen in the discussion crust growth and crust fracturing. Concrete used in
of advanced light water nuclear reactors and the WETCOR-1 test was a limestone/common-sand
management of severe reactor accidents in nuclear concrete used extensively in previous tests of melt
power plants is the question of the coolability of interactions with concrete.
molten core debris by water. To achieve coolability
it is thought that core-debris melts deeper than
about 10 cm must be fragmented for there to be Visual data obtained when a crust formed on the
sufficient heat transfer to water to quench the melt. melt due to air cooling demonstrated that the test
Such fragmentation of high-temperature melts by configuration functioned as intended. The crust
water has not been observed in tests done to date. formed by air cooling did not adhere to the
There has, however, been a persistent criticism of susceptor rings. Once observations of the crust
the small-scale tests that have not exhibited produced by air cooling were complete, power was
fragmentation. The criticis_nhay been that a crust increased to ensure no crust was present when
of solidified melt material is stabilized and water was added to cool the melt.
prevented from fragmentation by adhering to '_he
walls of the test fixture. Such adherence of melt to Quenching the melt was attempted with water at
walls would not, it has been contended, inhibit 295 K flowing at 57 liters per minute. At the time
fragmentation of large-scale melts exposed to water quenching began, the bulk melt temperature was
in reactor accidents. 1850K. The susceptor rings that constituted the

boundary of the melt were heated to 2073 + 50 K.
The WETCOR-1 test was conducted to determine if Net power input to the melt at the start of
preventing crust adherence to the test-fixture walls quenching was 0.61 + 0.19 W/cm3.
would lead to fragmentation and quenching of a
melt exposed to water. Of particular interest in the Neither fragmentation of the melt nor indication of
WETCOR-1 test were hypotheses advancedt_ya crust instability was observed in the test. As has
peer review panel that (a) progression of the been observed in most past tests of melt/concrete/
freezing from the center of the melt to its perimeter coolant interactions, a crust of solidified material
would lead to fragmentation and (b) instabilities in formed and separated the water pool from the melt.
the initial formation of a crust unable to adhere to The melt continued to attack the concrete.
the test-fixture walls would lead to fragmentation.

The long-term heat flux from the melt, through the
crust and into the water, was found to be

The melt in the WETCOR-1 test was heated by 0.52 4- 0.13 MW/m_ when molten material was
induction using tungsten susceptor rings at the present. Determinations of this heat flux made by
perimeter of the test-fixture crucible. This heating two methods after power input to the melt was
arrangement ensured that the hottest parts of the test terminated and the molten material froze were 0.25
apparatus were the test-fixture walls. Intense 4- 0.08 and 0.20 4- 0.08 MW/m2.
heating of the walls adjacent to the susceptor rings
prior to water addition provided a heat source when
water was added to delay cooling of the walls
relative to cooling of the melt. Further, the rings The WETCOR-I test also provided data on the
were configured so that heat could be conducted attenuation of aerosol emissions during
from the melt to the topmost susceptor to further melt/concrete interactions by a solidified crust on
inhibit cooling at the perimeter of the melt. the melt and by the combination of a solidified crust

and a subcooled water pool. The crust was found
The melt used in the WETCOR-1 test was to attenuate aerosol emissions by factors of 1.3 to
composed of 76.8 w/o A1203,16.9 w/o CaO, 4 w/o 3.5. The combination of a crust and a 30-cm-deep,
SiO2, and the balance was low-concentration subcooled water pool attenuated aerosol emissions
impurities. Simulation of the oxide phase of core by factors of 3 to 15.
debris was selected based on scaling analyses of

1 NUREG/CR-5907



1.0 Introduction

One of the most important phenomenological issues Concrete, unpublished report, Sandia National
in the progression of severe accidents after the Laboratories, Albuquerque, NM, July 1990] using
reactor vessel has failed is whether or not the plant boiling heat flux correlations for a flat plate in
can be brought to a stable condition, thus avoiding conjunction with the CORCON model of core
the threat to containment integrity posed by basemat debris interactions with concrete have shown that
penetration or containment pressurization. The core debris would have to be spread to a collapsed
most commonly available mechanism for removing depth of less than 10 cm for an overlying water
heat from discharged melt in light water reactor pool to arrest the attack on concrete. Prolonged,
containments is the addition of water. The high heat fluxes to water necessary to quench deep
Department of Energy, industry, and the Nuclear melts have been neither observed in tests conducted
Regulatory Commission (NRC) are working to to date nor calculated with existing models.
develop and evaluate design criteria to address core Evidence from tests done to date and from existing
debris coolability by water pools [Fauske, 1990]. models suggests that the interfacial crusts that form
The WETCOR experiment program has been when water contacts high-temperature melts must be
performed at Sandia National Laboratories (SNL) as destabilized to achieve the high heat-extraction rates
part of the NRC effort to address this issue, which necessary to quench and permanently cool core
is identified under the revised Severe Accident debris. That is, the crusts must fragment or at least
Research Plan [Office of Nuclear Regulatory fracture extensively to produce sufficient surface
Research, 1992]. These tests are intended to area to sustain the necessary rates of heat transfer to
complement and augment the ACE/MACE program the water.
sponsored by Electric Power Research Institute
(EPRI) and others. There is, however, an issue that bars drawing bold

conclusions from the available test data. All the
A number of tests of the effects coolant admissions tests done to date have used rather small melts
have on melt interactions with concrete have been relative to the size of molten core debris pools
conducted [Tarbell et al. 1987; Blose et al. 1987; envisaged in hypothesized severe reactor accidents.
Spencer et al. 1991]. All of these tests show that a Geometric characteristics of melt surfaces exposed
crust of frozen debris forms when a water pool to water in tests to date are presented in Table 1.1.
accumulates over the melt. Melt below this crust The tests have been constructed to represent a
continues to attack the concrete. Heat extracted by typical node within the large area covered by the
water from the melt through the crust has not been core debris once the core debris has been expelled
greatly different than heat losses by radiation and into a reactor containment building. Though some
convection. As a result, a water pool overlying the effort has been expended in past test programs to
melts used in tests has hardly perturbed the rate of ensure the essential boundaries of the test fixture
attack on the concrete. This general behavior has are both adiabatic and do not influence the
been observed when the molten material contacted interactions being examined in the test, it is not
by the water has been stainless steel (test SWISS- possible to show that these boundaries have not
II), molten concrete (tests SWISS-I, FRAG-3 and influenced the formation and stability of crusts
FRAG-4) [Blose, 1987; Tarbell et al., 1987] or when water was admitted.
molten uranium dioxide (MACE scoping test)
[Spencer, 1991]. That is, the crust formation result No quantitative, phenomenologicaUy based
has proven to be remarkably insensitive to melt or hypotheses on how boundaries of the test fixture
concrete properties, affect the crusts have yet been advanced. Three

qualitative arguments have been advanced, at least
It is tempting, then, to conclude from this informally, in the course of review of the test
substantial body of test data that there is no results and speculations about core debris
assurance simple admission of water to core debris coolability. One contention is that crusts grow in
will quench or even significantly cool the core the tests from the perimeter of the melt toward the
debris. Indeed, calculations by Copus [E.R. Copus center. This growth from the points of highest heat
and D.A. Powers, A Study of the Limits of Core loss (losses go to both the test fixture walls and to
Debris Coolability During Interactions with the developing water pool) might affect crust
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Table 1.1 Geometric characteristics of melt exposed to water

Test Characteristic Length (m) Area (ms) Perimeter (m)

FRAG-3,4 0.22 0.04 0.69
,, ,,,

SWISS-I,II 0.22 0.04 0.69
, ,,,,

MACE scoping test 0.3 0.09 1.2

MACE 1B test 0.5 0.25 2.0

WETCOR-1 0.33 0.078 1.03

WETMET-1 0.41 0.13 1.29

Typical Reactor Case" - 2.5 - 43 - 33

" Zion Probabilistic SafetyStud),, Commonwealth Edison Co., Chicago, IL, 1981.

stability in a way that would not occur at the larger instability would lead to breakup of the crust as it
scales of reactor core debris where crust growth formed. As a result, water could progressively
over much of the area would be insensitive to the quench the melt and fragment the solidified material
perimeter of the melt. into permanently coolable debris.

It has been widely acknowledged that once an
interracial crust becomes several centimeters thick, A third contention is that because the crust binds to
the crust is quite strong and not easily fractured, the walls, it is not subjected to flexing that a crust
Fairly elementary calculations [Blose et al. 1987] floating on the melt would experience as gases from
show that a thick crust pinned at its perimeter could the attack on concrete sparged through the melt.
resist most forces likely to arise during core-debris This flexing, it is hypothesized, would rupture the
interactions with concrete if vent pathways exist for crust, allow water penetration, and lead to
gases produced by the attack on concrete. Such quenching of the melt. Such behavior has not been
vent pathways-either gaps in the crust or observed in any tests to date.
blowholes--have been observed in all crusts
produced in tests to date. A floating crust would be
even more resistant to fracture by external loads. The WETCOR-I test was designed to address the

first two of the contentions concerning the effects of
A second contention is that just as a crust of test-fixture boundaries on the initial formation of a
solidified material begins to form below a water crust when water first contacted high-temperature
pool there is an inherent instability. This melts. Both of these contentions were addressed
instability, it has been argued, may be driven by the simply by ensuring that the perimeter of the melt
buoyant forces of gases generated by melt was hotter than the center of the melt. This was
interactions with concrete, by the presence of the done in the WETCOR-1 test by heating the melt
boiling liquid, or by some unknown aspect of with an induction susceptor collar around the
simultaneous interactions of melts with concrete and perimeter of the melt surface. The induction
coolant. Whatever the cause of the instability, it is heating of the collar ensured that the hottest part of
argued that this instability is suppressedin the tests the melt was the perimeter. Furthermore, the test
because the crust can bond or adhere to the test fixture walls behind the collar were nearly as hot as
fixture boundaries in a way that would not be the hottest part of the melt. The heat capacity of
possible in a reactor accident. Were this bonding the walls slowed cooling of the perimeter of the
not possible, it is suspected that the inherent melt once water was added on top of the melt.

3 NUREG/CR-5907



Introduction

With this design of the test fixture for WETCOR-1, were obtained in the test. These data are, however,
any initial difference in the rate of crust growth not easily interpreted because there was also a flux
would be such that crust growth would be greatest of heat from the susceptor collar and test fixture
in the center and least at the perimeter. Also, walls to the water. These heat fluxes and the heat
during the transient period of initial crust growth flux from the debris through the crust can be
when any inherent instability in the crust is separated only by calculation. Finally, the
hypothesized to exist, the crust would not be able to WETCOR-1 test yielded important data on the
bind to the susceptor which would still be at a attenuation of aerosol production during melt
temperature above the melting point of the core interactions with concrete caused by crust formation
debris. The opportunities for instability in the crust and the combination of a crust and a subcooled
formation were further enhanced by the selection of water pool.
melt materials. Details of this selection are
described in section 2.0. In essence, the melt The WETCOR-1 test configuration and test
material was selected to have a characteristic rate of procedures were similar to those used in the SURC
crust growth that was slow relative to that expected tests [Copus et al., 1989; 1992]. A charge was
for core debris. The crust thickness was expected, melted within a magnesium oxide annulus with a
then, to be small over the time period it took for limestone/common-sand concrete base. Once
instabilities to develop and produce fragmentation, steady-state melt attack on the concrete was
Furthermore, a material was selected that was at reached, a flowing water pool was established over
least as susceptible to fracture as core debris, the melt. The test configuration was intended to

create an approximately one-dimensional
melt-interaction geometry. The novel feature of the

The WETCOR-1 test did not address the third WETCOR-1 test configuration is, of course, the
contention concerning the long-term flexing of a method by which melt was formed and sustained.
crust.

In section 2.0, the materials used in the
Limitations on the power available for the WETCOR-I test are described in detail. In section
experiment meant that eventually water could 3.0, the details of the experimental apparatus are
extract enough heat from the susceptor collar and described. Instrumentation employed in the test is
the walls that temperatures would fall below the described in section 4.0. Results of the test are
melting point of the core debris and the crust could described in sections 5.0 and 6.0.
bind to the collar. Some limited data on the long-
term heat flux to the water from the core debris

NUREG/CR-5907 4



2.0 Materials

Major materials employed in the WETCOR-1 test and typically liberates about 21 w/o CO: gas and
were the magnesium-oxide test fixture annulus, the 5 w/o H20 vapor when heated to melting.
concrete base, and the melt. The arrangements of Tables 2.2. and 2.3 summarize the engineering and
the structural materials in the test apparatus are chemical composition of the concrete.
shown in Figure 2.1. The structural and melt
materials are described in the following subsections.

An important part of the following discussions is The thermal behavior of this concrete has been
the rationale used to select the melt material for the characterized by thermal gravimetric analysis
WETCOR-1 test. (TGA), derivative thermal gravimetric analysis, and

differential thermal analysis. Typical thermograrns

2.1 Magnesium Oxide (MgO) Castable produced by TGA for limestone/common-sand
concrete are presented in Powers and Arellano

Refractory [1982].

The annulus of the crucible was cast using an MgO
tastable material manufactured by National 2.3 Melt Material Selection
Refractories called K/R Cast 98-AF. This material

consists of = 98 percent MgO. The chemical There is no evidence from all of the tests on the
composition of K/R Cast 98-AF, taken from effects of water on melt interactions with concrete
manufacturer's specifications, is shown in Table [Tarbell et al., 1987; Blose et al., 1987; Spencer et
2.1. The maximum service temperature of the dried al., 1991] that the effects depend on the nature of
and fired material is 2600 K. The density is 2.95 the melt. The available data base includes tests
to 2.90 g/cm 3. This material has excellent volume with melts of stainless steel, molten siliceous
stability at high temperatures and has been shown to concrete, molten calcareous concrete and molten
resist melt penetration in many past tests. The mixtures rich in UO2 and ZtC>2. This evidence and
porosity of the material (about 19%) makes it a desire to avoid both the costs and delays that
resistent to fracture by thermal stresses induced would accompany the use of UO2/ZrO: melts led to
during melt formation, a decision to use a simulant melt in the WETCOR-1

test. The focus of interest of the WETCOR-1 test
was to ascertain if hypothesized phenomena
concerning crust behavior do arise rather than to

The thermal properties of K/R Cast 98-AF have simulate a reactor accident.
been extensively investigated. In addition to
industry data, experiments were conducted at SNL Table 2.1 Chemical composition of K/R Cast
to study the thermal response of the MgO castable 98-AF* MgO castable refractory
to intense heating conditions similar to those
expected during an experiment. These tests yielded
values of specific heat and temperature-dependent oXIDE . . WEIGHT%

thermal conductivity [Copus et al., 1989]. MgO 98.5

CaO 0.8

2.2 Concrete sio2 0.3

The base of the interaction crucible was constructed F_O3 0.3
of limestone/common-sand concrete. This concrete _a2o3 o.1
was used because it is typical of the concrete used

* K/R Cast 98-AF: is a product of National Refractories, 300
in the construction of many nuclear power plants, t_kesideDrive,Oakland, CA94643
Materials making up this type of calcareous
concrete are found throughout the United States. t_,_ obtlinedfromBasicRamming and Casting MixesBulletin
This concrete melts over a range of 1423-1643 K ..... publishedbyNational Refractories.
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Figure 2.1 Interaction crucible, WETCOR-1 experiment
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Table 2.2 Typical engineering composition of limestone/common-sand concrete

Constituents Mass Weight %
i i i ill i

Coarse Aggregate 85.0 kg 30.1
,,,, , ,,

Fine Aggregate 42.3 kg 15.0

Sand 93.2 kg 33.0

Cement 42.7 15.1

Water 19.1 6.8
,,,, , , ,,,

• AEA 22.2 ml

+ WRA 29.6 ml

" Air Entraining Agent
+ Water Reducing Agent

,,,,

Table 2.3 Typical chemical composition of limestone/common-sand concrete constituents

Oxide Type 1 and 2 Cement (%) Common Sand (%) Limestone Aggregate (%)
, ,, , , , , , ,,

Fe.203 4.11 2.5 0.33
,, , ,

Cr203 0.011 0.042 ND
,,,

MnO 0.08 0.02 ND
,,,

TiO2 0.20 0.18 0.05
,,

K20 0.54 2.70 0.03

Na20 0.27 1.74 0.15

CaO 63.5 1.52 45.56
,, ,,,

MgO 1.53 0.34 0.80

SiO2 20.1 82.8 12.98
,,

A1203 4.2 7.24 1.25

CO2 ND ND 40.0

ND = Not Determined
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Materials

Several criteria were established for the selection of be somewhat different because of non-stoichiometry
the simulant melt material: of the uranium oxide. The onset of freezing can

begin at the monotectic in the pseudobinary Zr-U-O
- the simulant had to be an oxide that would melt system (2673 K) [Skokan, 1984]. The solidification

at high temperatures, product would be a uranium-rich, hypostoichio-
- physical properties expected to affect crust metric solid solution of uranium and zirconium

formation had to be similar to the properties of oxides, (U,Zr)O:.x. Precipitation of this solid
the oxide phase of core debris, solution would continue until the eutectic

- within other constraints the properties of the temperature, 2173 K, is reached. At this point a
simulant needed to enhance the possibility of second, solid, phase would also precipitate. Also at
observing the hypothesized phenomena temperatures below about 2600 K, zirconium
concerning crust formation, dioxide in the precipitated solid solution might

- the properties of the simulant could not be separate as a phase with a tetragonal structure.
changed too drastically as concrete ablated and
incorporated into the melt, and The solidification behavior observed in the Zr-U-O

- the simulant had to be readily available at system at low oxygen partial pressures was deemed
acceptable purities and at low cost. more pertinent to the objectives of the WETCOR

test program than solidification behavior of
The focus of attention in the WETCOR-1 test was stoichiometric UOJZrO: melts. If crust stability is
on the phenomena that might affect water quenching very dependent on material properties or
of the oxide phase of core debris. Most students of solidification patterns, then a variety of behaviors
the topic of water quenching of melts have could be produced by uranium-oxide-zirconium
conceded that quenching and fragmentation of steel oxide mixtures at different oxygen partial pressures.
melts (the metallic phase of core debris) are more To date, there is not evidence of this sensitivity.
difficult than quenching and fragmentation of
molten oxides. Hypotheses concerning phenomena that might afflict

crusting observed in small-scale tests have not been
Attempts to find close analogues of the oxide phase advanced in the type of quantitative detail that lends
of core debris are challenged by the imprecision of itself to easy identification of pertinent material
the state-of-the-art definition of the oxide phase of properties. The test fixture configuration adopted
core debris. Usually the oxide phase of core debris for the WETCOR-1 test addresses hypotheses
is adequat,,ly approximated as a mixture of uranium concerning the radial progression of the freezing
oxide and zirconium oxide. At reasonably high front. Material properties are not essential concerns
oxygen potentials such a mixture would freeze at a in addressing this hypothesis. The hypothesis
temperature between the minimum in the liquidus of concerning the instability of the crust during its
the UO:-ZrO: binary system (2823 K) and the initial formation presents an issue where properties
melting point of pure, stoichiometric uranium of the solidified material are pertinent. Based on
dioxide (3120 K) [Romberger et al., 1966]. At the qualitative articulation of the hypothesis, two
temperatures near the freezing point, the frozen selection criteria were defined:

f material would be a homogeneous solid solution
having the cubic fluorite structure. But, as - the rate at which a solidified crust of melt
temperatures fell below the temperature of the material grows ought to be slow enough that any
cubic-to-tetragonal phase change in ZrO2 (2640 K), inherent instability can manifest its effects, and
a second, zirconium dioxide rich phase would
develop in the solid. (At the high cooling rates - the strength of the crust ought not be so great that
water can produce, the tetragonal-to-monoclinic it suppresses the effect of the instability.
phase change in ZrO: is not expected to be
observed). Consider a pool of molten material at its melting

point, T,_. The surface of this melt is suddenly
The freezing pattern of zirconium oxide-uranium reduced to some low temperature Twtaken here to
oxide mixtures at low oxygen partial pressures will be 373 K. The rate at which a crust will grow into
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themelt is, initially, determinedby conduction, stainless steel is much larger. Crustgrowthrates
(Convectionin the meltwill affect the extent of on metals, as expected, do not simulatecrust
crust growthlater in time.) The crust thickness is growth rates of oxides well.
then given by:

Instabilitiesare hypothesized to cause the ruptureof
l(t) = 2X (k,t)1'2 (1) the crustduringearly formation. The precise mode

of fracturehas not been stated. Most ceramics
where fracturein a brittle mode. UO2andMgAI_O_can
l(t) = crust thickness at time t, undergosome plastic deformationat elevated
X = crust growth rate constant, and temperaturesbecauseof the existenceof five
k, = thermal conductivityof the crust, independentslip systems. This plastic deformation,

which would make the materialsless susceptible to
The growth rateconstant, X, is found from rupture, is neglected here. It is assumed, then, that

ruptureis drivenby the tensile strain, e, createdin
C, (Tm - Tw) the crust when it is cooled from the meltingpoint toh exp (kz) err (X) -- (2)

L _ the water temperature:

where
6", = heat capacityof the solid material where ot is the coefficient of thermal expansion.
L = latentheat of fusion of the solid material, and The stress in the crust is given by:

o = E_ (:iv - T_) (6)

err (x) = error function of x = :2 i exp(yr)dY where E is the Young's modulus. The stress is
¢_" (3) easily compared to the tensile strengthof the

material, of, via the dimensionless parameter:

For this work, the average heat capacity is used. Ec_ (Tm - T) (7)r

c, = It̀ C,03dr/(T. - r9 (4) _:w Materials with larger values of this parameter are
presumablymore susceptibleto ruptureby the

From this analysis it appears that the quantity instabilitieshypothesized to occur during early
h_f(k,) for the simulant ought not be larger than that formation of the crust.
for core debris. Therrnophysicalproperties and
values of h,J(k,) for several candidate melt materials The above dimensionlessparameter does, of course
are shown in Table 2.4. Note that the material constitutea hypothesis on the mechanismof crust
properties in this table are for polycrystalline rupture. More detailed analysis of the potential
samples at temperatures near 373 K. Crusts rupture mechanisms does not seem warranted with
observed in past water quenching tests have, so little information on crust failure as is now
indeed, been polycrystalline. They have also been available.
quite porous. Porosity may well affect thermal
conductivity of the crust which would in turn affect Mechanical properties of various candidate melt
the growth of the crust. Crusts extracted from tests materials and values of the dimensionless parameter
done in the past seem, however, to have a thin are listed in Table 2.4. Again, the property values
surface layer that is relatively pore free. This thin, are for polycrystalline materials at temperatures
compact surface layer may be the portion of the near the boiling point of water. The values do not
crust subject to the hypothetical instability. The account for effects of porosity. Certainly, porosity
values of h_f(k,) shown in Table 2.4 are all quite ' would be expected to affect the Young's modulus of
similar for the oxide materials. The value for the material:
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CJ Table 2.4. Properties of candidate materials
t_

.... ,, ,

_o Material k, C, L T= k_/k, E a gr Ea_-373)/of
-..J

W/cm-K J/g-K J/g K cm/s tn G Pa K"l GPa -

Alumina 0.03 1.25 915 2327 0.153 414 9x104s 0.26 28
, ,i , , '"

Calcium 0.037 1.12 1080 2050 0.147 260 9x10 _ 0.124 32

aluminate I, ,, , ,. ,

Chromia (0.012) 0.91 853 2603 0.093 207 7.5x10 _ 0.093 37

Magnesium 0.02 1.36 1353 2408 0.114 262 7x 10_ 0.12 31
aluminate

Niobium oxide 0.012 0.70 737 2175 0.083 150 5x104 0.1 14

Silicon dioxide 0.01 I. 15 159 1996 0.130 72.4 0.5x10 "e 0.10 0.6
i

Titanium 0.021 0.94 838 2130 0.115 283 8.8x10 _ 0.103 42
oxide

Uranium 0.02 0.41 280 3120 0.141 124 10xl0 _ 0.117 29
oxide

,,, , , ,

Zirconium 0.018 0.62 706 2950 0.112 138 7.5x 10_ 0.14 19
oxide

Stainless steel 0.16 0.5 191 1650 0.378 193 17.2x10 e 0.34 12

"Thermochemical properties are from Barin et al. [1989],and Stull and Prophet [1971]. Mechanical and transport properties are from
Parker [1967], and the Metals and Ceramics Information Center [1981].
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E(p) = E(o) (1 - 1.9/) + 0.9p 2) (8) It is instructiveto considerthe patternofequilibriumsolidification for the melt chargeand
the melt contaminatedwith the condensedproducts

wherep is the porosity and E(o) is the Young's of concretedecomposition. Quenchingratesthat
modulusat zero porosity [Mackenzie, 1950]. No can be produced by waterare high enough that
accountof this porosity effect on the Young's conditions necessaryfor equilibriumsolidification
modulusis attemptedhere. It is evidentfrom are not likely to prevail in the WETCOR-I test.
Mackenzie'scorrelationthat the inherentporosity of But analyses of the equilibriumprocess does give
crustformedon melts exposed to waterdoes reduce some indicationof how the crust compositionmight
the stress createdby thermal strains, differ from the other limit of suddenlyfreezing the

melt.

Inspectionof parametricvalues in Table 2.4 shows
manytrendsamong the various candidatemelt
materials. Most strikingare differencesbetween Consider the idealized initialmelt of CaO and
values for ionic oxide and parametervalues for the AIOl.s, This composition is indicated in Figure 2.3
network-formingoxide SiO:. Quite clearly, pure by a triangular symbol on the CaO-AIOLsaxis of
SiO: would not be a suitable simulant for core the phase diagram. Cooling of this melt would,
debrisearly in the course of interactions with initially, yield CaAl_:Ot_. This productwould
concrete. Note that the network-formingnature of precipitate until the liquid temperaturereachedthe
SiO: is eliminatedwhen strong bases such as CaO peritectic between CaAlt:O_9and CaAI,O7at
are present in CaO/SiO: molar ratios greater than 2. 2048 K. With further cooling, both CaAlt:O19and
When the siliceous material is rich in a strong base, CaAI,O7would precipitate to form any crust.
it behaves like an ionic oxide.

Based on consideration of parameter values shown Table 2.5 Chemical composition of the charge
in Table 2.4, as well as consideration of material material
availability and regulations on disposal of toxic ....... ...............
wastes, calcium aluminatewas chosen as the Oxide ... Weight Percent

simulant for the WETCOR-1 test. A binary phase AI:O3 76.8
diagram for the AIOl.s- CaO system is shown in ...........
Figure 2.2. The charge mass used in the CaO 16.9, , .,

WETCOR-1 was 34.1 kg. The actual composition
of the charge material is shown in Table 2.5. As is SiO: 4.0 ....
common for bulk oxide materials, there is some Fe203 0.9
SiO: contaminationof the charge material. A ............
ternary phase diagram for the AIOts - CaO - SiO: MgO 0.5

• J I in..,i i

system is shown in Figure 2.3 [Morey, 1964]. Other 0.9
(Note that there are inconsistencies between the ............. .. .......
phase diagram for the CaO - AIOt.ssystem and the
phase diagramfor the AIOt._- CaO - SiOz
regardingthe stability of CasAl6Ot,. No attempt The evolution of the melt composition as concrete is
was made to resolve these inconsistencies since they incorporated into the melt is shown by a dashed line
do not affect conduct or analysis of the WETCOR-I and triangular symbols in Figure 2.3. For the
test.) As is discussed below, the presence of SiO: purposes of preparing this figure, the calcareous
in the initial chargeis not significant because the concrete used in the WETCOR-1 test was
erosion of concrete prior to addition of water in the approximatedto be a mixtureof AIOt.s,CaO, and
WETCOR-1test will also introduce SiO: into the SiO:. Open triangles along the dashed line indicate
melt. The amountof SiO2 is small enough that the the melt composition when there has been an
network-formingpropertiesof pure SiO2will not average erosion of the concrete base in the
affect crust formation. WETCOR-I test of 3 and 5 cm.
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Figure 2.3 Phase diagram for AIO_z- CaO - SiO_system [Morey, 1964]. Invariant points are
indicated by open circles. The initial melt composition in the WETCOR-I is indicated by
the filled symbols. Variations in the melt composition as concrete erosion progresses are
indicated by the dashed line. Melt compositions after an average concrete erosion of
3 cm and 5 cm are indicated by open symbols.
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Once more than about 1 cm of concrete has been If 5 cm of concrete erosion have taken place, the
eroded and incorporated into the melt, the melt will precipitate CaAl40, until temperatures
solidification pattern of the melt changes from that reach 1778 K and all three solids (CaAI4OT,
for the initial, ideal_ed AIOl_ - CaO melt. Upon CaAI20_.and gehienite) simultaneously precipitate.
cooling to the liquidus, CaAI_O7precipitates. The
onset of this solidification occurs at a temperature
100 to 150 K below the melting point of pure In both the case of 3 cm and 5 cm of concrete
CaAI407. This lower solidification temperature erosion, a fine-grained, multiphase solid rather
will, of course, alter the crust growth and fracture similar to the multiphase solid formed when
properties discussed above for selection of the melt uranium oxide-zirconium oxide melts are cooled
charge. The change is not enough, however, to will be produced. At least to within our current
make the melt an unsuitable simulant for the understanding of the crust formation process, the
phenomenological investigations pursued in the simulation of core debris adopted for the
WETCOR-1 test. WETCOR-1 test appears adequate for the

phenomenological objectives of the test.
If about 3 cm of concrete erosion has taken place,
precipitation of the CaAI,O7 will persist until the
composition of the increasingly silica-rich liquid The silica impurities in the bulk materials used for
reaches the phase boundary with Ca2AI2SiO7 the charge in the WETCOR-I test will affect the
(gehlenite). Once this phase boundary is reached, evolution of the melt composition during cooling.
both CaAI,O_and gehlenite will precipitate from the These effects are also shown in Figure 2.3. The
cooling liquid. The remaining liquid will evolve in silica impurities make no qualitative change in the
composition along the phase boundary until the equilibrium solidification pattern of the melt once
invariant point at 1778 K is encountered, about 3 cm of concrete have been eroded. For this
Temperatures will arrest at 1778 K, and Ca.Al,tOT, reason, water addition in the WETCOR-I test was
gehlenite and CaAI20, will crystallize from the delayed until about 3 cm of concrete had been
remaining liquid, eroded.
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3,0 Experimental Apparatus

The major components of the WETCOR-1 Two video cameras mounted behind heated, gas-
experimental apparatus are shown in Figure 3.1. purged view ports were used to record the events
These components are the sealed containment inside the containment chamber. One camera was
chamber, interaction crucible, induction sleeve focused across the top of the crucible to observe
susceptors, and induction coil. These items are steam, gas, aerosol and ejected debris. The other
described in the following sections. The remainder camera, located above the crucible, was focused
of the WETCOR-1 apparatus, including the water- into the cavity to observe the melt/concrete
tank, aerosol and gas-flow circuit, gravel filter and interaction, crust formation, and water behavior.
turbine blower are described in Section 4.0.

A transducer was mounted to the chamber to

3.1 Containment Chamber measure vessel pressure during the experiment. A
type-K thermocouple was installed in the chamber
to measure temperature. The chamber was fittedA large mild steel chamber was used in the
with a 30.5-era-diameter, spring-loaded pressure-WETCOR-1 experiment to ensure that nearly all the relief diaphragm calibrated to relieve pressure when

reaction products from the melt/concrete interaction the internal pressure reached 110 Kpa.
would pass through the instrumented exit-flow
piping. The internal dimensions of the chamber is Two 6.35-cm-diameter, water-cooled copper power2.74 m in diameter and 2.26 m high. Based on leads were connected to the base of the induction
these dimensions, the volume of the chamber is

coil. These buss bars were passed through a water-calculated to be 13.3 m3. The chamber had two
cooled 30.5-cm, ASME long weld neck flange port.

hinged access doors conforming to the shape of the No. 32 water-cooled flexible leads were used to
vessel. The doors were located approximately 90 connect the copper power leads to the inductiondegrees apart. The large door is 2.04 m wide and
2.03 m high. The small door is 0.84 m wide and power supply.

1.90 m high. The large door was secured using 21, The floor of the chamber was lined with a layer of3/8-16UNC hex-head bolts, and the small door was
secured by 18 bolts of the same type. 5 x 10 x 20-cm MgO bricks. This was done toprotect the floor of the chamber from melt attack by

molten material should the melt breach theAmbient air was drawn into the bottom of the
interaction crucible during the experiment.chamber through an instrumented flow duct bolted

to a 15-cm, ASME long weld neck flange attached 3.2 Interaction Crucibleto the chamber. The aluminum duct contained a
prefilter and HEPA filter to remove particulates.

The interaction crucible for WETCOR-1 was

Effluents produced from the melt/concrete constructed like those used in the SURC series of
interaction flow out of a 15-cm ASME flange port experiments [Copus et al., 1989]. The crucible was
located near the top of the chamber opposite the designed to limit concrete erosion to be in the
intake. This flange connected the chamber with a downward or axial direction. The materials used in
flow circuit instrumented to sample gases and the construction of the crucible have been discussed
aerosols. A gas port was installed in the top of the in Section 2.1 and 2.2. The crucible was of
chamber to sample gases resident in the chamber cylindrical geometry and is shown in Figure 2.1.
during the experiment. The annulus of the crucible was cast in one

monolithic section forming a thick-walled cylinder.
Water was delivered from the outside of the The overall dimensions of the crucible were 60-cm
chamber to the crucible using a 2-cm-diameter 304 outside diameter x 100-cm height with a 40-cm
stainless steel tubing in combination with 304 inside diameter. Cast into the bottom of the
stainless steel Swagelok fittings. Water exiting the crucible was an instrumented calcareous concrete
crucible flowed into a 2150-liter aluminum storage cylinder with a 40-cm diameter x 40-cm thickness.
tank.
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Experimental Apparatus

The annulus of the crucible was cast using reusable to be indicative of melt location. The tips of the
steel casting forms constructed in a clam shell therrnocouples in these arrays resided in a line
configuration. A detailed description of the casting parallel to the center axis of the crucible at radial
forms and fabrication procedures is presented distances of 0, 10 and 18 cm. The thermocouples
elsewhere [Copus et al., 1989]. in each array were spaced 1 cm apart from 0 cm

through 8 era, 2 cm apart from 8 cm through 20
cm, and 5 cm apart from 20 cm through 30 cm.

The outside diameter of the crucible was laminated The tips of the thermocouples designated C1

with three layers of grade-1000 fiberglass cloth and through C17 were located in depth at a radial
bonded using Shell 828 epoxy resin. This was done distance of 10 cm. The tips of thermocouples C18
to strengthen the crucible and minimize leakage through C34, and C35 through C51 were located at
from the cavity during the addition of water, radial distances of 0 cm and 18 era, respectively.

The locations of the thermocouples cast into the
concrete cylinder are tabulated in Table 3.2.

The annulus and concrete cylinder were
instrumented with 90 type-K thermocouples cast The sheath of each thermocouple was bent at an
into the crucible in 14 arrays. These arrays of angle of 90 degrees 10 sheath diameters from the

type-K thermocouples were used to obtain tip. This was done to minimize the error caused by
temperature data needed to estimate heat fluxes into heat conduction down the metal sheath. Installation
the magnesium oxide walls. Figure 3.2 shows the of a typical concrete thermocouple array is shown
relative thermocouple locations and the various in Figure 3.4.
arrays cast into the crucible. The figure also shows
the nomenclature used to describe the locations of Two 4-hole alumina protection tubes were cast into
the thermocouples in cylindrical coordinates, the concrete cylinder parallel to the axial centerline,
specifically, r, 0, z and t. 120 degrees apart at a radial distance of 14 era.

Installed in each tube were 3 type-C thermocouples
located at various depths from the surface of the

Thermocouples used to monitor sidewall concrete. Figure 3.4 shows the installation of a
temperatures in the cast MgO outer annulus of the typical alumina protection tube cast into the
crucible were installed into precast MgO tastable concrete with the type-C thermocouples. These
cylinders. These cylinders, shown in Figure 3.3, thermocouples were used to measure melt
were attached to the casting form prior to casting temperature. Their locations are tabulated in
the annulus. The ends of the cylinders conformed Table 3.3.
to the curvature of the annulus of the casting forms.
The cylinders were bolted to the inside diameter of Four alumina-tube feed-throughs were cast into the
the outer steel crucible form by threading a wire- concrete cylinder. These provided a path through
wound tungsten bolt into a small wire-wound which two type-C thermocouples were placed
tungsten nut cast into the cylinders. This method terminating in an argon-purged tungsten
for installation of sidewall thermocouples accurately thermowell. These assemblies were located at

positioned the thermocouples, which is critical for different elevations and radial positions in the oxide
making heat flux calculations. The thermocouple charge to measure temperature. Specific locations
tips were oriented in a horizontal plane parallel to for these thermocouples are presented in Table 3.4.
the base of the crucible and perpendicular to the
propagating thermal front. The specific locations of 3.3 Annular Sleeve Induction
the sidewalls thermocouples are tabulated in SusceptorsTable 3.1.

Fifty-one thermocouples were cast into the concrete The debris for the WETCOR-1 experiment was
in three arrays. These thermocouples indicated the heated and sustained using thick-walled annular
thermal response of the concrete to melt attack; tungsten sleeves as shown in Figure 3.5. Three
temperatures in excess of about 1650°C were taken annular tungsten sleeves were placed on a 1.3-cm-
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Figure 3.2 Relative thermocouple locations,WETCOR-1 crucible
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Figure 3.3 Thermocouple array installation, MgO annulus
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ExperimentalApparatus

Table 3.1 Location of thermocouples cast within the MgO tastable
sidewall, WETCOR-I (See Figure 3.2) (Concluded)

....... " ULUI_ ]Jl 7 It I II II II _:_/_ i .... , ............. lUl i £

Array Thermocouple t # z
No. No. (¢m) (degrees) (era)

& ii i1,11 ,, ,11111 l] I I , ,, i I I IIq' iil1,, 1' i i, iiiii

10 M33 0.5 0 + 35
M34 1.5 0 + 35
M35 2.5 0 + 35

,,i, , L t , , _ u ,, ,, ,, , ,,

II M36 0.5 0 +50
M37 1.5 0 +50
M38 2.5 0 +50
M39 9.0 0 +50

£ _zk __ - ................ _ :7i , ,, Ill u ,, _,!l,l, I111
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Table 3.2 Location of thermocouples cast within the concrete
cylinder, WETCOR-1 (see Figure 3.2), (Concluded)

i ii iii i i i

r 0 -g

Thermo_uple No. (era) (degrees) (on)

C27 0 0 10.0

C28 0 0 12.0
I I I II I I I I I ill I II IIIlll I IIIl_ I I

C29 0 0 14.0
liJlI i II ........................

C30 0 0 16.0
...... il iH II I iilll L i II H I I i ii. .........

C31 0 0 18.0

C32 0 0 20.0
III I .......................

C33 0 0 25.0
I I II I ....

C34 0 0 30.0
I I I III I I ]1 IIII _1 I I II I I Illl I 1 IHI II I I

C35 18 180 0.0

C36 18 180 1.0
, i , , ,,.,, , ,,,

C37 18 180 2.0
, ,, .., , ,,,, H, H, i ,i,,, .... ,,,

C38 18 180 3.0
It II t II I II IJ lilt I i It

C39 18 180 4.0

C40 18 180 5.0
,, ,i ,, , J JJ ,. • ,,

C41 18 180 6.0
, ,,r.. ,, .

C42 18 180 7.0
i i i l llJ lull J

C43 18 180 8.0
.......................

C44 18 180 10.0
i, i i

C45 18 180 12.0
ill i ,,,_ i ii ii

C46 18 180 14..0
.,,m, ii. ,, H j i i i i i,m,i

C47 18 180 16.0
! Lit I,, ,, ,., , ,

C48 18 180 18.0

C49 18 ]80 20.0
,, i,, H H,|I , i , i ,

C50 18 180 25.0

C51 18 180 30.0
. I I IIIIInkl I I II I Illlll I ; II! I I IlII I IIIll I
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Figure 3.4 Typical thermocouple array cast into the concrete
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Table 3.3 Locationof thermoeouplesinstalledin thealuminaproteetlontubes
and eastintothe concretecylinder,WETCOR-I (SeeFigure 3.2)

.....
iii k L II ]1lilll L L ._. iii illi ii iJiJ i

Tube Thermoeouple r # -z
No. No. (¢m) (_) (an)

i

TI TICI7 14 90 0
TICI9 14 90 4
TIC21 14 90 8

i ,, , i,, ,,1,,,1, i ilurlml|l m , , I I - i 1,111[[iiiiiiiiii iiiiiii

T2 T2C18 14 330 2
T2C20 i4 330 6
T2C22 14 330 I0

....

Table 3.4. Location of Type C thermocouplm installed in tungsten
thermowells and positioned In the oxide charge

ii i u| UlUl i uull i i

Tungsten r O + z
Protection Tube (an) (degrees) (cm)

I'rill'Ill I I I]111I I '"'""11t

1 2 270 8 i
2 270 12

J ,.HI _l i : ....

2 6 30 4
6 30 8

, m.u.,u,H u, i. i - ii

3 10 150 2
10 150 6

i i i i i|, i

4 14 210 6
14 210 I0

ii i iu ,,, ,,,i,li
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ExperimentalApparatus

thick zirconia board andwere installedon the 3.4 Induction Coil
concrete basemat. The sleeves were stacked on top

of each other. The sleeves were 35.6-cm-O.D. x The inductioncoil used in the WETCOR-I
33.0-cm-l.D.x 5 cm high. The charge materialwas experimentwas designed andbuilt by Inductotherm
also placed inside the stackedsleeve assembly as Corporation. The coil was fabricatedwith
shown in Figure 3,5. MgO castabl_.was mixed and 3.8-cm-O.D. coppertubinghaving twentyturns
placed between the outside diameterof the sleeve with a pitchof 4.2 cm. The coil was supportedby
assembly andcrucible cavity. A layer of castable six equally-spacedTransitecolumns
magnesiumoxide was also placed over the top of 7.5 cmx 5.5 cm x 100 cm long attachedto the
the tungstensleeves. This heating configuration outside of the coil. Afterthe coil was placed
was designed to eliminate the cold sidewalls that aroundthe crucibleand centered inside the
have been thought to stabilize crustformationwhen containmentchamber,Fiberfraxinsulationwas
water is admittedto a high temperaturemelt packed in the gaps in the coil. Fine MgO powder
interactingwith concrete in a small diametertest was then placed betweenthe crucibleand coil.
fixture. Type-K thermocouples were installed This was done to providea barrierto containany
between the sleeves to monitorsusceptor melt that might escape the crucible and to protect
temperatures. Type-C thermocoupleswere installed the coil from contactwith molten debris should the
in the MgO castable near the tungstensleeves inside cruciblebe breached.
aluminaprotectiontubes. These thermocouples
were used to monitorsusceptor temperaturesand to
infer radial heat flux adjacentto the sleeves.
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4.0 Instrumentation and Calibration

The instrumentationemployed in the WETCOR-I locationwas in the main flow circuit at the sample
test is displayed schematicallyin Figure 4.1. The portjust above the aerosol sample nozzle. The
instrumentationand the calibrationof the other location was near the grab sample and gas
instrumentationare described in the following analysis instrumentation.
subsections.

A gas diaphragm-typevacuum pump pulled the gas
4.1 Thermocouple Instrumentation sample from one of the three sample ports into a

single line where the gas could be sampled by a

A description of the location and orientationof grabsamplerandthe CO/CO2monitor. A Dwyer
thermocouplescast into the interactioncruciblewas 0-10 standardcubic-foot-per-minuteair rotameter
presentedin Section 3.2 of this report, in addition, anda dial indicatorvacuum/pressuregauge were
four type K thermocoupleswere suspendedabove used to monitorgas flow and pressure. These were
the charge to recordthe temperatureof the water viewed remotely with a video camera.
pool that formed over the melt. Other

The gas analysis instrumentationwas calibratedthermocoupleswere used in conjunctionwith other
measurementsas described in subsectionsbelow, priorto the experiment. The calibrationprocedures

are presentedin previous test descriptions[Copus et

4.2 Gas Analysis Instrumentation al., 1989].

4.2.1 Gas Grab Samples
Gas composition analysis for the WETCOR-1

experimentwas performed using two techniques: The grabsample system consisted of seven 150-cm3
grabsamples and an InfraredIndustriesSeries 700 stainless steel sample boules each equippedwith
C0/CO2 Detector. A schematiclayout of the isolationvalves and an electrically operatedsolenoid
WETCOR-Igas composition samplingapparatusis valve. Eachboule was connected to a manifold
includedin Figure 4.2. The CO/CO2detector from the 6.4-mm-O.D. stainless steel sample line
yielded real-timedata which were viewed during with a dead volume of 10 cm3. The sample bottles
the test and stored on computerdisks. The grab were evacuatedto a pressure of 100 tort just prior
samples were stored and analyzed afterthe test to the test. The solenoid valves were actuated
using both gas chromatographyandmass remotelyfrom the control room.
spectrometry.

Grabsamples were analyzed by BattellePacific
Gases could be drawnfrom one of three selected NorthwestLaboratories. The analysis was
sampleports located on the experimentapparatus, performedon a quantitative gas mass spectrometer
The sampleports were located on the containment in accordancewith PNL-MA 597 procedure7-
chamber, in the flow circuitjust above the aerosol 14.18. The precision and accuracyof the analyses
sample nozzle for the filters andimpactors,and are between 1% and 2%.
downstreamfrom the exit of the gravel filter.
Sample transport lines to the gas analysis 4,2,2 Infrared CO/COs Monitor
instrumentationwere 6.4 mm O.D. stainless steel

tubing andfittings, with Nupro plugvalves. Each The C0/CO2 monitor was located in a shielded
line, approximately9.5 m in length, was fit with an computerroom where it provided real-timeanalysis
electrically actuated solenoid valve to control the of the volume percent of CO and COs gas species
locationfrom which the gas sample was taken. The in the system. It was connected to the maingas
containmentchamberand gas sample lines were sample line using a 6.4 rnmstainless steel tube and
both equippedwith a stainless steel particulate Swagelok fittings. The monitor used infrared
filter. These filters were located 1.5 m and4.5 m absorptionand was Infrared IndustriesModel 702
respectively, from the sample port. and 703 detectors. The carbon monoxide was

analyzed on a range of 0-50% and carbon dioxide
Type-Kthermocoupleswere used to monitorsample on a rangeof 0-20%. The detectorsprovided a 0-
gas temperaturesin two differentlocations. One
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Instrumentation

5-volt, full-scale output to the data acquisition Installed 1 m downstream from the inlet of the
system. Response time is 5 seconds for 90% of aluminum tube was an insertable turbine air velocity
full-scale with a sensitivity of + 2%. meter manufactured by EG&G Flow Technology

Inc. This device measured the inlet flow to the test
4.2.3 Procedures fixture. The velocity limits of the meter were 0.2 -

15 m/seconds. The full-scale linearity was + 1.5%

Gas flow through the sample line was established and repeatability + 0.25%.
several minutes before the start of the test using the
diaphragm pump. The flow was manually regulated Exhaust gases flowed from the containment
to provide 2 actual liters per minute (alpm) from chamber through a 15.2-cm ASME flange into the
the main sample line as indicated by the Dwyer exit-flow circuit. Bolted to the ASME flange on the
rotameter and Sierra mass flow meter. The containment chamber was an adapter reducing the
sampling line flow was continuously monitored by a 15.2-cm ASME flange to 10.2 cm stainless steel
video camera focused on the rotameter. When a tubing. Several lengths of tubing with conflat
grab sample was taken, a transient was produced in flanges connected the containment chamber with the
the flow system that caused a sharp rise in the gravel filter. The tubing was configured with
signal from the rotameter. Restoration of the adapters and fittings for mounting aerosol
original flow, indicated by the rotameter, showed photometers, gas sample ports, and aerosol
that a grab sample of gas had been obtained, sampling nozzles.
Sample times were recorded manually by the

operator. The flow line from the containment chamber was

The CO/CO: monitor was warmed up for at least connected to a gravel filter to remove particulates
30 minutes prior to the experiment. The readings from the exhaust gas stream before entering flow-
on the front panel were checked to make sure they measuring devices installed downstream of the
corresponded to the values displayed on the data filter. The gravel filter (Figure 4.3) was
acquisition system, constructed of 304 stainless steel and contained five

sections. The filter was 2.1 m high, had a 45.7 cm
4.3 Gas Flow Instrumentation O.D. with a 0.6-cm wall. The upper and lower

sections of the filter were 45.7 cm in height with a

The flow system in the WETCOR-1 experiment 10.2-cm stainless lap-joint flange welded at one
end. A 10.2-cm-O.D., 15.2-cm long stainless steelconsisted of a series of piping and tubing with a tube with one end fitted with a rotatable conflat

gravel filter and turbine blower instrumented with a
variety of devices for measuring gas flow rates (see flange was welded to the upper and lower sections
Figure 4.1). of the gravel filter directly opposite the lap-joint

flange. The center sections of the filter were 30.5
cm high with a 45.7 cm O.D. The top section of

Ambient air was drawn into the containment the filter contained approximately 45 kg of river
chamber through a 1.5-m long, 10.2-cm diameter stone measuring between 5 and 10 cm nominal
aluminum tube. This duct was bolted to the diameter. The second section contained
15.2-cm ASME flange port welded to the 13.2 m3 approximately 22.7 kg of 1.9-cm alumina spheres.
containment vessel with a steel reducer. Bolted to The third section contained approximately 45.4 kg
the upstream end of the air intake was a Donaldson of 1.3-cm-diameter solid alumina spheres. The
prefilter and HEPA filter. The prefilter is rated at fourth section contained approximately 45.4 kg of
1980 standard liters per minute (slpm) with a 0.6-cm-diameter solid spheres. The fifth section
pressure drop of 1.0 cm of water and the HEPA contained approximately 45.4 kg of 0.5-mm-
filter is rated at 1130 slpm with a pressure drop of diameter fused silica particles.
2.3 cm of water. The HEPA filter is certified to be
at least 99.97% efficient filtering particles greater A Spencer single-stage turbine blower was installed
than 0.3 microns in diameter, downstream of the gravel filter to draw ambient air

into the containment chamber and flow system.
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Figure 4.3. Schematic of modular gravel filter
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The blower was capable of delivering 14155 slpm 4.4 Aerosol Instrumentation
of 25 C air with a pressure drop of 69 cm of water
when the discharge pressure was 100 KPa. A It has been well establishedthathigh-temperature
lO.2-cm butterflyvalve was installed at the blower melt interactionswith concreteproduceaerosols.
exhaust to regulate the flow-rate of air through the Aerosol productionduring the interactionof molten
system, core debris with concrete could be an important

source of radioactivematerials to the reactor
containment during a severe accident. There is,

A Donaldson cylindrical prefilter in series with a then, great interest in how water pools overlying
HEPA filter was installed between the gravel filter melts interactingwith concrete might attenuate the
and blower. These filters were designed to remove aerosol production [Powersand Sprung, 19921.
particulate matter as small as 0.3 microns that Though the primarypurpose of the WETCOR-1test
mightpass through the gravel filter and foul the was to study the issues of crust stability, the test
blowerlaminar-flow element or turbine meter was also instrumentedto monitoraerosol
located downstream. These were the same types of production. This instrumentation is shown
filters used on the air intake described above, schematically in Figure 4.4. The instrumentation

was essentially the same as that used in previous
tests lCopus et al., 19891. The main components of
the aerosol instrumentation were (I) sample

Bolted to the butterfly valve was a 1.2-m length of extraction and dilution components, (2) aerosol
aluminum tubing with an I.D. of 7.5 cm. Bolted to filter samplers, (3) cascade impactors, (4) a cascade
the end of this pipe section was a Mariam laminar- cyclone, and (3) an opacity meter. These
flow element. This device was capable of components are described in the subsections below.
measuringflow rates to 2550 slpm with a pressure
drop of 23 cm of water. A Setra 0-to-38. l-cm 4.4.1 Sample Extraction and Dilution
water differential-pressuretransducer and Dwyer 0-
to-76.E-cm water Magnehelic gauge were connected Aerosols were sampled from the exhaust line from
in parallel to measure flow pressure, the containment chamber. The sample for the

cascade cyclone was drawn through a 1.27 cm
stainless steel gooseneck probe. Samples drawn
through this probe passed into tJ+ecascade cyclone

Bolted to the exit of the flow element was a 7.62- without dilution.
to-5.08-cm ASME reducer. Bolted to the reducer
was a 1.5-m length of 5.08-cm black pipe Aerosol samples for the filter samples and cascade
terminatedwith a turbine flow meter to provide a impactors were obtained from a common inlet.
redundantmeasure of gas flow from the test fixture. This inlet was a stainless steel gooseneck probe
The turbineflow meter is capable of measuring with a 6.4 mm opening. The inlet opening was
flow rates to 6372 liters per minute (lpm). A type- selected so that gas velocities through the inlet were
K thermocouplewas installed in the flow pipe just nearly the same as gas velocities in the exhaust pipe
upstream of the orifice to measure the temperature and the aerosol sampling was essentially isokinetic.
of the exhaust gases.

Samples drawn for the filters and the cascade
impactors were diluted with air to meet the
requirementsof the sampling devices. A single

After the experiment setup was completed for the stage of dilution was done for the filter samplers.
WETCOR-1experiment, an in situ calibration was Two dilutions were done for the impactors.
performed with the turbine blower drawing air
through the flow system. This was done to validate A diluter consisted of a 6.4 cm O.D. aluminum
the laboratorycalibrations, to evaluate the outer tube 15 cm long and a 1.9 cm I.D. sintered
performance of Uaeflow system, and to determine stainless steel inner tube. Dry dilution gas was fed
the system flow pressure as a function of flow rate. to the annulus between the two tubes. The mass
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Figure 4.4. Schematic of the aerosol instrumentation
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flowofthisgaswascontrolledbya calibrated AndersonMK-IIIcascadeimpactorInertially
criticalorlface.A straingaugepressuretransducer classifiesaerosolparticlesintoninesizebins.This
(Kulite)wasusedtomonitorthisflow. inertialclassificationwasaccomplishedby

acceleratingtheparticlesthroughsuccessively
CalculationdonewiththeASTEC computercode smallerholes(andhighervelocityjets)inastackof
[YamanoandBrockmann,1989]indicatedthatthe orificeplates.Underthejetsofeachplatewasa
aerosolsamplingsystemwouldpassparticlesless glassfibercollectionsubstrate.Particleswere
than5timinsizetosamplerswithgreaterthan90% collectedbyimpactiononthesubstrate.Those
efficiency.Samplingefficiencywascalculatedto smallenoughtofollowthegasstreaminonestage
degradetoabout50% for10_maerosolparticles, passontothesubsequentorificeplatesorstages

wheretheycouldbecollected.The impactorwas
4.4.2 Filters 8.2 cm in diameter, 18 cm in length, and was

constructedof stainless steel. A preseparatoron

Eachfilter sampleprovided a collected mass of each impactorremoved particles larger than 10_m.
aerosol with an aerodynamicequivalent particle Each impactorcontainedeight collection plates and
diameter less than 10 to 15 micrometers. Filter a backupfilter. On each stage a glass fiber
banks were'plumbed to a single criticalorifice substratewas installed. Substratesand the backup
giving a nominal filter sample flow rateof 10 Ipm. filterwere desiccatedand assembled in a manner
The filter banks consisted of 22 Gelmanin-line similarto thatused for the filters (see section
stainless-steel filter holders. These 5.9-cm- 4.4.2).
diameter, 5.7-cm-long stainless-steel filter holders
(Gelmancatalog number220) were designed for 4.4,4 Cascade Cyclone
pressure applicationsof up to 1.4 MPa. The filter
holdersu,_ed47-mm-diametersilver membrane The cascade cyclone was manufacturedby Sierra.
filtrationm,-dia(Hytex filter, 0.45 micron Silver This device inertially classified aerosol particlesand
Membrane). These filters were chosen because yielded a massdistributionwith respect to
they are better suited for higher temperature aerodynamicequivalentparticlediameter. The
applicationsandfor posttestchemical analysis. The classificationwas performedby flowing the aerosol
effective filtrationarea was 9.67 cm"_for each filter samplethrough a succession of six cyclones. The
sample. The filters were connected to the Leybold- flow was introducedtangentially into the circular
Heraeusquick-disconnectfittingsand installed bodyof the cyclone where the circulatingswirling
between the first and second stage of dilutionon the flow caused largerparticles to move by centrifugal
impactor assembly. The filter-samplesection was force to the walls where they could be collected.
wrappedwith silicone-coated heatertapes and Typically, several hundredmilligrams of sample
covered with aluminum-backedfiberglass insulation were collected on each stage. The cascade cyclone
to prevent watercondensation. The heater tapes was operated long enough (10 minutes) to collect
were controlledby the 120 VAC variable enoughsize-segregated materialto obtain a size-
transformer. Type-K thermocouples were used to segregated bulkanalysis of the aerosol composition.
monitorfilter banktemperatures.

The assembledcascade cyclone was 12.7 cm in
Filters were desiccated for two days prior to diameterand60 cm long. The cyclone aerosol
weighing and installation. Post test the filters were sample was drawn througha 12._55-mm-l.D.
again weighed on a calibratedbalance stainlesssteel gooseneck nozzle (Anderson) located
(+0.0002 grams) coaxially in the center of the exhaust line. The

cyclone was operatednominally at 25 alpm.
4.4,3 Cascade Impactors

4.4.5 Opacity Meter

The AndersonMK-IIICascade Impactorsused in
the test were aerosol particle samplingdevices Two DynatronOpacity Monitorswere installed in
which yielded aerosol mass concentration as a the exhaust line. Opacity Monitor #1 was installed
function of aerodynamicparticle size. An 12.7 cm upstream of the aerosol sampling nozzle.
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OpacityMonitor#2 wasinstalledapproximately in water, The flow rateof thecoolantflowing
40 cmdownstreamof the containmentvessel, throughthe coilandpowersupply(separate
Quartzwindowsisolatedthelightsourceand circuits)wasmeasuredusinga 3.8-cm(1.5 NPT)
photodetectorfrom the aerosol flow. A sheathgas turbineflow meter inst_lled in the flow line of each
injectionsystem was used to keep the windows circuit. The flow meter was manufacturedby
from becoming coveredwith deposited aerosol. Signet Scientific. The flow meter was connectedto

a separatepower supplyand signal conditionerto
The sheathgas (dry air) flow ratewas maintainedat produce a voltage output equivalentto a calibrated
approximately6 alpm withtwocriticalorificesfor flow rate.
eachopacitymonitoroperatingat approximately3
atmospheresupstreampressure.The combined The differentialtemperatureacrossthe waterinlet
flow ratefor bothopacitymonitorswas20 alpm. andexitof powersupplywasmeasuredusingtwo
The opacitymeasuredthe extinctionof lightacross OmegaON-970 (33K-44Kohm range)thermistors
a streamof flowingparticulates,Calibrationof the arrangedin a halfbridgecircuit. The differential
monitorwasperformedbycorrelationof the temperatureacrossthe coilwasmeasuredusinga
monitoroutputwith thefiltermeasurementof differentialtemperaturetransducermanufacturedby
aerosolmassconcentration. Delta-T Co.

4.$ Induction Power Instrumentation 4.6 Water Flow and Inventory
Instrumentation

The tungsten sleeve susceptorswere heated using an

Inductotherm250 kW, 1 kHz inductionpower At a prescribed time during the experiment(529
supply. Power was appliedto the coil from a minutes), water was injectedinto the crucible cavity
remotecontrol panel located in the control room. and on top of the moltencharge. A schematicof
Power was delivered from the power supply to the the water flow control and collection system was
coil usingtwopairsof No. 32 high-current,water- shownin Figure3.1. Ambienttemperaturewater
cooledflexibleleads. The leadswereconfiguredin wasdeliveredto thecrucibleusing1.9-cm-O.D.
a 4-leadarrangement.During the meltingprocess, stainlesssteeltubing. A verticallengthof tubing
the inductionpowersupplyautomaticallycontrolled enteredthe cruciblecavityfrom above. Thetube
voltageand frequencyto maintainthe selected wasterminatedby a 1.9-cmstainlesssteelSwagelok
power. Maximumefficiencywasmaintained crossanda Swagelokteehavingthe sametube
throughoutthe experimentwithoutswitching dimensions.Thedeliverytube waslocatedadjacent
capacitorsor voltagetaps. The powerto thecoil to the cavitysidewall,andthe teeterminatingthe
wasmeasuredusingapowertransducer deliverytuberesideda few centimetersabovethe
manufacturedby ResearchIncorporated.This charge. Thisconfigurationprovidedfour horizontal
deviceconvertedthe currentandvoltagemeasured outletsfor dischargingwaterinto the cavity. The
nearthe coiljustoutsidethe containmentchamber crossandtee werewrappedwith stainlesssteel
intoa voltageequivalentto power. A water-cooled wool to reducethe heatingof the fittingsandto
currenttransformer(Rogowskicoil)manufactured preventpluggingof the outletsby meltsplashingup
by Ameconwasplacedaroundonepairof the from the moltenpoolduringthe earlyphaseof the
flexibleleads. Thetransformerratiowas5:10,000. experiment.
A 3-ohmresistorwasplacedacrossthe outputleads
of the transformerto convertthecurrentto a The flow rateof waterwascontrolledusinga
voltageinputfor the powertransducer, Jamesbury,remotelyuctuated,1.9-cm(3/4 NPT)

ball valve. The electricmotoractuatorcould
In orderto conductaposttestpowerbalanceand providea full 90-degreerotationof the bali in
monitorthe operationalparametersof the power approximately10 seconds.Installedupstreamof
supply,the flow rateanddifferentia]temperatureof the ball valvewasa Signetturbineflow meter,
thecoolingfluid in the coilandpowersupplywere installedwith a high-frequencypulsarand
measuredduringthe experiment,The coolingfluid connectedto a rateof flow transmitter. Thismeter
wasan8 weightpercentmixtureof ethyleneglycol wascapableof measuringwaterflow ratesup to 75
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Ipm with an accuracyof 1.5%. This meter was 4.7 Video Monitoring Instrumentation
laboratorycalibratedpriorto the test.

Three video cameras were used to obtain visual,
Cast into the annulusof the cruciblewas an alumina real-time records of the test. One camerawas
tube used to channelwaterfrom the crucible to exit focused on the apparatusprovidingan overview of
flow piping. The tube was 6.3 cm O.D.x 46 cm any events happeningexternal to the containment
long. A series of 5. i-cm (2 NIT) galvanized pipe vessel. Two video camera-s,each with a variable
and associatedfittings were used to connect the tube iris and zoom control, were mountedto the outside
with a 2150-liter aluminumwaterstorage tank of the containmentvessel. These cameraswere
(Figure3.1). The exit-flow pipingcontained a 5. I- focused on the interactioncrucible througha 15-cm,
cm (2 NPT) diameter45.7-cm deep sump in series gas-purgedglass port. One camera, which was
with a reservoirhaving the same diameter but with mountedto the top of the vessel, was focused
a depthof 30.5 cm. The sump was installedto directly into the crucible cavity to record
remove debrisand particulatesfrom the exit water core/concrete/water interactionphenomena. Theflow stream. The reservoirwas installedto

other camerawas mounted on the large chambermaintaina volume of exit water fromwhich access door and focused at an elevationto view the
samples could be taken, top of the crucible. This camera capturedimages

of the atmosphereinside the containmentvessel.
The differentialtemperaturebetween the inlet and All the cameras were connected to VHS recorders,
exit waterwas measuredusing Omega ON-970- color monitors, and time generators. The time
44008 thermistorprobes configured in a half bridge generators provided a time image visible on the
circuit. Type-K thermocoupleswere installedin
parallel with the thermistorprobesas a backup for screen for documenting events.
temperaturecomparisons. The thermistor bridge

was calibratedpriorto the experimentas were the 4,8 Data Acquisition Systemthermocouples.

The 2150-liter watercollection tankwas The Hewlett Packard1000 dataacquisitionsystem
instrumentedto measurethe volume of waterin the recorded data from 165 channelsevery i5 seconds
tank. This was accomplishedusing a scheme to for the first 176.5 minutesof the experimentand
measure the pressurehead exertedby the water every 5 sec thereafter. Two-hundredand ten
column forming in the tank. A 0.64-cm-O.D. channels of data may be acquiredduring an
stainless steel tube was installed in the cover of the experiment. Of the 210 channels, 150 are for
tank and positionedapproximatelyI nun above the type-K thermocouples, 20 are for either type-S or
bottom of the tank. A Swagelok stainless steel type-C thermocouples, and the remaining40 are
cross was mountedto the end of the tube protruding DC voltage channels. A patchpanel routesall the
through the cover. One outletof the cross was analog data channels from the test locationto the
connectedto a Setradifferentialpressuretransducer Hewlett-Packard Model 2250 measurementand
having a range of 0-35 kPa. The other outlet was control unit. This unit houses an analog-to-digital
connected to a Dwyer differentialpressure converter capable of multiplexing 216 data
transducer having a range of 0-18 kPa. This channels. The voltage range of the data acquisition
transducerprovided a backup to the Setra. An unit was +_10 volts DC with a programmable gain
argon gas bottle was connectedto the third outlet of to increase sensitivity if the expected voltages were
the cross to provide the back pressureto the water small (millivolts). A Hewlett-Packard Model 1000
column. The flow of gas was controlled using a series A-600 mini-computerwas used to control all
low-pressure regulatorand needle valve. The remote devices and manipulate the data received
regulator was adjusted to provide a back pressureof from the Measurement and Control Unit. Data
approximately70 kPa, and the needle valve was set were stored on a Hewlett-Packard Model 7946, 15
to provide a gas-flow equivalent to form one bubble megabyte hard disk. A Hewlett-Packard Model
per second through the water column that formed in 2623 terminal was used to command the
the stainless-steel tube installed in the water tank. microcomputer during the test and to display real-
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time data in a tabular format as data acquisition The measurementaccuracyof the 14-bitanalog-to-
progresses,A desk'topterminal (Hewlett-Packard digital converterwas 1.56 microvoltsin the most
Model 9836) was usedto display real-time data in sensitiverange,and 1.25 millivolts at the highest
both the graphical and numericformat. The range (-10 to + 10 volts). With the appropriate
terminal provided the capabilityof selectingfive range setting, the resolutionfor a type-K
individualgraphsof eight channelseachduring the thermocoupleis :t: I°C, and for type-S or type-C
test. This terminal could also be used to provide therrnocoupies,the resolutionis :1:1.I°C.
interruptcontrolover the mini-computerduring the
experiment. A Hewlett-Packard Model 9872 four Prior to the experiment,both the analog-to-digital
color plotterand Series33449A LaserJetIII laser converter andreal-time clock on the computerwere
printer were used for posttestdata plotting. Data calibrated.
were transferredto magneticstreamingtape, high-
density5.25-in or 3,5-in floppy disks.
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5.0 Test Procedures and est Observations

The power calibration, operational procedures, table susceptor radiatesto the air duringthe heatupphase
of criticalevents and peatiest observationsin the of the test andis exposed directlyto the water pool
WETCOR-1test are presented in this section, A once water was admitted. This estimation Is
summaryof the majoroperationsand events of the discussed furtherin section6.1.2. The discussions
test is shown in Table 5.1. below of the events of thetestsare keyed to the

power suppliedto the buss bars. The heating
Power Calibration approach followed a proceduredeterminedfrom

pretestcalculations. Power was increasedto 100

Power calibrationtests were performedto determine KW at 215.5 minutes. The power supply was
the coupling efficiency andoverall losses of the turnedoff at 262.5 minutes, 345.5 minutes, and
tungsten sleeve susceptor geometry. Calibration 434.5 minutes to soak the charge, minimizingthethermal gradientfrom the perimeterto the center.
tests were conductedwith the power supply The onset of concrete erosion at the perimeterof
operatingat 100 and 150 KW. The results are the charge began at 466.5 minutes. Erosionof
presentedin AppendixA. The net coupling concretewas detected at the mid-radius
efficiency determined from these tests was
14 :/: 0.5% of the buss power. Coupling thermocouplearrayat 475.7 minutes.
efficiencies were found to be within I KW in the
calibrationtests at different buss bar powers. At 519.5 minutes the oxide chargebecamecompletelymolten, forminga gas-sparged pool.

Two minutes later, a floating crust_;_mpletely
S.2 Operational Procedures covered the melt surface. The video data showed

solid islands float on the surfaceof the melt. The
On the day of the experiment, afterfinal calibration islandswelded togetherto form a single Porous,
andpretest checkoutswere performed, the data floating crust by episodiceruptions of liquid melt
acquisitionstartedrecording 163 data channelsplus throughgaps in the plates of crust. The sampling
time. Data was acquiredfrom 133 thermocouple period of the dataacquisitionsystem was reduced
channelsand 30 voltage channels. The initial from 60 to 5 seconds duringthe period. The power
sample rate was set at l/minute. About 15 minutes was increasedto 200 KW at 522.4 minutes. Six
later, voltage was applied to a 3 KW Calrod heater minuteslater (528.3 minutes) the crust remelted and
imbeddedin the charge. The Calrod, 1.6 cm collapsed into the molten pool.
diameter and 122 cm long, was formed into a coil
geometry with three turns havingoverall
dimensions of 11.8 cm O.D. and 10.2 cm high. At 529.0 minutesthe waterquenchwas initiated
The Calrod was used to assist in heating the center with an inlet temperatureof 295 K. At the timeof
of the charge material due to the low conductivity wateraddition, the meltwas vigorously agitatedand
of the material. The Calrod heaterfailed at 339.5 the meltpool temperatureaveraged 1853 K. Arrays
minuteswhen the average charge temperaturewas of thermocouplesembedded in the concrete
798 K. indicatedthat an averageof 3 cm of concrete had

been eroded. A constantflow rateof 57 Ipm was
The inductionPower supply was startedat 184.5 maintainedfor the next 28 minutes sustaininga
minutes applying51 KW to the inductioncoil. The subcooled waterpool. Following wateraddition,
power history is presented in Figure 5. i. The expulsionof molten materialintothe water
Power supply operationaldata are shown in continued for approximately 1.5 minutes. No
AppendixB. The Power history shown in Figure energeticmelt/coolantinteractionswere observed.
5.1 is a plot of power supplied to the buss barsof Duringthis melt/coolant periodthe Power supply
the apparatusas a function of time. Also shown is operatedat 200 KW. At 554.9 minutes,a
the power suppliedto the susceptorsassuming a pressurizedrelease of meltwas observed at the side
14% coupling efficiency as determined in the of the crucible with the overheadvideo camera.
calibrationtests described in AppendixA. The power supply was shut off. At 557.0 minutes
Estimationof the Power deposited in the melt is the waterwas turned off to observe the heating of
complicatedby the fact that the uppermost the waterpool above the melt. The averagecharge
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Table $.1 Summaryand timingof majoreventsdurlnll the WETCOR-I experiment
I L. _LIIII._L [11........... I II LJI................ _llll LII ...... IIIII ILI!!lll,l I [[I / _ . II II!llll__ I LI [Hill IIIIIII _J

_1_t _ DIIgCIIP'noN
LT-'ll : " J[]ll............ ' IIIIIIIIIIIi";-" l I i .......... _............ III[ ......... I]III --

'n0.0 September5, 1991, 10:22 am MST, dataacquisitionsystem startedsamplt g 163
channels (133 thermocouplesand 30 voltage) at an initial scan rateof 60 sec.
Charge material34 kg 76.8 w/o AI:O, + 17.9 w/o CaO + 4.0 w/o SiO_
(meltingpoint2025 K)

- II II Iill, J ii II I I i ]iiii I i]]1 I I II ii1[i i _ -- 1111711

15.0 Applied203 V to Calrodheater
] i i[rHlnlllllffUE [UIIIIIIII ; - - -- -- I IrlllrlIII I1IIllll • .................. rTHIII -_- _]_

23.5 ......Type-K !he..n_coupie c.h._a,nnel 92 _t reading;problemat patch panel ¢0rr_ed

25.0 Calrod temperature725 K
i iii iiii Ii][I I ii i mill[ i]1] i i iIiii i i

49.5 Checkedoperationof remotecontrol ball valve on waterreservoir
i i ii ii]lllll i1[ IHii iii iN iii i1_ii i --- i

54.5 Calrodtemperature1080K, voltage 297 vac; reducingvoltage to maintain
1075 K

iim111 .......... _- ,

59.5 Chargetemperature:r = 2 cm,z = + 8 cm;708 K
r = 6cm, z = +4cm;424K
r = 10cm, z = +2cm; 313 K

_l i , i _± ii ,H ,I

67.0 Calrod temperature1155 K, voltage 201 vac; reducingvoltage
........ . I Ill I Illl I[ Jl III III II I l I IIlllllll I ...... i[ II

77.0 Calrod temperature1145 K, voltage ;73 vac
I± _ i [L _] ....... 1 . [ JL iiii i iiiiiii iii i][ ii IIIIHIIIll.... IIII I I II ] I III I I] [J I11111II IIIIlll [Nil I ........ J]

119.5 Charge temperature: r = 2 cm, z = + 8 cm; 986 K
r = 6cm, z = +4cm;491 K
r = 10cm, z= +2cm:313K

n I IIIIIL i I nil nlllll I I L[: I I IInl I II J L I I III I II rl I I I IIIIIIIIlnlllno II III I I -

170.0 Powersupplyontocheckcapacitorsettingandpressureofcoolantthroughthe
system

iiii iiii iii i i i liillil i i II!llll II I IIII I Illlll IIIIII I II _ I I I!lll I I Illl III ...........

173.0 Powersupply off
rl i i i ii IIIIIllllI I [IlUl II I] Ill! HUH II 1 I IIIII I II_l II I I III I Ill III I

179.5 Chargetemperature:r = 2 cm,z = +8 cm;1006K
r =6cm, z = +4cm;518K
r = 10cm, z = +2cm;370K

[ Illlll,],! =1 II I r l II _ • J IIIIII1,1 I III I u,ral lull I ,,ill I

184.5 Power supply on, 51 kW (Note inductionpower is power to buss)
i i i [ i l [I I II I III I IIII II III flDIIIII I I II I I llll Hill I I ] I I I IIII I I IIIllll _ IIIIIll

215.5 Power increasedto 100kW
ii _ ...... I[rlB .... I........... HII I I I II II I_ I I IIII III I I I II I I I I

239.5 Charge temperature: r = 2 cm, z = +8 cm; 1038 K
r =6cm, z= +4cm;552K
r= 10cm, z= +2cm;390K

iii ]]1 -_ _ i i ilil i i ii i ill i i i ._. ii iiiiiiii i iii ]1 i]1 Bill II

250.0 Onset of concretedehydration
[ ill ii ijii ii iiiiii L I iiiIiirll i i ]Jiiiiij i - IUIIIIrl L I F I Illllll I IIIllll

262.5 Powersupplyoff to soakoxidecharge;addedelectricallow passfiltersto
thermocouplechennels152, 153. 155, 158, 160, 161, 163, 165, 166, 169, 170
and171

l II J l lllll,fl_ll __llll,ll I I II llll I II II I _ lllllit Ill I III I __ i llll i I I llll

282.5 Power supply on, I_ kW
...................................................................
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Table $.1 Summary and timln8 of nmjor events durin| the WETCOR-I experiment

................................. r' ................................

299.5 Chargetemperature: r = 2 cm, z = +8 cm; 1026 K
r = 6 ¢m,z = +4 cm;588 K
r m 10cm. z = +2cm;527K

4_ ' '"" , U u ,, , U ,, _ , , JTUrf, ,, ,, , ,. , , U ' '

339.5 Calrodhuter failed
G.= ............... , i , IU, _ I I I I I 'I,II I ']Ill" II I J IIIIII II

345.5 Powersupplyoff to soakcharge,coveredpressuretransducerswithplastic(rain
potential);changedcoolantfilterto powersupply(plugging)

H ' l l l II I I l lit l It! Ill I l J J]|lll I_L I II :_ l

359.5 Chargetemperature:r = 2 cm, z = +8 cm; 1122K
r =6cm, z = +4cm;730K
r= 10cm, z- +2cm;792K

_,: , , ,u , , , , .... ,, ,,, . ,. i,,, , , j ,,,i , , , ,, ,, ,,! J , ,,, u ,,. , ,

363.5 Power suppplyon, 150 kW
................... ii ..... UiIllnln _ IIIII I IIIII III I I I III IIII III iiimll I II : I IIII I I Illllll

389.5 Power reducedto 101 kW
,............... "_I , _,,,,,o: _1 i i,, ,,,,,,,,, , ,

412.5 Outer-arraythermocoupleC35 failed, depth0 cm
_L I I II IIIIIIU III II IIIIIIII I I I r l Ilplll ii I

419.5 Charge temperature: r = 2 cm, z = +8 cm; 949 K
r =6cm, z = +4cm;849K
r = 10cm, z = +2cm; 1022K

,.,..l : : ,JL l., . ,l ,,,, ,., : ! , , ,u ,,,

434.5 Power supplyoff to soak charge; gas burningobserved at tungsten sleeve/charge
interface

, ,,i i i i u l, ,, m,,. , i i i

450.5 Power supplyon, 150 kW
_: ..... _, ,,,,=................ .u li, ,,,._, :. i, u

466.5 Outer-arraythermocoupleC36 failed, depth I cm; onset of ablation
:2 [Hill EL I ±, l il l Hill l HllQll[ lJl]lq' ]l I l ' _' iamll' ll] l

468.5 Reducedpower to100 kW
_,__ I II I I Hill II, I I JJ _111 Jl]l I I I ....................... I IlUll I l

475.7 1 Axial-arraythermocoupleC19 failed, depth 1 cm
.............. L,n......... I IH[LH!I In I IIII II IN I TNTIq_ I Ill I IIIlll [11 I I

479.5 Charge temperature: r = 2 cm, z = +8 cm; 1047 K
r = 6cm, z = +4cm; 1121K
r = 10cm, z = +2cm; 1087K

489.5 Alumina-tubethermocouplefailed, depth0 cm
..-- II [I I IIII I II III IIIII II IIIIIII II II _ III I I I I iiiHnlllllll iii [I

500.5 Axial-arraythermocoupleC20 failed, depth2 cm
__ ,, u,,_..= ,,,, • ,,,, , , ,,, , ,,,.,, ,, , ,,,,, l , , , ,,, ,,..,

505.5 Increasedpower to 149 kW
---- 'r : '"tin' n, I I l Ill l] L l

511.5 Axial-arraythermocoupleC21 failed, depth 3 cm
_- I _ I II ill IU I[I III II II I

514.0 Gasgrabsample#1
_._ l till, I _II mI L II J . J l,l IL Ill' I l II llll l iU_ Ill

514.5 Axial-arraythermocoupleC22 failed,depth4 cm
L_ I I , .... I I I u "U[',u u ur I I I u I

515.5 Outer-arraythermocoupleC37 failed, depth 2 cm
__ I I I I r I I I III UII I _ I I IIII iiirHi i I I

518.5 Scan time changedfrom 60 sec to 5 sec
................
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Table $,1 Summary and timing of m_or events during the WETCOR-I experiment

...... _[...... Illl ............ _ ................................. ( ..... IIIII -- IN ........................................................................... .....

519.4 Reduced power to 95 kW
im m .... ),,ilm,_._ ii i

519.5 Chargecompletelymolten,g_..sp¢l_ _1
.......a t ...... t III Ill!l I I I Illll Illll .... i .......... a • ...... t ......

520.0 Gas grab sample #2
)ammm nun l 11IN IN l II millIIml IlUl III l - IIII l l IllIlian ,m l n n llllll

520.7 Filter-sample #1, duration60 sec; cascade cyclone sample, duration 10 minutes
- _ ] illl ) i illllI ii ii iN _ Ill I 1ill mmllll II rlllll I miNim Illll ! I II mill Ill I IllllPl I II L lit I [

521.4 Power increased to 148 kW
............ , ...... _,,..,, _ .............................. ,,,,, ..... _,, ,,,, ,,,,,,, , ,, ill

522.4 Crust frozen; power increased to 200 kW',lots of aerosol generation observed
mlllll i i r, iiiml i iiiiii i - i iiii illam ilmlL IIIIlUll_ I Irl ....... i] I i --

522.7 Filter-sample #2, impactor sample E, duration60 sec
iiiiiiiiiii llm i ] i ii iflHll Ulll i i 11 I,L I i lUl i i ii ii lUa ii iii i iii llllUll ii iiii i ii .

523.3 I Mid-radius-arraythermocouple C l failed, depth 0 cm
L __ iiiii ii iii j _ L llfm, _ ii l ii i l llmrllll llrlllllll i i l i ill - L -: ....

524.7 Filter-sample #3, duration 60 sec
! ] iii1_1 i ii i i]1,11 i i i i nil iiillml lilt I Nell IN II ,T,II II I IL "

526.7 Filter-sample #4, impactor sample F, duration60 sec
lllll ,, IN imr i lUl ii i l l llll i i l IIHUI i iii IN'"' .... n.., ...... iii, _ -- T --

528.3 Crustcollapsed;gas-spargedpoolestablished
tlllll l lll L i iiii ii i i i i ii I I I rlHI I L i Jl ill ii i ill iii i 11am llr I i i

528.6 Chargetemperature: r = 2 cm, z = +8 cm; 1845 K
r = 6cm, z = +4cm; 1807K
r = 10cm, z = +2cm; 1606K

528.8 Filer-sample#5, duration60 sec
lllll I iii i It i ii i lll)nml if ± ii i, iii ii i i LIIIII ii iiii i i

529.0 Waterquench initiated, 571,1it/m!nutes ...... --

530.6 Filter-sample #6, impactor sample G, duration 60 sec

532.7 Filter-sample #7, duration 60 sec
.... _ ...... _........... H m ,,,,, m,im, - ......

533.8 Mid-radius-arraythermocoupleC2 failed, depth 1 cm
] LI Itl I I I Jill[it I Ittt __ UfUll II II I lilt J I Ill I

534.7 Filter-sample#8, impactor sample H, duration60 sec
...... ,). • l lmll I t ± j i ii iiii i i in im i n i i i i J iii, ii ,iiii i mr,l ii

535.5 Outer-arraythermocouple C38 failed, depth 3 cm
iii iiii ii, .... i.. ii lllll i i iiiii ] ], i j ii u HII ii ii i ii iii l i ............

536.7 Filter-sample#9, duration60 sec
i ii ]iii ii -- :-- -

537.0 Power supply off to operate zoom on overhead camera to expand field of view

537.4 , Restart power to the meltii i!i l iii i )i iii i i iii iii iiii i l ii llml,Ul iiiiii i i i i ii l iiiii i ii ii l,

538.5 Mid-radius-arraythermocouple C3 failed, depth 2 cm

538.7 Filter-sample#10, impactorsample J, duration 60 sec

542.0 Gas grab sample #3

543.2 Chargetemperature: r -- 2 cm, z = + 8 cm; 1692 K
r = 6cm, z = +4cm; 1842K
r = 10cm, z = +2cm; 1636K

................ - ....
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Table 5.I Summary and timing of major events during the WETCOR-I experiment

I iiiii31i_iii;iii;ii3iiiiiiiiiiiiiii......]iiiii]iiiiiiiiiiiiiiii..........iiiiii.......iiiii............................................i................................i..............i:i"-...........i__i_i

543.3 Mid-radius-array thermocouple C4 failed, depth 3 cm

546.8 Outer-array thermocouple C39 failed, depth 4 cm

547.3 Filter-sample #11, duration 60 sex

548.3 Mid-radius-array thermocouple C5 failed, depth 4 cm

549.4 Filter-sample #12, impactor sample K, duration 120 sex

551.0 Gas grab sample #4

552.4 Filter-sample A, duration 120 sex

554.0 Outer-array thermocouple C40 failed, depth 5 cm .....,

554.9 Power supply off

555.0 Pressurized melt runout observed on overhead camera
...., H

555.3 Mid-radius-array thermocouple C6 failed, depth 5 cm

555.7 Filter-sample B, impactor sample N, duration 120 sex

556.1 Axial-array thermocouple C23 failed, depth 5 cm; ablation stops

556.9 Water flow off

Charge temperature: r = 2 era, z = + 8 era; 1807 K
r = 6 cm, z = +4 era; 1776 K
r = 10cm, z = +2cm; 1760K

557.7 Filter-sample C, duration 120 see

560.1 Filter-sample D, duration 120 sex

562.4 Filter-sample E, duration 120 sec

563.0 Water flow on, 57 lit/minutes

565.6 Fitler-sample F, duration 120 sex

567.9 Filter-sample G, duration 120 sex

569.9 Charge temperature: r = 2 cm, z = +8 cm; 1582 K
r =6cm, z= +4cm; 1592K
r = 10cm, z = +2cm; 1534K

570.1 Filter-sample H, duration 120 sex

572.4 Filter-sample I, duration 120 sex

574.6 Filter-sample J, duration 120 sex

578.0 Water flow rate reduced to 29 lit/minutes
.....
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Table 5.1 Summary and timing of major events during the WETCOR-I experiment
i_:ii_:':!ii!iiiii!i!ii:iiiiiiiiiii!iiiii_iii!i!!iii!iiiiiiiii!!i!iii!iiii!!iiiiii!i!!it

!ii:ii!i!iii!iiiii!JJii!__i_i_iiiiiijji!i!ijiiiiii!ii!!iii!!iiiiiiiiiiiiiiiiiiiiiiiii!iiiii!iiiiiili}i!iii!iii!!!iii!i!ii!_ii___!Niiiiiii!!iiiiiiiiiiiii!iiiiii!iiii!iiiiiiii!!ii!ii!!iii!iiiiiiiiiiiiiii!ii!ii!ii!iil
592.8 Water flow terminated

594.0 Gas grab sample #5
.... , ,,, ,, , H.,, ,, ,, ,.,.

600.9 Charge temperature: r = 2 cm, z = +8 era; 1183 K
r = 6cm, z = +4era; 1193K
r = 10cm, z= +2cm; 1123K

635.0 Charge temperature: r = 2 cm, z = + 8 era; 945 K
r = 6cm, z = +4cm; 940K
r = 10cm, z= +2cm;864K

638.0 Test terminated; total erosion depth 5 cm
., w
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Procedures and Observations

temperature at this time was 1781 K, but 150 seconds again without explosion or significant
temperatures as high as 1880 K were measured. At water ejection from the crucible.
562.8 the water flow was initiated again at a flow
rate of 57 lpm. The flow rate was reduced to Glowing droplets of melt could be seen swirling
29 lpm at 578.0 minutes. The water was turned off through the water pool. It appeared that these
at 592.8 minutes. The dataacquisition was turned droplets were formed by the same sort of eruptions
off at 638.0 minutes, terminating the experiment, of melt between floating islands of crust observed
The total concrete ablation indicated by during the crust formation event in air. Certainly,
thermocouples in the concrete was 5-6 cm. the episodic nature of droplet appearance in the

water pool was analogous to the random eruptions
5.3 Observations of melt that took place during the air-crusting event.

A video record was made of the events just prior to At 534 minutes, the view of the water pool clearly
and immediately after water was added to the showed that a crust had formed and that gas was
molten-oxide pool. Initial conditions at the time the continuously being released through that crust into
water was added were a tungsten temperature of the subcooled water (320 K). This camera view
2100 K, a meltpool temperature of 1851 K, and held constant for the remainder of the test with no
MgO sidewall temperatures of 700 - 1200 K. The disruptions of the upper crust material.
events of the test at the time of water addition are
described briefly in sequential order using the Posttest observation of the solidified meltpool
timing marks from the computer record, surface showed that the tungsten sleeves were

bridged by a convoluted crust. The top of the crust

At 519 minutes the oxide charge became fully was covered with detached spherical droplets of
molten, and a thin veneer of crust material frozen oxide material a few millimeters in diameter.
collapsed into the meltpool. Crust islands (about 5 This particulate material weighed 1.5 kg. The crust
plates of crust) began to form on the melt surface at itself was concave and appeared to be made up of
520 minutes. Episodically, there were eruptions of connected black spheres, which ranged in diameter
melt from between the islands of crust. The melt from a millimeter to a centimeter. The material
splashing over the islands eventually froze them was very solid and had significant mechanical
together to form a stationary crust at 523 minutes, strength. There were numerous blowholes (1-2
The tungsten sleeves were white hot at the crust ram) in the surface. These blowholes were,
boundary, and the crust materials were clearly not apparently, vent pathways for gases produced by
attached to these tungsten sleeves that formed the melt ablation of concrete.
crucible perimeter. The plates of crust could be
seen to be clearly moving independently initially. The coil was removed from the crucible and the
As episodic eruptions of melt continued, the islands exterior was examined. Large circumferential
of crust welded together, but remained unattached cracks appeared in the crucible sidewall at a
to the susceptor. The crust mass moved easily in position adjacent to the original concrete interface.
response to the gases liberated from the concrete. It was apparent that some melt had been ejected

through these cracks. The video record was re-

At 523 minutes, power to the tungsten sleeves was examined and it was determined that a minor,
increased and the crust material once again forced melt ejection did occur through the sidewalls

at about 555 minutes. Melt debris weighing 3.5 kgcollapsed into the melt'pool. The melt,pool was
vigorously sparged by gases evolved from the was collected from the containment floor. This
concrete below the melt at this time. Some small forced melt ejection occurred very late in the test
amount of melt was ejected from the crucible due to and did not affect any of the principal test results.
the stirring gas action. Water was introduced to the
molten pool at 529 minutes. The surface of the The crucible was x-rayed and sectioned so that the
melt at 529 minutes was 3 to 4 cm below the top interior structures could be examined. The x-rays
susceptor lip. No steam explosion was observed, showed that the bottom susceptor sleeve had
Melt and water mixed together for the next 100 - collapsed downward and that there were some voids
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in the resulting gap between the susceptor sleeves. Figures 5.5 and 5.6 show the sectioned crucible.
A schematic of the posttest debris configuration is The cross-section of the crucible shows that erosion
shown in Figure 5.2. The topmost crust material of the concrete was not entirely uniform across the
was very undulating and was several centimeters concrete. As detected with the thermocouple arrays
higher on one side of the crucible than on the other, embedded in the concrete, erosion at the perimeter
Large, irregular voids appeared below the top crust of the melt was more extensive than along the
for another 5 - 10 cm. The remaining meitpooi centerline. Note also that one susceptor ring
material was below this voided area for a depth of collapsed to the base of the cavity. The upper rings
5 - 10 era. The total erosion depth was 5 - 6 cm remained in place. Frozen melt is quite porous;
and the concrete was eroded all the way to the gases could easily pass through this crust material.
MgO sidewalls (40-era diameter). Cracks, on the other hand, might be difficult to

propagate through material with so many voids.
Photographs taken of the posttest examinations are A sample of the crust material and a sample of the
shown in Figures 5.3 - 5.6. Figure 5.3 shows the frozen melt pool were chemically analyzed for
top of the meltpool and features the blobs of shiny MgO, CaO, SiO:, AI:O3, and iron oxide which was
black material that made up the top crust. These assumed to be present as ferrous iron oxide (FeO),
globules are thought to be the solidified remains of for the purposes of reporting the results of the
melt ejected into the water pool during the early analysis. Results are shown in Table 5.2. In
stages of water addition as seen in the videotape addition, x-ray fluorescence indicated that small
record of the test. There were 1.5 kg of frozen amounts of chromium, titanium, sodium, potassium,
globules. Such globules are consistent with the and boron were present presumably as oxides in the
observed ejection of melt through gaps in crust samples. The results of quantitative analyses
plates during the formation of a crust in air. As in showed the samples to be essentially identical. The
the air-crusting event, solidified material appears to sample from the frozen melt pool contained
have sealed any major gaps in the crust. Closeup somewhat more SiO2from the concrete as would be
views of the shiny black material are shown in expected since the pool continued to ablate concrete
Figure 5.4. Though the material looks "glassy", after the crust was frozen.
upon fracturing it reveals a crystalline structure.

Table 5.2 Chemical Analysis Results

Wt. %

Sample MgO FeO AI203 SiO: CaO

Crust 5.3 1.8 50.3 19.0 23.3
,, , ,,,, ,,

Frozen Pool 4.8 1.7 49.0 22.2 21.0

Both samples contained MgO which came from the All samples were dark or black. The coloring of
concrete and a small amount of ablation of the the samples is thought to be due to charge transfer
annular test fixture. Interestingly, there was no absorption bands created by the ferrous-ferric iron
indication of significant amounts of tungsten oxide, equilibrium in the samples. Intensification of the
Chemical conditions in the melt pool must have coloring by charge-transfer absorptions due to
been sufficiently reducing that oxidation of the interactions with manganese ions and titanium ions
tungsten susceptor rings did not occur to any may also affect sample colors.
significant extent.
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6.0 Data Presentation and Results

The most importantobjectiveof the WETCOR,I which wereindicatedasverticalotT-scalelinesin
testwasmet immediatelyafterwaterintroduction Figure6. i.
whenit wasobservedthata stablecrustformed
despiteelaborateeffortstakento ensurefreezing Figures6.2 - 6.4 showthe concretethermal
meltdidnot immediatelyadhereto thecrucible responsefor theperiodbetween400 and
walls. The testwas, however,continuedto 600 minutes,The centerlineresponse(Fig, 6.2)
ascertainif somelonger-terminstabilitymight indicatesthatablationbeganat 470 minutesandthat
developwhichcouldleadto morerapidheat I-3 cmof localizederosionhadoccurredbefore
extractionby a waterpooloverlyingthe waterwasaddedto themelt/concreteinteractionat
high-temperaturemelt. There wasalsointerestin 529 minutes. Concreteerosioncontinuedat the
obtainingdataon theaerosolemissionthroughthe centerltnelocationafterwaterwasaddedandwas
waterpool. Duringthis continuationof the test, 5-6 cmat 555 minutes,Ablationstoppedafter556
additionalquantitativedatapertinentto heattransfer minuteswhenthe powerto the experimentwasshut
duringsimultaneousmeltinteractionswith concrete down. The responseof thecenterlinethermocouple
andwaterwerecollected.Thesequantitativedata after556 minutesshowstemperaturesin the
arepresentedanddiscussedin the following concretedecreasingat approximately3 K/minute.
subsections.Importantelementsof these
discussionsare improvementsthat needto bemade Resultswerealsoobtainedfromthermocouplesat
in the testconfiguration,operation,and themid-radius(R= 10cm)andouter-radius(R =
instrumentationfor future testsdirectedtowardthe 18cm)locationswithin the concrete. Theouter-
issues of the heat transferprocesses, radiusmonitor(Figure 6.3) indicatedthat localized

ablationstartedat 410 minutes and that

6.1 Temperature Data approximately2 cm of ablationhad occurred when
waterwas added at 529 minutes. Ablation

Temperaturedata were obtained from the melt, the continued untilpower was shut down at 555
magnesium oxide walls of the crucible, and the minutes. Temperaturesdropped at 6 K/minuteonce
concrete. These datawill, in future tests, be inductionpower inputceased. The mid-radius
essential for the determinationsof heat balances and thermocouple (Figure 6.4) showed that localized

ablationdid not start until 515 minutes. Ablation
heat partitioningfrom the melt. Temperaturedata
obtained in the WETCOR-I test are discussed here continuedto cause thermocouple failure until
below. 555 minutes after which temperaturesat the 6-cm

depth startedto decrease at 4 K/minute.

6.1.1 Concrete Temperatures A combinedplot of the ablation profile is shown in

Some exampletemperaturesmeasuredin the Figure6.5. At the startof the principalperiod of
interest(528-556 minutes) there were approximately

concreteare shown as functionsof time in Figure 3 cm of ablationat the centerline of the concrete
6.1. A complete set of temperatureplots for the
concrete are presented in AppendixC. Typically, basemat,zero erosion at the mid-radiusof the
temperatureat a particular location in the concrete concretebasemat, and 2 cm of erosion at the far
increased slowly between 400 and600 K as the radiusof the concretebasemat. At the end of the
concretedehydrated. Once the concretewas water-powerperiod (555 minutes), the erosion front
completely dehydratedat the particular location, the was very uniform at a depthof 5-6 cm in all
temperature increased rapidly. The failure locations. The ablationrate appearedfairly
temperature for type-K thermocouples is constantduring the period from 530 to 555 minutes
approximately1645 K. Figure 6.1 shows that the at a rateof 6-11 era/hr. (Overall erosion rates from
concretebegan to heat after60 minutes, but did not the onset of concrete ablationare, on average,
begin to ablateuntil 520 minutes. The ablation 2.9:1:0.9 cm/hr for the center andouter radius

arraysand about 11 cm/hr for the mid-radiusarray.process caused the thermocouples to sequentially
approachand then contactthe meltpool. Meltpool Ablationand isothermdataare presentedin
contact resultedin temperaturesabove 1650 K AppendixC.
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6.1.2 Meltpool Temperatures magnesium oxide walls could be calculated using an
inverse heat flux calculational method and

The charge material was initially heated by a coiled temperatures measured in the magnesium oxide
heating rod for 330 minutes and also by the walls. Results shown in Appendix E indicate the
tungsten susceptor sleeves for an additional heat flux to be 7 + 1 x l& W/m2. Thus, 17.6 kW
350 minutes. Th,_ total time to melt the charge was were lost to the sidewalls. Heat input to the molten
approximately 520 minutes. Early in the heating pool immediately prior to water addition was then
process there were significant temperature gradients no more than 10.4 + 3.2 kW. This heat input
in both the axial and in the radial directions with amounts to 0.30 + 0.09 W/gram or 0.61 + 0.19
the hottest regions in the immediate vicinity of the W/cm 3 of initial melt. Such low power generation
heating sources. The power to these sources was rates per unit volume are consistent with power
intermittently shut off to reduce the thermal generation rates per unit volume expected to occur
gradients and to promote uniform melting. A plot in core debris very late in a reactor accident.
of the charge temperatures between 500 and
600 minutes (Figure 6.6) shows the initial charge 6.1.3 Tungsten and MgO Thermal Response
gradients, the meltpool temperature at the start of
water addition, and the meltpool temperature The tungsten and MgO materials were heated for

history after water addition. Appendix D presents 520 minutes prior to water addition and
temperature data for the charge, melt/concrete consequently retained a large amount of energy.
interface and tungsten sleeve susceptors. High temperatures in both the susceptor and the

MgO walls were, of course, essential features of the

The initial gradients across the height and width of WETCOR-1 test. The plots of the tungsten and
the charge were 300-400 K at 500 minutes. Visual MgO temperatures shown in Figures 6.7 and 6.8
records indicate that the charge became fully molten indicate the initial temperatures of these materials
at 520 minutes. This was confirmed by the when water was added to the crucible, and the
thermocouple responses within the pool since all six subsequent cool-down histories of these materials,
thermocouples indicated temperatures of 1823-1853 which can be translated into an important source
K between 520 and 529 minutes, as shown in term for the overall energy balance.

Figure 6.6. Many of the melt temperature
thermocouple signals became erratic after the pool The type-C thermocouples located directly on the
was molten and when water was added. The best sleeve susceptors all failed due to high-temperature

measure of the melt temperature in this interval was overload at times after 300 minutes. However,
at the 4-cm elevation. This was in the approximate thermocouples located immediately adjacent to the
center of the molten pool, which extended from -5 tungsten susceptors were used to estimate the
cm to + 15 cm in the axial direction. Melt tungsten temperatures shown in Figure 6.7. The

temperatures in this location held constant at estimated tungsten temperature at 529 minutes when
1853 K, and may even have increased slightly water was added was 2073 + 50 K. The top
during the interaction period (529-555 minutes) tungsten collar was exposed to the water pool and
when water was added. After the power was shut began to cool rapidly when water was added at an
down at 555 minutes, uniform pool cooling was average rate of 30°C/minute. This cooling rate
indicated by the thermocouples located at the +4, continued throughout the water-addition period and
-4, and +8 cm locations at a rate of 15°C/minute. after the power was turned off at 554 minutes. The

temperature was 373 K at 580 minutes.

During the period from 520 to 554.9 minutes,

power supplied to the buss was 200 kW. Of this, The MgO wall temperatures at four elevations are
about 28 + 2 kW were imparted to the susceptors, shown in Figure 6.8. MgO wall temperatures
Prior to water addition the susceptors lost heat to 0.5cm within the MgO varied from 1573 K in
the melt charge and to the magnesium oxide walls regions adjacent to the melt to about 500 K at the
of the test fixture. Because some small portion of elevation 50cm above the original concrete surface.
the upper-most susceptor was exposed, there was After water was added at 529 minutes, the walls

some heat loss due to radiation. Heat fluxes to the cooled quickly, starting at the top of the crucible
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Data Presentation

and proceeding downward in the axial direction, before water was added showed that the test fixture
The + 35-cm elevation in the MgO cooled rapidly operated as anticipated, and certainly aided in the
after 530 minutes and cooled to 298 K at 540 interpretationof events taking place in the first few
minutes. The MgO wall at the +20-cm location minutes after water addition.) Heating of the melt
began to cool after 535 minutes, but at a slower was continued after the initial crust formation under
rate, and cooled to 373 K 560 minutes. The + 10- water to see if fragmentation or at least fracture of
cm elevation was adjacent to the meltpool and did the crust would occur in time. In fact, no such
not come in direct contact with the water pool. fragmentation or fracture was anticipated. Analyses
Temperatures at this location began to fall at times and opinions solicited from the expert panel
after 540 minutes and were 373 K at 580 minutes, strongly suggested that once a stable crust formed it
The MgO at the concrete interface (0 cm) continued would be able to withstand any of the forces that
to heat throughout the water addition period and could be generated by boiling or melt/concrete
only began to cool after power was shut off at inter-actions. Propagation of a fracture through a
554.9 minutes. Heat fluxes were calculated from stable crust would be limited by (1) voids in the
temperature data obtained from thermocouples crust and (2) the increasing ductility of the crustal
embedded in the sidewall. These results are material with the increase in the temperature of the
presented in Appendix E. material from the side exposed to water to the side

exposed to the high temperature melt. That is,
The MgO/tungsten materials in the upper crucible voids in the crust blunt crack tips and decrease the
were significant sources of energy to the water pool stress intensity. With increasing temperature across
throughout the water-addition period of the the crust the material becomes more ductile and less
WETCOR test due to their mass and temperature, prone to fracture. Also, the thermal stresses that
The MgO materials below the concrete interface would drive a fracture become weaker. It is, then,
were unaffected by water addition, difficult for cracks to propagate across the crust.

Certainly, there was no evidence in the test that any

6.2 Heat Transfer to the Water Pool fracturing of the crust took place.

Because the WETCOR-1 test focused on issues
The purpose of the WETCOR-1 test was to associated with initial formation of a crust, the test
determine if the configuration of heating in small- fixture was not well suited for quantitative
scale tests affected the initial crust formationwhen determination of the long-term heat transfer from
a water pool was formed over a high-temperature the melt, through the crust and into the water pool.
melt interacting with concrete. This focus of the Difficulties that arose in trying to determine the
test program was endorsed by a peer review panel heat transfer through the crust in the WETCOR-1
of experts from various organizations in the USA test included:
and abroad. The several possible outcomes of the

test that were hypothesized included: (1) the susceptor collar at the top of the melt,
which was so critical to meet the principal test

- quenching of the melt because progressive objectives, protruded into the water pool and
fragmentation of the crustal materialallowed provided another pathway for heat transfer to
enhanced heat transfer to the coolant, the water pool,

- explosive steam generation (a steam (2) high temperaturesdeliberately established in
explosion), or the test-fixture walls to delay melt freezing to
low levels of heat transfer to the water pool the walls meant that the test fixture walls
entirely similar to what has been observed in were a source of heat to the water pool, and
the past tests of simultaneous interactions of (3) the susceptor system, which extended into the
high temperature melts with concrete and with melt, acted as a fin to provide another heat
water, transfer pathway to the crust and the water

pool (a deliberate design feature of the test to
The primary objectives of the test were met, then, meet the primary objectives).
shortly after water addition took place. (The
benefit of an initial, temporary crust formation
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It would, in principle, be possible to account for T -- water pool temperature(K) at time t,
these heat transferpathwaysto the waterpool and and
then determine the heat transfer through the crust. To = temperatureat to
The necessary multi-dimensional analyses have not
been attempted here• The compoundingof Note that vaporizationof the waterhas been
uncertainties wouldlead to uncertain results of such neglected in this equation because of the low
an analysis. Rather, a more integral, average heat temperature of the water through much of the
transfer analysis is presented below, heatup.

Since the objectives of the test had been met, the For the analysis of data such as that obtained in the
experimenterstook steps to obtain better heat WETCOR-I test a satisfactory approximation to the
transfer data. At 554.9 minutes they shut off above equation assuming a constant heat rate is
inductionpower, and at 557 minutes they shut off
water flow. Shutting off inductionpower Q (t-t o) -- Cp(T) (7'-To) M(H:O) (10)
eliminatedat least one source of heat inputto the
waterpool. Shutoff of water flow led to a where Cp(aVg)is the averageheat capacityover the
temperaturerise in the waterpool which could be temperatureintervalof interest. Then, a plot of
monitoredto determinethe rateof heat transfer to pool temperatureagainsttime has a slope of
the water.

slope = Q/Cp(T) M(H20) (11)
At 563 minuteswater flow was re-establishedat
57 lpm. In principle,heat transferrates to the from which a more accuratedeterminationof

watercouldbe determinedfrom the waterflow rate (_ can be made.
and the temperature difference between the inlet and
the outlet water. It was, however, apparent that the From the location of the crust at the end of the test
temperature difference was small and could not be

and the geometry of the test fixture, the volume ofused to obtain an accurate measure of heat transfer
to the water pool. At 578 minutes water flow was water being heated after flow was stopped is
reduced to 29 lpm. At 592.8 minutes water flow estimated to be 40400 cm3. There is, however, a

significant uncertainty in this volume. The crust
was again stopped. These changes in the test configuration found at the end of the test might
operation provide additional opportunities to
determine the rate of heat transfer to the water suggest that there has been some sagging of the
pool Note, however, that heat was no longer crust. If such sagging did occur, it is certainly not

• known when it occurred. If the crust sagged after
being provided to the melt and the melt was cooling the period of no water flow, then a smaller volume
and solidifying during this time. of water might have been heated during the period

of no water flow. This smaller volume is estimated
The temperature rise in the water pool during the to be 32670 cm3.
period from 557 to 563 minutes when water flow
was stopped is shown in Figure 6.9. The heat

Some properties of pure water are listed in Tabletransfer rate to the pool is simply calculated from
6.1. Water overlying the melt, especially during

, r the period of no flow, was certainly not pure. The

Odt = M(H20) [ C,(T)dT (9) SWISS test series [Blose et al., 1987] establishedJr. that water overlying high temperature-melts
interacting with concrete quickly becomes
contaminated with dissolved and suspended

where materials. The amount of suspended material can
be enough to make the water opaque. Even so,

Q. (t) = heat transfer rate to the water (W), concentrations of suspended and dissolved materials
to = 33420 seconds = 557 minutes, are not expected to be large. Concentrations
M(H20)= water pool mass (g), reported for sample,s of the water in the SWISS II
Cp(l-120)=heat capacity of water (J/g-K), test were only 4 to 30 mg/100 cm3H:O. Such low
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Table 6.1 "Jlzermophysicalpropectim of water'

............ III III I ,L IIIHI

Temperature Derwity F.,nthslpy_ Heat Capacity

....................... ................ ......... o/.!........................ .....o/s-x) _
273 0.99987 0 4.2177

]] ! II II ) lr I i iI i i III _ IIllll_ I I I iiirl

283 0.99973 42,0363 4.1922
...... _lnn[Lllll, , lit ................ II ] I .... HF I lit fill I I[[I 1 I irl II .....

293 0.99823 83.9034 4.1819
.......... ,?............... .......... ii ...................... rID ............. i i iii I IIIIII LIII IIII

]

303 0.99567 125.7063 4,1785
.......... I IIIIII H IIII IIIllll I 1111 II It I t| IIIIIIIIUIL I ........

313 0.99224 167.4949 4.1786
I II I lilt I Ill Ill I[Illl I IIIII I]][ II I 1l ]] Ill II Ilrll I I IllrlB I .....

323 0.98807 209.2964 4.1807
................................................ _ ...................... ,

333 0.98324 251.1289 4.1844
[]ILIIILI I i I I IIIJ I I[11 T_ I II I Illlll] I II Irllll IIIII II I I rllll II I lift I. -

343 0.97781 293.0087 4.1896
111 ii :lrlrUJI I Illl I, I [ II ,llrll I Illlllllll _. IIIIIHII I J " IIII I I IIIIlllllll I I II

353 0.97183 334.9519 4.1964
: Ill _ I ........ ,,,, I I 1111 I ]11 I I I] I I ,[[I,l llli I 'ILIA :J

363 0.96534 376.9773 4.2051
........ :,.,,,:..... i i, i H i,l ,,, ,l,,l,,,, i• ,, i i ,Hi ,,,,,.,,,,,, illi,, . ,lJ - "

373 0.95838 419.1053 4.2160
.......... _ ,, i , ,,|, ,. ii iii , HJ , IHl,_ J,,,,|,|, .....

"HandbookofChemistryandPhysics,R.C.Weast,Ed.inchief,TheChemicalRubberPublishingCo.,
45thedition,1964.

T

b Enthalpy = k Cp(T)dT
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concentrationswill not drasticallyaffect the the adjacentwalls. Similarly, when water flow is
propertiesof waterof interesthere. Consequently, stoppedafter 598 minutes, the thermal gradient
heat transferanalyses were 0one using the becomes negative.
propertiesof pure water.

The thermal conductivityof the cast magnesium
The density of water at 309 K, the water oxide has been measured [Copus et al., 1989] and
temperaturewhen flow was stopped at 557 minutes, is presentedin Table 6.2. These datawere
was 0.9936 g/cm'. The mass of water that was obtainedin air. The cast magnesiumoxide is
heated when waterflow was stopped was 40140 to porous(porosity ,, 0.19). Thus, air in the pores
32460 g. The temperaturerise of the waterpool contributedto the thermal resistivityof the castable
then indicates a heat transferrateof material, in the WETCOR-i test during the period
25230 ± 2670 W. in questionthe pores in the castable were probably

filled with water, which is far more thermally
The heat is transferredto the waterpool by conductivethan air. The thermal conductivity of
- heat passing from the melt through the the water-saturatedmagnesiumoxide can be

solidified crust, estimatedfrom [Kingery, 1967]:
- heat transfer from the test fixture walls above

the crust that are in contactwith the water [ )]
pool, and k ,, ko I . 2p (1 - kolk,)l(2kolk w + 1 (12)

- heat transferfrom the susceptor collar | = p(l :ko/k,i'i(ko')'k,_ ", |)
protrudinginto the water pool.

where
The heat transferthrough the solidified crust into ko = thermal conductivityof pore-free magnesium
the waterpool is, of course, a critical issue,for the oxide,
analysis of severe reactor accidents. The heat flux k_ - thermal conductivityof water,
through the crust is a quantity that will be the focus p = porosity, and
of other tests. An estimate of this quantityis k = thermal conductivityof the porous material.
sought in the analyses presentedhere.

Table 6.2 Thermal conductivity of magnesium
oxide in air

The walls of the test fixturewere deliberately ...................
heated to high temperaturesin the WETCOR-I test Thermal Conductivity
prior to admissionof water. This was one element Temperature (K) OV/cm-k) ......

of an overall strategyto delay the freezingof melt 273 0.0636
materials to the test fixture walls so that the _ ..............
hypothesized instabilityof crust formation couldbe 673 0.0517
observed. Temperature dataobtainedfrom ........................................
thermocouples embeddedin the magnesium walls 923 ..... 0.0306
show that, even late in the test, heat was being 1673 0.0294
transferred from the walls to the water pool.
Temperature data for the water pool and for a point
in the wall 0.5 cm from the interface between the The thermal conductivity of the magnesium oxide
wall and the waterpool are shown in Figure 6.10. with pores filled with water is, then, estimated to be
The thermal gradient in the magnesium oxide at the 0.0636 W/cm-K for the temperaturerange of
interface with the water pool was estimated from interest ratherthan 0.0606 W/cm-K when the pores
these data. This thermal gradient is shown as a are filled with air. The effect of water in the pores,
function of time in Figure 6.11. Note that as the if it does not convect, is not significant for the
water temperature rises during the period from 557 purposes of the analyses done here.
to 563 minutes, the thermal gradient decreases and
eventually becomes negative. That is, eventually The wall area exposed to the water pool was
the water becomes hot enough that it loses heat to 3270 cm:. There was, presumably, a temperature
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gradientup the test fixture walls. Unfo'rtunately, much lower rates of heat transfer were expected.
the thermocouplearray at +50 cm (_ray I1) Over the period from 582.4 minutesto 589.0
yieldedanomoloussignalsas though it were minutesthe temperaturedifferencebetweenthe inlet
damagedperhapsby the melt expulsionobservedat and the outletwater varies from 3.5 ± 1.00 K to
555 minutes. As a result, gradientsindicatedby 2.74 ± 1.00 K. During this period, the thermal
this array couldnot be comparedto those shownin gradientat the interfacebetweenthe magnesium
Figure 6. I1 obtainedfrom the thermocouplearray oxide test fixture walls varied from 18.5 ± 1.5
at + 35 cm (array 10). Consequently,it was K/cm to 14.9 ± 1.5 K/cm. The heat transfer
necessaryto assumegradientsindicatedby the through the crustto the water pool was then
thermocouplearray at + 35 cm applied to the entire calculatedto vary from 109(X)± 3100 to 8600 ±
:_urfaceof the magnesiumoxide annulusexposedto 3200 W. Indeedtheseheat transferratesare much
the water pool. Then, from the thermal gradient less than was calculated for the period from 55'1to
Jata and the thermal conductivityof the magnesium 563 minutes.
oxide wall material it was calculatedthat heat

transferfrom the walls to the water pool varied Were theentire crustgeometricsurfacearea
from 6650 W to -1660 W over the period of 557 to transferringheat to the water pool uniformly, heat
563 minutes, fluxes derived from the heat transferratesdescribed

above wouldbe as shownin Table 6.3.

There appears to be no convenient way to estimate
how much heat was transferred to the water pool Table 6.3 Heat fluxes to water through the crust
through the susceptor collar that protruded into the based on geometric surface area of
water pool. Posttest sectioning of the test fixture crust
certainly showed solidified melt material , ..................... .....
surrounding this collar. The collar was not in t (rain) Heat Transfer Heat Flux
direct contact with the meltpooi. Nevertheless, the Rate (W) (MW/M 2)i,,,i iii, : i ii ,, i: L..

collarmuslhaveconstitutedatherm",hen- S57to503 227354940 0.29.+.+0.06
circuit"thataugmented heat transfer to the water ....... ,..................

pool. it will be most important that such a short 582.4 109(X) ± 3100 0.14 ± 0.04
circuit does not exist in tests directed toward the .............. - .......................

determination of the heat flux through the crust and ..589'0.. 8600 + 3200, 0.11 ± 0.04
into the water pool.

Inspection of the crust after the test showed the
Because of the uncertainty in the spatial distribution crust to have a variable thickness. Near the walls
of wall temperatures, an average heat flux from the of the test article the crust was about 10 ± 1 cm
walls to the water pool was assumed. This was thick. Near the center of the crucible the crust was
done instead of pursuing an analysis in which the only 3.8 to 4.5 cm thick. The rate of heat transfer

heat flux over the period of no water flow was through the crust must have been controlled largely i
taken to be time dependent. Such a time-dependent by conduction through the crust. Since the
analysis seems inappropriately precise in temperatures of the two faces of the crust were the
comparison to other uncertainties in the data. same at all locations, heat transfer probably
Correcting the calculated heat transfer to the water occurred predominantly through the thinner portion
pool for the average heat transfer from the walls of the crust.
yielded an estimate for the heat transfer through the
crust of 22735 ± 4940 W. The crust can be approximated as consisting of a

4.2 ± 0.4 cm thick disk 13.2 + 2.1 cm in diameter
Another estimate of the heat transfer to the water within an annulus that is 10 ± I cm thick. If the

pool can be derived from the temperature difference heat flux to the water pool is apportioned according
between inlet and outlet water during the period that to the thicknesses and areas of the crust then the
flow was at 29 lpm. This temperature difference is following heat fluxes are derived:
shown in Figure 6.12. By this time the meltpool
had cooled substantially, perhaps solidified, and
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Table 6.4 Heat fluxes to water through the thin to the water pool. If kept cool, the walls act as
portion of the crust heat sinks.

Heat Flux Consideration should be given to more heavily
Corrected for instrumentingthe walls adjacent to the pool and to

Varying measuring the thermal conductivity of the wall
Crust materialwhen the material is saturated with water.

Heat Transfer Thickness This can be done in place using water as the
t (min)...... Rate ON) (MW/m_ working fluid.

557 to 563 22735 + 4940 0.52 + 0.13
......... Heat transport to the water pool can also occur up

582.4 10900 + 3100 0.25 + 0.08 the walls of the test fixture. It would be useful in
future tests to locate thermocouple arrays above the

589.0 8600 + 3200 0.20 + 0.08 crust line in the walls to measure this heat flux.

The corrected heat flux found for the period of no Thermistor bridges provide excellent data on the
water flow (557 to 563 minutes) may be of some temperature difference between inlet and outlet
significance for the analysis of melt cooling during water even in the presence of an induction field. A
reactor accidents. Within the stated uncertainty redundant thermistor bridge system ought to be
limits the heat flux during this period was consistent incorporated in future tests.
with that obtained in the SWISS-II test [Blose et al.,
1987], especially heat fluxes observed during an Temperature differences between inlet and outlet
interruption in the power supplied to the melt in the water were too small in the WETCOR-1 test for
SWISS-II test. During the period of no water flow, accurate determinations of heat transfer. Water
the charge material below the crust was still molten, flow rates should be controlled so that inlet and
Corrected heat fluxes found for the times 582.4 and outlet temperature are no less than 10 degrees.
589 minutes were more difficult to interpret since
the charge used in the WETCOR-1 test had cooled The operational step of stopping water flow
and probably solidified by these times. Certainly, periodically to monitor the rate of pool heating
these results indicate the heat flux through the crust provides a useful, complementary method to
decreases rapidly once melt solidifies, monitor heat transfer. The largest source of

uncertainty in this method for monitoring heat
The efforts undertaken here to derive crude transfer to the pool is the mass of water involved.
estimates of the heat flux through the crust do Altering operational procedures so that the water
provide some insight about changes that should be mass is specified should be considered.
made in the design of future tests that focus on the
determination of this heat flux. Clearly, the Continued exploration of crust formation and heat
susceptor rings must not protrude into the water transfer across the crust would be advanced
pool or even significantly through the crust that considerably if data could be obtained on the crust
forms between the water pool and the melt. At the thickness as a function of time and location.
very least, the uppermost susceptor ring can Consideration should be given to incorporating
provide a high thermal conductivity pathway ultrasonic or radar instrumentation into future tests
through the crust. At worst, it can impart heat to measure this thickness.
directly to the water pool. In any case, the
uppermost susceptor ring ought to be more heavily It goes without saying that temperature
and robustly instrumented so that any influence it measurements within the crust would be useful. No
might have on heat transfer processes of interest in reliable means of measuring these temperatures has
future tests can be estimated. The walls of the test been identified to date. Consideration should,
fixture in contact with the water pool cannot be however, be given to heavily instrumenting the test
neglected in the heat transfer analysis. If intensely fixture walls in the vicinity of the points of crust
heated prior to water addition, the walls impart heat attachment to the walls.
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6.3 Gas, Flow, and Aerosol Data The materials used for the melt in the test were
selected for their suitability in meeting the

The gas composition, gas flow, and aerosol objectives for the study of coolability rather than
for reproducing the rates of aerosol generationconcentration data can be used to determine the

decontamination factor produced by a 30-era-deep during core debris interactions with concrete. No
water pool overlying the melt. Video records fission product simulants were included in the
indicate that gas release was continuous before, charge material, and posttest analysis confirmed that

the chemical composition of these aerosols wereduring, and after the water addition and that aerosol
release was relatively light. The figures describing primarily concrete decomposition products.

Variations in the rates of aerosol generationthe gas and purge gas flow rate system pressures
and temperatures and aerosol data are shown in observed in the WETCOR-I test do, however,
Appendix G. provide important phenomenological information

pertinent to the prediction of aerosol generation
during severe reactor accidents.A purge rate of air through the test chamber was

held at a high rate throughout the test to maximize
There has only been one previous, detailedthe potential for good video coverage. The initial
measurement of the effects on aerosol production ofpurge rate was 1600 lpm, and the purge rate
water pools overlying high temperature melts. Thisbetween 500-600 minutes was 600 lpm. The
measurement, made in the SW1SS-II test [Blose et

sensitivity of measuring the compositions of gases al 1987] showed that when a 60-cm deep,produced from the melt/concrete interaction was " '
masked by the high flow rate of air used to purge subcooled water pool was present, the aerosol
the containment chamber. Analysis of the six grab emission rate was reduced by factors of 13-19. The
samples and mass spectrometer data showed that the test procedure adopted in the SWISS tests made it

impossible to distinguish the effects of the watercomposition of gases throughout the experiment was
pool and the effects of solidified crust on the

essentially that of air used to purge the experimental reduction of aerosol emissions.
apparatus.

Subcooled water pools are expected to attenuateChamber temperatures ranged from 353-373 K
aerosol release during melt interactions withduring the 500-600 minute interval. The gas

released from the concrete was predominantly CO2 concrete [Powers and Sprung, 1992]. Bubbles of
aerosol-laden gases rising through the water poolwith some CO (20-25%) present after the pool

became fully molten. The gas release rate averaged should be scrubbed of aerosol. The scrubbing
occurs because aerosol particles diffuse to the30 lpm between 500 and 600 minutes. This would
bubble walls, inertially impact the walls, and, ifyield an average gas face velocity of 3 cm/sec

through the meltpool, large enough, sediment within the bubble. Surface
tension and van der Walls forces are sufficiently

The aerosol data are shown in Table 6.5. Twenty- strong that once an aerosol contacts the water at the
two aerosol filter samples were taken in WETCOR- bubble walls it is trapped and removed. Predictions

of these removal processes have always been1. The 5 samples taken before water addition at
529 minutes indicated an average concentration of integral parts of the VANESA model of aerosol
1.0 g/m 3. Samples taken after water was added had generation and radionuclide release during core

debris interactions with concrete [Powers et al.progressively less material, and the last samples
taken when power was shut down at 554 minutes 1986].
indicated an average concentration of 0.2 g/m3.

The mass concentration calculated from impactor Considering the effects crusts might have on the
data generally agreed with the mass concentration production of aerosol during melt attack on

concrete, it has been suggested that crusts couldafter water addition. The normalized mass
distribution for the impactors indicated particle sizes suppress the mechanical production of aerosols by
in the range of 0.65 to 10/zm regime. Impactor bubbles bursting at the melt surface. This
data were presented in Appendix G. mechanical production of aerosol is, however,
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Table 6.5 WETCOR-1 filter data

Filter On Time Duration Total Mass Mass Cone

Sample (minutes) (minutes) (gm) (gm/m 3)

1 520.7 1.0 0.00278 1.74
,,, , .... ,,,,,, , ,,,, ,

2 522.7 1.0 0.00137 0.88
,............... ,,,,. , , ,, ,,

3 524.7 1.0 0.00126 0.79
,, , ,,

4 526.7 1.0 0.00536 0.50
,,,,, ,, ,,.., , ,, , ,, ,, ,, ,,

5 528.8 1.0 0.01156 1.08
..... . , , ,,,. ., ,,

Water Quench _,qtiated
........

6 530.6 1.0 0.00339 0.32
,,.,, , ,, ,,,,.

7 532.7 1.0 0.00356 0.33
,,= , ,,,= ,., , , .,.

8 534.7 1.0 0.00306 0.29
........ ,,, • , , ,,, ..,

9 536.7 1.0 0.00262 0.24
, , ,. ,,,,, , , ,,. ,

10 538.7 1.0 0.00353 0.33
, ,,,,,. ,,,, • , , ,.,., ,,,,,.,

11 547.3 1.0 0.00156 0.15
, ,....,,, , | , , ..,,. ,, , ,,,.,

12 549.4 2.0 0.00389 0.36
,, , ,, ,,, , ,

A 552.4 2.0 0.00291 0.27

B 555.7 2.0 0,00213 0.20
,,, ,

C 557.7 2.0 0.00131 0.12
,,,,, _ ,,. ,,, ,,, ,, ,, ,

D 560.1 2.0 0.00063 0.06

E 562.4 3.0 0.00214 0.20

F 565.6 2.0 0.00401 0.37
, ,,,, ,,

G 567.9 2.0 0.00119 0.II

H 570.I 2.0 0.00108 0.10
,, ,., ,, ,,,.

I 572.4 2.0 0.00159 0.15
,. ,, ,,,,,,

J 574.6 2.0 0.01639 1.53
,,,, ,,-- ,,,
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estimated to be a minute fraction of the total aerosol covered the debris (filter samples 6-12, A,
production during high temperature melt B, C, D, E, F, G, H, and I).
interactions with concrete. By far the largest
aerosol production is driven by the vaporization of From a comparison of results obtained with filter
volatile constituents of the melt. The effects of samples 1 and 5 to the results obtained with filter
crusts on the vaporization process are decidedly less samples 2, 3, and 4 an indication of the effects of a
clear. On the one hand, vapors might condense on crust alone on aerosol production is obtained.
the solid surfaces as they cross the thermal gradient Using the aerosol concentration found with filter
created by an interfacial crust. Thermophoretic sample I as the measure of unattenuated aerosol
forces as well as simple impaction and interception production, a crust produces decontamination
might reduce the mass of particulate that can pass factors of 1.98 (filter sample 2), 2.20 (filter sample
through a crust. On the other hand, if gases 3) and 3.48 (filter sample 4). Results obtained with
produced by melt attack on concrete are vented filter sample 1 might, however, include products of
through gaps and so-called "blowholes" in the vaporization of unavoidable "tramp" impurities in
crusts neither vapor condensation or aerosol the test fixture. A more conservative indication of
trapping would very effectively attenuate the aerosol the effects of a crust on aerosol production is
mass produced during melt interactions with obtained by using results obtained with filter sample
concrete. No model of the effects of crusts alone 5 as an indication of the unattenuated aerosol
on aerosol generation during melt/concrete generation rate. Then, the decontamination factors
interactions exists, produced by a crust are 1.23 (filter sample 2), 1.37

(filter sample 3), and 2.16 (filter sample 4).

The WETCOR-1 test provides some indications of The trend observed in the analyses of the
the effects of both water pools and crusts on aerosol decontamination by a crust alone is that the
production. It must, however, be noted that the decontamination increases with time. This seems
primary purpose of the test was the study of heat entirely consistent with qualitative observations
transfer processes. Test procedures necessary to concerning the crust formation derived from the
further the pursuit of this primary purpose took video record of the test. Initially, islands of crust
precedence over operations that could have formed. Between the islands were gaps in which
provided more definitive indications of aerosol melt could vaporize directly into the air. With
production and attenuation processes. Nevertheless, time, episodic expulsions of melt sealed these gaps
useful data can be derived from the test. Major and less melt could vaporize into the air. Vapor
factors that facilitate deriving data pertinent to the necessarily had to pass through or over more crustal
issues of aerosol production are that neither the material and there were opportunities for greater
bulk melt temperature nor the bulk composition of attenuation of the amount of aerosol reaching the
the melt changed substantially during the test. On a flow pathway to the samplers.
molar basis, the erosion of concrete does not in the
WETCOR test cause a dramatic alteration of melt Simple comparisons of the calculated
chemistry, decontamination factors and the melt surface

exposed directly to the air show that a crust does
Filter samples of aerosols produced in the not act as an impermeable barrier to aerosols.
WETCOR-1 test were taken: Nevertheless, a crust does appear to provide enough

attenuation of the aerosol production during melt
- prior to crusting in air (filter sample 1), interactions with concrete that the effects of crusts
- during the period a crust covered the melt should be included in the analyses of radionuclide

without water present (filter samples 2, 3, releases during core debris interactions with
4), concrete. The results obtained from the

- after the crust in air was remelted (filter WETCOR-1 test suggest a coherent crust alone can
sample 5), and reduce the aerosol production by a factor of 1.3 to

- after water was admitted to the test fixture 3.5. This decontamination by a crust is reduced
so both a crust and a subcooled water pool when the crust ruptures or the episodic eruptions of
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melt through the crust allow vaporization directly there to be substantial amounts of aerosol with
into the atmosphere, particle sizes greater than about 2_m. Current

models of aerosol scrubbing by water pools [Powers

Comparison of aerosol concentrations obtained with and Sprung, 1992] indicate that little aerosol mass
filter samples 1 and 5 to concentrations with filter of this particle size could penetrate a water pool
samples obtained once a water pool is present even as shallow as 30 cm. Some of the mass
provides an indication of the attenuation of aerosol collected on filters after water was admitted to the
production by the combination of a crust and a WETCOR-1 test fixture may have come from
30-cm deep water pool subcooled by about 50°C. entrainment of liquid containing suspended solids or
Decontamination factors calculated using results resuspension of material deposited in the apparatus
from samples 1 and 5 as the unattenuated rate of prior to water addition. In fact, the observed time
aerosol production are plotted against test time in dependent decontamination factor could be
Figure 6.13. Decontamination factors vary from 3- rational_ed in terms of a time dependent
5 to 10-15. There is overall an appearance that the resuspension flux of deposited, dry aerosol as
decontamination factor increases with time. There observed by Fromentin [1989] in the PARESS
is, however, significant scatter in the data. It is experiments. In either case, the apparent
tempting to attribute this scatter to episodic events decontamination factors shown in Figure 6.13
taking place in the crust. There is, however, no would be lower bounds on the true decontamination
substantiation of this hypothesis from other data that can be achieved by the combination of a crust
taken in the test. and a water pool. Elimination of uncertainties in

the decontamination factor calculations caused by
A cautionary note concerning the results shown in possible entrainment of water, or resuspension of
Figure 6.13 is raised by size distributions for aerosol deposits, would require a test configuration
aerosols sampled during the WETCOR-1 test (see rather different than that used in the WETCOR-1
Appendix G). The size distribution data indicate test.
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Summary

7.0 Test Summary and Conclusions

The main purpose for performing the WETCOR-1 necessary to meet both the contention concerning
test was to ascertain whether or not crust formation the direction of crust growth and the contention
is stable when water interacts with high temperature concerning suppression of the instabilities of crust
melts on concrete. Instabilities in the crust would growth were met in the WETCOR-I test.
allow very high rates of heat transfer which would
result in relatively rapid bulk freezing and very A second observation during the first crust
little interaction with the concrete basemat. Extra formation event was that the crust was not
effort was made in the design and execution of the monolithic. It consisted of several (_ 5) plates
WETCOR-1 experiment to extend the time for separated by gaps. Independence in the small
unstable melt/coolant interaction. This included the movements of these plates caused by gases
use of tungsten sidewalls, which were heated to produced by melt attack on the concrete was
temperatures well in excess of the freezing point for apparent in the video tape record of the test. The
the molten pool, the use of slowly freezing oxide very small displacements of the crustal plates
materials with a relatively high specific heat of caused by these sparging gases may have some
1.12 J/g-K as compared to 0.4 J/g-K for UO2, and bearing on contentions concerning the importance of
the use of a concrete basemat which produced large crust flexing and core debris quenching with water.
amounts of gas as it was ablated by melt. In Of more importance, it was observed that
addition, the power input to the melt was held at episodically small amounts of melt were forced up
relatively low levels and the meltpool depth was through gaps in the plates. This melt would
relatively shallow. The main observations from the promptly freeze, and eventually gaps between the
WETCOR-1 test were that there was indeed an plates were filled with frozen material.
initial period of vigorous melt/water interaction but
that this period only lasted for 1 to 2 minutes and
was replaced with a relatively stable crust/water Prior to admission of water, power to the susceptor
geometry with substantially reduced rates of energy collar was increased so that all the solidified
transfer to the overlying water. These rates of material present at the surface as a result of crust
energy transfer were insufficient to either quench formation in air remeited. It was evident from the
the melt or to discontinue the pre-established video record of the test that a completely molten
melt/concrete ablation process, surface was present when water was added.

The WETCOR-1 test involved two crust formation
events--one before water admission and one after Upon addition of water, nearly all sight of the
water admission. This first crust formation event surface was lost because of steam formation and the
was reversed simply by increasing the power to the loss of radiant illumination as the surface cooled.
susceptor collar. But this first crust formation For about 40 seconds after a water pool had formed
event proved crucial to (1) demonstrating that the over the melt, glowing globules of melt were seen
test fixture design worked as expected, and (2) to rise up within the water pool, cool and sink.
interpreting the observations during the second crust The globules were, it is thought, the products of the
formation event when water was present and the same episodic expulsion of melt through gaps in
actual crust could not be observed, crust plates observed in the first crust formation

event. With water present, some fraction of melt
The crust that formed in the first event clearly did forced up through the gaps could be entrained at
not adhere to the susceptor collar. A distinct least briefly in the water pool so that still-glowing
brightness line of molten material marked the globules were visible. This interpretation, and no
interface between the crustal material and the other that is not pure speculation has been found,
susceptor. Manifestly the hottest portion of the implies that crusting caused by water was
melt was adjacent to the susceptor. This essentially identical to the first crusting event
observation makes it clear that design criteria observed in air at lower power.
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Summary

The resultsof theWETCOR-I test are qualitatively could be improved in futuretests directed
the same as the results of all other tests of water specifically at the determinationof heat flux
admission to melts interacting with concrete. A through the crust.
crust of solidifiedmaterial forms that isolates the
remainderof the melt from the water pool. There The WETCOR-1test also confirmed results
was no evidence of any crust instability. The obtained in the SWISS-IItest [Blose et al., 1987]
contentions that cnlst growth from the perimeterof that even shallow water pools can substantially
the melt toward the center leads to differentresults attenuate aerosol production during melt interactions
than growth from the center to the perimeterare not with concrete. The WETCOR-I test also showed
supported by results of the WETCOR-I test, that interfacial crust alone, with no water present

can reduce the rateof aerosol production. The
Heat fluxes through the crust to the water pool reduction in aerosol production that could be
during the WETCOR-1test when power was no attributedjust to a crust in the WETCOR-I test
longer being input to the melt were calculated to be amounted to a decontamination factor of 1.3 to 3.5.
0.52 +_.0.13 MW/mL Once the bulk melt froze, Ruptureof the crust or expulsion of molten material
heat fluxes through the crust were found (by two through gaps or holes in the crust increasesthe
methods of analysis) to be only about 0.25 4.-0.08 aerosol production.
and 0.20 4-_0.08 MW/m:. The heat flux calculated
for the period when melt was present agrees very The WETCOR-I test showed that the combination
well with heat fluxes found during an interruption of a crust and a water pool 30 cm deep and 50°C
in the power in the SWISS-IItest [Blose et al., subcooled produced apparent decontamination
1987]. factors of 3 to over 15. Analysis of aerosol size

distributiondata obtained once a water pool was
More precise estimates of heat flux through the established suggests that the apparent
crust during the period when power was being decontamination factors may be lower bounds on
supplied to the melt are difficult to make. The the true extent to which water pools and crusts
unique configuration of the experimental apparatus reduce aerosol production. Entrainment of water
used to test crust stability interferes in the containing suspended and dissolved solids may
measurement of heat fluxes through the crust, partially reduce the aerosol attenuation by water
Results obtained from the test do indicate how pools.
instrumentation employed in the WETCOR-1 test
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Appendix A: Power Calibration Data

Test Setup sufficient enough to cause the water adjacentto
them to flash into film boiling.

A posttest power calibrationwas performedto
quantifythe coupling efficiency of the tungsten Waterwas delivered to the tank using 1.9-cm-OD
sleeve susceptors. During the experimentthe (0.75 in) stainless steel tubing terminatingin a
tungstensleeves were heated inductively. The Swagelok tee located in the center of the tungsten
sleeves transferredheat to the oxide chargeby sleeve susceptor assembly. The flow rateof the
conductionmelting the debrisandsustainingthe waterwas controlled by a remotely actuatedball
interaction. The charge was composedof approx- valve. A Signet turbine meter was installed
imately 76.8% AI:O_, + 17.9% CaO + 4.0% SiO: upstreamof the ball valve to recordthe flow rate of
+ 0.9% FRO,. For the calorimetertest, three waterdelivered to the pool formed in the tank. A
pressedandsintered 99.9% tungstensleeves, type-K thermocouplewas installed in the inlet and
identicalto those used in the experimentwere used exit waterflow circuit to monitortemperature. A
for the calibration. Eachsleeve was nominally36- thermistorwas also installed at the inlet andexit.
cm OD x 33-cm ID x 5.6 cm high. The mass of The two thermistors were configured into a half-
each sleeve averaged 22.4 kg. bridgecircuit to measure the differential

temperature.
The test apparatusfor conductingthe calorimetric
tests is shown in Figure A-1. A 208 liter Nalgene Since the thermocouple and thermistor were located
tank (56-cm ID x 91 cm high) fitted with a 7.6-cm some distance downstream from the tank, a type-K
PVC bulkheadfeed-throughwas placedon top of thermocouple was installed in the center of a
three 22.9-cm x 11.4-cm x 7.6-cm MgO bricks cylindricalaluminum heat sink to measure water
inside the inductioncoil. This was done so that the temperatureat the exit of the tank. The heat sink
waterexit port would clear the top of the coil. was 1.6 cm (0.625 in) diam and 1.3 cm (0.5 in)
Placed on the bottom of the tank were three 19.1- long.
cmx 19.l-cm x 19.l-cm concreteblocks, spaced
approximately120 degrees apart. Ontop of each Power was delivered from the 280 kW induction
block was placed an MgO brickhaving the same power supply to the coil using flexible, high-
dimensions as described above. Three tungsten current,watercooled leads. Parameters measured
susceptorsleeves instrumentedwith type-K for operatingthe power supply included the power
thermocouples were stacked on the MgO bricks at the buss bars, differentialtemperatureand flow
concentricwith the coil. The locationof the sleeves rateof the coolant flowing through the coil and
within the coil was identicalto the initia__cation of power supply.
sleeves used in the experiment.

This whole assembly was placed inside the 13 m3
Four type K thermocouples were placed betweenthe steel containmentvessel to simulate the actual
susceptorsleeves to monitorthe ringtemperatures experimentalconditions.
when the power was applied. Two of the
thermocoupleswere positionedbetweenthe bottom Test Procedures
and middlesleeve 180 degrees apart. The
remainingtwo thermocoupleswere positioned Fourteenchannels were used to recordthe datafor
between the middle sleeve and top sleeve 180 analyzingpower and calculatingcoupling efficiency.
degrees apart directly above the ones installed Seven of these channels recorded the temperatures
between the lower sleeves. The thermocouples measuredby type-K thermocouples, and the
were first secured with five minuteepoxy andlater remainingseven were voltage channels. Figure A-2
coated with GE Silicon RTV. This was done to shows a listing of the channels in the configure file
isolate the tips of the thermocouples from exposure used for storing the information on the HP I000
to the water pool and maximize contact with the data acquisition system. Also shown are the
susceptor sleeves. The sleeves were instrumented to equations used to convert voltage data into
ensure that the sleeves did not attain a temperature engineering units.
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Figure A-1. Test apparatusused for conductingthe posttestcalorimetrictests for the WE1_OR-I experimeM

NUREG/CR-5907 A-2



Appendix A

_LE -wetcorpwrcal.cnfg:::l Mon Oct 7, 1991 6:09:24 pm
CHAN. INSTRUMENT MAXIMUM

CHANNEL NAME T_ PE VOLTAGE
1 RNGI 0 K TC .02

2 RNG1180 K TC .02

3 RNG2 0 K TC .02

4 RNG2180 K TC .02

5 POOLEXT K TC .02

149 H20 IN K TC .02

150 H20 EXT K TC .02

171 TBRIDGE USER EQil 5.00

172 H20 FLO USER EQI2 5.00

181 POWER USER EQI3 5.00

182 PS DT USER EQI4 i0.00

183 PS FLOW USER EQI5 5.00
184 COIL DT USER EQI6 .01

185 COILFLO USER EQI7 5.00

USER EQUATION # Ii COEFFIECENTS ARE:
.187793x'0 9.701769x ^I .749658x^2 -. 351472x ^3

USER EQUATION # 12 COEFFIECENTS ARE:
.208090x ^0 5.959747x ^1 .041628x ^2

USER EQUATION # 13 COEFFIECENTS ARE:
.000000000E+00x^O .IO0000000E+03x ^1

USER EQUATION # 14 COEFFIECENTS ARE:
.000000000E+0Ox^O .759200000E+01×^ 1

USER EQUATION # 15 COEFFIECENTS ARE: i
.923270x^0 20. i01101x ^I

USER EQUATION # 16 COEFFIECENTS ARE:
.000000000E+0Ox^O .250000000E+04x^ 1

USER EQUATION # 17 COEFFIECENTS APE:
.771447x ^0 18.957371x ^ 1

Figure A-2. _n of the data acquisition channels used for the calorimeter tests, WEI_OR-I
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Appendix A

Three calibration tests were performed at input susceptors. Figure A-5 shows the temperature of
powers of 50, 100 and 150 kW based on power the water entering and exiting the Nalgene tank.
meter readings. The voltage and current Figure A-5 also shows the differential temperature
measurements establishing power levels were made measured by the thermistor ridge. Figure A-6
near the two water-cooled, copper buss bars used to shows the flow rate of the water delivered to the
connect the coil with the high current flexible leads. Nalgene tank. Figure A-7 and A-8 show a plot of

the differentialtemperature and flow rate of the
The calorimetric test was initiated by starting the coolant, respectively, in the coil and power supply.
data acquisition system establishing a baseline for Figure A-9 shows a plot of the specific heat of
the instrumentation. Data was sampled every water plotted as a function of temperature in
15 sec for calculating power delivered to the degrees K. Table A-1 presents values of specific
susceptor sleeves for buss powers of 50, 100 and heat in J/kg/K for corresponding values of water
150 kW. The ball valve was opened and the flow temperature in degrees K.
rate of water to the tank was set to a value that
would provide a reasonable temperature difference
for the water between inlet and exit. After a few Extracting the appropriate values of data from
minutes of baseline data the power supply was Figures A-5 and A-6 and substituting these into
started and a constant power input was applied to Equation A-1 above, the power delivered to the
the coil. The power supply was run until the susceptor sleeves can be calculated.
differential temperature in the water pool reached a
steady state condition. In order to account for all the power applied to the

water, the heat loss from the water pool must be
considered. Data were collected at the end of the

The power imparted to the tungsten susceptor calibration runs to determine the heat lost from the
sleeves was assumed to be identical to the heat Nalgene tank. From this the equivalent power was
transferred to the water defined by the common heat calculated from the cooling rate of water in the tank
transfer equation shown below, using the equation

Ps_ - rh CpAT (A-l) P_'_ = m Cp,ST/At (A-2)

where
where

PLo. = Power loss due to cooling rate of
Psm = Power delivered to the waterpool waterpool in Nalgene tank (kW)

by the susceptorsleeves (kW) m = Mass of waterin the tank
/n = Mass flow rateof water (kg/sec) = 155 kg

Cp = Specific heat of water at the steady Cp = Specific heat of waterat the mean
state exit temperature(J/kg/K) temperature, (/'_ + Trod)/2

(J/kg/K)
T = Differential temperature between the

inlet and exit of the water pool, _T/_t = Rate of water pool cooling
Te,a_-T_ct (K or C) (K/sec or C/sec)

Figure A-3 shows a plot of the power with respect The equivalent power loss calculated from the above
to time for the three calibration runs. Figure A-4 equation for the 50 kW calorimetric test was negli-
shows the temperature of the tungsten sleeve gible and for the 100 and 150 kW tests was found

to be 0.4 kW.
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F_gure A-8. Flow rate of the coolant flowing through the coil and power supply
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Appendix A

Table A-I. Specific heat of water

Temperature Heat Flux
(C) (W/kg/K)

0.00 0.42145E+04
1.00 0.42122E+04
2.00 0.42100E+04
3.00 0.42079E +04
4.00 0.42059E+04
5.00 0.42039E +04
6.00 0.42020E+04
7.00 0.42002E+04
8.00 0.41985E+04
9.00 0.41968E+04

10.00 0.41952E+04
11.00 0.41936E +0,_
12.00 0.41921E+04
13.00 o.41907E+04
14.00 0.41894E+04
15.00 0.41881E+04
16.00 0.41869E+04
17.00 0.41857E+04
18.00 0.41846E+04
19.00 0.41835E+04
20.00 0.41825E+04
21.00 0.41816E+04
22.00 0.41807E+04
23.00 0.41799E+04
24.00 0.41791E+04
25.00 0.41784E+04
26.00 0.41778E+04
27.00 0.41771E+04
28.00 0.41766E+04
29.00 0.41761E+04
30.00 0.41756E+04
31.00 0.41752E+04
32.00 0.41749E+04
33.00 0.41745E+04
34.00 0.41743E+04
35.00 0.41741E+04
36.00 0.41739E+04
37.00 0.41737E+04
38.00 0.41736E+04
39.00 0.41736E+04
40.00 0.41736E+04
41.00 0.41736E+04
42.00 0.41737E+04
43.00 0.41738E+04
44.00 0.41739E+04
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Appendix A

Table A-I. Specific heat of water (Continued)

Temperature Heat Flux
(C) (W/kg/K)

45.00 0.41741E+04
46.00 0.41743E+04
47.00 0.41745E+04
48.00 0.41748E+04
49.00 0.41751E+04
50.00 0.41755E+04
51.00 0.41758E+04
52.00 0.41762E+04
53.00 0.41767E +04
54.00 0.41771E+04
55.00 0.41776E+04
56.00 0.41781E+04
57.00 0.41787E+04
58.00 o.41792E+04
59.00 0.41798E+04

60.00 0.41804E+04 !
61.00 0.41810E+04
62.00 0.41817E+04
63.00 0.41824E+04
64.00 0.41831E+04
65.00 0.41838E+04
66.00 0.41845E+04
67.00 0.41852E+04
68.00 0.41860E+04
69.00 0.41867E+04
70.00 0.41875E+04
71.00 0.41883E+04
72.00 0.41891E+04
7390 0.41899E+04

74.00 0.41908E+04
75.00 0.41916E+04
76.00 0.41924E+04
77.00 0.42933E+04
78.00 0.41941E+04
79.00 0.41950E+04
80.00 0.41959E+04
81.00 0.41967E+04
82.00 0.41976E+04
83.00 0.41985E+04
84.00 0.41994E+04
85.00 0.42002E+04
86.00 0.42011E+04
87.00 0.42020E+04
88.00 0.42029E +04
89.00 0.42037E +04
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Table A-I. Specificheat of water(Concluded)

Temperature Heat Flux
(C) (W/kg/K)

90.00 0.42046E+ 04
91.00 0.42054E+04
92.00 0.42063E +04
93.00 0.42071E+04
94.00 0.42080E+04
95.00 0.4208812+04
96.00 0.42096E+04
97.00 0.42104E+04
98.00 0.42112E+04
99.00 0.42120E+04
I00.00 0.42128E+04

,, , =,, --
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The coupling efficiency was calculated by the The measured differential temperature for the 50
equation below kW test was 0.5°C as shown in Figure A-7.

% Efficiency = Pa,,_ / Ps,._ (A-3) The efficiency calculated for the 100 and 150 kW
calorimetry tests agree quite well. The 100 kW
yielded an efficiency of 15.1% and the 150 kW

where calibration 13.9%. Based on these independent
calculations, the efficiency was determined to be

p,_o = Power calculated from calorimetry 14.5% +_0.8% based on the average of the two
combining gains Eq. 1 and losses calorimetry tests.
Eq. 2. (kW)

There was a question raised as to the effect of the
P_ = Power measured by the power capacitor setting on the maximum power delivered

transducer (kW) to the coil. To study the effect, five capacitor
settings were selected over the range of 0 through

The coupling efficiencies calculated for the 50, 100, 7. At each setting the controls on the power supply
and 150 kW test was presented in Table A-2. A were adjusted to obtain the maximum power output.
calorimetry test at 200 kW was not possible because At each setting the indicated power (console meter),
the operational voltage limit of the inductionpower actual power (power transducer), frequency (console
supply (600 Vac) was reached just above the 150 meter) and AC voltage (console meter) were
kW calibration, recorded. These results were presented in

Table A-3.

The efficiency calculated for the 50 kW calorimetry Based on the data in Table A-3, the actual power
test was not consistent with that calculated for the increased 15 kW over the range of selectable
100 and 150 kW tests. For the 50 kW test, the capacitor settings from 170.5 to 185.5 kW. This
differential temperature of the coolant flowing represents only a 9% increase in the power that
through the coil was essentially negligible, could be available. The power supply for the
Typically, the power deposited into the coil cooling WETCOR-1 test was operated with a capacitor
fluid during calorimetry tests was approximately setting of 2. Operating the power supply at this
35% to 50% of the buss power depending on charge setting provided suff.cient heating of the tungsten
material and configuration. This was equivalent to sleeve susceptors to melt and sustain the interaction
a differential temperature of between 5.0 and for the WETCOR-1 experiment.
7.1°C.
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Table A-2. System coupling efficiencies for WETCOR-1

Total Power :. Net Power Power Coupling
::BussPower . Sleeve Power Losses Efficiency

•(kW) _I' _ (kW)i 0KW) i(%) : ....

50 0.7 0.0 1.4

100 14.7 0.4 15.1
H,,

150 20.5 0.4 13.9

Table A-3. Operational power limits for different capacitor settings,
WETCOR-1 susceptor sleeve configuration

Capacitor Indicated Actual Operational Operational
Setting Power I Power Frequency Voltage

(#) fleW) (kW) (Hz) (volts)

0 198 170.5 920 600

2 200 175.7 900 600

4 202 180.5 875 600
. ,

6 203 184.0 850 600
... ,,

7 203 185.5 850 600
, ....
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Appendix B: Power Supply Operational Data

In this appendixdataare presented that relate to the of the cooling fluid flowing through the power
operationof the inductionpower supply. The data supply and inductioncoil. The cooling fluid was an
includesbuss power, flow rate and temperaturedata 8 w/o ethylene glycol in water.
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Figure B-I. Power Applied at the Buss BarsDuring the WETCOR-IExperiment
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Figure B-2. Flow Rate of Cooling Fluid Rowing 'Iltmughthe Power SupplyandInductionCoil
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Figure 1}-3. Differential temperature of the cooling fluid flowing through the power supply and induction coil
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Appendix C: Crucible Thermocouple Profiles

Presented in this appendixare the temperature thermocouples imbedded in the concretebasemat,
profiles producedfrom type-K and-C and MgO castable sidewalls.
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Figure C-I. Concrete tmnpm'a_e data measured by thetmocouplm located in the midradiusarray between
z = 0.0 and -4.0 cm
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Figure C-2. Concrete temlxa'aturedata measured by thm'mocoupleslocated in the midrad_ array between
z = -5.0 and-10.0 cut
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Figure C-3. Con_ete temperature data measuredby thernmmuples kgatml in the midradiusarray between
z = -12.0 and -20.0 mn
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Figure C-4. Concrete tmnpcgaluredata measuredby thmntgouples located in the midradiusarray between
z = -25.0 and -30.0 em
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Figure C-5. Concretetempet'atm'edatameasuredby thermomupleslocated in the axial arraybetween z : 0.0
and-4.0 cm
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Figure C-6. Concretetemperaturedatameasuredby thertnomupleslocated in the axial arraybetween z = -5.0
and-10.0 cm
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Figure C-7. Concretetemperate datameam_edby thermomuplu located in the axial arraybetweenz = -12.0
and- 20.0 ¢m
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Figure C..8. Concrete_e data_ by thmmumplee located in the axial arraybetweenz = -25.0
and- 30.0 ¢m
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FigureC--9. Concretetempentme datameMuxedby th_les locatedin theperimeterarray betwem
z : 0.0 and-4.0 cm
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Figure C-10. Concrete tempa"m_ data memu'ed by rheim located in the pedmem" array betweea
z : -5.0 and-10.0 an
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Figure C-I 1. Concrete _ data measuredby thm'nmmuplmlocated in the perimeter array between
z = -12.0 and -20.0 cm

1800 ' ' ' ' I ' ' ' '"1 ''' "' ' I "'""" ' ' 1 ' ''""_ '"'1 ' ' ' '
--C50 z= - 25.0 ¢m
..... C51 z= - 30.0 ¢m

1600

t400 -

1200

I000

i 800600

400

2O0

0 , , , , I .... I .... I , 4 _ , I , , L, I ....
o ,oo 200 soo 400 soo eoo

T_E (rain)

FigureC-12. Concrete t,mnpera_e data measuredby thm'nmumplmlocated in the perimeter array between
z = -25.0 and -30.0 cm
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Figure C-13. MgO sidewalltempegaturedatameasuredby thernmeouplesin the arraylocated at z = - 20.0 cm
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Figure C-14. MgO sidewall temlxCaturedatameamtredby thermocouples in the arraylocated at z = - 15.0 cm
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Figure C-15. MgO sidewall temperaturedatameasuredby thmmmuples in the arraylocated at z = - 10.0 am
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Figure C-16. MgO sidewall temperaturedatameasuredby thmmmxmplesin the arraylocated at z : - 5.0 am

C-9 NUREG/CR-5907



AppendixC

_8oo ...._dt ' ' '"tt=o.s=,_o=9o_z=O=.t,, , ' t , , , , t .... Ii

..... t 1.5¢m, 0 90 z 0 cm

1600 _-.--M_4 ' = 2.5 ¢m,O = 90 d_z =0 ¢mt 9.0¢m.0 90 z Ocm

1400 "

2_ 1200

uJ I000 _-

ID_=) ..._,. j

!,-,- o".._'/ _'< 800n.-
u.I

600 j__. ,/.,, ._-

I-.-

400 >,_._ .--_"_" "

200

0 , , , , I .... I , , , , 1 , , , , I , , , , ! , , , ,
o ,oo _oo 300 400 soo 600

TIME (rain)

Figure C-17. MgO sidewall tempet'atnredatameasuredby thermocouplesin the arraylocated at z = + 0.0 cm
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Figure C-18. MgO sidewall temperaturedatameasuredby th_uples in the arraylocated at z = + 5.0 ¢m
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FigureC-19. MgO sidewalltemperatedatameasuredby thcrmocouplesinthearraylocatedatz = + I0.0cm
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Figure C-20. MgO sidewall temperate datameasured by thetmocouples in the arraylocated at z = + 15.0 cm

C-II NUREG/CR-5907



AppendixC

1800 " MI t=O.Scm, O=270deg. z=+20cm
_ o=270,_g.z=+ 20cm I

1600- ---MS t--z.s_o=270_:.z=+29_,, !

1400 - t = 9.0 cm,0 = 270 deg.z = + 20 cm

m

I

_: 1200

uJ I000
o::

I--
<( 800 -

O..

P--L'J600400" _

200

0
0 100 200 300 400 500 600

TIME (min)

Figure C-21. MgO sidewalltemperaturedatameasuredby thetmocouplesinthearraylocatedatz = + 20.0 cm
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Figure C-22. MgO sidewall tempeza_e datameasuredby thermocouplesin the arraylocatedat z = + 35.0 cm

NUREG/CR-5907 C-12



AppendixC
i

1800 c'", '"'""'I "_'' ' ' i"' ""' * " I ""' ' ' I " "' ' ' I ' ' ' '_........
--Mr t :0.5 cm.O:O d_ z = + 50 cm

,: =,o=o=.=.=t 2.5(_n. 0 0 z=+GOcm
1600 --.--M4 t 9.0¢m, 0 Ode_z +SOcm

1400

v 1200

tO00

800
,=.,
UJ 600t--

400

200 -1
0 ,,,, I , , , , I , , , , I .... I , j , , I ....o _oo 200 _oo 400 soo 600

TIME (rain)

Figure C-23. MgO sidewalltemperaturedatameasuredby tbermocouplesin the arraylocatedatz = +50.0 ¢m
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Figure C-24. Position of the 400 K isothermplottedas a functionof time
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Figure C-25. Positionof theconcreteerosionfront plottedas a functionof time
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Figure C-26. Comparison of the position of the 400 K isotherm and the concrete erosion front
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Appendix D: Charge, Concrete and Tungsten Sleeve
Susceptor Temperature Data

Temperaturedata are presentedin this appendixfor sleeve susceptorsand MgO castable temperatures
the oxide charge, concrete melt front, tungsten adjacentto the tungsten susceptors.
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Fisure D-I. Charge temperature measured by C type thefnma)_les installed in a tunptm thermowell at
r -.- 2 c[a
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Figure D-2. Charge temperature measured by C type Ihermocouplm imta]lod in a tunptm thennowell at
r=6cm
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Figure D-3. Charge temperate measured by C type thm'mo¢ouplminstalled in a tungmm thmnowell at
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Appendix E: Calculated Sidewall Heat Flux Data

Presented in this appendix are sidewall heat fluxes produced from type-K thermocouple arrays
calculated using an inverse heat conduction code. imbedded in the MgO annulus at various elevations.
Calculations were made based on temperature data
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Appendix F: Water Quench, Heat Flux and Pool Temperature Data

Presented in this appendix are the temperature,flow rate, volume andheat flux data acquiredduring the
quenchingof the molten oxidic debris.
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Appendix G: Flow Circuit Pressures and Temperatures,
Gas Composition, Flow Rate and Aerosol Data

In this appendix data are presented for pressure, containmentchamber, gas and aerosol sampling
temperature,flow, gas compositionand aerosol systems.
recorded using instrumentationinstalledon the
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Figure G4. Containmentvessel inlet andexit flow rate data indicated by turbine flow meters
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Figure G-5. Flow rate indicated by the mariam laminar flow element
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Figure G-6. Flow rate of purge air to the two video camera ports located on the containment vessel
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