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ABSTRACT

The Second CSNI Specialist Meeting on Molten Core Debris-Concrete Interactions
was held at Kernforschungszentrum Karlsruhe, Germany on April 1-3, 1992. The
status and progress'in this field of severe reactor accidents were discussed from
researchers around the world including participants from Russia and the Czech &
Slovak Federal Republic.

The contributions concentrated on two main topics. The first topic is the “classi-
cal” core debris-concrete interaction, both experimental and theoretical. Integral
effects and separate effects were addressed in thermal hydraulics and heat trans-
fer, material interaction, and aerosol release during concrete erosion, with some
applications to prototypical nuclear power plants. The second topic gaining more
and more interest is the possibility of controlling and ending the erosion of the
concrete by spreading of the core melt, and/or achieving coolability by the addi-
tion of water.

In the final session it was concluded that considerable progress has been made in
understanding and modelling the important phenomena. For the first topic a
broad and generally sufficient experimental data base is existing, allowing fur-
ther improvement qualification of the theoretical models which at present give
reasonable agreement with the most important experimental data. A validation
matrix is recommended for final validation of the codes.

With respect to fission product release during MCCl measurements show that the
releases are significantly less than previously estimated.

The relatively new topic of melt coolability deserves further investigations which
are already underway at different places or international coordinated efforts.




ZUSAMMENFASSUNG

Konferenzbeitrdage zum zweiten OECD(NEA) CSNI Spezialistentreffen
zur Schmelze-Beton Wechselwirkung

Das zweite CSNI Spezialistentreffen zur Schmelze-Beton-Wechselwirkung fand
vom 1. bis 3. April 1992 im Kernforschungszentrum Karlsruhe statt. Stand und
Fortschritte in diesem Gebiet schwerer Reaktorunfalle wurden von Forschern aus
der ganzen Welt diskutiert, wobei auch Teilnehmer aus RuBland und der
Tschechoslowakei vertreten waren.

Die Beitrdage behandelten zwei Schwerpunkthemen. Das erste Thema ist die
“klassische” Schmelze-Beton-Wechselwirkung, uber die aus Sicht der Experimen-
te und der Theorie berichtet wurde. Integrale und spezielle Effekte wurden an-
gesprochen ausdem Bereich der Thermohydraulik und des Warmeibergangs, des
Materialverhaltens und der Aerosolfreisetzung wahrend der Betonerosion. An-
wendungsrechnungen fur einige prototypische Reaktoranlagen wurden vorge-
stellt. Das zweite Thema, das zunehmend an Interesse gewinnt, befaf3t sich mit
der Méglichkeit, die Erosion des Betons zu beeinflussen und nach Méglichkeit zu
beenden, indem die Kernschmelze weit verteilt wird und/oder durch Fluten mit
Wasser gekiihlt wird.

In der AbschluBsitzung wurde festgestellt, daB bedeutende Fortschritte beim
Verstandnis und der Modellierung der wichtigen Phanomene gemacht worden
sind. Fir den ersten Themenbereich existiert eine breite und allgemein aus-
reichende experimentelle Datenbasis, die eine weitere Verbesserung, Qualifi-
zierung und Uberprifung der theoretischen Modelle erlaubt. Diese Modelle zei-
gen heute eine angemessene Ubereinstimmung mit den wichtigsten experimen-
tellen GréBen. Fir die abschlieBende Uberprifung und Bestatigung der Rechen-
programme wird eine Validierungsmatrix empfohlen. Im Hinblick auf die Frei-
setzung von Spaltprodukten wahrend der Betonzerstorung zeigen Messungen,
dafB die Freisetzungen wesentlich geringer sind als sie friher abgeschatzt wur-
den.

Das relativ neue Thema der Kihibarkeit von Schmelzen sollte weiter untersucht
werden. Arbeiten hierzu werden bereits an verschiedenen Stellen durchgefuhrt,
zum Teil im Rahmen internationaler Zusammenarbeit.
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Summary and Recommendations

The Second CSNI Specialist Meeting on Core Debris-Concrete Interactions was
held in Karlsruhe, Germany, on April 1 to 3, 1992, It was hosted by the
Kernforschungszentrum Karlsruhe (KfK) and organized in collaboration by
OECD-NEA and KfK. About sixty experts attended the meeting, from 13
countries including Russia and the Czech & Slovak Federal Republic and of 2
international organisations. Thirty-seven papers were presented in five
sessions on the different aspects of core concrete interaction including melt
coolability aspects. The final session summarized the results and discussed the
current status of knowledge and the direction of future work.

The first CSNI Specialist Meeting on Core Debris-Concrete Interactions had
been held at Palo Alto, California in September 1986. Since this meeting,
major experimental programs and substantial modelling work had been
undertaken worldwide. The scope of the second meeting was to review the
experimental and theoretical work and the predictive capabilities for severe
accident evaluation. In addition to the scope of the previous meeting the issues
of melt spreading and coolability were addressed as options to mitigate or end
a severe accident.

The contributed papers were presented in the following sessions:

I. Experiments on molten core-concrete interactions under

predominantly dry conditions

II. Modelling and codes of molten core-concrete interactions under
predominently dry conditions

OI. Experiments on melt spreading and coolability
IV. Modelling and codes on melt spreading and coolability

V. Code comparisons and plant applications,




Conclusions and Recommendations

The following general conclusions and recommendations were formulated after

a careful evaluation of the presentations and discussions:

1.

A significant integral effects data base on dry molten core debris-concrete inter-
action now exists which consists of independent experiments in several differ-
ent facilities, so that no additional large scale experiments under dry conditions
are necessary. The data base is adequate for thermal hydraulics, chemical reac-
tions, and aerosol and fissison product release during dry MCCI.

The present results of the codes in modeling the experiments are promising. To
make optimal use of the existing experimental data base it is recommended
that a matrix of selected and consistent experiments is set up covering the dif-
ferent aspects of MCC. This matrix would be used to provide final validation for
the codes.

Considerable progress has been made in the physico-chemical modelling of
MCCI melts. This needs to be completed and supported by additional physical
property measurements, in particular viscosities and liquidus/solidus tempera-
tures. These should be incorporated into the MCCI codes.

A considerable data base has been collected on the release of fission products
during MCCI which shows that the releases are significantly less than pre-
viously estimated. The modelling of chemical thermodynamics of the multicom-
ponent melt helps develop the understanding of the reasons for fission products
retention in the melt, and should be completed for the releases of the important
fission products.

Significant experimental and theoretical efforts are underway to determine the
coolability of molten corium in the containment. Presently, the coolability of
the melt by a water overlayer has not been demonstrated, thus the work should
be continued. Relevant physical property data should also be measured as need-
ed for modelling and validation. Melt spreading in containments was deemed to
be important for analytical and further confirmatory experimental investiga-

tions since it affects coolability and containment integrity in some designs.

Investigation of physical phenomena related to core catcher design should be
continued by the countries interested in such designs.

In order to test the codes for application to prototypical accident scenarios and
to compare the predictions of different codes, a set of benchmark calculations
should be performed. This should include short term and long term applications
as well as different reactor cavities and concrete types.




The following is a summary of the five sessions:

I.  Experiments on Molten Core-Concrete Interactions under Predomi-
nantly Dry Conditions

The session consisted of six contributions which described the results recently
gained in the SURC test series (Sandia), in the BETA V5 series (KfK) and the ACE
Program Phase C (EPRI) which is concerned with fission product release from molten
corium concrete interactions (MCCI). Out of these six, one UK paper dealt specifical-
ly with the initial interaction between a fuel melt and concrete, i.e. the behaviour of
the melt during the initial jet impingement phase of a MCCI.

B. Turland reported on a scoping experiment on the interaction between a su-
perheated uranium dioxide jet and cold concrete. The test has been carried out at the
Winfrith Technology Centre using its Molten Fuel Test Facilities. 24 kg of a molten
fuel simulant represented by a mixture of 81% uranium dioxide and 19% molybde-
num at a temperature of 3600 K poured under gravity onto the cylindrical target of
basaltic concrete. With the high superheat a vigorous interaction took place. The im-
pingement of the molten jet caused a depression in the centre of the concrete target
which was about 60 mm in diameter and 33 mm deep. In the neighbourhood of the jet
impact enhanced erosion was observed which corresponds to a local heat flux of the
order of 10 MW per m2, The vigorous interactions on initial contact have been rea-
sonably replicated by an interim version of CORCON Mod. 3.

In the discussion it was concluded that although the high superheat may not be
representative for accident scenarios, melt splashout may be an important issue in
this context.

E.R. Copus from Sandia presented the highlights of the SURC test series relat-
ed to sustained uranium dioxide/concrete interactions. The purpose of these integral
tests was to study the protracted interaction of an oxidic melt pool on various base-
mat materials, when liquid water is not present. The 200 kg melt mixture was com-
posed of 63% UQsg, 27% ZrOg and 10% Zr; the 40 cm diameter concrete basemat was
formed from limestone concrete in SURC-1 and basaltic or siliceous concrete in
SURC-2, respectively. In SURC-1 the interaction was sustained for over 130 minutes
and in SURC-2 for over 180 minutes, i.e. over 3 hours. The major conclusions from
the experiments are that the interaction temperatures remain well (about 300 K)
above the concrete melting point and that the Zr chemistry drastically affects the ab-
lation rate and the gas composition of both types of concrete. As a baseline response
5—15 cm/hr has been derived for one-dimensional (downward) concrete erosion in




the absence of Zr metal which can accelerate to 15—30 cm/hr when Zr metal is in-
cluded.

In the discussion two aspects were mentioned: The high level of the interaction
temperatures has to be considered in context with the oxidic melt, because the heat
transfer from the oxidic melt in comparison to a metallic melt is lower. VANESA
seems to generally overpredict the fission product release from MCCI in a conserva-
tive sense.

The presentation of H. Alsmeyer specifically focused on the influence of Zirco-
nium metal oxidation on melt/concrete interaction phenomena. He reported on the
corresponding BETA test series V5 recently performed at KfK. In these experiments
the initial melt mixture was composed of 300 kg (mostly) iron, 80 kg Zr and an oxidic
portion of 50 kg. A cylindrical melt crucible fabricated from siliceous concrete pro-
vided information on the two-dimensional erosion process. The decay heat generation
was simulated by induction heating which was varied in the three tests from 670
W/kg metal to 3300 W/kg metal. It turned out that the exothermic Zr oxidation in the
melt mixture dominates the interactions in the very first minutes. This is combined
with a fast cavity erosion and a high gas and aerosol release. However, the exother-
mic Zr oxidation has no significant influence on the melt temperature behaviour in
the BETA tests. The fast decrease from 2100 K to some 1750 K indicates an effective

heat transfer to the concrete structure.

In the discussion it was confirmed that the comparison of different thermocou-
ples (KfK/ANL/Sandia) revealed a good agreement in the temperature measure-
ments (AT =30 K). Due to the high heat transfer from the metallic melt the interac-
tion temperature in the BETA test series is in the metal freezing range. Due to the
two-dimensional erosion process in BETA the Zr oxidation (consumption) is faster
than that observed in the SURC tests.

There were three papers related to the ACE-Program. The first presentation
given by B.R. Sehgal described the Program Phase C which concentrates on fission
product release from molten corium concrete interactions (MCCI). In the correspond-
ing L-series seven experiments have been carried out with four different concrete
types. The corium mixture was derived from both PWR and BWR conditions.

The second paper presented by D, Thompson provided an overview of thermal
hydraulic results from the ACE MCCI tests, which comprise melt temperatures, ab-
lation rates and off-gas compositions. In general, the thermal-hydraulic data ob-
tained may serve as excellent benchmarks for computer models used for MCCI analy-

sis.




In the third part, J.K. Fink focussed on the aerosols released during these ex-
periments, The release fractions were determined for corium, the fission products
and the various control materials. Without repeating all the detailed information de-
scribed in the paper it might be mentioned that the release fractions of the fission
products were significantly below those predicted by the present VANESA code.

In conclusion, it is expected that a summary report on the Phase C test program
will be issued by September 1992,

In the discussion it was stated, that the phenomenological similarities between
the Phase C tests and the SURC tests confirm the common understanding of the
main MCCI phenomena. The experimental information provided by the Phase C Pro-
gram extends the data base for prototypical melts.

Conclusions of Session |

From both, paper presentations and discussions, it is concluded that the domi-
nating mechanisms and phenomena of MCCI under dry conditions are sufficiently
well understood. This comprises the containment load phenomena (concrete erosion,
gas production) as well as fission product release into the containment.

In this respect, the (exothermic/endothermic) Zr and Si chemistry which now is
represented in the MCCI code versions plays an important role. On the other hand,
foaming phenomena observed in some test cases are considered to influence the long-
term MCCI consequences only to a limited extent. In case of fission product release it
became obvious from comparison with experimental observations (ACE-Phase C)
that the models (e.g. VANESA) tend to overpredict the release.

There is a broad experimental database for MCCI under dry conditions avail-
able from several test series which have been carried out with various concrete types.
These data may stimulate further code improvements.




II. Modelling and Codes of Molten Core-Concrete Interactions under Pre-
dominantly Dry Conditions

Codes and Thermal Hydraulics

The session on integral codes contained four presentations on the status and
validation of the 3 most widely used MCCI codes (CORCON, DECOMP and
WECHSL). In addition there were two papers describing analysis of the ACE-L6 test,
which has been the subject of a blind post-test code comparison exercise, and a paper
considering the uncertainties in heat transfer correlations arising from uncertainties

in thermal-physical properties.

New versions have recently been completed of the 3 most widely used MCCI
codes. WECHSL-Mod3 has been used in France and Germany for more than 1 year,
and an extensive validation programme has been undertaken. This was described by
C. Renault (CEA). The validation matrix contains tests from the BETA, SURC and
ACE programmes. Only comparisons of calculated against experimental vertical ab-
lation were presented. Apart from the later stages of the BE'T'A V3.2 test (limestone
concrete) and the ACE-L6 and 1.2 tests there was good agreement overall; the tests
noted above showed differences between predictions and experimental data of uptoa
factor of 2. In the case of the ACE tests this may be due to the omission of the endoth-
ermic reduction of SiOg to SiO by Zr; in the case of BETA V3.2 this may be due to the
different degradation process for the limestone concrete.

The WECHSL-Mod3 code has also been assessed using the data from BETA
V5.1. This was presented by J. Foit. The WECHSL-Mod3 code does include the reduc-
tion of SiOg by Zr to Si. The experimental data for the BETA V5.1 (a metallic melt
with Zr) confirm the modelling in the code for temperatures below 2100 K. Even dur-
ing the exothermic oxidation of the Zr, both the code and the experiment showed a
rapid decrease in temperature, indicating good heat transfer from a metal layer.
Some differences between calculation and experiment were noted, particularly the
overprediction of Hg and CO; indicating that the oxidation of Si was being overesti-
mated by the code.

The CORCON-Mod3 code incorporates many model changes and new options.
These include slag film models for heat transfer to concrete, condensed phase reac-
tions, the ability to calculate, or force, layer mixing, the inclusion of VANESA (with
feedback for aerosol generation), and improved coolant heat transfer models. The
code has not been generally released yet, or a full validation programme undertaken.
However, D. Bradley's paper presented a comparison with three experiments (SURC-




4, SURC-1 and ACE-L6). Good agreement on ablation, and, in general, on melt tem-
perature was obtained for the SURC tests, but the temperature and ablation rate
were underpredicted for the ACE-L6 test. The code also predicted radionuclide re-
leases to within an order of magnitude, except for Mo and Ru which were underpre-
dicted by several orders of magnitude.

M. Plys (FAI) described the version of DECOMP incorporated into MAAP-4,
The code contains simplified models, which may be calibrated using detailed first
principle methods. No validation material was presented. Plys observed that in his
opinion "physical chemistry of the melt is more important than thermal-hydraulics.”

As noted above the ACE-L6 test has proved difficult to match accurately with
code calculations. J. Sugimoto (JAERI) presented calculations for this test with a
version of CORCON Mod 2.04 in which Greene's correlation for convective heat
transfer was replaced by that of Kutateladze, This provided a good match to the over-
all ablation in the test, although the respective times for insert and basemat ablation
differed from the test data. A calculation for the aerosol release with VANESA 1.01
indicated that there was a need to obtain a better estimate of the oxygen potential by
allowing for condensed phase reactions.

M. Corradini presented an energy balance of the ACE-L6 test. On the basis of Si
detected in the aerosol system, it was assumed that during the ablation of the insert
SiOg reacted endothermically with Zr producing SiO gas; during the basemat abla-
tion it was assumed that half of the remaining Zr was oxidised by SiOg endothermi-
cally. These assumptions gave a good energy balance for both parts of the test.

F. Gonzalez surveyed the dependency of heat transfer correlations on uncer-
tainties in material properties, represented by differences between values in differ-
ent data bases. He demonstrated how regression analysis could be used to determine

priorities for material property determinations.

Observations/Recommendations

There are no agreed criteria for what is an acceptable level of agreement be-
tween codes and experimental data. As there is now a broad range of experimental
data, the ability to match erosion data to £30 % and melt temperatures to £100 K
should be considered reasonable, and seems to be within the reach of the new codes.
The ability to predict fission product releases to within an order of magnitude (only
necessary for those species with a significant release) also seems to be close to being
achievable.




So far the only code for which a systematic attempt at validation has been pub-
lished is the WECHSL-MODS3 code. It is important that there is an agreed under-
standing of the data (and the uncertainties in data) for experiments which are used
to validate codes. The type of analysis applied to ACE-L6 (and elsewhere to BETA
V5.1) is welcomed. To obtain the greatest credibility for code validation it is reom-
mended that

(1) Data that are contradicted by measurements be modified in the database of
the codes (e.g. viscosity, solidus).

(2) Validators of the different codes select a common set of experiments and at-
tempt to reach a common understanding of each experiment, including recommend-
ing appropriate boundary conditions.

(3) Care should be taken to ensure that the codes are validated for all important
phases (including initial and long term behaviour) of the core-concrete interaction.

The data are now available and a good start has been made. The current models are
probably already acceptable for most applications; the recommended work would
give this judgement a technical underpinning, which is not yet fully developed.

Materials Properties

M. Mignanelli reported a series of calculations using the SOLGASMIX-
REACTOR Code which showed that the predicted releases of some fission products
during MCCI are particularly sensitive to the oxygen potential and the configuration
of the melt; there were also lesser dependencies on melt temperature and gas produc-
tion rate. In addition the CSNI code comparison exercise showed that the predicted
releases are extremely sensitive to the thermodynamic data and to the models used
for the condensed phases; at the time of the CSNI exercise the predicted releases of
some species varied by many orders of magnitude between the different submissions.

In order to overcome the discrepancies resulting from the ad hoc development of
pseudo-binary ideal models, two programmes have begun to assess the available
thermodynamic data and develop models for the melt in a systematic manner.

The programme of D. Powers to develop non-ideal solution models was reported
by E. Copus. Powers uses the Kohler equation to combine subregular models for the
binary sub-systems to produce a model for the metal phase. His model for the oxide
phase is based on an associate model which has proved useful in the description of




complex geological melts. These models have recently been included in the VANESA
code.

The other programme is being carried out by a collaboration between CEA and
AEA and was reported by M. Mignanelli and P.Y, Chevalier. By analysing new sys-
tems and using data already available from NPL and Thermodata a complete set of
unary and binary data, along with data for important ternary systems, has been com-
piled for the UQg2-Zr02-SiO2-Ca0-MgO-Alp03-FeO-BaO-SrO-Lag03 system, The
model for the oxide phase indicates that it behaves as a pseudo-binary eutectic rather
than the pseudo-binary ideal models previously used. The data have been used in the
MTDATA-nuclear and GEMINI codes to predict the solidus and liquidus tempera-
tures for experiments carried out at ANL, The predicted solidus temperatures are in
good agreement with the measured values, but there remain unexplained discrepan-
cies in the predicted and measured liquidus temperatures. Both the new model and
the experiments indicate that the difference between the solidus and liquidus tem-
peratures is much greater than calculated by CORCON. The new model of the oxide
phase also predicts strong interactions between barium, strontium and lanthanum
and the zirconia and silica in the melt, which results in activity coefficients which
are much less than unity for the fission products. As a result, barium, strontium and
lanthanum are retained in the melt and their releases are greatly overpredicted by
ideal solution models. Databases are already available for the gaseous and metallic
phases. Therefore, to complete the system a model for the interaction between the
metal and oxide phases must be developed. This is particularly important as it deter-
mines the oxygen potential, to which the predicted releases have been found to be
particularly sensitive. To develop such a model will take a few years.

G. Bamford reported that the BUSCA pool scrubbing code has been updated
since the previous CSNI MCCI specialists meeﬁing in Palo Alto. Models have been in-
cluded for: condensation onto aerosol particles; different bubble shapes; bubble
breakup; bubble clusters and swarms, However, modelling has not been included for
the churn turbulent flow regime, which is the most relevant regime for water pools

overlying molten corium,

111, Experiments on Melt Spreading and Coolability

This session dealt with a topic which was not a part of the previous CSNI spe-
cialist meeting on core debris concrete interaction. The session primarily addressed
the phase of severe accident in which interaction of the corium melt with water takes
place during the MCCI. The issue is whether water will be able to cool the corium




melt so as to halt the MCCI and stabilize and stop the accident. The session also dealt
with the spreading of the melt in the PWR containment cavity or BWR drywell and
considered either dry or wet conditions.

The first paper by H. Alsmeyer et al. described a test performed in the BETA fa-
cility in which the primarily metallic melt interacted violently with the water
present in the annulus of the BETA crucible. The steam explosion produced ~5 bar
pressure. The main conclusions derived from this test were that the water presence
outside the crucible cylinder did not retard the MCCI so that failure of the concrete
wall did occur. The interaction of the metallic melt with water is not representative
of the prototypic conditions. A similar experiment performed a week before the meet-
ing produced the same conclusions, and the energy generated in the steam explosion
was larger and partially damaged the BETA facility. The visit to the BETA facility
demonstrated the extent of the damage.

Melt spreading experimental research was the focus of the paper by B.R. Sehgal
and B. Spencer. They proposed a set of large scale tests using prototypic corium melt
material for spreading in containment cavity representations. These tests would use
the MACE equipment and the MACE furnace with a receiver vessel having either a
simple geometry (channel or a sector) or a faithful replica of an actual containment.
They proposed to perform a set of tests with a one-dimensional receiver vessel for
purposes of validating the code MELTSPREAD, which models the physics of spread-
ing. That code has embodied complex physical phenomena and needs data for vali-
dating the models.

B.R. Sehgal described the status of the ACE program phase D i.e., the MACE
Program. He argued that the coolability conditions for the melt do not necessarily
have to be that the melt is completely quenched. Indeed the minimum coolability
condition is that the melt is reduced in temperature to less than the concrete solidus
temperature (= 1500 K) and subsequently heat removal rate by water is equal to the
decay heat generation rate in the solidified melt. Sehgal briefly described the main
features of MACE test MO and M1 and in terms of the programme status told about
the near term scheduling of the MACE test M1B.

B.R. Sehgal was followed by Spencer who gave more detailed descriptions of the
tests MO and M1 performance and the results obtained in the tests. The test MO pro-
vided important observations and results which were useful in the modelling of the
coolability phenomena (currently there is not enough knowledge base on coolability
and many scenarios have been proposed for either coolability or lack of coolability).
Spencer argued that the melt swells up periodically to contact the crust formed in the
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MACE test MO and breaks through and contacts water. This was observed in the
MACE test MO and a debris bed was formed on top of the crust. Spencer described the
operation of the test M1 and pointed out that the specified initial conditions of melt-
water contact were not achieved. A sintered thick layer of the initial powder separat-
ed the water from the melt; however, it allowed the gas to pass through. The data ob-
tained from the test M1 are not applicable for coolability issue resolution.

The MACE test description was followed by the description of the WETCOR
test performed at Sandia Laboratories by E. Copus. The test employed about 35 kg of
oxidic high temperature simulant material interacting with concrete and surround-
ed by a high temperature tungsten cylinder. This test produced a thick crust which
precluded the cooling of the melt. A video of the test was also shown. Copus's conclu-
sion was that it probably is not possible to cool or quench a prototypic melt in proto-
typic accident scenarios.

W. Tromm described a conceptual design of a core catcher which is studied in
Germany and later described the experiments currently being carried out at KfK to
obtain data on the physical phenomena on which the core catcher concept is based. In
particular, the experiments were directed towards the melt fragmentation that may
occur when water is introduced in a melt layer from below. The experiments per-
formed at KfK with thermite (AlgO3, Fe and CaO) have shown fragmentation of the
melt layer when water was introduced before the melt interacting with concrete. The
experiment with = 38 kg of melt resulted in a quenched bed. The fragmentation
pieces were 5 mm or larger size. No steam explosion occurred. Experiments with a
plastic melt have also been conducted to obtain visual information on the melt
quenching process.

In summary, significant experimental efforts are in place to identify the feasi-
bility of cooling and/or quenching a molten corium mass released from the RPV after
a core melt down accident. Generally the conditions for melt coolability (thickness of
the corium layer, power density, ways of flooding, etc.) are not yet well established.
Spreading tests are being proposed to study the melt coolability during its movement
in the containment. Also, alternative modes of water addition are being investigated
for melt cooling/quenching, in conjunction with a design effort on core catchers.

IV. Modelling and Codes on Melt Spreading and Coolability

The need for more detailed or mechanistic modelling of melt spreading and coolabil-

ity stems from consideration of a number of factors.

-11-




One postulate for ex-vessel debris-water interactions for the case in which wa-
ter is added as an overlying pool has been the assumption of uniform spreading and
fragmentation of the debris (or significant water ingression) such that the effective
surface area for heat transfer and thus heat removal is enhanced. This postulated be-
haviour allowed for the development of simple surrogate models for heat transfer
which predicted rapid melt quenching and coolability.

However, the integral tests performed to date, SWISS, WETCOR, BETA, and
MACE have not provided confirmation of the fundamental behaviour implicit in the
simplified modelling approach. All of the tests performed to date have indicated a
propensity for the melt to form an impervious crust at the melt/water interface.
Thus, it is seen that analysis of the tests as well as reactor analysis should include
modelling to account for crust formation including those mechanisms serving to in-
hibit crust development (i.e. gas sparging) as well as the mechanisms which act to
cause failure of a crust after one has formed (thermal stresses, gas pressure from con-

crete decomposition).

For reactor designs which allow for greater spreading of molten debris, thus en-
hancing prospects of cooling and avoiding structural damage, validated models are
needed to ensure analyses of greater spreading are realistic. Earlier models have fo-
cused on the hydrodynamic aspects of melt spreading and have not rigorously treated
the influence of heat transfer on the melt spreading behaviour, i.e., melt immobiliza-

tion and material flowing over previously frozen material.

In the event that corium water heat transfer in the static post spread configura-
tion is insufficient to quench core debris it may be beneficial to more accurately
model heat transfer in the transient and spreading mode of the process.

Modelling approaches have been described which focus on the initial formation
of the crust (ANL) by evaluating the effects of the superficial gas velocity as well as
an approach which incorporates into the CORCON-UW code (University of Wiscon-
sin) more detailed modelling of the stresses created in a floating or bonded crust
which would cause eventual crust failure. Incorporation of crust formation criteria
into the CORQUENCH code and analysis of the MACE scoping tests by M. Farmer
(ANL) showed good agreement with observed behaviour and measured heat fluxes. It
is important to note that while small scale experiments have produced continuous
crusts spanning the vessel cross section (20 — 50 ¢cm) scaling studies and stress analy-
sis performed by R. Engelstad (U. of Wisconsin) predict that at a lateral dimension
greater than 2 m thermal and bending stresses would cause crust failure. However,
there is a dearth of material property data relevant to thermo-physical properties
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(including fracture strength) of crustal material. This is an area which should be pur-
sued.

An alternative approach to modelling of heat transfer to overlying water in the
presence of a crust was presented by J.M. Seiler of CEA/CENG in which the focus of
analysis was the entrainment of molten material by sparged gas through defects in
the crust. This analysis indicated corium entrainment characterized as an entrain-
ment coefficient of .007 cm3 of debris per liter of sparged gas would be sufficient to
quench a debris bed 30 ¢cm deep.

All of the models for predicting crust behaviour including that for mass en-
trainment appear to be based on a solid crust or in the case of the CEA/IPSN model a
crust which is solid except for large discrete openings which would allow entrain-
ment of molten debris. All of the integral tests involving oxidic melts (WETCOR,
MACE) have produced crusts which are porous to gas flow but non porous to water in-
gression or melt entrainment. The models should be examined for the applicability to
porous crusts and should receive further validation against experimental data.

In order to improve the prospects for ex-vessel coolability for new reactors var-
ious design features have been considered. One such design which is intended to
avoid both molten core-concrete interactions and steam explosions has been proposed
by A. Turricchia of ENEL-DCO. The basic feature is a three dimensional lattice of
staggered graphite beams located beneath the reactor pressure vessel. The heat ca-
pacity and thermal conductivity of the graphite provides for the initial cooling of the
debris; surface area enlargement for heat transfer is accomplished by the staggered
arrangement of the beams which lessens the need for altering the lateral dimensions
of the reactor cavity. Long term cooling of the corium would require flooding of the
reactor cavity. While transient heat conduction calculations of the graphite tempera-
tures achieved upon initial contact with the corium indicate temperatures below
those associated with chemical reactions or graphite burning, additional analysis in
combination with experimental tests would be valuable to confirm this view. It was
also suggested that additional analysis is needed to ensure the integrity of the design
for moderate and high pressure melt ejection events in case that depressurization of
the primary system could not be achieved.

V. Code Comparisons and Plant Applications

M. Firnhaber reported the results of International Standard Problem ISP 30 on
BETA Test V5.1. The presentation first recalled the objectives of the test, which in-
volved both thermal hydraulic behaviour with high Zr content and Zr chemistry in

-13 -




the condensed phase, and two-dimensional erosion and aerosol release. Accordingly,
two types of variables were considered: thermal-hydraulics and aerosol release.

Different results were obtained with the codes WECHSL and CORCON;
WECHSL was observed to predict more accurately than CORCON the initial de-
crease of the temperature, while, for erosion, the axial velocity was initially too high
for WECHSL and too low for CORCON; the prediction of the total eroded mass was
rather good.

The gas production was underestimated, because the release from the upper

part of the concrete device had not been taken into account.

For Zr chemistry, calculations performed with condensed phase chemistry

models exhibit rapid elimination of metallic zirconium.
The conclusions have stressed the following points:

- importance of condensed phase chemistry modelling;
- slow temperature evolutions in CORCON;
- interest in an experimental validation matrix for future work.

Results of aerosol code comparisons with releases from ACE MCCI Tests were
reported by J. Fink. The calculations presented were performed for the ACE L6 test,
with 30% Zircaloy oxidation and a siliceous concrete. Different participants to the
code comparison exercise have used the codes SOLGASMIX, CORCON, and VANE-
SA.

Very large differences in aerosol release predictions were observed; differences be-
tween the codes and the experiment can be tentatively attributed to:

- the differences in oxygen potential modelling;

- the absence of modelling of chemical reaction between condensed phases;
- zirconium chemistry;

- no modelling of metal vaporization;

- influence of the different databases used.

It has to be noted that, for some fission products, the released quantity is less
than the detection limit.

As a conclusion, the author recommended to continue the work on thermody-
namic databases - including experiments if necessary - and to increase the efforts for

condensed phase chemistry modeling,

The calculations presented by F. Miiller analysed a VVER 1000 reactor with a |

2.50 m thick basemat consisting of serpentine concrete. The effects of instrumenta-
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tion tubes in the walls of the reactor pit and a connecting door to the other parts of
the containment were considered. Results suggest that these instrumentation tubes
could constitute a potential cause of early containment failure in the case of core-
concrete interaction, as they are located relatively close to the inner part of the reac-

tor pit walls.

In the subsequent discussion, it was pointed out that a satisfactory simulation
of MgO chemistry to describe the serpentine concrete behaviour may be obtained by
considering it as CaO in the WECHSL calculation,

Also, the possibility for corium cooling subsequent to spreading was suggested
as a possibility for further studies.

Application of the WECHSL code to PWR and BWR calculations were reported
by J. Foit. Two basic cases were considered in this study:

- PWR like configuration with siliceous concrete and water ingression after 0.9
m erosion;

- BWR like configuration with limestone concrete of higher decomposition tem-
perature and a very small reactor cavity

- These calculations also differed by the thickness of the basemat and the residu-

al power being considered.

For the PWR case, a penetration of 6 m was predicted to occur in about five days.
Sump water ingression hardly changed this time. For the BWR case, time was shor-
ter due to the absence of lower crust formation,

These figures were given for further comparison with other codes (for example
CORCON).
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1. INTRODUCTION

In the unlikely event of a severe accident in a nuclear power plant, if recovery of the
safety functions cannot be obtained, the core may degrade, melt through the vessel and
slump in the floor of the reactor pit.

This process is strongly dependent on the in-vessel core degradation, progression and

lower head failure modes.

Depending on the reactor design and the pressure in the primary circuit at the time of
the vessel failure, the corium can react with the atmosphere of the reactor (DCH:
"Direct Containment Heating"), or with the available water in the reactor pit or with the

floor of the cavity.

The "Direct Heating" needs an open geometry of the reactor pit : in that case, under the
primary circuit pressure effect, the corium is blown and fragmented in the reactor
containment and this process can, under some restricted conditions, generate a peak of
pressure in the containment. Some countries have included in their accident
management procedures a primary circuit depressurization, which can avoid this effect.




On actual LWR reactors, the floor is made of concrete and the hot mixture of the core
material called "corium" interacts thermally with the concrete basemat. Under thermal
effect, the concrete of the basemat is eroded into oxide liquid or solid compounds (SiO2,
Ca0, MgO,...) and gas compounds, such as CO2 and H20. These oxides mix with the
molten fuel and steel stuctures and the gas are partly reduced into CO and H2. This
phenomena is called "Core-Concrete Interaction: CCI" or sometimes "Molten Core
Concrete Interaction: MCCI",

When water is present in the reactor pit, there could be an energetic interaction due to
the contact between the superheated liquid fuel and the coolant: this phenomena is
known as "steam explosion".

These two aspects of a severe accident are presently under studies with international
experimental programs (BETA at KfK/Germany, SURC and WETCOR at SNL/USA, ACE
and MACE at ANL/USA, FARO at ISPRA/Italy, ..) or national programs (especially
concerning the steam explosion). Up to now, there was only one scenario leading to a
real case of MCCI: the TCHERNOBYL accident.

On future reactors, the bottom of the reactor pit could include some corium retention
devices usually called "core-catchers".

From a safety point of view, if no mitigation actions are done to reach ex-vessel
coolability of the corium, the MCCI is an important aspect of the overall severe
accident, because of its possible consequences:

- release of aerosols, generation of steam and combustible gases into the containment

- possibility of basemat penetration and loss of containment leaktightness, side wall
attack, hole penetration.

The relevance to containment loading was shown by a number of special national
investigations (NUREG 1150, DRS-B).

If an ex-vessel steam explosion occurs, the effects on the containment structures, on
the local aerosol resuspension and gas distribution, have to be evaluated.

Consequently, the accident management, either on actual LWR reactors or future ones,
requires to answer some main safety questions, if a vessel melt through occurs, related
to the coolability of the corium and the containment integrity. These two main safety
questions are closely connected and cannot be separated.

2. BOUNDARY CONDITIONS FOR EX-VESSEL MELT BEHAVIOR

The main boundary conditions for the ex-vessel melt behavior are determined by the
process of core degradation, mass slumping into the lower plenum, quenching of hot
material by the residual water and details of the structural design of the RPV bottom.




2.1 Metal-water reaction

The extent of the exothermic reaction of steam - mainly with zircaloy - will be
controlled by the temperature level of the core materials, the local availability of steam,
together with the accessibility of unoxidized metallic surfaces containing zirconium. A
high degree of oxidization leads to a high energy release into the core region resulting in
an acceleration of the core degradation. In addition, the degree of oxidization
determines the type of debris formation and the melting temperature of oxidized and
metallic materials, the quantity of unoxidized metal in the melt at the time of vessel
failure and the amount of pre-existing hydrogen at vessel-failure time.

2.2 Core slumping

The initial slumping of molten materials from the core region into the lower plenum of
the RPV could result in high steam production rates due to the quenching of hot
material in the vessel. This would lead to an acceleration of the melting process because
of the increased exothermic reaction between zircaloy and steam in the core region. The
mass flowrate of molten materials into the lower plenum is of major importance. A
short term slump of molten materials will lead to different melt or debris conditions
prior to vessel failure, than would be expected in case of an extended core slumping
process.

2.3 Failure mode of the RPV

After an evaporation of residual water, solidified materials in the lower plenum will
heat up again by decay heating to the melting point. It might be also that molten
material penetrate water without complete break up and subsequently evaporation of
only limited amount of water would occur. As a result, the RPV lower structures, being
covered by solidified and/or molten materials, would be heated up. Due to system
pressure and/or temperature loads, the vessel would fail.

Structural details of the RPV and connecting pipework determine the failure mode of
the primary system under pressure. Penetrations in the lower part of the RPV, such as
core instrumentation nozzles, are generally assumed to fail first, leading to a limited
opening for the discharge. A gross head failure mode, such as a ballooning-type is more
likely to occur in a design of the bottom head without penetrations. Such a failure mode
could severely damage the reactor cavity and the vessel support structure, with a
subsequent dispersal of debris and steam into the containment. Under low pressure
conditions, one can also distinguish between local and global vessel failure. Local failure
is due to local melt-through of one, or several penetrations through the lower vessel
head while a global vessel failure means that the lower head fails as a whole due to
weakening of the vessel wall at the height of the inner melt pool. Mode and timing of
vessel-failure are very important to subsequent events.
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2.4 Melt conditions

Mixing of molten materials takes place in the lower plenum prior to vessel failure. The
possible incorporation of significant quantities of steel into the melt is important. This
affects the amount of chemical energy available in case of a possible DCH as well as
general conditions of the melt. A longer time span between core slumping and vessel-
failure implies a higher temperature of the melt and a larger mass in the lower plenum,
Therefore for early vessel failure there will be less molten materials on the bottom of
the vessel at a lower temperature level.

To summarize, the main issues of importance for the release of molten materials from
the RPV into the reactor cavity are:

* system pressure prior to vessel failure;

* mode of vessel (or system) failure;

* mass of molten material in the lower plenum;

* composition of the melt and gases in the system;
* temperature of the melt.

3. THE MOLTEN CORE CONCRETE INTERACTION (MCCI)

3.1 The MCCI phenomenology \

3.1.1 Corium mass and composition

The initial composition of a corium depends on the reactor type (BWR, PWR, VVER,...).
Anyway, a typical initial corium mass includes masses from the fuel (UO2, Zr, Ag, B4C,)
and additional masses of metal (mainly stainless steel) coming from the core and the
bottom internal structures and a part of the lower head of the vessel.

3.1.2 Internal source of heating

The decay heat is the dominating internal heat source, except at the beginning of a
MCCI, as long as the metal oxidization processes takes place.

Using one percent of the normal reactor thermal power as the internal decay heat in a
corium is a conservative assumption of the decay heat evolution. A more precise value
depends on the accident scenario and does not take into account the volatile fission
products (mainly noble gases, iodine, tellurium) released in vessel during the core
degradation.

The fission products are mainly under oxidic form,




The Zr and Cr oxidization processes, especially between Zr and CO2, H20 and SiO2, are
very exothermic. As a consequence, the oxidization power can exceed the residual
power by a factor of 10 to 40. Meanwhile, these oxidization processes are very fast and
occur during the first hour and even less of a MCCI. As a consequence, this period of
time corresponds to a strong corium agitation by the gas coming from the concrete
erosion process. But even during this period of a MCCI, the ACE experiments showed
that the fission products release stayed neglectable in front of the in-vessel release.

3.2 Existing experiments

Since the last OECD specialist meeting on core concrete interaction (Palo Alto, USA,
Sept. 1987), new MCCI experiments were done :

- the BETA II series in KfK, FRG

- the ACE tests in ANL, USA

- Some SURC tests in SNL, USA.

New tests are also under preparation such as the ALPHA tests (Japan).

Different groups of MCCI international experts were following all these tests. Two
International Standart Problems (ISP 24 on SURC4 and ISP 30 on BETA V5.1) were
organized by the CSNI/OECD.

The ISP 24 (1988) showed a lack of modelling in the codes concerning the condensed
phase zirconium chemistry. The ACE and BETA II tests were very useful to solve the
problem and, today, all codes considering the condensed phase zirconium chemistry
show better agreement with the experimental results than before. This was one of the
conclusion of the ISP30.

To sum up, there are today a series of MCCI tests, enough to create a validation matrix
covering the different aspects of MCCI for the main types of basemat concretes: silicate,
limestone/common sand, limestone/limestone and even refractory (serpentinite) type of
concrete,

There exist also code validation based on some experiments, not on others, depending

on the code and the version of the code.

As a consequence, and it is one of the ISP30 recommandation, it is recommended that
further code assessment should use validation matrices based on different experiments
and test facilities, to overcome the experimental imperfections of a single experiment.

3.3 Overview on codes and transfer to real plant conditions

There are today several MCCI codes (e.g. WECHSL, CORCON, DECOMP). As quoted
precedently, there is a need for a global code comparison on a complete experimental
test matrix. This could be useful to situate the state of validation of all codes in
comparison with the achieved experiments.




Concerning the transfer to real plant calculation, a code User group appears to be a
very efficient way to solve problems and to analyse the code user feedback.
Experiments solve only special aspects of MCCI (e.g. chemistry, concrete erosion). As
codes are not attached to an experiment configuration, and due to the number of
physical phenomena occuring during a MCCI, the use of code for reactor calculation
must be understood only as a general tendancy of what could happen in case of a real
MCCI .

There exists three main aspects in a MCCIL: the basemat erosion, the hydrogen
production and the fission product release from the melt.

Concerning the concrete basemat erosion, calculations show that, if the corium is not
spread and cooled from its surface before starting enough concrete ablation to increase
the height of the molten pool, the basemat penetration is bound to happen.

After a short peak value for the hydrogen production rate, the long term production
depends on the content of metals in the molten pool of corium and concrete materials.
Low release rates were calculated for the hydrogen in this long term range.

The ACE experiments showed that the presence of silicates and zirconates in the melt
explains the strong fission products (FP) retention in the pool during the MCCL the
general FP release at the beginning of a MCCI is several orders of magnitude less than
the FP release corresponding to the "in vessel core degradation" phase.

4. THE CORIUM COOLABILITY

4.1 General principles to avoid a concrete basemat penetration

For typical LWR of about 1000 MWe, a corium can only be stopped in a semi-infinite
concrete structure if the core material mixed with the liquefied concrete fills a very
large semispherical or semi-elliptical volume where the decay heat can be completely
transported into the concrete structure by steady state conduction. Typical dimensions
of such a cavity are more than 20 m. This means that basemat thicknesses on present
reactors (from 5 to 10 m) are not sufficient to cool and to stop the corium.

To avoid the basemat penetration, another efficient cooling is needed. As the larger the
exchange surface is, the more the cooling phenomena is effective, it is important, before
looking at different ways of cooling, to look at the two main phenomena allowing the
exchange surface to grow: the corium spreading and the corium fragmentation.

4.2 Corium spreading

One of the key issues to study the coolability of a corium deals with the capability for a
corium to spread on a given surface, with and without water.

As a matter of fact, one of the main parameters controlling the corium cooling is the

heat exchange surface between the melt and the coolant. To increase the heat exchange
surface in a completely safe way, one possibility consists in increasing the available
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spreading surface for the corium. Most of the proposed core-catcher designs are using
this approach.

Of course, an accurate knowledge of the lower head vessel failure mode and kinetics
(allowing to calculate the corium pour rate, melt composition...) is necessary to predict
as best as possible the corium spreading, because these are initial conditions of the
spreading. These initial conditions were discussed in chapter 2.

But even in the case of well defined initial conditions, uncertainties regarding melt
progression and freezing phenomena remain large because only little experimental
works have been done up to day on melt spreading.

4.2.1 Existing experiments

Many melt freezing experiments have been done in the frame of fast reactor studies
with real material, but only limited results are of interest for our purpose because tests
were performed in tubes of low hydraulic diameters (a few millimeters) at high driving

pressures.

- Fauske & Associates performed tests in which alumina-iron thermite was poured in a
rectangular channel, but the instrumentation was limited (1).

- Experiments with low melting temperature simulant materials have been performed by
GREENE and al. (1988), with small amount of simulant (lead) and also limited
instrumentation. Howewer, some spreading correlations have been derived (2).

This explains that new programs to study the corium spreading have been initiated:

- Experiments with low melting temperature simulant materials are done presently by
CEA/IPSN, France. The main objective of these tests is to model hydrodynamics of melt
spreading and crust behaviour of the melt on the substrate. These tests are called
CORINE experiments (CORIum relocation aNalytical Experiments) (3).

- More realistic tests for LWR melt spreading investigation, using about 300 Kg of real
material melts, are planned to be done by EPRI at ANL (SMELTR program) (4).

Nota:

Experiments on steel spreading (SPREAD) are also performed in Japan but more
informations about these tests are not yet available at the time of this publication.

4.2.2 Overview on codes and transfer to real plant conditions

There exist today only few codes to calculate the corium spreading (the MELTSPREAD

code (EPRI, USA)). These codes need validation before their results can be transfered to
real plant conditions.




4.2.3 Reactor protection and safety problems

For actual reactors, if some actions are decided allowing a corium spreading in the
containment, it is important to check that this possibility doesn’t interfere with other
safety functions (e. g. : don’t prevent the sump water recirculation).

For future reactors, there is no special problem except the risk of a steam explosion if
the corium has the possibility to contact the water. Possible damage to the cavity
design, the distribution of melt particles in the containment together with the resulting
gas, and aerosols distribution, have to be analysed.

4.4 Corium fragmentation

A corium fragmentation increases of course the exchange surface for the corium
coolability. This fragmentation can be the consequence of a steam explosion, or the
results of the corium entrainment by the gas bubble in an overlaying water pool for
example, or the required consequence of a specific design (core catcher).

4.4.1 Fragmentation in a water pool

A steam explosion could result from a drop of superheated liquid corium in a water
pool, or by a quick destabilisation (trigger) of an established corium/water contact
(water pool over corium for instance).

But, of course, one cannot rely on a steam explosion to get a corium coolability by
creating corium fragmentation because it is not a "controlled" phenomena and it can
generate an energetic interaction,

The more the corium is fragmented when falling in the water, the more efficient the
steam explosion (if it happens) is.

4.4.1.1 Existing experiments

There exist today a CEC experimental program to study the pre-mixing in a closed
vessel: the FARO experiments (Ispra, Italy), and some small scale national programs
(KfK, CEA, UKAEA, NRC, ...), more general about steam explosion.

4.4.1.2 Overview on codes and transfer to real plant conditions

Codes on pre-mixing (IVA III (KfK), TRIO MC (CEA), CHYMES (Winfrith, AEA), IFCI
(SNL), PM-ALPHA (UCSB), TEXAS-II (UW/JRC) ) are today on the state of validation.
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4.4.2 Fragmentation as result of gas entrainment

The corium entrainment out of the corium pool in a water pool could be, in some cases
with high gas release, an efficient cooling phenomena, by creating a coolable particles
debris bed.

4.4.2.1 Existing experiments

None, but some informations on the debris bed characteristics can be obtained from the
MACE tests.

4.4.2.2 Overview on codes and transfer to real plant conditions

CEA/IPSN has developed the PERCOLA modelling to study this phenomena.

4.4.3 Fragmentation as result of a core catcher design

If, as derived from core-catcher goals, it is decided to create voluntarily a corium
fragmentation, a thermal conduction calculation shows that fragmented corium,

considered as spheres with a radius exceeding around 30 cm, cannot be cooled.

4.5 Corium cooling

A second aspect of an efficient corium cooling is the way of cooling. If water is used, it
is interesting to note that the most efficient cooling is obtained when the water
injection in the corium is situated at the bottom of the corium pool.

It could also be of interest to use some material whose change of state (fusion,
vaporization, sublimation) is endothermic or to use endothermic chemical reactions.

Then of course, radiation or heat exchangers can participate to a corium cooling.

The energy to evacuate is an important parameter for an efficient cooling. As a
consequence, it seems reasonable to wait that the main exothermic chemical reactions
between the corium and the concrete are finished (Zr oxidization with Si02, CO2 and
H20), that means some hours (1 to 3) after the beginning of the MCCL

4.5.1 Cooling with water
There are 3 ways to introduce water in a corium pool;
- a water injection over the corium pool

- a water injection inside the corium pool,
- a water injection under a corium pool.



If the corium pool is assumed to be a thick debris bed, orders of magnitude of the
drying heat flux of a fully wetted thick debris bed show that in case of a water
injection over the corium pool, the extracted energy is similar to the radiated energy
when the corium is dry at the beginning of the interaction (high superficial gas velocity
from corium). Later (small superficial gas velocity) the extracted energy can be higher
than the decay heat.

In case of a water injection under the corium, the efficiency is much more important
that the one of the water injection over the corium pool (factor 3).

4.5.1.1 Existing experiments

The MACE experiments (realised by Argonne National Laboratory, USA) have started
and look at the pouring of water on real materials (UO2 + concrete) interacting with
concrete,

The WETCOR experiments consist in pouring water over a sustained heated melt
obtained by a thermite reaction.

4.5.1.2 Overview on codes and transfer to real plant conditions

Only limited modelling at the present time.
In the usual MCCI codes such as CORCON or WECHSL, the modelling consists in a film
mode or an enhanced heat transfer mode.

4.5.1.3 Reactor protection and safety problems

There are two safety problems to be aware of:

- a steam explosion:

Concerning this point, it is advised to wait several hours after the beginning of the
MCCI to introduce water on the corium, whatever the way is. Doing so, the internal
heat to extract is lower and the viscosity of the corium should have increased (due to

concrete mixing), reducing the fragmentation process.

- the containment overpressurization of the reactor containment by the steam coming
from the water vaporization.

4.5.2 Cooling with endothermic phenomena

A material could be used to absorb the energy, when in contact with the corium, either
by change of state (fusion, vaporization, sublimation) or by chemical reaction.

This material should have a temperature of endothermic change of state as low as
possible (less than 2400 K) and as endothermic as possible.




When comparing the latent heats of fusion of some material like water, aluminate, lead,
concrete and UQ2, it appears that the concrete has the greater value: around 4800
MJ/M3 of concrete.

But it could be seen (paragraph 2.1) that melting of the available concrete is not enough
to assure a corium cooling if no spreading occurs,

After the concrete, the water is one of the most efficient coolant.
4.5.3 Cooling using radiation

The radiation process, to participate efficiently at the cooling of the corium needs such
a spreading surface that the thickness of the corium does not exceed some tens of
centimeters.

4.5.4 Cooling using a heat exchanger

Using a heat exchanger raises the question concerning the availability of this system in
all the situations: should such a system be passive or not ?

Should such a system be the main cooling system or a contributor to the cooling ?

5. ROLE OF CODES AND USE TO PRA

The understanding of the MCCI phenomenon has improved significantly as the result of
the extensive experimental and theorical investigations, carried out during the last
years. Computer codes have been developed and validated against large scale
experiments, where prototypic and non-prototypic materials have been used. The
simulation of the major sources of energy were realized by thermite reaction and
inductive heating or direct electrical heating with electrodes.

By this, the direct use of experimental data and the codes, transfering the main
experimental findings to real plant applications, have to be investigated carefully.

Although a concentrated effort was made to base the fundamental phenomenological
modelling on the best state-of-the-art technical knowledge available, e.g. physics,
chemistry and thermal hydraulics, in many cases, such knowledge is limited. Many of
the physical regimes beeing modeled lie outside the range of thoroughly understood
physics and chemistry. Material properties such as thermal conductivity, viscosities,
specific heats and surface tensions are not well known, or perhaps not measured at all
the temperatures above 2000 °C. Previously performed studies continue to provide
insights from which these model uncertainties can be reduced.




Estimates of the magnitude of such model uncertainties can be made through a
combination of scientific judgment and carefully planed and executed sensitivity
studies.

Information required as input for codes, describing the MCCI processus, must be derived
from plant specifications and output data from other accident analysis codes that treat
the in-vessel phenomena.

In particular, these informations and input variables are:

* composition and material properties of the cavity concrete,

* initial geometric configuration of the reactor pit,

* composition and mass of the core debris at the time core-concrete interaction is
initiated,

* initial temperature of the debris,

* mass flow rate and temperature of additional debris if deposition is continuous,

* fission product inventory present in the debris at the time of the vessel failure.
Except for the first two items, concrete composition and cavity shape, the inputs listed
above must be derived from the in-vessel and melt progression codes. The first two

items are plant specific data.

For PRA’s, the existing and qualified codes must be able to estimate the potential risk
related consequences of core-concrete interactions:

* radioactive and inert aerosols release from core debris,

* combustible gas production (Hz and CO),

* non condensable gas generation (Hy, CO, COy),

* convective and radiative heat from debris pool surface,

* erosion (radial and axial) of concrete and other structures.

The consequences of the thermal and chemical core-concrete interactions may
significantly impact containment loading and the mode of containment failure.

But it has to be stated that the loads deriving from MCCI are related to the longterm
regime of a severe accident (several hours after SCRAM).
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6. NEW CONCEPTS

New concepts include some corium retention devices usually called "core-catchers". A
tentative list of safety recommandations for such design is listed below:

6.1 Safety Recommandations for a Core Catcher

If a core catcher concept happens to be choosen for a new reactor design, or added to
an actual reactor, it should, from a safety point of view:

- be passive (?) or active (?) or a mixed option (?)

- don’t disturb the normal reactor functioning

- don’t interfere with other safety

- don’t increase the loads to the reactor containment

- be able to manage large number of scenarii of severe accident
- have an efficient cooling

- be tight to fission products release in the ground

- have all instrumentation needed for the accident management

6.1.1 Be passive (?) or active (?) or a mixed option (?)

This is an important point, open to discussion: should a core catcher, under the safety
point of view, be a non passive or passive design or a mixed option ?

6.1.2 Don’t disturb the normal reactor functioning

None of the systems included in a core catcher should disturb the normal reactor
functioning. This recommandation seems very important especially if a core-catcher is
added to a current reactor design.

6.1.3 Don’t interfere with other safety

Careful analyses must be made to check that all the safety systems are not disturbed
by a core-catcher, in a future or actual reactor.




A care must be taken to avoid criticity and to assure a biological protection of the core-
catcher,

6.1.4 Don’t increase the loads to the reactor containment

Depending on the core-catcher principle, one must be sure not to increase loads to the
reactor containment, that could resuit from:

- a combustible gas production

- a pressurization

- a fuel coolant interaction

6.1.5 Be able to manage large number of scenarii of severe accident

A core catcher should be designed to handle a large number of scenarii of severe
accident, such as for example:

- high pressure ejection of the corium in the cavity,
- low pressure ejection

- core concrete interaction starting 1 or 2 hours after SCRAM (this means that the
decay heat will be maximum)

- core concrete interaction starting 1 day after SCRAM

(this means that the containment will be already under pressure due to the
vaporisation during 1 day of the water coming from the safety injection system).

List non limitated...

6.1.6 Have an efficient cooling

A core-catcher must cool a corium without any doubt.

As a consequence, it is advised to combine several passive ways of cooling. To increase
the efficiency of these cooling phenomena, an increase as better as possible of the
exchange surface of the corium is to be found. A good determination of the heat
transfer coefficients between the corium and materials of the core-catcher needs
probably a R&D program, especially if water is used as a coolant of a steel plate in
contact with the corium.

6.1.7 Be tight to fission products release in the ground

A core-catcher must be tight to fission products for very long term. Depending on its
situation, biologic shield must be taken into account.




6.1.8 Have all instrumentation needed for the accident managment

The instrumentation of the core-catcher is very important to manage a severe accident
and control the core-catcher efficiency.

Such instrumentation should include: (not exhaustive)

- check of the corium state (temperature, pressure)

- check of the corium localization (is the spreading effective ?)

- check of the tightness

- check of the corium activity

- check of the gas release and composition

- check of the gas activity

7. OPEN QUESTIONS

Before listing some open questions, it is of interest to list some conclusions and
recommandations of the first CSNI Specialist meeting on Core-Concrete Interaction
which are still valid for the application to real nuclear plants:

* The effect of uncertainties in the prediction of containment loads and fission products

releases must be taken into account.

* Code predictions of the temperature history of core-concrete interactions are sensitive
to initial and boundary conditions.

* Containment loading was predicted to be sensitive to concrete composition and to
assumptions about upwards heat transfer.

* The consequences of molten-core-concrete interaction depend on (1) initial
composition of debris, (2) initial temperature, (3) amount and rate of discharge from the
reactor vessel, and (4) geometric configuration of debris in the reactor cavity.

* Metallic Zircaloy can have important effects on the prediction of aerosols and
radionuclides releases.

* More attention should be focused on long-term phenomena: containment temperature,

pressure, aerosol loading, steam content of containment atmosphere, containment
basemat penetration, stabilization of the core debris in the ground and effects of
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delayed flooding on melt coolability, magnitude of melt-coolant interaction, and
resuspension of radionucleides that may be present in the flooding water source.

All these past and present investigations raise some questions:

Do we know enough about the thermal-hydraulics of MCCI ? Is the present knowledge
enough to calculate a basemat penetration and a radial erosion, taking the general level
of uncertainties of the phenomena during a severe accident into account ?

Do we know enough about the fission product release during a MCCI, regarding the level
of the in-vessel release ?

Do we have identified the key phenomena explaining the fission product retention in
the corium during a MCCI ?

Are we sure that we can extrapolate the fission product release results and
thermohydraulic of MCCI to reactor case ? to core catcher ?

References:

(1) FARMER M.T., SIENICKY J.J., SPENCER B.W.
"The MELTSPREAD 1 Code for the Analysis of Transient Spreading in
Containments"
ANS Winter Meeting Session on Thermal Hydraulics of Severe Accidents,
Washington D.C.,, November 11-15, 1990.

(2) GRENE G.A., FINFROCK C., KLAGES J., SCHWARZ C.E.
"Experimental studies on melt spreading, bubbling heat transfer and coolant layer
boiling."
BNL NUREG 42299, 1988.

(3) VETEAU J.M., GRUSS J.A., CENERINO G.
Simulant Material Experiments in Support of the Analysis of Melt Spreading in
Reactor Containments: CORINE Experiments.
IPSN, March 1992,

(4) SEGHAL B.R.

Proposed joint program of experiments on spreading of melt in reactor
containments (SMELTR), EPRI, March 1992,

34 —




SECTION |

MOLTEN CORE-CONCRETE INTERACTIONS UNDER PREDOMINANTLY
DRY CONDITIONS - PART A: EXPERIMENTS

Thermal-Hydraulics and Aerosols

-35-







Interaction Between a Superheated
Uranium Dioxide Jet and Cold Concrete

L D Howe' M K Denham? B D Turland! L M G Dop? and
R J Humphreys!

Abstract

A scoping experiment has been carried out at the Winfrith Technology Centre using its
Molten Fuel Test Facilities to examine the initial interaction between a fuel melt and con-
crete. A molten fuel simulant consisting of 81% UQO, and 19% Mo with a large superheat
(T =~ 3600K) was poured onto a basaltic concrete target. Thermocouple data indicate that
there was an initial high rate of ablation. The test demonstrated that in the case of such
high superheats, a vigorous interaction between the jet and the target takes place, with
much of the impinging material ejected within the first few seconds. There was a depression
eroded into the target by the jet. The experiment has subsequently been modeled at Cul-
ham Laboratory using a version of the CORCON MCCI (molten core — concrete interaction)
computer code. The calculations were able to produce a representation of this effect. The
results of the experiment and the calculation have been compared with jetting correlations,
and reasonable agreement has been found. We conclude by advising caution when applying
the results of this isolated test to more prototypic interactions.

1 Introduction

It is possible that, in the unlikely event of a severe accident in a pressurized water
reactor (PWR), the pressure vessel could fail locally in such a way that a jet of molten
core material would impinge on the concrete basemat of the reactor containment. Most
studies of molten core-concrete interactions (MCCls) have concentrated on the longer
term part of the interaction, when a pool of molten corium and concrete decomposition
products would gradually ablate the concrete in a quasi-steady manner.

Experiments with molten, metallic fuel simulants, such as the TURC-1T test [1], have
shown very vigorous interactions, with substantial amounts of melt ejected out of the
test crucible during the initial jet impingement phase. Conversely, tests with molten
fuel oxides, such as the TURC-2 and TURC-3 tests [2], did not produce a vigorous
interaction, possibly because of the low superheat in the oxide melts. This scoping test
(together with the subsequent analysis) was designed to investigate the behaviour of the
melt during the initial jet impingement phase of a MCCL

The study began with an experimental scoping test which is described in section 2.
The post-test analysis is described in section 3. The experiment was modelled using
an interim version of the MCCI computer code CORCON Mod3, supplied by Sandia
National Laboratories. The assumptions of this model are described in section 4. The
results of the calculation, which are described in section 5, were compared with those
of the experiment. The object of the calculation was to discover whether or not the
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experiment could by explained purely in terms of the excess superheat of the melt, using
a quasi-steady state model, or whether some other model, including the effect of the jet,
is required. Section 5 therefore includes calculations using jetting models [3, 4].

2 Experimental details

The experiment was carried out in the Winfrith Large Melt Penetration Rig (LMPR).
Figure 1 shows the experimental arrangement used for the test. 24 kg of molten fuel sim-

Melt Generator

Off-Gas Pipe

Support Tube

Test Section

Containment

Gas Receivers

Figure 1: The Experimental Arrangement of the LMPR.

ulant was generated using a thermite mixture of powdered uranium metal and molybde-
num trioxide, which when ignited in a sealed charge container by an electrically operated
Pyrofuse, produces a mixture of uranium dioxide (81%) and molybdenum (19%) at a
temperature of 3600K+150K.

The charge container was connected to the test section by a steel support tube of 20 mm
inside diameter, which determined the initial diameter of the melt jet. The test section
consisted of a cylindrical concrete target, 176 mm diameter and 76 mm thick, contained

in a steel casing and mounted directly below the support tube. The concrete was of a
basaltic type.

The test section was connected via 38.1 mm nominal bore steel pipework to two gas
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receiver vessels. These were also connected to the charge container via its venting mech-
anism. The test section/support/gas vessel system was completely isolated from the
main containment vessel and was provided with vacuum and argon purge facilities. The
containment vessel was vented to the outer containment building to relieve any pressure
generated in the event of a breach of the test section by the melt.

The pressures developed in the charge container, support tube and gas receiver vessels
were monitored throughout the experiment together with the temperatures inside the
gas vessels, The concrete test section was instrumented with ten type ‘K’ thermocouples
at various depths to measure the heat transfer and concrete erosion. The thermocouples
were mineral-insulated, grounded junction types, with 0.5 mm diameter stainless steel
sheaths. In order to ensure that the positions of the thermocouples were maintained
while the concrete was poured, the thermocouples were supported in rigid steel sheaths,
leaving the hot junctions well exposed.

Initially the test assembly was evacuated, then purged with argon to atmospheric pres-
sure. At this stage the charge container was still isolated from the rest of the system.
When the argon purge was complete and the argon supply isolated, the following test
sequence was initiated to provide a gravity pour of the melt onto the target:

1. The charge was ignited.

2. On completion of the burn the charge container was vented to the gas receiver
vessels.

3. The pressures in the charge container, gas receiver vessels and test section were
allowed to equalize and then the melt was released from the charge container via
the support tube onto the concrete target.

3 Results and Post-Test Analysis

After the experiment the test section and support tube were removed from the contain-
ment vessel. There was a layer of frozen melt debris on the surface of the concrete and
it was not possible to see the extent of erosion of the target. There was evidence to
suggest that melt had been violently ejected back up the support tube and about 30 mm
along the pipe to the gas receiver vessels. There was a substantial deposit of melt in the
pipe which had formed a hole of about 5 mm diameter through the pipe wall. This hole
meant that the system was no longer closed, so it was not possible to use the pressure
measurements from the gas receiver vessels.

The depth of the concrete ablated was greatest near the centre where there was a saucer
shaped depression about 60 mm in diameter and 33 mm deep at the centre. Outside
this depression, the depth of the ablation was ~22 mm.

The test section was cut with a circular saw fitted with an abrasive cutting wheel using
a water based cutting fluid. A cross-section is shown in figure 2. It was possible to make
a clean cut which did not disturb the constituent parts. Two regions could be seen,
separated by a well defined interface. Below the interface was unablated concrete; above
there were two distinct phases, (i} a continuous phase which was rather homogeneous
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Figure 2: Features of the Test Cross-section.

in appearance and consisted mainly of UO, and (ii) a dispersed phase consisting of
molybdenum metal in the form of large globules. The interface layer was ~10 mm thick
and contained two layers which merged into their respective parent regions above and
below. The lower layer looked like concrete, but was almost white, much paler in colour
than the bulk of the unablated concrete beneath, which was greyish-pink. The upper
layer appeared to be an inhomogeneous mixture of UO, and concrete. There was a crack
between the two layers, along which they tended to separate when further cuts were
made. Subsequent cuts confirmed the above analysis, and showed that the molybdenum
was in the form of globules, rather than the torus which is a possible interpretation of
figure 2. The Mo and UQO, phases had similar densities, specific heats, latent heats and
freezing points. It is believed, therefore, that the presence of Mo did not significantly
influence the interaction.

A sample which included the interfacial region was cut, mounted and polished, to provide
an area about 20 mm square for analysis using scanning electron microscopy (SEM). Fig-
ure 3 shows a composite micrograph of this sample. At the bottom, the inhomogeneous
constitution of the concrete can be clearly seen. This gives way to a more homogeneous
region, about 6 mm deep, believed to be concrete which has melted and refrozen. To-
wards the top of the micrograph is a further inhomogeneous region consisting of UO,
particles surrounded by molten concrete. Some cracks and holes are visible; these be-
came filled with resin during the preparation of the sample, and appear dark on the
micrograph.

In order to determine the composition of the various regions and phases seen in the

— 40 —




Figure 3: Micrograph of the prepared sample. Region ‘A’ is above the top of
the micrograph.

micrograph, SEM was used to examine several regions in more detail. The proportions
of elements present were determined for five regions. The regions range from region ‘A’ in
the predominantly UO, region, through ‘B’, ‘C’ and ‘D’ to region ‘E’ in the undisturbed
concrete. ‘A’ and ‘E’ were approximately 16 mm apart. An area of about 1 mm? was

scanned in each case and the results were averaged over this area.

The results are shown in table I. The ‘balance’ column represents mainly oxygen, which
is not measured specifically by SEM. In region ‘E’, 16.7% (i.e. about one quarter of
the balance) may be due to pore water (based on the porosity of cement pastes, which
is often as high as 40%). This figure is much higher than that usually associated with
reactor grade concrete. It is not clear whether this represents unevaporated water or is
simply the result of the re-adsorption of water, either during the cutting process or during
the post-experimental period. In the undisturbed concrete region (E) the constituents
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were mainly Si and Ca as expected. However, the proportion of Ca was much higher
than expected and, together with the high possible water content, may indicate that the
SEM analysis included a disproportionate amount of cement paste relative to the overall
composition of the concrete. There was no uranium in this region. Even in the melted
concrete (region ‘D’) the proportion of uranium was negligible, although closer to the
UO,/melted concrete interface (‘C’) there was a detectable amount (0.9%). In the UO,
region close to the melted concrete, the proportion of uranium was much greater, while
the concrete constituents represented a much smaller mass fraction than in regions ‘C’ to
‘E’. Further away from the interface (region ‘A’) the proportion of UO; was even higher,
but there was still a significant proportion of concrete constituents present. Assuming
that the uranium was present as UQ,, the proportion of urania present was ~60% by
mass.

A more detailed study of the interface region was performed by measuring the compo-
sition at points along a line across the interface in region ‘C’. Eleven points spanned a
length of 2.5 mm running from the edge of the UO; rich zone into the melted concrete.
Concrete ablation products were predominant over the whole region.The proportion of
uranium fell from ~2% to zero over a distance of 1.25 mm from the interface, and was
zero below that, apart from ~0.8% found 2 mm below the interface. It is clear that there
was some inhomogeneity in the melted concrete zone; the proportion of Ca, like that of
UO,, was low between 1.25 mm and 1.75 mm from the interface, probably because the
material there was derived from a grain of flint, which is predominantly silica. However,
it can be concluded that UO, did not penetrate in significant amounts more than ~1 mm
into the concrete layer.

Higher magnification micrographs were produced from the three regions ‘B’, ‘D’ and
‘E’. The micrograph from region ‘D’ is shown in figure 4. In region ‘B’, just above
the UO,/concrete interface, UO, dendrites were visible surrounded by melted concrete
in which three separate phases were identified. In region ‘D’ (see figure 4) a number
of silica grains were visible. These were surrounded by concrete products which were

Table I: Post-test SEM composition analysis (%wt). Note that the balance is
mainly oxygen, although in region ‘E’ up to 16.7% may be due to pore water.

Area Description Si Al Ca Cr Fe U Bal
A U0, away from concrete 10.8 1.7 29 24 1.8 51.6 288
B UO, near to concrete 140 1.8 3.7 14 1.3 41.4 364

C Melted concrete near to UO, 284 3.0 55 0.0 26 09 596
D  Melted concrete away from UO, 27.8 2.0 81 0.0 15 0.0 60.6

E Undisturbed concrete 222 23 9.2 00 1.8 0.0 645
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Figure 4: Micrograph of region ‘D’. Grains of various sizes and areas of differing
flux intensity can be seen.

rich in calcia and silica. The bright particles were mainly Fe, probably in the form of
FeO. Region ‘E’, which was in the undisturbed concrete, showed the inhomogeneous
microstructure that would be expected, with phases that were much more distinct than
those found in the melted concrete region. The micrographs do not support the idea
that the metals, when present in small quantities, separate out into layers. The evidence
here supports a model of the melt in which, when solidified, a heterogeneous mixture of
distinct phases is formed. It is probable that the phases would be miscible in the liquid
state.

Figure 5 shows the response of the thermocouples in the unablated portion of the concrete
target. Some thermocouples showed classical rises in temperature versus time, depending
on their depths (e.g. T/C-6 at 30 mm). Others, notably T/C-2, showed sudden rises
to about 100°C, followed by a plateau, then a gradual rise thereafter. It has been
speculated that the latter thermocouples might have been surrounded by boiling water
generated as the concrete decomposed. However the post-test analysis revealed nothing
in the structure of the concrete near T/C-8 which would indicate the reason for this
behaviour. There were no obvious cracks through which boiling water or steam might
have passed. The porosity of cement pastes is typically ~40% and steam and water
may have passed through the pores, but this does not explain why some thermocouples
displayed this behaviour while others at similar depths did not. Nevertheless, there did
not seem to be any resultant non-uniformity in the ablation. Coupled with the absence
of any associated physical effects on the concrete, this suggests that the phenomenon
did not seriously affect the mechanism of ablation. However, the generation of steam
may have affected both the heat transfer from the molten pool to the concrete and the
ejection of molten material.
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Figure 5: Response of thermocouples in the concrete target. T/C-2 and T/C-8
exhibit behaviour like that associated with boiling water.

4 Modelling Assumptions

The test has been modelled with an interim version of CORCON Mod3 supplied by
Sandia National Laboratories. In the experiment the jet impinged upon the centre of
the concrete target and much of the material was ejected within the first few seconds.
It is estimated that the melt took a minimum of 3 s to be poured onto the basemat.
Considering the interference effect of the upward, ejected material on the downward,
poured material, it is likely that the duration of the impingement phase could have
been considerably longer. All but about 4 kg of melt was ejected from the target area.
However, some of the enthalpy of the ejected material must have been transferred to the
target area. Modelling the test by pouring the corium to form a uniform layer of melt
covering the target failed to give the correct final cavity shape for the ablation. Using
a corium mass of 4 kg under-predicted the total ablation depth, while using a corium
mass of 24 kg over-predicted it, as expected.

In order to model the experiment, the melt was constrained to form a column 50 mm
in diameter for the first ten seconds. This was intended to mimic the jet impingement
phase where material was poured in and ejected, without spreading significantly. To be
consistent with the correlations discussed in the next section, it is assumed here that
there was a significant heat transfer over an area greater than that of the original jet.
The melt was then allowed to collapse, covering the entire surface area of the concrete
target. Sustaining the column for 10 s gave the correct amount of ablation in the centre
of the target relative to that at the edge, irrespective of the assumed mass of the poured




melt. In order to take account of the enthalpy transferred from the ejected melt, the
calculation was scoped with initial melt masses of 4kg, 6kg and 8kg.

The calculations began with time steps of 0.1 s increasing over the first four minutes to
30 s. This was found to give the best results in terms of consistency and economy.

The initial melt temperature was set to 3600 K. The default CORCON basaltic concrete
was used, with an initial temperature of 300 K and an ablation temperature of 1450 K.
The emissivity of the concrete was set to 0.6, while those of the oxide and surroundings
were set to 0.8. Molybdenum is not included in the CORCON master species list;
therefore the poured melt was assumed to be entirely UO,. This assumption was justified
in section 3. The surroundings were assumed to be at 300 K for the entire calculation.
In the experiment, the sides of the crucible were steel, whereas CORCON models the
sides as concrete.

5 Analysis of CORCON calculations
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Figure 6: The profile of the melt/concrete interface after ablation. The calcula-

tion with 6 kg melt poured produced a good representation of the experimental
data.

The final profile of the melt/concrete interface is shown in figure 6. The experimental
points are derived from figure 2. As is to be expected, the calculation with 4 kg of melt
gives too little ablation, because of the extra enthalpy which must have been transferred
from the ejected material. The calculation with 8 kg of melt considerably over-predicts
the ablation, giving an upper bound to the extra enthalpy. The calculation with 6 kg
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of melt shows good correspondence with the experiment, indicating that the ejected
material probably lost about ~7.5% of its enthalpy during the pour and interaction with
the target (see below). A better appreciation of the relationship between the calculated
values for ablation and the experimental points can be gained from figure 7.
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Figure 7: Calculated ablation versus time. There are only two experimental
points, one from the thermocouple at a depth of 3 mm, the other from the
post-test analysis. Both points lie on the axis of the concrete target.

All three calculations predict about the same amount of ablation during the first few
seconds, but there is a slight difference in the rate, which is sustained throughout the
calculations. The difference between the times at which ablation ceases is the main
cause of the significant difference between the final depths of ablation for the three
calculations. The final depth of maximum ablation for the 6 kg calculation is very close
to that measured during the post-experimental analysis.

The concrete profile predicted by the calculations shows a central depression of about
the correct diameter and depth, although the sides are somewhat steeper than those of
the depression discovered experimentally. CORCON is able to produce this result by a
simple constraint of the melt to a limited radius for a few seconds. The length of time
determines the depth of the central depression relative to the surrounding depth; the
assumed excess mass of the original melt has little effect. This is because there is only
a small drop in the average melt temperature during the first few seconds.

It is clear from the post test analysis that the impingement of the molten jet caused
a depression in the centre of the concrete target. CORCON can model this depression
adequately if the melt radius is constrained to imitate the jet during the impingement

&
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phase. If CORCON’s heat flux is similar to that expected from an impinging jet (see
below), then the length of time over which the melt radius needs to be constrained
may give a good indication of the period of the jet impingement. Taking into account
the estimated minimum time of 3 s, together with the interference effect of the melt
ejection, the period of constraint used in the calculations, 10 s, is not unreasonable. If
the CORCON model is valid for this type of short term phenomenon, then it is possible
to estimate the enthalpy transferred to the target area by the ejected material. An extra
2 kg of UO, was needed in the calculation to give the correct amount of ablation. The
melt was poured at 3600K and ablation is calculated to have ceased when the average
melt temperature was 1311 K. Integrating down from 3600 K to 1311 K for 2 kg of UO,
gives an increase in the enthalpy transferred to the target area of 3.21 MJ. If the enthalpy
has been lost from the 20kg of ejected material, it represents ~7.5% of the total enthalpy
of the ejected material; the average drop in temperature of the ejected material would
have been ~320 K.

Constraining the melt radius, as has been done here, is only justified if the heat transfer
modelling in CORCON gives heat fluxes similar to those anticipated for jet impingement.
In order to model the heat transfer from an impinging jet two correlations have been
developed. Spencer and Sienicki [3] used

Nu = 1.87 x 1073 Re?948 pp0-42 (1)
where Nu = Nusselt number

Re = Reynolds number

Pr = Prandt! number

while the Zion Probabilistic Safety Study (4] employed

Nu = 0.78Re%® Py®3° (2)

Both of these correlations are based on the experimental data reviewed by Martin [5].
The correlations are compared with the experimental data (as reviewed by Martin) in
table IT. The maximum velocity of the impinging jet was calculated as 2.7 m s~!. Because

Table 11: Nusselt numbers from correlations based on the experimental data
reviewed by Martin compared with Martin’s data. The maximum experimental
heat transfer was measured at a distance equal to twice the original jet diameter
(2D) away from the axis.

Re Sienicki | Zion | Martin’s Data [5]
(Pr=1.0) | & Spencer Axis | Max (2D)
1.25 x10° 127 276 | 260 280
2.50 x10° 245 390 | 275 420
3.75 x10° 360 478 } 365 635

of the probable interference effect of the ejected material, the real velocity may have been
considerably less than this, A lower bound of 1 m s~! has been assumed here.
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The physical properties used for the calculations are shown in table III. The heat of
decomposition is the amount of latent heat necessary to allow the concrete to break up
and be removed from the target. The time of failure of the thermocouple at 3 mm (0.8 s)

Table I1I: Physical properties used in the calculations.

UO, | Concrete

Density kgm™3 9862.7 2340
Viscosity 107> kg m~! s~! 3.5365

Jet Diameter m 0.02

Specific Heat J kg=! K~! 503.25 1281
Heat of Decomposition 10° J kg=! 2.719
Conductivity W m~1 K-1 3.0
Tsolidus/Tabla,tion K 3123 1450

indicates an initial ablation rate of 3.75 mm s~!. However, uncertainties in the position
of the thermocouple and the surface of the concrete (e.g. caused by shrinkage), together
with the fact that cement pastes can contain voids of the order of 1 mm diameter, sug-
gests a lower bound for the ablation rate of 1 mm s~!. These properties give maximum
and minimum heat fluxes of ®,,,, = 15.3 MW m~? and ®,,;, = 4.1 MW m~2. The down-
ward heat flux calculated by CORCON, using its bubble induced convection model with
allowance for a slag film, is 4.126 MW m~2, CORCON predicts a thin (~ 350pm) crust
during the jet impingement, which is consistent with the use of the solidus temperature
in the jetting correlations. The Nusselt numbers can be calculated from these heat fluxes
using

Ny=—-o-+— (3)

where & = Thermal Conductivity of melt
d = Jet Diameter
T = Pour Temperature of melt
T, = Solidus Temperature of melt

The use of the solidus temperature here assumes that only (but all of) the melt superheat
is used in the jetting correlations. The Nusselt numbers calculated from the experimental
data and the CORCON calculation are compared with those for the two correlations
in table IV. The Reynolds numbers and Prandtl number are Re,,, = 1.51 x 105,
Repin, = 0.56 X 10° and Pr = 0.59. All four calculations give reasonable agreement,
although the Zion jet attack model gives values which are somewhat higher than the
other calculations. The facility to constrain the melt radius in CORCON calculations
enables the experimental data to be well matched. Without such a constraint it is
impossible to calculate the central depression in the concrete surface. It is possible that
the lower values of Nusselt number are more realistic, given the probable interference
between the ejected material and the impinging jet.
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Table IV: Calculated values of Nusselt number. There is reasonable agreement
between all four calculations.

Sienicki | Zion | Experiment | CORCON
Min 47 153 57 57
Max 122 252 214

6 Discussion and Conclusions

A scoping test has been performed in which 24 kg of UO, /Mo melt with a high superheat
(~500K) was poured under gravity onto a basaltic concrete target. Because of limited
instrumentation and lack of visual record, some details of the interaction are uncertain.
However, a number of conclusions may be drawn from the test:

1. With a high superheat, there was a vigorous interaction, which led to ejection of
~20 kg (> 80%) of the melt.

2. There was enhanced erosion in the neighbourhood of jet impact, corresponding to
a local heat flux of the order of 10 MW m~2. This heat flux is of the same order
as that predicted by jet impingement correlations, using the melt superheat as the
appropriate temperature difference.

3. The concrete decomposition products appeared to be rather uniformly incorporated
into the melt.

4. The limited amount of concrete decomposition products at the melt interface
(which had not been incorporated into the melt layer) observed in the post-test
analysis indicates either the presence of a slag film or some continued ablation after
the bulk of the melt had effectively frozen.

5. The experimental results may be replicated reasonably by CORCON Mod3 (interim
version) using the option of constraining the melt radius for the pour duration. The
CORCON calculations implied that the duration of the jet impingement phase
was 10 s and the amount of enthalpy transferred to the target area by the ejected
material was 3.21 MJ. These values are consistent with information derived from
the experiment.

Applications of these conclusions to more prototypic interactions (i.e. with considerably
lower superheat and considerably more mass) must be tentative, but they appear to
indicate that:

1. there may be a vigorous interaction on initial contact. This is particularly sig-
nificant if there is a water pool through which the melt pours as it enhances the
likelihood of the formation of a coolable configuration.
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2. Above an undefined superheat, concrete decomposition products are readily incor-
porated into a UO; melt.

3. The model of Siernicki and Spencer for the initial interaction is consistent with the
experimental data, when the heat flux is calculated using the initial superheat of
the melt.

4. CORCON may be a useful tool for modelling MCCIs including the impingement
phase, but a range of experimental results for different superheats and masses would
be necessary in order to chose the correct values for the melt radius constraint
parameters and the mass fraction to be used in the calculation.
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SUSTAINED URANIUM DIOXIDE/CONCRETE
INTERACTIONS TESTS: THE SURC TEST SERIES

E. R. Copus
Sandia National Laboratories
Albuquerque, NM USA

Abstract

The SURC-1 and SURG-2 tests were large-scale tests of the interactions of
molten U09-ZrOp-Zr mixtures with limestone and siliceous concretes. The
tests were conducted to validate models of core debris interactions with
concrete, The tests were done with such similar thermal histories that
they provide a clear indication of the differences in behavior of limestone
and siliceous concretes during interactions with high temperature melts.
Each of the tests included in the melt charge a selection of fission
product elements. Releases of these elements provide data for development

and validation of fission product release models.

The SURC tests involved about 200 kg of U02-ZrO9-Zr mixtures heated by the
embedded ring-susceptor technique at rates of about 0.25 W/g. Crucibles
used in the SURC tests were magnesium oxide annuli with cylindrical
concrete plugs 40 cm in diameter and 40 cm deep. Once the melt was formed
and ablated a 2 cm thick ZrOp board the melt began to attack the concrete.
The ensuing interactions of the melts with concrete were found to progress
in two distinct phases, In the first phase when metallic zirconium is
present, concrete in the essentially one-dimensional configuration was
eroded at rates of 15-30 cm/hr. Once the zirconium was consumed ablation
rates slowed to 5-15 em/hr. 1In the second phase, power input to the molten
charge was increased to reestablish high erosion rates observed when
metallic zirconium was present. Gas generation rates in the tests varied
between 7-65 moles/mz-min for siliceous concrete and 14-120 moles/mz—min
for limestone concrete. Aerosol generation rates varied over the range of
10-100 g/m2-min.

Major conclusions can be derived from the SURC tests. The tests show that
heat transfer models developed for the CORCON[10] computer code can predict
the erosion of concrete by oxidic as well as metallic melts. Zirconium
chemistry drastically affects the interactions of melts with concrete and

must be included in the models of ex-vessel core debris interactions to




predict loads on reactor containments early in the ex-vessel phase of a
severe accident, Aerosols produced during the interactions are
Predominantly composed of concrete constituents, but also contain
significant amounts of barium, cerium, and uranium. The results of the
SURC tests provide a vehicle for substantial validation of models such as
CORCON and indicate that an adequate understanding now exists concerning

core debris interactions with concrete when liquid water is not present,

Introduction

Core concrete interactions have been studied for over a decade[l,5]. We
now have both an extensive data base and well-validated computer tools for
predicting the physical responses which are likely to occur during the
initial two to ten hours of these ex-vessel events for cases where there is
no water present, Our data base includes experiments performed at
Sandia[2,3,7,9], Argonne[18), and KFK[6]. It includes metallic and oxidic
debris simulants on both limestone and basaltic basemats for a range of
power input conditions. In addition there are tests in the data base which
include chemistry effects due to zirconium and aerosol characterization due
to a limited number of fission product simulants[13,15]). A summary of this

data base is shown in Table 1.
Results from these experiments fall into three major areas of assessment:

1) Heat transfer and basemat ablation,
2) Chemical reactions and flammable gas production, and

3) 1Inert and fission product aerosol generation.

The SURC test series performed at Sandia National Laboratories was designed
especially to evaluate core-concrete interactions in these three assessment
areas., These two tests characterize the core debris-conerete interaction
for oxide materials at high temperatures and for the range of concrete

types typical to United States reactors.

SURC-1 and SURC-2 tests in the SURC series were integral tests using a
200 kg mixture of 63 w/o U09-27 w/o Zr0-10 w/o Zr over a 40 cm diameter
concrete basemat formed from either limestone concrete (SURC-1) or basaltic
concrete (SURC-2). The purpose of these tests was to study the protracted
interaction of an oxidic melt pool on a range of concrete basemat
materials, Before these tests were conducted, the bulk of the data




available for evaluating the ex-vessel core concrete interaction was either
from tests using metallic iron as the core debris simulant or from tests
which lasted only a few minutes. The SURC-1 test sustained the oxide-
concrete reaction for over 130 minutes and the SURC-2 experiment was
sustained for 150 minutes. During the course of these tests it was our
goal to measure all of the essential aspects of the core-concrete
interaction, namely; melt temperatures, erosion rates, overall heat
balance, thermal conduction into the concrete, gas release rates, gas
release chemistry, aerosol release rates and aerosol chemistry. The data
return from both tests was excellent and provides comprehensive, redundant,
and well characterized information on the oxide-concrete interaction which

should be well suited for code validation efforts.

Geometry and Instrumentation

The SURC-1 experiment was conducted using the same geometry and
instrumentation scheme as was used in SURC-2 and in SURC-4[9,17]. The
basic geometry consisted of a 60 cm diameter interaction crucible with a
40 cm diameter limestone concrete cylinder in the base of a magnesium oxide
(Mg0) annulus. A 10 cm thick, circular cover of Mg0O was fabricated and
placed on top of the crucible. The interaction crucible and induction coil

were housed in a sealed, water cooled, aluminum containment vessel. A
schematic of this vessel and some of the rest of the test apparatus is
shown in Figure 1. The vessel was 180 cm high, 120 cm in diameter and

contained feedthroughs for the induction power leads, instrumentation
leads, and an exhaust gas port connected to the flow and aerosol sampling
instrumentation. The interaction crucible was instrumented with over 100
thermocouples cast into the concrete cylinder, MgO annulus and MgO cover.
A 280 kW induction power supply and coil were used to heat and melt the
200 kg charge within the test article and to sustain the interaction for
the duration of the experiment. Additionally, 3.4 kg of fission product
simulants in the form of BaMoOy;, CeO2, Lag03, and Nb9Os were added into the
melt to study fission product release. Flow-rates of generated gases were
measured using a sharp edge concentric orifice, a laminar flow device and
two dry gas clocks. Gaseous effluents produced during the experiment were

monitored and sampled using an infrared gas analyzer, a mass spectrometer,

and by an integral grab sample technique. Aerosols were captured on
filters, cascade impactors and a cascade cyclone. Erosion characteristics
were measured using type K, S, and C thermocouples, Three tungsten

thermowells containing optical pyrometers were embedded in the charge in




order to define the melt pool temperature and overall heat balance. The
apparatus was sealed and purged with argon gas in order to direct the
majority of the reaction gas and aerosol effluents through a 5 cm diameter
flow pipe. Both tests were run at local atmospheric pressure (.83 atm) and

at an ambient temperature of 25°C.
Test Materials

The charge materials for both SURC-1 and SURC-2 consisted of 200 kg of
UO9-Zr09 and Zr metal in the form of powder, crushed isostatic pressed
cylinders and metal chips. The initial density of this mixture was
calculated to be 3.6 g/cm3. The relative weight percentages for the total
unmelted charge material was calculated to be 63 w/o UO2, 27 w/o Zr0Oj, and
10 w/o Zr. 1In order to produce a homogenous mix, Zr metal chips were added
to crushed UO9-Zr09 cylinder material to produce the desired ratios. Five
tungsten plates were embedded within the charge to serve as susceptors to
heat and melt the charge. These plates were spaced approximately 10 cm
apart within the charge and were allowed to collapse together as the

melt-concrete reaction proceeded,

The concrete materials for the SURC-1 and SURC-2 tests were varied to
represent the range of aggregate materials used in the United States
construction industry. SURC-1 used a limestone aggregate material. This
concrete melts over a range of 1635-1873 K and typically liberates 30-35
weight-percent CO9 gas and 4 to 5 weight-percent H90 vapor when heated to
melting, The SURC-2 concrete contained a siliceous aggregate material.
Siliceous concretes melt over a range of 1350-1650 K and typically liberate
1.5 weight-percent COy gas and 5 weight-percent H90 vapor when heated to
melting. Both concrete types contain minor percentages of K90 and NagO

which will vaporize to produce aerosols at concrete melting temperatures.

Test Conduct and Summary of Results

The charge materials for both SURC-1 and SURC-2 were heated to melting in
just over two hours using a 250 kW inductive power supply. Net input power
to the charge for both tests are shown in Figures 2 and 3. These two power
histories are nearly identical and provide excellent points of comparison
for the three‘major operational phases observed in each test. These three
phases can be identified as: 1) The initial (Zr rich) attack phase, 2) The
low power (Zr depleted) quasi-steady attack phase and 3) The high power

— 54 —




(Zr depleted) quasi-steady attack phase. Results for each of these phases
are shown for the major measured parameters of melt temperature, erosion
rate, gas flow, gas composition, and aerosol density in Tables 2 and 3.

Comparison of Temperature Results

The temperature histories for SURC-1 and SURC-2 are shown in Figures
4 and 5. The temperature at the onset of concrete ablation was 2600-2700 K
for both experiments. These initial temperatures dropped as concrete was
ablated and temperatures at the end of both tests were 2000-2100 K.

Temperatures were at all times greater than the melting range for concrete
by at least 300 K. During the interval between the onset of ablation and
the end of the experiment, the temperatures from the SURC-1 experiment were
consistently higher than those for the SURC-2 test. The effects of lower
ablation rates, higher melting temperatures, and higher temperature melt-
concrete eutectics for limestone vs. siliceous concretes all contribute to
this observed behavior. The enthalpy required to melt limestone aggregate
concrete is 760 J/g as compared to 550 J/g for basaltic concrete and the
melting points for limestone concrete and its eutectics are 1650-1850 K vs.
1350-1650 K for siliceous concrete and its eutectics{8]. This results in
higher temperatures at the concrete-meltpool interface for limestone
aggregate concretes which translate directly to higher meltpool
temperatures. Temperatures in the meltpool for both experiments are seen
to increase when power to the melt was increased late in the test. This,
along with the fact that meltpool temperatures are well in excess of the
concrete meltpoint, is a strong indicator of a significant thermal

resistance at the melt-concrete interface.

Comparison of Ablation Results

Limestone and siliceous concretes display markedly different erosion
characteristics when subjected to attack by molten oxide materials. A
comparison of the erosion profiles for the SURC-1 and the SURGC-2 tests is
shown in Figures 6 and 7. The limestone concrete in the SURC-1 test erodes
at a slower rate throughout the experiment as compared to the siliceous
concrete of SURC-2. The principal factor responsible for this difference
is again the enthalpy of melting which is 760 J/g for limestone material
and 550 J/g for basaltic materials. Since the total erosion depth for
SURC-1 was 27 cm and 35 cm for SURC-2 under nearly identical input




conditions, this implies that the average downward heat flux was nearly
identical for both concrete types despite their differences in chemistry
and gas release rates. Early in both experiments, however, the concrete is
seen to erode at a rate which is greater than that which would be predicted
from input power levels alone. This indicates that there is a link between
erosion rates and concrete chemistry for the period when Zr metal is
present in the melt and confirms the need for models which include
exothermic reactions between Si0O9, Ca0 and Zr in addition to the gas

reactions between H20, CO9 and Zr[1l4].

Comparison of Gas Production and Gas Chemistry

The total gas release and gas chemistries are also very different for
limestone and siliceous concretes. As seen from Tables 2 and 3, the
principal components of limestone concrete decomposition are CO and CO2
whereas Hyp and H90 are the principal decomposition products from siliceous
concretes. The basic effluent gases of COp and H90 are reduced by the
metallic components present in the experiment, namely Zr metal in the
meltpool and the tungsten susceptors used to sustain the debris-concrete
interaction. The ratio of reduced to unreduced gas 1is generally high
(8 or 9 to 1) for either concrete type throughout the SURC tests. A slight
enhancement of the reduced gas components is seen early in both tests
during the time that metallic Zr is being oxidized, thus indicating a
higher oxidation potential for Zr and also the potential for oxide-metal

reactions in addition to gas-metal reactions. Despite having a higher
ablation rate, the siliceous concrete has 20 to 50 percent lower gas
release rates than does the limestone concrete. This is a direct

consequence of the fact that limestone concrete has a 40 w/o gas release
potential as compared to a 7 w/o gas release potential for siliceous
concretes, Total gas generation release rates vary from 7-65 moles/m2-min
for the siliceous conrete in SURC-2 to 14-120 moles/mz-min for the

limestone concrete in SURC-1.

Comparison of Aerosol Release and Composition

The aerosol release from either SURC experiment was estimated at 2-3 kg
with approximately one-third of that total being accounted for by the
aerosol measurement and characterization system. The range of aerosol
release rates is from 1-10 g/min for both tests. Aerosol release rates are

also roughly proportional to the gas release rate which acts as a driver




for the aerosol components. A comparison of the elemental composition of
the SURC-1 and SURC-2 aerosols is shown in Tables 4 and 5. A qualitative
assessment of the aerosol production shows that aerosols are attributable
to the concrete constituents Si, Na, K, and Ca, the experiment materials of
Mg and W, and the meltpool materials of U, Ba, Ce, and Zr. A quantitative
appraisal shows that most of the aerosol material in either test is from
the concrete constituents, Although both concrete types display the
potential for continuous releases of Ba, Ce, Mo and Zr, the silicate
chemistry concrete seems to reduce the amount of release of these
components by a factor of 10 as compared to the limestone chemistry
concrete. This suggests that silicate chemistry is an important factor in
modelling potential long-term aerosol releases. Two other refractory
species used as fission product simulants were Nb and La. Both concrete

chemistries were able to consistently retain these materials.

Summary and Conclusions

The SURC-1 and SURC-2 experiments form a major part of the core debris-
concrete interactions data base, These tests were designed to measure,
model, and assess the range of responses which are most likely during the
initial two to ten hours of these ex-vessel events. The range of response
was measured using an oxide debris of UO02-Zr07 on both limestone and
siliceous concretes. Also included were a Zr metallic component and a
limited number of fission product simulants. Both tests sustained the core
debris-concrete interaction for over two hours using an identical power

input history of .2-.3 w/g.

Data comparison for the two tests indicate a range of responses. The
baseline response is 5-15 cm/hr for concrete ablation in the absence of
zirconium metal which can accelerate to 15-30 cm/hr when zirconium metal is
included. Gas generation response rates vary from 7-65 moles/m2-min rich
in Hp for siliceous concrete interactions to 14-120 moles/mz-min rich in CO
for limestone concrete basemats. The total aerosol generation response
from either concrete basemat ranges from 1-100 g/m2-min and has been shown
to be rich in the concrete components of potassium, sodium, silicon, and
calcium with important trace amounts of uranium, barium, cerium, and

molybdenum,




The major conclusions from the tests are that interaction temperatures
remain well above the concrete melting point, that zirconium chemistry
affects the ablation rate and the gas composition for both types of
concrete, and that silicate concrete chemistry seems to retain more of the
fission product simulants in the melt than does limestone concrete
chemistry. The results of the SURC tests provide a substantial base for
validation of the heat transfer, gas chemistry, and aerosol release models
such as those found in the CORCON code and indicate that a relatively
complete understanding now exists concerning the initial phases of core
debris interactions with concrete when liquid water is not present. We
feel that the understanding derived from the combined oxide and metal data
base is reasonably adequate for current regulatory purposes. Future
regulations or new reactor design efforts will be able to tap this
technology base but may also suggest a new range of responses which need
definition.
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TESTS

TABLE 1:

HSS-1
FRAG 1,4
FRAG 2,3
SWISS 1,2
TURC IT,

1SS
SURC 3, QTD

SURC 3A, QTE

BETA 1,2

BETA3 SERIES
BETA5 SERIES

SURC 4

TESTS

HSS-3
TURC 3,3A
SURC1.a

MACE 0

ACE L SERIES

SUMMARY OF CORE-CONCRETE INTERACTION TESTS

POWER

SUSTAINED
SUSTAINED
SUSTAINED
SUSTAINED
TRANSIENT
SUS + ZR
SUS + ZR
SUSTAINED
SUSTAINED
SUS + ZR
SUS + ZR

POWER

SUSTAINED
TRANSIENT
SUS + ZR
SUSTAINED
SUSTAINED
SUS + ZR
SUSTAINED
SUSTAINED
SUS + ZR
SUS + ZR

METALLIC TESTS

CONCRETE
TYPE

LGS
SILICEOUS
LCs
LCS
LCS
LIMESTONE
LIMESTONE
SILICEQUS
LIMESTONE
SILICEOUS
SILICEOUS

OXIDIC TESTS

CONCRETE
TYPE

LGS

LGS

LIMESTONE
LIMESTONE
LIMESTONE
SILICEOUS
SILICEOUS
SILICEOUS
LCS

ALL TYPES
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GEOMETRY RESPONSE
REGIME
1D - 15 CM LONG TERM
2D - 20 CM LONG TERM
2D - 20 CM LONG TERM
1D - 20 CM QSS POOL
1D - 40 CM TRANSIENT
1D - 20 CM QSS POOL
2D - 20 CM QSS POOL
2D - 40 CM QSS POOL
2D - 40 CM QSS POOL
2D - 40 CM QSS POOL
1D - 40 CM QSS POOL
GEOMETRY RESPONSE
REGIME
1D - 15 CM LONG TERM
1D - 40 CM TRANSIENT
1D - 20 CM QSS POOL
1D - 40 CM QSS POOL
1D - 40 CM QSS POOL
1D - 40 CM QSS POOL
1D - 40 CM QSS POOL
1D - 40 CM QSS POOL
2D - 30 CM QSS POOL
1D - 50 CM QSS POOL




TABLE 2:

SURC-1 DATA SUMMARY

Time

Melt Temperature
Erosion Rate

Gas Flow

Gas Composition

Aerosol Density

Early (with Zr)

130-190 min
2700-2400 K
15 cm/hr
150 slpm

5% Ho - 5% H9O
85% CO - 5% CO9
50 g/m3

Mid (without Zr)

190-220 min
2400-2100 K

2.5 cm/hr
40 slpm

7% Hy - 8% Hy0
75% CO - 10% CO9
30 g/m3

Late (without Zr)

220-280 min
2150-2050 K
12.5 cm/hr
80 slpm

5% Ho - 5% H0
80% CO - 10% CO9
60 g/m3

TABLE 3:

SURC-2 DATA SUMMARY

Time

Melt Temperature
Erosion Rate

Gas Flow

Gas Composition

Aerosol Density

Early (with Zr)

130-160 min
2700-2100 K

30 cm/hr

110 slpm

75% Hg - 5% H90
15% CO - 5% CO9
90 g/m3

Mid (without Zr)

160-220 min
2050-2100 K

5 cm/hr

20 ‘slpm

70% Hg - 5% Hg0
15% CO - 10% COyp
50 g/m3

Late (without Zr)

220-280 min
2150-2050 K

15 cm/hr

50 slpm

75% Ho - 5% Hp0
15% CO - 5% CO2
40 g/m3




TABLE 4: ELEMENTAL ANALYSIS OF SURC-1 AEROSOL
SAMPLE Ba Ca Ce €L K La Mg Mo Na Nb Si U W  Zr  Moisture
Filter 2 .28 .54 .051 1.14 5.9 <.01 33.7 <.005 .68 <.05 32.9 <.l <.05 .070 .56
Filter 5 .56 1.0 .080 1.71 12.8 <.01 29.0 .024 1.4 <.05 30.6 . <.l .06 .076 .38
Filter 8 .46 1.2 .063 1.91 22.7 <.01 19.3 .081 2.4 <.05 22.5 .2 2.2 .16 1.22
Filter 11 .07 .35 .01 3.24 25.2 <.01 8.0 .07 1.8 <.05 7.6 <.l 1.5 .05 4,27
Orifice .34 84 .038 .30 15.0 <.01 14.4 .11 2.2 <.05 16.9 .1 7.9 .26 ---
Ball Vale .23 61 .072 .66 11.4 <.01 20.2 .098 1.4 <.05 21.2 .2 5.0 .23 ---
TABLE 5: ELEMENTAL ANALYSIS OF SURC-2 AEROSOL
WEIGHT PERCENT OF ELEMENT IN SAMPLE

SAMPLE Ba Ca Ce CL K La Mg Mo  Na Nb  si u ¥ zr
Cyclone 1 .035 .010 .001 .88 9.00 .009 .47 .054 33.3 <.001 5.91 .18 4.88 .010
Cyclone 2 .050 <.005 .002 .96 7.60 .012 2.11 .020 31.0 <.001 23.7 .15 2.36 .011
Cyclone 3 .048 <.005 .001 .81 5.76 .001 1.58 .008 27.0 <.001 16.2 .14 .08 .007
Cyclone 4 .041 <.005 .003 .90 10.9 <.001 2.00 .004 14. <.001 37.6 .13 .02 .004
‘Cyclone 5 .037 <.005 .002 .76 6.73 <.001 1.94 .004 14.5 <.001 30.7 .13 .03 <.001
Cyclone 6 .033 .033 .001 .72 5.07 <.001 1.61 .004 44,9 <.001 15.9 .09 .02 <.001
Filter 2 .058 <.005 .003 1.56 5.00 <.001 2.10 .005 25.3 <.001 23.9 .17 .058 .022
Filter 4 .057 <.005 .002 1.62 4.81 <.001 2.10 .004 25.9 <.001 24.0 .16 .046 .016
Filter 6 .045 <.005 .001 1.98 3.35 .012 1.89 .007 25.1 <.001 19.2 .10 .070 .001
Filter 9 .029 <.005 <.001 .95 4.30 .007 1.92 .021 27.2 <.001 21.8 .31 2.41 <.001
Filter 11 .009 <.005 <.001 1.60 7.24 .002 .72 .36 10.3 <.001 9.39 .26 26.3 <.001
Filter H .016 <.005 <.001 .90 29.1 .003 1.18 .10 11.8 <.001 14.5 .22 13.5 <.001
Filter J .002 1.35 <.001 1.74 1.25 <.001 .01 .37 6.29 <.001 21.0 .26 31.5 <.001
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BETA EXPERIMENTS ON ZIRCONIUM OXIDATION AND AEROSOL
RELEASE DURING MELT-CONCRETE INTERACTION

H. Alsmeyer, C. Adelhelm, H.-G. Dillmann, M. Heinle, W, Ratajczak,
G. Schumacher, W. Schock, A. Skokan, W. Tromm

Kernforschungszentrum Karlsruhe
Postfach 3640, W-7500 Karlsruhe 1, Germany

ABSTRACT

Three experiments on melt-concrete interaction have been carried out in the
BETA facility to investigate the zirconium oxidation processes during concrete at-
tack and their influence on conerete erosion and aerosol release. The results clear-
ly show the dominance of the condensed phase chemistry, that is the chemical re-
action of Zr and SiOg leading to the rapid oxidation of 80 kg of Zr and the formation
of Si in the metallic melt within a few minutes only. The high chemical energy re-
lease from this reaction produces fast concrete erosion and a pronounced gas spike
dominated by hydrogen release. After the completion of Zr oxidation the erosion is
determined by the much lower internal decay heat level with moderate interaction
processes. The temperature of the melt is measured to decrease very fast to the
freezing temperature which can be explained by the very effective heat removal to
the melting concrete. The overall downward erosion of 40 to 50 cm of the concrete
crucible produces characteristic 2-dimensional cavity shapes.

Aerosol release including simulated fission product behavior is reported with re-
spect to aerosol rates, chemical composition, and characteristic particle size.

1. INTRODUCTION

In the sequence of uncontrolled core-melt accidents in Light-Water-Reactors, the
corium melt would erode the concrete basemat. The thermal energy of this process
results from the decay heat of the fuel and from the chemical energy of oxidizing
components of the metallic melt. Under this aspect the chemical behavior of zirco-
nium is of major importance as zirconium alloys are used as fuel cladding in PWR's
and in considerable higher quantities in BWR's also in form of channel boxes.
Therefore, the Zr oxidation - during a critical phase of the accident with respect to




containment failure - may strongly influence the release of hydrogen and fission
prodcuts during concrete erosion,

Recent experiments in SNL [1] and ANL [2] led to the conclusion that besides oxi-
dation by the gases from the decomposing concrete, i.e. by HoO and COg, zirconium
can be oxidized through reduction of molten silica. This condensed phase chemical
reaction would dominate the early oxidation process as the amount of SiOg in most
cases exceeds the amount of gases from the concrete, and could therefore possibly
lead to a faster oxidation process and faster chemical energy release.

According to chemical equilibrium considerations, the chemical reaction of zirco-
nium and silica below some 2200 K could follow the reaction

Zr + SiOg — ZrOg + Si + 2.1 kd/gZr . (1)

In parallel to this reaction, Zr oxidation takes place by the gases HoO and COg re-
leased from the melting concrete. After depletion of Zr these gases could oxidize
the elemental Si produced by reaction (1) which was dissolved in the metallic melt.

The processes influence on one side the chemical energy input: The faster energy
release could increase melt temperature, erosion velocity, and gas rates which cor-
respondingly increase the aerosol release from the melt. On the other side, the oxy-
gen potential in the melt is largely determined by the chemical status of Zr and
could therefore change the release rates of specific aerosol species by the formation
of different chemical components. Because of these different aspects, Zr behavior
has gained considerable interest.

2. EXPERIMENTAL CONDUCT

To investigate the Zr oxidation process three experiments in the BETA Test Series
IT were conducted in 1990 to 1991 under PWR and BWR specific conditions as well.
Table 1 summarizes the main experimental parameters in the three tests.




BETA Initial Melt, Fission Product Mock-ups glam‘led Main Obiecti
Test ~2200K and Additives eating ain Lbjectives
Power
V 5.1 1300kgFe+Cr+Ni PWR: Zr chemistry,
80 kg Zry-4 none 400 kW [ consequences on
50 kg AlyOg erosion and aerosol
+S8i0g+ CaO release
V 5.2 asV5.1 1 kg Mo, 0.5 kg ZrTeq, BWR with B4C
: 1.5 kg CeOy, 1 kg BaO, 200 kW | absorber, low power:
0.5 kg Lag03, 0.5 kg SrO, Zr chemistry and
6 kg B4C in steel containers related processes
V5.3lasV5.1 1 kg Mo, 1 kg CeOs, BWR with B4C
1 kg BaO, 0.5 kg LagOsg, 800 kW | absorber, high power:
0.5 kg SrO, Zr chemistry and
6 kg B4C in steel containers related processes

Table 1: Main Parameters for the Zr-related BETA Experiments

The melt interacting with the concrete crucible is composed of a metallic melt,
mostly iron with 5 % chromium and 5 % nickel of 300 kg in total plus 80 kg Zirco-
nium. This corresponds to 21 % Zr in the steel melt which is a reasonably high
mass and concentration compared to the accident situation. The initial 50 kg of
oxidic melt, 65 % AloO3, 20 % SiO9, and 15 % CaO, will be dissoluted during the
erosion process by the products from the decomposing concrete and further oxides
from the metal melt.

To understand the experimental simulation, the BETA facility as used throughout
the tests is depicted in figure 1. The melt is kept in a cylindrical concrete crucible
fabricated from siliceous concrete. The inner cavity has an initial diameter of 38
cm and allows downward and sideward erosion by the melt so that a predominant-
ly 2-dimensional cylinder-symmetric erosion may take place. The melt of initally
some 2200 K is poured from the thermite reaction tank into the crucible at start of
the interaction test. The Zr addition was accomplished by dropping 80 kg of solid
zircaloy rubble into the crucible before pouring the melt. The metallic part of the
melt is heated electrically by the induction coil surrounding the crucible. Gases
and aerosols produced during the experiment are fed through the off-gas system
and a fiber filter into the environment.

Fission products were simulated in the melt with respect to low volatile species

where the release processes need more clarification, Additionally in test V 5.2, tel-
lurium in the form of ZrTeo was added as different chemical forms of Te may exist




with specific release rates. The addition of the fission product mock-ups was ac-
complished by dropping a material lance from the tank for the measurement
probes into the melt early in the test or by placing the mock-ups on the bottom of
the crucible before pour of the melt. Similarly, the 6 kg of B4C in the BWR specific
experiments are placed on the crucible bottom enclosed in steel capsules. This
should allow the initial eutectic melt formation of B4C and steel, which is expected
during the in-vessel melting of the BWR absorber rods and which determines the
early B4C speciation.

The experiment uses a variety of instrumentation to analyse the experimental pro-
cesses as listed in figure 1. In order to measure the temperature of the eroding
melt, three different types of thermocouples were used in parallel: Pt10Rh/Pt and
W5Re/W26Re-thermocouples embedded in the lower crucible (figure 2) and pro-
truding into the melt after some concrete ersion, as used in SNL and ANL experi-
ments, respectively. Additionally, the standard BETA technique of dip in thermo-
couples (W3Re/W25Re) was used, operated from the upper probe tank. Simulta-
neously, these dip-in lances extract material probes from the melt during the test
which are needed to clarify e.g. the Zr oxidation processes. The experiments could
be conducted successfully with typically 40 to 50 cm downward concrete erosion,
Besides their principal clarification of physical and chemical processes they are
beeing used to validate MCCI-computer codes, e.g. the WECHSL-code [3].

3. EXPERIMENTAL RESULTS
3.1 HEATING OF THE MELT

In the BETA facility, heating of the melt in the crucible, besides the chemical reac-
tions, is by sustained electrical induction heating. Therefore, only the metallic
melt has internal heat sources while the oxidic melts receive the energy by convec-
tive heat transfer. Following the nature of induction heating, the heating efficien-
cy depends strongly on the surface of the metal phase as "seen” by the induction
coil. As the efficiency of heating can be measured in BETA, interesting conclusions -

on the distribution of the metal can be drawn.

The experiments V 5.1 through V 5.3 realize different power densities in the melt
to quantify the power - or temperature effect on the other processes. The realized
power of 200 to some 1000 kW corresponds to a power density of around 670 W/kg
metal to 3300 W/kg metal. During the later part of the test, the electrical power




generated in the melt is nearly constant as in test V 5.2 (figure 3) or slightly de-
creasing as in the tests V 5.1 and V 5.2. Specific for all three tests however is a pro-
nounced increase of the inductor efficiency to some 50 % immediately after pour of
the melt and a subsequent drop to a reduced efficiency of some 30 % between 100 s
and 200 s, resulting in the negative power slope in figure 3. As confirmed by other
observations, this early phase is directly related to the oxidation of metallic Zr
which is accompanied by a strong release of gases which increases the "effective”
melt level seen by the induction coil. With depletion of Zr a major chemical energy
source is exhausted and after some delay which is determined by the excess inter-
nal energy of the melt, the interaction of melt and concrete is less vigorous. The
time span of this early oxidation phase is increasing for lower electrical power in-
put confirming the positive feedback of concrete erosion rate and Zr oxidation rate.

3.2 CRUCIBLE EROSION

The BETA experiments allow substantial erosion of the concrete crucible into
downward and radial direction as well. For the experiment V 5.2 with the lowest
power input the downward erosion reached 40 cm after 2940 s at the end of heating
(figure 4). The average downward erosion rate is from 0.014 mm/s in V 5.2 to 0.028
mm/s in V 5.1 and 0.057 mm/s in V 5.3, and roughly proportional to the heating
power. The downward erosion rate is nearly constant in time, and it is remarkable
that the effect of the early Zr oxidation process on downward erosion is not very
pronounced. For the radial erosion, the three tests show similar behavior in that
the radial propagation comes to an end after some 5 to 15 cm erosion in the first pe-
riod of the tests.

The final cavity shapes as obtained from the sectioned crucibles are given in figure
5. Test 5.2 shows the most pronounced radial erosion in the lower crucible, where-
as the other tests have a slender cavity. This is in agreement with the BETA test
Series I and is attributed to different heat transfer modes at high and low heating
power [4]. Low power allows a thin metal crust to form at the concrete interface
strongly reducing the downward heat flux. The slightly converging shape of V 5.1
is a somewhat untypical behavior which is probably due to the strong splashout
and loss of metallic melt to the upper structures in the inital phase of the test re-
ducing the lower metal mass from 300 kg to 104 kg only. Hence, specific data on
erosion are believed to be more reliable in test V 5.2 and V 5.3.




Comparing the upper cavity shapes with the results of BETA Series I which had no
zirconium in the melt, the recent tests show a more pronounced upper cavity ero-
sion by the early Zr-rich metallic melt attack. This occurs during the first 100 s or
so during the Zr oxidation phase and explains on the other side the limited influ-
ence of Zr oxidation on the downward propagation. The feedback of concrete ero-
sion, gas release, and Zr oxidation with high void in the melt causes the Zr oxida-
tion to occur not only in the lower but also in the upper crucible. This is confirmed
by video records of the tests showing a highly agitated splashing melt in the early
test phase, and by the increase of efficiency of the electrical induction heating as
well.

3.3 TEMPERATURES AND GAS RELEASE

The temperature of the melt is an important information needed to validate the
heat transfer models and to understand aerosol releases. However, temperature
measurement in the eroding melt is difficult because of the limited life-time of
thermocouples in the high temperature and chemically aggressive melt. There-
fore, three different thermocouple systems have been applied to cross-check the
measurements. This was done also with regard to discussions on earlier BETA ex-
periments where a relatively low temperature was measured in the melt. This
seemed to be contradicting to similar experiments of other laboratories which mea-

sured higher temperatures.

Detailed comparison of the three types of temperature measurements in the ex-
periments under consideration shows agreement within 25 K. Dip-in thermocou-
ples give clear information when the melt has a low viscosity which is the case in
the early test phase, but need sufficient settling time in the later period. The em-
bedded thermocouples failed very early especially in the V 5.3 high power test,
probably as they start to protrude in the melt. These thermocouples in some cases
form a new thermocouple junction in later phases of the tests with a valid tempera-
ture signal. Parallel measurements of the ohmic resistance of selected thermocou-
ples during the test indicate indeed that the new junction gives a valid informa-
tion. Using all data a consistent picture of the temperature in the metal melt is ob-
tained with a high degree of reliability.

The temperature histories of the metallic melt as measured in the three tests are

given in figure 6. Common to the tests is the fast decrease of the metal tempera-
ture from some 2100 K at the beginning to the long-term value of some 1750 K




which occurs in the first 100 to 200 s of the interaction. This coincides with the pe-
riod where the zirconium is being oxidized. Thereafter, the metal temperature is
obviously the freezing temperature of the (Fe, Cr, Ni, Si)-melt eventually influ-
enced by dissolved B4C in the experiments V 5.2 and V 5.3. The long-term tem-
perature agreement within some 30 K is remarkable, also with respect to the inde-
pendence of the metal temperature from the heating power. This indeed indicates
that the heat transfer to the concrete is so effective that the temperature of the
melt drops until solidification processes control the heat flux. This is a confirma-
tion of the BETA Series I results [4]. The slight depression and subsequent in-
crease of the metal temperature between 150 s to 400 s might be caused by a
change of the metal composition which simultaneously changes the freezing tem-
peratures. It is hypothesized that this is due to some transition of boron from the
metal to the oxide, which has a strong influence on the metal freezing tempera-
ture. From the dissolution process of B4C, boron is initially expected in the metal
melt as boride [5]. Because of its low oxigen potential the boron would be readily
oxidized after Zr depletion to form borate in the oxidic melt.

Of course, the fast early temperature drop is the most striking observation. The Zr
oxidation by eq. (1) would contribute an energy of some 1.7 MW-100 s. Comparing
this chemical energy input with an earlier BETA test V 1.8 [4] without Zr but run
at 1.8 MW electrical power input, the temperature behavior is very similar. In all
cases, the very effective heat transfer to the melting concrete easily absorbes the
chemical or electrical power input. BETA test V 1.8 only shows a slightly higher
long-term metal temperature because the steel composition is different without Zr

and Si which reduce the freezing temperature.

Gas rate and integrated gas release from the melt are plotted in figure 7a and b, re-
spectively for the test V 5.2, The results of V 5.1 and V 5.3 are qualitatively simi-
lar. Gas release in V 5.2 is dominated by Hy and a somewhat lower release of H2O.
The small amount of CO9 and CO is due to low carbonate content in siliceous con-
crete, Methane is in the range of some permill, other gases are not detected. From
0 to 200 s, a pronounced peak of the dominant gases is observed (fig. 7a), corre-
sponding to the early vigorous melt interaction during Zr oxidation. This peak ex-
ceeds the long-term quasi-steady gas release by one order of magnitude typically.
Gas rates especially of H2O and to a minor extent of CO9 are influenced by the
transient heat-up of upper surfaces without melting, which is a consequence of the
early high voiding and splashing of the melt. This increases the long-term release
of gases which did not react with the metal melt. Comparing the actual measure-




ments with earlier BETA tests the long-term release of Hg and CO seems to be
smaller than expected. Detailed interpretation of the gas release needs further ap-
plication of the MCCI computer codes.

3.4 MATERIAL ANALYSIS FROM THE MELT

Chemical analysis of the melt composition gives information on the sequence and
velocity of the oxidation reactions. Table 2 gives the composition of the main com-
ponents of the metallic and oxidic melt as solidified after the test.

Table 2: Melt Composition (w%) at End of Test V5.1 and V5.2

Metallic Melt Oxidic Melt

Species V5.1 . V5.2 Species!) V5.1 V5.2
Fe ~86.8 ~82.5 Si0y 60 61
Cr 7 4,15 A1203 6.5 7.2
Ni 5.4 6.01 Ca0 9.2 9.4
r 0.02 0.075 Zr07 18.4 12.7
Sn n.d. 0.28 B203 0 1.6
Si 2.8 4.3 Fe03 2.5 4.3
C 0.24 ~0.292) Cr203 0.6 0.5
B 0 0.35 Residual 2.8 3.3

1) calculated from the content of the elemental metals
2) concentration taken from experiment V5.3

The metallic zirconium is completely oxidized and is found in the oxidic melt. As a
consequence of the condensed phase reaction eq. (1), silica is found in the metal
phase in a significant percentage. If Zr oxidation were to occur by gas reactions
only, the initial 80 kg of Zry-4 would not have been depleted.

Chromium oxidation throughout the test was relatively small. The nickel content
did practically not change, as Ni is the most stable metallic component. A small
amount of 0.24% C was found in the metal of V5.1 indicating the minor role of the
coking reaction (reduction of COg9 to C). The slightly higher C-concentration in test
V5.2 may be attributed to the addition of 1.5 w% B4C to the metal melt. However,
most of the boron is found in the oxidic melt at end of the tests.




The final composition of the oxidic melt is largely determined by the admixture of -

molten siliceous concrete and the oxidized zirconium.

The material probes from the dip-in thermocouples in experiment V 5.2 give the
time dependence of the oxidation processes. Figure 8 shows the very fast oxidation
of Zr and the simultaneous formation of Si in the metallic melt according to the
chemical reaction equ. (1) in a time span of less than 100 s only. The succeeding
oxidation of the other elements such as Si or Cr by gases from the concrete is com-
parably slow, resulting in a moderate release of Hg and CO (see Section 3.3). On
the whole, figure 8 gives a clear and consistent picture of the oxidation processes.
The concentration of the oxidic components later in the experiment is influenced

by the admixture of the molten concrete.
3.5 AEROSOL RELEASE AND FISSION PRODUCTS

The experiments also give information on aerosols and specific fission products
which had been added as non-active simulants to the melts of test V5.2 and V5.3,
while test V5.1 was run without fission product mock-ups. The detailed material
analysis is still under evaluation but some important results are available.

The fission products mock-ups of test V5.2 as added to the melt are listed in table 1
of chapter 2. Analysis of material probes from the melt V 5.2 shows that Mo is per-
sisting in the metallic melt in some 0.3% throughout the test corresponding to the
added mass. The other mock-ups are found in the oxidic melt in the concentration
of some permill or less according to their added mass but are below the detection
limit in the metal phase. However, Te from the added ZrTeg could not be detected
either in the metallic nor in the oxidic melt, with a typical detection limit of 0.05
to 0.07%. This refers to a fast vaporizational release of tellurium also if initially

present in the form of ZrTeg as is indeed confirmed by the aerosol analysis.

All aerosol filter probes taken throughout the test show Te as the dominant ele-
ment found in the 20 to 60 w% range. Up to 3 percent of Ba was found on the early
filter but Ba concentrations are below the detection limit of less than 1% lateron.
None of the other simulated fission products could be detected on the filters. From
the other aerosols, Sn is the dominant species with up to 20%. Tin is released as
one of the Zry-4 components probably in the form of SnOg, followed by K (~5%), B
(~4%), Si (~3%), and Na (~1%). BETA V5.1 test gives a similar result but without
Te, Ba, and B. Consequently, the relative concentrations of the other aerosol spe-




cies are higher. The data reported above were taken at 100 s and later, that is after
the early Zr oxidation.

During the very early melt interaction including the Zr oxidation phase until some
200 s after the pour, the aerosol release rate is very high as determined in figure 9
from the filter samples of test V5.1, Lateron the aerosol release decreases by 1 or 2
orders of magnitude which was confirmed also for the other tests. Electron micro-
scopy reveals that the primary aerosol particles are spherical with a typical diame-
ter of 0.1 to 0.5 pm forming agglomerates of some microns. Under some conditions
whisker-like aerosol shapes were found.

4. CONCLUSIONS

The three tests investigated the interaction of predominantly metallic melts of
high initial Zr concentration with siliceous concrete in a cylindrical crucible. They
give clear and consistent data on Zr oxidation and related processes which may be
summarized as follows:

® Oxidation of 80 kg Zry-4 in 300 kg metallic melt dominates the interaction
during the first 2 or 3 minutes. Material investigation shows the depletion of
Zr within only 1 minute and a simultaneous increase of Si concentration in the
metallic melt as described by the condensed phase chemical reaction Zr+SiOg
— ZrQO9o + Si.

® In spite of the high energy deposition from Zr oxidation and from electric heat-
ing the temperature of the metal in all three BETA tests drops to its freezing
temperature within some 150 s. This is combined with fast cavity erosion,
high gas release, and extreme voiding and agitation of the melt.

® Gas release shows a pronounced spike during this period with important Ho
release persisting at a lower level throughout the later test.

® The cavity shape depends on the long-term power input to the melt in agree-
ment with previous BETA experiments.




High initial aerosol release decreases after early Zr depletion. From the fis-
sion products added to the melt substantial Te release was observed whereas
the release of Ce, La, Sr, Ba, Mo is small and mostly below the detection limit.

Some portion of B4C which was added to the melt to represent BWR absorber
material leads to the formation of borates in the oxidic melt which contribute
to the aerosols,

The following topics need further considerations: (i) The chemical reaction of Zr

and SiOg may lead to the formation of Si or SiO, depending on the reaction tem-

perature. Si formation was observed in the present tests, while SiO was found in

the ACE experiments at higher temperatures [2]. The transition temperature be-

tween the reactions needs clarification. (ii) The freezing temperature of the multi-

component metal melt including Fe, Cr, Ni, Zr, Si, B is lower than presently mod-

eled in computer codes. (iii) The experimental Hg rates need computer analysis to

quantify the Si-steam reaction velocity in the steel melt.
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ACE Program Phase C: Fission Product Release From Molten Corium
Concrete Interactions (MCCI)
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Abstract

A program of experiments on the release of fission products during MCCI has
recently been completed at Argonne National Laboratory (ANL). These
experiments formed the Phase C of the advanced containment experiments
(ACE) program which is sponsored by a consortium of 19 countries and managed
by the Electric Power Research Institute (EPRI). The major objective was to
obtain data on the release of fission products in realistic and extrapolatable
simulations of accident conditions.

Data has been obtained on the release of the volatile and the less volatile
refractory fission products, and the release of other aerosols during the MCCIL
Thermal-hydraulic data have also been obtained.

These experiments are currently being analyzed by consortium members to
validate the various MCCI models and codes, e.g.,, CORCON, VANESA,
WECHSEL and MAAP-DECOMP.

This paper will provide an overview of the ACE MCCI experimental program.

Introduction

Nuclear power plant risk evaluation is concerned primarily with the evaluation
of the frequency and the consequences of postulated severe accidents (1) in which




the core melts and fission products are released. In case the postulated severe
accident proceeds to the point of vessel failure, the molten core material is
discharged to the BWR pedestal region or to the PWR containment cavity.
During this ex-vessel phase of the accident, molten corium interacts with
concrete, resulting in release of copius quantities of concrete products as well as
substantial quantities of combustible (Hp, CO) and non-condensible (CO2, HyO)
gases which pressurize the containment. If the MCCI proceeds for a long time
(tens of hours) and melt quenching (through water addition) and containment
pressure reduction (e.g., through heat removal) measures are not successful,
containment failure and/or basemat penetration may occur. Fission products are
released to the environment if the containment fails; although the release is
small if the containment integrity is maintained for several hours. The basemat
penetration is of serious concern; although the environmental effects may be
very much site-specific.

The gases produced during MCCI (H20, COj, SiO) sparge through the molten
corium pool, undergoing chemical reactions and transporting the volatilized
fission product compounds to the containment atmosphere. The metals
contained in the corium, i.e., Zr, Fe, Ni, Cr are oxidized by the concrete gases
creating substantial amounts of exothermic energy which supplements the decay
heat and raises the melt temperature further. The vaporized materials condense
to form aerosols which interact with the aerosols already present in the
containment atmosphere.

The fission products released during the MCCI are extremely important in
evaluating the source term (within containment) and its possible release to the
environment. The magnitude of the release of the refractory fission products,
i.e.,, La, Ba, Sr, Ce during the MCCI has been a source term issue ever since the
APS study (2); since these releases occur late in the accident scenario and the
fission product compounds released are relatively long-lived and biologically
toxic. There have been large differences between the predictions made for the
releases of those fission products by the various MCCI codes, e.g., MELCOR (3),
CORCON (4), VANESA (5), MAAP-DECOMP (6), Since the fission product
releases are a function of the thermal-hydraulic modeling (melt temperature,
melt mixing, gas sparging rate, etc.) and the chemical reaction modeling, the
uncertainties in the phenomenological models and the physical property data
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had not allowed a discrimination between the widely-different results obtained
from the various codes.

Previous Work

Extensive experimental and analytical research has been conducted to
understand and model the thermal-hydraulic dynamic behavior of the MCCIL
The experimental work had utilized simulant and real materials at various
scales as, e.g., in the test series BETA (7), SURC (8), HS (9), TURC (10) and
measured the concrete spatial ablation rates and the gas and aerosol generation
rates. These tests, except for one SURC test, did not measure the fission product
releases during MCCI. The analytical model development has culminated in the
CORCON series of codes (4,13), developed at Sandia under NRC sponsorship,
CORCON-UW (11), WECHSEL (12) and the DECOMP-METOXA (14) code. The
thermal-hydraulic models employed in these codes have substantial differences
between each other.

ACE Program

The ACE program (15) js a cooperative research program funded by the countries
and organizations shown in Table 1 and managed by EPRI. This program
consists of four phases: Phase A, already completed, obtained data on the
decontamination potential of candidate filter designs, e.g., from Germany,
France, Soviet Union, Sweden, etc. Phase B of the program, also completed,
obtained data on iodine transport and partitioning in the containment during
prolonged residence after the postulated accident, including effects of hydrogen
burns and high levels of radiation. Phase C, described further in this paper,
obtained data on fission product release during MCCI, and Phase D described in
another paper at this meeting, will obtain data on the coolability of a molten
corium pool with a water overlayer during MCCIL

ACE Phase C: MCCI Program

The guiding principal of the ACE Phase C Program has been to obtain data which
could be applied directly for evaluating the consequences of prototypic accident
scenarios. This necessitated the establishment of accident conditions at a
relatively large scale. For the Phase C integral experiments, about 300 kg of




prototypic corium material containing representative inactive fission product
compounds is heated to a molten state and to an initial temperature of about
2500K, whence it interacts with a block of prototypic concrete. In the experiment,
appropriate thermal and chemical environment is achieved in a 50 cm X 50 cm X
15 cm interaction zone such that the aerosol release data is scale-independent
and can be applied directly to the prototypic accident situations. Sufficient
variations of the controlling parameters in the experiments resulted in data
which could test the applicability of the different thermal-hydraulic and chemical
models employed in the extant codes.

The objectives of the ACE Phase C program were:
1. To measure the release of the low volatility refractor fission product species.

2. To measure the physical and chemical characteristics of the aerosols
generated.

3. To measure the thermal-hydraulic behavior, i.e., concrete ablation rate, gas
generation rate, etc.

4. To analyze the tests to enable testing of MCCI thermal-hydraulic and
chemical interaction models.

5. Support and encourage code comparison activities among ACE consortium
members through pre- and blind post-test analyses.

Experimental Approach

The experimental approach was to employ powdered oxidic core materials, i.e.,
UO9, ZrOj,and add the metallics, e.g., Zr, stainless steel, control material (Ag, In

for PWRs and B4C for BWRs) as rods to obtain the corium mixture. Prototypic
concretes, i.e., siliceous, limestone sand, limestone and serpentine (Russian)
were employed in the basemat block. The heat generation in the corium mixture
was simulated through direct electrical heating (DEH), which initiated the
melting of the corium powder and then maintained the internal heat generation
equal to 1% of the nominal power in the melt (decay heat rate at 2 hours after
shutdown) during the MCCI. The approach on melt containment in the
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experiment is the "cold-wall" technique in which the corium melt is contained
in a water-cooled furnace on whose walls the sintered-crusted corium powder
served as an insulating envelope. The heat transfer to the water-cooled side
walls is measured and the power addition to the electrodes is programmed to
compensate for the side wall heat losses on a continuous basis, during the
corium heatup and the MCCI. It was decided to keep the corium-concrete
interaction as one-dimensional in order to facilitate benchmarking of the MCCI
models and codes.

The experimental approach on the design of the aerosol system was to collect all
of the aerosol mass released, in order to establish the mass balance. At the start
of the ACE Phase C Program, an aerosol working group consisting of experts
from member countries was established to advise the designers. This group
provided the functional requirements of aerosol system as: 1) measurement of
total aerosol mass release and composition; 2) measurement of off-gas release
and composition as a function of time; 3) measurement of aerosol concentration
and composition as a function of time; 4) measurement of the composition and
particle size distribution of respirable fraction as a function of time.

The other recommendations of the Aerosol Working Group were to employ a
porous metal diluter for cooling and dilution of the off-gases. A separate line
was recommended for collection of the aerosols just above the melt surface
without any dilution and cooling. A vacuum pump operation system was
recommended so that isokinetic sampling is possible in the constant flow system
obtained without perturbations by any bursts in the off-gas release.

The Test Facility

The test facility consisted of the furnace, power supply, aerosol system, water-
cooling system, ventilation and exhaust system and the data acquisition system.
The furnace shown in Figure 1 was contained in a confinement cell. The aerosol
collection system shown in Figure 2 was connected to the main gas line at the top
of the furnace. The furnace side walls were water-cooled copper panels.
Tungsten rod electrodes were fastened on two walls to provide the energy input
into the corium powder. Corium heating was started through power input into
a tungsten starter coil connected between the tungsten rod electrodes near the top
edge of the corium mixture. The electrical conductivity of the corium powder is




increased considerably on melting and direct electric heating becomes effective.
The corium melt started at the top and migrated downward towards the concrete
basemat. The Zr rods were included as an insert on top of the concrete basemat
and were encased in a slab of concrete material. The Zr did not oxidize
prematurely with this method of addition to the corium powder. The furnace
contained a view port in the lid through which video images are recorded.

The gas aerosol system design followed the advice of the international expert
group. The system diluted, sampled and filtered the off-gas and aerosols released
during MCCI. A helium atmosphere was maintained within the confinement
surrounding the furnace. The helium flow rate to the furnace enclosure was
kept larger than the peak off-gas flow rate. Mostly the helium was drawn into
the aerosol system until the off-gasing from the corium started and reduced the
helium in-flow. |

A light extinction system was used to determine, on-line, the aerosol
concentration in the off-gas flow. That is followed by a set of 10 cyclones and
filters. The cyclones and filters also characterized the ratio of large to small
particles and the transient variation of composition. An on-line mass
spectrometer measured the concentration of COp, CO, HpO, Hp and He in the off-
gas. A series of impactors were used to provide the fraction of the respirable
aerosols and measure their particle size distribution. Migration of gas and water
downwards into the concrete basemat-block was determined through
hygrometer sampling of the gas below the concrete block. The aerosols collected
at various locations are analyzed chemically.

A custom-made power supply providing several voltage and current ranges was
obtained. The data acquisition system had more than 200 channels to record data
every five seconds during the test. The system processed the recorded data into
thermal-hydraulic parameters, e.g., the concrete ablation rate, the superficial gas
velocity, etc.

Test Matrix
The ACE test matrix was approved by the ACE Technical Advisory Committee

(TAC) after considerable discussions between technical representatives of the
member countries. The matrix was refined mid-stream several times and the




final test matrix as completed in 1991 is shown in Table 2. The principal
parameters varied were the concrete type, the zirconium content in the corium,
the type of corium mixture (PWR, BWR with the corresponding control
materials) and the net heat generation rate/Kg of UO». Each of the tests
employed about 300 kg of corium atop a concrete block of 25 cm depth. The
interaction area was 50 cm X 50 cm. The inactive fission products added to the
corium mixture were at concentrations much higher than expected in the plants,
in order to improve the detectability of the releases. The test matrix of seven
tests was deemed to be sufficient for establishing the magnitude of the release
fractions of refractory fission products in the postulated accident scenarios. Table
3 shows the composition of corium for each of the tests.

Test Operations

Nominally, the test operations consisted of initiating the corium powder melting
process by heating up a set of tungsten coils attached between electrodes. Once
the melt zone in the immediate vicinity of the coils became large enough, the
conduction path through the powder was established and the melting process
started in earnest. The melt front going downards reached the layer of Zr rods
encased in the concrete and a vigorous oxidation reaction ensued which added a
lot of energy to the melt. The melt temperature rose considerably (about 2500K),
vigorous mixing took place and any powder overburden at the top of the melt
mixed into the melt. The total time taken for the melting of about 300 kg of the
corium powder and the metal incorporation was 2 to 3 hours. After the metal
incorporation, the melt attacked the concrete. The tests were continued (unless
prematurely terminated) to a total concrete ablation of about 12.7 cms, while
collecting all the aerosols produced. The time elapsed during the concrete
ablation phase was about 1 hour, except for test L8 when the power level was
reduced.

The above description of the test operations sounds simple and straightforward.
However, the test operations were much more complex and difficult; and with
the very harsh conditions for the equipment, there were a few equipment
failures which led to early termination of 2 tests and repeat of another. In test L2,
the off-gas line plugged at the diluter due to the condensation of the Si species.
In test L1, the melt foamed, filled up the plenum and burned a hole in the lid. In
test 1.6, there was a loss of cooling failure in two of the furnace panels and the




this meeting. The tests were successful in maintaining the required MCCI

conditions and obtaining definitive data on the release of fission products and other
aerosols.

Experimental Results

The experimental results obtained for the thermal-hydraulic and the aerosol release
behavior during MCCI for these tests are described in the accompanying papers.
Briefly, the data obtained on the fission product releases, being prototypic and scale-
independent, can be extrapolated -easily to the accident scenarios. The results show
that the releases for the refractory fission products are very low indeed and these
data directly contradict the very high release values obtained from the VANESA
and MELCOR codes for the reactor accident scenarios.

The thermal-hydraulic data obtained from these tests is for a one-dimensional MCCI
and are not scale-dependent. These data serve as benchmarks for the MCCI thermal-
hydraulic codes, e.g., CORCON, WECHSEL and DECOMP. These data are based on
quite comprehensive variation of the type of concrete, type of corium, type of
control rod material, zirconium content, and the decay power input rate.

Analyses and Code Comparison Activity

As part of the ACE Phase C program, an analyses and comparison activity was
initiated in which several of the member countries participated. This activity, also
reported at this meeting, is continuing and may develop into a more extensive and
structured effort in the future. The guiding principal was to have the analysts with
their respective codes and models provide the results of their analyses without
previous access to the experimental results. The tests L6, L7 and L8 were designated
as code comparison tests for which the data were sequestered until the analysts
submitted the results of their calculations. The test L7 was only for thermal-
hydraulic behavior comparison, while the tests L6 and L8 were for both thermal-
hydraulic and aerosol release behavior comparison.

The code comparisons for test L6 are not as encouraging as one may have hoped on

the basis that the codes have developed over a number of years while analyzing
previous Sandia and the German BETA tests. From the preliminary observations, it
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The code comparisons for test L6 are not as encouraging as one may have hoped
on the basis that the codes have developed over a number of years while
analyzing previous Sandia and the German BETA tests. From the preliminary
observations, it appears that there are substantial differences in the analytical
models used in the various codes and that the predictions from the codes for the
rates of concrete ablation, gas generation and the aerosol release have substantial
differences from the measurements. |

Documentation

An extensive documentation effort has been pursued during the entire Phase C
program. Each test was described through a pre- and a post-test report. After the
test results are obtained (including chemical and electron microscope analyses for
the aerosols), thermal-hydraulic and aerosol release data reports are issued for
each test, except for the code comparison tests, whose reports are issued only after
the analysts have submitted the results of their calculations. Reports have also
been issued on the microstructural analysis of the aerosols performed in the
AEA Laboratories in England. A summary report on the Phase C test program is
planned. It is expected that all the reports will be issued by September 1992.

Summary and Conclusions

The ACE Phase C program, consisting of 7 tests, for obtaining data on the release
of refractory fission products during MCCI, has been completed. The test
program used prototypic materials and reproduced the actual accident
environment to obtain scale-independent aerosol release data, which can be
easily applied in the source term assessment of prototypic accident scenarios in
LWR plants. The thermal-hydraulic data obtained should serve as excellent
benchmarks for the models and codes used for MCCI analysis.

It was found that the measured releases of refractory fission products during
MCCI are very much lower than the estimates obtained from the VANESA code.
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Table 1

Current Membership of the ACE Consortium

TRACTEBELL* Belgium

CUAEPP Bulgaria

Ontario Hydro Canada

JRC Ispra Commission of the European
Communities

NRI/NPPRI Czechoslovakia

GRS Federal Republic of Germany

VTT* Finland

CEA France

VEIKI Hungary

ENEA Italy

JAERI Japan

ININ Mexico

KEMA* Netherlands

AEC* Republic of China

SKI, SSPB, ABB Sweden

PSI Switzerland

Kurchatov Institute Union of Soviet Socialists Republics

AEA* United Kingdom

DOE, EPRI, NRC, Westinghouse United States of America

* Lead organization
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Figure 1: Diagram of the ACE MCCI Test Apparatus
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TableII
Conditions for the Series of ACE MCCI
Fission Product Release Tests

e Oxides from in-vessel: UOj, ZrOj, Fe203, Cry03, NiO
¢ Oxides from early ex-vessel ablation: CaO, SiOp
e Metals: Zr or Zry, Fe, Cr, Ni, Ru-steel alloy

e Fission products: LayO3,, BaO, SrO, CeOy

Net Heat

Concrete Generation Corium Initial Zr Absorber
Test No. Type (I (W/Kg UO7)  Mixtures Oxidation % Material
15 L/S 325 PWR 100 -
12 S 450 - PWR 70 -
L1 L/S 350 PWR 70 -
L6 S 350 PWR 30 Ag, In
14 S 250 BWR 50 B4C
L7 L/S 250 BWR 70 B4C
L3 L/S 350(2) PWR 30 Ag, In
L8 L/L 350(2) PWR 70 Ag,In

Note: (1) concrete type:

L/S:  limestone/common sand concrete plus rebar
S: siliceous concrete plus rebar
L/L limestone/limestone concrete plus rebar

Note: (2): reduced power operation after Zr is fully oxidized to represent longer
term corium-concrete interaction

Table II1
Corium Composition

Content in ACE MCCI Experiment (kg)
Consti- jL5 12 L1 L6 14 L7 18
tuent
U0y 184.2 216 216 219 192 188.5 211.5
ZrOy 34.0 425 42.5 185 43.2 59.4 41.6
Zr - 134 13.4 21.1 30.3 17.7 12
Zirc-4 - — - 1.8 1.1 1.1 1.1
FerO3 54.1 - - - - - -
NiO 52 - - - - - -
Cr03 (134 - - - - - -
Type 304 | - - -- 9.1 0.6 0.6 --
S8
Ca0 - 3.0 114 7.3 00 11.5 20.6
MgO - - -- -- 72 — -
SiO9 - 20.9 12.4 16.9 16.8 12.5 34
BaO 0.4 0.8 0.8 0.79 1.4 1.4 1.55
Lay0O3 04 0.6 0.6 0.6 1.1 1.14 1.23
SrO 0.4 0.5 0.5 0.5 0.96 0.96 1.04
CeOn 1.0 1.3 1.3 1.3 232 2.32 2.51
MoO, - 0.9 0.5 0.94 1.7 1.7 1.84
SnTe - 0.2 -- -- - -- --
ZrTey - - 0.2 0.2 0.18 0.18 0.2
Ru - - -- 0.38 - -- -
B4C - - - -- 1.0 1.0 -
Ag - - - 1.19 — -~ 1.19
In - - - 0.22 - - 0.22
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THERMAL-HYDRAULIC ASPECTS OF THE LARGE-SCALE INTEGRAL MCCI
TESTS IN THE ACE PROGRAM

D. H. Thompson, J. K. Fink, D. R. Armstrong, B. W. Spencer, and B. R. Sehgal*

Argonne National Laboratory
Argonne, Illinois 60439 USA

*Electric Power Research Institute
Palo Alto, California 94303 USA

ABSTRACT

Seven large-scale molten core concrete interaction (MCCI) tests have been
performed at Argonne National Laboratory as part of the internationally sponsored
Advanced Containment Experiments (ACE) Program. One of the objectives of the ACE
MCCI/fission product release tests was to investigate the thermal hydraulic
aspects of the MCCI. The tests were performed using four types of concrete
(siliceous, serpentine, limestone, and limestone/common sand) and a range of
metal oxidation for both boiling water reactor and pressurized water reactor core
material. Melt temperatures, ablation rates, off-gas composition, and
superficial gas velocity as a function of time during each test were processed
from the recorded test data. These thermal hydraulic results are described for

the ACE MCCI tests.

INTRODUCTION

The fission product release occurring during a molten core-concrete interaction
is one of the major contributors to the uncertainty in risk calculated for
nuclear power plants. A series of large-scale integral accident simulations has
been performed in the ACE Program to investigate the thermal hydraulic and
chemical processes of MCCIs and to expand the database on release of low
volatility refractory material fission products for further development and
validation of MCCI/fission product release codes. This paper describes the
thermal hydraulic results of the ACE MCCI tests. The ACE MCCI experimental

program [1] and aerosol release during the ACE MCCI tests [2] are described separately.
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Characteristics of the ACE MCCI tests are described in Table 1. The core debris
contained UO,, ZrO,, stainless steel oxides or zirconium and stainless steel,
plus nonradioactive fission product simulants (Ba0, Lay03, SrO, Ce0Oy, MoO,, ZrTe,,
Ru etc.) and control rod material. Appropriate ratios of fuel to structural
materials were used for pressurized water reactor (PWR) and boiling water reactor
(BWR) core material. The initial extent of oxidation of the core structure was
one of the test parameters. Absorber materials were silver plus indium for PWRs,
boron carbide for BWRs. Fission product simulants were included in the corium
at concentrations higher than found in reactor plants to improve detectability
in the aerosols. To preclude early oxidation, metal was located 1in
concrete/metal inserts directly above the test concrete that represented the
reactor basemat. Tests were performed using four types of concrete: siliceous,
serpentine, limestone, and limestone (coarse aggregate)/common sand (fine
aggregate). Core melt material, termed corium in this paper, and the concrete
basemat were contained within a water cooled test apparatus. Direct electric
heating was used to initiate the core melt and maintain internal heat generation
during the sustained interaction of the melt with the basemat. Two-hour decay
heat levels were maintained to achieve the target initial melt temperature of
~2500 K. A reduction in decay heat level after the completion of metal oxidation

was included in the test matrix to address the longer term aspects of the MCCI.

TEST FACILITY

The facility for conducting the ACE MCCI/fission product release tests consisted
of a confinement cell, test apparatus, power supply, gas/aerosol diagnostics
system, water cooling system, gas cleanup/exhaust system and data acquisition
system. The test apparatus, shown in Figure 1, was constructed of eight water
cooled copper panels which formed the four walls enclosing the concrete basemat
and the corium. Tungsten rod electrodes formed two inner walls of the apparatus
and were connected near the top of the corium volume by four open spiral wound
coils of tungsten wire for initial heating of the corium. An insulated, water-
cooled gas plenum and 1lid connected the test apparatus to the gas/aerosol
diagnostics system. The gas plenum contained thermocouples for measuring gas
temperatures above the melt; the lid contained ports for viewing the melt

surface by an optical pyrometer and video cameras.




Table 1. ACE MCCI/Fission Product Release Test Conditions

Test | Concrete Net Heat Reactor Initial Zr Control
Type* Generation, Type Oxidation, Rod
W/kg U0, % Material

Lé S 350 PWR 30 Ag, In
L4 Soviet 250 BWR 50 B,C
L7 L/S 250 BWR 70 B,C
L8 L 350/150 PWR 70 Ag, In

*L/S = limestone/common sand

S = siliceous

Soviet = serpentine layer over siliceous

L = limestone

The test apparatus, concrete basemat, and gas/aerosol diagnostic system were
heavily instrumented. Over 200 channels of data were logged on a five-s period
during a test. Data were logged by personal computers; key information was

processed on line and displayed to monitor and guide experimental operations.

INTERACTING MATERIALS

Each ACE MCCI test was performed with 300 kg of corium and a 200 kg concrete
basemat having a surface area of 2500 cm?. The corium was predominately fuel and
core structure plus 8% by weight of the major concrete constituents. It also
included oxide forms of nonvolatile fission product simulants Ba, La, Sr, Ce, and
Mo;

present as powder or crushed pellets. Presence of the concrete constituents

Te was present as SnTe or ZrTe,. The fuel was natural and depleted UO,,

represented erosion of the basemat during the jet impingement phase of the

accident that would precede the early aggressive interaction and longer term




erosion phases of the MCCI simulated in the ACE tests. Fission product simulants
were present in twice the concentration typical in a reactor. This was later
increased to four times the reactor concentration to improve the detectability
of the fission products in the aerosols. Control rod materials, Ag plus In for
PWRs and B,C for BWRs, were included in some tests. Based on prior experience,
Ag and In were limited to a concentration 25% that of a PWR to reduce the
possibility that aerosols containing Ag and In would obscure detection of other
elements having a greater radiological consequence. The corium compositions for
Test L6 (PWR, 30% initial oxidation) and Test L7 (BWR, 70% initial oxidation) are

shown in Table 2.

Metal in the corium was located in concrete/metal inserts directly above the
basemat to preclude early oxidation. Ru was alloyed with Type 304 stainless
steel to produce a 10 w/o solution in stainless steel for Test L6. ZrTe, was
located in zircaloy-4 sleeves. Ag and In were alloyed together. The remaining
Type 304 stainless steel and the zirconium were present in rod form. In BWR
accident simulations, B,C was located within the concrete/metal inserts in thin

walled stainless steel tubing,

Concrete basemats were 30.5 cm high and about 50 cm on a side. Each included one
or more arrays of Type K thermocouples to determine depth of erosion and ~15
W5Re/W26Re thermocouples to measure the melt temperature. W5Re/W26Re
thermocouples used in the ACE MCCI tests were purchased with design
characteristics as per recommendations of the High Temperature Instrumentation
Working Group. Concrete mix designs for specific U.S. reactors or provided by
ACE consortium members were used in concrete preparation. Reinforcing rod was
contained in most basemats, located at two elevations within the volume of the
basemat to be eroded. Reinforcing rod was eliminated in Tests L7 and L8 so that
iron oxidation would not mask or delay the attainment of a fully oxidized melt
and the planned reduction in power level., Compositions of the various types of
concrete used in the ACE MCCI tests, determined by chemical analysis, are shown
in Table 3. Solidus and liquidus temperatures, determined by differential

thermal analysis [3], are shown in Table 4.
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Table 2, Corium Composition
Test L6 Test L7
Constituent PWR, 30% BWR, 70%
Oxidation Oxidation
Mass, kg
uo,, 219 188.5
Zr0, 18.5 59.4
Zr 21.1 17.7
Zirc-4 1.8 1.1
Type 304 SS 9.1 0.6
Ca0 7.3 11.5
Sio, 16.9 12.5
Ba0 0.8 1.4
La,0; 0.6 1.1
Sr0 0.5 1.0
Ce0, 1.3 2.3
MoO, 0.9 1.7
ZrTe, 0.2 0.2
Ru 0.4
Ag 1.2 ---
In 0.2 ---
B,C --- 1.0
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Table 3.

Concrete Composition

Soviet
Constituent Limestone/ Siliceous Limestone
Common Sand Serpentine Siliceous
[
S$i0, 28.3 69.0 34.3 69.1 6.2
Ca0 26.0 13.5 9.8 10.8 45.9
Al,04 3.5 4.0 1.8 8.8 1.7
Mg0 9.6 0.7 30.7 0.7 3.6
Fe50+ 1.6 1.0 6.4 1.7 0.9
K50 0.6 1.4 0.1 1.6 0.6
Ti0, 0.14 0.8 0.0 0.15 0.09
Nay0 1.1 0.7 0.06 2.7 0.4
Sr0 0.03 0.02 0.013 0.036 0.05
Ba0 0.03 0.02 0.01 0.1 0.03
Cry03 0.009 0.007 0.19 0.0086 0.007
MnO 0.05 0.03 0.13 0.05 0.03
V505 0.01 0.0 0.0 0.0 <0.009
Cu0 0.005 0.0 0.007 0.004 0.004
Zn0 0.007 0.0 0.009 0.007 0.008
Zr0, 0.02 0.0 0.0 0.008 0.008
NiO 0.005 0.0 0.2 0.004 0.004
Co0 0.003 0.0 0.0 0.0 <0.003
o 43 N
€0, 21.4 4.23 0.9 1.2 33.3
S0z 0.58 0.51 0.52 0.58 0.44
c1” 0.045 0.02




Table 4. Solidus and Liquidus Temperatures of Concrete

Temperature, K

Type of Concrete - S
Solidus | Liquidus

| R R R R R R R

Limestone/common sand 1393 1568
Siliceous 1403 1523
Limestone 1495 2577

TEST OPERATION

Test operation began after gas lines in the aerosol system reached a 400 K
operating temperature and the pretest calibration of the gas mass spectrometer
was completed. During initial low power operation, all current flowed through
four coils of tungsten wire that connected the two sets of electrodes. The
temperature of the corium in and around the coils increased until the corium
became electrically conducting. Power was increased gradually in each ACE MCCI
test until the planned net power level was reached. Net power was calculated on
line as the difference between the total electric power input and the sidewall
power losses to the test apparatus cooling water. About two hours was required
to reach the operating power level (~1% equivalent decay heat). Overburden
collapse exposed the melt surface, which grew laterally as the melt front

progressed down through the corium toward the inserts and the basemat.

A helium atmosphere was maintained around the test apparatus. Helium was drawn
through the gas plenum of the test apparatus and into the aerosol system at a
flow rate exceeding the maximum off-gas release rate expected in each test.
Argon was injected into the primary diluter to cool and dilute the gas stream.
The helium fraction of the gas stream decreased as helium was displaced by off
gas. Volumetric flow rate in the aerosol system remained nearly constant to
facilitate isokinetic sampling. Each of the three sampling modules in the
aerosol system sampled for the entire duration of a test. The first sample was
drawn from startup until off gassing and significant aerosol release began. This
occurred as the surface temperature of the concrete/metal inserts approached 373

K. The remaining aerosol samples (10 per module) collected by parallel operation
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of each sampling module were taken in sequence until the test ended.

The erosion of the basemat was monitored. A 1673 K temperature indication by
Type K thermocouples in the basemat was used to define the location of the melt
front. A reduction in power level was made if the test called for operation at
~0.5% equivalent decay heat power level to address longer term corium-concrete
interactions. When the target ablation depth was reached (12.7 cm in most
tests), the power was turned off and aerosol sampling was stopped. After test
operations ended, the gas mass spectrometer was taken off line for posttest
calibration. The cooling water system operated until the interacting materials

had been cooled to near room temperature.

MODIFICATIONS AND UPGRADES

Both the test apparatus and aerosol system required modifications during the ACE
MCCI Program to match capacities to test conditions. The off-gas flow
rate/temperature capacity of the aerosol system was exceeded during the rapid
initial ablation of the basemat in Test L1. Foaming of the melt to completely
fill the gas plenum imposed a heat load on the 1id that burned a hole through the
lid structure between external cooling water coils. The aerosol system was
modified and capacities expanded as per recommendations of the ACE Technical

Advisory Committee Aerosol System Work Group [2].

Early in Test L6, the test apparatus suffered a loss-of-cooling failure in two
adjacent cooling panels. An ACE MCCI Design Review was held to investigate the
loss-of-cooling incident and review the proposed redesign of the cooling panels
and cooling water system. Cooling panel failure was attributed to boiling in a
cooling channel, which vapor locked the water cooled panel from further cboling
water flow before the heat load could be dissipated. Possible causes of the loss
of cooling included failure of solder joints in the fabricated plate brass
cooling panels, air/vapor accumulation in the cooling panels, and melt contact
with the cooling panels. The inside of the test apparatus had been lined with
zirconia felt prior to loading corium for each test. For Test L6, zirconia
insulating board (1.27 cm thick) was located adjacent to the inner faces of the

cooling panels as added protection against possible damaging effects from the
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increased inventory of unoxidized metal. The exact cause or sequence of events
leading to local failure of the two cooling panels was not established. Instead,
the consensus was that the failure involved a number of factors including the

presence of the zirconia insulation board.

The proposed modification to the test apparatus cooling panels and water cooling
system included fabrication of new cooling panels from 5.1-cm thick copper
billets and increasing the number of cooling water supply lines and pumps, and
the flow capacity, in the cooling water system. Each of the new cooling panels
would be built with two separate cooling circuits. Water flow velocity would be
at a level high enough to sweep out any gas or vapor. The diagnostics and panel
displays would be upgraded to improve operator control and provide additional
information on system status. The proposed modifications were judged to be more
than adequate to address the suspected causes of the cooling panel failure in
Test L6. New cooling panels were built. The cooling water system was modified
as proposed and tested extensively. This system performed flawlessly throughout

the remainder of the ACE MCCI Program.

EXPERIMENTAL RESULTS

Thermal hydraulic results from six of the seven ACE MCCI tests are summarized in
Table 5. Results from Test L8 are being sequestered until the blind posttest

code comparisons for Test L8, currently in progress, are completed.

Melt Temperature
The target melt temperature for the ACE MCCI tests was 2500 K, which was above

the melting point of all the fission product simulants. Below ~2400 K, the vapor
pressure over La,0; is too low to produce a detectable La release, Melt
temperatures exceeding 2400 K were measured in all but two tests - L5 and L4.
The temperature reached by the melt is dependent on the solidus/liquidus
temperatures of the corium, and possibly influenced by the level of chemical
reaction power, In Test L5, the corium was fully oxidized; there was no
reduction of H,0 and CO, off gases. In tests with partially oxidized corium, CaO

and Si0, were the major concrete constituents present in the initial corium
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Table 5. Thermal Hydraulic Results from ACE MCCI Tests

L5 L2 L1 7 L6 7 L4 L7 L8
Concrete type L/S S L/S S Soviet L/S L
Mass of reinforcing rod, kg 2.8 2.8 2.9 2.8 2.6 0 0
Insert depth, cm - == = 7 7.9 5.7 4.3
Metal, kg 0 13.6 13.6 34 32.2 19.86 14.7
Net electric power, kW 60 100 75 75 50 50 75/35
Peak chemical reaction power, kW 0 7 60 7 60 a7 150
Max. melt temperature, X 2200 2420 2825 2425 2300 2515 2480
Max. ablation rate, mm/min 1.6 3.9 8.1 9 4.8 1.7 5.3
Ablation depth, om 11 12.7 ol 18 14,2 3 13
Max, off gas flow rate, sLpm 61 49 300 40 260 g1a 720b
Max, superficial gas velocity, cm/s 4,2 2.9 24.6 2.6 17 5,78 48,80

®Higher values during insert ablation (156 sLpm, 11 cm/s)

PHigher values during insert ablation (780 sLpm, 53.4 cm/s)

inventory of all tests but L4, Major concrete constituents in the Soviet
serpentine concrete were MgO and SiO,. In Test L4, the initial melt temperature

was 2150 K and increased to reach 2300 K after erosion into the siliceous

concrete and uptake of Ca0 and SiO, into the melt.

Ablation Depth

The rate at which a reactor basemat is ablated influences the mass flow rate of
concrete constituents entering the melt and the volumetric flow rate of
decomposition gases, which stir the melt and supplement the decay heat when
reduced by unoxidized metal. In the ACE Program, it was expected that Test L5,
with fully oxidized corium, would yield the lowest ablation rates. Test L5
ablation rates were low, decreasing from 1.5 mm/min at the start of basemat
ablation to 0.6 mm/min when the test ended. The ablation depth vs time in six
of the seven ACE MCCI tests is shown in Figure 2. Although the test operating
conditions varied significantly in reactor type, in fraction of core structure
oxidized, and in gas content of the concrete, the resulting ablation rates

cluster about ~4 mm/min or more or about ~1 mm/min. Ablation rates of ~4 mm/min
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or more were observed early in Tests L2, L1, L4 and late in Test L6. Ablation
rates of ~1 mm/min were observed in Tests L5 and L7, also early in Test L6 and

during the initial ablation of the siliceous concrete in Test LA,

Most tests exhibited a decrease in ablation rate with time as the corium concrete
interaction proceeded. Departures from this response were observed in Tests L4
and L6. In Test L4, ablation of the upper 5.1 cm of serpentine concrete occurred
rapidly, even though the melt temperature was only 2150 K. The downward progress
of the melt front seemed to halt when the siliceous concrete was reached.
Thereafter, the ablation rate increased gradually as the melt temperature
increased to reach a maximum of ~3 mm/min when the test ended. An increasing
ablation rate with time was also observed in Test L6. Both Test L4 and Test L6
had high metal content in the corium and high silica concrete (L4 when the Soviet.
siliceous concrete was reached), The endothermic reaction of zirconium with
silica in these two tests is thought to have been a major factor in depressing
the ablation rate while metal was present. This reaction produces SiO(gas),
which forms silica chains when cooled rapidly. In Tests L2 and L6, both with
siliceous concrete, the silica chain formation in the primary diluter of the
aerosol system forced early termination of aerosol sampling; test operation
continued until the reference ablation depth was reached. In Test L4, also
containing siliceous concrete, the zirconia tube connecting the test apparatus
lid to the primary diluter was nearly plugged by aerosols which consisted
primarily of Si species [2]. In Tests L1 and L7, both with limestone/sand
concrete, the combination of unoxidized metal, appreciable silica content of the
concrete and a higher off-gas release than in siliceous concrete caused foaming
of the melt. The melt filled the test apparatus in each test and caused test

termination before the target ablation depth was reached.

Gas Release

The composition and flow rate of off gases were a function of the type of
concrete, ablation rate, and presence or absence of metal. Only 50 to 75% of the
concrete decomposition gases was observed in the aerosol system. H,, H;0, CO,

and CO, also migrated downward into and through the concrete.

The composition of the gas flowing through the main line of the aerosol system

was determined by a gas mass spectrometer. Gas and water migration downward
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through the concrete was determined by a hygrometer and from samples of gas drawn
from beneath the basemat. In Test L8, a second gas mass spectrometer monitored
the gas composition of the volume below the basemat, Changes in the gas
composition of the volume below the basemat were coincident with changes in off-

gas composition in the aerosol system,

Peak superficial gas velocities, based on the measured upward release of off gas,
were between 25 cm/s and 3 cm/s. Presence of vapor species such as SiO(gas) was

not included,

Melt Behavior

From visual observation of the melt surface, the melt appeared to be thoroughly
mixed by gas sparging in each test. No crust development was observed on the
melt surface; a thin film developed, then disappeared, in a periodic manner.
Foamed melt material was discovered in the test apparatus during disassembly of
all tests performed with siliceous and limestone/common sand concrete that

contained metal.

ACKNOWLEDGEMENTS

Work sponsored by the Electric Power Research Institute under Contract RP

2802-12,

REFERENCES

1. B. R. Sehgal and B. W. Spencer, "ACE Program Phase C: Fission Product
Release from Molten Corium Concrete Interactions (MCCI)," paper presented
at the OECD CSNI Specialist Meeting on Core Debris Concrete Interactions,
Karlsruhe, Germany, April 1-3, 1992.

2, J. K. Fink, D. H. Thompson, B. W. Spencer, and B, R. Sehgal, "Aerosols
Released During Large-Scale Integral MCCI Tests in the ACE Program," paper
presented at the OECD CSNI Specialist Meeting on Core Debris Concrete
Interactions, Karlsruhe, Germany, April 1-3, 1992,

3. M. F. Roche, Argonne National Laboratory, private communication, November
1990,

— 108 —




TO AEROSOL COLLECTION
AND GAS SAMPLING SYSTEM

f

MAIN GAS LINE
—

PRIMARY DILUTER
\ "\ Arcon hLET
FURNACE SAMPLE LINE
\ - VIEW PORT
) N
T
ALUMINA ZIRCONIA |
[
‘
O N Q\ =
TUNGSTENLNER —|—_ ~  H / HELIUM INLET
i \ AN
Tl chs ~ WATER
ENCLOSURE —h -F MANFOLD

™~ R

l:// ~ WATER COOLED
PANEL

CONCRETE / METAL T~ I I
NEERTS \\ L ot
i [ N A N
R T oo sk
SERPENTINE CONGFETE
-I N L] 4 N ° e a
CONCRETE | eV e N
BASEMAT 7] 1.1 SLcEOUS concrReTE L
O 18, "aN ey o
FIRE BAICK —— | . a
AVVV VAPV VRNV V Y ERVV VLY
1 ! 1 T T

i

Figure 1.

ACE MCCI Test Apparatus

— 109 —

S S S S S SSSSS



— Ot —

Depth, cm

ACE MCCI TESTS

15

12

L I L R L EL A B L et B B
/ P
/
oA L X
/// L8 ,// 7
2/ /e T
o A B !5,3(
/ ,////////////// 44“:1"”
. / - -
/] e J
o A ® L4 _-Xe
Ve
[ AT L ]
w4 e LS
,// / //
ol I B -
] 1 ]
40 60 80 100 120 140

Time, minutes

Figure 2. Ablation Depth




The submitted manuscript hss been suthored
by a contractor of the U. 8, Government
under contrect  No, W-31-108-ENG-38,
Accordingly, the U, S. Government retains 8
nonexclutlve, royeity-frea license to publith
or reproduca the publithed form of this
contribution, or sllow others to do so, for
U. 8. Govarnment purposas.

AEROSOLS RELEASED DURING LARGE-SCALE INTEGRAL MCCI TESTS IN THE
ACE PROGRAM

J. K. Fink, D, H. Thompson, B, W. Spencer, and B, R. Sehgal*

Argonne National Laboratory
Argonne, Illinois 60439 USA

*Electric Power Research Institute
Palo Alto, CA 94303 USA

ABSTRACT

As part of the internationally sponsored Advanced Containment Experiments (ACE)
program, seven large-scale experiments on molten core concrete interactions
(MCCIs) have been performed at Argonne National Laboratory. One of the
objectives of these experiments is to collect and characterize all the aerosols
released from the MCCIs., Aerosols released from experiments using four types of
concrete (siliceous, limestone/common sand, serpentine, and limestone) and a
range of metal oxidation for both boiling water reactor and pressurized water
reactor core material have been collected and characterized. Release fractions
were determined for UO,, Zr, the fission-products: BaO, SrO, La,0,, CeO,, MoO,,
Te, Ru, and control materials: Ag, In, and B,C. Release fractions of UO, and the
fission products other than Te were small in all tests. However, release of

control materials was significant,

INTRODUCTION

The test matrix for the ACE MCCI experiments is shown in Table 1. The ACE MCCI
experiments and the thermal hydraulic results have been described in two other
papers [1,2]. The focus of this paper is the aerosols released during these
experiments, Therefore, only a short description of the experiments is given
below followed by a section describing the aerosol system, The aerosol results
are given in the third section, Release fractions of fission product elements

and control materials are discussed in the last section.
The reactor core debris designated as corium contained UO,, Zr0,, oxides of

fission-product elements and a small amount of the concrete constituents Si0, and

Ca0 (MgO for serpentine concrete) to represent the concrete incorporated during
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Table 1. ACE MCCI/Fission Product Release Test Conditions

Test | Concrete Net Heat Reactor | Initial Zr Control
Type® Generation Type Oxidation, Rod
W/kg U0, % Material
L5 L/S 325 PWR 100
L2 S 450 PWR 70
L1 L/s 350 PWR 70
L6 S 350 PWR 30 Ag, In
L4 Soviet 250 BWR 50 B,C
L7 L/S 250 BWR 70 B,C
L8 L 350/150 PWR 70 Ag, In

*L/S = limestone/common sand

S = siliceous

Soviet = serpentine layer over siliceous
L = limestone

the jet impingement phase. Appropriate ratios of fuel to structural materials
were used for pressurized water reactor (PWR) and boiling water reactor (BWR)
core material. The initial extent of oxidation of the core structure was one of
the test parameters. Oxides of fission-product elements Ba, Sr, La, Ce, and Mo
were included in the corium at twice the typical reactor concentration in all
early tests and at four times the concentration in tests L4, L7, and L8 to
improve detectability in the aerosols. Tellurium was added as =zirconium
telluride. Ruthenium was alloyed with stainless steel. The Ag and In were
alloyed. These metal alloys, Zr metal, B,C, and stainless steel were included
in concrete/metal inserts, which sat on top of the concrete, as shown in Figure
1. Tests were performed using four types of concrete: siliceous, serpentine,

limestone, and limestone (coarse aggregate)/common sand (fine aggregate).
The aerosol compositions and release fractions have been determined for the seven

experiments. Because Test L8 is an aerosol code comparison test, results from

that test are being sequestered until calculations are complete. Thus, results
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from Test L8 are not included in this paper.

All the aerosols released from these integral tests were collected by the aerosol
system so that the total aerosol mass released was measured. The aerosol
compositions were determined from chemical analysis of representative samples of
the aerosols released and the mass collected at each sampling location. A
statistical analysis of the posttest sampling procedure was performed for Test
L6 to ensure that reliable aerosol compositions and release data were obtained.

The sampling error was less than the 10% uncertainty in the chemical analysis.

AEROSOL SYSTEM

The ACE MCCI aerosol system underwent a number of modifications and upgrades
during the ACE program to alleviatte plugging by Si aerosols and to accommodate
various test conditions. The aerosol system used in Tests L5, L2, and Ll was
based on design recommendations of the Aerosol Working Group of the ACE MCCI
Technical Advisory Committee (TAC) at a meeting October 14-15, 1987. In Test L2,
the porous metal diluter became plugged with aerosols formed from quenching the
Si0 gas. In Test L1, the off-gas flow rate/temperature capacity of the aerosol
system was exceeded during rapid initial basemat ablation and foaming of the melt
to completely fill the gas plenum. The foaming created a 1lid heat load that

burned a hole through the 1id structure between the cooling coils.

On June 1, 1991, the Aerosol Working Group met to review a proposed redesign of
the aerosol system to alleviate diluter plugging, to increase flow and
temperature capacity, and to include instrumentation to distinguish between
mechanically sparged and condensed vapor aerosols. Features of the redesign
included: (1) a 10 cm diameter stainless steel main line with a control system
to maintain constant flow volume, (2) a larger diameter primary diluter with a
metal screen insert and uniform distribution of dilution gas, (3) a zirconia
sleeve lining the off-gas channel from the lid of the test apparatus to the
diluter, (4) retention of the original 7.6 cm main line as a sample line
downstream of a secondary diluter, (5) a secondary diluter to reduce aerosol
concentrations in the sample line, and (6) a taller plenum in the apparatus to
provide additional clearance for the melt, (7) addition of cyclones ahead of each
of ten filters in the elbow sample line to provide separation of large and small

particles, and (8) additional vacuum pumps and flow controllers. During the
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discussion of the redesign by the Aerosol Working Group, consideration was given
to changing from a vacuum pumped mode to a positive pressure mode of operation.
However, the change in mode of operation was not implémented because it would

compromise the isokinetic sampling.

This revised aerosol system was used first in Test L6. Because plugging 6ccurred
in the diluter in Test L6, the design of the diluter was modified further. The
metal screen was eliminated. The new design, shown in Figure 1, had an abrupt
expansion at the zirconia inlet and two sets of four gas nozzles to direct the
cold dilution gas upward away from the inlet. This diluter operated well in

Tests L4, L7, and L8.

Additional changes following Test L6 included a switch in media from a Gortex,
fabric to metal cartridges as final filters to accommodate higher gas
temperatures and from a pleated metal to a cylindrical design to alleviate high
pressure drops with low aerosol loading of pleated metal filters. Twelve backup
filters were added to the sixteen metal filters in four filter housing to provide
additional capacity. Cooling water lines were included on the horizontal
sections of the main line in Tests L4, L7, and L8, Additonal vacuum pumps and

flow controllers were added for increased flow capacity.

The off-gas flow expected for Test L8 (1200 sLpm) exceeded the system capacity
if operated in a vacuum pumped mode like Test L7. Because operation in a
positive pressure mode would reduce the quality of aerosol data, additional
modifications were made to continue operation in a vacuum pumped mode. A low
pressure regulator was added to maintain a constant pressure within the test
enclosure and a low pressure drop exhaust flow controller was added in series

with existing flow measuring instruments.

A schematic of the aerosol system used in the ACE MCCI Test L7 is shown in Figure
2. This system consisted of a main gas line, sample gas line, primary and
secondary diluters, and three aerosol sampling modules (furnace sample line,
elbow sample line, and cascade impactor sample line) plus vacuum pumps, filters,
gas mass spectrometer, and pressure and temperature instrumentation. The furnace
sample line rested on top of the enclosure; the remainder of the aerosol system

was located on the aerosol deck above the test cell.
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The released gas and aerosols were cooled and diluted in the primary diluter
directly above the test apparatus. From the vertical gas line above the primary
diluter, two continuous isokinetic gas sample streams were drawn - one into the
elbow sample line module, the other into the sample line. The elbow sample line
module contained ten cyclones followed by filters. Aerosol concentrations and
compositions, and the ratio of large (mechanically generated aerosols) to small
particles (vapor condensation aerosols) were determined as a function of time
throughout the tests from the elbow line cyclone and filter data. Thus,
variations in aerosol concentration and composition with changes during the tests
such as change in concrete type, decrease in metal inventory, foaming, and change

of input power were studied.

The sample line aerosols were further diluted in a secondary diluter located
ahead of the extinction system and sampling nozzle for the impactors. Variation
in aerosol concentration with time was provided on line by the extinction system
located on the sample line. Isokinetic samples by ten cascade impactors served
to characterize the respirable fraction of the aerosols both in terms of particle

size distribution and variation in composition with size.

The first elbow in the main line changed the direction of flow from vertical to
horizontal downstream of the sampling nozzles. The remainder of the main line
was horizontal. An on-line mass spectrometer off the horizontal main line
provided gas compositions throughout each test, Flows were obtained from
computer evaluation of the mass spectrometer data and the calibrated argon flow
to the primary diluter. A gas sample was taken from the main line for posttest
analysis using a different mass spectrometer to confirm the pre and posttest

calibrations of the on-line mass spectrometer.

The furnace sample line module collected a small fraction of the gas and aerosols
directly from the test enclosure without any dilution or cooling. The alumina
sampling tube to this module was located low in the plenum, directly above the
melt. The electrometer in the furnace sample line indicated the charge

distribution on the aerosols.
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The aerosol system was designed to collect the total aerosol mass released.
Most of the aerosol mass was collected by large final filters and backup filters
located at the end of the main line. Significant mass was also deposited in the
main line. Samples for chemical analysis were selected from these filters, from
deposits throughout the main line, and from sampling modules to completely
characterize the aerosols. The aerosol mass distribution throughout the entire

aerosol system was determined during aerosol system disassembly,

TEST OPERATION

The gas/aerosol system was started and filters for collection of aerosols were
on line when power was turned on to heat the corium, Direct electrical heating
was used to initiate the core melt and to maintain internal heat generation in
the melt. The molten pool started at the top of the corium and expanded
horizontally and vertically until it reached the concrete/metal inserts. Little
aerosol mass was released during corium heating. Because corium is an excellent
insulator, the temperature of the concrete/metal inserts did not increase
significantly above room temperature until shortly before insert ablation began.
Significant aerosol release began when the concrete/metal inserts reached 373 K
and free water was released from the concrete in the inserts. Sequential aerosol
sampling was initiated at the start of significant aerosol release. Prior to
sequential sampling, flow in the sequential sampling modules was directed to
bypass filters. Main line and sample line filters were on line and collected

aerosols throughout the entire test,

Collection of aerosols by the aerosol system was terminated before the end of
tests in Tests L2 and L6 because the aerosol system became plugged by aerosols.
In Test L7, foaming attenuated the release of aerosols near the end of ablation
of the concrete/metal inserts. Although sampling was continued throughout the
entire test, no significant aerosol mass was collected after 3 min prior to

basemat ablation.

GAS RELEASE

The composition of off gases flowing upward through the melt were determined by
an on-line gas mass spectrometer on the aerosol system. The composition and flow
rate of off gases were a function of metal content, ablation rate, and concrete

type. In all tests, only 50 to 75% of the moles of concrete decomposition gases
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were detected in the off gas. Migration of H,;, H,0, CO, and CO downward through
the concrete was confirmed by a hygrometer and gas samples drawn from the area
beneath the basemat. In Test L8, a gas mass spectrémeter monitored the gas
composition of the volume beneath the basemat. Changes in the gas composition

of the volume below the basemat coincided with changes in the upward off gas.

Because aerosol release tracks the off-gas release, detection of off gas that is
less than the gas theoretically available from concrete decomposition impacts
aerosol release and the aerosol release calculations. Downward migration of
water and gas also decreases the moles of these species available for metal
oxidation which impacts the melt chemistry and the chemical energy from oxidation

reactions.

AEROSOLS RELEASED

Results of these experiments indicate that except for Te, the release of fission-
product elements was small (less than 1% of the aerosol mass) in all tests,
Aerosols were composed primarily of concrete decomposition products.
Consequently, the aerosols released varied in concentration, composition, and
form for tests with different concretes. The major constituents in the five

concretes used in these tests are given in Table 2,

Aerosol Mass Released and Concentration

A summary of the total aerosol mass and off gas concentrations for all tests is
given in Table 3. The time of aerosol release (collection), ablation depth
during aerosol collection, and concrete mass incorporated in the melt during
aerosol collection have been included in Table 3 as an aid in interpreting the
results. Aerosol collection time is the time from the start of significant
aerosol release (at the start of concrete off gassing) to the end of the test,
the time the aerosol system plugged (Tests L2 and L6), or the time foaming
attenuated aerosol release (Test L7). Maximum aerosol concentrations in the
noncondensable off gas from the MCCIs ranged from 30 g/m® to 4400 g/m® Average
aerosol concentrations in the off gas ranged from 18 to 3300 g/m®. The lowest
aerosol concentrations were from Test L5 which was a fully oxidized test with

limestone/common sand concrete. The highest concentrations were from MCCIs
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Table 2.

Major Constituents in Concrete

Constituent Limestone/ Siliceous Soviet Limestone
Common Sand Serpentine Siliceous
Mass % Mass % Mass % Mass %
Ca0 26.0 13.5 9.8 10.8 45.9
Al,0; 3.5 4.0 1.8 8.8 1.7
MgO 9.6 0.7 30.7 0.7 3.6
Fe,04 1.6 1.0 6.4 1.7 0.9
K,0 0.6 1.4 0.1 1.6 0.6
Na,0 1.1 0.7 0.06 2.7 0.4
H,0 6.1 3.68 14.4 1.9 6.1
€O, 21.4 4.23 0.9 1.2 33.3
Table 3. Aerosol Mass Released in ACE MCCI Tests
Test L5 L2 11 L6 L4 7 L7
[Aerosol Mass, g | 153 | 455 | 1213 | 6546 | 4760 | 1077 |
Average Aerosol Concentration, g/m?? 18 442 435 3300 395 324
Maximum Aerosol Concentration, g/m®® 30 ---- | 820 | 4400 | 1440 | 440
Maximum Off Gas Flow, sLpm 61 49 300 40 260 160
Metal, kg 0 13.6 | 13.6 34 32.2 | 19.6
Ablation Depth, cmP 11 3.8 4 8.8 14.2 S
Insert Depth, cm .- 2.5 2.5 7 7.9 5.7
Insert Concrete, kg 0 4.6 3.9 22.4 | 24.3 | 15.7
Basemat Concrete, kg 66 22.7 | 23.9] 49.6 75.6 0
Total Concrete Mass, kg 66 27 28 72 100 16
Aerosol Release/Collection Time, min 121 52 7 85 180 50
Concrete Type L/S ] L/s S Sov L/S

%In off gas

PDepth ablated for aerosol collection
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Figure 3. Mass Percent of Species of Major Elements in Aerosols in ACE MCCI Tests

with siliceous concrete. Siliceous concrete had the lowest gas content of all the
concretes. The highest mass released and highest aerosol concentrations in the off
gas were from Test L6, the siliceous test with the highest metal inventory. The
effect of increased metal in the inventory on aerosol concentration and mass
released is evident from comparison of results from Tests L2 and L6. Test L6

contained 34 kg of metal, 23 kg of which was Zr.

Aerosol GComposition

The mass percent of the species of the major elements in the aerosols from each
test are given in Figure 3. Most elements, other than Ag, were in oxide form.
However, K and Na were also found as chlorides. S§i species included SiO,, SiC, and
Si. Variations in aerosol composition with the presence of Zr in the melt were
evident for all types of concrete. Variation in composition with the presence of
Zx was most pronounced for limestone/common sand concrete. When Zr was present (L1
and L7), the aerosol compositions were high in Si; with no metal in the inventory
(L5), the aerosol composition contained mainly Na and K species. In Test L5, K
and Na species comprised 33 and 19%, respectively, of the aerosol mass. For Test

Ll, the aerosols were dominated by Si species, which comprised 81% of the aerosol
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mass. K and Na species each attributed only 3%,

In both limestone/common sand concrete and siliceous concrete tests with metal in
the inventory, Si species dominated the aerosols. SiO; in the melt reacted with
Zxr to form Si0 gas which condensed to form Si and SiO, or reacted with other off
gases, vapors, and/or aerosols to form SiC and silicates. §i0,, SiC, and Si have
been identified 1in deposits from the ACE MCCI tests. In Test L4, which
contained serpentine concrete, MgSiO; and MgSiO, were identified in deposits.
Silicon speciation for all ACE MCCI tests is in progress. In tests with siliceous
concrete, the high concentration of SiO in the off gas and its rapid condensation
in the aerosol system led to the formation of fibers or chains which then trapped

other aerosols causing plugging in the primary diluter.

Effect of Concrete on Composition

The effects of concrete composition on the aerosols released is most clearly
illustrated by the variation in aerosol composition as a function of time in Test
L4, Test L4 employed two types of Soviet concrete in a layered basemat. A 5.1 cm
layer of serpentine concrete rested on siliceous concrete. Serpentine concrete was
used in the insert in this test., Figure 4 shows the main constituents of the
aerosols released in Test L4 for 4 time periods: insert ablation, ablation of the
serpentine concrete, beginning of ablation of the siliceous concrete, and end of
ablation of the siliceous concrete. Although Si0, dominates the release at all
times, Si0, release is highest during insert ablation, when the metal concentration
is the highest. It decreases during ablation of the high magnesia serpentine
concrete and then increases during ablation of siliceous concrete. The Mg0
fraction is the highest during ablation of the high magnesia serpentine concrete

and at the start of ablation of the siliceous concrete.

Importance of Control Rod Materials

Inclusion of control rod materials Ag and In or B,C also effected the aerosol
composition because the release of Ag, In and B species was significant. Figure
3 shows that when Ag or B were present in the inventory, Ag or B species comprised
significant fractions of the aerosol mass. Boron species (assumed to be B,0;)
comprised 10% of the aerosol mass in Test L7; 6% in Test L4, Silver and indium
were included in Tests L6 and L8. In both tests, Ag was a major constituent of the

aerosols. Indium release was significant although it did not comprise as large a
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fraction of the aerosols.

RELEASE FRACTIONS

Aerosol releases from constituents in the core-concrete melt may be characterized
by the release fraction which has been defined in the ACE MCCI program as: moles
(gram-atoms) of element in the aerosols divided by moles (gram-atoms) of the
element in the melt. In all tests except Test L5, the entire corium and metal

inventories entered the melt and participated in the core-concrete interactions.

Although the release fractions of U and fission-product elements other than Te were
small, release fractions of control materials were significant. The release
fraction for boron was 0.12 in Test L4; 0.045 in Test L7. Release fractions for

Ag and In in Test L6 were respectively 0.32 and 0.41.
The tellurium release fraction was close to 0.5 in most tests. Tellurium was

detected in the aerosols primarily as a metal or metal telluride. The high Si

release in all tests except L5 caused difficulty in detection of Ce and La. For
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tests L2, L1, L6, and 14, the Ce and La values were below the limit of
detectability in most aerosol samples. Consequently, release fractions of Ce and
La for these tests are calculated from maximum releases based on the limit of
detectability in the chemical analysis. Neutron activation analysis for Ce and La
is underway so that definitive releases may be determined. Because aerosol
release in each test lasted a different length of time, and a different mass of
concrete entered the melt during aerosol release and collection, comparison of
total release fractions from one test to another provides little information.
Consequently, in Figure 5, release fractions of the low volatility fission products
and U for the first seven minutes of basemat ablation in each test are shown.
Seven minutes was chosen for comparison because that was the duration of aerosol
release and collection in Test Ll. For Test L7, the release fractions are for 7
min of insert ablation because foam attenuated aerosol release during basemat
ablation. Comparison of releases from the tests with limestone/common sand
concrete (Tests L5, L1, and L7) shows that inclusion of metal in the inventory in
Tests L1 and L7 increased the releases at the start of the tests. The higher
release fractions for L1 compared to L7 may be due to partial aerosol attenuation

by foam and the lower ablation rate in L7. During L7 insert ablation, concrete was
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incorporated in the melt at the rate of 0.8 kg/min; the rate for Test L1 was 3.3
kg/min. The release fractions of Ba and Sr were significantly higher for Test L6
than Test L2, Test L6 had a higher metal content than Test L2. The release
. fractions of Ba, Ce, La, and Sr were significantly below those predicted by the NRC
code VANESA 1.01 [3,4].
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1.0 ABSTRACT

Improvements to the MAAP 3.0B model for core-concrete interactions,
DECOMP, are in progress to create a new version for the accident manage-
ment code MAAP 4., This paper describes the first version for MAAP 4,
its validation, and future plans. Since DECOMP must fit into an in-
tegral code, it contains simplified representations of many phenomena.
Significant new features are independent sideward and downward erosion,
capacity to incorporate complex pseudo-binary phase diagrams, and
benchmark capability using the integral code itself. Code performance
for the BETA, SURC, and ACE experiments is promising, but indicates that
oxide systems are difficult to model because of the paucity of phase
diagram data and the coupling of solidification behavior, viscosity, and

heat transfer.

2.0 INTRODUCTION AND PHILOSOPHY

Interactions between core debris, concrete, coolant, and a region
atmosphere are considered in the integrated severe accident codes MAAP
3.0B [1]) and MAAP 4 through subroutine DECOMP and several associated
routines. Models for these interactions will be referred to here as the

DECOMP model. DECOMP has been improved for MAAP 4 in order to consider
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recent research such as the ACE program {2,3,4], new BETA tests [5], and
the SURC tests [6,7]. The main difference between MAAP 3.0B and MAAP 4
is that the scope of MAAP 4 covers severe accident management applica-
tions. DECOMP improvement will continue in MAAP 4 as experimental and
analytical progress 1is made 1in such applications as ex-vessel debris
coolability and in particular to quantify phenomena observed during the

MACE tests [8].

Since DECOMP must fit into an integrated accident analysis that
considers a plethora of other phenomena, the challenge is to create a
model that represents pertinent phenomena with an appropriate level of
detail. There must be a provision to consider uncertainty in the
phenomena that are modeled. The appropriate level of detail then must
achieve acceptable agreement for experiments and allow reasonable ex-
trapolation to reactor systems considering realistic uncertainties, In
practical terms, this has led to the use of parametric approaches for

certain processes considered by DECOMP which are described below.
DECOMP validation is made using MAAP 4 "off the shelf" as described

later in this paper so that benchmarks may be repeated or extended by

any code user.

3.0 CONSIDERATION OF PHENOMENA

Past experience and recent experimental results are discussed here

to motivate choices made in DECOMP models.
3.1 Sideward Versus Downward Erosion

Erosion rates are by observation not equal sideward and downward,
though the majority of our data for this judgement come from the BETA

tests. In these tests, the underlying steel layer can transfer heat

efficiently downward because the immiscible concrete slag boundary layer
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is hydrodynamically unstable and the melt-concrete contact surface 1is
frequently renewed. Sideward, the interfacial surface tension may allow
a thicker slag boundary layer which adds an extra heat transfer resis-

tance.

In reactor applications where the concrete slag will be miscible in
either an wunderlying oxide layer or a well-mixed pool, the relative
resistance to heat transfer in each direction may be more similar. In
the oxidic MACE scoping test [8], sideward erosion was allowed and the
ratio of downward to sideward erosion was about 2 to 1, though at one

location peak sideward erosion equalled downward erosion.

The point of the preceding discussion ig that uncertainty in the
relative extent of sideward and downward erosion must be considered when
structural failures are possible. Given the difference between BETA and
MACE results, 1is difficult to extrapolate to reactor systems without
some uncertainty. Therefore, provision is made for parametric variation

of the sideward versus downward erosion in DEGCOMP.

It is noteworthy that except for rapid transient cases the total
amount of erosion is fairly insensitive to variation in the relative
amounts of sideward and downward erosion. This is because decay power
must either go into upward losses or erosion, and upward losses are only
weakly affected by differences 1in the amount of sideward erosion.
Consequently, the heat load to the containment and the production of
offgas is also insensitive to relative erosion directions. Ultimately,
variations in the pool internal heat transfer model affect only the
debris temperature to first order, which therefore impacts upon fission

product release,

3.2 Debris Temperature

The primary mission of DECOMP is to handle oxidic pools and com-

ments here are pertinent to such cases. Heat transfer in metallic
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systems is much more efficient than in oxidic systems, the solidus and
liquidus values are much better known for metallic systems than oxidic
systems, and the difference between solidus and liquidus values is much
lower for metallic systems than oxidic systems. For all these reasons,
it 1is much more difficult to predict temperature for an oxidic system

than for a metallic system,

Debris temperature is governed by a balance that includes many
factors: First, a quasi-steady temperature above the debris solidus
temperature 1is governed by the value of the heat transfer coefficient.
Second, the heat transfer coefficient 1is 1influenced by viscosity.
Third, viscosity increases rapidly with incréasing debris solid fraction
(equivalently, decreasing temperature for a two-phase mixture) [9].
Last, the solid fraction depends upon the debris temperature above the
solidus temperature. Putting these facts together, for any given debris
composition, there is a temperature at which viscosity is low enough to
allow convective heat transfer at a rate equal to the sum of decay plus

chemical power.

The debris temperature can thus only be quantified when both the
debris solidus temperature and the internal heat transfer process can be
accurately quantified. Put another way, a heat transfer coefficient
model cannot quantify debris temperature accurately alone because the
solidus temperature must be known. More generally, first-order wuncer-
tainty in debris temperature exists because of uncertainty in the
solidification behavior of debris, especially with regard to the solid
fraction and its wvariation in the two phase range. This problem is

being solved analytically by the GEMINI-OXY5 effort [10,11].

Debris temperature 1is important because it governs the rate of
fission product release. Its value is most uncertain when zirconium 1is
present. This is precisely the time when many fission products are most

prone to release by chemical reactions.
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Concluding this discussion, a reliable oxide phase diagram is
necessary for prediction of debris temperature and fission product

release.

4.0 MODEL CONTENT

4.1 Content Summary

Major model features are represented in Figure 1. Debris in a
region physically contacts a floor and a sidewall, radiates to one or
two upper walls, and experiences convection to an atmosphere. The heat
sinks are all one-dimensional, they may erode, and they contain up to 15
temperatures distributed in fine outer nodes and coarse inner nodes., 1If
they erode, their siag enters the pool, while only the gas from the
lower floor enters the pool. All walls communicate with the debris
independently and therefore may erode independently, Provision is made
for sidewalls to be made of a non-eroding material., Cavity geometry may

be either cylindrical or parallelepiped.

The pool itself has a single lumped energy and a mass balance for
up to 50 condensed phase compounds from the standard MAAP list. Three
independent crusts, the lower, side, and upper crust, are assumed to
have parabolic temperature profiles (due to internal heating). The
pool-crust interface temperature is the debris solidus and is thus the
same for all crusts, while the crust-concrete interface temperature of
the lower and side crusts is set equal to the wall surface temperature
and the wupper crust-atmosphere interface temperature is set by con-
tinuity of heat flux. Independent metal and oxide layers are not
considered because the Zr will dissolve with the core oxides and the

amount of steel is generally small.

Mass (for each compound), pool energy, and crust thicknesses are

state variables whose rate of change 1is the essential model output.
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Heat sink temperatures and eroded distance are also state variables,
Rates of change are integrated by the central MAAP integrator to yield
new state variable values. The auxiliary variables debris temperature,
solidus, liquidus, and liquid fraction are then derived from the new
mass and energy via the constitutive relationships for each compound and
the phase diagram. Given the auxiliary variables, individual process
rates of change are found and summed for the total state variable rates

of change.

Heat transfer from the debris to crust is at present given as the
sum of a convective and conduction term using a user-input nominal heat
transfer coefficient multiplied by the liquid fraction raised to a user-
input power. Experimental validation is used to provide pgood nominal
values for the heat transfer coefficient, though results are relatively
insensitive for reactor cases. Chemical equilibrium calculations with
the METOXA [12] subroutine include condensed phase reactions and user-
input activity coefficients to simulate compound formation and non-ideal

behavior of key fission products such as strontium and barium.

4.2 O0Oxide Pseudo-Binary Phase Diagram

The oxide debris is treated as a pseudo-binary system of core oxide
(UOZ’ ZrOz) and concrete oxide (SiOz, Ca0, MgO, A1203, etc.) as shown in
Figure 2. It is inspired by the recent work in France and Britain
[10,11]. The concrete solidus and liquidus are wuser-input while the
core values are calculated as described later. The solidus curve is
bilinear featuring a quick slope to a broad plateau; the connecting
point is user-input. The liquids curve consists of four segments (based
on three user-input points) so that either the smooth shape shown in
Figure 2, a third order shape with an inflection point, or a pseudo-

eutectic minimum may be specified.

A table of liquid fraction as a function of average composition and

temperature is specified by the user because the lever law cannot be




used on a pseudo-binary diagram; corresponding lines of constant liquid
fraction are shown in Figure 2. Thus, the solidus and liquidus lines do
not necessarily represent continuous transitions between pure solid or
liquid to two-phase states, but may include a discontinuity in liquid

fraction.

At present, specification of the phase diagram is tedious and
stymied by a paucity of data. It is intended that programs produced
during current research [10,11] would be used to provide this input for

various concrete types and for various U-Zr-O mixtures,

4.3 Dissolved Zr Treatment

In the reactor vessel, metallic Zr dissolves with UO2 to form a U-
Zr-0 mixture. This mixture is assumed to be in equilibrium for the ex-
vessel phase and approximations to the ternary phase diagram are
contained in subroutines PSOL and PLIQ based upon the MATPRO routines
and data sources [13]. A far 1lower solidus is obtained using this
method compared to that of U02-Zr02 mixtures typically assumed in ex-
vessel analyses. For example, a value of about 2173 K is expected for
most reactor cases, versus a minimum of 2800 K possible for the oxides
alone. Given the strong impact of the concrete oxides on depression of
the overall mixture solidus, this effect is not mnoticeable in oxidic
experiments used for model validation. (It should be noted that dis-
solved Zr and Si do cause a noticeable reduction in the solidus for
metallic tests 1like the BETA and SURC series). 1In reactor cases, the
chief impact of Zr dissolution will be to provide a potential for lower
overall debris temperatures and consequently lower releases of fission

products.

4.4 Lumped Versus Distributed Parameter Approach

The lumped approach means that an explicit temperature profile is

not calculated in the crusts or within the pool. Its major drawback is
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that the solid debris heatup rate cannot be accurately calculated. The
transition from all solid to part liquid is less accurate using a lumped
parameter model which is better suited to long-term quasi-steady be-

havior.

0f course, solid debris is often encountered in reactor cases, such
as when debris is quenched ex-vessel, then boils off the overlying
water, reheats, and begins eroding concrete (which may occur before or
after debris begins to melt), For reactor cases, some error in the
solid debris heatup rate is acceptable because the debris heatup period
prior to ablation is generally short compared to either the time the
debris may be water-covered or later causing concrete attack, and other
factors such as the assumed area over which debris is spread may be more
important contributors to wuncertainty. For experimental wvalidation,
such as with ACE or SURC, the heatup rate error is annoying and instead
the conditions at the start of ablation are used to initialize a cal-

culation.

Overall, this is believed to be an area in which the model detail
necessary for experimental simulation exceeds that which is necessary
for reactor applications. However, since MAAP 4 is intended to be a
tool for accident management, and water addition to debris is an impor-
tant aspect of this scope, a simplified distributed parameter model is
being pursued at this time for a future DECOMP revision. In this ap-

proach, each crust would have a calculated temperature distribution,

4.5 Validation Technique

Validation of DECOMP in MAAP 4 is accomplished using the whole MAAP
4 code rather than by using an experiment-specific driver code. This
capability was devised in order to eliminate the need to maintain such
experiment-specific drivers, to demonstrate the true function of the

integral MAAP 4 code models in the MAAP 4 environment, and ultimately to
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allow any MAAP 4 wuser to repeat a past benchmark or perform a new

benchmark.

Validation 1is accomplished by specification of a simple contain-
ment, with one node representing the crucible and the other representing
an expansion volume, Initial conditions are specified in a standard
input file or in a special interface subroutine called BENCH. This
interf§ce subroutine allows free initialization of wall temperature
distributions, debris and concrete composition, etc., as well as time-
dependent inputs, A good example of time-dependent input 1is the
zirconium insert used in several ACE tests: the concrete composition is
changed to 1include or exclude zirconium depending upon the ablation

depth,

5.0 VALIDATION

5.1 Approach

Validation of the DECOMP model includes testing of important model
parameters and selection of appropriate values for reactor cases. The
oxidic ACE and SURC experiments are of primary interest for reactor
cases, and the four ACE tests will be considered here - L2, L5, L6, and
L7. The BETA tests and metallic SURC tests also provide valuable data,
and one test of each series will be considered here, BETA V5.1 and SURC-
4, Erosion and debris temperature are the primary parameters of
interest; fission product validation will be neglected here. The
validation matrix will be expanded as the model evolves and better phase
diagrams and activity data are available too for temperature and fission

product comparisons.
The primary parameters to be considered form the heat transfer law:

h = a*f*¥n where h is the heat transfer coefficient, a is its nominal

value, f is the liquid fraction, and n is an exponent. The nominal
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value is expected to be lower for oxidic experiments than metallic
experiments, and be on the order of 1,000 to 10,000 W/m**2/K, while the
exponent 1is expected to be lower for metallic experiments than oxidic

experiments and range from 1 to 3.

5.2 Results and Discussion

Figures 3, 4, and 5 display predicted erosion and temperatures for
the six experiments, These results were obtained with one pair of
parameters for the oxide experiments, a = 5000 and n = 2.75, and another
for the metal experiments, a = 7000 and n = 1. Table 1 compares the
erosion results for one experiment, ACE L7, for a number of parameter
pairs to illustrate the sensitivity of results to their selection. Note
that excellent agreement for any single test may be obtained by varying
the model parameters; the point of this exercise is that a consistent

set can be found for all tests,

Erosion is fairly well-predicted by the model in all cases. This
indicates a good relative balance between upward losses and heat trans-
fer to the walls and floors contacting the debris. This is consistent
with Table 1, which shows that variation in the heat transfer parameters
does not dramatically change the predicted erosion. For the ACE and
SURC simulations, upward losses are sensitive to the imposed temperature
boundary conditions because the debris is heated in place and the cal-
culation is initialized when ablation starts. Errors in  debris
temperature can account for several centimeters error in erosion for any
of these tests. The relative erosion error due to temperature error of

course decreases for tests of longer duration.

The temperature predictions for L2 and L5 are considered good,
while those for L6 and L7 appear to be low. The temperature prediction
for SURC-4 does not follow the increase upon Zr addition but 1is other-
wise good, and the temperature prediction for BETA V5.1 is presumed to

be too high because condensed phase Zr and Si does not affect the metal
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solidus in DECOMP. Temperature predictions may also suffer from the

lumping of oxide and metal in DECOMP for the metallic tests.

Considering the oxide tests, the error appears late in time, after
substantial concrete addition. This indicates that the assumed phase
diagram is 1inaccurate, but such inaccuracy was expected because
experiment-specific calculations with advanced codes were not wused.
Part of the temperature error is also due to the heuristic heat transfer

law.

6.0 SUMMARY

The core-concrete interaction model within MAAP 3.0B, called
DECOMP, 1is being upgraded for MAAP 4. It contains simplified models to
account for phenomena observed during current experiments and yet run
fast within an integrated accident analysis. It allows independent
sideward and downward erosion and can account for uncertainty in their
relative magnitudes, Debris temperature for oxide systems is strongly
influenced by solidification behavior which is the most important uncer-
tainty for dry interaction cases. DECOMP contains general pseudo-binary
phase diagram capabilities to account for this behavior, and input for

this diagram must come from advanced codes.

Validation of the model shows acceptable performance and provides
guidance to the parametric heat transfer coefficient which heuristically
accounts for viscosity increase with solid fraction. It 1is expected
that better phase diagram data for the oxides will yield better overall
results, Puture work will consider better data when available, a dis-
tributed parameter approach to the debris crusts, and consideration of

results obtained in the MACE program.
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TABLE 1: Selected sensitivity of ACE L7 erosion (nominally 10 cm
including the zirconium inserts) for various heat trans-
fer law parameters,

PARAMETER RESULT
a n X (cm)
3600 1.4 10.2
3700 1.5 9.8
4300 1.5 10.8
4300 2.0 8.0

5000 1.5 11.7
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IMPROVED WECHSL MODELS INCLUDING ZIRCONIUM OXIDATION AND
ITS VERIFICATION BY NEW BETA EXPERIMENTS
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Institut fiir Angewandte Thermo- und Fluiddynamik
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ABSTRACT

Recently the experimental programs SURC at SNL (USA), ACE at ANL (USA)
and BETA at KfK (Germany) have been carried out in order to investigate the
phenomena which are likely to occur during the ex-vessel phase of a core-melt ac-
cident, predominantly in the high temperature phase of concrete erosion with
high zirconium content of the melt. During this phase of interaction the condensed
phase reaction between zirconium and SiOs is considered to play an important
role, On the base of this BETA test series the improved WECHSL code is validat-
ed.

I. INTRODUCTION

The BETA V5.1 test has been carried out in order to investigate the Zr/SiOg con-
densed phase chemistry during the interaction of a metallic melt with a siliceous
concrete crucible. The Mod3 version of the WECHSL code is used to evaluate this
experiment,

The WECHSL code [1] aims at modelling the physical phenomena governing the
molten core/concrete interaction. WECHSL models one-dimensional as well as
two-dimensional melt/concrete interactions, It is assumed that an underlaying
metallic layer consisting of Zr, Cr, Fe, Ni and Si exists covered by an oxidic layer
composed of UO9, ZrOg, CaO, SiOg, Alo0O3, Crg03 and FeO or that only one oxidic
layer is present which can contain a homogeneously dispersed metallic phase.
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Internal energy can be produced either by decay heat or by exothermic reactions.
The concrete decomposition velocity is assumed to be quasi-stationary. For the
heat transfer from melt to concrete a film model, a discrete bubble model or a tran-
sition boiling model is used depending on the existing gas flow and on the inclina-
tion of the interface. Since the melt is intensively stirred by the gases released
during the concrete ablation process, the bulk of each layer of the melt is assumed
to be isothermal with the boundary layers of the interfaces. The heat transfer be-
tween the metallic and the oxidic layers is also modelled. During the cool-down of
the melt crust formation is modelled starting from the metal/concrete interface
and from the upper melt surface which eventually leads to a fully frozen layer.
Crusts are assumed to be permeable to gases.

The solidus and liquidus temperatures of the metallic phase in WECHSL are cal-
culated by a simple fit to a chromium-nickel-iron ternary phase diagram. The in-
fluence of the Zr and Si on the liquidus and the solidus temperatures is not taken
into account. It is known that they lower the solidus temperature. For the oxidic
phase the solidus and liquidus temperatures are determined either by a binary
phase diagram which is used in the present calculation or by a user input table,.
Liquid decomposition products of the concrete dilute the oxide layer. This effect
changes the properties of the oxidic melt continuously. Above all the solidification
temperature is reduced. The gases and the SiO, released from the decomposed con-
crete oxidize the constituents of the metallic phase. The metal oxidation reactions
take place in the order Zr, Si, Cr and Fe.

II. ANALYSIS OF THE WECHSL RESULTS
II.1 Oxidation Reactions

The performed BETA V5.1 experiment shows the dominant effect of the Zr/SiOg
condensed phase chemistry, i.e. the reduction of the SiOg by the metallic zirco-
nium. In the temperature range below about 2200 K the SiOg is reduced mainly to
metallic Si in an exothermic reaction. The oxidation reactions of Si proceed also in
an exothermic way. The chemical reactions under consideration with their reac-

tion enthalpies are given by

Zr + SiO9 - ZrO9 + Si + I'Zr, Si0, (1)
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Y780, = 2.1+ 10% [J/g7,], (2)

Si + 2H20 - SiOg + 2Hg + rg; 1,0, (3)
rgin,0 = 17.9 - 10% [J/ggi], (4)
Si + 2C0g2 - 8i0g + 2 CO + r;,co,, (5)
rgico, = 12.3 10% [/gs;i]. (6)

A complete reduction of Si09, HoO and CO9 is assumed.

Analyses of metal probes taken before 180 s show that the Zr-content is diminish-
ing and Si is formed (5 %). The content of Zr and Si in the solidified metallic regu-
lus, i.e. at the end of the experiment is equal to 0.02 % and 2.8 %, respectively. The
WECHSL results indicate an end of the Zr-oxidation at t = 78 s and a formation of
6 % Si in the melt. In the final state at 2000 s only 1.6 % Si are contained in the
metallic melt,

11.2 Melt Front Propagation and Cavity Shape

During the early phase of the experiment a substantial part of the melt, mainly
the metallic phase, was splashed against the upper hood. This effect is responsible
for the loss of metal during the first 180 s of melt/concrete interaction. The metal
regulus at the end of the experiment was estimated to be 104 kg compared to the
initial mass of 300 kg. The reduced metal mass may cause many uncertainties,
among others an irregular cavity shape (Fig. 1). Hence the eroded volume is a
quantity which should be compared to the results of the calculations. The eroded
mass of concrete was estimated from the section of the crucible to be
about 397 kg + 49 kg compared to 379 kg calculated by WECHSL.

Even though the volumes agree quite well with other, the calculated value of the
axial erosion speed is higher than the measured one during the first 200 s (Fig. 2).
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Fig.2: Concrete erosion

II.3  Gas Release
I1.3.1 Gas Release Rates

During the Zr oxidation phase high gas release rates dominated by H,0 and Hp
were observed. The measured Hg and CO release rates show a high peak with a
maximum value of 5.5 mole /s and 0.7 mole/s, respectively at t = 100 s. The dura-
tion of this release peak is about 300 s. The WECHSL results provide a maximum
value of 4.0 mole/s for Ho and 0.5 mole/s for CO at earlier time of 20 s, The width of
these peaks is 200 s. In the time period t > 200 s, the duration of the Si oxidation
phase, the release rates of Hg and CO are higher and consequently, the COg re-
lease rate is lower than the measured data (Fig. 3). This may indicate different Si
oxidation reaction kinetics than modelled in WECHSL.
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Fig. 3: Gasrelease rates

11.3.2 Integrated Gas Release

The integrated values of released gases are depicted in Fig. 4.

The ratio of the measured moles to the calculated values of released gases at the
end of the experiment (t = 2000 s) are given in the following table, Tab. 1.

Moles Measurement WECHSL Ratio
H->0 1295 353.1 3.7
Ho 649 1208 0.54
COq 83 39.07 2.1
CO 88 167.7 0.52

Tab. 1: Comparison of measurement and WECHSL results
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Fig.4: Released gases

The much higher release of H20 in the experiment compared to the calculated
value can be explained by the release of HoO from the upper part of the crucible.
The sum of all measured moles of C including the Carbon contained in the melt
gives 200 moles, whereas the value calculated by WECHSL is 207 moles. The dis-
crepancy in the ratios of Hg and CO is probably caused by a different Si oxidation
reaction kinetics. Calculations with a reduced mass of the melt lead to a better
agreement of the released Hy and CO compared to the experiment but they are

still out of the range of the measurement errors.

1.4 Temperature of Melt

Experimental melt temperature data are available only for the metallic phase.
The measured temperature of the metallic melt starts at 2200 K and decreases
rapidly during the first 200 s to a stationary level of 1690 K. The calculated melt
temperatures as a function of time are shown in Fig. 5.
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Fig.5: Melt temperatures

The results of the WECHSL analysis also show a rapid decrease of the tempera-
ture within the first 200 s, but the stationary level in the calculations is about
100 K higher than in the experiments. This is because the modelling of solidus
temperatures in WECHSL doesn't account for the presence of Si and Zr in the melt
which is known to lower the freezing temperature,

III. CONCLUSIONS

The performed BETA V5.1 experiment shows the dominant effect of the Zr/SiOg
condensed phase chemistry. The high energy release of the exothermic Zr oxida-
tion reactions which are completed within 180 s leads to high gas release rates. In
spite of the high amount of chemical energy released in the melt the temperature
decreases to a stationary level. The results obtained using the WECHSL code are
in quite good agreement with the findings of the experiment. The calculated metal
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temperature also shows a rapid decrease but the stationary level attained in the
calculations is higher than that in the experiments with Zr contained in the melt.

Even though the calculated integral value of the released gases are in good agree-
ment with the measured data, WECHSL overpredicts the gas rates of Hg and CO
after the zirconium has been burned out. This indicates different Si oxidation ki-
netics than that considered in WECHSL.
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ABSTRACT

The predictive capability of the WECHSL-Mod3 code is evaluated on the basis of a significant set of
experiments selected from the BETA |, SURC and ACE test matrices. The prediction of concrete erosion is
generally in close agreement with data for all corium compositions and concrete types. The modeling of
condensed phase chemistry appears as a major contribution to the proper calculation of the tests where
Zr oxidation played a role. Some discrepancies observed for the prediction of concrete ablation and melt
temperature for the case of oxidic melts are discussed with respect to the modeling of liquidus/solidus
temperatures, of melt-concrete heat transfer and of Zr chemistry at very high temperature.

1. INTRODUCTION

The WECHSL code is a mechanistic code aiming at the description of phenomena occurring during MCCI
(molten corium concrete interaction). The code is capable of treating both simulation experiments and full
scale reactor meltdown accidents. Recently, substantial developments have been implemented,
particularly for the modeling of oxidic melt behaviour. These developments in addition to a complete
rewriting of the code have led to the Mod3 version. ‘

This paper is a review of the assessment status of the WECHSL-Mod3 code. The goal was to make an
evaluation of the code predictive capability on the basis of a set of tests covering as well as possible the
range of parameters relevant to reactor application. It is worth pointing out that all calculations have been
performed with the standard Mod3 version of the code without any modifications except for sensitivity
studies. Due tolimited space, this paper concentrates on the analysis of concrete erosion. A more detailed
study including melt temperature and gas release analysis is available in the WECHSL-Mod3 assessment
report [1].

2. MAIN FEATURES OF WECHSL-MOD3
A detailed description of the modeling in WECHSL is given in [2]. Here it is only intended to point out the

main developments realized in version Mod3 and to recall the logic of melt-concrete heat transfer in the
code.

— 157 —




Heat transfer logic

Although no significant modification was dohe on this subject for Mod3, the logic of the melt-concrete heat
transfer model in WECHSL. Is recalled here (figure 1) for a better understanding of the analysis presented
in the next sections. The heat transfer regime is assumed to be controlled by gas supetficial velocity
(represented by the gas Reynolds number) and by crust thickness. In the film mode, a continuous gas film
prevents direct contact between the melt and the concrete; this regime is typical of high gas release
conditions or thick crust situations. The bubble mode is similar to nucleate bolling in two-phase flow; it is
based on experiments with gas flowing through a porous medium into a liquid poo!. The mixed mode Is a
transition reglon where the melt may contact concrete intermittently. The original Berenson criterion was
modified in order to expand the range of this transition region. This modification was supported by the idea
of an early gas film destabllization likely to occur in the case of melt attack in contrast to typical boiling [3].
The critical values of crust thickness and Reynolds number controlling the transitions between regimes
were adjusted according to BETA tests.

CRUST THICKNESS
(CH)

FILM MODE

0.26

FILM MODFE

REYNOLDS NUMBER

ﬂn a
'lH‘]iilllllllmlI!U'l!'a.mjxlﬂll;

0 Rmin 25%¥Rmin

Figure 1
Mixing option
In version Mod2, WECHSL considered the separation of the melt into a metal and an oxide layers, with the
heavier metal at the bottom. This conceptual model may be appropriate for particular situations. However,
when a high gas release occurs (early stage of interaction) or when the melt is greatly oxidized, this picture

is not relevant and must be replaced by a concept of layer mixing.

In version Mod3, the option of an oxidic melt with dispersed metal is avallable ("mixing " option). In that
case, the melt is considered as a homogeneous mixture and physical properties are calculated as follows :

- heat capacity is averaged over the set of oxidic and metallic components,
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- kinematic viscosity and surface tension of the mixture are assumed to be those of the oxide phase,

-heat conductivity is calculated assuming that metal is in the form of spherical balls dispersed in oxide

[4].
nden h hemist i

In Mod2, the only chemical reactions taken into account were the reactions of metal oxidation by gases. In
Mod3, the oxidation of Zr by SiO2 has been included (optional). This option assumes a complete reduction
of SiO2(c), HoO(g), CO2(g) (where c denotes the condensed phase and g the gas phase). The reactions
proceed in the order Zr, Si, Cr, Fe. The set of reactions considered in the new option s :

Zr + SiOg --> Z2rOs + SI  + 2.1kd/gZr,

Si + 2Hs0 --> SiOp + 2Hy  + 17.9kJ/gS|,

Si + 2C0g --> SiOp + 2CO  + 12.3kJ/gSi.
The possible endothermic oxidation of Zr at very high temperature (> 2200 K) is not accounted for.
3. ASSESSMENT MATRIX
A number of experimental programmes have been dedicated to the study of corilum-concrete interaction
particularly in KfK (FRG), SNL and ANL (USA). The main parameters investigated in these integral
experiments were the geometry of the crucible, the corlum composition and physical state (molten, solid),

the concrete composition, and the presence of water at the top of the corium.

These experiments form all together a rather comprehensive database that can be used for code
validation. A limited subset of tests has been selected from this database for the assessment of
WECHSL-Moda3 (table 1). In order to explain the rationale of this assessment matrix, it is convenient to split
these tests into two groups according to corium composition.

EXPERIMENT BETA SURC ACE
TEST vig| ve3 | V338 V3.2 {SURC4|SURCZ| L& L2 L6
CAVITY 388 cm D 40 cm D 50 % 50 cm
CONCRETE S LCS L S LCS S
MELT METAL METAL) OXIDE OXIDE
ZR NO ADDED| YES NO YES YES
Table 1
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Metallic melt experiments

Thenitial melt was mainly composed of metals. The BETA test series V2.3, V3.3, V3.2 was selected to study
the effect of concrete composition (siliceous, limestone/common sand, limestone). V1.8 was included
because power Input was very high. SURC4 was added in order to assess the Infiuence of Zr oxidation.

QOxidic melt experiments

The melt was almost entirely oxidic possibly with small amounts of metal, under the form of Zr essentially.
Inthe selected ACE tests, Zr fraction is variable, representing different degrees of oxidation in a LWR (30,
70, 100% oxidized). The test conditions of SURC2 were similar to ACE L2 and L6 but the physical behavior
appeared to be different.

4. ANALYSIS OF BETA EXPERIMENTS

General remarks

The BETA test facility was designed to represent melt-concrete attack under accident conditions. A melt of
typical 300 kg steel and 150 kg oxide, Initial temperature of 2000°C, was poured into a 2D concrete crucible
of 38 cminner diameter and heated electrically by induction up to 1900 kW [5,6]. A series of 19 experiments
was carrled out from 1984 to 1986 (BETA | program). It must be pointed out that the Initial melt composition
was not representative of the conditions of concrete attack in a reactor core melt accident where the oxide
content is dominant.

BETATest V1.8

V1.8 was an experiment with a high power input corresponding to short term interaction in a reactor core
melt accident. The propagation of the melt was predominantly downward with a very limited sidewall
erosion. The axial erosion velocity was very large and power was switched off after only 8 mn of interaction.

The axial and radlial erosion depths calculated by WECHSL are presented and compared to data on figure
2. The predicted heat transfer regime was the mixed mode (transition regime) with no crust or a very thin
one until power cut-off. This prediction is probably consistent with the experiment because crust growing
was unlikely to occur due to the large power generated in the meit. After power cut-off, concrete erosion
still proceeded but the calculated ablation rate was much smaller because a thick crust (> 2.5 mm) formed
and switched heat transfer to the film mode. The agreement between the calculation and the experiment is
very satisfactory with respect to concrete ablation. The axial erosion depth was only slightly
underestimated at the end of the heating phase.

In both the experiment and the calculation, the corium temperature decreased continuously at a high rate
during the interaction because the heat transfer between molten corlum and concrete was very effective.
However, the temperatures for both the metal phase and the oxide phase were overpredicted. Therefore
the heat transfer coefficient seems to have been underpredicted in the mixed mode. This conclusion is
consistent with the small underprediction of erosion depth observed at the end of the heating perlod.
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BETA Tests V2.3, V3.3, V3.2

Intests V2.3, V3.3, V3.2, power input was much smaller than in V1.8. Consequently the erosion rate was
much smaller and the heating period could be extended considerably (up to 1 h 30 mininV2.3). In contrast
to V1.8 where concrete erosion was clearly governed by liquid metal/concrete heat transfer, it may be
expected that erosion was widely controlled by crust formation at the metal-concrete interface. The
sideward and downward melt propagations were much more balanced compared to V1.8.

For V2.3 (siliceous concrete), the calculation showed a very early and rapid crust growth. After 108 s, the
crust thickness was calculated to be larger than 2.5 mm and the heat transfer regime was then the film
mode (cf § 2). The ablation rate was almost constant equal to 20 cm/h. The axial erosion was well predicted
atthe end of the heating phase (figure 3). However it was significantly overestimated in the Initial phase; this
may indicate an eatlier transition to the gas film heat transfer regime than predicted by the code.

In V3.3 (limestone-common sand concrete), input power was about 65% higher than in V2.3. In contrast to
V1.8 and V2.3 experiments with slliceous concrete, the shape of the eroded cavity was very asymmetrical.
During most of the time, the predicted heat transfer regime was the mixed mode because crust thickness
never reached the critical value of 2.5 mm. Although the gas superficial velocity was rather large, it was not
sufficlent to turn to the film mode. The film mode regime was predicted to occur only after power cut-off
when the crust could develop. The prediction of axial and radial erosion depths Is in very good agreement
with measured values (figure 4.).

In V3.2 experiment, concrete was pure limestone (80% of CaCOg in weight) and the heating power was
double of V3.3. The calculation predicted no crust formation for these test conditions. In the first 10 s, the
predicted heat transfer regime was the film mode because the gas superficial velocity was very large (high
gas release associated to limestone concrete). As gas release was decreasing, the heat transfer regime
remained in the mixed mode (with no crust) until power cut-off where it turned to the bubble mode. The
mixed mode and the bubble mode corresponded to erosion velocities of 456 cm/h and 20 cm/h
respectively. The erosion depth was well calculated at the beginning of the interaction but was significantly
underpredicted later (figure 5). Actually the data about erosion cannot be considered as rellable after 3 min.
Indeed it is likely that thermocouples failed due to mechanical crack of the concrete before they were
reached by the melting front. It has been mentioned that concrete decomposition was influenced by lime
burning (reduction of concrete into CaO which is a material of very small mechanical strength) [7]. This
process of concrete decomposition s not taken into account in the WECHSL code.

5. ANALYSIS OF SURC EXPERIMENTS

General remarks

The SURC experimental facility was operated in Sandia National Laboratories (USA) from 1986 to 1988.
The crucible was of cylindrical geometry with a concrete basemat (20 or 40 cm diameter) and refractory
magnesia (MgO) side walls. Therefore, the melt propagation was limited to the downward (axial) direction.
The initial melt was composed of either metals (Fe, Cr, Ni) or oxides (UO2, ZrOo) for a typical 200 kg
material inventory.
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In the frame of WECHSL assessment, two experiments have been selected in the SURC test
matrix : SURC4 and SURC2. Both tests were conducted with basaltic (siliceous) concrete. In SURC4, the
meltwas initially purely metallic and some Zr was added after the beginning of corium-concrete interaction.
In SURC2, the initial corium was a mixture of UO9, ZrO2 and Zr. SURC4 and SURC2 were chosen for their
contribution to the study of Zr effect on corium-concrete interaction.

SURCA4 Test

In SURC4 experiment, the initial corium was a mixture of Fe, Cr and Ni (about 200 kg). 20 kg of Zr were
added to the melt 13 min after the initiation of corium-concrete interaction. The net input power was 60 kW
except during a 7 min time interval where the power was cut. The ablation rate was seento increase shortly
after Zr addition. This was interpreted as a real effect of Zr oxidation because input power had just been
stopped at this moment.

For the WECHSL calculation, the mixing option (cf § 2) was not used because the initial melt was purely
metallic. But the chemistry of condensed phase was taken into account (Zr oxidation by SiOo, cf § 2).

The calculated erosion depth is compared to data in figure 6. Except during a very short initial period, the
predicted heat transfer regime was the film mode because a thick crust formed early at the bottom of the
melt (low initial temperature). The calculated erosion rate was almost constant in the average (20 cm/h)
withthe exception of a spike at 30 min corresponding to the reset of power. Although an increase of erosion
rate was predicted after Zr addition, this effect was much less than in the experiment. This behavior is
related to crust history (figure 7) : after Zr was added, the crust thickness started to decrease due to
additional energy to the melt (chemical energy coming from exothermic oxidation) but not enough to
modify the heat transfer mode because In the same time input power was cut. On the overall, the
calculation of erosion agreed properly with the measured data on the centerline of the basemat.

It is interesting to discuss the effect of chemistry in more details for this test. Figures 8 and 9 show the
results of two calculations performed with different assumptions, one with the condensed chemistry option
(oxidation of Zr by SiOo) and the other without this option (oxidation of Zr by gases). Although the
activation of condensed phase chemistry significantly increased the chemical power input to the melt, the
impact on the calculation of erosion depth was surprisingly relatively small. The calculations showed that
higher chemical power resulted in higher melt temperature and larger upward heat losses. The rate of Zr
burning was very different in the two calculations (figure 9). Zr was depleted very slowly under the
assumption of Zr oxidation by gases because oxidation was strongly limited by the availability of gases
released (gas production is sparse for siliceous concrete). The second assumption led to a much faster Zr
burning because SiO» availability was more favourable to complete the oxidation of Zr. In both cases, the
impact of Zr oxidation on erosion velocity was mitigated by the presence of a thick crust at the time of Zr
addition. The improvement brought by the implementation of the condensed phase chemistry option into
the code was more clear in the prediction of gas release [1] and this was confirmed by the analysis of BETA
V5.1 test [8].
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SURGC2 Test

In SURC2 experiment, the corium was Initially composed of oxides (UO5, ZrO2) with approximately 8% of
Zrincorporated. The induction power was kept constant to 142 kW during 89 min and was then increased
to 190 kW.

The WECHSL calculation was performed with both options of mixing (because the meit was essentially
oxidic) and of condensed phase chemistry (since Zr was present in the meit).

The calculation showed a very large erosion rate (figure 10) during an initial period of 1 min (the heat
transfer regime was the mixed mode). After this short period, the regime was calculated to be the film mode
(crust thickness > 2.5 mm) and the ablation rate was then 10 cm/h. Due to power increase (89 min after
the beginning of concrete erosion), the crust thickness decreased and the heat transfer regime turned to
the more efficient mixed mode again (ablation rate of 15 cm/h). These results are in fairly good agreement
with the experiment qualitatively and quantitatively.

In the calculation, crust growth lasted until 15 min (figure 11). After that, the crust thickness started to
decrease continuously because the incorporation of concrete components into the melt lowered the
solidus temperature. Crust remelting speeded up after the power was increased.

The calculation predicted that Zr was depleted very quickly during the initial stage of interaction. During this
period, the ablation velocity was very large and the amount of concrete SiO2 incorporated into the melt
was sufficient to oxidize Zr entirely within 3 mn.

6. ANALYSIS OF ACE EXPERIMENTS

General remarks

The ACE program was funded by a large consortium of contributing organizations involving most
countries having concern with nuclear energy and safety. The ACE Phase C experiments, devoted to
corium-concrete interaction, were performed in ANL. Aithough the ACE Program was particularly oriented
towards the study of the source term aspect of MCCI (aerosol and FP release), only the thermal-hydraulic
aspects will be dealt with in this paper on purpose of WECHSL assessment.

The ACE test apparatus consisted of water panels (forming water-cooled refractory sidewalls) which
enclosed the concrete basemat (50 cm * 50 cm) and the corium. This configuration only allowed the
one-dimensional (vertical) melt propagation like SURC. Internal heat generation was supplied by direct
electrical heating (tungsten electrodes). In contrast to BETA i, the molten pool (mixture of U0, ZrO5 and
small amounts of metals for an overall inventory of 300 kg typically) was representative of the coriumin a
postulated reactor meltdown accident.

For the assessment of the WECHSL code, 3 tests were selected inthe ACE matrix : L5 with a fully oxidized

corium, L2 with 70% of Zr initially oxidized, and L6 with only 30% of Zr oxidized. This subset of experiments
was thought to be particularly relevant for the parametric study of Zr content influence.
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ACETestL5

InL5 the basemat was made of limestone/common sand concrete. The net power to the melt (gross power
minus side heat losses) was rather constant at 55 kW. L5 can be considered as a reference test because
the melt was fully oxidic and chemistry did not play any significant role.

The calculation was performed using the standard options (no mixing, no condensed phase chemistry)
since there was no metal in the melt.

The code predicted the formation of a thick crust at the bottom of the corium from the very beginning of the
melt-concrete interaction (figure 13). This was because the initial temperature was relatively low (2000 K),
only slightly above the solidus temperature determined by the code. Due to power increase (from initial 40
kW to 60 kW at 15 min), crust thickness began to decrease and finally stabilized. The calculated ablation
rate kept then constant at a value of 6 cm/h. The predicted erosion depth was in close agreement with the
data (figure 12).

ACETests L2 and L6

Itis interesting to analyze the two tests L2 and L6 simultaneously because they were performed with similar
conditions but witha different Zr metal inventory. In both tests the basemat was made of siliceous concrete
and Zr was included in a so-called metal insert forming the top of the basmat (2 cmin L2 and 7 cm in L6).
The average internal power was 102 kW for L2 and only 55 kW for L6. Two stages could be considered in
L2 and L6 experiments : first the incorporation of the metal included in the insert and second the actual
concrete ablation.

The same assumptions were made for the calculation of both tests L2 and L6 with the WECHSL code. Both
mixing and condensed phase chemistry options were activated.

For L2 the code predicted that a crust formed from the beginning of ablation. This crust grew very rapidly
and the the heat transfer regime was the film mode. The calculated ablation velocity was rather large equal
to 22 cm/h due to the high power input. Later on the crust started to remelt and the mixed mode heat
transfer regime was predicted to occur after 1700 s. Therefore concrete ablation speeded up. The final
erosion was significantly overpredicted (22 cm at 40 min instead of 12 cm in the experiment, figure 14).

For L6 the calculated results showed a similar behavior as in L2 but the heat transfer regime was always the
film mode because the input power was smaller and the crust thickness remained always greater than 2.5
mm (except during a very short initial period). In both calculations, the initial ablation rate was very large;
inthe experiment, it seems to have been rather small in contrast to SURC2. The Zr oxidation was predicted
to be complete at the end of the metal insert ablation stage. Afterwards Siwas oxidized by the gases (H20,
COy) released by concrete decomposition. As in L6, the final erosion was overpredicted (25 cm at 80 min
instead of 19 cm in the test, figure 15) but this overprediction appeared to be due to the calculation of the
metal insert ablation stage. The duration of this phase was 2580 s in the experiment and only 610 s in the
calculation. But the predicted erosion during the stage of concrete ablation was in good agreement with
data.
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In order to explain the observed discrepancies between the calculations and the data for L2 and L6, the
following possible causes have been raised :

-the calculation of liquidus/solidus temperatures,
-the modeling of Zr chemistry,
-the heat transfer models.

The calculations also showed a significant underprediction of melt temperature. Sensitivity calculations
performed with increased solidus temperature produced a much smaller erosion for L6 in good agreement
with the data. However there is no real physical basis for a high solidus temperature according to recent
ANL liquidus/solidus data and to predictions with the GEMINI code.

In the range of measured melt temperatures in L2 and L6 (over 2100 K), the oxidation of Zr by SiO2 must
have been at least partially endothermic as mentioned in §2. The ablation depth calculated under the
assumption of a complete endothermic oxidation of Zr is shown on figure 16 for L6. The agreement with
data is then very satisfactory. Unfortunately the same assumption did not result in such a large
improvement for L2 (figure 17).

The modeling of heat transfer between melt and concrete may also be questionable. Because of the low
conductivity and high viscosity of oxides, a large temperature gradient is expected to exist between the
melt bulk and the melt surface. This behavior should be properly taken Into account and some more
investigations are needed.

All these uncertainties on the modeling of the interaction of oxidic melts with concrete suggested to
undertake a simple calculation of energy balance in L2 and L6 on the basis of experimental data on energy
distribution. This analysis showed that energy balance could be closed for L6 but not for L2 using the same
assumptions. Experimental uncertainties must be accounted for, but it seems that there could be some
unconsistencies between L2 and L6 data. Particularly, the initial melt temperature and the starting time of
interaction may not be fully reliable.

7. CONCLUSIONS

The code WECHSL-Mod3 has been assessed against a comprehensive set of experiments selected inthe
BETA, SURC and ACE test matrices. This assessment has shown that the code has a wide range of
applicability in terms of corlum composition, concrete type and internal power.

For high power conditions, it was confirmed that the code calculated BETA experiments quite well.
Particularly, the rationale of heat transfer modeling in WECHSL according to gas superficial velocity and
crust formation was found to be adequate to represent a large variety of physical conditions from liquid
metal attack to crust dominated ablation. However corium composition was not realistic in BETA
experiments (no UO2, no ZrOs) and extrapolation to reactor case could not be considered as reliable.
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For lower power conditions and greatly oxidized coriums, the agreement between predictions and data
was found generally satisfactory, especially for SURC tests and ACE test L5. However some discrepancies
were noticed in the calculation of ACE L2 and L6 experiments. In a preliminary analysis, it was suggested
that some unconsistency may have affected the data.

The modeling of the condensed phase chemistry appeared as a major contribution to the proper
calculation of the tests where Zr oxidation took place. However, as mentioned earlier, there are still large
uncertainties on the analysis of such experiments (ACE L2 and L6 especially). It will be fruitful to assess the
WECHSL code against the recent BETA Il experiments for which the Initial content of Zr metal was large
(V5.1,V5.2, V5.3).

It must be pointed out that the liquidus/solidus temperatures were estimated very roughly by the code and
are probably questionable especlally for the case of an oxide-concrete mixture. Up to now there was no
clear evidence inthe calculations that it was responsible for the observed discrepancies. However it will be
interesting to recalculate the SURC2 and ACE experiments with more reliable data on the liquidus/solidus
temperatures (cf the GEMINI-OXY5 code developed by THERMODATA).
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DEVELOPMENT AND VALIDATION OF CORCON-MOD3
David R. Bradley

Science Applications International Corporation
2109 Air Park Rd.
Albuquerque, NM 87106

ABSTRACT

CORCON-Mod3 is the next major version of the CORCON computer code. This
version, which will be released in the near future, contains many model improvements
over the previous version of the code, CORCON-Mod2. This paper briefly describes
some of the most significant new features of the code, and then presents comparisons of
CORCON-Mod3 predictions to the results of three experiments: the SURC-4 and
SURC-1 experiments at SNL, and the ACE L6 experiment at ANL.

1. INTRODUCTION

The CORCON-Mod1 [1] and CORCON-Mod2 [2] computer codes were developed at
Sandia National Laboratories (SNL) during the early to mid 1980’s. At that time,
there was little experimental data available upon which to base the phenomenological
models in the codes. It should not be surprising then that CORCON-Mod1 and
CORCON-Mod2 do not predict well the results from integral core-concrete interaction
experiments performed at SNL, at Argonne National Laboratory (ANL), and at

Kerfornschungszentrum Karlsruhe (KfK).

The vast body of experimental data now available from these integral experiments has
allowed us to develop improved models for CORCON, and has led to the completion of
a new version of the code, CORCON-Mod3 [3]. CORCON-Mod3 includes model
improvements in many areas and includes several new models that were not present in
the earlier versions of CORCON. In addition to these modeling improvements,
CORCON-Mod3 provides the user with the capability to modify important models in
the code through input.

This paper describes briefly some of the more important modeling improvements in

CORCON-Mod3. This description is followed by comparisons of code predictions to the
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results of three experiments: the SURC-4 [5] and SURC-1 [6] experiments performed at
SNL, and the ACE L6 test [7] performed at ANL.

2. MODEL IMPROVEMENTS INCLUDED IN CORCON-MOD3

CORCON-Mod3 includes many significant improvements over the models available in

CORCON-Mod2. Some of the more significant code improvements and model additions

include:
\d improved models for axial and radial heat transfer to concrete,
. addition of a model for condensed phase chemical reactions between the metallic

and oxidic phases, and expansion of the chemical species list to include the
products of such reactions,

i addition of models for interlayer mixing due to entrainment, and stratification
due to settling of entrained droplets,

d inclusion of the VANESA model as a subroutine of CORCON,

° improved coolant heat transfer models, and
. addition of models for the activity coefficients of metal and oxide phase
constituents.

These code modifications are discussed in greater detail below.

2.1 Modification of Melt-Concrete Heat Transfer Models

When CORCON was originally developed, a stable gas film was thought to exist at the
core debris-concrete interface. Thus, heat transfer to the concrete was believed to be by
a process analogous to film boiling. In the film boiling analog, heat transfer across the
gas film is by a combination of radiation and convection. When CORCON calculations
were subsequently applied to some of the early melt-concrete experiments, the code
was found to significantly overestimate concrete ablation in some cases and
significantly underestimate ablation in others. This discrepancy between the code
predictions and experimént results was believed to be due to the heat transfer models
in the code. Subsequent examination of the models and the available heat transfer

literature resulted in major revisions to the code.

Our current concept of the processes controlling heat transfer is significantly different

from what was originally believed. We now believe that there is no stable gas film at
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the debris-concrete interface. Instead, there is intermittent direct contact between the
core debris and the concrete surface. Gas is released from the concrete coincident with
melting of the concrete surface. A layer of molten concrete grows and is periodically
removed from the surface as gas bubbles depart. Depending on the temperature of the
molten core material, thin crust layers may also form adjacent to the melting concrete.
This layer of solidified core material also may be displaced from the surface and
entrained by the rising bubbles. A model for these processes has been incorporated
into CORCON-Mod3 [3,11]. In addition, our literature review yielded a better
understanding of bubble-driven convection within the molten core debris. As a result,

the convective heat transfer correlations in the code have also been revised.
The gas film model has been retained in the code as an alternative representation.
The user may choose to use the gas film model at either the radial or axial melt-

concrete interface.

2.2 Addition of Condensed Phase Chemistry

In the CORCON-Mod2, chemical reactions were assumed to occur only between the
metallic phase of the core debris and gases released from the concrete. The SURC-4
experiment [5] and recent experiments with aluminum [8] have shown that metal-oxide
reactions in the condensed phase are also important. This is particularly true when
the core debris contains a reactive metal such as zirconium or aluminum, and the
concrete has a relatively low gas content and a high silica content. In the SURC-4

experiment, the following chemical reaction was found to be important:

Zr + Si0, = ZrO, + Si + 2.1 MdJd/kg Zr
If the user so desires, CORCON-Mod3 will calculate condensed phase chemical
reactions between the metal phase of the core debris and oxides from concrete ablation.

The code will also calculate condensed phase reactions between resident oxides and

metals in a mixture layer,
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2.3 Implementation of Interlayer Mixing Models

We have developed an interlayer mixing model for CORCON-Mod3 based on the
mechanistic models developed by Greene at BNL [9]. The model calculates mixing due
to entrainment of a layer into the less dense layer above it, and then calculates

deentrainment (i.e., settling) of the suspended droplets in the mixture.

The code first determines whether entrainment is possible. Based on the mixing work
by Greene, two entrainment criteria were selected: the ratio of the densities of the two
layers must be less than 3, and the bubble volume must exceed a critical value for
entrainment. If both conditions are met, the entrained droplet volume per bubble is
calculated using an entrainment correlation developed by Greene. Given the
superficial gas velocity through the surface and the bubble volume, the number of
bubbles per unit area per unit time (i.e., the bubble flux) is determined. Since each
bubble has associated with it an entrained droplet of a known volume, the entrainment
mass flux can be calculated. Multiplying the entrainment mass flux by the interfacial
area and time step gives the mass entrained during the time step. This mass and its

associated enthalpy are transferred into the mixture layer.

CORCON-Mod3 also calculates deentrainment due to droplet settling. The droplet
settling velocity is calculated using the droplet drag coefficient correlations proposed by
Greene. These correlations follow the drag curve for spherical droplets until a critical
value for the settling velocity is reached. At this critical settling velocity, droplet
oscillations were observed by Greene and the drag coefficient was observed to increase
dramatically, The code iterates to determine a consistent droplet settling velocity and
drag coefficient. Given this settling velocity, the droplet size, and the volume fraction

of droplets in the mixture layer, the mass flux of settling droplets is easily calculated.

Two mixture layers are possible: a mixture of "light" oxide with suspended metal
droplets, or a mixture of metal with suspended "heavy” oxide droplets. Mixture layers
are created in two ways. First, mixture layers can be created by entrainment of one
layer (the denser of the two) into the other. Mixture layers are also created when an
overlying layer becomes more dense than the layer below it. In this case mixing is
assumed to occur instantaneously (i.e., during a single calculation timestep). In

CORCON-Mod2 the latter situation was handled by assuming that a "layer flip"
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occurred; in other words, the denser oxide layer was assumed to migrate through the

metal layer and combine with the overlying oxide layer.

In CORCON-Mod3, the user may choose to begin the calculation with a stratified melt
configuration or with a fully mixed pool. The user can also select whether or not the
code will perform the mixing calculation. Hence, the user can begin the calculation in
a fully mixed configuration and then allow the code to calculate deentrainment and
re-entrainment, or the user can force the melt to remain mixed. Similarly the user can
select to begin the calculation with a stratified melt, and then allow the code to

calculate entrainment and deentrainment, or he can force the melt to remain stratified.

2.4 Inclusion of VANESA as a Subroutine of CORCON-Mod3

The VANESA computer code [4] was developed to model radionuclide release during
core debris interactions with concrete. In the past, coupled CORCON/VANESA
calculations have been performed by running CORCON and VANESA in series. First,
CORCON would be run, and the results needed by VANESA would be written to a file.
Next, VANESA would be run using the results from the CORCON calculation. This
approach neglected much of the feedback inherent in the phenomena modeled by the

two codes.

VANESA is now included as a subroutine of CORCON-Mod3, and is called during every
timestep. From CORCON, VANESA obtains the current melt composition, composition
of gas exiting the melt, bubble properties, and the thermophysical properties of the
melt. VANESA then calculates aerosol generation due to vaporization/condensation
and due to mechanical processes. In CORCON, energy associated with the released
aerosols is then subtracted from the total energy of the melt. If radionuclides are

released, the decay power generation in the melt is reduced appropriately.

2.5 Coolant Heat Transfer Modifications

CORCON-Mod2 models the full boiling curve. The code includes the effects of pressure
and coolant subcooling on nucleate boiling heat transfer. It also includes the effects of
pressure on film boiling heat transfer. In most applications, CORCON-Mod2 predicts

heat transfer by film boiling since the surface temperature of the core debris remains
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well above the film collapse temperature (i.e., Leidenfrost point).

CORCON-Mod2 neglects two potentially important effects on film boiling heat transfer:
the effects of coolant subcooling, and the effects of noncondensable gas injection. Both
effects can lead to a significant increase in the film boiling heat flux, and can also lead
to film collapse (i.e., transition to nucleate boiling) at highe'r surface temperatures.

The effects of coolant subcooling and noncondensable gas injection have been included
in CORCON-Mod3.

2.6 Addition of Non-Ideal Chemistry Models

For the sake of computation time, CORCON-Mod3 uses a relatively simple
representation of the chemistry of the core debris. This is probably adequate if the
only concern is flammable gas generation or chemical energy addition. However, for
the evaluation of aerosol generation and radionuclide release, a more detailed

representation is needed.

In order to treat the complex chemical reactions that occur in real core melts, we have
implemented activity coefficient models for the metallic and oxidic phases. A
subregular solution model has been adopted for the metallic phase, while an associated
solution model has been adopted for the oxidic phase. The calculated activity
coefficients are used in the VANESA subroutine to adjust the chemical activity of the

condensed phase species.

The chemical interactions between species are modeled using binary interaction
parameters that are determined from the relevant binary phase diagrams. CORCON-
Mod3 contains a complete set of binary interaction parameters for the metallic phase.
Work is now underway to determine the interaction parameters for the oxide phase.
This work should be completed by the time CORCON-Mod3 is released later this year.
(A more detailed discussion of the activity coefficient models is provided in a companion

paper by Powers [10].)
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2.7 Other Model Improvements

The chemistry equilibrium solver in CORCON-Mod2 predicts formation of condensed
carbon during reactions between carbon dioxide and reactive metals such as zirconium.
This reaction is referred to as carburization or coking in the metallurgical industry.
Though predicted by the code, carburization has not been observed to a significant
extent in any of the melt-concrete experiments to date. Therefore, in CORCON-Mod3
we have provided the user with the option of disabling carburization through

specification of an input flag.

With the implementation of interlayer mixing models and the inclusion of VANESA as
a subroutine of CORCON, it became necessary to improve the bubble behavior models
in the code. Improved models have been implemented for the bubble size, bubble rise

velocity, and void fraction of the melt.

CORCON-Mod3 provides the user with the capability to modify many of the important
models and parameters in the code through input. The user may, for example, specify
alternate heat transfer models for convective heat transfer within the bulk melt. The

user also may modify the boiling curve or change the film collapse temperature.

Currently, twenty-six different models and parameters can be modified by the user.
3. VALIDATION OF CORCON-MOD3 BY COMPARISON TO EXPERIMENTS

This section describes validation of CORCON-Mod3 through comparisons to three
experiments: the SURC-4 and SURC-1 experiment at SNL, and the ACE L6
experiment at ANL. These comparisons focus primarily on the thermal-hydraulic
models in the code. Comparisons for aerosol generation and radionuclide release are

provided when reliable aerosol generation and radionuclide release data are available.

3.1 Comparisons to the Results of the SURC-4 Experiment

The SURC-4 experiment [5] was designed to investigate the effect of zirconium metal
on the interaction of molten stainless steel with a siliceous concrete. The charge in
SURC-4 consisted of 200 kg of stainless steel along with 6 kg of fission product

simulants. Twenty kilograms of zirconium was added to the melt after concrete
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ablation had begun. The 40 centimeter diameter crucible used in the SURC-4
experiment had refractory oxide (MgO) sidewalls and a basaltic concrete basemat. This
type of concrete releases very little gas when heated (approximately 6 w/o H,O and 2

w/o CO,), and has a high silica content (approximately 55 w/o).

The crucible was enclosed within a water-cooled aluminum containment vessel that

was purged with argon during the test. Gases and aerosol exited the crucible through
a flow tube flanged to the top of the containment vessel. The test was instrumented to
measure concrete ablation, melt temperature, gas generation, gas composition, aerosol

concentration, and sidewall and upward heat losses.

During the experiment, the steel charge was melted in place within the interaction
crucible, Concrete ablation was first detected after approximately 105 minutes of
induction heating. After 119 minutes and approximately 5 centimeters of concrete
ablation, 20 kg of zirconium metal was added to the molten steel. Approximately 5
minutes later, a cooling line failed and the power supply tripped off line. The line was
quickly repaired and induction heating was resumed, The power was held constant for
the remainder of the test. The average net power to the steel during the test is
estimated to be 64 kW. Average heat losses through the sidewalls of the crucible are
estimated to be 29 kW.

Examination of the crucible following the test showed that the oxidic layer of the melt
had foamed at some time during the test. Based on experience with an earlier scoping
test, foaming is believed to have occurred soon after zirconium addition to the melt.
The foam insulated the upper surface of the metallic melt and efficiently trapped

aerosols released from the melt.

To simulate the one-dimensional melt-concrete interaction in SURC-4 using the
inherently two-dimensional CORCON code, it was necessary to minimize the effect of
radial interactions. This was accomplished by artificially increasing the radial
dimension of the crucible to 10 meters. By doing this, the area of concrete sidewall
exposed to the melt became small relative to the basemat concrete surface. To
compensate for the expansion in the radial dimension, all masses and input powers
were scaled by the area (or volume) ratio. The scale factor for the SURC-4 test is
314.16 m%0.1257 m? or 2500.
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The input power used in the CORCON simulation was determined by subtracting
sidewall heat losses from the net induction power supplied to the steel. Sidewall heat
losses were determined by multiplying the sidewall heat flux (reported in Reference 5)
by the estimated sidewall surface area exposed to the melt. The net induction power
was determined by multiplying the gross power to the induction coil by the measured

induction heating efficiency. These values are also reported in Reference 5.

The temperature of the steel melt was assumed to be 1760 K at the onset of the melt-
concrete. This is approximately the temperature measured by the thermocouples
embedded in the concrete soon after the onset of ablation. Zirconium was assumed to
be added to the melt over a period of 90 seconds and at an initial temperature of 2000
K. The assumed zirconium addition period accounts for the time required to dissolve
the solid Zr slugs in the steel melt. The assumed initial temperature accounts for the
exothermic heat of solution of zirconium in iron. The temperature of the surfaces
above the melt was determined from the thermocouples in the MgO wall. To account
for the insulating effect of the overlying foam, the emissivity of the surroundings was

reduced to 0.01 following zirconium addition.

The calculation was performed using the new melt-concrete heat transfer models, and
with the condensed phase chemical reactions enabled. Since foaming of the oxide
phase prevented significant interlayer mixing, the mixing models in the code were not

activated.

Figures 1 and 2 show a comparison of the calculated and experimental results for
concrete ablation distance and melt temperature. As the figures illustrate, CORCON-
Mod3 accurately predicts (i.e., within the error of the experiment measurements) both
the ablation distance and the melt temperature. Particularly significant is the close
comparison between the calculated and experimental melt temperature following
zirconium addition., We feel that this demonstrates quite clearly that the heat transfer
models in the code are accurate for metallic melts, and that the treatment of condensed

phase chemistry is correct.
The aerosol and flow system became plugged by the foam soon after zirconium

addition. For that reason, aerosol results are available only for the period prior to Zr

addition. During this period, CORCON-Mod3 appears to overpredict the aerosol
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Comparison to SURC-4 Ablation Results
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concentration by a factor of 2 to 6. However, the experiment measurements are likely
to be less than the actual aerosol concentration since not all of the aerosol is
transported to the aerosol sampling location. Some aerosol is trapped within the
containment vessel, while other aerosol is deposited in the piping upstream of the
sampling location. Hence, the actual differences between the code predictions and the

experiment results are probably much smaller.

Aerosols sampled during the initial interaction period were found to be rich in
tellurium (50 to 70 w/o), with significant concentrations of potassium, sodium, and
silicon from the concrete (3 to 10 w/o). Cerium and molybdenum were found at
concentrations of between 0.1 and 0.02 w/o. Barium and lanthanum concentrations
were below detectable limits (< 0.02 w/o). CORCON-Mod3 underpredicted the
tellurium content of the aerosols by a factor of 2, while it overpredicted the
concentrations of the concrete oxides by a factor of 2 to 4, The cerium content of the
aerosols was underpredicted by a factor of 4, while the molybdenum content was
underpredicted by 5 to 6 orders of magnitude. The barium content of the aerosol was
overpredicted by a factor of 10 or more. The predicted lanthanum content of the
aerosols was always less than 0.02 w/o. The errors in molybdenum and barium release
are significant, and point to deficiencies in the code. The higher molybdenum release
in the experiment is believed to be due to the formation of volatile compounds that are
not currently treated in the VANESA model. When these compounds are identified
they will be added to the code. The lower release of barium in the experiment is
believed to be due to formation of stable (non-volatile) silicate and zirconate
compounds. These compounds will be accounted for when the activity coefficient

models for the oxide phase are fully implemented.

3.2 Comparisons to the Results of the SURC-1 Experiment

The SURC-1 experiment [6] used basically the same design as the SURC-4 experiment
with a few notable exceptions. First, the charge in the SURC-1 test was composed of a
mixture of UO, (63 w/o), ZrO, (27 w/o), and Zr (10 w/o). The charge included also 3.36
kg of oxidic fission product simulants. Because the oxide charge does not couple
efficiently to the induction power supply, five tungsten rings were embedded within the
charge. The tungsten rings are heated by the induction power supply, and then

transfer heat to the oxide. The SURC-1 experiment used a concrete with a limestone
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coarse and fine aggregate. Because this type of concrete has a high carbonate content,

it releases a substantial amount of carbon dioxide when heated.

The charge was heated in place within the interaction crucible. After 130 to 140
minutes of heating, concrete ablation was detected. Initially, the ablation rate was
quite rapid as the zirconium metal in the charge was oxidized. After the zirconium
was completely oxidized, the ablation rate decreased significantly. After about 40
minutes of this rather benign interaction, the induction power was increased by about

30%, and a more vigorous interaction ensued.

Examination of the interaction crucible after the tests showed that not all of the 200
kilograms of the charge had participated in the interaction with the concrete. A
significant portion of the charge had either not melted or had collected above two
tungsten rings that had become pinned to the sidewalls by solidified oxidic material. It
is estimated that only 110 kg of the initial charge had interacted with the concrete
during the tests.

As in the SURC-4 simulation, the SURC-1 simulation used a crucible radius that was
artificially set to 10 meters in order to reduce the effect of radial melt-concrete
interactions. All masses and input powers were then scaled up by a factor of 2500.

The charge mass was reduced to account for the material that did not participate in the
interaction. The masses of the fission product simulants were not reduced since the
fission products were placed at the bottom of the charge and would have been

completely incorporated into the melt.

In the SURC-1 simulation, it was assumed that 110 kg of the original oxide charge
participated in the interaction. The input power to the melt was calculated assuming
that 60 percent of the available power (i.e., 3 out of 5 rings) was supplied to the melt
interacting with the concrete. Sidewall heat losses were determined by multiplying the
sidewall heat flux reported in Reference 6 by the estimated sidewall area exposed to
the melt. The net power input used in the calculation was then determined by
subtracting the sidewall losses from the power to the melt. The upper surface of the
melt was treated as an adiabatic boundary since heat losses were blocked by the
presence of a heated overlying crust. There may, in fact, have been some heating of

the melt by the overlying crust since the temperature of the melt decreased during the
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test, while the upper solid material remained hot.

The calculation was performed using the new melt-concrete heat transfer models. The
melt was assumed to remain fully mixed, with the metallic zirconium dispersed in the
oxide. Since chemical reactions between the core debris and the gases from the
concrete are dominant for interactions with limestone concrete, condensed phase
chemical reactions were disabled. The coking reaction was also disabled in the SURC-1

simulation.

Figures 3 and 4 show a comparison of the calculated and experimental results for
concrete ablation distance and melt temperature. In general, concrete ablation is
predicted well by the code. The most significant differences are during the early
ablation phase when zirconium oxidation controls the interaction. In the calculation,
we assumed that 45% of the available zirconium metal was held up within the
unmelted oxide layer in the upper portion of the crucible. It is possible that this
material melted and migrated downward into the molten oxide. If so it would have
greatly increased concrete ablation during the initial interaction phase. The
temperature of the oxide melt is predicted fairly well by the code. Early in the
calculation, the melt temperature is underpredicted by 100 K or less, while late in the
calculation, the melt temperature is overpredicted by approximately the same amount.
(It should be noted that the temperatures plotted in the figure were from
thermocouples that may have been above the melt surface at the end of the test. The

measured values are probably not representative of the temperature of the melt.)

During the initial interaction phase, the code predicts an aerosol concentration of
between 400 and 700 g/m?®(STP), while the measured aerosol concentration during this
period was 120 to 200 g/m®. The actual aerosol concentration during the test is likely
to have been higher than the measured values since not all of the aerosol was
transported to the sampling location. A significant fraction of the aerosol was trapped
within the containment vessel or became deposited upstream of the sampling point.

We feel that the code predictions are probably within a factor of two of the actual
concentration in the experiment. Late in the experiment, the aerosol concentration was
measured to be approximately 40 g/m®. This compares well with the calculated

concentration of 33 g/m®(STP).
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Comparison to SURC-1 Ablation Results
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The aerosols collected in the experiment were found to contain mostly magnesium,
potassium and silicon from the concrete. This was true also of the CORCON
simulation. In general, the composition of these three constituents was well predicted
by the code. Barium, cerium, and lanthanum release were overpredicted by
approximately a factor of 5. Again, this is likely to be due to the formation of stable
compounds (in this case, zirconates) that are not considered in VANESA. This
deficiency should be corrected when the oxide phase activity coefficient models are fully
implemented in the code. As in the SURC-4 comparison, molybdenum release was

underpredicted by several orders of magnitude.

3.3 Comparisons to the Results of the ACE L6 Experiment

The ACE L6 experiment [7] was designed primarily to study radionuclide release
during melt-concrete interactions, though measurements of concrete ablation, melt
temperature, and gas release were also made. The ACE L6 experiment used a
predominantly oxidic mixture containing UQ,, ZrO,, and siliceous concrete. The charge
also contained approximately 5 kg of fission product simulants. Metallic zirconium and
stainless steel were incorporated into the siliceous concrete basemat, and entered the
melt gradually as the concrete ablated. The zirconium was included in the first layer
of concrete (referred to as the concrete/metal insert). This layer included 24 kg of Zr,
9.1 kg of stainless steel, and 22.4 kg of siliceous concrete. Below the concrete/metal
insert was the siliceous concrete basemat. The basemat contained 2.85 kg of

reinforcing rod placed at 5.1 cm and 10.2 cm below the surface.

The interaction crucible used in the ACE tests had an internal cavity with a nearly
square cross-section measuring 50.2 cm by 49.2 cm. Two walls of the crucible were
water cooled tungsten cooling panels. The other two walls of the crucible were water
cooled tungsten electrodes. The tungsten electrodes were used to melt and sustain the
oxidic charge by direct electrical heating. Because the walls are water cooled, wall heat
losses are easily determined from the increase in the temperature between the water
inlet and outlet. The power supply voltage was controlled during the tests to maintain
an approximately constant net power to the charge. (Here, net power is defined as total
input power minus sidewall losses). During the experiment, the voltage was adjusted

to maintain the net power to the charge at approximately 75 kW.
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The ACE L6 charge design complicates the CORCON simulation of the experiment
since the initial interaction is with an atypical "concrete" composed of 60 w/o metal. To
account for this it was necessary to perform the calculation in two phases. In the first
phase, the interaction is with the concrete/metal insert. To model this phase, we
modified the code so that the user could specify the composition of the "rebar".
(Previously, CORCON assumed that the rebar was composed entirely of iron.) The
concrete/metal insert was assumed to ablate at a temperature of 2000K. The insert
ablation phase was assumed to continue for 43 minutes, which was the duration
observed in the experiment. The melt composition and temperature at the completion
of the first calculation were then used as input to the calculation of the basemat

ablation phase. The basemat ablation phase was assumed to continue for 40 minutes.

As in the two SURC simulations, the one-dimensional concrete ablation in the ACE L6
experiment was simulated in CORCON-Mod3 by expanding the radial dimension of the
concrete cavity to 10 meters. All masses and input powers were scaled by the ratio of
the assumed cavity area (314.15 m*®) to the actual cavity area (0.247 m?). (Note that
the cavity area was not reduced by the oxide crust lining the tungsten walls. A
uniform 1.5 cm crust would reduce the cavity area to 0.218 m?, and increase the net

power in the calculation by 13%.)

Figures 5 and 6 compare the calculated and experimental concrete ablation distance
and melt temperature for the ACE L6 experiment. As shown in Figure 5, ablation
during the insert ablation phase is underpredicted by approximately 30 % (4.7 cm vs. 7
cm), while ablation during the basemat ablation phase is underpredicted by 25 % (9.7
cm vs. 12,5 cm). These differences can be explained, in part, by noting that the actual
interaction area in the experiment was less than was assumed in the calculation.
Hence, the net power in the calculation should have been greater. With this effect
considered, the calculated ablation is likely to be 20 to 25 % less than the measured
value. This difference is within the uncertainty attached to the melt-concrete heat

transfer models [11].

The calculated melt temperature is significantly less than the measured values during
most of the calculation. During the insert ablation phase, the differences are as large
as 200 K. Part of this difference is attributed to uncertainty in the modeling of insert

ablation. The calculation assumed an ablation temperature of 2000 K during the insert
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Comparisons to ACE L6 Ablation Results
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ablation phase. Perhaps a higher ablation temperature would have been more
realistic. A higher ablation temperature would lead to higher melt temperatures
during the insert ablation phase. The differences between the calculated and
experimentally measured melt temperatures are even greater during the basemat
ablation phase, with differences as large as 350 K soon after the start of basemat
ablation. The magnitude of this difference and the general consistency of this result
with the SURC-1 comparison points toward a possible error in the modeling of heat
transfer from oxidic melts. Another explanation is that the viscosity of the oxide
mixture may be significantly greater than is currently predicted by the code.
(Convective heat transfer is much less efficient when the melt viscosity is high.)
Support for this hypothesis is provided by the results from recent experiments at ANL
[12]. Other explanations are, of course, possible. As CORCON-Mod3 is applied to an
increasing number of experiments with oxide melts, the need for model improvement

should become clearer,

The ANL experimenters have reported radionuclide release results in terms of the
fractional release from the melt [13]. Table 1 compares the calculated and
experimental release fractions for several of the more important fission product
simulants. As the table shows, the release fractions are, for the most part, predicted to
within a factor of 6. The exceptions to this are the releases of molybdenum and
ruthenium which are significantly underpredicted by the code. The predictions of
barium, strontium, cerium, and lanthanum release should improve when

implementation of the oxide phase activity coefficient model is completed.
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Table 1.

Comparison of Calculated and Experimentally Determined Release Fractions

Experiment ‘ Calculated
Release Release
Radionuclide Fraction Fraction
Te 0.63 0.999
Mo 0.0053 3.0 x 107
Ru 0.002 (max) 1.3 x 10°
6.0 x 10° (min)
Sr 0.002 0.012
Ba 0.0017 0.0063
Ce 0.0005 (max) 0.00115
5.6 x 10" (min)
La 6.0 x 10" (max) 1.56 x 10

1.6 x 10 (min)
4, SUMMARY AND CONCLUSIONS

The CORCON-Mod3 computer code contains many significant improvements over the
previous version of CORCON, CORCON-Mod2. This paper has provided a brief
description of the major model improvements included in the code, and has presented
comparisons of CORCON-Mod3 predictions to the results of the SURC-4, SURC-1, and
ACE L8 experiments. Based on these comparisons we conclude that the code accurately
models heat transfer from metallic melts. The comparisons for oxidic melts were not as
good, and may point toward the need for further model improvement. We will be
better able to judge the need for code improvement following additional comparisons to
the results of experiments with oxidic melts. Such comparisons are planned as part of

the ongoing CORCON-Mod3 validation effort.

In general, the code was found to predict radionuclide release within an order of

magnitude of the measured values. This was not true, however, of molybdenum and
ruthenium release, which were underpredicted by several orders of magnitude. This
discrepancy is attributed to neglect of volatile, and as yet unidentified, molybdenum

and ruthenium compounds. The releases of barium, strontium, cerium, and lanthanum
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were consistently overpredicted by the code. We attribute this to formation of stable
silicate and zirconate compounds in the melt. CORCON-Mod3 will implicitly treat
these compounds when the activity coefficient model for the oxide phase is fully

implemented.
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ABSTRACT

The current focus of MCCI experimentation is to determine if the release of fission products
during the interaction is low and the reasons for such results. To accomplish this independent
of sophisticated computer modelling requires detailed examination of data. A first principles
analysis of the ACE experiment L6 was performed to identify the uncertainties in the test data.
Such an analysis is only possible if one makes some assumptions about the chemical reaction
scenario occurring during the experiment. Based on the experimental evidence and our
associated analysis, the test data seems consistent with an uncertainty of less than 10%.

INTRODUCTION

Fission product release during a molten core concrete interaction (MCCI) is one of the more
important phenomena during the progression of a severe accident due to its radiological impact
if the containment is breached. Many experiments have been carried out to understand this
process under dry cavity conditions (e.g., SURC, BETA [1,2]). A more recent series of
MCCI experiments has also been performed in the framework of the international Advanced
Containment Experiments (ACE) program to provide additional data on fission product releases
from the MCCIL. The current focus of these ACE tests and associated analysis [3] (Phase C) is
to determine if fission product releases are low and the possible reasons for this resuit.

Unfortunately computer models used for simulation of these tests do not follow precisely the
experimental conditions and cannot be applied directly without some assumptions. That is why
different benchmark exercises provide experience and information for model validation and
improvements. The ACE L6 test [4] was chosen as one of the benchmark tests for model
predictions and comparisons as well as to demonstrate consistency of the experimental data.
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The preliminary results of the blind post-test modelling calculations are detailed in Reference 5,
along with the MCCI computer model calculations.

The internal consistency of these experimental results is very important to understand the
MCCI behavior and to explain the differences between computer calculations and experimental
data. In this paper experimental data are considered with a first principles modelling approach
and an experimental energy balance is calculated.

TEST DESCRIPTION

The detailed test description is provided in the ACE L6 report [4-5] and we only mention those
features of the experimental facilities which may influence the experimental modelling for heat
input and heat losses.

EXPERIMENTAL FACILITY

The main geometrical data used for calculations are presented in Table 1. The heating of the
corium was provided by direct electric power input causing Ohmic resistance heating and was
initiated by a tungsten wire connected between two electrodes. The net electrical power was
determined to be the gross electric power input less the side heat loss to the cooling panels.
Power was maintained at approximately 70 kw throughout the test during ablation except
immediately prior to and during a range change in the power supply. Thermocouples were
installed on the concrete basemat and also extended through the walls to measure the pool
temperature history. In order to measure the upward heat loss the upper lid was cooled behind
refractory insulation and a tungsten heat shield layer. In addition thermocouples were installed
on either side of this upper lid to estimate the heat loss and provide an upper temperature
boundary condition for MCCI code calculations.

The decomposition gas generated by downward heat loss and concrete oblation passes through
the melt pool and then is carried by an argon cover gas into the aerosol collection system. The
cold argon gas serves two purposes; first to quench the decomposition gas as it exits the melt
pool and second to carry any aerosols away into the collection system. After the conduct of the
test it was found that some of the decomposition gases leaked downward through the concrete
(and installed thermocouples) and evidently did not pass through the melt pool. This gas flow
and composition is then measured downstream.
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Table 1. GEOMETRY CHARACTERISTICS OF L6 TEST .

IEST

Dimensions (cm)

Area (cm**2)

Volume of basemat (cm**3)

Mass of Basemat Concrete (kg)

Mass of insert (kg) including
Metal inserts (kg)
Concrete (kg)

Thickness of insert (cm)

The nominal ACE geometry for these tests included the metal-concrete inserts above the
basemat concrete. This insert allowed for inclusion of metals and metallic fission product
simulants, as the corium pool eroded the metal-concrete insert and before the concrete basemat
ablation began. Once the molten corium pool was formed by resistance heating, it grows in
size to the sidewalls and downward to the metal-concrete insert basemat; a quasi-steady
condition is reached. The test is considered to begin when thermocouples register near ablation
temperatures at the initial concrete surface for the insert. Table 2 and 3 presents the

composition of the concrete and the metal-concrete inserts.

L6
50.2%49.2

2470
75330
173.3
56.4
34.0
22.4
7.0

Table 2. COMPOSITIONS OF SILICEOUS CONCRETE

Si02
CAO
A1203
K20
Fe203
TiO2
MgO
Na20
CO2
H20
free
bound

0.69
0.135
0.04
0.014
0.01
0.08
0.07
0.07
0.042
0.037
0.017
0.02
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Table 3. COMPOSITIONS OF METAL/CONCRETE INSERTS

Zr 21.1
Zry 1.8
Type 304 SS 9.1
'FP simulants 1.8
Concrete 22.4
ANALYSIS OF TESTL6
ENERGY BALA

One of the most important features of this experimental facility in comparison to past work is
the possibility to measure the overall heat gains and losses from the molten corium. The
experimental data provides information about power input, side and upward losses, as well as
downward erosion depth. But some energy processes cannot be measured directly; e.g., the
heat produced due to chemical reactions and downward energy losses, which are calculated
from other experimental data. The chemical power data reported [4] is derived from
measurements of the hydrogen gas produced and assumes metallic zirconium being oxidized by
the water vapor and carbon dioxide to produce this measured hydrogen. The downward power
data reported [4] is derived from the difference of the input power and the sideward and
upward losses, which assumes that the temperature of the melt remains unchanged.

It seems due to these reasons that it is necessary to check the consistency of the experimental
data to understand any discrepancies that may be identified in the code comparison results [5].

The overall energy balance is calculated to understand the main features of experiments.
Energy balance calculations are based on the following assumptions:

(a) There is no uncertainty about total power input and sideward losses as well as upward
heat losses and the erosion data. Experimental data were integrated over time and then
time-averaged to obtain average power values.

(b) All other information should be calculated from these data. All parameters necessary
for estimations were calculated using the CORCON models for the thermophysical
properties [6,7].

(c) Two phases of the interaction are considered separately; i.e., first metal insert ablation
then secondly, the concrete ablation phase.

(d) The uncertainties in downward losses and chemistry are accommodated by:

- Downward heat losses were calculated from the erosion depth;

- Chemical heat input was calculated using content of gaseous components
in inserts and basemat concrete. Some oxidation scenario must be
assumed to complete the analysis, and this is discussed below.
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First phase: Metal Inserts Ablation. A general energy balance of the first phase is summarized
in Table 4 and graphically illustrated in Figures 1-4. During the first phase of the interaction

the erosion depth was 7 cm and the total mass of decomposed material is known (Table 3).
Figure 1 indicates the experimental erosion history and the predictions from the CORCON
computer model analysis. The metal insert was ablated after seven cm of erosion and this is
estimated to have occurred after about 40 minutes based on thermocouple data [4]. At the
same time the melt pool (Figure 2) decreased in temperature only 50K to 2450K. Figure 3
indicates what the average power downward into the concrete would have to be consistent with
this erosion (27-30kW). This average downward power is usually lower than that calculated
by the power differences from the measure input and side losses by about 10-25%; although it
falls below the average at power range changes. The experimental information presented [4]
indicates that the average power input was about 70kW (accounting for side losses) and the
upward energy losses (Figure 4) were nearly 25-27kW. Integration of upward losses gives
total losses almost 70 MJ during the first phase. Erosion data suggests an energy loss into the
concrete of 61 MJ compared to the inferred value of 69 MJ from input/side power differences.
The energy needed for heating up of inserts decomposition products to the pool temperature
gives a value of about 37 MJ. In addition the energy change due to cooling of the melt by 50K
is about 7TMJ. Assuming the measured chemical power is appropriate (10 MJ for this phase),
the energy balance indicates a surplus of about 25 MJ; this corresponds to a power error of 10
kW or 15% of the net power input. Considering a different chemical power scenario the result
can be quite different.

Second phase: Concrete Ablation. During the second phase of interaction of molten corium
with basemat concrete the total erosion depth was 12.7 cm which accounts for about 40% of
the concrete inventory. Taking into account changes in the interaction area (90% of the total
geometric area) the estimated concrete erosion is less than 65 kg; consider the value to be 65
kg. All other estimates are arrived at similar to the first phase. The erosion rate increases
(Figure 1) in the concrete basemat material from 10 cm/hr to a rate as large as 25 cm/hr as the
melt pool temperature decreased 300K to 2150K (Figure 2). If the erosion rate is again used to
calculate the average power downward one finds it is larger than that derived from simply
power differences by 10-50% (Figure 3). This is consistent with the observation that the melt
pool temperature decreased with an energy loss
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Table 4. ENERGY BALANCE FOR FIRST PHASE OF INTERACTION

Power input
Erosion power
Upward losses
Chemical power

Energy change due to melt
temperature change

Experiment

Integral Power
kW)

181 70
-69 -27
-68 -28
10 4
Calculated

Energy for heating of inserts Calculated
and gas from 1500 to 2500 K

Balance

Mass of melt (kg)
Temperature change (K)
Time of interaction (sec)

24 8

262
50
<2500

Average melt heat capacity (J/kg°K) 530

Metal inserts decomposition enthalpy (MJ/kg of concrete)

Mass of eroded concrete (Kg)

Estimation
Integral Power
MJ) (kW)
Experimental
-61 -24
Experimental
-19 -8
7 3
-39 -14
1 1

2.74

22.4

Table 5. ENERGY BALANCE FOR SECOND PHASE OF INTERACTION

Power input
Erosion power
Upward losses
Chemical power

Energy change due to melt
temperature change

Energy for heating of concrete

and gas from 1500 to 2160 K

Bélance

Mass of melt (kg)
Temperature change (K)
Time of interaction (sec)

Average melt heat capacity (J/kg°K)

Experiment
Integral Power
172 70
-92 -37
-69 -28
18 7.3

Calculated

Calculated
40 16

315
290
2460
640
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Estimation
Integral Power
Experimental
-102 -41
Experimental
15 6
56 21
-52 -24

(-45 t0 -62)
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Concrete decomposition enthalpy (MJ/kg of concrete) 1.85
Mass of eroded concrete (Kg) 55-65

of over 50 MJ. Table 5 summarizes the experimental and calculated values. During this phase
of the interaction the energy deficit is approximately the same as in the first phase or about 23 -

25% of net power input.

In these calculations we have not considered the change in the amount of solids in the melt pool
due to solidification or melting. During the first phase this would be reasonable since the pool
temperature was large and relatively steady, and the pool compositional dilution would have
been small. However, during the second phase this assumption may not be valid because the
pool temperature decreased markedly along with a dilution of the pool by concrete
decomposition products. If the pool cooled off substantially compared to its solidus
temperature then more solids would have been present and this would have the energy deficit.
. There is no way to directly estimate this effect, although one would consider the theoretical
change in the liquidus and solidus temperatures to compute the net heat loss or gain. The
calculation also considered energy loss by gas outflow; however, this is a small loss (5-10MJ)
and would counter the solids effect.

CHEMICAL REACTIONS

It was recognized even before the SURC-4 experiment that the reactions in the condensed
phase may play a very important role [2]. SURC-4 dramatically demonstrated that this
chemistry can influence the temperature behavior and energy distribution. Modelling of the L6
experiment also shows that this reaction can contribute to the overall energy balance. Soitis
interesting to consider this problem in more detail. The initial inventory of gases and possible
products which may define the reactions in the condensed phase for L6 experiment is presented
in Table 6.

Table 6. INITIAL INVENTORY OF REAGENTS (gmoles)

Concrete
Component  Corium Inserts Concrete Eroded
Zr 250
Si02 280 258 1990 600 - 800
H20 46 356 125 - 150

CO2 21 165 55-70
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From these estimates a total gas release for Hy and H>O of about 125-150 moles and 50-70
moles for CO and CO; is expected. The observed gas release is presented in Table 7 and in
Figures 5-and 6. This measured gas release was much less than expected. The reason for this
has been mentioned previously and is discussed in the L6 data report [4]; i.e., gas leakage out
the bottom of the basemat crucible and the hood. In a manner similar to the downward power
measurements we used the measured erosion data to compute the gas superficial velocity and
the cumulative Hp/HO and CO/CO3 history for this test, if all the gas exited through the melt
and was measurable. These calculated cumulative amounts would be in better agreement with
MCCI calculations (although qualitative inconsistencies for CO/CO> are not fully understood).
So for the first phase the Hp/H)0 release was 55 moles or a little larger than expected, while
the CO/CO2 release was about 12 moles or half of the ex‘pectcd value. The second phase
shows a much lower release than expected; i.e., 3-5 times less than actually observed (Table
8).

For our calculations we considered only zirconium and silicon chemistry because it seems to be
the most important reactions for this particular benchmark case. The possible list of condensed

phase chemical reactions are as follows:

Zr +2H20 = ZrO2 + 2H2 + 701 kJ/mole Zr 1)
Zr +2CO2 = ZrO2 + 2CO + 535 kJ/mole Zr 2)
Zr + SiO2 = ZrO2 + Si + 190 kJ/mole Zr (3)
Si +2H20 = Si02 +2H2 + 500 kJ/mole Si 4)
Si +2C02 = SiO2 + 2CO + 424 kJ/mole Si (5)
2Si02 + Zr = 2Si0(gas) + Z102 -410 kJ/mol Zr (6)

The chemical reactions with silica (3 and 6) represents the zirconium chemistry in the

condensed phase. These estimates are shown in Table 9.

Table 7. EXPERIMENTAL GAS RELEASES
Time
-43 min 0 41
Hy 148 moles  40.3 70.4
H,0 13.6 15.6 17.6
o 0 7.0 20.0
O, 3.7 4.7 9.6
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Table 8. COMPARISON OF OBSERVED AND EXPECTED GAS RELEASES

Phase 1 ' Phase 2
Observed Expected Observed Expected
(mole) (mole)
Hy +HyO 27 46 32 105-140
CO+COy 12 21 18 50-65

We consider the following scenario of oxidation (Tables 4 and 5). During Phase I the quantity
of reagents is enough to oxidize most of the Zr. So we propose that the oxidation of Zr was

due to the available masses of steam and carbon dioxide and the remaining Zr is oxidized by
SiO in some chemical reaction. The reason for this choice is the fact that the experimental

ratio of Hy/H»O is about 10-15 for both phases and CO/CO7 near 7, indicating almost

complete gas reduction. Now one must recognize that silicone and more probably silicone-
oxide gas can be vaporized during this time (CORCON predicts this early in the transient [7]).
During the first phase of the interaction we assume that the zirconium not reacting with the
decomposition gases can undergo the endothermic reaction of producing SiO gas. This is
consistent with the observed aerosols collected and with pre-test and post-test calculations [8].
Of the 220 moles of Zr remaining after the metal-gas oxidation we assumed about one-half is
consumed in this endothermic reaction. The remainder (~120 moles) is left to be oxidized by
gases and SiO» in the second phase. In this final phase we arbitrarily assumed a 50/50 split of
the zirconium oxidation between the gases and silicone dioxide. Because we do not know the
actual partition this can only be confirmed by more detailed MCCI calculations. Comparison to
CORCON.UW seems to bear out this simple assumption.

Table 9. ESTIMATED CHEMICAL HEAT RELEASE FOR PHASE I

Experiment Estimation
Component  Release Heat Release Heat
(mole) M) (mole) %))
H,O 25 9 46 16
COy 7 2 22 6
SiO(gas) >62% -25 200 -41

Total >94 -14 268 -19

Due to this oxidation scenario the estimated chemical heat is presented in Table 9.
Experimental oxidation was calculated taking into account the zirconium reactions with only

*Total Si detected in the aerosol system was 85.4 moles. This is considered a lower bound
because SiO, and SiC deposits were detected in the test enclosure. The fraction released
during the first phase is estimated from an elbow sample line (J. Fink, Private Communication,
December, 1991).
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gases. For our calculated values the heat release is actually endothermic and different than the
experimental values and the total inventory of SiO(gas) is about 200 moles. The total oxidation
during the second phase seems to be about 240 moles. So the initial metal inventory is
sufficient to burn throughout Phase 2. Table 10 presents the estimated heat releases during this
second phase.

Table 10. ESTIMATED CHEMICAL HEAT FOR PHASE 2

Experiment Estimation
Release Heat Release Heat
(mole) M) (mole) M)
Hy 32 11 100 35
60) 15 4 20 5
SiO(gas) >24 -10 " 120 -25
Total >71 5 240 15

Let us now return to the Tables 5 and 6 to consider the calculated energy balance with chemical
heat included from this scenario. The estimates for the first phase give a positive deficit of 3
MJ and the second phase a positive value of about 27 MJ. So the combined energy balance for
both phases seems to be quite good; i.e., within 10%. Changes in this possible scenario (for
instance the reasonable proposal that zirconium oxidation may take longer than the first phase)
can redistribute chemical heat between these two phases, but the combined results are valid.
Also any solidification of the melt pool as the temperature falls, particularly in second phase,
will cause an energy change that brings the total energy balance even into better agreement
(remember phase change was neglected).

Table 11 presents the summary of the energy accounting. During the first phase the input
power provide about 85% of needed energy and 11% is due to chemical reactions. About 23%
of input energy provided the heating of decomposition products up to melt temperatures.
Remaining power is distributed between upward and downward losses in about equal
proportion. During the second phase the internal heat of melt provides about 6% of energy
needed, the role of electrical heating drops to 71%. The heating of concrete decomposition
products absorb about 21% of total energy. The relative role of upward and downward losses
changes a little due to an increase of the downward power. Finally Table 12 presents the
calculations of superficial gas velocity and heat transfer coefficients to concrete based on the
data.
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Table 11. OVERALL ENERGY BALANCE SUMMARY in MJ

Input power
Cooling of melt
Chemical heat

Total input
Downward losses
Upward losses

Heating up

Total losses

Phase 1

180 (85%)
7 (4%)

-19 (11%)

168
61 (36%)
68 (41%)
37 (23%)

165

Phase 2

172 (71%)
56 (23%)
15 (6%)

243

102 (47%)
69 (32%)
44 (21%)

215

Table 12. ESTIMATED AVERAGE HEAT TRANSFER COEFFICIENTS

Superficial gas velocity Heat transfer coefficient
cm/s W/m**2K
Exp. Calculated* Exp. Calculated*
Phase 1 0.6 2.5 200
Phase 2 1-2 4-10 150-500

*Based on concrete erosion depths.

CONCLUSIONS

The experimental heat balance is quite good taking into account the chemical reaction in the
condensed phase for the first and second stages of the experiment. The expected gas release
rate for the second stage of the experiment is quite low compared to measurements. This
difference by at most a factor of three would have a large effect on the computed heat transfer
coefficients for the ablation of concrete in more detailed MCCI computer analyses. This should
be considered in any further analyses for ACE tests.
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Figure 2: ACE-L6 LCS-Concrete
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Figure 3: ACE-L6 LCS-Concrete
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