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Summary

The reactor safety R&D work of Forschungszentrum Karlsruhe (FZK) had been part of
the Nuclear Safety Research Project (PSF) since 1990. In 2000, a new organisational
structure was introduced and the Nuclear Safety Research Project was transferred into
the Nuclear Safety Research Programme (NUKLEAR). In addition to the three tradi-
tional main topics — Light Water Reactor safety, Innovative systems, Studies related to
the transmutation of actinides —, the new Programme NUKLEAR also covers Safety
research related to final waste storage and Immobilisation of HAW. These new topics,

however, will only be dealt with in the next annual report.

Some tasks related to the traditional topics have been concluded and do no longer

appear in the annual report; other tasks are new and are described for the first time.

Numerous institutes of the research centre contribute to the work programme, as well
as several external partners. The tasks are coordinated in agreement with internal and

external working groups.

The contributions to this report, which are either written in German or in English,

correspond to the status of early/mid 2001.




Zusammenfassung

Seit 1990 sind die F+E-Arbeiten des Forschungszentrums Karlsruhe (FZK) zur Reaktor-
sicherheit im Projekt Nukleare Sicherheitsforschung (PSF) zusammengefasst. Im Jahr
2000 wurde infolge der Einflhrung einer neuen programmatischen Struktur im FZK das
Projekt Nukleare Sicherheitsforschung in das Programm Nukleare Sicherheitsforschung
(NUKLEAR) Uberflihrt. Neben den bisherigen Arbeitsschwerpunkten Leichtwasser-
reaktorsicherheit, Innovative Systeme und Studien zur Aktinidenumwandlung beinhaltet
das Programm Nukleare Sicherheitsforschung nunmehr auch die Sicherheitsforschung
zur Endlagerung und die Immobilisierung von hochradioaktivem Abfall. Diese beiden
neuen Arbeitsschwerpunkte werden aber erst im kommendem Jahr im Jahresbericht

berlcksichtigt werden.

Die konkreten Forschungsthemen und -vorhaben werden laufend mit internen und
externen Fachgremien abgestimmt. Die Arbeiten zu einigen Vorhaben der bisherigen
Schwerpunkte konnten abgeschlossen werden und erscheinen daher nicht mehr im
votrliegenden Jahresbericht 2000. Andere Vorhaben kamen neu hinzu; (iber diese wird

im vorliegenden Bericht zum ersten Mal berichtet.

!
An den beschriebenen Arbeiten sind die folgenden Institute und Abteilungen des FZK

beteiligt:

Institut flr Hochleistungsimpuls- und Mikrowellentechnik IHM
Institut far Instrumentelle Analytik IFIA
Institut fir Kern- und Energietechnik IKET
Institut fUr Materialforschung IMF 1, 11, 1
Institut fr Nukleare Entsorgungstechnik INE
Institut flr Reaktorsicherheit IRS
Institut flir Technische Chemie ITC

Hauptabteilung Informations- und Kommunikationstechnik  HIK
Hauptabteilung Versuchstechnik HVT

sowie vom FZK beauftragte externe Institutionen.

Die einzelnen Beitrage stellen den Stand der Arbeiten im Friihjahr/Sommer 2001 und

sind entsprechend dem F+E-Programm 2000 nummeriert.
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32.21 LEICHTWASSERREAKTORSICHERHEIT

32.21.01 Wasserstoffverhalten und GegenmaBnahmen

l. Model Development and Validation of GASFLOW I
(P. Royl, J.R. Travis, G. Necker, IKET)

Abstract

The 3D CFD code GASFLOW is developed at FZK as an integral analysis
tool for the calculation of steam/hydrogen distribution with simulation of
mitigation in nuclear reactor containments. Improvements in modeling and
validation of GASFLOW during this year include a new model for the
simulation of turbulent heat transfer, implementation of a new model for the
simulation of hydrogen recombination on catalytic foils, modeling of
composite structures with a thin layer of an insulating liner on top of a heavy
concrete stucture. GASFLOW was also used for the analysis of selected
experiments from the FZK tests PASCO to validate the combined modeling of
radiative and convective heat transfer and compare the results with those
from the CFD code FLUTAN which had succesfully analyzed these tests
before. A new composite structure of a plastic liner and concrete has been
modeled in GASFLOW and a 3D visualization option for the structure
temperatures has been implemented. The existing sump model in GASFLOW
has undergone major revisions and was used in test calculations for the small

break loca in the Konvoi plant Neckarwestheim 2.

1. Turbulent Heat Transfer

A consistent turbulent heat transfer model has been implemented into
GASFLOW I [1]. It is well known that a developing turbulent boundary layer
begins with region of laminar flow, then proceeding to a fully turbulent
boundary layer flow through a so called transition region. Observations of
certain flow structures within a fully developed turbulent boundary layer flow
show an immediate region next to the wall as the “laminar” or “viscous” sub-
layer and the far field zone away from the wall as the “turbulent zone” or

“Turbulent Core”. These regions are joined by what many researchers call the




“Buffer Zone”. New wall functions were implemented into GASFLOW, that
fully evaluate the stress tensor for a no slip boundary condition and determine
the turbulent heat and momentum exchange for a coupled three zone model
with a laminar sub layer, a buffer zone and a turbulent zone. The model
interfaces the turbulent kinetic energy and dissipation in the boundary layer
with the turbulence parameters from the standard k-e model implemented into
GASFLOW. The wall functions for no slip boundary conditions are derived for
heat transfer to smooth walls and to walls with a defined surface roughness.
The simulation of heat transfer for a no slip boundary condition still needs to
be generalized to also include the simulation of mass transfer. This holds for
the steam condensation which is still simulated on basis of the Reynolds
analogy and does not yet account for the momentum loss for a no slip

boundary condition.

2. Catalytic Foil Model

A new model for simulating catalytic foils has been implemented into
GASFLOW. It models specially marked structure surfaces to recombine
hydrogen and oxygen from the fluid node adjacent to this structure. It
removes the mass and enery of oxygen and hydrogen from the fluid node,
adds their heat of recombination to the heat conduction node on the surface
of the structure and returns 1 mole of steam per removed 1.5 moles of
hydrogen and oxygen with the steam energy of the foil surface temperature. If
not enough oxygen is available, the oxygen concentration controls the
reaction rate. One dimensional heat conduction into the structure and
radiative and convective cooling of the structure surface determine the
structure surface temperature. A fluid node can be bounded in the limit by up
to 6 different catalytically coated structure surfaces. The structure underneath
the catalytic foil is considered as composite material with thermal
conductivities and heat capacities that can differ in each heat conduction
node. The catalytic foil model was succesfully applied to interprete the foil

recombiner test HDR E11.8.1. The results are documented in [1].

Three dimensional scoping calculations with the foil model were performed
with the GASFLOW code for a hypothetical large break loca (surge line loca)

in a Konvoi type containment with a rapid steam/hydrogen release. The idea




behind is the development of a catalytic coating of all structures. The
recombination rates on such coated structures were compared to a previous
analysis for the same scenario in this containment in which hydrogen
mitigation was simulated with 62 catalytic Siemens recombiner boxes [3]. The
scoping calculation assumed a homogeneous catalytic coating of all
containment structures inside of the steel sphere including the inside of the
spherical steel shell itself. The total catalytically active area for this simulation
was 39,000 m?. The hydrogen recombined according to its local concentration
near the structures and the applied correlation for the recombination rate was
the same as for the foils applied in the HDR test E11.8.1 [4]. The global
catalytic coating lead to a much faster reduction of the hydrogen inventory
compared to the simulation with the Siemens boxes. The available large
catalytic area limited the maximum hydrogen inventory to 220 kg compared to
400 kg with the Siemens boxes out of a total hydrogen release of 550 kg
(fig. 1). Note that the catalytic coating of the structures is particularly helpful in
limiting the further hydrogen accumulation resulting from the second release
peak around 6000 s. The peak recombination rates from all foil surfaces were
0.2 kg/s compared to peak hydrogen release rates of 2.8 kg/s for this
scenario. They were five times higher than with the Siemens boxes. This
demonstrates that such catalytic coating could indeed have a significant
mitigation potential. The temperature on the inside of the recombining
spherical steel shell peaks around 410 K. It is limited by the convective and
radiative heat transfer from the inside and outside of the steel shell to the air
gap and the outer concrete shell. The highest steel shell temperatures occur
around the apex as consequence of a temporary accumulation of a stratified
steam/hydrogen/air cloud in the dome (fig. 2). The maximum heat fiux into the
containment steel shell is 0.25 kW/cm? and occurs in the region where the
hydrogen jet from the source is impinging at the time of this snap shot. The
maximum concrete temperature in the inner component rooms around the
source doesn’t exceed 650 K and stays below the limit of self ignition due to
the radiative and convective cooling of the structure and the large heat
capacity of the concrete. Further analysis with the foil model is foreseen in
cooperation with Jilich where such new structure coatings are developed and
tested in the frame of a joint project that is supported by the Helmholz
Gemeinschaft (HGF-Project).




3. Simulation of Pasco Tests

The PASCO (passive containment cooling) tests were performed at FZK 8
years ago. They simulate the passive cooling by radiation and air convection
in the annulus between the steel shell and the outer concrete shell of an
innovative PWR containment under hypothetical accident conditions. The well
instrumented tests study basic phenomena of combined convective and
radiative heat transfer. They study the heat transfer by convection and
radiation from an electrically heated plate -with a rather homogeneous
distribution of the surface temperature- to air flowing in a rectangular channel
and to the unheated walls on the sides and back of the rectangular channel.
The heated plate is 50 cm wide and has a height of 8 m. Two channel depths
of 50 and 100 cm were simulated (fig. 3). A natural convection air flow builds
up with cold air entering at the bottom and warm air leaving at the top with
stationary flow rates that depend on the applied heating power of the plate.
The tests measured the velocity and temperature fields in the gas and the
wall temperatures. Heating powers were adjusted to yield wall temperatures
of 100, 150, and 150 C applying powers of 3.3, 6.6, and 8.2 kW, respectively.
The test conditions for 4 seleced Pasco tests are summarized in the table in
fig. 3.

Detailed evaluations and interpretations of these tests with Flutan have been
made by Cheng et al [5]. They applied a k-epsilon turbulence model with
logarithmic wall functions for determining the wall shear stress and developed
an analytic model for the description of the radiative heat exchange between
the heated and unheated walls for the simple test geometry. Their simulations
were performed for a wide range of hot wall temperatures and give stationary
heating powers that agree well with the test data. All their calculations
demonstrated that the heat that radiates away from the heated plate

significantly exceeded the heat removal from the hot plate by convection.

We have analyzed the Pasco experiments listed in the above table to test the
combined simulation of convection and radiation in GASFLOW using the
GASFLOW model for radiation transport [6]. This model determines the

radiation tranport in a P1 approximation for the direction dependent radiation




intensity. It calculates the radiation heat flux without view factors for an
arbitrary arrangement of structures inside a 3D mesh with interconnected
computational cells. The simulation made use of the above discussed new
wall functions for turbulent heat transfer. The turbulent flow was simulated in
the rectangular channel with a no slip boundary condition and full evaluation
of the wall shear stress using the k-e turbulence model in GASFLOW. The
measured stationary mass flow rates for the analyzed tests from fig. 3 were
applied as input. The GASFLOW prediction for the overall heat removal from
the heated plate under stationary conditions (fig. 3) systematically exceeds
the measured power input from the experiment by 10-20 %. The predictions
from FLUTAN for the heating power are in better agreement with the test
data. The convective heat removal calculated in GASFLOW with the wall
functions for the no slip boundary condition agrees well with the predictions
from the FLUTAN analysis. The major difference is that GASFLOW
overpredicts the radiative heat removal from the hot plate. The P1
approximation for the radiation transport in GASFLOW has some limitations
when applied in an optically thin medium like air where the radiation
absorption is very small. The total emitted radiation power from the heated
plate systematically exceeds the impinging radiation heat flux on the
unheated walls in GASFLOW by about 50 %. The analytic solution for the
radiation heat fluxes in FLUTAN fully neglects absorption, so the emitted
radiation heat fluxes balance the impinging heat fluxes by definition. The
difference between the emitted radiation heat from the hot plate (Qrad in
fig.3) and the impinging radiation on the unheated plates (Qrad impinge) is
absorbed heat in the gas. As shown in fig. 4 the calculated gas temperatures
at the upper exit of the test channel exceeds the measured data points
(crosses) due to the overprediction of radiation absorption in the P1
approximation for the radiation transport. The difference in temperatures
becomes smaller near the unheated wall (y=0). The convective heating of air
from the unheated wall balances the impinging radiation heat flux under
stationary conditions. Because the impinging radiation heat flux is attenuated
too much by absorption there is too little convective heat transfer from the
unheated walls and the temperature points from GASFLOW and from the test
data near this wall move closer together. The velocity profile in fig. 4 shows a

pronounced increase from the local buoyancy due to the convective heating




from the unheated and heated plates on both sides. This buoyancy induced
velocity peak is less pronounced in GASFLOW on the unheated side
compared with the test data (circles in fig. 4). The full velocity profile at the
exit of the test channel (fig. 5) shows a pronounced buoyancy effect near the
heated and unheated walls. The colors which represent the gas temperatures
all show local peaks near the corners due to convective heating of the fluid
from two sides. Also shown in fig. 5 are the temperatures of the unheated
walls which increase along the channel due to the accumulated energy in the
air and which show the lateral heat transport along the length of the test
channel. The calculated profiles from GASFLOW agree quite well with those
calculated in FLUTAN.

There are some limitations in describing the radiation transport in an optically
thin medium with the implemented P1 approximation in GASFLOW. But in an
optically thicker steam enriched atmosphere, which is representative of a
reactor containment during severe accident conditions this model for radiation
transport should be better applicable to describe the interaction of radiation
and absorption and the resulting radiation heat fluxes on the structures. This
is of particular importance for the simulation of hydrogen combustion loads in
an atmosphere with a lot of steam which cannot be well simulated with a view

factor model.

4. Simulation of composite heat conduction structures and
visualization of thermal combustion loads on structures
The mapping of the heat conducting structure surfaces in the 3D GASFLOW
mesh has been generalized. The code now defines the coordinates (x,y,z) of
the four corners for each structure surface (wall front and back side and
slabs) and creates facettes as areas in space so-called “Quads”, which can
be given a certain color according to their temperature or another
characterizing result like heat flux or film thickness. The facettes can also be
applied to display an envelope of the geometry model like a wrapping paper
that is put around the 3D fluid meshes. They can be defined for selected
material numbers (concrete, steel, and or composite materials like a liner).

This allows to selectively visualize certain structures (p.e. the inner




containment surface, but also structure components like pumps and steam
generators and their surface temperatures). Output is prepared for the 3D
visualization programs GMV [7] and Kismet [8]. Kismet now displays different
gas clouds together with selected surrounding structures that are colored
according to their temperatures. This allows the visualization of thermal
combustion loads on containment structures together with the hot cloud of

burnt gases.

The displayed surface temperatures in figure 6 of the inner concrete shell,
the surface temperatures of the steam generators and pumps inside a PWR
containment with four loops during a continuous deflagration of hydrogen give
an example of this new possibility for the visualization of structure
temperatures. The red ring shows a composite concrete structure of 30 cm
thickness at the upper end of the cylindrical part of the concrete containment
that is covered with a 0.8 cm thick insulating plastic liner. The standing flame
from hydrogen combustion leads to the hot gases displayed in the transparent
yellow cloud with T>800K. It causes higher local thermal loads by radiation
and convection indicated by the red color at the upper end of the steam
generator above the source. Its impingement on the containment dome also
leads to the locally higher surface temperatures indicated in the left part of the
picture. The composite structure with the insulating liner that is exposed to the
same gas temperatures as the pure concrete structure above and below is
heated to significantly higher surface temperatures. During the analyzed 400
sec of continuous hydrogen deflagration with a standing flame the heat
cannot propagate more than 2.5 cm into the concrete. 1D heat conduction
into concrete of 30 cm thickness was simulated with 20 nodes that increase in
size from a thickness of 0.1 cm at the surface to 6 cm at the outer boundary
of the concrete. The profiles in fig. 6 only show the inner 4 cm region of the 30
cm thick concrete structure and compare the surface temperatures of the
pure concrete (pos. B) with those of the adjacent concrete insulated with the
liner on top (pos. A). Note that the insulated concrete underneath the liner
doesn’t show any temperature increase during this analysis. The calculation is
a succesful test of the GASFLOW option to simulate composite structures
which hasn’t been applied before. It helped to define the liner model that was
later applied in EPR calculations performed by Siemens.




5. A new sump model for GASFLOW Ii

The simulation of sumps in GASFLOW was limited so far to have sumps on
walls only where the sump temperature could be prescribed by table input. As
a first approach to a new sump model this restriction was removed and
sumps were allowed to be positionned on thick structure surfaces (slabs) with
a tabular input of the sump surface temperature. We have extended
GASFLOW then to parametrically define a sump during an ongoing transient
containment analysis without the need to restart from scratch. We have used
this new option to analyze the impact of steam vaporization from a sump on
the bottom of the containment of Neckarwestheim in the late phase of a small
break loca simulation between 27,000 and 30,000 sec. During this time the
documented GASFLOW simulation [9] without the sump model had predicted
hydrogen/air sedimentations from condensing steam on concrete walls
leading to the accumulation of hydrogen/air clouds near the bottom of the
containment (see red cloud in the right part of fig. 7). The design of the
Konvoi plant actually foresees that the water deposited on the containment
structures is collected through drainage pipes and accumulates in one large
sump at the bottom. According to RALOC analysis from GRS the sump water
which contains also many heat sources from washed out fission products is
continuously boiling in the late phase of the accident. Our analysis with the
new sump model on the bottom of the containment (left side of fig. 7) shows
indeed that a boiling sump can largely prevent such hydrogen accumulations
in particular on the source side where the sedimentation is weaker due to the
more preheated structures. Therefore there is a need for including the sump
modeling also in future conatinment analysis in particular in the late phase of

hydrogen sedimentation.

Meanwhile the sump model in GASFLOW has been refined further [10] and
now allows for a deterministic determination of the sump mass and energy
from four sources: the droplet depletion or rainout of the liquid component
from the fluid field, liquid films draining from slabs and walls directly into the
sump, phase change (condensation and/or evaporation at the sump surface,
and sump to sump mass and energy exchange. The sump is treated in a

“Lumped parameter sense”. The parametric definition of the sump surface




conditions is no longer necessary. The new model has just been implemented
into GASFLOW in a first version and is how undergoing further testing.
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Fig.1: Surge Line LOCA in Neckarwestheim 2 with mitigation. Hydogen inventory
and recombination rates from scoping calculations with catalytic foils on slabs
and walls vs. recombination by 62 Siemens recombiner boxes
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Fig.2 : Surge line LOCA in GKN, scoping calculations with catalytic foil coating of all
internal containment structures (39,000 m2). Distribution of temperatures and
recombination heat fluxes on inner steel shell at 6000 s.
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Fig. 5: Wall temperature and velocity/gas temperature profile from GASFLOW at the
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heated wall temp. 423K)

13




Cells
inn_tem
780

Liner Ring

675

650

625

600

375

525

500
Ts<=380K @
Blue RPV

475

450

Fig. 6: 3D Visualization of structure temperatures. GASFLOW test calculations with
a ring of an insulating liner at the upper end of the cylinder of a concrete
model conctainment (liner thickness 0.8 cm, with A = 1.5 e-3 /cm K, concrete
thickness 30cm with A =3.e-2 W/cm K)

14




sump after 27000 s no sump
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Il Combustion Tests at FZK 12m Tube
(A. Veser, G. Stern, J. Grune, W. Breitung, IKET)

Abstract

At the Research Center Karlsruhe, an experimental program has been started in the
12 m Hydrogen Combustion Test Tube Facility (Figure 1) to investigate the com-

bustion behavior of Hx-CO-air mixtures under different conditions.

1. Regimes of premixed combustion

Different regimes are realizable in premixed combustion. They are not only influ-
enced by the mixture composition (e.g. Ho, CO and steam concentration in air) but
also by details of the geometrical structure, e.g. obstacles, free volumes. There is a
complicated interplay between hydrodynamics flow and chemistry.

Figure 2 shows Schlieren pictures of different combustion modes in homogeneous
Hz-air mixtures. Dark areas indicate high density gradients. Figure 2a depicts a
laminar flame in which unburned and burned gas are separated by a smooth, very
thin flame front. The flame surface travels with a constant velocity up to the top. The
continuity of the combustion is maintained by diffusion of heat and radicals. Figure
2b shows a typical fast turbulent flame. Instead of a smooth flame surface, pockets
of unburned and burned gas are surrounded by the respective other medium. The
heat and mass transport are governed by turbulence, not by molecular diffusion. The
turbulent combustion velocity Sy may often be described by the laminar combustion
velocity S| and the turbulent fluctuation velocity u’ according to:

SyYSi=1+U'/S (/S| < 40)

u’ is a measure for the mean turbulent kinetic energy per mass. At very high turbu-
lence levels, quenching causes a decrease of the turbulent combustion velocity. An
even faster combustion form, a so-called quasi-detonation, can be seen in Figure 2c.
The movement of the flame-front is extremely fast so that the associated shock wave
causes a temperature rise in the unburned gas in front of the flame beyond its
ignition temperature within microseconds. The pressure waves were created by the
rapid expansion of the burned and compressed gas during the combustion. The

complex of fast flame and pressure waves reaches in lean He-air mixtures velocities
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of about 1300 m/s (15 % H,). In stoichiometric Hap-air mixtures well developed stable

detonations with coupled flame- and shock- structures reach about 2000 m/s.

2. FZK experiments

FZK experiments performed so far concentrated on the turbulent combustion in fully
confined, partially obstructed geometry. To this end the tube was equipped with an
array of obstacles of a blockage ratio (BR) 45 % and a distance of 0.5 m. Mixture
composition and initial pressure are the parameters the test series.

By varying the hydrogen concentration in the mixture with air the three combustion
regimes described above can indeed be observed in the experiments. The results of
these experiments are displayed in a velocity-distance diagram (Figure 3). Lean H>
concentrations (9-10 % H. in air) lead to a subsonic flame (v<200 m/s) with almost
no flame acceleration. This regime can be regarded as an intermediate state of the
situations displayed in Figure 2a and b. An increase of the Hp-concentration (12 % Ho
in air) entails, after an initial acceleration phase a fast turbulent combustion, com-
parable to the one depicted in Figure 2b. The maximum flame speed is close to the
sound velocity in the burned gas (shoked flow). By further increasing the Hz-con-
centration (15 % H% in air), again after an acceleration phase, the flame speed
reaches the level of a quasi-detonation (comparable to Figure 2c). Mixtures with
even higher H, concentrations (>20% H in air) develop into a stable detonation with

a velocity close to the theoretical Chapman-Jouquet speed.

Starting from these previously obtained results for Hp-air mixtures, experiments were
performed in the FZK-tube in order to quantify the influence of CO-concentration on
the combustion process of Hp-CO-air mixtures. In Table | the initial conditions of these
experiments are listed. So far H»-CO-air mixture experiments have been performed
with 11 % and 18 % fuel gas concentration, the results are presented in the v-x dia-
grams below (Figure 4 and 5). Replacing half of the H, by CO (5.5 % Hs + 5.5 % CO =
11 % fuel gas) results in a subsonic flame (< 200 m/s), without no acceleration, in

contrast to the combustion of pure hydrogen in air, which reaches after an accelera-

tion phase the regime of a choked flame (500-700 m/s flame speed )
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Table [; Initial conditions of experiments with H-CO-air mixtures

Ha [%] CO [%] po [bar] BR [%]
Experiment Air [%]
R0799_10 11 - 89 1 45
R0799_11 5,5 5,5 89 1 45
R0999_35 5,5 5,5 89 0,5 45
R0999_34 5,5 5,5 89 2 45
R0999_00 18 - 82 1 45
R0999_01 9 9 82 1 45
R0999_37 9 9 82 0,5 45
R0999_36 9 9 82 2 45

Some influence of the initial pressure can also be observed. An increase of the initial
pressure (0.5, 1.0, 2.0 bar) leads to a decrease of the flame speed and finally results
in an unstable flame propagation due to local flame quenching near the end of the
tube. Analogous experiments with 18% fuel gas concentration reveal a different
picture in the v-x diagram (Figure 5). The combustion of pure H, causes a rapid
flame acceleration up to the quasi-detonation regime, while more moderate and
longer lasting acceleration up to detonation speed is the outcome of the experiments
with 9 % Hy and 9 % CO. The influence of a initial pressure rise (0.5, 1.0, 2.0 bar) is
noticeable only at beginning of the experiment through a faster acceleration of the

flame front with increasing pressure.

3. Conclusions

The results obtained so far clearly demonstrate a damping effect of CO on the
turbulent combustion speed of H,-CO-air mixtures when compared to turbulent com-
bustion in pure Ho-air mixtures. This effect, is probably caused by the relatively long
induction and reaction time of the complicated oxidation mechanism of CO. This
process requires as an initiating component OH-radicals, which have to be provided

in a sufficient amount by the H, oxidation. The resulting time delay between hydro-
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gen and CO oxidation could be detected in the Hx-CO-air experiments with the
installed photodiodes, which showed two spatially separated flame zones moving

along the tube.
With respect to safety analysis, the mitigation effect of CO additions on the observed

flame speed and the resulting pressure loads should be taken into account. Treating

CO simply as H; in the analysis would lead to overconservative load estimates.
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Figure 1: FZK 12m —tube

Figure 2: Schlieren pictures of a laminar deflagration (a), turbulent deflagration (b)
and quasi- detonation (c) (F.-J. Wetzel, DLR, 1993)
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H, Numerical Simulation of Combustion with COM3D and BOB
(U. Bielert, A. Kotchourko, A. Veser, W. Breitung, IKET)

Abstract

During the last year various numerical simulations were performed as part of
the HYCOM project. The fast turbulent combustion code COM3D was used in
pre-test calculations of large scale experiments in the RUT facility. These
computations were performed on a very fine grid to provide the highest
possible accuracy. Additional calculations of experiments performed in the
DRIVER tube were done with the combustion code BOB. This code uses a
simplified combustion model, but is faster than COM3D. Parameter variations
were performed to study the behaviour of the combustion model in limiting

conditions.
1. Fast turbulent combustion simulation of RUT facility using COM3D

A test calculation of test case HYC02 was performed using COM3D. In this
test only the curved section and the canyon part of the RUT facility was used.
The straight channel was closed of for this test. The initital conditions for the
test were a uniform mixture of 10 % hydrogen in air. The ignition occured near

the end of the curved section.

The computational grid used in this calculation consists of 98 x 94 x 416 cells.
This results in a cell size of 0.0667m x 0.0667m x 0.0667m. The total grid
consists of about 3.8 million cells. With this grid it was possible to resolve not
only the main obstacles but also the supporting metal structures which hold
the obstacles and other equipment in place. The geometry used in the actual
calculation is shown in Figure 1. The resolution of the modell is sufficient to

include even such details as the fans on the ground and the grids at the walls.
For a simulation of this large size the use of a powerful computer was

necessary. A parallel version of COM3D has been developed and implement-

ed to make use of massive parallel machines. Using the parallel version the
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blind simulation was performed on a Cray T3E. Using 80 CPUs, a total of
approximately 8000 CPU hours were needed for the calculation. Some results

of this calculation are presented in the following figures.

Figure 2 shows a 3D view of the hydrogen concentration at a fixed point in
time during the combustion process, 0.111 seconds after ignition. The mixture
was ignited in this calculation near the curved end of the RUT facility. At the
instance shown, the flame has already moved through the channel and has
entered the canyon. In the upper part the flame continues to propagate
horizontally. Only later burns the flame downwards into the canyon and
consumes the remaining hydrogen there. This is due to the fact, that the flow
in the upper part of the canyon is essentially horizontal. Near the entrance
into the canyon it can be observed how the shape of the flame is modified by
the obstacles and the confinement. It can also be observed that the flame
produces a tongue shape as it moves through the hole in the first obstacle. In
the calculation the region between the unburned reactants shown in red color
and the completely burned products shown in blue is rather thick. The details
of this flame region depend on the combustion and turbulence models and

the numerical methods used.

Figure 3 shows the distribution of the turbulent kinetic energy [Pa] for the
same instance in time shown in figure 2. It can be observed that behind the
opening of the first obstacle in the cavity,where the flame just arrived, a high
level of turbulence has already been created. A similar region of high turbu-
lence is already building up behind the hole in the second obstacle which is
still well before the flame front. High levels of turbulence are also present at
the top of this obstacle where a kind of shear flow is created by the expansion
flow of burned gases. All these regions are in front of the flame. Thus the
turbulence levels will effect the further flame propagation and further enhance
combustion according to the used EBU model. In the burned gases high
turbulence levels are observed near the curved end of the channel. It seems
as if the turbulence decay between the obstacles in the curved section is

somehow delayed by the flow redirection.
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Pressure histories for the probe positions used in the experiments are shown
in Figures 4 and 5. All probes in figure 4 are located

in the upper region of the RUT facility. The probes PP05 and PRO05 are
located at the right side above the canyon. The probes PP11 and PR11 are
located at the left side near the end of the curved section. The other probes
are located in between with numbers increasing from right to left. Figure 5
shows similar data for the probe positions located in the lower part of the RUT
facility , the so called canyon. Again the numbers increase from right to left. At
all locations peak pressures between 3.5 bar and 4.5 bar are observed. The
differences between the calculated pressure histories at the positions of the
piezo resistive transducers and the piezoelectric transducers is very small.
However, the temporal response at different locations is quite different. At
position PPO5 the pressure history shows a pronounced maximum at about
0.15 sec. After that some low frequency oscillations are observed. At postion
PPO7 a relatively smooth pressure rise is observed. In the upper part of the
canyon the pressure remains at a relatively low level, then rises very quickly
to 3.5 bar overpressure and remains almost constant on that level. At location
PP11, also above the canyon, a peak pressure of 4.5 bar is reached. The
peak is rather wide and is followed by a low frequency oscillation. The same
peak pressure is also reached in position PP12. But here the peak is much

sharper.

The large variety of computed pressure histories clearly shows the
importance of temporal and spatially resolved calculations. The calculations
indicate that different parts of the test facilty see very different load
conditions. While some regions are subjected to high frequency loads and
short pressure peaks, other regions see a more static loading. These
differences are due to complex reflections and superpositioning of different

waves in the facility.

In order to determine the structural response of the walls and to maintain the
structural integrity of a containment the time history of the pressure loads

must be known locally.
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While the discussion of the simulation results gives a consistent picture of the
combustion process for this test case, only the comparison to the experi-
mental results will allow to evaluate the quality of the simulation in a

conclusive way.

2. Calculation of small scale tests using BOB

The computer code BOB was jointly developed by Kl and FZK to calculate
combustion processes in large complex structures in a fast way. It was used
for the RUT facility. These calculations are pan of the blind test calculations
discussed in the next paragraph. The same code was used by FZK for
simulations of small scale experiments. A major advantage of BOB over
COMBS3D is computation time. With BOB parameter studies are much cheaper
than with COM3D. However, the modeling approach of both codes is quite
different.

The computer code BOB combines a 3D hydrodynamics flow solver with a
simple empirical combustion model. In this combustion model the burning rate
is defined by a burping rate constant Kc which must be defined approriately.
This burning rate constant is related to the turbulent burning velocity ST and
the expansion ratio sigma. This allows to estimate values for Kc based on
models for ST and a calculation of sigma, which is a mixture property.

To gather experience with the BOB code a parameter variation of Kc is per-
formed for test 1 in configuration 1 of the driver tube (L=12m, D=0.174m). In
this test the tube is closed and a constant blockage ratio of 0.6 is used in the
whole tube. A mixture with a hydrogen concentration of 10 % is ignited at one
end. This experiment has been simulated with a wide range of Kc values. The
resulting velocity profiles along the tube are shown in Figure 6. In this figure
the flame velocity is plotted as function of distance from the ignition location
for the different Kc values. For all Ke values a constant final flame velocity is
observed. This final velocity increases with increasing Kc values. For higher
Kc values the final flame velocity value is reached earlier and closer to the
ignition point, thus indication a shorter acceleration phase of the combustion

process. The figure shows that using different values for Kc the whole range

28




of combustion regimes can be obtained. For very high values detonation
velocities can be achieved. Lower values of Kc result in fast flames and even
lower values allow to stay in the regime of slow turbulent flames.

In Figure 7 the final quasi-constant value for the flame velocity is plotted as
function of the burning rate constant Kc. With decreasing Kc the final flame
velocity decreases. Given the experimentally observed flame velocity, the
curve in figure 7 helps to estimate the appropriate value for the constant Kc in
the simulation, reproducing the experimental result.

Figures 8 and 9 show pressure histories for the different simulations at two
locations in the tube. Figure 8 gives data for a location 1.18m from the ignition
location. At this location only the fastest flames have reached the final value
of the flame velocity. The pressure histories clearly show the different
combustion regimes. For the two slowest simulations with Kc=500 and
Kc=1000 the pressure rises slowly and steadily. No distinguished pressure
waves are observed. For values of Kc=2000 and Kc=3000 the initial presure
rise rate increases and some small oscillations can be observed before
reaching the final pressure plateau. For higher values of Kc a very fast
pressure rise with a pressure peak much larger than the final equilibrium
pressure is observed. This clearly indicates the interaction of pressure waves.
It seems that the peak pressure increases further with increasing Kc value.
However, the simulation with the highest value for the burning constant
Ke=200000 is not in line with this observation. For this simulation only a
moderate initial pressure peak was observed. Figure 9 gives similar data for a
location 8.76m from the ignition location. At this location all simulations have
reached the final values of the flame velocity. The profiles for the faster simu-
lations are quite similar to the profiles in figure 8. The peak values are similar
and the oscillations following the first pressure peak are somewhat more
pronounced and decay a little faster. For the slower simulations (e.g.
Kc=1000) a wave interaction causing a small plateau in the pressure curve
can be observed. The final flame velocity for this case is about 400 m/s. Thus
we see some hydrodynamic effects in these curves also. For higher values of
Kc the computation was stopped before this effect could be observed.

If the pressure peaks were generated by interactions of reflected pressure

waves alone, the peaks for the different fast simulations should be different at
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the two locations. The time and location were these interactions take place
depend on the generation of the pressure waves and thus on the combustion
model and the burning constant Kc. At a fixed location we should see
different phases of the wave interaction for different simulations. These
patterns should change if we choose a different position for the observation.
Since we see the same pattern at both locations, this indicates that the
pressure peaks are caused locally by the energy release in the combustion
wave. Increasing Kc values release the energy faster and thus cause higher
peak values, which travel with the flame velocity through the tube. This would
then indicate that for the highest value of Kc=200000 some other limit has
been reached.

The purpose of this systematic parameter variation of Kc was to build some
expericence using the BOB code and to better understand the effects of such
parameter variations. The simulations performed so far indicate that the code
BOB is able to simulate to very different combustion regimes. However, it is
crucial that an appropriate value for the burning constant Kc is choosen.
Based on a large body of experimental data in widely different experimental
facilities correlations for the burning constant Kc have been developed at the
Kurchatow Institute. Using these correlations a value of K¢ can be calculated
based on the expansion ratio sigma and the turbulent burning velocity of the

mixture, and can be used to predict tubulent combustion.
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Figure 1:Geometry for blind test calculation HYCO2.
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Figure 2: Calculated hydrogen concentration during combustion process at
0.111 seconds after ignition for blind test calculation HYC02. Scale 0 - 10

vol% H2

32




Figure 3: Calculated turbulent kinetic energy during combustion process at

0.111 seconds after ignition for blind test calculation HYC02. Scale 0 - 25000
Pa
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Figure 4: Pressure histories for probes in the upper part of the RUT facility for
blind calculation of test HYC02 with COM3D code.
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Figure 5: Pressure histories for probes in the lower part of the RUT facility for
blind calculation of test HYC02 with COM3D code.
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Figure 6: Test calculation in Driver tube with 10 % H,, BR = 0.6, ignition at
end wall. Flame velocity as function of position for different values of the

burning constant Kc.
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Figure 7: Test calculation in Driver Tube with 10 % Hz, BR = 0.6, ignition at end

wall. Maximum flame velocity as function of burning constant Kc
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Figure 8: Test calculation in Driver tube with 10% H,, BR = 0.6, ignition at end
wall. Pressure histories at 1.18m behind the ignition location for different

values of the burning constant Kc.
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values of the burning constant Kc.
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V. Ein strukturdynamisches Modell zur Interpretation realer dynamischer Drucklasten

(B. Burgeth, A. Veser, IKET)

Abstract

Structural components of containments perceive dynamic pressure loads differently
according to their eigenfrequencies. The linear undamped oscillator has been employed
as a structural dynamic model to analyse these perceived pressures and hence to
estimate the damage potential of the original pressure loads. This investigation is based
on a detailed representation of local pressure loads, calculated with a 3d CFD code (BOB)

for the combustion of a homogeneous hydrogen-air mixture inside a reactor containment.

1. Einleitung

Ein wesentlicher Bestandteil nuklearer Sicherheitsanalysen ist es, die Auswirkung dyna-
mischer Drucklasten, die bei verschiedenen Szenarien der Wasserstoffverbrennung in
einem Containment auftreten kénnen, einzuschatzen. Diese Szenarien bestimmen sich
vor allem durch die Gemischzusammensetzung und die komplexe Containmentgeometrie.
Die auftretenden Verbrennungsformen reichen von der langsamen Uber die schnelle
Deflagration bis hin zur Detonation, zu deren Simulation eine Reihe von Codes zur Ver-
figung stehen [1]. Um die sehr komplexen Phianomene bei der turbulenten Verbrennung
zu simulieren, wurde de,r: BOB-Code herangezogen [2]. Die hierbei zum Einsatz kommen-
den Modelle liefern konservative Abschéatzungen der bei der Verbrennung entstehenden
Lasten. Die Containmentgeometrie wurde mit hohem Detailgenauigkeit dargestelit (Ax, Ay,
Az = 0.4m, 1.8 Millionen Rechenzellen). Abbildung 1 zeigt als Beispiel die Verbrennung

einer 8 % Hy-Luft Mischung, 0.17s nach der Zindung im Dom des Containments.

2. Strukturdynamische Bewertung von dynamischen Driicken mit dem
Einmassenschwinger-Modell

Mit dem BOB-Code wurden Rechnungen durchgefiihrt, die sich hinsichtlich Wasserstoff-

konzentration und Zindort unterscheiden [3]. In Abbildung 2 sind die zeitlichen Druck-

verlaufe an vordefinierten Stellen in dem Containment dargestellt, die sich aus der

Simulation der Verbrennung mit dem Code unter den angegebenen Bedingungen

ergeben.
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Die relativ niedrige Hx-Konzentration bedingt zwar eine langsame Deflagration (anfangs
ca. 50 m/s), fuhrt aber dennoch zu relativ hohen, lokalen Druckspitzen von bis zu etwa
8 bar. Verursacht werden diese mehrfachen Druckmaxima durch Fokussierungs- und
Reflektionseffekte an Wanden und inneren Strukturen. Der Fokussierungs- und Reflek-
tionscharakter der Druckkurven wird deutlich, wenn die Drlcke in dimensionsloser Form
tber der durch die Schaligeschwindigkeit im verbrannten Gas normierten Zeit aufgetragen
werden und die Druckamplitude auf den AICC-Druck der homogenen Gasmischung
bezogen wird. (Abbildung 3). Bedingi durch die komplexen Geometirien und Stréomungs-
verhaltnisse im Containment wird unverbranntes Gas vorkomprimiert und anschlieBend
verbrannt. In der Rechnung werden dadurch Driicke bis zum doppelten AICC-Druck

erreicht.

Die zeitliche Lage der Druckspitzen im Diagramm spiegelt die relative Entfernung
zwischen dem lokalen Druckaufnehmer und benachbarten baulichen Strukturen wieder.
Diese regelmaBigen Reflektionen kénnen bei bestimmien Bauteilen zu Resonanzeffekten
fOhren, die das Schadigungspotenzial der urspriinglichen Druckwellen stark vergréBern
kénnen.

Um die mechanische Auswirkungen dieser realen Druckverldufe auf die Gebaude-

strukturen besser beurteilen zu kénnen ist ein dynamischer Analyseschritt nétig.

Ausgehend von dem Modell eines linearen ungeddmpften Einmassenschwingers [4,5,6]
(Abbildung 4) wurden die durch die berechneten lokale Druckverldufe auf die Gebaude-

strukturen ausgeubten Krafte simuliert.

Dabei wurde angenommen, dass ebene Druckwellen senkrecht auf die Strukturflache
einfallen und dann elastisch reflektiert werden. Das Verhalten eines ungedampften Ein-
massenschwingers mit der Eigenfrequenz v wird beschrieben durch eine gewdhnliche

lineare Differentialgleichung zweiter Ordnung:

1
4r7?

1
F#U)HL, (t) = p(®)

p(t) steht flir den durch den BOB-Code bereitgesteliten aber um einen Offset po=1bar

bereinigter Druckverlauf. Er liegt nicht in Form einer Funktionsvorschrift, sondern als eine
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Menge diskreter Datenpunkte vor. Der Antwortdruck g, = q, (t) représentiert unter den
oben gemachten Annahmen die lokale dynamische Belastung einer Struktur mit der

Eigenfrequenz v. Aus strukturdynamischer Sicht ist besonders der maximale statische

Antwortdruck g, wichtig.

X

Von groBer Bedeutung bei der Berechnung von g, bzw. g, ist die detaillierte
Erfassung des Zwangsterms p(t) durch eine geeignete Approximation. Die anschlie3end
gewonnenen analytischen Lésungen von Gleichung (1) lassen sich mit dem Computer
Algebra System (CAS) Maple 6 [7] auswerten und darstellen [8]. Als ein Beispiel ist der in
Abbildung 2 hervorgehobene Zwangsterm p(t) mit der zur Eigenfrequenz v =10 Hz Korres-
pondierenden Lésung qqo dargestellt. Zusatzlich sind die theoretisch ermittelten Nieder-

(v — 0) und Hochfrequenz- (v — +) Limits eingetragen (Abbildung 5).

Die nachfolgenden Abbildungen 6 und 7 zeigen fur das gleiche Beispiel g, in Ab-
hangigkeit von Oszillatorfrequenz v. Zum Vergleich ist in den Graphiken auch ein
angepasster idealisierter in analytischer Form darstellbarer Druckverlauf und der dazu-

gehdrige maximale Antwortdruck dargestelit.

3. Ergebnisse und Ausblick

Der Vergleich von original berechneten diskreten Druckpunkten und idealisierten ana-
lytischen Druckverlaufe verdeutlicht die groBe Sensitivitdt des ungedampften Einmassen-
schwingermodells. Kleine Abweichungen in den Zwangstermen p(t) fihren zu groBen,
schwer vorhersagbaren Verdnderungen in den maximalen Antwortdriicken. Wie bereits
erwdhnt, ist daher die detailgetreue Abbildung des Zwangstermes, der in Form
numerischer Daten vorgegeben ist, notwendig. Aus dem gleichen Grund ist auch eine
Verfeinerung des Modells durch das zusatzliche Einflhren einer Dampfung empfehlens-
wert. Dies erscheint auch sinnvoll im Hinblick auf eine Anpassung des jetzt noch konser-

vativen Modells an reale Strukturverhalten [5,6].
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Abbildung 1: Berechnetes Druckfeld aus Simulation mit CFD-Code BOB bei Verbrennung
einer 8 % Hq-Luft Mischung in einem komplexen 3d Containmentmodell. Zindung im

Nordpol des Doms, Zeitpunkt 0.17s nach der Ziindung, maximaler Druck 2.42 bar.
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Abbildung 2: Berechnete lokale Druckverlaufe bei Verbrennung einer 8% H,-Luft Mischung in einem komplexen

3d-Containment- Modell, Zindung im Nordpol des Doms. Im unteren Containmentbereich fihren Reflektionen und
Fokussierungseffekte zu hohen lokalen Druckspitzen.
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Abbildung 4: Eine lokale Struktur in der Modellvorstellung eines Einmassenschwingers.
Der Zwangsterm p(t) beschreibt die einfallenden Druckwellen auf einen Oszillator mit
Eigenfrequenz v . Die Antwort q,(t) kann als die vom Ruckstellmechanismus (Feder) auf-

zunehmende Drucklast interpretiert werden.
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Abbildung 5: Der Zwangsterm p(t) und der effektive zeitliche Druckverlauf qio(t), der sich

als Antwort des Einmassenschwingermodells flr die Eigenfrequenz v=10Hz ergibt.
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Abbildung 6: Numerisch vorgegebener Zwangsterm p(t)
im Nordpol der Containmentkuppel (grauer Graph) und
angepaldte analytische Vergleichsfunktion.
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Abbildung 7: Der graue, stark oszillierende Graph zeigt den
zum Beispiel gehdrende maximale Antwortdruck g,™ als

Funktion der Frequenz v; Zum Vergleich ist der maximale
Antwortdruck aufgetragen, der aus dem idealisierten Zwangs-
term (schwarzer Graph) entsteht. Selbst kleine Unterschiede
zwischem idealisiertem und realen Zwangsterm fihren durch
Resonanzeffekte zu Druckspitzen beim maximalen Antwort-
druck g,", bei diesem Beispiel besonders im Frequenz-
bereich zwischen 0 und 50 Hz.




V. Einsatz von Gassensorik zur sicherheitstechnischen Uberwachung
(M. Harms, J. Goschnick, IFIA)

Zusammenfassung

Um im Falle eines Stdrfalls die Wasserstoffkonzentration schnell bestimmen zu
kénnen, wurde auf der Basis der Gradienten-Mikroarray-Technologie der Karlsruher
Mikronase KAMINA ein Wasserstoffdetektor hoher Dynamik (Messbereich 0,1 ppm-
100 %) und weitgehender Selektivitdt mit Wolframtrioxid als gasempfindlichem
Material entwickelt. Aufgrund der eingesetzten Gradiententechnik werden gas-
spezifische Muster erhalten, die eine Differenzierung unterschiedlicher Gas-
komponenten ermdglichen. In Laboruntersuchungen konnte eine Nachweisgrenze flr
Wasserstoff von <1 ppm ermittelt werden. Mit der speziell fir hohe Ho-
Konzentrationen entwickelten KAMINA-Betriebselekironik, die einen zu niedrigen
Widerstéanden erweiterten Messbereich bis 500 Ohm aufweist, lasst sich eine
Nachweisgrenze von 400 ppm realisieren. Diese neuartige KAMINA ermdglicht
Messungen bis weit in den Explosionsbereich hinein. Wechselnde Feuchte im
Bereich von 20 — 80 % hatte dabei keinen Einfluss auf das Wasserstoff-Signal. Will
man den gesamten Dynamikbereich des Mikroarrays ausschopfen, bietet sich eine
Tandemldsung aus zwei Betriebselektroniken und zwei identischen Chips an, um
Wasserstoff sowohl hochempfindlich in Spuren bei hohen Messwiderstanden zu
detektieren als auch hohe Wasserstoffkonzentrationen bei niedrigen Widerstanden

mit der Niederohm-Elektronik zu bestimmen.

1. Einfihrung

Fur die frihzeitige Erkennung sich entwickelnder Stoérfalle und die Storfall-
tberwachung selbst wird an einem einfachen gasanalytischen Sensorsystem hoher
Robustheit und groBer Zuverlassigkeit gearbeitet, das eine stdndige empfindliche
Kontrolle der Atmosphéarenzusammensetzung im Reaktor erlaubt. Zudem soll das
Gerat auch in der Detonationsapparatur des INR wéhrend der Untersuchungen dort
eingesetzt werden koénnen. Verwendet wird dazu die KAMINA (Karlsruher
Mikronase). Sie ist ein Komplettsystem zum Betrieb eines Gassensor-Mikroarrays

mit integrierter Elektronik inklusive einem (ber serielle Standardschnittstelle ange-
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schlossenen 586er Laptop, dessen Software eine momentane Kontrolle des Mess-
systems und eine on-line-Datenauswertung erlaubt. Die Entwicklung eines Systems
wird angestrebt, das seine Messdaten leitungsgebunden oder per Funk an eine
Uberwachungszentrale weitergeben kann. Die Messungen, d. h. die Abfrage aller
Sensorelemente des Chips, erfolgen jede Sekunde.

Das hier benutzte Gassensor-Mikroarray (GSMA) besitzt eine Detektorschicht aus
Wolframtrioxid. Zu den Vorzligen solcher Gassensoren auf Halbleitermetall-Basis
gehdren neben dem sehr schnellen Ansprechen - welches meist im Sekunden-
bereich liegt - auch die groBe Bandbreite der detektierbaren Gase und die besonders
hohe Empfindlichkeit des Nachweises. Die gro3e Vielfalt detektierbarer Gase ist fir
einen einzelnen Metalloxid-Gassensor ein erheblicher Nachteil, wenn hohe
Selektivitat fur eine bestimmte Atmospharenkomponente verlangt wird. Es lasst sich
aber ein Sensorsystem mit der Fahigkeit zur Gasunterscheidung aufbauen, wenn
eine Vielzahl unterschiedlicher Sensoren zu einem sog. Sensorarray zusammen-
gefasst wird, dessen Sensoren unterschiedlich auf Gase ansprechen, so dass deren
Signale bei verschiedenen Gasatmosphéren charakteristische Signalmuster liefern.
Mit Hilfe von Musteranalyseverfahren ist eine Unterscheidung und Wiedererkennung
von Gasmischungen mdoglich.

Das Karlsruher Gassensor-Mikroarray realisiert das Prinzip eines Sensorarrays in
besonders einfacher Weise dadurch, dass auf einem fingernagelgroBen Sensorchip
(genau 9 x 10 mm) ein Metalloxidfeld durch Streifenelekiroden in eine Vielzahl von
Segmenten unterteilt wird. Durch Messung des Widerstandes zwischen zwei
benachbarten Elektroden resultiert je ein Sensorsignal. Die Betriebstemperatur des
Sensorchips - die im Fall der Hy-Detektion bei 300 — 350 °C liegt - wird durch vier
Heizmaander erzeugt, die auf der Rickseite des Chips angebracht sind. Die
Regelung der Heizleistung erfolgt mit Hilfe zweier Widerstandstemperaturfiihler auf
der Chipoberseite. Die unterschiedliche Empfindlichkeit der Sensorelemente wird
durch die sogenannte Gradiententechnik erzielt. Das bedeutet, dass bestimmte
EinflussgréBen auf das Detektionsverhalten gezielt von Sensorelement zu Sensor-
element variiert werden. So wird zum einen ein Temperaturgradient Uber die Lange
des Chips eingestellt, indem jedes der vier Heizelemente mit einer unterschiedlichen
Heizleistung betrieben wird. Zum anderen wird die gesamte Chipoberflache mit einer
gaspermeablen Membran aus SiO. beschichtet, die Gber das gesamte Sensorarray

eine ansteigende Dicke aufweist. Auf diese Weise kdnnen je nach dem mit der
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Metalloxidoberflache in Kontakt tretenden Gas unterschiedliche Signhalmuster
erhalten werden. Zur Signalauswertung stehen verschiedenste Varianten der multi-

variaten Datenanalyse in der KAMINA-eigenen Software zur Verfligung.

2. Experimentelles

2.1 KAMINA mit erweitertem Messbereich

Die Untersuchungen mit der Standard-KAMINA an der Detonationsapparatur des
INR im Bereich von 15 — 80 % Wasserstoff zeigten, dass der Messbereich der bisher
eingesetzten Elektronik unterschritten wurde. Deshalb wurde flir Anwendungen, bei
denen Messwiderstande unter 20 kOhm ermittelt werden, in Zusammenarbeit mit der
HPE eine KAMINA entwickelt, die einen Messbereich von 500 Ohm bis 1,5 MOhm
aufweist. Mit dieser KAMINA wurden Messungen im Bereich 10 — 15.000 ppm
Wasserstoff durchgefihrt.

Die Bestimmung der Kenngré3en des Sensorsystems fir Wasserstoff in diesem
nicht-explosiven Bereich erfolgte durch das sogenannte Pulsexpositionsverfahren im
Untersuchungslabor des IFIA. Dabei wird der Sensorchip zunéchst synthetischer Luft
definierter Luftfeuchte ausgesetzt, worauf ein Konzentrationspuls des Zielgases mit
moglichst kurzen Anstiegs- und Abklingzeiten erfolgt. An einen Expositionspuls
schlie3t sich eine Erholungsphase an, bei der der Sensor wieder mit synthetischer
Luft angestrdomt wird. Es wurden mehrere Pulsexpositionen bei verschiedenen Gas-
konzentrationen durchgefihrt. Zu deren Durchfiihrung wurde ein computer-
gesteueries Gasmischsystem eingesetzt, welches durch Massendurchflussmesser
und pneumatische Ventile eine gezielte Einstellung der Gaskonzentration und der
Luftfeuchte ermdglicht.

Zusétzlich wurde bei einer Wasserstoff-Konzentration von 400 ppm die relative
Feuchte im Bereich von 20 — 80 % variiert, um den Einfluss dieses Parameters auf

das Sensorsignal zu ermitteln.
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3. Ergebnisse

3.1 H2-Messungen im nicht-explosiven Bereich

Mit der neuartigen KAMINA wurde aufgrund des erweiterten Messbereich
Wasserstoff bis zu einer Konzentration von 15.000 ppm durch das Gassensor-
Mikroarray auf Wolframtrioxid-Basis detektiert. Hohere Konzentrationen konnten
aufgrund der Explosionsgefahr im Labor nicht untersucht werden. Konzentrationen
oberhalb der Explosionsgrenze ab 80 % bedurfen einer zuséatzlichen Erweiterung des
Messbereiches. Durch die obere Begrenzung des Messbereiches von 1,5 MOhm
ergibt sich eine Nachweisgrenze von ca. 400 ppm. Diese Nachweisgrenze beruht
einzig auf der elektronischen Beschrinkung der Auslesung der Messwiderstande.
Wie im vorherigen Bericht bereits beschrieben wird mit dem Gradientenmikroarray
auf WO3-Basis eine Nachweisgrenze von < 1 ppm erzielt.

Da das Sensorsignal S jedes Arrayelements definiert wird als die relative
Leitfahigkeitsanderung

S=(Gc—Go)/Go=(Gc/Go)—1=(Ro/Rc)— 1

G. = Leitfahigkeit bei der Konzentration ¢ R. = Widerstand bei Konzentration ¢
G, = Leitfahigkeit beic =0 R, = Widerstand beic =0

eines Sensorelementes bei einer bestimmten Prifgaskonzentration ¢, bezogen auf
den Leitfahigkeitswert G, = G¢-o in prufgasfreier Luft, muss bei Einsatz der hier
angepassten KAMINA eine andere Referenz definiert werden oder der Widerstand
bei ¢ = 0 zuvor mit einer herkdémmlichen KAMINA bestimmt werden. Ry wurde bei
den hier vorgesteliten Untersuchungen mit konventionellen Laborgeraten (Keithley
2001) gemessen. Um den gesamten Messbereich abzudecken, bietet sich eine
Kombination der herkdmmlichen Variante und der Niederohm-KAMINA in einem
Gerat an, die jeweils mit identischen Chips ausgeristet sind.

Die Ansprechzeit charakterisiert das zeitliche Ansprechverhalten des Sensors und
wird als tgo-Wert angegeben. Die tgo-Zeit ist als diejenige Zeit definiert, nach der das
Sensorsignal bei einem Rechteckgaspuls 90 % des stationdren Signalendwertes

erreicht hat. Flr die Ho-Detektion wurden tgo-Werte von wenigen Sekunden ermittelt.
3.2 Wechselnde Feuchte und potentielle Stérgase

In weiteren Pulsexpositionen wurde bei konstanter Wasserstoff-Konzentration von

400 ppm die rel. Feuchte von 20 bis 80 % variiert, um den Einfluss wechselinder
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Feuchte auf die H.-Detektion zu ermittein. Es konnte festgestellt werden, dass in
diesem Bereich kein Einfluss auf die Detektionseigenschaften festgestellt werden
kann. Es wurden immer die gleichen Widerstdnde gemessen.

Diese Unabhangigkeit von der rel. Feuchte beweist auch das Ergebnis einer
Linearen Diskriminanzanalyse (LDA), bei der Wasserstoff und die potentiellen
Stérgase Kohlenmonoxid und Kohlendioxid unterschieden werden sollen (Abb. 1).
Die Grundlage der Auswertung bilden Messungen von 2.000 ppm Wasserstoff bei
wechselnder Feuchte (35 — 80 %) sowie 2.000 ppm Ho bei 1 - 10 % CO bzw. 1 — 40
% CO,. Aus dem Diagramm wird deutlich, dass zum einen die Messpunkte von den
Untersuchungen mit CO und CO- von denjenigen des reinen Wasserstoffs getrennt
werden, aber weiterhin alle Messpunkte der Wasserstoff-Untersuchung trotz
wechselnder Feuchte in einem Cluster zusammengefasst werden.

Eine Quantifizierung der einzelnen Gase kann mit Hilfe der eigens entwickelten
KAMINA-Software durchgeflihrt werden. Dazu wurde die Partial Least Square-
Methode (PLS) integriert und steht nun als Auswertetool neben den qualitativen

Methoden zur Verfligung.
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2000 ppm H2 (35 - 80 % r.F.)

20 m 2000 ppm H2 + 1 - 10 % CO, 50 % r.F.
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Abb. 1: Ergebnis einer LDA zur Unterscheidung von H, und den Stérgasen CO und
CO.. Ferner wird deutlich, dass wechselnde Luftfeuchte von 35 — 80 % r. F. keinen

Einfluss auf die Ho-Erkennung hat.

54




32.21.02 Thermische Wechselwirkung von Kernschmelze und Kiihimittel

L. ECO-Experimente zur Energiekonversion bei Dampfexplosionen
(G. Albrecht, H. Briggemann, W. Cherdron, E. Jenes, A. Kaiset,
N. Prothmann, D. Raupp, W. Schitz, H. Will, IRS)

Abstract

The ECO experiments have been launched in 2000 to measure the conversion of
thermal into mechanical energy in confined steam explosions under well-defined
conditions. The design of the facility is such that mechanical work done on quite re-
sistant surroundings is directly measured.

Aluminum oxide is used to simulate the core melt. The internal dimensions of the test
facility as well as major test conditions are similar to the previous PREMIX tests.

The facility consists mainly of a cylinder and a piston enclosing the melt generator
and the test volume. Under the action of an increased pressure, the piston can move
downwards against a stepwise increasing force provided by crushing material. There
are three independent ways to measure the mechanical energy release: Two of them
are time resolved and are based on pressure and force measurements in combina-
tion with measurements of the piston displacement by transducers and high-speed
cameras. The third measurement is provided by the crushing material itself, giving
the total amount of work. The conditions within the melt-water mixing zone are ob-
served by thermocouples and arrays of void probes.

The melt is released from the melt generator which is fixed to the stationary cylinder.
The exit nozzle is equipped with a fast acting slide valve that is closed prior to trigger-
ing the explosion or when the pressure in the test volume exceeds a preset limit. A
small explosive device is installed at the test vessel bottom for triggering the explo-
sion.

Two exploratory tests (ECO-01 and ECO-02) were carried out in 2000. In the first
test, an artificially triggered explosion occurred, whereas it was a self-triggered ex-
plosion in the second tests. The energy conversion was very small in both cases, i.e.

below 0.1 percent.
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1. Purpose and test conditions of ECO

The PREMIX experimental programme on coarse melt-water mixing without trigger-
ing a steam explosion was finished at the end of 1999. A final, detailed documenta-
tion on the second test series (PM12-18) has been completed recently /1/.

The ECO experiments have been launched in 2000 to actually measure energy con-
version in confined steam explosions under well-defined conditions. The design of
the facility is such that only work done on quite resistant surroundings by lasting
pressure is measured.

Like in PREMIX, alumina melt is used to simulate the core melt. The internal dimen-
sions of the test facility as well as major test conditions are similar to PREMIX. Until
now, two partly exploratory tests have been performed and will be described here.
Their initial conditions are detailed in Table 1.

The ECO facility, see Figure 1, consists mainly of a cylinder and a piston enclosing
the melt generator and the test volume. The latter is 0.59 m wide and initially 1.38 m
high. Under the action of an increased pressure, the piston can move downwards
against a stepwise increasing force provided by crushing material. There are three
independent ways to measure the mechanical energy release: Two of them are time
resolved and are based on pressure measurements inside the test volume and force
measurements in the support columns, respectively, and on measurements of the
piston displacement which are performed by displacement transducers and by the
visual observation of the facility by video and high-speed cameras. The third meas-
urement is provided by the crushing material. It only gives the total amount of work.
The conditions within the melt-water mixing zone are observed by thermocouples
and arrays of void probes like in PREMIX. Here they are especially important since
visual observation is very difficult.

The melt is released from the melt generator which is fixed to the stationary cylinder
after meli-through of a steel foil as in PREMIX. However, in order that no water en-
ters the melt generator, the exit nozzle is equipped with a fast acting slide valve that
is closed prior to triggering the explosion or when the pressure in the test volume ex-
ceeds a preset limit. To make sure that a steam explosion is obtained in every ex-
periment, a small explosive device is installed at the test vessel bottom for triggering
the explosion. It is fired when two out of three selected void probes near the vessel
bottom indicate void, i.e. the presence of melt, or when the pressure exceeds a pre-

set limit, or after a preset time delay after the onset of melt release.
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As the experiments have just begun and data analysis including numerical simula-

tions with MC3D are still ongoing, the data reported here are still preliminary.

2. ECO-01: Description and results

For ECO-01 the calculation of the velocity of melt release gives a maximum value of
8 m/sec at the onset. Figure 2 shows the development of the multiphase zone around
the melt jet as a function of time (zero time is the onset of melt release as detected
by a devoted thermocouple). During the mixing process, the pressure in the (closed)
test vessel rose by about 0.23 MPa. This together with the strong initial subcooling
explains the narrow multiphase zone which had the intended low void fraction. How-
ever, the melt velocity in the water was so high (around 7 m/sec) that only 5.76 kg of
melt had left the melt generator when melt was detected close to the bottom, the melt
generator was closed, and the trigger fired (at 0.169 sec).

Some representative pressure traces are shown in Figure 3 (note that the axial
heights are not equally spaced). In higher resolution, the trigger peak can be identi-
fied in the trace of PKO1 with a width of 0.1 msec and a height of almost 4.5 MPa.
One can derive that this pulse moves upwards at a speed of about 1000 m/sec, ap-
parently essentially in the single-phase water surrounding the mixing zone. But no
strong, coherent or clearly propagating, steam explosion was triggered. The explo-
sion rather seems to be composed of several quite localized events at different ele-
vations. The explosion was essentially terminated after 8 msec.

After the test, most of the debris was found in the size range 0.20...0.32 mm, see
Figure 4. This debris size is normally taken as indicating a steam explosion. (By con-
trast, see the much larger debris found in PREMIX test PM18 that is also shown in
Figure 8.) Still energy conversion has been extremely small. The piston moved by
2 mm at best. This gives a work of W = 5.6 kd. Compared to the total thermal energy,
Q, of 24.2 MJ, a conversion factor n = QW = 0.02 % is obtained — an almost negligi-
ble result. We think that this is due to the large amount of cold water present which

led to fast condensation of the steam.

3. ECO-02: Description and Results

The main idea for ECO-02 was to get more melt into the test vessel. Therefore the

nozzle diameter was increased to 60 mm and the water level was slightly decreased.
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The plate closing the cylinder was provided with two venting holes in order to keep
the pressure nearly constant during the premixing phase. Of course, these holes
were equipped with fast sliding valves to close them prior to triggering the explosion
or when the pressure rose before that.

In the test, actually a spontaneous interaction occurred after 0.211 sec when the melt
had penetrated into the water almost 0.4 m. The total melt mass released prior to
closing the melt generator nozzle was 2.78 kg. Nevertheless, the explosion appears
to have been more violent than in ECO-01. The thermal interaction started close to
the free surface at about 1.0 m height and propagated downwards. (The pool bottom
is at 0.1 m.). The maximum pressures amounted to 20 MPa. They were measured at
the levels of 0.6 m and 0.75 m. This spike was about 1 msec wide. It was reflected at
the bottom reaching 32 MPa (and destroyed the trigger device). It then propagated
upwards again, gradually dying out to about 10 MPa. This whole process took
2 msec. The event was finished before it could be influenced by the fact that the test
vessel was still open (closing the relief paths takes about 10 msec). But only small
amounts of melt and water were ejected.

As compared to ECO-01, the range of the debris size is extended towards somewhat
larger values, 0.2...0.71 mm, see Figure 4. The work done in this experiment is simi-
lar to that of ECO-01. So the energy conversion factor is about twice as high - still ex-

tremely small.
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Table 1 ECO-01 and ECO-02 test conditions

ECO-01 ECO-02
Melt
mass released kg 5.76 2.87
temperature K 2600 2600
Melt release
driving pressure diff. MPa |0.22-0.04-0.17' [0.09
nozzle diameter m 0.045 0.06
height of fall m 0.275 0.325
max. speed? m/s |7.4 5.9
Water
temperature K 293 293
pool depth m 1.10 1.05
System pressure MPa [0.1-0.3 0.1
Trigger pressure MPa |12 2
' varies during mixing
Zself-triggered steam explosion.
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Fig. 1: Test facility in ECO-01,
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Fig. 2 Progression of the mixing
zone into the water, ECO-01
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. Theoretische Arbeiten zur Schmelze-Kihimittel-Wechselwirkung
(H. Jacobs, P. Ruatto, B. Stehle, E. Stein, IKET; M. Bottcher, U. Imke,
D. Struwe IRS; H. Marten, HIK)

Absiract

Work in 2000 concentrated on further numerical development of MATTINA and the
extension of MC3D in the scope of strongly sub-cooled water premixing and the
simulation of the first ECO vapour explosion experiments. In addition some BILLEAU
experiments were simulated to verify the modifications of the MC3D 3.2 base

version,

Zusammenfassung

Im Jahr 2000 konzentrierte sich die Arbeit auf die weitere humerische Entwickiung
von MATTINA und die Erweiterung von MC3D im Bereich der Vorvermischung mit
stark unterk(ihltem Wasser und der Simulation der ersten ECO Dampfexplosions-
experimente. AuBerdem wurden einige BILLEAU Experimente nachgerechnet, um

die durchgefilhrten Anderungen der Basisversion von MC3D 3.2 zu (iberpriifen.

I. NUMERICAL SIMULATION OF BILLEAU EXPERIMENTS (MC3D)

BILLEAU [1] is a series of experiments performed in France to investigate the
premixing of cold and hot particles with water. The small spheres are released into a
water filled facility formed by two parallel polycarbonate walls. In order to guarantee a
2D geometry the distance between the plates is only a few millimetres larger than the
spheres diameter. The essential experimental parameters are the particles diameters
and temperature as well as their falling height. The experimental data are well suited
to verify numerical simulations concerning the time dependent position of the interac-
tion zone and the space distribution of particles. In the experiment DPZ11 1.03 kg of
zirconium spheres at a temperature of 2000 °C and a diameter of 10 mm are
released into water of 18 °C. The free fall distance to the water surface is 0.3 m. The
depth of the water pool is 0.8 m. Figure 1 shows the front position of the spheres in
the experiment and the numerical simulation with the FZK version of MC3D 3.2. The

position of the water surface is marked by a dotted line. After 0.8 s the spheres reach
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the bottom of the facility, whereas in the experiment the front is at a position of 0.2 m
above the bottom. The smaller front propagation velocity might be explained by
friction effects between the particles and the walls of the facility as well as numerical

diffusion.
Il. PREMIXING IN STRONG SUB-COOLED WATER(MC3D)

The simulation of premixing in strongly sub-cooled water is an important prerequisite
for the understanding of the initial conditions in the ECO-experiments and the
calculation of vapour explosions in that environment. Extensive changes in the
modelling of premixing in sub-cooled water were necessary to achieve successful
simulations of the PREMIX-experiments PM17 and PM18 (about 100 K and 30K
sub-cooling) [2]. In the boiling model of the original version the heat transferred from
the melt to the water is used to produce steam at the interface which leads to strong
condensation effects in sub-cooled water causing humerical problems. Reduction of
the condensation effects gives to much steam separating melt from water leading to
reduced heat transfer. To solve the problem the boiling model was changed and now
the heat is directly transported to the bulk water until a weak sub-cooling is reached.
A smooth transition to the boiling model under saturation conditions with steam
production at the inte‘rface is included. In experiments with sub-cooled water the
space above the water level is filled with air and not with saturated steam. So the
behaviour of an ideal non-condensable gas which mixes with the produced steam
has to be simulated. The solution given in the original MC3D 3.2 version fails and a
new description was introduced including the calculation of decreased condensation
of steam in a mixture with a non-condensable gas. Adding the above mentioned
modifications to the FZK-Version of MC3D 3.2 it is possible to calculate the pressure
curve of PM17 and PM18 satisfactorily for the initial mixing phase. Figure 2 shows

the result for PM17, which has the larger sub-cooling.
li. SIMULATION OF VAPOUR EXPLOSION EXPERIMENTS (MC3D)

Up to now the MC3D explosion module was mainly used as stand alone model in the
domain of simulating experiments using initial conditions given by input. But there
exists an interface to the premixing module reading the result of a premixing calcula-
tion and re-adjusting some values to start the explosion simulation. It was necessary

to extend and to improve the interface to make consistent simulations of KROTOS [3]
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and ECO experiments starting with premixing followed by an explosion. In many
cases the restart of the explosion calcuiation from premixing runs into numerical
problems due to very low void fractions in some regions. An input was created to add
some minimum void fraction in the whole domain. In addition fine particles can be
added in the trigger zone to initiate a trigger pulse, even if there are no coarse melt
droplets. The deviations from saturation equilibrium give also problems in starting the
explosion calculation, which could be caused by the different equation of states used
in the explosion module. The coding was changed so that sub-cooled steam and
overheated water are set to saturation in the transition from premixing to explosion.
In the explosion application itself the physical models for heat transfer, drag and
fragmentation are not exactly the same as the models used in premixing. In the first
time steps of an explosion calculation the physical conditions are changed leading to
a different base state as given in the last steps of the premixing calculation. Some-
times a steep pressure rise appears which then initiates an explosion at a location
totally different from the trigger position in the experiment. To avoid such spon-
taneous explosions the heat transfer, drag and fragmentation models in the explosion
module were changed to render as good as possible the situation of premixing. In
addition a pressure condition is introduced to allow fine fragmentation only, if a
threshold pressure value is reached. The first calculations of ECO1 showed much too
strong pressurization and we detected that the fragmentation of water droplets was
limited to a diameter of 0.5 mm, whereas the melt droplet could become much
smaller depending on input. The original coding was changed to have the maximum
and minimum diameters of bubbles and droplets as input. Using small water droplets
with strongly sub-cooled water gives heavy condensation effects leading to con-
vergence problems which could not be resolved totally until now. Condensation at
large interface areas can lead to local depressurisation reaching pressures lower
than one bar. That gives problems with the equations of state used in the explosion
module. So we reduce the condensation coefficient in the low pressure range to be
zero at one bar. For the simulation of KROTOS experiments the condensation effects
are not as important as in the case of ECO because in KROTOS the water is pushed
out of the test vessel. For ECO experiments a closed container is used, so the water
cannot escape and the steam is intermixed with sub-cooled water after the explosion.
The explosion module of MC3D contains several empirical parameters, which are not

all well known. An important one is the direct hot liquid-cold liquid heat transfer
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coefficient. For the ECO1 and ECO2 recalculation we use parameters determined by
KROTOS simulations. The two ECO experiments cannot be simulated using the
same value for the above mentioned heat transfer parameter. Until now the large
difference cannot be explained. The contact mode of fine particles with water in
ECO1 and ECO2 seems to be very different. Figure 3 shows the result for the
pressure near the bottom of the vessel for ECO2. To get the same quality of pressure
course in ECO1 the liquid-liquid heat transfer coefficient has to be multiplied by a
factor of about 0.05.

IV. Development of MATTINA

While the testing of MATTINA was continued with recalculations of selected QUEOS
experiments and some other test cases, the basic version of the program was
converted from FORTRAN 77 to FORTRAN 95. This allowed the testing of the code
portability and code performance with different compilers and on different platforms.
The test case used was quite typical for the intended applications of MATTINA: a
stream of particles of molten corium (10 % volume fraction of corium, particle
diameter 5 mm) entering a water pool. Some results of these performance tests are
listed in Table 1.

An especially comforting result of these tests is that it was possible to obtain identical
results with different compiler options on the same platform (system) and even with
different compilers on different platforms. However, this didn't come automatically.
MATTINA uses an automatic system to adjust the time steps in such a way that im-
portant variables (pressure, temperatures) do not change too much within one time
step. This system uses in some cases factors for varying the time step that are
derived from the actual results. So even minor changes in the numerical results that
may e.g. result from different sequences of arithmetic operations or from different
representations of numbers (different number of bytes) will lead to (slightly) different
time steps. But occasionally, local results may vary quite importantly with time step
length. So, calculations with different compilers and/or platforms will deviate soon
from each other. But it was possible to suppress this effect by narrowing the variabil-
ity of the time steps by e.g. allowing a limited number of significant digits only in the
factors applied to the time steps or in the time steps themselves. This technique

allowed to perform calculations with identical results after almost 3000 time steps.
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System and compiler options real user sys | Number | Comment
of time
[s] [s] [s] steps

1) unisp RS/6000 pwr2 77 MHz

a) -gnoopt 2812 | 2680 89 2738
b) -gnoopt -gfloat = nomaf:nofold 3029 | 2879 89 2810
¢) -O3 -ghot -gstrict 1496 | 1298 67 2738 ident. 1a)

2) inrrisc7 RS/6000 7013-591
a) -O3 -ghot -qgstrict 4206 | 1341 81 2738 ident. 1a)

3) intsp RS/6000 pwr3 222 MHz

a) -gnoopt 761 716 44 2738 ident. 1a)
b) -gnoopt -gfloat = homaf:nofold 845 785 60 2810 ident. 1b)
¢) -O8 -ghot -gstrict 335 298 36 2738 ident. 1a)

4) hikautc Pll 400 MHz, PGl Compiler

a) -Kieee -pc64 -Mnobuiltin -O0 2595 2577 17 2725
b) -Kieee -pc64 -Mnobuiltin -O2 1172 1158 13 2725 ident. 4a)
c) -02 1144 1131 14 2725

5) inrcbix2 PIll 600 MHz
{

a) Fujitsu Fortran Compiler 466 418 24 2728

6) hikhpc PIlIl 700 MHz, PGl compiler

a) -Kieee -pc64 -r8 -0O2 245 240 5 2725
7) vpp300
a) -00,-Wv,-an 9817 8557 | 1191 2774
b) -02,-Wv,-an 3923 2727 | 1162 2718
8) vpp5000
a) Binary from vpp300 3025 2766 | 243 2774 ident. 7a)
b) -00,-Wv,-sc neu comp. 2613 2337 262 2783
¢) -02,-Wv,-an neu comp. 666 407 245 2735

Table 1: Computing times and numbers of time steps required for 0.2 sec problem

time in a test case (corium drop fragmentation)
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Of course, this experience highlights the fact that sometimes local results may
depend quite importantly on the actual time step length. This means that the timing of
certain events and local values must not be taken as strictly reliable. On the other
hand, the experience with the code is that overall results change very little (or in a
physically reasonable way) when changing the time steps or the initial conditions. As
an example we may consider the test case described above in which the total
surface of the corium is a controlling variable. Two calculations were performed on
completely different platforms (an IBM work station and a Linux PC). For 1 sec
problem time they required about 69 700 and 93 600 time steps, respectively. The
corium surface developed in the same way in both calculations up to about 0.2 sec.
At 0.26 sec a steaming event occurred in both calculations which fragmented the
particles so that the surface increased by factors of 2.88 and 3.04, respectively. After
that the total surface oscillated (due to coalescence and fragmentation) in a very
similar way but the higher starting value in the second calculation translated into a
time shift that amounted to about 12 msec in the beginning and disappeared
gradually before 1 sec problem time was reached. The corium surface remained
about 10 % larger in the second case. This indicates that 10...20 % uncertainty apply

even to global results.

The exercise also indicated that the code is not suited for running it on a vector
computer (vpp300 or vpp5000). The degree of (automatic) vectorization remained
very low. On the other hand, the performance on the HIK high performance Linux
cluster (of which hikhpc is the front end) is quite good. So this will be the system

used preferably in the future.

In 2000 also the first tests of the newly developed second order differencing scheme
in MATTINA could be run. This scheme is second order in space only and it is of the
MUSCL (Monotonic Upwind Scheme for Conservation Laws) type [4] that was first
proposed by van Leer [5]. As expected, this improved differencing scheme reduces
the numerical diffusion considerably without removing it completely or nearly so. An
example is given in Figure 4. It is derived from the actual simulations of QUEOS
tests, i. e. we assume a cloud of solid particles to fall from a height of 2.3 m. But in
contrast with the experimental situation, the cloud is assumed to have a volume
fraction of particles of 10 % only and to have a height of 30 cm. The figure shows the

situation after 0.5 sec of free fall, i. e. the rectangular curve labelled 'analytical' is the
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initial distribution moved downward by s = g/2 t* = 1.226 m. At this time the

‘analytical' leading edge has passed 49 mesh cells. The effect of the second order

scheme is quite obvious. It will be incorporated into the basic code because it allows

for higher accuracy without reducing the size of the mesh cells.
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Figure 4: Spatial distribution of particle density after a free fall during 0.5 sec
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32.21.03 Versagen des Reaktordruckbehalters und Dispersion der Kernschmelze

I Versagen des Reaktordruckbehéaliers infolge thermoviskoplastischer In-

stabilitat
(E. Diegele, D. Hofer, IMF I1)

Abstract
Im Rahmen des EU-Projektes LISSAC (Limit Strains for Severe Accident Conditions)

wird die Ubertragbarkeit von Priifungen im LabormaBstab auf groBe Komponenten
(typische Abmessung eines ReaktordruckgefaBes) untersucht. In Experimenten mit
lokalen Dehnungsgradienten werden bei geometrisch ahnlichen Abmessungen unter
denselben Belastungen gréBenabhangige Effekte beobachtet. Diese lassen sich mit
den klassischen Modellen der Plastizitatstheorie nicht erkldren. Das Ziel des Vor-
habens ist die Entwicklung von Materialmodellen zur Beschreibung des Verfor-
mungsverhaltens mit nichtlokaler Plastizitét; insbesondere (a) die Entwicklung eines
thermodynamisch-konsistenten Modelles flir groBe Deformationen und dessen Ein-
bau in einen Finite-Element-Code, (b) die Untersuchung der qualitativen und quanti-
tativen Moglichkeiten eines solchen Modells, (¢) die Anwendung zur Beschreibung

der Experimente, die bei den Projektpartnern durchgefiihrt werden.
Aktueller Stand der Arbeiten:

Im Berichtsjahr wurde eine Theorie ausgearbeitet, bei der jedem materiellen Punkt
eine (lokale) Substruktur zugeordnet wird. Nichtlokale Einflisse erhalt man durch die
Berlicksichtigung der raumlichen Ableitung des Deformationsgradienten flr diese
Substruktur. Die Evolutionsgleichungen der Verfestigungsvariablen sind als hin-
reichende Bedingungen fur die Glltigkeit des zweiten Hauptsatzes der Thermo-
dynamik hergeleitet worden. AuBerdem kann gezeigt werden, dass sich bei reiner
Elastizitat die Theorie auf das Modell des mikromorphen Kontinuum reduzien, das in
den letzten beiden Jahren (in einem anderen Projekt des Institutes) als sogenanntes

'‘benutzerdefiniertes Element’ in das FE-Programm ABAQUS eingebaut wurde .

Die Arbeiten erfolgen in enger Zusammenarbeit mit der TU Darmstadit.
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1. Iniroduction

Internal length scales may be elaborated in the constitutive theory in a natural way by
assuming the hypothesis of “substructure” assigned to every material point. If this
substructure deforms homogeneously the continuum is called micromorphic. The aim
of the paper is to present a micromorphic plasticity theory, which satisfies the second
law of thermodynamics in every admissible process. For the sake of simplicity only

kinematic hardening is considered.

2. Preliminaries — decomposition of deformation
2.1 Notation

In the following we consider isothermal deformations and write ¢t) for the material
time derivative of a function ¢(r), where t is the time. We use bold face letters for
second order tensors. In particular 1 represents the identity second order tensor and
AT denotes the transpose of a second order tensor A. We write trA for the trace of A,
AP = A — 1/3 (trA)1 for the deviator of A and A-B = tr(AB") = tr(A"B) for the inner

product of A and B. Also we use the notation A™™' = (A™)" provided that A™' exists.

2.2 Decomposition of deformation

Consider a material body B which occupies a region Pp in the three dimensional
Euclidean point space E in the reference configuration (t=0). Each particle of the
material body B can be identified by a position vector X to the place X in Pp after
having chosen a fixed point (origin) in E. A configuration at time t is called actual
configuration P.. The position of a particle is identified by a position vector x to the

place x in this configuration.
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Fig. 1: Motion, reference and actual configuration

A motion is described by the equation
x =X(X,t). (2.1)
The deformation gradient tensor is denoted by

F=F(X,t) = aa§ = GRADX . (2.2)

For F (det F>0) the polar decomposition
F =RU = VR, (2.3)

applies, where R represents a proper orthogonal second-order tensor.

Following Eringen et al. [2, 3, 4], (cf. also Mindlin [5]), we define a micromorphic

continuum to have attached to every material point a substructure. The substructure

itself behaves like a material body, which undergoes homogeneous micro-

deformations. These are described by a deformation gradient tensor f (det >0) for

which the polar decomposition

f=ru=vr. (2.4)

holds.
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In order to introduce some strain measures we first concentrate on pure elasticity. In
this case the specific free energy function y is supposed to depend on F, f and
GRADT:

w = (F,f,GRADE) (2.5)
GRAD f introduces an internal length scale in the constitutive theory; with respect to
convective coordinates, it is given by

Grant =X oG, (2.6)
a k

91\

so that GRAD f represents a third order tensor. By using the principle of material

objectivity, it is a routine matter to obtain the reduced form

v = (&.5.K) (2.7)
where

§=f"F-1 (2.8)

F-s@ -1 (2.9)

K =f'GRADS . (2.10)

In these equations, B is the classical Green strain tensor with respect to the

reference configuration and the curvature tensor K renders a nonlocality to the
constitutive model. Rate-dependent or rate-independent elastic-plastic material

properties may be described by assuming the multiplicative decompositions

F=FF, f=ff, (2.11)

which introduce a so-called plastic intermediate configuration (see Fig. 2).
Moreover, det Fy>0 and det f,>0 are assumed to apply so that the polar

decompositions

F,=R, U, (2.12)
, =T,U, (2.13)
apply as well.
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Fig. 2: Motion, decomposition of deformation

It can be shown (see Grammenoudis et al. (2000)) that the multiplicative de-

compositions of F and f imply additive decompositions for &, p and K in the form

E=% +5,, (2.14)
B=p.+B,. (2.15)
K=K, +K,. (2.16)

Also, these decompo‘sitions of strains may be transformed to the actual and the

plastic intermediate configurations, the counterparts of &, f, Kbeing &, p, K and

&, p, K, respectively.

3. Second law of thermodynamics

We assume isothermal deformations with uniform distribution of temperature. Then,
the generalized Clausius-Duhem inequalitiy for micromorphic materials (cf. Eringen

et al. [2, 3, 4]) reads as follows:

A A A
S e+ X -p+M-k—p1&=0 (8.1)

Here, p, is the mass density in the reference configuration, S the classical Cauchy

stress tensor, X the stress tensor induced by the microstructure and M the so-called

A
couple stress tensor, respectively, [3, denote specific objective derivatives as
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defined in Grammenoudis et al. (2000). Note in passing that S, € and X, g are non-

A
symmetric and symmetric second order tensors. Also M-k is an appropriately

defined inner product for third order tensors. As above, y is the specific free energy

function, which now is supposed to obey the decomposition

Yt)= Ye(t)+ Yp(?). (3.2)

3.1 Elasticity laws

The free energy function wis supposed to exhibit, with respect to the reference and

plastic intermediate configuration, the following representations:

A

We zli}e(‘a’e’ﬁe’Ke’):We(ge"ﬁe’]ze”é‘p’Ep) (33)

By inserting (3.2), (8.3) into (3.1) and using standard arguments according to

Colemann and Noll, the potential relations

Szpka_l,/\/eiST
0%,
& al/A/ T
2= ~ £ =3 3.4
Pr . (3.4)
O,
—pRaK

may be established, where S, £ and M represent counterparts of S, £ and M,
respectively in the plastic intermediate configuration. This way, after some algebraic

calculations the second law (3.1) reduces to the dissipation inequality

A

D=P.

[arh g
]

A A
+10-B,+M-K,— pyf 20 (3.5)

where use has been made of the definitions

P=1+&")8 (3.6)

M= (+2p,2+2,8+88] +7),, (3.7)
1 W, (s . . [

—X a ::___7___"___ e Jac _——_"; e /bed __’\—e_— e /de (38)
T AR T T A
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3.2 Kinematic hardening

We focus attention on pure kinematic hardening and define y, to obey the

representations

~

v, Zl/?p(ék’ﬁk’ﬁk):We(gk’ﬁk’ﬁk’gp’lsp) (3.9)

where ék,fik and Kk are strain measures responsible for kinematic hardening with
geometrical meaning similar to that of ép,f}p and Kp, respectively. The counterparts

of &,,B, and K, with respect to the reference configuration are %,,8, and K, .

Next, we introduce the thermodynamic conjugated forces

2= p, o
- pR aék
. oy
C=pr—z" (3.10)
" 9B,
A oY
M, = py it
K,
and define back-stress tensors by
P =1-8)Z (3.11)
I, = (-2, )X~ Z+Z&] +7,) - (3.12)

and Mk, respectively. It follows that the dissipation inequality (3.5) may be recasted

in the form

(3.13)

In order to discuss this inequality we postulate the existence of a yield function

A

f=f(l3~l3k,ﬁ—flk,1\7I—Mk). (3.14)

Plastic flow occurs for f= 0. Also, the associated normality rules
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s 9
b | | 9P
B, |=s i (3.15)
A oM
K, of
oM

are assumed to apply. Then, it can be shown (see Grammenoudis et al.) that

A

O A - S N
D=z.(ép~ék)+§-[sp-pk]+Mk-[Kp—Kk]zo (3.16)

is a sufficient condition for (3.13). Evolution equations governing the response of

kinematic hardening may be derived as sufficient conditions for the validity of (3.16):

8- te = dpr(D14 5,215,727

a4 o "

B,—B, = dbyrrB1+5,0) (3.17)
R, K. = ]

4. Concluding remarks

The micromorphic plasticity model proposed has to be extended in order to take into
account isotropic hardening as well as damage effects. However, it is convenient,
above all, to implement the theory in a finite element code. This will enable to check
the capabilities of the developed theory as well as to compare the predicted

responses with those according to other models involving nonlocalities, like that of
Aifantis [1].
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I. Experimente zur Dispersion von Corium

(M. Gargallo, M. Greulich, M. Kirstahler, L. Meyer, M. Schwall, E. Wachter,
G. Wérner; IKET)

Zusammenfassung

Das Versagen des RDB unter vollem Systemdruck wird durch systemtechnische
MaBnahmen verhindert. Ein Versagen bei einem zu unterstellenden Druck von 10 bis
20 bar kann u.U. noch zu starker Dispersion und Umvenrteilung der Schmelze in die
Reaktorraume und den Dom und damit zur direkten Aufheizung der Contain-
mentatmosphare fuhren. Auch wird dadurch das Konzept der Kernschmelzekihl-
einrichtung in Frage gestellt. Das Zusammenwirken der hierbei auftretenden
Materialtransportprozesse sowie der thermischen und chemischen (Wasserstoff-
erzeugung und -verbrennung) Wechselwirkungen ist komplex und kann derzeit mit
Computercodes noch nicht oder nur bedingt berechnet werden. Notwendig sind
daher Einsichten und Daten aus experimentellen Untersuchungen, insbesondere
auch integrale Experimente, deren Ergebnisse mit Modellen und Coderechnungen

auf die groBe EPR-Anlage Ubertragen werden kdnnen.

Im Versuchsstand DISCO-C, der die EPR-Reaktorgrube und die anschlieBenden
Raume im MaBstab 1:18 modelliert, wurde eine zweite Versuchsreihe mit kalten
Modellfluiden durchgefuihrt. Als Versagensart wurden seitliche Lécher und Risse ver-
schiedener GroBe in der RDB-Kalotte untersucht. AuBerdem wurden einige andere
Geometrieeinflisse der Grube und des Ausstrémens untersucht. Die Experimente
haben gezeigt, dass ein seitliches Versagen der RDB-Kalotte zu niedrigeren Aus-
tragsraten aus der Grube flhrt als Lécher im zentralen Bereich der Kalotte. Versuche
mit einer gednderten Geometrie der Reaktorgrube haben gezeigt, dass damit die
Dispersion der Schmelze wesentlich verringert werden kann, selbst flr Versagens-

modes bei denen sonst ein groBer Austrag statifindet.
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Abstract

Experiments are being performed in a scaled annular cavity design, typical for the
European Pressurized Reactor (EPR), to investigate melt dispersal from the reactor
cavity when the reactor pressure vessel lower head fails at low system pressure of
less than 20 bar. In the first part of the experimental program the fluid dynamics of
the dispersion process has been studied using model fluids, water or bismuth alloy
instead of corium, and nitrogen or helium instead of steam. The effecis of different
breach sizes, - lateral failures in the lower head in this reporting period -, and
different failure pressures on the dispersion have been studied systematically. The
experiments have shown that lateral failures lead to smaller melt dispersal out of the
reactor pit than failures in the central part of the lower head. Moreover, the geometry
of the reactor pit can be modified in such a way that the dispersion is substantially

reduced even for failure modes that lead to a large dispersal otherwise.

1. Introduction

At FZK the test facility DISCO-C has been built for performing dispersion experiments
with cold simulant materials in an EPR-typical geometry in a scale 1:18. The fluids
were water or bismuth alloy (p = 9.1) instead of melt, and nitrogen or helium instead
of steam. Experiments with different materials are necessary to validate scaling laws.
The first series of experiments with central holes in the lower head had shown large
dispersal of the liquids (up to 76 %) into the pump and steam generator rooms with
pressures as low as 6 bar. In the second part of the experimental program a detailed
investigation of geometry effects was performed, such as lateral holes, lateral slots,
and unzipping of the lower head, and changes in the cavity geometry in connection
with central holes. The experimental apparatus and the test procedure were

described in the last report.
2. Experimental Parameters and Resulis
2.1 Failure modes

Lateral hole: The first type are round holes of 25 and 50 mm diameter on the side of

the lower head (Fig. 1). The inclination of the axis of the holes is 45 degrees. Their
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center measured at the inside is 50 mm above the bottom of the calotte. So, the
lower edges of the holes at the inside are 41.15 and 32.4 mm above the bottom of
the calotte, respectively. The amount of water used was 1.8x10° m3. This scales to
10.5 m3 or approximately 85 t of corium. The liquid level was 67 mm above the
bottom of the calotte and near the upper edge of the holes. With the 25-mm-hole the
level was 8.2 mm above the upper edge and with the 50-mm-hole it was 0.6 mm

below the edge.

Two experiments with burst pressures of 1.10 MPa were performed with holes of
25 mm (scaled 0.45 m) and 50 mm (0.90 m) diameter (RO3 and R04 in Table 1).
Figure 8 shows the pressure in the pressure vessel. In these experiments we do not
have the pressure signal from a transducer directly in front of the hole as an indicator
of the different phases of the blowdown, especially for the determination of the blow-
through time. From the vessel pressure curve and the gas velocity curves (Fig. 9) we
can deduce that the blowthrough occurs very early (approximately at t < 0.1 s). In
Fig.8 we see that the theoretical pressure curve for single-phase gas flow is steeper
than the measured one for test R0O4 at early times. Therefore, we can assume that
the flow through the hole is two-phase at least up to t = 0.3 s. The maximum

pressures in the cavity are similar as in the tests with central holes (not shown).

Fig. 10 shows pictures of the flow in the cavity. The main direction of the flow is not
vertical as with central holes but in an angle of approximately 25 degree, except near
the breach, where the jet hits the side wall and spreads in all directions. The flow into
the subcompartment opposite of the hole position is shown in Figs. 11 and 12. With
the smaller hole the first droplets appear at the compariment after 120 ms (Fig. 11).
Droplets with diameters in the order of 1 to 5 mm carry the main liquid mass with the
maximum flow in the time interval between 300 and 1000 ms. The droplet flow dies
down after 1500 ms. In the test with the larger hole a gas flow with fog appears after
50 ms (Fig. 12). (The condensation of the humidity is due to the cooling of the gas
during the depressurization.) Droplets appear after 100 ms. The droplet flow ends
after 800 ms. The droplets have a higher velocity than in the previous test and seem

to be smaller.

The ejected liquid was found mainly in the compartments opposite to the position of

the hole. Not all of the liquid was ejected out of the RPV (see Table 1). The main
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parameter determining the fraction that remains in the lower head is, of course, the
vertical position of the lower edge of the hole. It is, however, interesting to see how
much lower than this edge the water level is after the test. This number is a measure
for the magnitude of the entrainment. Table 2 lists the data for the lower edge, the
liquid level and the difference between the two in terms of a volume fraction (fent),
that is equivalent to the liquid swept out of the lower head by entrainment. Although
there is less water left in the calotte in RO4 with the larger hole than in RO3 with the
small hole, the entrainment was somewhat smaller in R0O4. There are two effects
reducing the entrainment. With the large hole the blowdown time is shorter, and
because the water level is already lower the surface area is smaller. With the high

density liquid metal the entrainment in test R0O5 is much smaller than with water.

The fractions ejected into the compartments are smaller than in the experiments with
central holes. Due to the smaller total mass (1800 cm?® versus 3400 cm?®) we could
expect a somewhat lower dispersed mass fraction, but the differences between
corresponding tests with central holes and lateral holes are larger than what we have
found as an mass effect. For 25-mm holes the mass effect is approximately 20 %, i.e.

the dispersed fractions fq with 1800 cm3 were only 80 % of those with 3400 cm3.

Even if the dispersed fraction is determined in relation to the mass that was ejected
out of the RPV, the difference is still large (f4* in table 2, fy* = f¢/(1-frpv) ). In the tests
D04 and D06 almost no liquid remained on the cavity bottom, while in RO3 and R04

approximately 30 % of the ejected water was found there.

Thus, for the 25-mm-hole we get the following effect on fq4:

Reducing the total mass from 3400 to 1800: fq4 is reduced from 0.70 to 0.56

Moving the hole from central to the side : fq is reduced from 0.56 to 0.36

f4 based on the mass ejected out of the RPV: f4*is 0.40

For the 50-mm-hole we have a similar reduction (see Fig. 7, 1.1 MPa); from fq4 = 0.76
for a large total mass and central hole (D05), to f4* = 0.50 for the reduced dispersed
fraction with smaller mass and lateral hole (R04). With higher pressure (1.6 MPa in

test R06) the dispersed fraction increases also for lateral holes (Fig. 7).

The liquid metal test R0O5 can be compared with test MO1. In test MO1 with the central
hole the metal mass fraction ejected into the compartments was 36 %, and 21 % was

captured at the RPV support. With the lateral hole practically no metal was found in
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the compartments and at the RPV support.

Lateral slot: The second type is a horizontal slot, that models a partial rip in the
lower head, as it might occur with a side-peaked heat flux distribution. The flow cross
section is equivalent to a 25 mm hole (Fig. 2). The slot is 12.5 mm wide (high,
inclined 45 degrees), and 42.5 mm long with a 6.25 mm radius. The lower edge of
the slot is 56.1 mm above the bottom of the calotte. The amount of water was the
same as for lateral holes. The liquid level was 67 mm above the bottom of the calotte
and 2 mm above the upper edge of the slot. Two tests with a slot were performed
(RO1 and R02). The vessel pressure curves of the slot and the lateral hole tests are
almost identical (not shown) and therefore the gas velocities are the same also (Fig.
13).

Due to the higher location of the lower edge of the slot more water remains in the
calotte. The difference between post test water level and lower edge, however, is
larger (23 versus 20 mm), and therefore, the entrained amount of water. The reasons
could be the larger surface area of the water pool in the calotte at this higher position,
and the wider flow cross section of the slot versus a round hole. The dispersed liquid
fraction is smaller with the slot. In relation to the total amount of water ejected out of
the RPV (fq), it is 34 % for the slot (R02) and 40 % for the hole (R03) (see Table 2).
The dispersed fraction at lower pressure (R0O1) is small with less than 5 %. The
correlation to the burst pressure is similar as that for small central holes, i.e.
increasing fq with increasing burst pressure (Fig.7). At lower pressure more water
remains in the lower head, because the entrainment is smaller at lower gas velocity,

lower density and shorter blowdown time.

Unzipping and tilting of the lower head: The third type models the horizontal rip

propagating around the circumference of the lower head leaving only a small section
attached (Fig. 3), as it was observed in the lower head failure (LHF) experiments
performed at SNL. Here the calotte is a separate part that is held in position by a
steel rod from below at its center. When it is released the lower head moves down on
one side and is held by a hinge on the opposite side. It is stopped by crushing
material on four pedestals. Two different heights of pedestals were used to obtain
different flow cross sections. The maximum drop height was h = 56 mm in one case,

and h = 16 mm in two other tests. The drop height at the side of the hinge was not
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zero but varied between 0.5 mm and 2 mm. The total flow cross section was 220 cm?
and 70 cm?, respectively. For compatrison, the cross section of a 100-mm-hole is
79 cm? and for a 50-mm-hole it is 20 cm2. The amount of water used was 2.1x10° ma.
This scales to 12.3 m? or approximately 100 t of corium. The water level was 73 mm
above the bottom of the calotte and 10 mm above the separating edge. Thus

500 cm?® or 23.5 % of the total mass were above the edge.

Corresponding to the large flow cross section with the high drop height of the calotte
in test KO1, the time for depressurization is extremely short with 0.08 seconds (Fig.
14). The other two tests, KO2 and K03, with a drop height of 16 mm show a similar
blowdown curve as tests D08 and D09, with the 100-mm-hole (Fig. 15 and 16).

As for the lateral holes and slots, liquid remains in the lower head after the
blowdown. The amount of liquid depends on the tilt angle of the calotte, that is higher
for KO1 than for the other two experiments, and on the entrainment. The entrainment
is larger in test KO2 compared to KO1, because of the higher pressure and the larger
surface area of the remaining water, and therefore, the liquid level below the lowest
edge of the tilted calotte is lower. With liquid metal (K03) the entrainment is much

less due to its high density.

The liquid fraction dispersed out of the cavity is very small in test KO1, with fq = 0.011.
With the central 100-mm-hole at an even lower pressure (D14, p = 0.35 MPa) it was
fs = 0.580. The large break cross section does not lead to high dispersion rates,
because the gas does not accelerate the liquid with the lateral break and the
entrainment is small because of the extremely short blow down time. With a smaller
drop height (smaller flow cross section) and a somewhat higher burst pressure of
0.8 MPa in test KO2 the reduced dispersed fraction is higher (f5 = 0.277), but still less
than half of that of central holes with similar cross section (D08, fy = 0.717). To
distinguish between the effect of the higher pressure and the different drop heights
an additional test with large drop height at 0.8 MPa burst pressure will be performed.
Because the entrainment process plays a major role in the case of lateral breaches,
the dispersed fraction with metal is very small (K03), even at the higher pressure of
1.1 MPa.

Fig. 17 shows the pictures of the flow in the cavity of test KO2. The water is ejected
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through the gap horizontally all around the circumference, with the largest amount at
the position opposite to the hinge. The water hits the cavity wall and initially moves
upwards and downwards with equal parts. Already at 4 ms a strong upwards directed
gas flow can be seen, that makes the water film very thin. In test KO2, after 170 ms
the water film moves due to its inertia, the gas flow has ceased. In test KO1 with the

larger drop height this occurs already after 80 ms.

2.2 Geometry variations

Effect of pool depth: To investigate the effect of different initial liquid pool depths a

standpipe was mounted inside the pressure vessel in two experiments (Fig. 4). The
standpipe can hold the same amount of liquid as the lower head (3400 cm3). Thereby
we get only two distinct stages of blow down, first the liquid jet and than the gas jet,
practically without a stage of a two-phase jet in between. This geometry was used by
other investigators and it is therefore interesting to see the effect on the dispersed

fractions.

In these experiments the single-phase liquid outflow takes longer as in experiments
with standard geometry, where the same liquid volume, failure pressure and hole
dimensions were employed. For example, in test D-07 the duration of this stage was
approximately of 106 ms (blowthrough time), while in test T-02 this stage takes
245 ms (Fig. 18 and 19). The total duration of the blow down is about 20 % shorter
for the tests with the water in the standpipe. For both hole sizes the dispersed liquid
fractions are higher in the tests with the water initially in the standpipe, about 12 %
for the 50-mm-hole and 8 % for the 25-mm-hole. Code calculations have produced

similar results.

Venting channel: Four holes modeling the venting openings in the reactor pit were

connected by a circumferential channel and a pipe to an extra compartment modeling
the spreading room (Fig.5). The four openings in the lower part of the pit had a total
flow cross section of approximately 14 of the minimum flow cross section below the
RPV support girder. The four holes with the diameter of 38 mm took up 14 % of the
circumference of the pit. One test (S01) with a initial pressure of 1.1 MPa and a
central hole of 25 mm diameter was performed, similar as test D04. No liquid was

found in the melt spreading room and only 1.8 % of the liquid was in the
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circumferential venting channel after the test. Thus, the venting channel is not a
preferred flow path for the melt, and the danger is low that large amounts of melt will

reach the melt spreading room premature.

Wider cavity (larger annular flow cross section): The diameter of the cavity was

changed from 342 mm to 386 mm for test FO3 (the width of the annular gap changed
from 21.75 mm to 43.75 mm, see Fig. 6, without the dispersion preventing device). In
a wider cavity the average gas velocity is lower due to the larger flow cross section.
The minimum flow cross section below the nozzles was kept constant. Comparison
with standard tests showed that the mass fraction ejected into the compartments was
reduced from 70 to 63 %. The maximum average gas velocity changed from 38 m/s

to 17 m/s.

Melt trapping device: In the wider cavity an extra cylinder was inserted, that should

trap the liquid mass and prevent the dispersion out of the cavity (Fig. 6). In these
tests it could be observed, that the cylinder separates the liquid at the cavity wall
from the gas. The gas can flow into the compartments, while the liquid is trapped
between the cylinder and the cavity wall. However, the liquid falls back into the cavity
as soon as the top of the gap is reached and can be entrained by the gas, but at
lower gas velocities. This reduces the dispersion substantially (Table 1). With a
central hole the reduction is from 63 % without trap (test FO3) to 28 % with trap (F04).
Combining a lateral hole with the melt trapping device like in test F06, the dispersed
fraction reduces from 36 % (R03) to 10 %. If liquid metal were employed instead of

water, the dispersed fraction values would be even smaller.

3. Measurements of flow parameters

In some special experiments velocities of gas and liquid droplets and droplet sizes
were measured in the annular gap and at the nozzles at the entrance to the

subcompartments by particle image velocimetry (PIV).

The measurements of the gas velocity in the gap show good agreement with
velocities calculated from experimental pressures and temperatures. It can be con-
cluded, that there is no fully developed flow in the annular gap. Higher velocities

could be observed close to the RPV wall.
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Drop sizes at the entrance to the compartments range between 220 ym and several
millimeters. A tendency for the drop mean size to increase as gas velocities diminish
could be observed. At a time near the end of the two-phase outflow and close to the
begin of the single-phase gas outflow, a maximum number of droplets can be
observed in the experiments. Drop velocities are larger than water jet velocities and
have also larger horizontal velocity components. From visualization of the flow
phenomena at the compartments, it could be concluded, that the water jet observed
in the PIV pictures is a prolongation of the liquid film observed in the reactor cavity.

Therefore, drops observed in the pictures have two possible origins:

1. Drops entrained by the gas due to the shearing force existing between gas and
liquid film in the annular gap. These drops are carried out of the reactor cavity and
along the main coolant lines into the compartments by the gas. They have high

velocities and small diameters.

2. Drops resulting from the fragmentation of the liquid jet at the compariments.

These drops have usually larger diameters and lower velocities.

Details and complete data can be found in [1] and [2].

4. Conclusions

With holes at the base of the bottom head the most important parameters governing
the dispersion of melt are the hole size and the burst pressure. Practically, no liquid
remains in the RPV. With lateral breaches the liquid height in the lower head relative
to the upper and lower edge of the breach is an additional parameter for the
dispersion process. In most cases not all the liquid is discharged out of the RPV. If
the initial liquid level is above the upper edge the blowdown starts with the single-
phase liquid discharge, driven by the pressure difference between vessel and cavity,
as for central holes. However, the gas blowthrough occurs earlier. In the subsequent
stage the liquid is carried out of the lower head by entrainment. The gas velocity at
the breach may be high but the velocity above the liquid surface inside the vessel is
much lower. Besides the gas velocity, the density ratio of gas and liquid, the surface
area of the liquid pool, and the duration of the blowdown govern the entrainment

process. Therefore, the entrained liquid fraction can be higher with a small breach
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than with a large one, because the blowdown time is longer but the maximum
velocity may be the same. The entrainment mechanism in such a case is not well
understood and it is difficult to apply these results to the reactor case, since up to
now, our experiments are the only ones with lateral breaches, and no other scale has

been tested.

Shifting the break from the central position towards the side of the lower head leads
to a smaller dispersion of liquid, even if the dispersed fraction is related only to the
liquid mass that has been ejected out of the RPV. The main effect is probably the
circumferential component of the velocity in the cavity. Also, the velocity of the
entrained droplets may be lower, because of the short entrainment length within the

lower head.

As for the time being, we can make the cautious statement, that taking the known
similarity correlations, the results from the liquid metal tests represent the lower
bound for the dispersed melt fractions, however, they are probably closer to the
expected values than the results from the water tests, that represent the upper
bound. So, significantly less dispersion of melt can be expected for lateral breaches
at pressures below 1.1 MPa, probably less than 10 %. If higher dispersion occurs,
maybe due to higher pressure at failure, simple devices to mitigate the dispersion out

of the cavity may be feasible.

For the investigation of thermal and chemical effects experiments with alumina-iron

melt and steam will be performed in a similar geometry.
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Table 1 Parameters and dispersed liquid fractions

Liquid fraction found in

Liquid Hole | Flow | Burst |compart-| Cavity| RPV | Cavity
Test] volume JLiquid] Issue Dia. | cross |pressur] ments ]|bottom] suppori| total RPV
section| e

(10° m°) (mm) [ (cm?) | (MPa)| 14 fs fo  ffo=fa+fd frpy
D-20} 1.8 |water|central hole| 25 5 1.140| 0.553 | 0.024| 0.423° | 0.447 0
D-051 3.4 |water|central hole| 50 20 | 1.200]| 0.759 [0.012| 0.229 | 0.241 0
M-01) 3.1 |metal|central hole] 25 5 1.045| 0.358 | 0.428 | 0.215 | 0.643 0
R-01f 1.8 |water| lateral slot Jequiv.25| 5 0.611 | 0.029* | 0.423 | 0.185 | 0.608 ] 0.363
R-02| 1.8 [|water| lateral slot |equiv.25| 5 1.101 | 0.250" | 0.244 | 0.244 | 0.488 | 0.262
R-03| 1.8 |water|lateralhole| 25 5 1.100 | 0.358* | 0.294 | 0.238 | 0.531 | 0.111
R-06/ 1.8 |waterflateral hole] 25 5 1.610 | 0.469% | 0.204 | 0.242 | 0.446 | 0.085
R-04] 1.8 |water|lateral hole 50 20 ]1.100| 0.477* | 0.266 | 0.209 | 0.475 | 0.048
R-05] 1.8 |metal|lateral hole 25 5 1.050 | 0.0005 | 0.657 | 0.006 0.663 | 0.336
D-08) 3.4 |[water{central hole| 100 78 | 0.613| 0.717 |0.052| 0.231 | 0.283 0
K-01] 2.1 |water| unzipping | h=56 | 220" | 0.500 | 0.011* | 0.851 | 0.043 | 0.894 | 0.095
K-02] 2.1 [water| unzipping | h=16 70 | 0.800 | 0.225* | 0.320| 0.270 | 0.588 | 0.187
K-03f 2.1 |metal] unzipping | h=16 70 1.100 | 0.008 | 0.455( 0.124 | 0.579 | 0.413
F-03 3.4 |wate wider gap 25 5 1.076| 0.632 | 0.233| 0.135" | 0.367 0
F-04| 3.4 |waterf melttrap 25 5 1.100] 0.280 | 0.590| 0.130* | 0.720 0
F-05| 3.4 |wate]l melttrap 50 20 | 1.110| 0.266 | 0.574| 0.159* | 0.734 0
F-06] 1.8 |wated lateral + 25 5 1.110| 0.097 | 0.578| 0.206* | 0.784 | 0.119

melt trap
* most liquid was found in the compartments opposite of the slot or hole
maximum possible flow cross section (D = 245 mm) : 471 cm?
% closed holes at the support girder prevented a back flow into reactor pit
Table 2 Lateral breaks data on post test liquid level in the lower head and reduced
dispersed fraction f4* (pre-test level was 67 mm for the R-tests and 73 mm for K-
tests)
Test 3Limit;r ?‘: liquid P lower | water | Diff. | fer | frev fq fy
p heig [MPa] | edge | level | [mm]
[mm]

R-01 |slot 25 equiv. | water 0.6 56 39 17 10.355| 0.363 | 0.029 |0.045
R-02 |slot 25 equiv. | water 1.1 56 33 23 |0.455| 0.262 | 0.250 |0.339
R-03 25 water 1.1 441 21 20 [0.290| 0.111 | 0.358 [0.403
R-06 25 water 1.6 41 18 23 |0.315| 0.085 | 0.469 [0.513
R-04 50 water 1.1 32 14 18 |0.200| 0.048 | 0.477 |0.501
R-05 25 metal 1.1 441 39 3 |0.036| 0.336 | 0.0005 | 0.0008
K-01 56 water 0.5 - - 15 10.174| 0.095 | 0.011 |0.012
K-02 16 water 0.8 - - 25 10401 0.187 | 0.225 |0.277
K-03 16 metal 1.1 - - 12 10.215] 0.413 | 0.008 |0.013

f =mass found post test in specific locations / total mass
fy = mass found post test in specific locations / (total mass —mass remaining in the RPV)
fontr = volume in lower head between lower edge of hole and post test water level / total liquid volume
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Fig. 2 Geometry of lateral slot

Fig. 3 Unzipping and tilting of lower head

92




STANDPIPE
@76.1 mm
L=950mm

i
i
i
¥
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Fig. 5 Cavity with openings leading into the melt spreading room
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Fig. 6 Melt trapping device in the cavity
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Fig. 7 Dispersed fractions for special tests with lateral breaches and changes in
cavity geometry in comparison with results from tests with central holes and
water.
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Fig. 8 Comparison of blowdown pressure of experiments with central hole (D05) and
lateral hole (R04), and with single-phase gas blowdown calculated for isentropic

flow
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Fig. 9 Bulk gas velocities of nitrogen in the annular space in the cavity for tests with
50 mm-holes and liquid water, comparison of different hole positions
(DO5,central and R04)
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Fig. 11 Flow into subcompartment, R03, lateral hole, 25 mm

60 ms 100 ms

Fig. 12 Flow into subcompartment, R04, lateral hole, 50 mm
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Fig. 13. Bulk gas velocities of nitrogen in the annular space in the cavity for 25 mm
holes and liquid water, comparison of different hole position (D04 and
R03), and different hole shape of lateral breaches (R03 and R02)
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Fig.16 Pressure in the pressure vessel and the reactor pit in tests KO3 (metal) and D09
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Fig. 17. Flow in the cavity, D4.2, drop height h = 16 mm
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Fig.19 Pressure in the pressure vessel and the reactor pit in a standard test
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1. Rechnungen zur Dispersion der Kernschmelze
(D. Wilhelm, IKET)

Zusammenfassung

Mit Hilfe eines fur die Coriumdispersion erweiterten Fluiddynamik-Codes wurde ein in
reduziertem MaBstab durchgefiuihrtes Thermitexperiment analysiert, das den Auswurf
von geschmolzenem Kernmaterial aus dem Druckbehélter eines Leichtwasser-
reaktors in die angrenzenden Raume und den Dom des Sicherheitsbehélters
beschreibt. Das Experiment wurde im Rahmen einer internationalen Ubereinkunft im
Sandia National Laboratory, U.S.A., durchgefuhrt. Es wird zur Zeit mit dem DISCO
Programm im Forschungszentrum Karlsruhe weitergefihrt. Ein erster Versuch der
Extrapolation auf den Reaktorfall wurde mit dem Code unternommen. Die Studie
zeigt, daB wichtige experimentelle Resultate gemaf allgemeiner Skalierungsgesetze
auf den Reaktorfall Ubertragen werden kdnnen, aber dal3 es Empfindlichkeiten vor
allem beim Ubergang von Thermit auf Corium gibt. Die Resultate unterliegen groBen
Abweichungen und Abhangigkeiten von der Geometrieaufldésung und der Dynamik

des Warmelbergangs zwischen den verschiedene Komponenten.

1. Introduction

In the event of a core melt-down of a pressurized water reactor, the molten metals
and oxides may collect in the lower head of the pressure vessel. Two scaled-down
thermite experiments [1] were performed at the Sandia National Laboratory,
Albuquerque, which simulated the discharge of the melt through a given breach of
the lower head driven by steam at a moderate pressure of 1.1 MPa. Prior to these
experiments, in a comprehensive program of the United States, the issue of direct
containment heating was investigated. Equilibrium models and systems-level codes
were successfully used [2] to predict containment overpressures for different reactor
types. The present program focuses on lower pressure levels in the vessel.
Therefore, the containment overpressures and the fractions of melt discharged into
the containment are lower. When focussing on where and when the melt is being

dispersed, it became obvious that it was necessary to resolve, different to the
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previous studies, details of the geometry close to the breach. The present program
not only seeks to provide results for the melt dispersion, but also for the time
sequence of hydrogen generation, in-vessel pool behavior in the lower head, impact
of the melt on safety components, and possibly also fission product distribution with

the melt.
2. Recalculation of the experiment

The experimental program is being accompanied by calculations with a CFD code.
To a code of the SIMMER family [3], models were added which were found
necessary to describe the phenomena during melt dispersion. Fig. 1 shows an sketch
of the reactor pressure vessel and the adjacent structures and an artist’s view of the
melt during dispersion. The phenomena under investigation are listed close to the

location where they occur.

The flow of melt to the outside of the pressure vessel is governed by the upstream
and downstream conditions. During the DISCO-C program [4], and using code
calculations, the phenomena leading to a gas blowthrough have been found to play a
role. The liquid melt first leaves the breach in an almost single-phase liquid flow. At a
given low liquid level in the pressure vessel, the jet becomes two-phase in such a
way that the center of the jet entrains vapor from the vessel. The change in flow

regime has a substantial influence on the dispersion processes downstream.

Jets leaving pressure vessels at high velocities are subjected to a constriction of the
jet diameter. The associated consequences on the mass flow need to be carefully
modeled by the code. When leaving the breach, the jet may partly disintegrate due to
the shear forces acting on it. Droplets leaving the jet may have different sizes than

those being formed when the jet impinges on the cavity bottom.

Downstream of the impact area, a film of the liquid melt may be formed on the cavity
bottom and the side walls. Droplets may be entrapped into the film. The rest of the
droplets, especially those of a small size, may leave the cavity without contact to the
cavity walls. The melt in the film exchanges heat with the colder walls. A part of the
film may freeze and form a thin crust on the wall. If conditions are met, the vapor flow
may entrain droplets out of the film. These droplets are generally small enough to be

levitated by the vapor flow and are thus swept out of the cavity.
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While the melt flows through the cavity, its surface area to the adjacent vapor is
largely increased. The steam which was either in the cavity before breach opening or
is flowing out of the reactor pressure vessel after gas blowthrough reacts with the
metal components of the melt. The reaction is exothermic and the products are
oxides and hydrogen. Inside the cavity, there is not enough oxygen for hydrogen
combustion. However, when hydrogen leaves the cavity, conditions are met in the
reactor dome for a steady flame which adds reaction energy to the dome

atmosphere.

The code was successfully used to recalculate the more energetic of the two
SANDIA experiments and to discuss effects and sensitivities of conditions which are
not well known [5]. Besides the achievement of a good agreement of the pressure
transients, the main findings of the post-test analyses of the experimentalists were
confirmed, as there are a steam limited oxidation of metal in the cavity, a further
oxidation in the containment, a constant hydrogen burning, and the limited amount of
thermite dispersed beyond the cavity. The amount of thermite freezing on the cavity

walls is small and has been found to have a negligible influence on the results.

Fig. 2 shows the pressure transients of the experiment (dotted lines) and the code
(solid lines). The uppermost pressure is that of the pressure vessel. Pressures in the
cavity and the dome start at about 0.22 MPa. The pressures of the cavity are higher
and show small maxima because of thermal and chemical interactions. The pressure
peak after 0.1s is lower for the code, but the general course looks similar and comes

at the proper time. Subsequent pressures are well matched.
3. Extrapolation to prototypic conditions

A first attempt was undertaken to extrapolate to prototypic condition. This was done
in two steps, first to prototypic scale, and then from thermite to corium. While the
geometric scale-up revealed only small differences to the experiment, especially in
the dynamics, the change to corium showed new sensitivities. These depend on the
specification of the melt, and are thus subjected to the history of the accident. By and
large, the relevant results scale as predicted, the pressures look similar to the
experiment except for the cavity pressures which are higher, the relative amount of

hydrogen generated depends strongly on the melt mass and the metal content in the
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melt, and the fraction of melt discharged into the containment is lower but rather

close to what has been measured.

Table 1V shows the result of the scaling analysis and code calculations. For the
experiment, the linear scale of 1:10 is arbitrary and follows the need for technical
feasibility. From this scale follows directly the surface and volumes scales. Water
vapor produces the driving pressure of the prototype. The experiment also uses
water vapor, and the temperature frame is similar to that of the prototype, with water
temperatures scaled 1:1 and thermite temperatures being close to those of a molten
corium pool. The pressure of the experiment is thus scaled 1:1. The mass scaling
approach of the experiments uses a comparison of thermal and chemical melt
energies to find the appropriate melt mass. This yields a factor of 1900 for the
prototypic melt. The scaling factors for the droplets sizes and the lines below are

results of the code calculations.

1:10 1:1 1:1

thermite | thermite |corium
Length, Time 1 10 10
Area 1 100 100
Volume 1 1000 1000
Pressure 1 1 1
Velocity , 1 1 1
Mass ‘«r 1 1000 1900
Dropiet size 1 =1.7 =1
calculated melt fraction dispersed
measured melt fraction dispersed 1 ~0.9 ~0.8
Hydrogen mass produced in the cavity 1 =450 =240
Mass of the film frozen on the cavity walls 1 =200 =50

Table IV  Scaling factors for 1:10 and 1:1 scale

Fig. 3 shows the calculated pressures for the corium case in 1:1 scale compared to
those the calculation in 1:10 scale and the experiment. The upper abscissa stands

for the protypic time, the lower for the experimental time.

Fig. 4 shows the cavity inventories of steam and gases during the first 8 s of a 1:1
scale corium calculation. The initial steam inventory is reduced before gas
blowthrough which takes place around 0.6 s. Until 3.6 s, all steam flowing in is
consumed by oxidation. Hydrogen inventory peaks just after gas blowthrough and

when cavity pressures rise rapidly. After 3.6 s, the reaction is no longer steam limited,
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but most of the metal components are already oxidized. Hydrogen production stops

around 6 s.

The study of the 1:1 corium cases has shown that the dispersion scales almost 1:1
when comparing to the experiment. However, this result is not due to similar
conditions during the transient. Flow conditions and chemical reactions have been
found to be quite different. Besides this, the calculations show a considerable scatter
of results and dependence with geometric resolution of the code and with the
dynamics of energy transfer between participating components. This underlines the
demand for a more important number of thermite tests which will start in the DISCO

facility of the Forschungszentrum Karlsruhe.
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Fig. 2: Measured and calculated pressures of the SNL/Sup-1 experiment
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32.21.04 Thermischer Angriff durch Kernschmelze und deren langfristige Kiihlung

l. COMET - Konzept
(H. Alsmeyer, T. Cron, S. Schmidt-Stiefel, W. Tromm, T. Wenz, IKET;
C. Adelhelm, IMF; H.-G. Dillmann, H. Pasler, ITC-TAB; W. Schock, IMK;
C. Grehl, G. Merkel, W. Ratajczak, HVT; Ing.-Buro F. Ferderer; Ing.-Biro
G. Schumacher)

Abstract

The CometPC cooling concept is investigated to cool corium melts in a postulated core
melt accident. In this concept, water is introduced to the bottom of the melt through a layer
of porous concrete. Three further large scale experiments with sustained heated melts are
reported, which were performed with 800 kg metal and oxide melts with an initial
temperature of about 1900 °C. One experiments investigates the cooling behaviour of a 1-
dimensional central section of the typical reactor scale. Two further experiments include
the influence of sidewalls. After erosion of the sactificial concrete layer, strong cooling of
the melt starts with onset of passive water injection. The experiments are discussed with
respect to the main results. The melts are arrested and cooled by the porous, water filled
concrete when the sacrificial concrete layer and the coolant flow are adequately designed.
However, distribution of the coolant water flow and the porosity of the melt are to some
extend not satisfactory. In this respect, an improvement of the CometPC-cooling concept
is desirable to obtain the good porosity and coolability of the melt, that were found in the

original COMET-cooling concept based on an optimised array of flow channels.

Further transient tests investigate questions related to special accident scenarios for the
CometPC core catcher. For the investigated scenario the low pressure pumps of the
primary circuit can be restarted when the core melt has spread on the compartment. Thus,
compartment and core melt are flooded through the destroyed RPV. The question is,
whether crusts on the melt surface are formed and whether the fragmentation processes
by water inlet from below are impeded. The experiments show that even with flooding of
the melt and crust formation the melt is fragmented due water inlet from below and the
flow rate is comparable to former experiments. Theoretical investigations conducted with
the computer code WECHSL could demonstrate adequate agreement with the

experiments. For the reactor case the calculations show that flooding doesn’t lead to
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crusts on top of the melt in the possible time span of concrete erosion, i.e. this scenario is

not critical for the core catcher concept.

Zusammenfassung

Zur Kihlung der Kernschmelze in einem unterstellten Kernschmelzenunfall wird das
CometPC-Kihlkonzept untersucht, bei dem das Kihlwasser aus einer pordsen Beton-
schicht von unten in die Schmelze eingefiihrt wird. Es werden drei weitere GroBexperi-
mente mit nachbeheizten Schmelzen berichtet, die mit 800 kg Metall- und Oxidschmelze
von anfangs 1900 °C durchgefihrt wurden. Untersucht wird in einem Experiment das Ver-
halten eines 1-dimensionalen, zentralen Ausschnitts aus einer reaktortypischen Geo-
metrie. Bei zwei weiteren Experimenten wird auch der Einfluss der seitlichen Berandung
mit einbezogen. Nach Erosion des Opferbetons beginnt mit der passiven Wasserein-
strdbmung die starke Kuhlung der Schmelze. Die Ergebnisse der Experimente werden in
ihren wesentlichen Punkten diskutiert. Obwohl die Schmelze bei geeigneter Dimensionie-
rung der Opferschichten und der Kihlwassermenge durch den wasserfiihrenden Pords-
beton gestoppt und gekihlt wird, sind die GleichméaBigkeit der Durchstrdbmung und der
Fragmentierung der Schmelze durch das Kihlwasser zum Teil nicht befriedigend. Hier ist
eine Verbesserung des CometPC-Klhlkonzepts wiinschenswert, damit die gute Porositat
und Kihlbarkeit der Schmelze erreicht wird, wie sie sich beim urspriinglichen COMET-

Konzept unter Verwendung eines optimierten Feldes von Stromungskanélen ergibt.

In -weiteren transienten Experimenten werden Fragestellungen zu speziellen Unfall-
ablaufen fur die CometPC-Kernfangerkonstruktion untersucht. In dem hier untersuchten
Szenario wird die Niederdruckeinspeisung des Primarkreises wieder in Gang gesetzt, als
sich die Schmelze im Ausbreitungsraum gleichmaBig verteilt hat. Uber den zerstérten
RDB wird so der Ausbreitungsraum und damit die Schmelze langsam geflutet. Es stellt
sich die Frage, ob sich Krusten auf der Oberflache der Schmelze ausbilden und ob
dadurch die Fragmentation der Schmelze bei Wasserzutritt von unten behindert wird. Die
durchgefithrten Experimente zeigen, dass bei einer Uberflutung der Schmelze mit Aus-
bildung einer Kruste die Schmelze durch Wasserzutritt von unten dennoch fragmentiert
wird und die Wasserzutrittsraten vergleichbar mit friiheren Experimenten sind. Theo-
retische Abschatzungen, die mit dem Computerprogramm WECHSL durchgefihrt wurden,
zeigen eine befriedigende Ubereinstimmung mit den Experimenten. Bezogen auf den

Reaktorfall zeigen die Rechnungen, dass in dem méglichen Zeitrahmen der Betonerosion
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die Schmelze keine Kruste bei Uberflutung ausbildet, so dass dieses Szenario fiir die

Kernfangerkonstruktion unkritisch ist.

1.  Einflihrung

Bei einem unterstellten Kernschmelzenunfall mit langfristigem Ausfall der Kihlung kann
die Kernschmelze auf Grund ihrer Nachwéarmeleistung den Reaktordruckbehalter durch-
schmelzen und auf das Fundament des Reaktorgebdudes austreten. Weltweit werden
verschiedene Kihlméglichkeiten untersucht, um einen weitergehenden Angriff des Funda-
ments zu begrenzen. Eine Uberflutung der Schmelze mit Kiihlwasser allein von oben kann
nach bisherigen Untersuchungen das Vordringen der Schmelze in den Beton nicht
stoppen, da sich eine weitgehend stabile Oberflachenkruste ausbildet, die ein weiteres
Eindringen des Kiihlwassers in den zentralen Bereich der Schmelze und damit eine auch
in der Tiefe wirksame Kuhlung und Erstarrung der Schmelze verhindert.

Im Gegensatz hierzu wird bei dem hier berichteten Vorhaben Kihlwasser von unten in die
Schmelze eingefiihrt. Dies geschieht beim COMET-Konzept durch rein passive
MaBnahmen, nachdem die Schmelze zunachst eine Opferschicht von Beton erodiert und
damit Zutrittskanale fir das Kihlwasser gedffnet hat. Durch die schnelle Verdampfung
des eindringenden Wassers in der Schmelze bricht die Schmelze in ein poréses, wasser-
durchlassiges Bett auf, so dass groBe innere Oberflaichen entstehen, Uber die die Warme
kurz- und langfristig sicher abgefihrt werden kann. Diese sehr wirksame Warmeabfuhr
lasst die Schmelze schnell erstarren, so dass die angrenzenden Strukturen auf sehr
niedrigen Temperaturen bleiben.

In dem urspriinglichen COMET - Kihlkonzept erfolgt der Zutritt des Kihlwassers tber
diskrete Kilhlkanale, die als Plastikrbhrchen in einem quadratischen Raster mit 80 mm
Kantenldange angeordnet sind. Die Wirksamkeit der Klhlung unter verschiedenen
Aspekten konnte experimentell nachgewiesen werden, und der Einsatzbereich der
Kihleinrichtung wurde ermittelt [1].

In einer Variante dieses Kiihlkonzepts, die zur Zeit weiter entwickelt wird und die mit
CometPC (= Comet Porous Concrete) bezeichnet wird, wird das Feld der vorbereiteten
Klhlkanale durch eine wasserflihrende, porése Betonschicht ersetzt. Experimente mit
sehr heiBen Thermitschmelzen von Anfangstemperaturen um 1900 °C haben zunéchst in
transienten Experimenten die gute Kuihlbarkeit bestétigt. Zwei Experimente mit
nachbeheizten Schmelzen, die im Jahre 1999 durchgefiihrt und berichtet wurden [2],
haben die hohe Stabilitat der wasserflihrenden, porésen Betonschicht nachgewiesen, was

zum zuverlassigen Stop der Schmelze flhrt. Punkte, die einer weiteren Klarung und
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eventueller Verbesserungen bedlrfen, betreffen die GleichmaBigkeit der Durchstromung
der Schmelze und die geeignete Zutrittsrate des Kiihlwassers.

Die Kuihlwassermenge kann bei diesem Konzept, auBer durch die H6he des
Wasserreservoirs, durch die Porositat des Betons in gewissen Grenzen gewéhlt werden.
Als glinstig im Hinblick auf das Erreichen gleicher Kihlungsbedingungen wie beim
urspringlichen Kihlkonzept wird eine Auslegung der Durchldssigkeit der Pordsschicht
entsprechend 1 — 2 Liter Wasser / m? s angesehen, wobei der treibende Uberdruck des
Wassers 0,1 bar betrdgt. Mit dieser Auslegung erfolgten im Jahre 2000 drei weitere
GroBexperimente mit simulierten, nachbeheizten Kernschmelzen mit Anfangstempera-
turen von 1900°C.

Abbildung 1 zeigt den schematischen Aufbau der Kiihlanordnung. Dabei wurde aus den
Erfahrungen der vorhergehenden Experimente eine Schicht von Keramik-Kacheln
eingefugt, die den Einstrom des Kihlwassers nach Erosion der Opferschicht verbessern
soll. Diese Kacheln sind nur leicht am Porbésbeton befestigt, und werden durch das
Fugenmaterial am Ort gehalten. Sie versagen beim Angriff der heiBen Schmelze im
wesentlichen durch Bruch und geben damit den Kihlwasserstrom frei, ohne dass
Schmelze die Oberflache des pordsen Betons blockiert.

Abbildung 2 stellt den integrieten Versuchsaufbau fur die GroBexperimente mit
Simulation der Nachwarme dar, mit dem umschlieBenden Versuchstiegel und der
Induktionsspule, die sich unterhalb der Kihleinrichtung befindet und mit der die
Nachwéarme in der Schmelze erzeugt wird.

Die Induktionsspule wird durch Jochbleche getragen, die das magnetische Wechselfeld
bindeln und so fihren, dass der metallische Teil der Schmelze mdglichst gleichmaBig
geheizt wird. Ein Teil der Jochbleche war durch Korrosion so geschéadigt worden, dass sie
zum Ende des letzten Experiments im Jahre 1999 einen magnetischen Kurzschluss
verursachten und durch aufwendige ReparaturmaBnahmen ersetzt werden mussten.
Inbetriebnahmetests nach der Reparatur im Frihjahr 2000 haben bestéatigt, dass die

Induktionsheizung ihre spezifizierten Werte wieder erbringt.

2. CometPC - Experimente mit Nachwarmesimulation

2.1 CometPC-H3

Das Experiment CometPC-H3 ist das erste GroBexperiment nach Reparatur der
Induktionsspule. Im Hinblick auf einen sicheren Betrieb der Spule und damit eine sichere
und gleichmaBige Beheizung der Schmelze wurde daher das Experiment in 1-

dimensionaler Geometrie so ausgelegt, dass exireme Anforderungen an die Beheizung
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nicht gestellt wurden. Dazu wurde der Abstand zwischen beheizter Schmelze und
Induktionsspule so gering wie méglich gehalten. Dies geschieht durch Verringerung der
Hohe der pordsen, wasserflhrenden Betonschicht von 15 auf 10 cm und durch eine
niedrigere Betonopferschicht (5 cm anstatt friiher 10 cm). Dadurch werden ein friiher
Wasserzutritt und Beginn der Kihiung bereits 5 min nach Einguss der Schmelze erwartet.
Das Experiment verwendet eine erhéhte Schmelzenmasse von 800 kg (400 kg Fe mit
einem Ni-Anteil von 15 %, 400 kg AI203 mit CaO) mit einer Anfangstemperatur von
1900 °C. Die Hohe der Schmelze ohne erodierten Beton betragt 32 cm, davon 9,3 cm
Metall unten und 22,5 cm Oxid oben. Die Beheizung des Experiments war bis nach
Erreichen der vollen Erstarrung der Schmelze mit 300 kW netto geplant, was jedoch nicht
voll realisiert werden konnte. Damit entsprechen die Versuchsdaten den typischen
Bedingungen in einem Kernschmelzenunfall, die in einem 1-dimensionalen Ausschnitt
einer reaktortypischen Situation nachgebildet sind.

Die erste Phase des Experiments ist durch die trockene, relativ gleichméafige Erosion des
Opferbetons charakterisiert (Abbildung 3). Die dabei auftretende, anféngliche Erosionsrate
von 0,17 mm/s ist typisch fiur den Angriff durch eine Stahlschmelze bei Temperaturen um
1700 °C, wie sie auch von Eppinger et al. in den KAPOOL-Experimenten ermittelt wurde
[8]. In dieser Phase kiihit die Temperatur der Schmelze rasch ab, so dass etwa die
Erstarrungstemperatur der Stahlschmelze erreicht wird.

Nach 235 s ist die Schmelze so weit nach unten vorgedrungen, dass die Schicht der
Kacheln im Osten der Kihlflache erreicht wird, der Kuhlwasserzutritt von unten einsetzt
und sehr schnell eine Einstrdmrate von 1,3 l/s erreicht (Abbildung 4). Die hohe Ein-
stromrate lasst darauf schlieBen, dass die Oberflache der Pordsschicht fiir den Wasser-
durchtritt weitgehend freigelegt ist. Das zunachst volistandig verdampfende Wasser fiihrt
zu einer Kihirate von nahezu 3 MW, entsprechend einer Kuhlleistung von 4,5 MW/m?2
(Abbildung 5), und liegt damit um den Faktor 10 Uber dem Nachwéarmeniveau. Die
Einstromrate des Kilhlwassers bleibt zunédchst auf hohem Niveau und nimmt erst dadurch
langsam ab, dass nach Uberfluten der Schmelze der Wasserstand im Tiegel ansteigt und
damit die wirksame Druckdifferenz des Flutwassers geringer wird (1,0 I/s bei 700 s).

Das in der Schmelze verdampfende Kihlwasser verursacht eine starke Durchstrdomung
und Durchmischung der Schmelze. Es werden jedoch nur kleinere Schmelzepartikel von
wenigen cm GroBe aus der noch sehr dinnflissigen Schmelze hochgeworfen. Trotz des
hohen Wasserzutritts kommt es auch nicht zum Hochschleudern gréBerer Schmelze-
massen, wie sie durch schnelle Verdampfung gréBerer, zusammenhangender Wasser-

mengen entstehen kénnten, da der Eintritt des Wassers aus dem Porbdsbeton in die
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Schmelze verteilt Uber die Flache erfolgt und sich daher keine gréBeren, zusammen-
hangenden Wassermengen bilden kénnen. Demzufolge gibt es auch keinen messbaren
Druckanstieg im Versuchstiegel, und Druckpulsationen durch koharente Verdampfungs-
vorgange treten nicht auf.

Bereits nach 280 s, also schon 45 s nach Einsetzen der intensiven Kihlung, ist die
Schmelzenoberflache teilweise von stark siedendem Wasser Uberflutet. Dabei sinkt auch
der durch Verdampfung des Kihlwassers abgeflihrte Wé&rmestrom schnell auf etwa
500 kW. Abbildung 5 zeigt den Vergleich von durch Verdampfung abgefiihrten mit der in
der Schmelze simulierten Nachwéarme-Leistung. Ab 600 s ist jedoch die ermittelte
Kuhlleistung zu niedrig, da die Abgastemperatur 100 °C unterschreitet und die nun
wesentliche Klihlung durch die unterklihlte Wasserschicht nicht beriicksichtigt ist.

Im Zeitraum von 300 bis 360 s werden glihende Teile von oxidischer Schmelze durch
vulkanartigen Auswurf in das Wasser ausgetragen. Dabei baut sich, wie die Nach-
untersuchung zeigt, ein unregelmafiger "Vulkankegel" Uber der zunachst ebenen, bereits
erstarrten Oberflaiche der Schmelze auf. Die Oberflache der wasserbedeckien Schmelze
wird ab 360 s fortschreitend dunkel, wéhrend die Schmelze in ihrem Inneren noch teil-
weise flUssig ist.

Bei 450 s steigt der Wirkungsgrad der Induktionsheizung, bei sonst gleichen Betriebs-
bedingungen der Induktionsspule, deutlich an, und zwar von zunéachst 30 % auf ca. 50 %.
Der Grund hierflr ist wahrscheinlich der Temperaturabfall der inzwischen zumindest in
wesentlichen Teilen erstarrten Metallschmelze, die bei etwa 400 °C ferromagnetisch wird
und dadurch wesentlich besser an das Induktionsfeld ankoppelt. (Fir die vollstandig auf
Raumtemperatur abgekulhilte Schmelze wurde nach dem Experiment ein Ankopplungs-
wirkungsgrad von 55 % gemessen.) Zu diesem Zeitpunkt ist die Oberflache der Oxid-
schmelze dunkel. Durch Einschalten der Beleuchtung im Tiegel wird die stark siedende
Wasserschicht Gber der Schmelze sichtbar. Man sieht zum Teil noch geringen
vulkanischen Austrag von (oxidischer) Schmelze im Osten, der nach 510 s endgultig
beendet ist. Durch entsprechende Anderung der Induktorspannung wird die Nachwérme-
leistung in der Schmelze auf etwa 300 kW gehalten.

Der Wasserstand im Zentralbereich des Tiegels Uber der Schmelze steigt stetig an und
erreicht nach 13 Minuten (780 s) die Oberkante der Keramikringe (120 cm Uber Pords-
beton). Dies vermindert den Uberdruck des Flutwassers, und daher sinkt seine Einstrém-
rate unter 1 I/s (Abb. 4).

Die kontinuierlich beheizte Schmelze hat damit in der Zeit von 450 s bis 720 s, als eine

unerwartete Induktorabschaltung erfolgt, den folgenden, nahezu stabilen Zustand erreicht:
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Das Vordringen der Schmelze ist durch den porésen Beton gestoppt, von dem maximal
5 mm erodiert sind. Bis auf ein Thermoelement, das bei — 5 mm durch schwache Erosion
zerstdrt wurde, zeigen alle Ubrigen Thermoelemente im Pordsbeton Temperaturen unter
100°C. Durch das von unten eindringende Kilhlwasser und Uberflutung der Oberflache
der Schmelze ist die Schmelze unten und oben erstarrt. Im inneren sind vermutlich
Bereiche der Schmelze noch flissig. Es werden noch geringe Mengen von Wasserstoff
(Oxidation von Eisen durch Dampf), aber keine Aerosole freigesetzt. Die Leistung, die
durch Verdampfen der Schmelze entzogen wird, entspricht etwa der Nachwéarmeleistung.
Bei 720 s wird jedoch auf Grund eines fehlerhaften Kontrollsignals auBerhalb des
Versuchstiegels die Beheizung der Schmelze abgeschaltet und kann nicht wieder aktiviert
werden. Die Kihlung der nun unbeheizten Schmelze wird durch weitere Flutung fortge-
setzt. Dabei treten in der porésen, wasserfihrenden Betonschicht kurzfristig und lokal
Temperaturen bis 650 °C auf, die allerdings, wie die Nachuntersuchungen zeigen, die
Funktion des Pordsbetons nicht verandern. Nach etwa 40 Minuten ab Einguss der
Schmeize tritt im gefluteten Versuchstiegel kein Sieden mehr auf, da die Schmelze nur
noch wenig Wéarme abgibt. Der Versuchstiegel bleibt auch auBerlich véllig intakt.

Das Experiment hat, wie auch schon die vorhergehenden Experimente, den sicheren
Stopp der Schmelze durch die porése, wasserfuhrende Betonschicht gezeigt. Durch das
von unten eindringende Flutwasser (passiver Flutbeginn schon nach 4 Minuten) wurde die
Schmelze bereits nach 4,7 Min auf ihrer Oberflache Uberflutet und war nach 6 Minuten
mit dunkler Kruste bedeckt. Nach 7,4 Minuten ist auch die Metallschmelze am Boden in
wesentlichen Teilen erstarrt. Der Tiegelschnitt in Abbildung 6 zeigt allerdings, dass die
Schmelze eine im Vergleich zu friheren Experimenten geringe Porositat aufweist. Daher
war der Warmeentzug insbesondere aus dem Inneren der Schmelze nicht so wirkungsvoll,
wie dies in frliheren Experimenten beobachtet wurde. Die Durchstromung der Schmelze
mit Kihlwasser konzentriert sich im wesentlichen auf den Bereich des Vulkankegels, der
sich im Nordosten der Kihlflache ausgebildet hat. Damit sind andere Bereiche vorwiegend
durch Kontakt mit Kithlwasser an Unter- und Oberseite der Schmelze gekihlt, was zur
Ausbildung entsprechend erstarrter Krusten fuhrt, die die zentrale, teilweise noch flissige
Schmelze einschlieBen. Trotz dieser heiBen Bereiche war die Schmelze bis zur
Abschaltung der Nachwéarmeheizung sicher gekihlt. Leider konnte das Langzeitverhalten
dieses Zustandes wegen der Fehlabschaltung der Induktionsheizung nicht untersucht
werden.

Abbildung 7 zeigt den Blick auf die Oberflache der pordsen Betonschicht nach Abnehmen

der erstarrten Schmelze. Man erkennt die lose aufliegenden, zum Teil zerbrochenen

115




Kacheln, die das Kihlwasser austreten lassen, da auch der Fugenbeton nicht mehr
vorhanden ist. Im Osten der Flache, wo keine Kacheln mehr vorhanden sind, erfolgte der
erste Kontakt von Schmelze und Pordsschicht. Hier ist die oberste Zone der pordsen
Betonschicht bis - 5 mm angeschmolzen und glasig erstarrt. Da die tiefer liegenden Zonen
unverandert sind, ist die Funktion der wasserfllhrenden Schicht nicht gefdhrdet. Die
radialen Berandungen sind vollstandig intakt und von der Schmelze nicht angegriffen.

Im Hinblick auf weitere Experimente folgt also, dass die Langzeitkiihlung der Schmelze
weiter zu untersuchen ist, und dass versucht werden sollte, die Homogenitat der Kiihlung

zZu verbessern.

2.2 CometPC-H4

Die spezielle Zielsetzung dieses Experiments ist die Kuhlbarkeit der nachbeheizten
Schmelze in einem Kiihleinsatz, der erstmals auch einen seitlichen Angriff von Schmelze
und entsprechende seitliche Kuhlung zuldsst. Abbildung 8 zeigt den verwendeten Kihi-
einsatz, bei dem auch die Seiten aus porésem, wasserflthrenden Beton gefertigt sind, die
wiederum mit einer Schicht aus Opferbeton abgedeckt sind. Damit werden die Randzonen
simuliert, wie sie in ahnlicher Weise in einem Reaktor gefertigt werden kdnnen. Ahnlich
wie auf der Bodenplatte erfolgt die Kihlung durch Wasserzutritt von der Seite, nachdem
lokal die Opferschicht abgetragen ist. In diesem Experiment ist die seitliche Opferschicht
mit 4 cm weniger als halp so dick wie die 10 cm dicke Opferschicht am Boden, weil die
Betonerosion vorwiegend nach unten erwartet wurde.

Das Experiment beginnt mit dem Einguss von 800 kg Schmelze, mit je 50 % metallischem
und oxidischem Anteil und einer Anfangstemperatur von 1850 °C. Die H6he der Schmelze
ohne Gasanteil betragt 35 cm. Die anféngliche Erosion des Opferbetons durch die
Stahlschmelze erfolgt zunachst mit Erosionsraten bis 0,2 mm/s, und zwar sowohl nach
unten, wie auch zur Seite. Dies hat zur Folge, dass die 40 mm dicke seitliche Opfer-
schicht bereits lokal nach 180 s aufgeschmolzen ist und damit der seitliche Zutritt von
Kihlwasser mit etwa 1 I/s beginnt, lange bevor die Kiihlung von unten einsetzt. Dieses
nicht erwartete Einsetzen der Flutung von der Seite ist fir den weiteren Versuchsablauf
entscheidend. Der Flutwasserstrom steigt bis 300 s auf 1,2 I/s, und félit danach wegen
des steigenden Wasserstands im Versuchstiegel langsam ab. Die mit 300 kW
kontinuierlich beheizte Schmelze wird durch das nur von der Seite zutretende Kuhlwasser
jedoch nicht wirksam gekuhlt: Das Wasser stromt zwischen Pordsbeton und sich
verkrustender Schmelze mit einer nur geringen Kuhlwirkung nach oben und beginnt nach

nur 300 s die Oberflache der Schmelze zu Uberfluten. Dadurch bildet die oxidische
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Oberflache eine stabile Oberflachenkruste aus, die zwar die abstrdomenden Gase aus der
weiter andauernden Betonerosion austreten lasst, aber gleichzeitig das Eindringen des
Wassers von oben in die Schmelze verhindert.

Damit bleibt die Kilhlung durch das Wasser auf den engen, seitlichen und oberen Bereich
beschrankt, und die Erosion des Opferbetons am Boden setzt sich nahezu unbeeinflusst
fort. Dies zeigt Abbildung 9, wo der Erosionsfortschritt an verschiedenen Stellen der
ebenen Kihlfliche wiedergegeben ist. Die Streuung der Erosion an den verschiedenen
Positionen weist auf Unebenheiten der Erosionsfront hin, die nach diesen Messungen
etwa 20 mm betragen. Die Erosionsgeschwindigkeit im Zeitbereich 500 bis 1000s liegt bei
0,065 mm/s. Wirde die gesamte simulierte Nachwéarme in abwarts gerichtete Beton-
erosion umgesetzt, so ware die Erosionsrate mit 0,11 mm/s etwa doppelt so hoch. Etwa
die Halfte der Nachwéarme wird also nach oben oder zur Seite transportiert.

So wie die seitliche Flutung und die Uberflutung der Oberflache der Schmelze kaum einen
erkennbaren Einfluss auf den Erosionsvorgang nach unten haben, verdndern auch die
kurzzeitigen vulkanischen Eruptionen, die nach 360 s Uber etwa 60 s Schmelzepartikel
durch die Oberflachenkruste austreten lassen, die Kihibarkeit nicht. Es bestatigen sich
damit fruhere Beobachtungen, dass allein durch Flutung von oben ein Stop der
Betonerosion nicht erreicht werden kann. |

Die Oberflachenkruste bleibt stabil, bis nach 20 Minuten die weiterhin fliissige Schmelze
die horizontale, pordse Betonschicht erreicht (Position 0 mm in Abb. 9) und damit Kiihl-
wasser von unten in die Schmelze eindringt. Die schnelle Verdampfung bricht daraufhin
die Schmelze auf, und die Oberflachenkruste wird teilweise zerstdrt. Damit setzt (iber etwa
15 s eine heftige Eruption von oxidischer Schmelze ein, durch die etwa 1/3 des Oxids in
das Uberschichtende Wasser ausgetragen wird. Heftiges Sieden lasst das Wasser stark
aufwallen und flhrt kurzzeitig zu hoher Dampffreisetzung, durch die der Gasdruck
oberhalb des Wassers kurzzeitig um 0,1 bar (iber den Umgebungsdruck steigt. Die
ausgetriebene Schmelze erstarrt schnell als porése Schicht auf der urspriinglichen Kruste.
Das Vordringen der Schmelze nach unten wird nun durch die Kuhlwirkung des Wasser
flhrenden Pordsbetons in groBeren Bereichen gestoppt. Jedoch bleiben lokal Bereiche
der Schmelze ungekihlt und dringen weiter nach unten in die porése Betonschicht vor.
Der Grund dafur ist vermutlich der niedrige Druckverlust flir das Flutwasser zur seitlichen
Berandung, der das zutretende Kihlwasser zum Teil nicht an die Schmelzfront und durch
die Schmelze, sondern zur seitlichen Berandung strdmen lasst. Nach langsam
fortschreitender Erosion erreicht die Schmelze nach etwa 50 min (2955 s) die Ebene

—80 mm, wo eine Sicherheitsinstrumentierung anspricht und die Induktionsheizung zur
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Nachwarmeerzeugung abschaltet. Danach kihlt die Schmelze aus, ohne dass der duf3ere
Tiegel angegriffen wird.
Abbildung 10 zeigt den senkrechten Schnitt durch die Kihleinrichtung mit der erstarrten
Schmelze. Die untere Hélfte des Tiegels zeigt den pordsen, wasserflhrenden Beton
seitlich und am Boden. Im oberen Tiegel ist die Schmelze von einem Ring aus
Magnesiumoxid gehalten. Wéhrend in der linken Tiegelhdlfte die Schmelze auf dem
feinpordsen Beton gestoppt wurde, ist rechts das unerwartete Vordringen bis in den
grobporésen Beton zu erkennen, wo dann die Sicherheitsabschaltung erfolgte. Sowohl der
seitliche, wie auch der am Boden befindliche Opferbeton sind vollstandig erodiert, so dass
der Pordsbeton freigelegt ist. Die auf dem Pordsbeton erstarrte Schmelze mit einer
Schichthéhe von 20 bis 28 cm hat auf3er einigen Rissen keine offene und eine nur geringe
geschlossene Porositat, so dass eine Durchstrdmung der Schmelze kaum erfolgte. Das
unten zugefiihrte Kilhlwasser strédmte (iberwiegend durch die seitliche Pordsschicht, die
eine hohe Wasserdurchléssigkeit durch Risse und einen Spalt zur erstarrten Schmelze
aufweist. Diese Strdomungsverhaltnisse sind fiir das weitere Vordringen der Schmelze
auch nach Kontakt mit dem unteren Pordsbeton verantwortlich.
Uber der kompakten Schmelze schlieBt sich eine groBe offene Kaverne von maximal
22 cm Héhe an, die eine zentrale Offnung nach oben besitzt. Diese Kaverne enthielt den
Teil der Oxidschmelze, der bei der starken Eruption nach 20 Minuten nach oben ausge-
tragen wurde. Dieses Material befindet sich jetzt als gut durchgangige, pordse Schicht auf
der Kaverne. Gut erkennbar ist die Kruste, die den inneren Rand der oberen Kaverne
bildet, und die die Begrenzung zum Uberschichtenden Wasser bildete, bevor die Eruption
der Schmelze erfolgte. Sie ist etwa 2 cm dick, was der Wéarmeleitdicke d bei einseitiger
Wasserkihlung unter den vorliegenden Bedingungen entspricht, wie folgende
Abschéatzung zeigt:
_A-AT 2W/mK- 1300K
Q/A  150kW/1m®

Dabei ist angenommen, dass, in Ubereinstimmung mit der oben diskutierten Erosionsrate,

d =0,017m.

50 % der simulierten Nachwérme durch die Kruste nach oben in das Wasser abgefiihrt
wurden.

Die Schilussfolgerungen aus diesem Experiment sind:

Die seitliche Berandung durch Pordsbeton hat sich als sehr stabil erwiesen und ist damit
far die Reaktorsituation geeignet.

Durch die falsche Reihenfolge der Flutung, d. h. seitliche Flutung vor Flutung von unten,

werden aber eine ausreichende Fragmentierung und ein sicherer Stop der Schmelze
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behindert. Ursache dafiir sind zum einen die Ausbildung einer stabile Kruste auf der
Oberflache durch die frilhe Uberflutung der Schmelze vor Einsetzen der Flutung von
unten, und zum anderen gednderte Strdmungswege durch das Abstrémen des Flut-
wassers in den seitlichen Bereich. Beides ist durch die Auslegung des Experiments
bedingt und l&sst sich durch richtige Dimensionierung der Dicken der Betonopferschicht
vermeiden.

Das Experiment war - anders als geplant - Uber wesentliche Versuchsphasen ein
Experiment, bei dem die Schmelze durch Wasseraufgabe von oben gekiihlt wurde. Dabei
wurde bestatigt, dass durch Ausbildung der stabilen Oberflachenkruste eine wirksame
Fragmentierung und Kihlung der zentralen Schmelze verhindert werden. Auch
vulkanische Eruptionen tragen wenig zur Kuhlbarkeit bei, zumal sie zum Erliegen
kommen, wenn sich nach einem gewissen Austrag von Schmelze ein Spalt zwischen
Kruste und Schmelze gebildet hat. Hier ist aber zu erwdhnen, dass im Hinblick auf
reaktortypische Dimensionen von 6 m Durchmesser die Rolle von Krusten noch

kontrovers diskutiert wird, wie dies z. B. bei den MACE Experimenten dokumentiert ist [4].

2.3 CometPC-H5

Dieses Experiment mit Nachwarmesimulation wurde konzipiert, um die in den beiden
vorigen Experimenten aufgeworfenen Fragen zu klaren. Diese sind (1.) die Homogenitéat
und Langzeitkiihlbarkeit der Schmelze und (2.) die Klihlung unter Einschluss der seitlichen
Berandung. Der Aufbau entspricht daher dem 2-dimensionalen Kihleinsatz des Experi-
ments CometPC-H4, jedoch wurde die seitliche Opferschicht mit 120 mm dicker
ausgefuhrt als die 80 mm dicke Opferschicht am Boden (Abbildung 11), damit der
Kuhlwasserzutritt von unten beginnt. Eine zuséatzliche Anderung betrifft eine wasserdichte
Trennschicht zwischen der Pordsschicht am Boden und an der Seite, die eine getrennte
Wasserzufuhr flir Boden und Seite ermdéglicht, um den Bypass-Effekt der
Kiihiwasserstromung auszuschlieBen, wie er in H5 aufgetreten war. Der Uberdruck des
Wassers gegenuber der Schmelze betrdgt wiederum 0,1 bar. Weiterhin ist die
wasserfuhrende, feinporése Schicht aus Aluminiumoxid-Partikeln mit einem hochtempera-
turfesten Binder hergestellt, die der zu erwartenden Temperatur der Stahlschmelze auch
im flissigen Zustand flr eine ausreichende Zeit standhalten wirde. Damit wird Zeit flr
eine weitergehende Fragmentierung und Verbesserung der Kuhlbarkeit gewonnen, ohne
dass die Schmelze weiter nach unten vordringt. Der folgende Bericht beschrankt sich
beziglich der experimentellen Darstellung auf die Fakten, wie sie Ende 2000 aus den

Versuchsdaten ermittelt waren.
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Zum Zeitpunkt null beginnt der Einguss von 800 kg Schmelze (358 kg Metall, 442 kg Oxid)
mit einer Anfangstemperatur von 1890 °C. Zunachst erfolgt die trockene Erosion des
Opferbetons mit der auch aus den anderen Experimenten bekannten Erosionsrate. Nach
Abnahme der Ubertemperatur der Schmelze zeigt sich wiederum, dass die Erosionsfront
nach unten deutliche Unebenheiten aufweist, die durch ein lokal schnelleres Vordringen
von einzelnen Bereichen der Schmelze verursacht sind und nach 700 s den Zutritt von
Kihlwasser von unten her im mittleren Bereich der Bodenflache auslésen. Die in die
Schmelze einstrdmende Kihlwassermenge liegt bei 1 /s und verursacht eine schnelle und
groBflachige Abkuhlung der Schmelze, ihre vollstandige Uberflutung nach 810 s, und
schlieBlich die Stabilisierung einer dunklen, gasdurchlassigen Oberflachenkruste auf der
Oberseite der Schmelze bei 900 s, auf der sich weiterhin vom unten zustrdmendes
Klhlwasser ansammelt. Zu diesem Zeitpunkt ist die Klhlrate, vollstdndige Verdampfung
des Wassers angenommen, um den Faktor 8 hoher als die Nachwéarmeleistung.
Auslegungsgeman tritt von der Seite her noch kein Kiihlwasser zu.

Die Kiihlung der weiterhin mit 300 kW nachbeheizten Schmelze fuhrt jedoch zu diesem
Zeitpunkt nicht zu deren vollstandigen Erstarrung. Schwankungen der in die Schmelze
eingekoppelten Induktionsleistung wie auch eine weiterhin geringe Wasserstofffreisetzung
weisen darauf hin, dass ein Teil der Schmelze noch fllssig ist, da vermutlich der
Kihlwasserzutritt nicht gleichmafig Gber die Bodenflache erfoigt. Ab 900 s féllt unerwartet
der Kihlwasserstrom von 1 I/s stetig ab und nahert sich nach 1250 s Null. Eine mdgliche
Ursache hierflir ist die Umverlagerung noch flissiger Schmelze, die dabei Strémungs-
kanéle blockiert. Obwohl die Schmelze zu diesem Zeitpunkt von Wasser Uberflutet ist und
das Vordringen der Schmelze durch die pordse, wasserfihrende Schicht gestoppt ist,
wurde ein Verlust der Kihlwasserstromung das Experiment in einer nicht absehbaren
Weise beeinflussen. Daher wird vom Operator zum Zeitpunkt 1253 s der Uberdruck des
Flutwassers angehoben. Er steigt innerhalb von 15 s von 0,1 bar um 2 bar an, bis die
Schmelze aufbricht und durch kurzzeitige Eruption ein wesentlicher Teil der Schmelze in
die obere Wasserschicht ausgetragen wird, wo sie unter starker Dampffreisetzung schnell
erstarrt. Der dabei oberhalb der Schmelze entstehende Gasdruck steigt kurzzeitig um
0,2 bar Uber den Umgebungsdruck an. Eine starke Wechselwirkung im Sinne einer
Dampfexplosion findet also nicht statt.

Bei Aufbrechen der Schmelze wird der Uberdruck des Flutwassers sofort wieder auf
0,1 bar abgesenkt. Die Flutrate liegt nun etwas Uber dem anfénglichen Wert von 1 I/s.
Damit wird die Schmelze endgultig und vollstédndig kihlbar und ist daher langzeitig im

erstarren Zustand stabilisien.
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Die Beheizung der Schmelze wird Uber deren Erstarrung hinaus fortgesetzt, bis sie
planméBig nach 1 Stunde abgeschaltet wird. Zu diesem Zeitpunkt ist die untere Pords-
schicht nach den Temperaturmessungen Kalt und nicht erodiert. Die seitliche Pordsschicht
tragt nicht zur Kihlung bei, da die Schmelze erstarrte, ohne die seitliche Betonopfer-
schicht so weit zu erodieren, dass die dahinter liegende Pordsschicht erreicht wurde.

Die Auswertung des Experiments wird im Jahr 2001 vervollstdndigt. Nach der bisherigen
Analyse wurde eine gute und langzeitig sichere Kihlung und Erstarrung der Schmelze
erreicht. Daflir war allerdings die Anhebung des Flutwasserdrucks in einer kritischen
Phase des Experiments wesentlich. Wie sich das Experiment ohne diesen urspringlich

nicht geplanten Eingriff verhalten hatte, kann nicht abgeschatzt werden.

2.4 Ausblick

Die Klihlungsexperimente mit Wasserzufuhr durch eine pordse Betonschicht weisen auf
Grund der neueren, grof3skaligen Experimente, bei denen die Schmelze entsprechend
dem Nachwéarmeniveau beheizt wird, die folgenden Aspekte auf:

Bei allen Kihlvorgdngen verlaufen die Verdampfungsprozesse auch bei intensiver
Kihlung so langsam, dass die Gasdrlicke oberhalb der Schmelze nahe Umgebungsdruck
bleiben. Dies gilt sowohl flir das in die Schmelze eindringende Wasser, wie auch fur
Schmelze, die Gber Eruptionen in Wasser ausgetragen wurde. Insbesondere treten keine
Vorgange ahnlich zu Dampfexplosionen auf.

Die wasserfuhrende, pordse Betonschicht hat eine sehr gute Stabilitdt gegen den
seitlichen Angriff von Schmelze. Durch ausgedehnte Schmelzen kann jedoch in seltenen
Fallen die horizontale Pordsschicht lokal angegriffen werden, wenn die Zustrémung des
Wassers an die Unterseite der Schmelze behindert ist. Die Moglichkeit hierzu scheint
dann zu bestehen, wenn sich der Kihlwasserstrom auf wenige Strdmungswege
konzentriert und dadurch andere Bereiche im Pordsbeton nicht ausreichend durchstrémt
werden.

In allen Experimenten ist die Durchstrdomung der erstarrenden Schmelze weniger
gleichmaBig als bei dem urspringlichen COMET-Konzept, bei dem die Verteilung des
Wassers durch die einbetonierten Plastikkanéle in gewisser Weise vorgegeben ist. Die
Ausbildung nur weniger Stromungskanéle in der Schmelze hangt vermutlich damit
zusammen, dass die Homogenitat der pordsen Betonschicht keine diskreten Strémungs-
kanale vorgibt, ein Zufallsprozess aber wenige Kanale bevorzugt.

In der Mehrzahl der Experimente ist die Kihlung der Schmelze trotz der erwahnten

Inhomogenitdten gesichert. Die Folgen der nicht gleichméBigen Durchstrdomung der
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Schmelze sind eine langsamere Abklihlung von gewissen Bereichen der Schmelze. Unter
unglinstigen Bedingungen kann es jedoch zu einer spateren Umverlagerung von Rest-
schmelze kommen, die einen weiteren, ausreichenden Wasserzutritt blockieren kann.

Im Hinblick auf die in der Reaktoranwendung notwendige seitliche Berandung ist
sicherzustellen, dass die Flutung der Schmelze durch Wasserzustrom von unten beginnt.
Dies gelingt durch geeignete Wahl der Hé6hen des Opferbetons.

Als "Nebenergebnis" wurde bestétigt, dass allein durch Flutung von oben die Schmelze
nicht gestoppt werden kann, weil eine stabile Oberflaichenkruste das Eindringen von

Wasser verhindert und Eruptionen von Schmelze bald zum Erliegen kommen.

Die oben angesprochenen, noch offenen Fragen erfordern eine Verbesserung des
Kihlkonzepts. Wichtig ist eine gleichméaBigere Durchstrdmung der Schmelze, um eine
homogenere Porositat und Erstarrung zu erzielen und Umverlagerungen von Schmelze
auszuschlieBen. Mdoglichkeiten hierzu bieten eine Erhdhung des Zulaufdrucks des

Flutwassers und die Segmentierung der porésen Schicht.

3. Versuchsserie CometPC-T 3

3.1 Einleitung

In diesen weiteren, transienten Experimenten werden Fragestellungen zu der CometPC
Kernféangerkonstruktion untersucht, die sich aus maoglichen speziellen Unfallablaufen
ergeben. Den hier dargestellten Versuchen liegt folgendes Szenario im Kernschmelzen-
unfall zu Grunde: Nach einem Kernschmelzenunfall mit Versagen des RDB hat sich die
Schmelze zunéchst in der Reaktorgrube gesammelt, nach einiger Zeit versagt das Tor
und die Schmelze breitet sich im Ausbreitungsraum aus. Damit beginnt die Erosion der
Betonopferschicht, die ca. 10 min andauert. Prinzipiell besteht die Moglichkeit, dass die
Niederdruckeinspeisung zu einem beliebigen Zeitpunkt wieder in Gang gesetzt werden
kann. In diesem Szenario wird zu Grunde gelegt, dass dies gerade zu dem Zeitpunkt
erfolgt, als die Schmelze in dem Ausbreitungsraum ausgebreitet ist. Damit wird lUber den
zerstorten RDB und die Reaktorgrube der Ausbreitungsraum geflutet und somit die
Schmelze Uberflutet. Eine Pumpe der Niederdruckeinspeisung kann dabei maximal
450 m%h fordern. Bezogen auf die Gesamtflache des EPR Ausbreitungsraumes wiirden
die 4 Pumpen 0.5 m%/s auf 170 m? liefern, entsprechend 0.74 I/s m2.

Damit ergibt sich fir die Schmelze folgender Zustand: Durch die Betonerosion ist die
Schmelze gasgerihrt, aber der Wasserzutritt von unten hat noch nicht eingesetzt, die

Schmelze ist also im Inneren noch flissig. Durch die Flutung von oben wird sich dann
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zunéchst eine Wasserltberschichtung ergeben. Setzt anschlieBend der Wasserzutritt von
unten ein, ist zu untersuchen, ob sich eine Kruste ausbilden kann und ob die Kruste
gasdurchléssig bleibt. In diesem Fall kann zumindest der entstehende Dampf abstromen.
Eventuell wird aber die Kruste auch wieder aufbrechen und die Fragmentation der
Schmelze in dhnlicher Weise ablaufen wie in den bisherigen Experimenten beobachtet.
Diese Fragestellungen sollen in dem transienten Versuchsaufbau der CometPC-T 3 Serie
untersucht werden. Die Schwierigkeit dieser Versuchsserie besteht darin, dass der
Zeitraum der Betonerosion klein ist bei diesen transienten Experimenten. Diese kurze Zeit
der Betonerosion muss genutzt werden, um die Schmelze zu Uberfluten bzw. auf der
Schmelze die gewlinschte Kruste zu erzeugen.

Parallel zu der Versuchsserie wurden Rechnungen mit dem Computercode WECHSL [5]
durchgefilhrt, um Abschétzungen (ber die Temperaturen der Schmelze bei Uberflutung

wéhrend der Betonerosion zu erhalten.

Versuchsaufbau

Der Versuchsbehalter wird von der Versuchsserie der CometPC-T 2 Experimente [2]
tbernommen, siehe Abbildung 12. Es ist ein rechteckiger Behalter mit einer Grundflache
von 250 x 500 mm, d.h. 0.125 m2. In 400 mm Hohe schlieBt sich auf einer Seite eine
Rampe mit einem Winkel von 20 ° gegenliber der Horizontalen an. Der Behélter hat eine
Gesamthdhe von 600 mm und ist mit Hochtemperaturisolationsmaterial ausgekleidet. Die
unterste Schicht in dem Behalter besteht aus dem grobporésen Beton von 20 mm Hoéhe.
Die Wasserzufiihrung erfolgt in diese Betonschicht. AnschlieBend folgt der feinporbse
Beton von 100 mm Hoéhe zur Einstellung der Durchflussmenge. Die Porositat in dem
feinporésen Beton betragt ca. 10 %. Nach oben schlieB3t sich die Betonopferschicht von
30 mm Hbéhe mit Keramikfliesen als Zwischenschicht an. In die Betonopferschicht sind 9
TE vom Typ NiCr/Ni eingesetzt, um die Erosionsfront zu detektieren. Zusatzlich werden in
dem pordsen Beton an 2 Stellen die Temperaturen gemessen.

Die Schmelzenmasse von ca. 160 kg besteht wie in den bisherigen Experimenten aus
Thermit mit CaO Zugabe von 26 % bezogen auf die Gesamtmasse. Die Massenanteile
sind damit: 65 kg Eisen und 95 kg Oxid, davon 53 kg Al,O3; und 42 kg CaO.

Die Wasserzufiihrung fir den Wasserzutritt von unten erfolgt aus einem nachbespeisten
Vorratsbehalter. Der Wasservordruck betragt 0.1 bar, die Wasserzutrittsrate wird (ber
einen Wasserzahler gemessen. Das Wasser flr das Fluten der Schmelze von oben wird
auf eine Temperatur von ca. 80 °C geheizt, um die Bedingungen in dem Reaktorfall zu

simulieren. Der Volumenstrom wird Uber ein Reduzierventil auf ca. 400 ml/s eingestellt
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und entspricht damit dem Volumenstrom im Realfall bezogen auf die Flache des

experimentellen Aufbaus.

3.2 CometPC-T 3.1

Versuchsablauf

Nach der Zindung setzt zunachst die Thermitreaktion ein, die nach ca. 20 s beendet ist.
Bedingt durch die Betonerosion ist die Schmelze anschlieBend stark bewegt und
dinnflissig. Durch die Gasfreisetzung ist das Volumen der Schmelze um ca. 1/3 gréBer
als das kollabierte Volumen. Die Schmelze flieBt damit auch auf die Rampe auf, es wird
aber praktisch keine Schmelze ausgeworfen. Die Thermoelemente in der Betonopfer-
schicht zeigen, dass die Schmelze etwa nach 1 min die ersten 10 mm erodiert hat, siehe
Abbildung 13. Nach 1 min wird der Wasserzufluss von oben freigegeben. Damit setzt ein
leichter Schmelzenauswurf ein, des weiteren kihit die Schmelze auf der Rampe ab und
wird dunkel. Die Schmelze in dem Behalter bleibt aber gasgeruhri und stark bewegt. Nach
15 s wird der Wasserzufluss gestoppt, es befindet sich zu dieser Zeit Wasser auf der
Oberflache der Schmelze. 4 s spéter ereignet sich durch eingeschlossenes Wasser eine
schwache Interaktion mit der Schmelze an der gegeniberliegenden Seite, wodurch
geringe Schmelzenmengen ausgeworfen werden. Die Aufsicht auf die Schmelze wird
nicht durch kondensierenden Dampf behinder, es sind keine Flammen mehr sichtbar. Die
Schmelze ist immer noch stark bewegt und es haben sich keine Krusten gebildet. Deshalb
wird nach 1:40 min der Wasserzulauf erneut gedffnet fir 10 s. Damit flieBen insgesamt
10 | Wasser auf die Schmelze. Es bildet sich eine Kruste auf der Rampe, aber innerhalb
des Behalters bleibt die Schmelze gasgeriihrt ohne erkennbare Kruste. Wie das Versagen
der Thermoelemente zeigt, ist etwa nach 1:50 min die Betonopferschicht erodiert. Es kann
aber zu diesem Zeitpunkt kein Wasser von unten eindringen, da das Ventil noch
geschlossen ist. Erst 2:05 min wird der Wasserzutritt von unten freigegeben. Ca. 5 s
spéater setzt sichtbar der Wasserzutritt ein, Schmelze wird in ganz geringen Mengen als
Sprihregen ausgetragen. Hauptsédchlich am gegenuberliegenden Rand wird Dampf mit
Wassertropfen ausgetragen. Die Schmelze kihlt sehr schnell ab und wird damit schnell
zahflissig. Nach 2:30 min ist die Schmelze auf der Rampe erstarrt, weitere 10 s spéter
beginnt die Erstarrung der Schmelze auf der gegenliberliegenden Seite. Nach 2:50 min ist
die Oberflaiche der Schmelze komplett erstarrt, weiterhin ist aus der Offnung an der
gegenuberliegenden Seite eine starke Dampfabstromung mit Wassertropfen sichtbar.

Die Wasserzutritisrate von unten betragt ca. 250 ml/s, siehe Abbildung 14, und entspricht

damit den bisher beobachteten Werten in diesem Versuchsaufbau.
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Nachuntersuchungen

Aus dem Tiegelschnitt, siehe Abbildung 15, ist deutlich zu erkennen, dass Auskleidungs-
material von ca. 20 mm Wandstéarke in die Oxidschicht eingetragen wurde. Es sind
Quader von 20 x 50 mm Schnittflaiche zu sehen. Dies hat aber keinen Einfluss auf das
experimentelle Ergebnis. Die erstarnte Schmelze zeigt praktisch keinen Unterschied zu
vorhergehenden Experimenten. An 2 Stellen haben sich deutlich Abstrémkanéle im Oxid
gebildet. Das Metall zeigt von unten ebenfalls mindestens 2 Offnungen. Im Oxid ist eine
Strahlerweiterung zu erkennen mit kleinen HohlrAumen im unteren Bereich und groBBen
Hohlraumen oben. Einer dieser Abstromkanale liegt im Randbereich des Tiegels, d.h. hier
sind Randeinflisse nicht auszuschlieBen. Der andere Abstrémkanal ist aber in dem
Innenbereich des Versuchsbehélters, Randeinflisse spielen hier keine Rolle. Damit
unterscheidet sich das Schnittbild der Schmelze nicht von vorgehenden Experimenten,
d.h. die Schmelze ist trotz der Wasseraufgabe von oben fragmentiert erstarrt und damit
kihlbar.

3.3 Versuch CometPC-T3.2

Bezogen auf die Geometrie des Versuchsbehalters wurde der Volumenstrom in dem
ersten Experiment an die maximal mdglichen Bedingungen im Reaktor fir den Fall des
Wiederflutens angepasst. Aber die Zeitraume sind in den transienten Experimenten sehr
viel kleiner. Im Realfall \ikbnnen ca. 10 min. lang, die Phase der Betonerosion bis der
Wasserzutritt von unten einsetzt, die Pumpen Wasser auf die Schmelze in dem
Ausbreitungsraum férdern. Deshalb werden in diesem Experiment die folgenden
Anderungen vorgenommen: Die Wasserzutrittsrate von oben wird nach 60 s ab Ziindung
gestartet und 45 s lang weiter betrieben. Damit gelangen theoretisch 20 | Wasser auf die
Schmelze mit einer Volumenstromrate von ca. 450 ml/s. Der Versuchsbehalter wird von
dem CometPC-T 3.1 Experiment bernommen. Lediglich die Betonopferschicht wurde von
23 mm auf 28 mm Hoéhe vergréBert. Mit den Fliesen von 7 mm als Zwischenschicht ist
damit die gesamte Opferschicht 35 mm hoch. Sie ist gegeniiber dem ersten Experiment

etwas erhoht, um den Zeitraum bis Wasserzutritt von unten einsetzt zu vergréBern.

Versuchsablauf

Die Thermitreaktion kommt zunéchst nur schlecht in Gang, erst nach etwa 10 s setzt die
Reaktion ein und ist nach 30 s beendet. Dann folgt die Betonerosion, nach etwa 100 bis
130 s sind die ersten 15 mm Beton erodiert, wie aus dem Versagen der Thermoelemente

in der obersten Ebene zu erkennen ist, siehe Abbildung 16. Nach 70 s wird der
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Wasserzulauf oben gedffnet. Dies ist 10 s spater als geplant, tragt aber der verspatet
einsetzenden Thermitreaktion Rechnung. Der Wasserzulauf oben wurde nach 45 s wieder
geschlossen zum Zeitpunkt 1:55 min. Nach 2:10 wurde der Wasserzulauf unten gedffnet.
Damit stromt zunachst eine kleine Menge in den Versuchsbehdlter ein. Aber erst nach
2:47 min setzt der Wasserzutritt von unten ein, siehe Abbildung 17. Dies ist auch an dem
heftiger bewegten Schmelzbad zu erkennen. Kleine Schmelzenmengen werden als
Tropfen aus dem Versuchsbehalter ausgetragen. Die Wasserzutrittsrate steigt zunéchst
auf ca. 100 ml/s an und fallt ab 3:20 min wieder auf 10 ml/s bei 3:35 min. AnschlieBend
steigt sie wieder an auf etwa 100 ml/s bis 4:45 min und steigt dann weiter auf 240 ml/s
zum Zeitpunkt 6:20 min. Diese kleine Wasserzutrittsrate ist in anderen Experimenten nicht
beobachtet worden. Offenbar wurde die Betonschicht nicht vollstandig erodiert aufgrund
der verzbgerten Thermitreaktion und der hohen Flutrate von oben. Die gemessenen
Temperaturen in der Opferschicht bestatigen dieses Bild. Erst nach 100 bis 120 s werden
die ersten 15 mm Opferschicht erodiert. Genaueren Aufschluss bietet hier erst der

Tiegelschnitt.

Nachuntersuchungen

An der Unterseite der Metallflache sind mehrere C")ffnungen zZu sehen, die einen
Durchmesser von ca. 5 mm haben. An einer Offnung sind in der geschnittenen
Metallschicht einige Poren zu sehen, dariber in der geschnittenen Oxidschicht ein
Hohlraum von ca. 5 cm Lange und 2 cm Breite, siehe Abbildung 18, die sich weiter oben
im Oxid fortsetzt. Auch wenn ein Teil des von unten zustrdmenden Wassers Uber die
Seiten abflief3t, ist ein Anteil durch die Schmelze gestrdmt. Damit ist auch der Eintrag von
Metall in das Oxid zu erklaren und die insgesamt pordése Erstarrung. Der gemessene
Volumenstrom des von unten zutretenden Wassers lasst erkennen: Nach 110 s wird das
Ventil gedffnet, zu sehen an der ersten Spitze, die Opferschicht ist aber erst nach 170 s
erodiert und der Wasserzutritt setzt ein. AnschlieBend schwankt der Wasserzutritt stark
Uber einen Zeitraum von 120 s. Die Wasserzutritisrate ist mit ca. 50 ml/s vergleichsweise
gering. Erst nach 350 s bilden sich gréBere Kanale aus, wodurch der Volumenstrom auf

250 ml/s ansteigt.

3.4 Versuch CometPC-T 3.3
Mit den Erfahrungen der ersten beiden Experimente dieser Serie wird das dritte
Experiment durchgefiihrt mit folgenden Anderungen: Die Wasserzutrittsrate von oben wird

nach 60 s ab Zindung gestartet und kontinuierlich weiter betrieben, bis der Wasserzutritt
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von unten einsetzt. Die Volumenstromrate betrdgt ca. 450 ml/s. Der Wasserzutritt von
unten wird 2 min nach Zindung freigegeben, um einen zu frih einsetzenden Wasserzutritt
von unten zu verhindern. Damit kann beobachtet werden, ob die Fragmentation der
Schmelze auch bei starker abgekuhlter Oberflaiche ablauft wie in den ersten beiden
Experimenten beobachtet. Der Versuchsaufbau wird ansonsten von dem CometPC-T 3.2

Experiment Gbernommen.

Versuchsablauf

Der Versuch konnte planméBig durchgefihrt werden. Die AuBBentemperatur lag bei ca. 10
°C mit leichtem Regen, deshalb ist die Tiegelaufsicht durch Nebelbildung stark behindert.
Nach der Zindung setzt sofort die Thermitreaktion ein, die nach ca. 20 s beendet ist. Die
Oberflédche der Schmelze auf der Rampe wird etwa nach 50 s zahfllissig, sie ist aber noch
nicht erstarrt. Mit 1:00 min wird die Futung der Schmelze gestartet, wodurch die Schmelze
bereits ca. 10 s spater vollstadndig Uberflutet ist. Wassertropfen werden ausgetragen, aber
nur sehr wenig Schmelze. AnschlieBend ist durch kondensierenden Dampf keine Aufsicht
auf die Schmelze mehr moglich. Nach 2 min wird der Wasserzutritt von unten
freigegeben. Ab diesem Zeitpunkt strémt kontinuierlich Wasser in den Versuchsbehalter
ein, da die Betonopferschicht offenbar nicht dicht ist, siehe Abbildung 19. Nach 2:55 min
setzt der Wasserzutritt kurzfristig verstarkt ein, geringfugig wird dadurch Schmelze
ausgetragen. Zu diesem Zeitpunkt wird auch das Thermoelement 1 gequencht, das 20
mm oberhalb der Wasserzutrittsebene in der Betonopferschicht angeordnet ist, siehe
Abbildung 20. Die darunterliegenden Thermoelemente werden davon nicht beeinflusst. Es
ist damit zu ersehen, dass die Opferschicht nicht volistédndig erodiert wird. Ab 3:20 min
bildet sich an einer Stelle ein Vulkan aus, der auch Schmelze aus dem Inneren austragt.

Dieser Vulkan ist 4:50 min nach Zlindung wieder vollsténdig erloschen.

Nachuntersuchungen

Wie aus der Wasserzutrittsrate von unten zu erkennen, siehe Abbildung 19, ist in diesem
Experiment die Betonopferschicht nicht dicht gegentber dem zutretenden Wasser. Ab
dem Zeitpunkt Ventil 6ffnen, 120 s, stromt damit kontinuierlich Wasser in den Tiegel von
unten ein. Dies flhrt dazu, dass die Opferschicht nicht vollstandig erodiert wird. Dies
zeigen auch die Thermoelemente in der oberen Ebene der Betonopferschicht 20 mm Uber
der Wasserzutrittsebene, siehe Abbildung 20. Kein Thermoelement kam in Kontakt mit
der Schmelze. Deshalb ist dieses Experiment beziglich des Fragmentierungsverhaltens

nicht aussagekréaftig. Auf der Oberflache bildet sich eine Kruste aus, die den Kontakt des
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Flutwassers mit der Schmelze verhindert. Deshalb bleibt die Schmelze im Inneren
verglichen mit anderen transienten Experimenten lange fllissig. Nach 200 s kann Wasser
Uber die seitliche Berandung in den entstandenen Hohlraum zwischen obenliegender
Kruste und der Schmelze eindringen. Durch die Verdampfungsprozesse bildet sich damit
ein Vulkan aus, der ca. 8 kg Schmelze nach oben verlagert (Abbildung 21), d.h. weniger
als 10 % der gesamten Oxidmasse. Es werden keine heftigen Wechselwirkungen des
Wassers mit der Schmelze beobachtet. Die Schmelzenmasse, die durch diesen
Vulkanmechanismus fragmentiert wird, ist aber verglichen mit der Gesamtmasse der

Schmelze von ca. 160 kg klein.

3.5 Theoretische Abschiatzungen mit dem Computer Code WECHSL

Der WECHSL Computer Code [5] ist ein mechanistisches Rechenprogramm, das zur
Analyse der thermischen und chemischen Wechselwirkung einer Kernschmelze mit Beton
entwickelt wurde. Die Energie der Schmelze wird an den aufschmelzenden Beton und in
den oberen Sicherheitsbehalter abgeflihrt. Fur letzteres werden die thermische Strahlung
oder das verdampfende Sumpfwasser, das die Schmelzenoberflache méglicherweise
Gberfluten kann, berlcksichtigt. Dieser letztere Fall wird hier fur die theoretischen
Abschatzungen herangezogen. Es wurden die Stoffdaten der Simulationsschmelze mit
einer Anfangstemperatur von 2200 K verwendet. Das Ergebnis nach 120 s, dem Zeitpunkt
des Einsetzens des Was§erzutritts von unten, zeigt: Der Warmestrom nach oben betragt
285 kW/mz bei einer Pooltemperatur von 1759 K und einer Oberflachentemperatur von
1356 K. Damit bildet sich zu diesem Zeitpunkt eine Krustendicke von 7.1 mm aus, siehe
Tabelle 1, was in guter Ubereinstimmung mit den Beobachtungen des letzten Experi-

mentes ist.

Tab. 1: Ergebnisse der Rechnungen mit WECHSL flir die experimentellen CometPC-T

Stoffdaten zu verschiedenen Zeitpunkten

Zeit Betonerosion | Warmestrom| Pooltemperatur Oberflachen-| Krustendicke
[s] [mm] [kW/m?] K] temperatur [K] oben [mm]
20 16 381 1760 1518 0.6
60 19 287 1758 1360 6.6
90 21 284 1758 1354 7.0
120 22 284 1758 1354 7.1
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Far die Anwendung auf die Reaktorsituation mit den gegebenen Stoff- und Temperatur-
daten gilt: Es gibt keine Krustenbildung in dem mdglichen Zeitfenster der Betonerosion
von ca. 10 min, siehe Tabelle 2. Die realen Schmelzenmassen und die Nachzerfalls-
warme wurden berlicksichtigt bei einer Anfangstemperatur von 2603 K. Das Ergebnis
nach 600 s zeigt: Der Warmestrom betragt 471 kW/m?2 bei einer Pooltemperatur von
1740 K und einer Oberflachentemperatur von 1587 K. Damit bilden sich keine Krusten

aus, da die Erstarrungstemperatur bei 1453 K liegt.

Tab. 2: Ergebnisse der Rechnungen mit WECHSL fiir den Reaktorfall zu verschiedenen

Zeitpunkten
Zeit| Betonerosion| Warmestrom| Pooltemperatur Oberflachen-| Krustendicke
[s] [mm] [KW/m?] K] temperatur [K] oben [mm]
120 88 549 1809 1682 -
300 97 504 1777 1630 -
600 109 471 1740 1587 -
1800 120 129 1576 903 12.6

3.6 Schlussfolgerungen

Die durchgefliihrten Experimente und die begleitenden Rechnungen mit WECHSL lassen
folgende Schlussfolgerungen zu: Bei einer massiven Uberflutung der Schmelze kénnen
sich in den Experimenten Krusten auf der Oberflache der Oxidschmelze ausbilden. Diese
Krusten werden aber bei Einsetzen des Wasserzutritts von unten wieder aufgebrochen
und es bildet sich ein Vulkan aus. Durch diesen Vulkan wird flissige Schmelze aus dem
Inneren an die Oberfliche ausgetragen. Ist die Uberflutung kleiner, bilden sich keine
Krusten an der Oberflache. Die Fragmentation der Schmelze und die Volumenstromrate
des von unten durch die Schmelze strdomenden Wassers entsprechen den bisherigen
Experimenten in diesem Versuchsaufbau. Die Ergebnisse der Rechnungen mit WECHSL
fir eine Uberflutete Schmelze zeigen mit den transienten Experimenten eine gute
Ubereinstimmung. Zum Zeitpunkt des einsetzenden Wasserzutritts von unten wiirde sich
eine Kruste an der Oberflache der Oxidschmelze von ca. 7 mm ausbilden, was den
Beobachtungen aus dem letzten Experiment entspricht. Fir die Ubertragung auf die
Reaktorsituation zeigen die Rechnungen, das sich in dem mdglichen Zeitfenster von 10
min fir die Uberflutung keine Kruste ausbilden kann. Die Temperaturen an der Oberflache

der Schmelze liegen zu diesem Zeitpunkt immer noch dber 100 K Uber der
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Erstarrungstemperatur. Erst nach 1800 s hétte sich eine Kruste von ca. 1 cm ausgebildet.

Damit zeigen die durchgefiihrten transienten Experimente und die begleitenden

Rechnungen mit WECHSL, dass dieses Szenario flr diese Kernfangerkonstruktion

unkritisch ist.
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Abb. 7: Porbdse Betonschicht mit lose aufliegenden Kacheln nach Abnehmen der
erstarrten Schmelze in CometPC-H3
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. Investigations for the EPR-Concept — KAPOOL Experiments
(B. Eppinger, G. Fieg, S. Schmidt-Stiefel, W. Tromm, IKET; G. Stern, Fa.

Pro-Science)

Abstract

The objective of the KAPOOL experiments is to investigate basic phenomena in con-
nection with the EPR melt spreading and cooling concept. High-temperature Al,O3-
and Fe-melts produced by the thermite reaction are used to simulate the oxidic and
metallic components of the corium melt. Several KAPOOL tests have been per-
formed to study the interaction of the oxidic melt with the release gate which is situ-
ated between the cavity and the spreading compartment. These tests have been

analyzed with the HEATING-5 code and compared with the experimental results.

Zusammenfassung

In den KAPOOL-Experimenten werden grundlegende Phanomene des EPR-
Konzepts zur Ausbreitung und Kuhlung der Kernschmelze untersucht. Die oxidische
und metallische Komponente der Kernschmelze wird dabei durch mittels der Thermit-
Reaktion erzeugte Al,Os- und Fe-Schmelzen simuliert. In mehreren KAPOOL-Tests
wurde die Wechselwirkung der oxidischen Schmelze mit dem Schmelzentor unter-
sucht, das den Ausbreitungsraum von der Kaverne trennt. Diese Experimente wur-
den mit Hilfe des HEATING-5 Codes analysiert und mit den experimentellen Resulta-

ten verglichen.

1 Introduction

Next generation LWR's shall incorporate the ability to control and retain an ex-vessel
corium melt after a postulated core meltdown accident with subsequent penetration
of the lower head of the reactor pressure vessel (RPV), to exclude significant radio-
active release to the environment. In the case of the European Pressurized Reactor
(EPR), an ex-vessel core-catcher is foreseen to meet these requirements [1, 2]. The
corium melt shall first be collected temporarily (~ 1 h) in the reactor cavity under the
RPV, to ensure that practically all core masses are gathered. The cavity is covered

on all sides with a sacrificial concrete of relatively low water content, consisting
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mainly of Fe,O3 and SiO,. The zirconium present in the corium will be oxidized by the
iron oxide during the concrete erosion phase. The heat production of this strongly
exothermic reaction adds to the decay heat. The eroded concrete partly mixes with
the corium, thereby reducing the liquidus and solidus temperatures as well as the
density of the oxide melt. Eventually, the oxide density falls below the density of the
metallic phase. This may result in a flipover of the two phases, if gas driven convec-
tion allows separation. After the end of the concrete erosion, a steel plate (“gate”) at
the bottom of the cavity will be eroded by the melt and the melt is released on the
spreading area (~ 170 m?). After spreading, the melt is flooded with water to extract
the stored and the decay heat.

It is important for this concept that the melt spreads rather homogeneously over the
spreading area. To achieve this, it is favorable if the melt is released in a short time
(i.e. a fast opening of the gate over a large area) and the melt viscosity is low.

In the KAPOOL tests, the processes in the reactor cavity, i.e. erosion of the sacrificial
concrete [3, 4, 5, 6], and meltthrough of and melt release through the melt gate are
studied. Tests investigating the interaction between an iron melt and a steel plate
simulating the release gate showed a rather rapid erosion of the steel plate [5, 7].
Two further tests investigating the interaction of an oxide melt with steel plates [8, 9]
showed a different behavior: In any case a thermal erosion of the plate has been de-
tected. The reason is found in the fact that the thermal contact between the oxide
crust, which is formed from the very beginning, and the plate is imperfect.

A drawback of KAPOOL is the transient character of the tests: Volumetric heat pro-
duction in the melt is not possible, in contrary to the realistic case of a corium melt.
The possibility of a later thermal erosion of a melt gate made of steel cannot be ex-
cluded with the outcomes of these KAPOOL tests. It was the goal of further tests to
study the transient behavior of the ablation process of a metallic plate in contact with
a high temperature oxide melt. To do this, a low melting metal was used instead of
steel. Aluminium with a melting temperature of 660 °C has been chosen as the can-

didate for these tests.
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2 Objectives of the KAPOOL experiments

The goal of the tests KAPOOL-13 to -17 was to study the interaction of an oxide melt
with aluminium plates simulating the melt gate between the cavity and the spreading
compartment.

The exothermic thermite reaction 8 Al + 3 FesO4 — 4 AlLO3 + 9 Fe is producing an
iron and an alumina melt, each with ~50 wt% and with temperatures up to 2400 °C. A
thermite charge of 187 kg is ignited in a separate reaction vessel. For betier condi-
tioning of the oxide melt (decrease of the liquidus and solidus temperature), 65 kg
CaO have been added to the thermite powder producing about 150 kg oxide and 100
kg iron melts. The liquidus and solidus temperatures of the melt are 1500 °C and
1395 °C resp. according to GEMINI calculations [10] and Data of the Slag Atlas [11].
The thickness of the aluminium plates at the bottom was changed between 10 and
20 mm. Pure aluminium has been chosen as material, any addition of magnesium
(like thé more common AIMg3) is prohibited because of a violent magnesium oxida-
tion, which is accompanied with strong stirring of the melt; an oxide crust could easily

be destroyed by these forces, which is not anticipated in these tests.
3 Test parameters of the KAPOOL experiments

The aluminium plates have been instrumented with 1 mm diameter K-type thermo-
couples (NiCr-Ni) at different radial and axial locations. They record the transient
temperatures and the eventual plate ablation. Immersion C-type thermocouples (W-
Re) [Fa. Hereaus-Nite] have been applied to record the melt temperature. For an ox-
ide melt, the response time for these immersion thermocouples is around 8 seconds.
These thermocouples are installed above the KAPOOL container and can be im-
mersed into the melt remotely.

Several video cameras are installed around and above the facility to record the tran-
sient test. Both containers, the conical reaction crucible, in which the thermite melt is
generated, and the KAPOOL test container rest on three weighing cells each to re-
cord the mass flow out of the reaction crucible and the mass flow into the test con-
tainer. About 30 s after ignition the melt components are separated from each other
inside the reaction crucible due to the large density difference. After release through

the nozzle at the bottom about 100 kg of iron melt and several kg of oxidic melt were
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dumped before the jet of pure oxidic melt was directed into the KAPOOL container.
The amount of melt was recorded with the weighing cells. The temperature of the
oxide melt was determined in a certain time interval by immersion W-Re-
thermocouples and the transient temperatures in the steel plate were recorded by the
NiCr-Ni thermocouples.

The setup of the KAPOOL container for the test KAPOOL 13 is shown in Figure 1.
The KAPOOL container in KAPOOL 13 is of a strongly conical shape and is lined
with a high temperature ceramics. The aluminium plate of a thickness of 20 mm is
fixed at the bottom of the container, Table 1. The total diameter of the plate is & 240
mm and the contact surface of the aluminium plate with the oxide melt is & 200 mm.
In this experiment the aluminium plate is in contact with the outer steel structures. In
KAPOOL 15 to KAPOOL 17 always the same container is used. The container is of a
cylindrical shape and is also lined with a high temperature ceramics. The thickness of
the aluminium plate is different in the tests. The total diameter is in all tests & 470
mm and the contact surface of the aluminium plate with the oxide melt is & 455 mm.
In these tests the aluminium plate has no contact to the outer steel structures due to
ceramic insulation.

In the experiments KAPOOL 16 a 10 mm sacrificial concrete layer covered the sur-
face of the aluminium plate. In KAPOOL 17 there is also a sacrificial concrete layer
on top of the aluminium plate. The thickness of this layer was 15 mm except for the

inner area of 100 mm diameter, where it was kept at 10 mm as in KAPOOL 16.

Table 1: Test Parameters for KAPOOL 13, 15, 16 and 17

KAPOOL Test # 13 15 16 17
Mass of oxide melt (kg) 92 160 ) 150 150
Initial temperature (°C) 1860 >1800 2 1880 1870
Thickness of aluminium gate 20 10 10 20
(mm)
Diameter of aluminium gate
240 470 470 470
(mm)
Sacrificial concrete layer No No 10 mm 10/15 mm
(mm)

') 160 kg total mass. Aluminium plate eroded when = 54 kg melt were poured

%) no temperature data
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In all experiments about 190 kg of thermite powder and 66 kg of CaO were used to
generate about 150 kg of oxide and 100 kg of iron melt. The composition of the ther-

mite powder is:

25.8 wt% Al
51.6 wi% Fe
1.45 wt% Si
0.8 wit% Cu
0.35 wt% Mn
19.2 wt% O

The addition of CaO to the thermite powder has the effect that the liquidus and soli-
dus temperature of the oxide melt is lowered compared to pure alumina melts. The
liquidus temperature of the oxide melt is 1500 °C and the solidus temperature is
1395 °C.

4 Results of the KAPOOL experiments

4.1 KAPOOL 13

In test KAPOOL 13 the oxide melt started to pour into the KAPOOL container 54,4 s
after ignition of the thermite in the crucible, about 29 s later 92 kg of oxide melt were
gathered, Figure 2. The distortions of the KAPOOL container mass recordings are
due to the insertion of W-Re-thermocouples into the melt pool, the loss of about 15
kg during the test was also due to the vigorous movement of the pool during insertion
of the thermocouples.

The temperature of the oxide melt pool was initially 1860 °C in the beginning and
dropped to about 1500 °C at 150 s, which is near the liquidus temperature, Figure 3.
The temperature recordings of the NiCr-Ni thermocouples in the center of the 20 mm
aluminium plate at three different vertical positions (top contact surface, in the mid-
plane at 10 mm, and 2 mm above the bottom surface) are shown in Figure 4. Within
100 s after first contact of the oxide melt with the steel plate a maximum temperature
of about 540 °C has been recorded at the top thermocouple. The initial contact tem-
perature between the oxide melt (1860 °C) and the aluminium plate (initially at 20 °C)
is 318 °C, much lower than the solidus temperature of the melt. A solid oxide crust is
formed from the very beginning. The thermal contact between the crust and the plate
may not be ideal, so thermal resistances must be assumed in modeling the problem.
Post-experiment surface profiles have been measured, they show different vaulting

for the oxide crust and the aluminium plate, the crust having a larger vaulting than the
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plate, Figure 5. This is due to the cooling down phase when the aluminium plate
changed its profile. The oxide crust surface is rough compared to the aluminium sur-
face, which means that the thermal contact was not intimate. Heat transfer was partly
conductive, partly by radiation. Additionally in this test the lateral heat losses from the
240 mm diameter aluminium plate to the outer steel structures were relatively large
which may have been the reason for the vaulting of the plate, a subsequent gap for-
mation and hence high thermal resistance.

In comparison to the tests which are discussed in the following, no aluminium gate

erosion could be performed.

4.2 KAPOOL 15

Compared to KAPOOL 13, several experimental parameters have been changed to
conduct test KAPOOL 15 (plate thickness reduced to 10 mm, cylindrical instead of
conical container geometry and no contact to the outer steel structures due to ce-
ramic insulation). It turned out, that already during the pouring process the 10 mm
aluminium plate started to erode, probably because of the strong convective heat
transfer from the highly stirred melt to the plate. The erosion started in the corner
where the melt had first contact with the plate from flowing down the sidewall, and it
proceeded into the direction of the melt flow, Figure 6. The size of the outflow hole
grew rapidly, the final size was about 50 % of the original surface. Post test examina-
tion shows that an oxide crust of a thickness of 5 to 6 mm covers the area around the

hole, Figure 7. There was no more aluminium found under this crust.

4.3 KAPOOL 16

To avoid an early leak, as happened in KAPOOL 15 a further test, KAPOOL 16, has
been conducted, identical to KAPOOL 15 except for an additional 10 mm layer of bo-
ron-glass concrete on top of the aluminium plate. The height of the concrete layer
was chosen that way that the calculated oxide melt/concrete interaction time is equal
to the total pouring time. With this change any highly convective heat transport bet-
ween the melt and the plate during the pouring interval is excluded. Post-experiment
examination shows that the concrete erosion was complete. About 150 kg oxide melt
was gathered in the KAPOOL container, the initial temperature was above 1800 °C.
The temperature rise in the aluminium plate was rather homogeneous over the whole

area except in the outer region of the aluminium plate, there the temperature rises
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more slowly, Figure 8. A holding temperature at about 660 °C was recorded for about
10 seconds. Then the erosion phase started simultaneously over a large portion of
the plate surface, and the oxide melt escaped from the container within 2.5 s. Figure
9 shows the structure of the aluminium plate after the test: The size of the outflow
opening is given by an oxide crust of a thickness of about 4 to 5 mm and is 15 % of
the original surface (& 455 mm of the aluminium plate is in contact with the melt).
The aluminium plate is plastically deformed and strongly bent downwards except of
the outer area, which is not eroded at all. The size of the hole in the aluminium plate

is about 30 % of the original surface.

4.4 KAPOOL 17

In the last KAPOOL 17 test the thickness of the aluminium plate was increased to 20
mm, and the concrete layer was 15 mm except for the inner area of 100 mm diame-
ter, where it was kept at 10 mm as in KAPOOL-16. The stepwise concrete layer was
chosen to simulate an inhomogeneous concrete erosion front. The loading of the test
container with about 150 kg oxide melt started 42 s after ignition and was ended 31 s
later, Figure 10. The oxide melt height in the container including the concrete layer is
about 47 cm. An initial concrete erosion with an erosion rate of about 0.35 mm/s was

detected with NiCr-N\i-thermocouples embedded in the concrete. The oxide melt

temperature was at = 1870 °C. Similar erosion rates using iron melts have been
measured for identical concrete at these melt temperatures. The melt temperature,
as measured with the immersion thermocouples, decreases steadily to about
1700 °C at 120 s after ignition. The estimated time for a total concrete erosion is
about 60 s. This is about 100 s after ignition. 20 s earlier the temperature readings of
the NiCr-Ni thermocouples at the top surface of the aluminium plate started to rise.
The temperature readings for the thermocouples in the central part of the plate reach
the holding temperature of 660 °C after a rather long time, Figure 11. At a radius of
200 mm, close to the outer rim of the plate, this holding temperature is either reached
at a much later time or not at all before the failure of the plate. 263 s after ignition the
aluminium plate fails simultaneously over a large area and 150 kg oxide melt are dis-
charged within a short time. For about 160 s the oxide melt has been in contact with
the aluminium after the end of concrete erosion. During this rather long period an ox-
ide crust was formed steadily on top of the aluminium plate. The crust thickness can

be evaluated using the HEATING-V code or can be estimated with a simple enthalpy
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balance. If one assumes that a gap exists between the crust and the aluminium plate,

and heat transfer is purely by radiation, a crust thickness of 2.5 mm is calculated. In

the case of a good thermal contact with heat conduction the thickness of the crust is

6 mm.

An analysis of these tests applying the HEATING V code is underway. The objective

is to analyze the heating rates of the aluminium plates and the time of failures.
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Figure 1: Setup of the KAPOOL container for the test KAPOOL 13
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Figure 2: Mass flow into the KAPOOL container in the experiment KAPOOL 13
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Figure 3: Temperature measurements of the oxide melt in KAPOOL 13
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KAPOOL 13: Temperature in the center of the aluminium plate
at different vertical positions
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Figure 4: Transient temperatures in the center of the aluminium plate in KAPOOL 13
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Figure 5: Surface profile of the melt and the aluminium plate at the contact surface
for the test KAPOOL 13
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Figure 7: The bottom surface of the aluminium plate after the test in KAPOOL 15
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Figure 8: Transient temperatures in the aluminium plate in KAPOOL 16

Figure 9: The bottom surface of the aluminium plate after the test in KAPOOL 16
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KAPOOL 17: Mass flow in the KAPOOL container
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Figure 10: Mass flow into the KAPOOL container in the experiment KAPOOL 17

KAPOOL 17: Temperature 10 mm below the top surface of the
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Figure 11: Transient temperatures in the aluminium plate in KAPOOL 17
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. Untersuchungen zum EPR-Konzept - KAJET-Versuche
(G. Albrecht, H. Briiggemann, E. Jenes, D. Raupp, W. Schiitz, IRS)

Abstract

During a hypothetical core melt accident, the bottom of the reactor pressure vessel (RPV)
may be attacked and penetrated by the melt. In case of a localised failure of the RPV, the
melt expulsion into the reactor cavity may be as a compact jet for a short period, followed
by a dispersed release after gas break-through. The KAJET experiments are related to the
short initial phase of a compact jet. The main objective of the experiments is to establish a
compact jet under driving pressures up to 2 MPa and to study its interaction with different
substratum materials. The molten corium is simulated by an alumina-iron thermite melt.
The gas break-through is avoided by sharply reducing the driving pressure.

In the reporting period, two KAJET experiments (KJ04, KJO5) were performed. In KJ04,
about 83 kg of only alumina melt were released through a zirconia nozzle on a sample
plate of construction concrete. In KJO5, 49 kg of iron and 55 kg of alumina melt were
released on two separate sample plates of borosilikate-glass concrete. The maximum
driving pressure was 0.5 MPa in both experiments. In KJO5 the zirconia nozzle was
instrumented by thermocouples to measure the erosion rate caused by the melt jet.

In co-operation with Ruhr-Universitdt Bochum, a theoretical interpretation of the experi-

ments is under way.

1. Einleitung

Im Verlauf eines hypothetischen Kernschmelzeunfalls kann die Bodenkalotte des Reaktor-
druckbehdlters (RDB) durch die Schmelze angegriffen und in ungunstigen Féllen auch
durchschmolzen werden. Bei Ortlicher thermischer Ungleichverteilung in der Warme-
Ubertragung von der Schmelze in das RDB-Wandmaterial ist ein lokales, punktuelles
Versagen moglich. Abhédngig vom Unfallablauf kann zu diesem Zeitpunkt das Primér-
system unter Uberdruck stehen, so dass der SchmelzeausstoB durch die RDB-Offhung in
die Reaktorgrube zunachst in Form eines kompakten Strahles erfolgt. Diese anféangliche
Phase wird aber nur von sehr kurzer Dauer sein, da sich zum einen die Versagensstelle
durch Wechselwirkung mit der Schmelze aufweitet und zum anderen beim Unterschreiten

einer kritischen Schmelzepoolhdhe im RDB ein Durchbruch des treibenden Gases ein-
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setzt. Dieser Durchbruch beendet die Phase des kompakten Strahls und fihrt zu einem
dispergierenden Strahl. Die Wirkung des kompakten Strahls auf Auskleidematerialien der
Reaktorgrube bewirkt Erosionsprozesse, deren quantitative Erfassung notwendig er-
scheint. Demgegenlber sind die Auswirkungen des dispergierenden Strahls eher gering-
fagig.

Das KAJET-Programm bezieht sich auf die (kurze) Anfangsphase des Schmelzeaustrags,
wahrend der moglicherweise ein druckgetriebener kompakter Strahl auftritt. Bei den Expe-
rimenten wird ein Schmelzestrahl mit treibendem Druck bis zu 2 MPa erzeugt und — neben
der Charakterisierung des Strahls — die Wirkung auf unterschiedliche Auskleide- und
Opfermaterialien untersucht. Die Kernschmelze wird simuliert durch eine Thermitschmelze
aus Eisen und Aluminiumoxid. Der Einfluss der metallischen und der oxidischen Phase
kann getrennt untersucht werden. Der Gasdurchbruch wird kinstlich vermieden durch
rasche Reduktion des Treibdrucks am Ende des Schmelzeaustrags. In friheren Ver-
suchen zur Untersuchung des Strahlverhaltens (VJ01-VJO7 und KJO1) wurde die fir die
anschlieBenden Erosionsversuche zu verwendende Disengeometrie bestimmt (Zirkon-
oxid, Austrittsdurchmesser 12 mm, Disenwinkel 90 °, Auslaufstreckenlange 25 mm). Mit
dieser Geometrie konnten von 0-1,5 MPa sowohl mit der Eisenschmelze als auch der
oxidischen Schmelze kompakte Strahle erzeugt werden.

Im Berichtszeitraum wurden zwei Erosionsversuche durchgefiihrt (KJ04, KJO05). Als
Probenmaterial wurde bei KJ04 normaler Konstruktionsbeton und bei KJO5 Boro-
silikatglasbeton verwendet. Bei KJO4 wurde ausschlieBlich oxidische Schmelze (83 kg)
eingesetzt, bei KJO5 sowohl die metallische (49 kg) als auch die oxidische Schmelze
(55 kg). Der Treibdruck lag in beiden Versuchen bei max. 0,5 MPa. Bei KJO5 wurde auch
die Austrittsduse aus Zirkonoxid (ZrO,) instrumentiert, um die Aufweitung durch den
Schmelzestrahl zeitlich zu erfassen und die Wirkung auf die Dise zu untersuchen, um den
Versuchsablauf genauer interpretieren zu kénnen.

In Zusammenarbeit mit der Ruhr-Universitdt Bochum werden die Experimente theoretisch
interpretiert, die zugrundeliegenden Szenarien analysiert und die Extrapolation auf

Reaktorbedingungen vorbereitet.

2. Erosionsversuche KJ04 und KJ05
Die Versuchsbedingungen sind in Tabelle 1 aufgelistet. Bild 1 dient zur Erklarung des
Versuchsablaufes. Durch eine Thermitreaktion im Schmelzengenerator entstehen zwei

Schmelzephasen, Fe und Al,O;. Wegen der héheren Dichte sammelt sich die Eisen-
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schmelze im unteren Teil des Generators an, die oxidische Schmelze sammelt sich Gber
dem Eisen, dadurch ist die Austrittsreihenfolge physikalisch vorgegeben. Beim Versuch
KJO4 trat nur die oxidische Schmelzenkomponente aus. Die Eisenschmelze wurde in
einem Ringraum innerhalb des Generators aufgefangen. Unter dem Generator ist
normalerweise eine drehbare Probentrommel angebracht, auf der zwei Betonproben
rechtwinklig zueinander angeordnet sind (nicht bei KJ04, da nur eine Schmelzen-
komponente benutzt wurde). Die Schmelze ftritt unter Druck aus, trifft nach 270 mm
Fallstrecke auf den ersten Probekoérper und erodiert diesen. Kurz vor dem berechneten
Austrittsende der Eisenphase wird die Probentrommel um 90° gedreht und somit die
zweite Probe in den Strahlbereich gefahren. In der Zwischenzeit hat der Austritt der
oxidischen Schmelze begonnen, die nun die zweite Probe beaufschlagt.

Beide Probekérper sind mit Thermoelementen instrumentiert, um eine zeitliche Zuordnung
der Erosion zu ermdglichen. In beiden Versuchen wurden 100 mm dicke Probekdrper
eingesetzt, bei KJ04 aus Standardbeton, bei KJO5 aus Borosilikatglas-Beton. Jede Probe
war mit 25 Thermoelementen (NiCr-Ni) instrumentiert, die in funf horizontal angeordneten
Gruppen im Abstand von 5-60 mm unter der Auftreffoberflache angeordnet waren. Jeweils
vier TE-Gruppen waren im Abstand von 15 mm konzentrisch um eine Gruppe im Zentrum

angeordnet, dem wahrscheinlichen Auftreffpunkt des Schmelzestrahls.

3. Ergebnisse

Der Schnitt in Bild 2 zeigt flir KJO4 die erodierte Kaverne mit einem Durchmesser von 90
bis 120 mm und 60 mm Tiefe. Insgesamt wurden ca. 360 ml erodiert.

Bild 3 zeigt die Schnitte durch die Probekdrper nach dem Versuch KJ05. Teil a) zeigt die
durch den Fe-Schmelzestrahl erodierte Kaverne. Die Erosionstiefe betragt 33 mm, der
Durchmesser 60 mm. Die beiden Vertiefungen auf der Unterseite der Kaverne zeigen ein
unerwiinschtes Vordringen der Schmelze im Bereich der Thermoelemente. Bei zukiinfti-
gen Versuchen werden deshalb die Thermoelemente horizontal angeordnet, um eine evil.
Beeintréchtigung der Messung durch die Kanalbildung zu vermeiden. Der Schnitt in Teil b)
zeigt die vom Oxid erodierte Probe. Der Erosionsdurchmesser (150 mm) ist gréBer, die
Erosionstiefe (15 mm) geringer als beim Eisen. Das erodierte Volumen durch den
oxidischen Strahl war mit 120 ml dreimal gréBer als beim metallischen Strahl mit 39 ml,
siehe auch Tabelle 1.

Bei KJO5 wurde die Austrittsdiise instrumentiert. Bild 4 zeigt die Signale von je 4, den

Durchmessern 16 mm, 20 mm und 24 mm zugeordneten Thermoelementen, sowie die
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Nachrechnung zur Interpretation des Versuchsablaufes. Die Streuung der zu einem
Durchmesser gehdrenden Signale ist relativ gering. Hieraus lasst sich folgern, dass die
Aufweitung der Diise ziemlich gleichmaBig erfolgte und die runde Struktur im wesentlichen
erhalten blieb. Die Erosionsrate nimmt mit der Zeit zu, bisher ist noch nicht geklart, ob

dieser Effekt von der Austrittsdauer oder der Stromungsgeschwindigkeit abhangig ist.

4. Theoretische Begleitung

In Zusammenarbeit mit der Ruhr-Universitdt Bochum werden die Experimente modell-
theoretisch interpretiert. Dies schlieBt auch eine Erfassung der Unfallszenarien ein sowie
Untersuchungen zur Ubertragbarkeit auf Reaktorbedingungen. Die Arbeiten im Berichts-
zeitraum bezogen sich hauptséchlich auf die Beschreibung von Freistrahlen bzw. deren
Charakterisierung durch die Reynoldszahl, die Weberzahl und Umgebungsweberzahl
sowie die Ohnesorgezahl. Dabei wurde eine Einordnung des Verhaltens von Freistrahlen
in den Rayleigh-, den Ubergangs-, den turbulenten und den Zerstaubungsbereich méglich
/1.

Bezlglich der Erosion des Bodenmaterials durch den Strahl wurde die Erstellung eines

Computercodes begonnen /2/.

Referenzen

/1/ T. Bischer, M. K. Koch, H. Unger. Betrachtungen zum Strahlverhalten.
5. Fachbericht zum Projekt RUB-E-I-263. Lehrstuhl flir Nukleare und Neue
Energiesysteme, Ruhr-Universitadt Bochum, Bochum, 2000.

/2/ M. K. Koch. Persénliche Information. Lehrstuhl fir Nukleare und Neue

Energiesysteme, Ruhr-Universitat Bochum, Bochum, 1999.

Die KAJET-Versuche KJ04 und KJO5 sind Bestandteil eines Arbeitspaketes im EU-
ECOSTAR-Projekt "Ex-Vessel-Core Melt Stabilisation Research" innerhalb des

5. Rahmenprogramms.
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KJo04 KJ05

Oxid Eisen / Oxid
Eingesetzte Schmelzenmasse (kg) 83 49 /55
Disendurchmesser
Austrittsbeginn (mm) 12 12
Austrittsende (mm) 26 28
Beaufschlagungsdauer (s) 10 4,9/5,7
Temperatur des Schmelzestrahls (°C)" 2150 2100
Max. treibender Druck (MPa) 0,5 0,5
Max. Strahigeschwindigkeit (errechnet) (m/s) 14,4 9,9/14,4
Horizontale Ausbreitung der Erosion (mm x mm) 90 x 120 @60/ 150
Erosionstiefe (mm) 60 33/23
Erodiertes Volumen (ml) 360 39/120
Mittlere vertikale Erosionsrate (mm/s) ~4,8-6 6,7 /4,0

' Mit Pyrometer gemessen

Tabelle 1. Bedingungen und Ergebnisse der Versuche KJ04 und KJO5
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V. Analysis of KATS Experiments With Two Different Melt Release Conditions
(J. J. Foit, IKET)

Abstract

The current concept of the EPR relies on a sufficiently homogeneous spreading of
the melt in order to ensure its coolability after a passive initiation of flooding by water.
Conditions under which a complete spreading can be expected are the subject of
theoretical and experimental investigations. Derived approximate solutions are used
to analyse some of the performed experiments with different melt release conditions.

Results of CORFLOW simulations are also discussed.

ZUSAMMENFASSUNG

Das Konzept des EPR basiert auf einer ausreichend homogenen Ausbreitung der
Kernschmelze, um deren Kihlung zu gewahrleisten. Die Bedingungen, unter denen
eine vollstandige Ausbreitung zu erwarten ist, sind Gegenstand theoretischer als
auch experimenteller Untersuchungen. Hergeleitete Naherungslésungen werden an-
gewandt, um einige Experimente mit unterschiedlichen Einstrémbedingungen zu

analysieren. CORFLOW-Rechenergebnisse werden ebenfalls diskutiert.

1. introduction

A variety of experiments have been carried out to determine the effects of cooling on
the flow of fluids with different properties. The influence of the crust formation rates
on the fluid flow was explored experimentally by Fink and Griffiths (1993) with the
aim of understanding and classifying smali-scale flow surface morphology for a fluid
with weakly temperature dependent viscosity (polythylene glycol 600). This study
indicated that a crust does not greatly affect the fluid flow except for very high crust
formation rates. Experiments which used a fluid with strongly temperature dependent
viscosity (glucose syrup) were performed by M. V. Stasiuk et al. (1993). In this case
the cold, viscous fluid accumulated at the leading edge, altering the flow shape and
thickness and slowing the spreading. The front became steeper and the surface
behind the front was nearly horizontal. All performed experiments evolved to a stage
at which the overall spreading behaviour of the flow can be approximated by a

constant bulk viscosity.
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In the framework of large-scale KATS experiments (Fieg et al.,, 1997) the non-
isothermal spreading of high-temperature metallic and oxidic melts on ceramic or
concrete surfaces under various conditions were studied, e. g. melt overheat and
melt release conditions. The surface of the oxide melt cooled by radiation solidified,
producing a thin thermal and rheological boundary layer. In all experiments the flow

front stopped spreading some time later when the melt release was completed.

2. Analysis of the oxidic KATS experiments

The oxidic melt is composed of about 85 weight % Al,O3, 10 weight % SiO, and
about 5 weight % FeO. For the above melt mixture there is only a limited data base
of material properties available. Using an estimated phase diagram, the Stedman
correlation (Stedman et al.,, 1990) was applied to evaluate the viscosity within the
solidus-liquidus range. Above the liquidus temperature the experimental data of
Elyutin et al. (1969) were used (Fieg et al., 1997).

The KATS experiments can be classified in accordance with the melt release
conditions. In KATS 7 (Fieg et al., 1997) the melt was not collected but it was poured
into a cavity. As soon as the cavity was filled, the melt began to spread across the
channel with flow rates defined by the diameter of the pouring nozzle. In this way an
almost constant volumetric flux was achieved which lasted 12 s. The melt front
propagation ended at ‘219 s. In KATS 12 (Eppinger et al, 2001) experiment, on the
other hand, the melts were gathered in a container before spreading into the channel
was initiated by opening a gate in the container. Consequently, a linear decrease of
the volumetric flow rate in time was obtained. The outflow of the oxidic melt from the
container was completed after 10.4 s. The stop of the melt front was detected 40.s.
These initial an boundary conditions are more complex than the ideal conditions for
which self-similar solutions are known. However, the asymptotic behaviour of
solutions of the underlying evolution equation (Friedmann, Kamin, 1980)) allows to
construct approximate solutions which can be used to analyse the performed
experiments or to make reasonable predictions for the melt front propagation (Foit,
2001).

One can expect that the discrete phase transition model together with the variable
viscosity approach used in the CORFLOW code (Wittmaack, 1997) will predict a stop
of the melt front if almost all nodes at the free boundary reach the temperature at

which the value of the viscosity becomes large and if the floating crust is connected
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to the basemat at the melt front. Because there is no crust failure criterion in
CORFLOW, the results can depend strongly on the grid used for simulations. The
sensitivity on the grid size will generally depend on the viscosity behaviour as a
function of the temperature and the initial condition of the melt release.

The simulations were performed using a fine grid. The calculated front positions for
the KATS 12 experiment as a function of time are compared to the measured data
and to the approximate solutions for the isothermal spreading (Foit, 2001) in the

following figure (Fig. 1).
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Fig. 1: Melt front progression in KATS 12 in comparison with approximate
solutions and CORFLOW results

The underprediction of the melt front progression in the first stage of the spreading in
the CORFLOW results is due to the experimental melt release conditions for this
class of KATS experiments. The used melt release mode do not allow a reliable
estimate of the melt volume flux during the release time. The final front position
agrees very well with the experimental one. The approximate solutions of the
underlying initial value problem (isothermal spreading of a constant volume) show the
transition from the gravity- inertia spreading to the gravity- viscous spreading as well
as the deviation from the isothermal spreading due to the cooling of the free melt

surface.
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The results of the CORFLOW simulation and the approximate solution of the second
class of KATS experiments (experiments with an almost constant mass flux) (KATS
7) are shown in Fig. 2. The calculated evolution of the melt front during the melt
release phase for the KATS 7 agrees very well with the measured curve, in contrast
to the previous cases. The melt release mode used for this class of KATS
experiments provides sufficient precise data for the inflow volume flux. The time at
which the melt front stops is predicted to be much shorter than detected in the
experiment: 23 s, whereas, it was measured to stop at 50 s in the experiment (Fig.
2).

KAT-7; oxide melt, T;,=2473K
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Fig. 2: Melt front progression in KATS 7 in comparison with approximate
solutions and CORFLOW results

3. Conclusions

The KATS experiments are suitable for comparison with the self-similar solutions for
the isothermal spreading in order to see the effects of the melt cooling on the front
progression. In both experiments the final front position is located in the neighbour-
hood of the isothermal curve. Due to the fairly large Péclet number for the oxidic melt
under consideration, the spreading melt develops only a thin thermal boundary layer

at the cooled boundaries. Consequently, the influence of this thin crust on the front
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propagation is weak until the time at which the gravity force is balanced by the
strength of the developing crust.

The variable viscosity used in CORFLOW seems to be adequate for simulations of
the oxidic KATS experiments concerning the predictions of the final front position.
The CORFLOW code will predict a stop of the melt front if almost all nodes at the
free boundary reach the temperature at which the value of the viscosity becomes

large and if the floating crust is connected to the basemat at the melt front.
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32.21.05 Langfristige Containmentkiihlung

Two-dimensional Geysering in the Test Facility SUCOT
(G. Janssens-Maenhout, M. Daubner, H. Umekawa, T. Schulenberg, IKET)

1 Abstract

Flashing has been analyzed for a water column with an initial hydrostatic head of 0.55 bar
in a vertical riser with flow cross-section of 950 x 120 mm? under low mass flux, low sub-
cooling and low heat flux conditions. In this paper flashing is defined as self-evaporation
due to all kind of pressure-drops, and geysering is defined as a kind of repeated
vaporization, which is propagated by the pressure-drop due to a decreasing hydrostatic
head. The instability phenomenon in the test facility provides information for extending the
up to now one-dimensional geysering models. Due to the two-dimensional flow structure
in the vertical test section one observes geysering with flow circulation. The two-
dimensional geysering therefore shows smaller pressure movements and faster pressure
recovery as in the case of one-dimensional geysering. In the two-dimensional case both
the geysering frequency and the geysering strength enhance with increased energy input
for the geysering. At reduced riser width the onset of geysering is delayed but then the
geysering frequency shows an even more steep increase with increasing energy input.

Furthermore the geysering frequency increases with reduced initial hydrostatic head.

2 Zusammenfassung

Das Phénomen Flashing wurde analysiert in der Versuchsanlage SUCOT unter niedrigen
Massendurchsatz-, niedrigen Unterkiihlungs- und niedrigen Warmezufuhrbedingungen.
Der Limit-Fall "geysering" unter Null-Durchsatz wurde insbesondere auf seine Abhangig-
keit von Warmezufuhr, Wasserstand und Kaminbreite untersucht. Spezielle Ansétze fir
ein zweidimensionales Geysering-Modell, basierend auf empirisch abgeleiteten Korrela-

tionen, wurden getestet.

3 Introduction

Depending on the causing mechanism, negative resistance, time-delayed feedback or
thermal nonequilibrium, flashing or boiling flow instabilities have been classified by Ozawa

(1999) respectively into the three categories: (1) the Ledinegg instabilities with related
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pressure drop oscillations, (2) the density wave oscillations and (3) the geysering. In the
early seventies the nuclear industry analyzed flow instabilities in Boiling Water Reactors
(BWR)\ and investigated the first two categories, especially the second one. For a one-
dimensional description of flashing Ishii and Zuber (1970) set up a general dimensionless
drift-flux model, which is still used. The criterion for instability was given as function of the

Phase change number Npch and the Subcooling number Ngyp.

A first classification was given by Boure, Bergles and Tong (1973). The flashing types
concerned mainly forced circulation and density wave oscillation with high steam quality
for the BWR conditions, whereas geysering was only mentioned. Density wave oscillations
have been experimentally investigated by Yadigaroglu and Bergles (1972) in large detail.
Fukuda and Kobori (1978) made a subtle classification of various types density wave
oscillations. Lahey and Yadigaroglu (1982) examined the relationship between Ledinegg
and density wave stability criteria. They showed that to determine whether a system is
stable regarding excursive instabilities, one only needs to examine the zero frequency limit
of the linear model used for the analysis of density wave oscillations. This paper focuses
on the third category of geysering, here defined as repeated vaporization, caused by
thermal nonequilibrium due to a change in hydrostatic head. Experimental studies in a
natural circulation system are scarce and mainly performed by Griffith (1962), Ozawa,
Nakanishi, Ishigai and Tarui (1979) and Aritomi, Chiang and Mori (1993). Already Giriffith
reported geysering with periods of the order of 10 to 100 seconds, which disappears
under pressurized conditions. Geysering has only clearly been defined by Ozawa,
Nakanishi, Ishigai, Mizuta and Tarui (1979) as nonlinear oscillation due to the liquid
superheat and self-evaporation. Ozawa noticed additionally to Griffith's findings a
stabilizing effect of the inlet velocity and destabilizing effects of the riser length and the
heat flux. Based on the experimental results he established a one-dimensional model,
representing the principal mechanism of geysering. Later on Aritomi et al. (1993)
investigated the instability by using two communicating fluid columns and explained one-

dimensional geysering by a transition from bubbly flow to slug flow.

More recently Jiang, Yao, Bo and Wu (1995) pointed out that the nucleation location for
the geysering and the flashing are different. In the case of geysering the self-evaporation
is initiated at the bottom heated section, whereas in the case of flashing the evaporation

wave starts at the top and moves then downwards. According to our definition the flashing
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defined by Jiang can be interpreted as geysering. Van der Hagen, Stekelenburg and Van
Bragt (1997) stated that geysering occurs in stagnant heated liquid and is dominated by
gravity effects in the riser. He uses the model of Ishii but introduces a modified Subcooling
number with the saturation temperature at the outlet pressure. The flashing has been
mainly investigated in small, vertical tubes with a heated section and a riser section.
Under the low mass flux conditions and with a free liquid surface at the outlet the flashing
becomes mainly buoyancy driven and can be classified as geysering. Up to now only one-
dimensional models are available in literature. However, to describe the flow behavior in
real geothermal power sites or cryogenic pipelines one-dimensional models are not
satisfying. Here an experimental study on geysering in two dimensions is performed. A
similar principle mechanism as in the case of one-dimensional geysering is observed. The
heated fluid is transported to regions at smaller hydrostatic head with lower saturation
temperature and becomes superheated. When void is generated, the hydrostatic head
and the corresponding saturation temperature are reduced and the self-evaporation is
reinforced. However since the flow cross-section of the riser allows a two-dimensional flow
behavior, the geysering does not occupy the whole cross-section. Moreover turbulent
convective rolls strongly affect the extension of the vapor plume during the self-

evaporation.
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Fig. 1: Comparison between one-dimensional and two-dimensional geysering.

A division of one geysering period into three phases, analogously as in Ozawa's findings
could be performed. After an incubation phase an onset of steam formation is initiated,
which then expands sidely and upwards during the expulsion phase and finally ends up
with a void entrainment phase. The first phase A of incubation is similar as the incubation
phase in the one-dimensional geysering. The second phase B of expulsion differs in
strength. In comparison to the one-dimensional geysering case the expulsion phase in the
two-dimensional case is shorter and accompanied by smaller pressure movements.
Therefore the pressure recovery in the third phase C shows a compietely different

character as the refill phase in the one-dimensional geysering case. The third phase of a
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geysering period in a two-dimensional channel is identified as void entrainment phase. A
fast pressure recovery with a strong mixing and entrainment of void by the turbulent
convective rolls is observed. Fig. 1 shows the typical differential pressure signal during
geysering with the different pressure recoveries C1 and C2 for the one-dimensional

respectively two-dimensional case.

4  Experimental Setup
4.1 Test Facility

In a test facility made of glass, consisting in a horizontal section with heated bottom plate
and a vertical riser section with a hydrostatic head of 0.55 bar, the geysering has been
investigated under atmospheric pressure. A first description is given by Janssens-
Maenhout, Daubner, Knebel and Miller (1999). The experimental test facility is shown
schematically in Fig. 2 and consists of a L-shaped slab geometry with a length | = 4.50 m,
a wetted height h = 5.5 m and a depth d = 0.12 m. The width of the horizontal respectively
the vertical section are w;= 0.9 m and w, = 0.95 m. Because of the height the test facility
is appropriate to investigate geysering. Moreover due to the large flow cross-section of the

vertical section, two-dimensional effects on the geysering could be clearly observed.

The shape of the test facility SUCOT ("SUmp COoling Two-phase") has originally been
conceived to investigate sump cooling by a passive two-phase loop in the safety concept
of the European Pressurized Water Reactor. The L-shape did not disturb the measure-
ments of the geysering phenomenon in the vertical section. The geysering was always
initiated in the vertical channel and never reached the horizontal section. Two operation
modes, forced circulation and natural circulation, are possible. In the forced circulation
operation mode subcooled water is pumped into the horizontal lower duct and heated up
by the hot bottom plate. Low heat fluxes at the bottom boundary and low mass fluxes,

including zero mass flux at the inlet are envisaged.

The bottom plate of the horizontal section is heated up by 7 copper blocks, in which 4
electrical heaters of 10 kW electrical power are embedded. A maximum total wall heat flux
of 150 kW/m? can be reached. The heat leaks thereby amount up to 5 ~ 6 kW. The heat
losses are mainly caused by heat conduction over the large surface area of the flow

sections, although all glass windows of the flow section are isolated. The heat leakage has
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been estimated from the heat balance with the enthalpy difference measured between

inlet and outlet of the flow test sections under single phase flow condition.
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Fig. 2: Sketch of test facility SUCOT Fig. 3: Operational diagram.

In the horizontal lower duct temperature profiles have been measured by 5 times 18
traversable thermocouples of type K (indicated as T1, T2, T3, T4 and T5 in Fig. 2) and 6
fixed thermocouples of type K (indicated as T6 in Fig. 2). During the transient experiment
the traversable thermocouples have been fixed at the position given in Fig.2. In the
vertical riser 3 differential pressure cells measure respectively the pressure drop over the
total riser (dp1 in Fig. 2), the pressure drop over the first half section of the riser with Az =
2343 — 209 mm (indicated as dp2) and the pressure drop over the second half section of
the riser with Az = 4452 — 2343 mm (dp3 in Fig. 2). At the top of the riser also the gauge
pressure in the vapor space is recorded (indicated as dp4 in Fig. 2). Additionally 3x6
thermocouples (in Fig. 2 indicated as T7,T8 and T9) and 2x4 thermocouples with 2 fibre
optical probes are inserted in the riser. The transient flashing behavior has been observed
by the differential pressure and temperature measurements recorded with a measuring
data rate of 1 Hz during the measurement time of 1 h at different positions in the vertical

and horizontal flow sections.

Exp. cond. Set points Dimensionless n° | Order of Magnitude

Hor. length 4.5 m Rayleigh N° Ro = BrgATsww;/ (kLve) ~ 1.E11

Inlet temp. 50 ~ 100°C Prandt] N° Pr=vy/kL ~T7.E0

Inlet vol. rate | 0 ~ 0.8 kg/s Aspect Ratio Nrp=wp/h~2.E-1

Wall heat flux | 0 ~ 150 kW/m? || Phase change N° | Npgh = ApQw/ (peMLARLg) ~ 1.E1 ~ 1.E2
Initial level 20 ~55m Subcooling N° Nouws = ApcpATLgub/ (peAhrg) ~1.E1~ 1.E2

Table 1: Range of experimental conditions for SUCOT.
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4.2 Experimental Conditions

The working fluid is water and the range of the experimental conditions is listed in table 1.
The experimental conditions, dependihg on the wall heat flux Qw, liquid mass flow rate M,
and subcooling ATsy, are specified by the Phase change number Npcy, and the Subcooling
number Ngy, as derived by lishii and Zuber (1970) from the drift-flux model, considering
the three mixture conservation equations. The more detailed two-fluid model with 6
equations still suffers from incomplete closure relationships, modelling phase interaction.
Moreover scaling with 1 common time scale is not any more possible with the two-fluid

model.

The definition of the Phase Change and Subcooling number has been extended in order

to be also applicable for the case of zero inlet mass flux. The definitions used are

Qu /(PG AhLG) and N., = (PL ‘Pe) Cp (TSal(p/n)— Tsat (pout)) 1
M, /(PL - PG) S Pa hs ' ( )

Neon, =

The Phase change number represents the ratio of the evaporation reaction time constant
and the fluid residence time constant whereas the Subcooling number represents the
enthalpy difference of the saturated fluid at the outlet to the saturated liquid at the inlet,
scaled with the latent heat. The relationship between Npcy, and Ngyp is still given by the
quality Xeq of the mixture in thermodynamic equilibrium. Additionally to Npcn and Ngy, the

classical single-phase flow dimensioniess humbers are given in table 1.

An overview of all working points with non-zero inlet mass flow rate ran in different tests is
given in the operational diagram of Ngy versus Npcp in figure Fig. 3. This operational
diagram represents at one side the single phase flow regime and at the other side the
geysering regime. Using the extended definition 1 the working points with zero mass flux

can be situated on the line of zero mixture quality.

5 Simulation of steady state flow conditions
5.1 Model Assumptions and Equations and Closure Relations

For the numerical simulation of such dispersed two-phase flow systems the Eulerian two-
fluid-model is widely used. Thereby the two phases are described separately by two

interpenetrating fields, which have to be coupled by closure relationships for inter-phase
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exchange of mass, momentum and energy. The two-fluid-model result in 3 transport

equations in vector notation for each of the two phases with common interfacial terms.

In the horizontal duct of the test facility vapour bubbles are generated at the heated
bottom plate. Therefore an extended modelling of subcooled boiling with a vapour source
term at the heated wall and with a condensation source term in the subcooled bulk has

been performed.
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Fig. 4: Init. temp. profile (in K) Fig. 5: Void profile

In the chimney of the te$t facility a bubbly flow is established, for which interfacial forces
have been modelled. Under the assumption of an ideal dilute bubbly flow, with bubbles as
non-interacting, small spherical and non-deformed particles, physical models for the
interfacial forces have been derived from the forces on a particle volume, induced by the
surrounding fluid under Lagrangian approach. Thereof a drag force, lift force, wall lubri-
cation force, virtual mass force and turbulent diffusion force are modelled, as described by

Janssens-Maenhout (1999).

5.2 |Initial Single-phase Flow up to Subcooled Flow Boiling

As boundary conditions an inlet mass flux and an outlet pressure boundary are set. The
walls are treated adiabatically, except the heated bottom plate, on which the heat flux
q"w = 5.18 W/cm? is posed. In order to reduce the computational time in a first effort the
set-up is confined to a simplified steady state and two-dimensional flow case. For the
initial heated single-phase flow the diffusive and convective heat transport, enhanced by

the buoyancy effect result in the temperature profile of Fig. 4 over the whole test facility for
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the case TLin = 333 K, uLin = 0.2 m/s. Note that the characteristic time constant for the heat

diffusion in the computational flow area takes 7x10” s.

For the heated two-phase bubbly flow the boiling model for a smooth heated wall with
imposed heat flux quw" = 5.6 W/cm? has been applied. After the point of onset of vapour
generation a transition from a single-phase to a two-phase buoyant flow occurs and a
bubbly flow establishes. For the case of a fully opened inlet with uy, = 0.2 m/s and
Tun = 369 K, Fig. 5 represents qualitatively the void and velocity profiles over the whole
test facility. The temperature has been kept saturated and a constant vapour source term

without condensation has been modelled, as described by Janssens-Maenhout (1999).

6 Measurement Results
6.1 Characteristic Profiles

In the profile of dp1 the three phases of incubation, expulsion and void entrainment can be
clearly recognized. The total pressure drop dp; is mainly affected by the void entrainment
and recirculation in the vertical flow section, and is therefore not mostly appropriate to
count the geysering periods. The structure of the recirculation is proven by the signal dps
since flow accelerations cause an underpressure for downward flow respectively an over-
pressure for upward flow. The pressure drop dp. shows that the geysering never reaches

the bottom part of the vertical section and never propagates into the horizontal section.

The profile of the gauge pressure dpy4 in the vapor room above the outlet free surface
shows up the highest movements. Therefore this signal is used for determining the perio-
dicity of the geysering. The signal dps indicates clearly the vaporization during the
geysering and the therefore measures the geysering frequency. The integrated value of

the condensing water at the outlet over 1 h agrees well the integral pressure movement of

dp4.

The temperature profiles indicated a gradually decrease of temperature with increasing
height. The profiles T7, T8, and T9 in the middle of the riser show a strong mixing of the
two-phase flow. Because of the short measurement time of fibre optical probes the void
measurements did not represent the periodicity of the void behavior during geysering in
SUCOT. The void measurements just confirmed the variety in size and form of some

clusters of bubbles.

174




6.2 Geysering Frequency as Function of the Wall Heat Flux

The geysering frequency fgeyser iIs determined by the number of pressure peaks N, during

the measuring time 1, of 1 h:

oo =32 (2)
The frequency of the geysering has been derived applying a discrimination procedure with
an exceed of 2 mbar onto the pressure signal of dps. The qualitative result of the geyser-
ing frequency is not affected by the chosen exceed value. This discrimination procedure
has been used because the Fourier Transform of the pressure signal did not result in a
spectrum indicating a specific frequency for the case of low heat flux. The frequency fgeyser

has been analyzed as function of the heat input Qgeyser for the geysering, defined as
QGeyser = QW - ML Cp/_ (10200_ TLin (OC)) . (3)

In the calculation of the geysering energy Qgeyser the value of 102°C for the temperature at
the onset of steam formation has been chosen because with this value the highest corre-
lation factor of the temperature measurements was obtained. The experimental results of
faeyser @s function of Qgeyser for all the experiments with the different inlet parameters are
represented in Fig. 6. Once a minimum heat input is exceeded, the geysering frequency
faeyser €Nhances proportionally with increased geysering energy Qgeyser. This minimum
heat input is needed to cover the heat losses. This result characterises the two-
dimensional geysering phenomenon. In the one-dimensional case Ozawa, Nakanishi,
Ishigai, Mizuta and Tarui (1979) observed a decrease of the geysering frequency with
increased geysering energy. The well correlated data in Fig. 6 also illustrate the

reproducibility of the experimental results.
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Fig. 6: Pressure peaks over energy. Fig. 7. Geysering strength over energy.
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6.3 Geysering Strength as Function of the Wall Heat Flux

The cumulative time distribution of the pressure signal dp4 in the vapor room at the outlet
allowed filtering of the pressure peaks due to geysering out of the noise in the boiling two-

phase mixture. Thereby the geysering strength Sgeyser has been defined as

1
SGeyser = N— Z (dp 4 dpthreshold ) . (4)

p

The geysering strength Sgeyser has been analyzed as function of the energy input Qgeyser
for the geysering. Fig. 7 shows Sgeyser as function of Qgeyser for different inlet mass fluxes.
After exceeding a minimum heat input the geysering strength Sgeyser Starts to increase
strongly with increasing geysering energy Qaeyser, €specially in the case of low mass flux
but then tends to increase more smoothly. From Fig. 7 a threshold for a geysering of non-

zero strength can be derived.

6.4 Geysering Frequency as Function of the Initial Hydrostatic Head

Additionally experiments at zero mass flux have been performed for different initial hydro-
static heads, changing the original water level z; from 5.5 m in steps of 0.5 m towards
2.5 m. At lower water level boiling at the heated bottom plate occurs at lower temperature.
The geysering frequency feeyser eNhances with decreased water level z as shown in Fig. 8.
Due to the change in the volume of the vapor space, a scaled step of 2 mbar . (zo -z)/z
instead of the constant 2 mbar step was applied in the discrimination procedure for the
signal dp4. Additional influence of the condenser ability has been neglected. Scaling of the
geysering energy Qaeyser With the enthalpy of the total volume of saturated water in the
riser, defined as

QGeyser ( 5)

Q. =
Geyser pL Wh Zd AhLG

yields a unique correlation between fgeyser and Q’geyser. This is represented in Fig. 9 and
means that the total energy stored in the geysering, scaled with the initial water volume is
for a given heat input constant. This confirms that the geysering in the vertical section is

not disturbed by the horizontal section of the test facility.
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The general behavior that the geysering frequency decreases with increased initial water
level z is related to the enlarged water volume of the riser. By increasing the water level
the aspect ratio Ng is reduced and the vertical section resembles the one-dimensional
channels with geysering at lower frequency. The temperature profiles of the thermo-
couples in the riser only depend on the distance between the thermocouples and the

water level.

Below 3.0 m the strong increase in geysering frequency indicates a transition to another
instability mode of the geysering. Moreover the temperature signals in the horizontal and
vertical section for the cases of 3.0 m to 5.5 m water level differ completely from the tem-
peratures recorded in the case of 2.5 m water level. The more regular temperature
behavior in the case of 2.5 m water level is strongly influenced by the boiling noise of the
horizontal section whereas the irregular temperature behavior in the other cases are due

to the strong mixing in the void entrainment phase.

6.5 Geysering Frequency as Function of the Riser Widith

The riser width has been reduced from 950 mm to 307 mm by inserting a separation plate
from the bottom at z = 0.0 m until in the vapor space at z = 6.0 m. At reduced riser width
the onset of geysering moved towards higher energy input for the geysering Qgeyser, as
represented in Fig. 10. The geysering frequency also increases with increasing energy
input more rapidly in the case of a narrow riser than in the case of a wide riser since a

smaller water volume is present in the riser. The comparison of the case with narrow riser
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width of 307 mm and the original case with riser width of 950 mm is complicated by the
difference in heat leaks. The influence of the non-active channel of 643 mm at a tem-
perature some degrees below the temperature in the active channel of 307 mm could not

be estimated.

Clearly a difference in flow behavior was observed. The convective rolls in the riser are
much smaller and confirms the scaling of the diameter of those rolls with the channel
width. Moreover less mixing was established. This observation was confirmed by the tem-
perature measurements. The temperature profile in the case of narrow riser shows a
much smaller fluctuation in the horizontal layers and much larger vertical temperature
gradient over the different layers than the temperature profile in the case of a wide riser.
Only the temperature profile T8 shows larger fluctuations around a mean temperature
value, which is situated more close to the maximum value. It can be assumed that T8 is
after a geysering expulsion affected by a reversal of colder water layers. This means that
the geysering in the case of a narrow riser does not expand downwards so low as in the

case of a wide riser.

Experiments in the narrow riser at different initial hydrostatic head are not representing the
same tendency as in the original case of the wide riser. This is shown in Fig. 11. The dip
in geysering frequency can be explained by a different behavior of the two-phase flow with
strong flow oscillations. These flow oscillations are more expressed in the case of a
narrow riser, since in the case of a wide riser the large volume of water with larger inertia
damps this oscillating effect coming from the horizontal section. These flow oscillations
also explain the broader scattering of measured geysering frequency data for the narrow

riser case in Fig. 11.
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7  Conclusion and Perspective

Insteady, subcooled boiling two-phase flow in large two-dimensional geometries are still
hard to be numerically simulated and need still experimental, validated correlations. The
geysering phenomenon in a two-dimensional flow cross-section is strongly affected by
turbulent convective rolls and therefore less explosive. One geysering period can be

divided in an incubation phase, expulsion phase and void entrainment phase.

In the one-dimensional case the geysering frequency decreases by increasing the
geysering energy. But in the two-dimensional case the geysering frequency increases by
increasing the geysering energy. Moreover by reducing the initial water level the two-
dimensional effect becomes stronger and the geysering frequency enhances even more.
For high initial hydrostatic head the geysering frequency tends to approach an asymptotic
value. The geysering strength enhances also by increasing the geysering energy but

tends to approach an asymptotic value for high heat input.

The mixing plays a major role in the geysering phenomena. The onset of geysering can be
postponed by inserting separation plates, impeding the establishment of large convective
rolls. In a narrow riser the geysering frequency is not reduced proportional with the initial

hydrostatic head because of a different flow oscillation behavior.
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32.21.06 Dynamische Beanspruchung von Reaktordruckbehilter und

Containmenti-Strukturen unter hochtransienten Belastungen

l. Reactor Pressure Vessel Head Loaded by a Slug Impact
(B. Dolensky, B. Géller, T. Jordan, R. Krieg, M. Lux, G. Messemer,
H. Rieger, M. Sidor, IRS)

Abstract

The behavior of a reactor pressure vessel head loaded by a corium slug impact
which may be caused by a postulated in-vessel steam explosion has been investi-
gated recently by means of model experiments. In this paper three key problems of
this work are addressed. It is demonstrated that the formation and acceleration of a
rather compact corium slug cannot be ruled out despite of various dispersion effects
which may take place. Furthermore, a method is described to determine the local
strain distribution in the vessel head which has been strongly deformed during the
model experiments. Finally it is demonstrated that the results of model experiments
describing complex liquid structure impact processes can be converted to reactor

dimensions using similarity theory.
1. Description of the Problems

During a postulated in-vessel steam explosion molten core material may be
accelerated as a liquid slug against the upper vessel head. If the head would fail,
fragments of it could be hurled against the containment shell and endanger its
integrity [1, 2]. Therefore, it is required that the liquid slug impact must not cause
failure neither of the vessel head nor of the bolts connecting the head to the vessel

flange.

In previous investigations [3, 4] the kinetic slug energy which can be surely carried by
the vessel head and the bolts was determined to

0.1 GJ, if all the upper internal structures are molten,

0.4 GJ, if at least the upper support grid is left,

0.8 GJ, if the complete upper internal structures are left.
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These results were based on the model experiments BERDA |, where the essential
reactor dimensions were scaled down by a factor of 10. The corium slug hitting the
vessel head was simulated by a liquid metal slug of about the same density. During
the acceleration phase the liquid metal slug was contained in a very thin walled
crucible which was supported by another rather strong crucible. Later, during the free
motion phase up to the impact, the slug was contained only in the thin walled
crucible. In this way a quite compact liquid slug was obtained causing the most
unfavorable impact process with a relatively high impact force. In comparison to that
the direct effect of the stiffness of the thin walled crucible on the impact process can

be assumed to be negligible.

Here the question was raised whether these conditions might be too conservative. In
reality dispersion effects should be expected to reduce the compactness of the slug
and therefore also the impact force considerably. In the meantime the experiments
BERDA 1I-DETAIL were performed. They have shown that dispersion effects will not
affect the compactness of the slug significantly, provided radial dispersions are
suppressed by a cylindrical constraint. More details of these experiments are

presented in section 2.

In the model experiments BERDA |, among others, the deformations of the model
heads were measured. According to the similarity theory described in [3, 4] the
deformations of the real head are similar up to a critical limit, where severe material
damage and cracking begins. Unfortunately this limit is size dependent, but reliable
information is not available yet. Therefore, it was decided that only those BERDA |
tests are really convertible to the reactor scale, where the resulting deformations of
the model heads are mainly within the elastic region. Larger deformations might only
become acceptable, if new research work yields more information on size effects in

deformation and fracture [5].

In fact, a small permanent vertical displacement of the model heads up to about
5 mm was assumed to be tolerable; higher displacements reaching values up to
30 mm were not accepted. However, little information was available about the
resulting local strains; the application of strain gauges was difficult and the calculation

of strains using measured displacements between marked points at the head was
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mostly too inaccurate. But on the other hand, the strains are the relevant quantities to
describe the critical deformation limit mentioned above and to assess the structural
integrity. To solve this problem, a computational procedure was developed to
calculate the strain distributions in the head using the measured vertical dis-
placements of selected points of the head. This procedure and the results are

described in section 3.

Finally, the results of the model experiments BERDA | were converted to reactor
dimensions using similarity theory. Although highly nonlinear effects such as classical
elastic-plastic material models were included, rather simple scaling rules between
quantities of the model and the related quantities of the reactor had been obtained [3,
4]. Furthermore, simplified liquid structure impact experiments in different scales

were carried out, to check the scaling rules [6].

Nevertheless it was felt that additional model experiments simulating a molten core
slug impact against the upper vessel head in a scale different from BERDA | could be
of great help to demonstrate once more that the application of similarity theory
provides indeed a satisfying solution. Therefore, the model experiments SMALL
BERDA have been performed, where the essential dimensions were scaled down by
a factor of 50 in comparison to reactor dimensions, i.e. a factor of 5 in comparison to
BERDA |. Then the SMALL BERDA results have been converted to the BERDA | size
using the above scaling rules. Comparison with the BERDA | results yields a fairly
good agreement and confirms again that the reactor problem was solved adequately.
A detailed description of the SMALL BERDA activities is given in [7], a discussion of

the results is presented in section 4.

2. Experiments on the Compactness of a Corium Slug During its Acceleration

and Free Motion Phase

The facility BERDA |I-DETAIL used to perform experiments scaled down by a factor
35 is shown in Fig. 1a. The grid forming the bottom of the inner cylinder is simulating
the core support plate. It was sealed by a thin membrane underneath the grid. About

half the volume inside the cylinder was filled with liquid metal simulating the molten
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core material. The space between the inner and outer cylinder was filled with hot

water to control the temperature.

Water below the grid was suddenly pressurized simulating the loading caused by the
postulated steam explosion. Thus the thin membrane underneath the grid was
ruptured and water penetrated the grid and accelerated the liquid metal upwards with
more than 5000 m/s®. When the upper surface of the liquid metal had reached the
upper edge of the cylinder, the water supply was stopped. Consequently, the
acceleration of the liquid metal slug decayed and its movement continued with an
almost constant velocity (precisely speaking, vacuum must have been occurred in the

cylinder, decelerating the liquid metal slug slightly).

The acceleration and free motion of the liquid metal slug had been watched by a high
speed camera. Pictures 2.8 ms, 3.6 ms and 5.2 ms after the sudden pressurization

are shown in Fig. 1b to 1d.

One can clearly see that the upper surface of the slug remains relatively smooth.
Dispersion effects do almost not occur. That means, the liquid metal slug can be
assumed to remain quite compact during its acceleration and free motion phase.
Thus the postulation of a rather molten core material slug hitting the reactor pressure

vessel head seems to be not too unrealistic.

3. Calculation of the Strain Distributions in the Head Using Measured Vertical

Displacements of Selected Points

As a basis of this work a three-dimensional finite element model of the head was
developed, Fig. 2a. To reduce the number of the elements, advantage was taken

from symmetry conditions and only one eighth of the head was modeled.

In a first approach the measured axial displacements for selected points of the tested
head were used as input and the resulting strain distribution was calculated.
However, the results were not satisfactory, since at the other points of the head
surface the axial displacements turned out to be much smaller than the prescribed

values.
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In a second approach the measured axial displacements for the selected points were
used to form a smooth contact surface of a "forging die". Then the finite element
model was used to solve a contact problem assuming that the head is pressed again
the rigid surface of the forging die, Fig. 2b. This method turned out to be successful.
The pressure applied to the head had to reach a value between 100 and 400 MPa
depending on the prescribed axial displacements. A pressure increase beyond this
value as well as moderate variations of the constitutive equations had only very little
influence on the results. Comparison of the calculated strain fields with some strains

measured directly at the model heads showed good agreement.

The second approach has been used to determine the strain distributions for tests
05, 07, 09, 17, 19, 20 and 22, Fig. 3. For each case, except test 07, the maximum
peak strain occurring at the edge of one of the holes and the maximum strains
occurring between the holes were marked. For test 07 the head did not contain holes
and the maximum strain occurring at the center of the outer surface of the head were

marked.

Now the main results of the model experiments BERDA | can be extended as follows,

3.1 All the upper internal structures are assumed to be molten

The lower part of Fig. 4 shows the maximum impact force and the maximum vertical
head displacement versus the slug impact velocity, alternatively versus the slug
impact energy (slug mass 82.5 kg) obtained in the BERDA | tests 05, 07, 09. This
has been already discussed in [3, 4]. Now the upper part of Fig. 4 shows additionally
the maximum peak strain occurring at the edge of one of the holes and the maximum
strain between the holes for test 05 and 09, and the maximum strain at the center of

the head for test 07.

The kinetic slug energy which can be surely carried by the real vessel head and the
bolts was determined to 0.1 GJ as mentioned in section 1. According to [3, 4] the
corresponding value for the BERDA | scale is 0.12 MJ. It has been introduced in Fig.

4 as the admissible kinetic slug energy. Now it can be easily concluded: if this energy
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condition is fulfilled, the maximum local strain expected in the head is lower than the

values obtained in tests 07 and 09.

It is remarkable that for test 07 using a head without holes the maximum head
deformation is larger than for test 09 using a head with holes. In previous publications
this findings could be explained by random variations of the liquid slug shapes. This

means, when evaluating the results a considerable scatter must be considered.

Fortunately, the assumption that all the upper internal structures are molten, was
found to be not very realistic. Therefore, in this case additional tests were not
performed and the results play only a minor role. For the following more realistic
cases with (some) upper internal structures included significant scaiter does not
occur, since the upper internal structures were found to provide a certain

smoothening of the impact process.

3.2 The upper support grid is assumed to be left

The lower part of Fig. 5 shows the results already discussed in [3, 4]. The upper part
of Fig. 5 shows additionally the maximum local peak strain occurring at the edge of
the holes and the maximum strain between the holes for tests 17, 19, 20 and 21. For
the last test the other upper internal structures have been included, too; but they
were made of lead. It turned out that the influence of these very weak structures was

quite small.

The kinetic slug energy which can be surely carried by the real vessel head and the
bolts was determined to 0.4 GJ. The corresponding value in BERDA | scale is 0.45
MJ. Thus, if this energy condition is fulfilled the maximum local peak strain expected
in the head is roughly represented by the strains obtained for tests 19 and 20, which

is about 7 %. The maximum strain in the middle between two holes is about 3 %.

3.3 The complete upper internal structures are assumed to be left

Fig. 6 represents the results in the same way as before. The kinetic slug energy

which can be surely carried in the real scale is 0.8 GJ, in BERDA | scale it is 0.9 MJ,

186




which is between the kinetic slug energy for test 22 and the energies for tests 11, 12,
13 and 15. Consequently, if the energy condition of 0.9 MJ is fulfilled, the maximum
local peak strain in the head is between the peak strain of 8 % for test 22 and the
corresponding strains for tests 11, 12, 13 and 15 which vanish. Thus for 0.9 MJ the
maximum local peak strain can be assessed to be smaller than 4 %, the maximum

strain in the middle between two holes smaller than 1.6 %.

4. Checking of the Scaling Rules for Molten Core Slug Impacts Against the

Vessel Head

In most of the model experiments BERDA | (with the reactor geometry scaled down
by a factor of 10) the molten core slug was simulated by liquid metal. Only at the
beginning for test 01 and 02 slugs consisting of a large number of lead spheres with
10 mm diameter were used. The liquid metal impact was a little bit stronger than the
lead spheres impact, since the liquid metal is almost incompressible, whereas the
lead spheres suffered plastic deformations which reduced the slug volume. However,

the overall behavior was not very different.

Therefore, it was decided to perform the model experiments SMALL BERDA (with the
geometry scaled down by a factor of 50 in comparison to reactor dimensions, i.e. a
factor of 5 in comparison to BERDA [) with slugs of lead spheres, which are much
easier to handle than liquid metal. First the diameter of the lead spheres was 2 mm,
according to a correct geometric scaling. However, it turned out that due to different
manufacturing processes the 2 mm spheres were somewhat harder than the 10 mm
spheres, while available 3 mm spheres had about the same hardness. Thus 3 mm
spheres were used for the SMALL BERDA tests; the total number of spheres forming

the slug was still very high.

Furthermore, the material of the heads for the SMALL BERDA tests was a little bit
weaker than for the BERDA | tests, but the shapes of the stress-strain diagrams were

about the same. However, this deviation can be considered by the scaling rules.

Fig. 7 shows both, the results from test 01 and 02 of BERDA | and the results from
test S1 to S4 of SMALL BERDA; the later values are scaled up to the BERDA | size
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using the scaling rules going to be investigated here. One can see that the results
obtained from both sizes of experiments yield about the same relations. Only the

scatter between test S1 and S2 is not fully satisfying.

That means, similarity theory and the scaling rules can be used for an appropriate

description of the impact problem under discussion.
5. Conclusions

The work presented in this paper supports the recently published values for the
kinetic energies of an impacting corium slug which the reactor vessel head can

reliably carry.

e If an in-vessel steam explosion happens, the formation of a compact corium
slug cannot be ruled out. This had been assumed in the BERDA | experiments
for determination of the kinetic slug energies which the head can carry.

e The maximum local peak strain in the vessel head, which has been assumed
to be acceptable, is about 7 %, the maximum strain in the middle between two
holes is about 3 %. It is likely that even higher strains may not cause fracture
of the head; but “:the confirmation of this supposition is not available yet.

e The solution of the complex corium slug impact problem using model
experiments has been confirmed. The results of the model experiments
BERDA | can be converted to reactor dimensions without an undue loss of

accuracy.

It should be added here that assessments of the energy releases of in-vessel steam
explosions hardly exceed a kinetic slug energy of 0.4 GJ. Considering the slug
energies which the head can carry and which are mentioned in section 1 and in Figs.
4 - 6, it can be concluded: An in-vessel steam explosion is not able to cause failure
of the vessel head such that the integrity of the containment shell will be endangered,

provided the upper support grid in the reactor is available.
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Figta: Experimental facility BERDA [I-DETAIL
1b: The liquid metal slug has reached the upper edge of the cylinder, the
acceleration decays (2.8 ms)
1c: The liquid metal slug moves with about a constant velocity of approximately
15 m/s (3.6 ms)
1d: The liquid metal slug leaves the cylinder; no significant dispersion effects
can be seen (5.6 ms)
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Fig.2: Calculation of the strain distributions using a finite element model and solving
a contact problem
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Il Limit Strains for Severe Accident Conditions — Description of an European

Research Program and First Results
(B. Dolensky, T. Jordan, R. Krieg, T. Malmberg, G. Messemer, H. Rieger,
IRS; J. Aktaa, E. Diegele, R. Schmitt, IMF II; H. Plitz, NUKLEAR)

Abstract

The failure strains for a large variety of specimens from reactor pressure vessel
material will be investigated. Of special interest is the dependence of the failure
strains on the size of the specimens. The research program and first results are
outlined. Based on the findings limit strains will be proposed which should be

acceptable under severe accident conditions.

1. Introduction and Overview

The current design rules, which allow only small deformations, are appropriate for the
present design basis accidents. These rules and the analyses rely on a stress based
concept. Much larger plastic deformations with strains up to a certain fraction of the
failure strain should be acceptable for extremely unlikely severe accidents. In this
case the analyses must use a more realistic strain based concept. However, reliable
information about the failure strains is lacking and therefore, larger strains which
should be acceptable under severe accident conditions can hardly be defined.
Among others, the influence of the component size is not known; but such
information is indispensable, if results from small scale specimens and model tests

are to be applied to reactor dimensions.

Therefore, an extensive research program LISSAC (Limit Strains for Severe Accident
Conditions) with 13 European partners and sponsored by the European
Community has been launched to determine the failure strains and to propose limit
strains, i.e. acceptable strains for essential reactor vessel components under severe
accident conditions. The expected results give a chance to reduce undue over-

conservatisms of current severe accident analyses.

197




The main part of work consists of test families with different specimen shapes under
uniaxial and biaxial static and dynamic loads at room temperature (RT), at 400 °C
and at 850 °C. Within one test family the specimen shapes and the other conditions
are the same, but the size is varied up to reactor dimensions. The material for the
specimens is taken from the cylindrical section of an unused reactor pressure vessel.
Special attention is given to test families where the specimens have a hole or a notch
causing non-uniform stress and strain distributions typical for local structural
discontinuities in reactor vessel components. There are indications that for such non-
uniform distributions size effects may be more pronounced than for uniform
distributions. Thus, the investigations should allow to determine size effects on the

failure strains and failure processes under conditions close to design configurations.

Also the scatter of the mechanical properties of the material used is carefully studied.
To provide a reliable data basis, a large number of material qualification tests
including standard tension and Charpy impact tests have been carried out for

specimens taken from different locations of the test material.

To deepen the understanding of structural degradation and fracture and to allow
extrapolations to other loadings and geometric shapes, advanced computational
methods including damage models are under development. In some cases so-called
non-local concepts, in other cases the description of stochastic properties at the grain

size level are considered.

Similar investigations have been carried out within the previous program REVISA,
also sponsored by the European Community [1]. It covers a smaller number of
specimen shapes and a reduced geometry scale factor, but it applies to several
reactor steels and it includes smooth specimens as well as extensive dynamic and
creep testing. Size effects of smooth specimens tested previously have been
discussed in [2, 3, 4].
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2. Test Families

Fig. 1 shows the different specimen shapes and the different load and temperature
conditions considered. The flat specimens with a hole tested under six load and
temperature conditions define six test families. The flat specimens with a slot are
tested only under static loading and at room temperature and therefore, define just

one test family. All together the tests listed in Fig. 1 comprise 22 test families.

Within each test family the specimens are geometrically similar; only their size is
varied. The first family of the flat specimens with holes under static loading at room
temperature includes five specimen sizes starting with a wall thickness of 4 mm up to
a thickness of 200 mm which is almost the wall thickness of the reactor pressure
vessel. Recently one partner has added two smaller specimen sizes of 0,2 and
0,8 mm wall thickness. Thus, the size scale (length scale) covers a factor of 1000!

This is illustrated in Fig. 2.

The other test families cover a smaller scale factor. The largest specimen thickness
is 80 mm, the largest diameter is 150 mm. The biaxial tests include only two different
specimen thicknesses, 4 or 5 mm and 20 or 25 mm. The total number of family
members, i.e. the total number of different test conditions is 63. Since most of the
tests are going to be repeated several times, the total number of tests sums up to
162. Furthermore, in some cases additional pretests were necessary and the
material qualification tests mentioned in the next section are going to be carried out,

too.

As already mentioned, special attention is given to design typical strain
concentrations. The flat specimens with holes can be interpreted as strutural
elements of the pressure vessel head with holes necessary for the control rod drive
mechanisms. The flat and curved biaxial specimens with holes are steps towards the
real geometrical shape and load conditions of the vessel head; of course, the real
geometric size and temperatures could not be approached at the same time; this
would have been much too expensive. The specimens with notches have been
introduced to study other structural elements, for instance the transition between

different component cross sections.
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3. Test Material

Fig. 3 shows the locations of the specimens within the cylindrical section of the
unused reactor pressure vessel which was manufactured for the planned reactor
Biblis C in Germany. The material of this pressure vessel is 22NiMoCr37. The
locations were determined such that specimens belonging to the same test family are
grouped together as closely as possible. In this way the influence of spatial variations

of the material properties on the results within one test family is minimized.

In addition, specimens with thicknesses much smaller than the wall thickness t of the
pressure vessel were located in the distance /4 from the outside surface of the
reactor pressure vessel. Thus the reduced material strength usually found in the
middle of the wall and the enhanced material strength at the surfaces of the wall do
not appear in the smaller specimens; that means the influence of variations of the
material properties through the wall thickness of the pressure vessel has been

minimized, too.

Nevertheless, the scatter of the mechanical material properties will be carefully
studied by a large nurr%ber of material qualification tests. Since the carbon content is
known to affect the mechanical material properties strongly, the spatial distribution of
the carbon content in the cylindrical section of the reactor pressure vessel was
investigated. The variations over the cylindrical surface of the vessel were found to
be rather small. The variations through the wall thickness were stronger. The most
unfavourable variation occurred close to the material qualification test block QA; a
somewhat smaller variation occurred at test block QB. The variations are shown in

Fig. 4.

For test block QA standard tension tests are going to be performed in axial and
circumferential direction and for several positions through the wall thickness. The
results are expected soon. For test block QB the results are already available, Fig. 5.
The dependence on the wall thickness is rather small. Note that the stress scale
starts with 400 MPa.
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To allow additional checks, further material qualification test blocks QC, QD, ..., QW
have been reserved and a few further tests have already been performed or are
going to be performed. From the results available it can be concluded that the scatter
of the material properties is rather moderate. lts effect on the material strength within
one test family is expected on the order of magnitude of £1 %; its effect on the

material ductility is expected to be in the range of 5 %.

4. Test Equipment

For the specimens varying strongly in shape, loading and size very different testing

machines are necessary.

For the small tension tests standard machines may be sufficient. However, the
measurement of local maxima of strains requires sophisticated methods such as the
object raster technique. For the largest tension tests a very strong machine is needed
as shown in Fig. 6, upper left. For dynamic tension tests with well defined strain rates
a machine is needed where the specimens are placed between very long pre-
stressed steel cables; Fig. 6, upper right. For dynamic tests of shell specimens an
impact machine will be used, where a large number of lead spheres is shot against
the specimens; Fig. 6, lower right. Furthermore, a lot of additional test equipment and

measuring techniques including micro-structure investigations will be applied, too.

5. First Results

To date specimens of the following families have been tested:

Flat specimens with holes, static, R.T.; thicknesses: 4,20, 40 mm
Circular specimens with notches, static, R.T.; diameters: 20, 150 mm
Circular specimens with notches, static, 400 °C  diameters: 20, 150 mm
Circular specimens with notches, static, 850 °C  diameters: 20, 150 mm

As stated before, the maximum local strains of the specimens are of interest. Thus,
the best representation of the results would be to show the tension forces versus the
growing maximum local strains which occur in the holes or notches of the specimens.
However, the determination of these local quantities is difficult and requires special
evaluations. Here it is important to note that the growing maximum local strains are

well represented by the growing vertical diameter of the holes or the growing opening
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of the notches of the specimens. The determination of these integral quantities has

turned out to be possible with the available measuring system.

Thus, as results, the tension forces are shown versus the growing vertical diameter
of the holes or the growing opening of the notches, Figs. 7a — 7d. Results from tests
belonging to the same family are shown in the same figure. To allow a comparison of
the results, the forces are divided by the smallest initial cross-sections of the
specimens which yields a nominal stress. If no size effect would occur, the curves for

the tests of the same family would be identical.

A problem is the definition and determination of the maximum deformation of the
holes or notches. It should be preferably the deformation when a macro crack starts
to develop. But the curves shown in Fig. 7a for the flat specimens with holes include
also the process of crack opening and crack propagation from the hole to the outer
surfaces. To exclude this later phase the following procedure was used: The growth
of the vertical diameter has been measured after the test and the crack opening has
been subtracted as indicated in Fig. 8. The resulting values were defined as the
maximum deformations and marked by stars in Fig. 7a. A similar procedure was
applied for the tests with circular specimens, Figs. 7b — 7d. Here the crack opening
seems to be moderate as indicated in Fig. 9; but in the center of the specimens it

might be larger and corresponding corrections in the figures might be necessary.

The general finding is that the specimen size has no significant influence on the
maximum nominal stress, but a rather strong influence on the maximum growth of
either the vertical diameter of the holes or the opening of the notches. More details
on some of the tests may be found in [5]. On the other hand, the effect of
temperature on the maximum deformations seems to be moderate. However, it
should be pointed out that both, the above evaluation and the conclusions are very
preliminary. Additional work and test results are urgently needed for more reliable

conclusions.
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6. Theoretical Models

As stated above, the failure strains, i.e. the strain when a crack starts to develop and
the size dependency of these strains are of main interest. This implies that the
corresponding theoretical models will have to include both, the phenomenon of
damage and a material related length — often called intrinsic length — affecting the
deformation and damage process. The classical continuum material models for
elasticity, plasticity or damage do not introduce such a length and even viscous or
thermal effects do not suffice to reproduce the observed size effects. Therefore, an
extension of the classical models or the development of new models is necessary. By
the way such models are able to remedy the so-called ill-posedness of deformation
behavior emerging when the softening effects rule out the material hardening.
Actually, this ill-posedness means a malign mesh size dependency of the numerical

results, which is unacceptable.

At present quite different models are under discussion. However, little is known about
their success. Therefore, in the LISSAC project several models and solution methods

are going to be developed in parallel.

Non-local Concepts

Here the main activities are related to higher gradient models. First steps in this
direction have been made within the REVISA project. Mostly these models extend
the material law, e.g. the yield function or the evolution equation for internal variables
by additive terms containing strain gradients. Two directions are followed in LISSAC.
One is the a more pragmatic way based on a Gurson-Tveergard damage model and
a strain gradient extension proposed by Aifantis [1, 3, 4]. The relative simplicity
allowed to have an early implementation in the FEM code ABAQUS. Thus first
calculations of experiments revealing size effects and parameter fittings could be
already provided. The other way includes the development of a thermodynamically
consistent micro-morphic approach. Because of the complexity its implementation

will possibly last until the end of the project.

Mathematically closely related to these approaches are the integral concepts. Here

the local values of some model variables are replaced by their spatial averages. The
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radius delimiting the domain for the spatial averaging can be correlated with the
material intrinsic length. One easy use of this idea is the following. The critical state
of a structure is reached when the damage, calculated in a conventional FEM
analysis using a continuum damage model, exceeds a critical value in all points of

the given domain and not only in one point.

Somehow related are the so-called advanced discrete modelling concepts. One
partner has already implemented such a method. It uses the mesh size as the
material intrinsic length, which is associated with the average distance of hard
manganese sulphur inclusions. This procedure, combined with a Rousselier damage
model, is able to model size scaled experiments even beyond the critical damage
state in the domain of fracture. However, one major drawback of coupling the
element sizes of the numerical scheme to microscopic quantities is that for large

specimens a very large number of elements is needed.

Stochastic Concepts

In one approach a Voronoi tessellation method is used for a more direct modelling of
the heterogeneous material at the meso-scale of grains. The individual grains are
treated as continuous and are subdivided in finite elements. With the help of these
simulations representative macro-models can be defined or statistical data on the
mean values of the internal variables and on their temporal and spatial correlations

may be derived. In the present state only two-dimensional simulations are possible.

With the help of the latter statistical data a stochastic extension of the conventional
flow function of a continuum damage model is going to be developed. The material
intrinsic length enters the model via the spatial correlation of the white noise
background field. Like with the weakest link theories, which were successfully applied
for brittle materials, this more empirical approach should be able not only to model

size effects, but also experimentally observed scatter.
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Fig. 1: The different specimen shapes under the listed load conditions define 22

test families
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Fig. 2:
Flat specimens with holes to be

tested statically at room temperature.

The smallest specimen has a wall
thickness of 0,2 mm, expected

tension force in the range of 50 N.

The largest specimen has a wall
thickness of 200 mm, expected

tension force in the range of 50 10° N
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Fig. 3: Location of the specimens within the cylindrical section of the reactor pressure vessel
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Fig.6: Testing machines used for the LISSAC

experiments;

upper left:  10.000 t tens‘ion machine,
Staatliche Méterialprﬂfungsanstalt
Stuttgart;

upper right: Large Dynamic Test Facility LDTF,

Joint Research Centre Ispra

lower right: Impact test facility (Impakt-
Versuchsanlage) IVAN,

Forschungszentrum Karlsruhe;
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Fig. 8:
Growth of the vertical diameter and crack opening
of a flat specimen of 20 mm thickness after failure
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32.21.07 Analysen zum Containmentverhalten

. The STEPS Process Tracking Model for Fast Calculations of Accidental
Radioactive Releases
(P. Schmuck, IKET; J. Miettinen, VTT Energy, Finland)

Abstract

The STEPS system - developed in the frame of the 4™ EU framework programme - is
capable, at the onset of an accident, of providing estimates of the likely progression
of the accident and of the current and potential magnitude and characteristics of
radioactive material that may be released to the environment. It is based on
information measured on-site and is used in an iterative and dynamic way aimed at
constantly refining the assessment throughout the emergency, depending on how the
situation develops as more detailed and complete information becomes accessible.

Fast to run, this tool enables the experts to test numerous hypotheses on how the
situation will develop. Therefore, the STEPS system helps the user to provide a
relatively accurate diagnosis which can be extended by several prognosis
calculations. It enables the emergency response team to anticipate further failures
and evaluate the possible radiological consequences in the environment in time for
countermeasures of protection of the population to be set in place.

It may be noted that the STEPS system was developed as an aid to the expert. It is
not intended to replace the expert who remains fully responsible for his assessment.
Therefore he needs to have a thorough knowledge of the validity of the tool, and he

needs to maintain a critical eye with regard to the results.

STEPS has been designed as a user-friendly and flexible system incorporating
models and database for assessing Light Water Reactors status, visualizing main
physical parameters evolution to follow accident development, evaluate the amount
of fission products released or to be released. Its flexible structure enables it to cope
with a large number of European LWR type nuclear power plants, taking into account

their own specific characteristics.

In this contribution we describe in some detail the process tracking model which is
the main calculational tool to follow the processes up to core uncovery and core

degradation.
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1. INTRODUCTION

The STEPS system is made available to European emergency organizations to equip
their emergency centers for the assessment of the radioactivity released into the
environment in case of an emergency situation occurring in a nuclear powered
reactor. For this purpose the process tracking model including a thermohydraulic
model, a fuel model and a radioactivity transport model has been developed. Using a
moderately equipped PC the model can estimate in less than one minute the core
status after several hours of accident time and calculate the current and potential

radioactive release from the core to the containment and to the environment.

Radioactive
releases
_t

Figure 1. General principles of the STEPS system.

An illustration of the final system is presented in Fig.1. Version 1, being already in
use, enables the manual input of parameters describing the plant status. Later
versions will include on-line connection of plant and computing facilities to predict
faster than real-time the course of the accident. The on-line status information is be
transmitted from the plant to the emergency centers. The time development of main
parameters is stored in a transient data file. The plant specific basic information is

stored initially. After diagnosing the type of an accident the process behavior is
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predicted and consequently the release of the radioactivity is estimated. The
spreading in the containment is tracked by the containment model. This chain of
calculations gives finally the release the environment.

The process tracking model, described is some detail in this paper, calculates the
system thermohydraulics, the core heat-up, the radioactivity release from the fuel,

transport of different isotopes in the primary and secondary system and the release

----->| Data Acquisition I
Plant J'

l Diagnosis of the installation status |

into the containment.

I Break size estimation I

Prediction of time for] _| Assessment of fission
core uncovering products released
l in the environment
Assessment of fission
products released Estimation of current and
in the containment  [~¥{ potential releases as a
function of time

Figure 2. Flow scheme of the process tracking model

The functions included in the process tracking model have been depicted in Fig. 2.
The diagnosis of the status is manual with respect to the ongoing accident, but
finding the operational status of the plant systems is planned to be automatic. For a
LOCA the break size needs to be estimated based on the information gathered
during first minutes of the incident. By this prediction and the status of the plant
systems the time for the core uncovery and the core heat-up characteristics can be
calculated. In STEPS this means simulation with the process tracking model.

During international collaboration on the STEPS project independent modules were
developed at different institutions and integrated together later. The interfaces
between different modules are depicted in Fig. 3. The process tracking model
contains the modules for PRIMARY SYSTEM and SECONDARY SYSTEM. The
detailed fuel temperature distribution is calculated by the FUEL STRUCTURE module
and the temperature distribution is used for estimating the release of the radioactivity

to the coolant in the ACTIVITY module. The transport calculations of radioactivity in
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the primary and secondary system and the releases out form an essential part of the

process tracking model .

CONTAINMENT . ENVIRONMENT
Activity release
PWR: PRZ safety valve into environment
BWR: STML calety valve PWR: MSLB, coolant T~
Coolant leak and aM'T teak and activity N
|
g |
ACTIVITY
(PWR, BWR SECONDARY | .o sTuL safety valv
SYSTEM(PWR) MSLB,coolar:tal:n'z ‘a’:\d '
activity
Fuel >
temperature | Activity leak PWR: SGTR, coolant
T —S—> leak and activity
T Coolant -
temperature
< PWR: 8G hest ranafer
Cote power -1
LS g BWR: MSLB, coolent
: , coolant
STRUCTUR leak and sctivity
-T—>

Figure 3. Data exchange between modules

The CONTAINMENT module calculates the radioactivity transport in the containment,
in auxiliary buildings and the releases to the environment. Direct releases to the

environment are possible in case of a steam generator tube rupture.

2. THE COURSE OF ACCIDENTS IN LWR PLANTS

Scenarios for PWRs

Core overheating and cladding rupture is quite typical for a severe accident scenario
in a PWR, e.g. during a SBLOCA with insufficient ECCS injection or during a total
station blackout (SBO) accident.

WATER INVENTPORY DURING TWO-PHASE NATURAL
CIRCULATION FOR VVER -440

Pressurize Steam e MSV
Norvinal safety and 1o turbing
Reactor coolant pump PRZ fevel | relief vatve

& a1
t./—1‘;° 1!
= \{ r s PRZ surge lined . :
Honzontal Cold teg Hot leg
steam generator !
i Hydro-
Accumulator
HPC! and -
charging
- \./

Figure 4. Coolant distribution during SBLOCA in a VVER-440
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Fig. 4 illustrates the two-phase conditions in the VVER-440 plant during the SBLOCA
accident or after a significant loss of the coolant during a station blackout.

The specific feature for the VVER-440 plant are the loop seals, which cause the
stagnation of the two-phase natural circulation as soon as vapor is flowing into the
hot leg. Fig. 4 depicts just this condition. The detailed simulation of this situation
would require a multi-nodal calculation model. But core cooling is not threatened yet.
More coolant has to be lost before the heat-up begins and then the loop geometry
has a minor importance. The characteristics of the heat-up depends only on the total
coolant inventory in the primary system, primary pressure and core power
generation. From view of core temperatures the first cladding ruptures may be
expected at 800 °C and radioactive releases are increasing with increasing
temperatures. The cladding oxidation is accelerated significantly above 1200 °C and
the oxidation process is calculated, too. Gross core degradation is expected at
2600 °C, when the oxidized cladding begins to melt.

Two-phase conditions for the Westinghouse 4-loop PWR are illustrated in Fig. 5. The
natural circulation operates in the reflux-condensing mode. If the coolant inventory is
increased somewhat, an efficient two-phase natural circulation is possible. Core

cooling is not threatened in the depicted state.

PRZ safety &

gr%i:){tee?_ﬁ Two—phase and reF:ief viv. {7 Y\ _Z
. m natural b al T\
...... circulation ? b %

MSIV

MSIV of steam b )
ling, to lurbine ressutizes
govemor and Séenaeg‘or ) -
bypass valves. g N Nominat teve

i

Accumnulator

Figure 5. Coolant distribution during SBLOCA in PWR

Similar to the VVER-440 plant a significant reduction of the primary coolant is
needed for the core to heat up. Its characteristics depends only on the total
coolant inventory in the primary system, the primary pressure and the core
power generation. This is the main argument, why a lumped process tracking
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model is considered sufficient for predicting the core heat-up characteristics
and further the release of radioactivity in PWR plants.

Scenarios for BWRs

The recent BWR concepts with internal circulation do not include any pipelines from
the lower part of the vessel, as e.g. the ASEA BWR plant depicted in Fig. 6. The
LOCA sequence is practically possible only from the steam line in this case. Another
probable sequence causing core overheating is the station blackout (SBO) accident.
Fig. 6 illustrates one thermohydraulic state of the blackout accident. The coolant
inventory has been significantly reduced, but cooling of the core fuel is still possible.
The natural circulation is completely stalled. If the coolant mass is reduced further,

core cooling will eventually become impossible.

BLACKQUT, INSUFFICIENT ECCS, CORE UNCOVERY BEGINS

SV & RV operating or

ADS depressunsaﬁon /\
MSIV open / closed,
T8 governor closed

Not enough
FW & AFW

No natura! “circulation,

/
i
core infet flow = | S g}—__:

Boiling in the core

Reduced
v level

Pumps

stopped o .
~1

Figure 6. Coolant distribution during a SBO in a BWR

Similar to PWR plants, the core heat-up characteristics in BWR plants depends on
the total coolant inventory in the vessel, vesse! pressure and core power generation.
Thus also for BWR plants the lumped process tracking model is sufficient for
predicting core heat-up and further the release of radioactivity.
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3. LUMPED PROCESS TRACKING MODEL FOR LWR PLANTS

The process tracking model is realized by a four-section description as illustrated in
Fig. 7. In a PWR the section 1 means the entire primary loop except the pressurizer.
Cold liquid (cold leg, downcomer, lower plenum, 1/2 core, 1/2 steam generator) and
hot liquid (hot leg, upper plenum, 1/2 core, 1/2 steam generator) regions are
distinguished. The BWR model uses only the single section 1. Section 2 includes the
pressurizer. Section 4 describes the broken steam generator and the related steam
line. It is assumed that the broken steam generator is affected by the steam
generator tube rupture or by a steam line break. The rest of steam generators are
lumped to the section 3, representing the intact steam generators. Sections 3 and 4
may be connected or isolated from the steam line side. This isolation enables

independent pressure behavior.

PRZ safety and PRESSURIZER,
rellafvalves | o | SECTION 2(PWR)

: Safety, relief,
tSuat':?rt\ye' ;;I:ﬁefhor turbine governor
andturbine bypass PRIMARY SIDE, anlf"/ ‘e"sfbme bypass
valves Water| 'SECTION 1(PWR, BWR) va

LOCA from
A4 hot side 27
VAN {} Q N
INTACT SG's l_ BROKEN S§G,
SECTION 3 Injections SECTION 4
(PWR) into hot sk (PWR)
— SGTR
Hotwater section NA Steam
Steam ZaN
SG hea i i SG heat
Water ransfer transfer | water
A
Core,
A Fue! A
PWR: main feadwater, A rl
auxuliary feedwater LOCA from PWR: main feedwater,
Ijectionsinte|  Cirodietion, _ [cold side  auxuliary feadwater
cold side forced, natural |
BWR: main feedwater| Coldwater section
auxuliary feedwater

Figure 7. The four section concept.

The lumped volume considers the liquid level inside the section and it is defined by
the average void fraction. The break flow rate, the core uncovery, the heat transfer of
steam generators, the natural circulation and the flow into the pressurizer depends on
the liquid level. The dependency from the liquid level is the feature, which
complements the lumped model with the characteristics of the real geometry. The
parameters related to the liquid levels and their effect in the physical calculation is

described in Table 1.
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The sections are rectangular regions, defined by the volume and the height. The core
is a part of section 1, but in addition to the coarse hydraulic calculation, the detailed
axial distribution is calculated with a fine noding for the main parameters. The core
power is calculated as a nominal power during the normal operation and after the
shutdown the decay power curve has been applied. The mass flow boundary
conditions as inflow and outflow are important for the mass balance.

The coolant injection systems include the emergency core cooling systems as HPCIS
and LPCIS, the charging injection and the accumulator injection systems. The main
feedwater and auxiliary feedwater are considered for the steam generators of the
PWR and for the vessel of the BWR. Steam removal is possible by the turbine
governor valve, the turbine bypass valve, the steam line safety valves and the steam
line relief valves. Safety and relief valves are considered for the pressurizer, too. The
LOCA is considered as a primary LOCA from the section 1 (LBLOCA, MBLOCA,
SBLOCA) and as a steam line break from the section 4 (MSLB, FWLB). A primary-to-
secondary leak (SGTR) is possible between sections 1 and 4.

The validity of the selected four-section approach may be justified for PWR incidents
as follows. The intact and broken steam generators have a different pressure
behavior during SGTR and MSLB after the isolation of the steam line. Therefore the
intact and broken steam generators are treated separately. The pressurizer includes
void fraction in nomiﬁal operation and the liquid is saturated. The pressurizer level is
used for predicting the break size. The flow quality into the pressurizer surge line is
important, when the safety valve opens. These are the reasons why the pressurizer
is described separately and why the elevation of the pressurizer surge line must be
specified.

Table 1. Level related parameters and their effect.

Relative fraction Affects to

Fraction of the cold liquid in | Core heat transfer, natural
‘primary section, F,, circulation

Break elevation and width, Quality of the break flow as

Furo Dok

liquid or vapor leak

Elevation of core bottom and
core width, F,, D,

Start of overheating the core
and the gradient of heating

Elevation of pressurizer
surge line, Fy;

Flow into the pressurizer,
liquid or vapor

Bottom of steam generator
and width, F ,, D

Heat transfer mode of steam
generators

Diff, elevation btw. the core
and steam generator, Zg,.,

Natural circulation flow rate
(elevation as meters)

220




The temperature difference between the hot and cold liquid defines the natural
circulation and during LOCA the temperature of the hot liquid defines the incipience
of the boiling. Therefore hot and cold liquid regions are treated separately in section
1. The heat transfer to steam generators depends to what extent the steam generator
tubes are covered. That is why the steam generator elevations have to be specified.
Depressurization and coolant removal from the primary circuit depend on the
uncovery of the pipe break. Therefore the relative break elevation has to be specified.
The core heat-up depends on the elevations and consequently also the core

elevations have to be specified.
4, THE FORMULATION OF THE PROCESS TRACKING MODEL

Trip and source term calculation

The timestep of accident calculations is typically 0.5 to 1.0 seconds. The rather short
time steps makes the simulation of rapid depressurization and large steam
generation together with the turbine pressure control possible by using the semi-
implicit solution procedure. The radioactivity model has its own timestep, typically 60
seconds.

The trip signals are tested for the reactor shutdown against the given minimum and
maximum pressures. The Sl -signal is actuated at the given minimum pressure.
These are the only safety signal considered by the trip handling. The opening of
safety and relief valves is calculated automatically as a function of the pressure. The
rest of the actuations are done manually through the command stream. In the
command stream the time point and the command are defined. The available

commands are listed in Table 2.
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Table 2. Commands controliing the simulation.

@)
[=]
o
o

Function

Define new initial time

Open the defined break (LOCA, SGTR, MSLB)
Reactor scram

Blackout

Readjust injection efficiency

Readjust valve position

Isolate or connect steam generators in steam lines
Start or trip an injection

Apply prediction for the break size

Set listing or plotting time interval

Set valve into an automatic mode

Trip or start main coolant pumps

Update new stationary plant data

Update degraded core state

Set stop time for the simulation

Nix|CI=R|OR— QT O|Q{F >

The break size prediction is one important aspect for evaluation the course of the
accident. An approach was developed, which is based on three discrete readings
from the plant and which may be used also with a rather coarse interval of the plant
data. The principles of the method using the plant data for the break prediction is
presented in Fig. 8.

The break prediction may be based on:

1. Pressurizer level for the primary LOCA and the steam generator tube rupture.

2: Primary pressure for the primary LOCA and the steam generator tube rupture.

3: Broken steam generator level for the steam generator tube rupture.

4: Reactor vessel level for the primary LOCA and the steam generator tube rupture.
5: Broken steam generator pressure for the steam line break.

The method requires that at least two or three data points are available from the
plant, one point presenting the stationary state and rest the transient. The transient
data points should be inside the availability range. The transient points for the
pressurizer level should be collected from the period before emptying the pressurizer.
The transient primary pressure points should be collected before the pressure drops
down to the level of the secondary pressure. The data for the broken steam
generator level should be collected, before the steam generator becomes full. The
data for the reactor vessel level should include the points before the core is
uncovered. The broken steam generator pressure is good for predicting the steam
line break size until about 5 % of the nominal value.
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PRINCIPLES OF THE THREE POINT
PREDICTION ALGORITHM
A
Ptant value:
- Level Occeurrence of the Pradiclion modes:
- Pressure abnormality = TO 1. Time0 = T, Time+ value
& (=time+rate) is known

...................... 2. Time0 <> T0, Time1 and Time2

\, values are known
Timeo ‘-“ 3. Time0 = 70, Time1 and Tims2

values are known

. Area not good for the
|" ™. prediction any more

v

Figure 8. The break size prediction based on three data points from the plant.

The plant data points are used for the estimation of the leak flow. The break
area can be estimated by dividing the estimated loss of the coolant mass by the
critical flow rate per unit area. The system includes a possibility for correcting
the predicted break size by iterated calculations of the accident progression.
The best results are achieved by applying this correction procedure, which
means repeated calculation using the break size corrected in the last iteration.
The trips and safety systems are actuated by the trip logic programmed into the

code or by the plant data.

Heat Transfer and Break Flow

The heat transfer from the primary side to the secondary side is calculated for three
different modes: 1. single phase forced flow and natural circulation on the primary
side, 2. two phase natural circulation on the primary side with primary pressure
higher than the secondary pressure, 3. condensation of vapor in empty steam
generator tubes, when the primary pressure exceeds the secondary pressure and 4.
heat flux from the secondary side to the primary side, when the primary pressure is
lower than the secondary pressure.

In the lumped volumes the flashing of the superheated liquid and the condensation
due to the subcooled liquid are calculated. The heat transfer coefficients are selected
appropriate for giving a reasonable pressure behavior. In principle the condensation
is rather complex process in system codes.

The simplified critical break flow models are used for the primary LOCA, steam
generator tube rupture and secondary steam leak. The simplified break functions

have been defined for the critical flow of the subcooled liquid as
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Whrk,l.s‘uh =SJ2.0p,(p —0.917“.0,)1.065 (1)

the vapor leak as

Wiz =0.4568.[0.2p,p 1.0e5 )

the liquid for the steam generator tube rupture as

Winey=1.738,0.2 py max( p; - p,0)1.0eS 3)

The total mixture flow is achieved by calculating the inlet quality x from the liquid level

and relative break elevation

Wk =(1=X )Wpppe y 35W i o 4)

System pressure solution

The solution of the system pressure for the lumped volumes is the most important
calculation in the system, because it affects directly to the mass injections, mass
leakage and the energy balance in the system. Therefore the pressure calculation will
be described in more detail here.

The pressure can be derived from the volume conservation equation, which may be
defined for the primary side of a PWR or for the whole BWR system through

.M,
d| My + &89 )
| pi Py

where the mass content in the section is defined by

My =(1-a;)pVy ©

My =aipgiVy M
The equations are written for all four sections. The volume conservation equation is
further modified by differentiating the terms inside the parenthesis. The liquid and
vapor density is a function of the pressure and enthalpy. The effect of the pressure is
fast and the effect of enthalpy slow. That is why only the pressure derivative is

considered for the pressure solution
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where k means the phase, k = | for liquid g for gas. Finally the equation for the

pressure may be derived as

(1-a;) dp, dpg dp;
V; ; i e o
( i o (dp it pg,(d ),)] i

| daMy 1AMy
R Py dt
The changes in the mass are defined through cumulative injection, leakage and

©)

mass transfer terms as

aM ! !

dt[, ZI'V/X,"H —VVI,_,,"H __1—;n+l (]0)
dMm ,

dtgi - _Wgei”+ +1~in+l (1 1)

where the subscript "e" mean exit flow and the subscript "s" source inlet flow. The
implicit estimation is applied for the mass source terms through the following general

form

914"+ (s (12
But the discretization error can not be avoided in the calculation process, where the
energy equation is solved outside the pressure solution. The energy equation affects
through phase densities. That is why a correction into the pressure calculation is

needed in the form of a mass balance correction and this is defined through

M,
Ei=—"4+—-V, (13)
Pii pgi

and included as a source term into Equation (9) after the discretization. The
discretized Equation (9) is used for solving the system pressure on the primary and
secondary side. The system pressure for the primary side and pressurizer are
calculated together. The equations for the intact and broken secondary sides are
solved separately. If they are connected through the steam line, the interconnecting

flow is solved after the pressure solution.

Time inteqration of the mass and energy equations

The energy integration is done separately after the pressure solution. The energy
conservation is solved for enthalpies of cold and hot liquid in the primary section, for
liquid in the pressurizer, for liquid in the intact steam generators and for liquid in the
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broken steam generator. The energy equations include the effect of the core power,
heat fluxes of the steam generators, enthalpy added by the injection, enthalpy
leaking out and energy transfer between phases. The energy equations are solved
only for the liquid enthalpy. The gas overheating is calculated only for the detailed

core model and added directly to the heat flux of steam generators.

The circulation momentum equation

The momentum equation is solved only for the primary circulation giving the core inlet
flow and the primary flow in steam generators. If the primary main coolant pumps are
running, the core circulation flow rate is set to the nominal flow. After the reactor
coolant pumps have been stopped, a simplified flow decay curve is applied. The
single-phase natural circulation on the primary side is assumed, if steam generator
are fully covered by liquid. If the steam generators are partially empty, the two-phase
natural circulation solved. For the empty steam generator the vapor condensation is
calculated. The core flow is equal to the boiling rate, if the core is uncovered.

These are the simplified principles considering the circulation momentum on the
primary side during different periods of the accident. The experiences have shown
that the simplified model can predict rather well the transitions from the nominal flow
to stagnant two-phase flow natural circulation situations.

5. DETAILED CORE REPRESENTATION

Resolution of axial distributions

The lumped model of the primary system describes the collapsed level in the average
primary system. If this level is below the top of the core, a detailed core model
simulates the swell level in the core and consequently the fuel heat up. The
calculation takes into consideration the core power profile and void fraction due to
boiling. Fig. 9 shows the heat transfer and void fraction zones considered in the
detailed core model.

The detailed core model divides the core into axial nodes, typically 20 nodes. The

axial profile is defined through a sinus shape function. The calculation is sweeping
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from the bottom to the top. The liquid heating from the node below is calculated so far

it is subcooled. For saturated liquid the heat from the core is used for boiling.

i M| Dry-wall heat transfer:
- Steam heating by convection
- Wall overheating takes place

I

\Water level (swell level):

- End of liquid continuous regime
- Gas flow through the level
equals the boiling below level

oo 0 OO()
000 0,0 0

0% 50 o °°n o %

0° 6 699 °%0 a,2

o
A o
.

Wet-wall heat transfer:

i : -Boiling and convection
TWater - Local void fraction by the
inflow <=LV drif flux model

Figure 9. Heat transfer regimes for the detailed core.

The local void fraction is derived assuming stagnant flow conditions from

a.= ng/pgl
! CO(Wg/'/pgl +pV(j /pll)+Aconr

(14)

Here the drift flux formalism is used and for the simplified calculation the constant
drift flux coefficients are used, v, =090m/s for the drift velocity and ¢, =1.2for the

distribution parameter. The swell level position is defined by summing the effect of
the local void fractions The steam flow through the swell level is equal to the boiling
below the level. Above the swell level only single phase vapor exists and heat-up of
vapor takes place.

The local fuel temperature distribution is obtained by applying the convection and
boiling heat transfer below the level and convection to vapor above the level. For the
fuel rods the transient heat conduction equation is solved, which takes into account

the heat capacity of the fuel rod.

Inventory of radioactivity and its release

The radioactivity of core materials is caused by the radioactive decay of individual
isotopes. The calculation is carried out by using both mass (gram) and activity
(Becquerel = Bq) units through the whole transport chain from the fuel to the
containment and environment.

The radioactivity decay law links the mass of the nuclide to the radioactivity through
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B=%CA,,/1 (15)

where N is the mole number, A the atom weight, Ca, the Avogadro number and
A the decay constant. The typical radioactivity input includes 26 elements and
73 isotopes. The isotopes are summed up to elements and finally the elements
are summed up to eight groups. The radioactivity follows gas or liquid. Different
isotopes may have different retention characteristics too. The transport and the
retention of the radioactivity is simulated individually only for groups. The
content of these groups is listed in Table 3.

Table 3. Groups of fission products.

Fission product Form
1 Aerosoliodine (Csl, RbI) Gas
2 Cesiumhydroxide (CsOH, RbOH) | Liquid
3 Tellurium (Te) Liquid
4 Oxides (Se, Zr, Nb, Mo, Tc, Ru, | Liquid
Rh, Sb, La, Ce, Pr, Nd)
5 Noble gases (Kr, Xe) Gas
6 Molecular iodine (12) Liquid
7 Organic iodine (CHI3) Liquid
8 Actinides (Pu) Liquid

The radioactivity rele;ase from the fuel consists of two phases. Immediately after the
rod failure the radioéctivity of the gas gap is released into the coolant. After this,
radioactivity from the fuel pellet is released at higher temperatures by the activation
energy law. The rod failure may be assumed taking place after the cladding reaches
the threshold temperature, around 800 °C.
The continuous release of the second phase can be represented by an exponential
function of the fuel temperature and element dependent release coefficient is defined
in the form

k,=k e[%) (16)

0

m

where R is the universal gas constant (8.315 kJ/kmol/K) and Q is the activation
energy (2.30x10°) kJ/kmol.

The release of the radioactivity from the fuel to the primary system and the transport
to the secondary system is calculated by using simple principles integrating the

activity concentrations in liquid and gas spaces and their transport together with the
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liquid and gas flow. Total radiological release is calculated by summing the leakage
flow in gas and liquid form using the group scheme of Table 3.

6. VALIDATION OF THE PROCESS TRACKING MODEL

The process tracking model itself has been validated primarily independently from the
STEPS system by applications to accidents in various European reactor plants.
These accidents were recalculated with the integral STEPS for full system validation.
The reference codes in the validation include the thermohydraulic simulator code
SMABRE [1], the severe accident code MELCOR [2] and the well known RELAP5
code [3]. The SMABRE (Small Break) code [1] is a fast running simulator code which
has been used extensively for independent small break LOCA calculations for the
Loviisa VVER-440 plant, coupled with a 3-D core model for transient analyses of the
steam line break and for ATWS cases. It has been installed into the Loviisa full scope
training simulator as a model representing two-phase flow. Other applications include
the simulators for the Westinghouse PWR, for the ASEA BWR with external
circulation and for the ASEA BWR with internal circulation. The SMABRE code can
be considered as a rather reliable reference code for the validation. The codes
MELCOR and RELAP5 have been qualified by many earlier investigations. They
were developed under supervision of USNRC over many years and their ability to
represent accurately the accidental thermohydraulic states of the primary reactor
system is well known.

The validation results obtained for BWR, VVER-440 and PWR plants demonstrate
that the simplified process tracking model can make a rather good prediction for the
core heat-up and the core uncovery phases. This is elaborated in more detail in our
ICONE-8 paper [4].
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NOMENCLATURE

TTOZTFTHIIARPR

void fraction
flow area
coefficient
volume error
evaporation
enthalpy
release rate
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heat flux
pressure
density
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liquid
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" KAREX-Experimente zum radiologischen Quellterm infolge Resuspension
(J. Minges, W. Schiitz, IRS; M.K. Koch, RUB-NES)

Zusammenfassung

Die Wiederfreisetzung schwerfliichtiger Substanzen aus Flissigkeiten (nasse Resus-
pension oder Reentrainment) kann als Langzeitbeitrag zum radiologischen Quelliterm
nach einem Unfall mit Kernzerstérung, zum Beispiel dem gefluteten Core Catcher
des EPR, eine wichtige Rolle spielen. Im Rahmen des KAREX-Programms werden
Laborversuche, Versuche im technischen MaBstab und modelltheoretische
Entwicklungen zu dieser Thematik durchgefihrt.

Die Troépfchenbildung beim Aufplatzen von Gas- oder Dampfblasen an der
Phasengrenze ist hierbei von besonderer Bedeutung.

Im Berichtszeitraum wurden vorwiegend Messungen bei Siedebedingungen mit
unterschiedlichen Heizleistungen durchgefiihrt. Die unterschiedliche Freisetzung von
festen Substanzen Uber aufsteigendem (vorwiegend groBe Blasen) und ab-
steigendem Gebiet (vorwiegend kleine Blasen) wurde h&henabhédngig bei Labor-
versuchen quantifiziert.

Die Versuche im technischen MaBstab umfassten Uberwiegend die Charakteri-
sierung der Tropfen iin der Abgasleitung, abhdngig von Hohe des Flissigkeits-
spiegels und der H‘eizleistung. Der an der Ruhr-Universitdt Bochum (RUB)
entwickelte Rechencode SUSANA wurde installiert und mit den eigenen Messungen
verglichen.

Die theoretische Begleitung der KAREX-Experimente durch RUB wurde fortgesetzt.
Da die Untersuchung der Resuspensionsmechanismen nicht nur fir die Reaktor-
sicherheitsforschung von Interesse ist, wurde bei RUB auch eine Analyse der
Anwendung in den verschiedensten Bereichen von Natur und Technik vorge-

nommen.

1. Uberblick

Bei der Betrachtung radiologischer Quellterme nach einem schweren Storfall sind
Kurzzeit- und Langzeitbeitrdge zu beachten. Normalerweise gilt das Interesse den
»intensiven” Kurzzeitbeitragen. Die Langzeitbeitrage haben meist geringe Massen-

stromdichten (geringe Nachwarmeleistung) aber sie kdnnen Uber lange ZeitrAume
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(Monate, Jahre) aktiv sein und deshalb eine besondere Bedeutung erlangen. Die
Resuspension (Wiederfreisetzung) sowohl geldster als auch schwerfllichtiger
Substanzen (Spaltprodukte) aus Flissigkeiten wie z. B. dem Sumpfwasser oder dem
gefluteten Core Catcher kann als Langzeitbeitrag zum radiologischen Quellterm nach
einem Unfall mit Kernzerstérung eine wichtige Rolle spielen.

Im KAREX-Programm werden dazu Experimente zur Resuspension aus Wasser-
vorlagen durchgefihrt. Eine dominante Rolle spielen dabei Gas- und Dampfblasen,
die beim Aufplatzen an der Oberflache Tropfen bilden. Geringe Gas- oder Dampf-
volumenstréme setzen Tropfen beim Zerplatzen einzelner Blasen (Filmtropfen, Jet-
tropfen) frei. Bei hohen Volumenstrdmen dagegen beruht die Freisetzung Uber-
wiegend aus der Flissigkeitsabscherung mit Tropfenbildung von den Phasengrenzen
zusammenhangender, an der Oberflache aufbrechender Gaskanéle. In allen Fallen
kdnnen die Tropfchen als Trager des beigemischten partikelférmigen bzw. I6slichen
Materials dienen.

Das KAREX-Programm des IRS besteht aus Laborversuchen und Versuchen im
technischen MafBstab. Begleitende modelltheoretische Arbeiten werden vorwiegend
an der Ruhr-Universitdt Bochum durchgeflihrt. Im Berichtszeitraum lag der Schwer-
punkt der Arbeiten bei der Untersuchung von Resuspensionsprozessen aus Wasser-
vorlagen im Bereich des Siedepunktes mit unterschiedlichen Dampfvolumenstromen

und der Charakterisierung der Tropfen.

2. Laborversuche

Aus vorhergehenden Versuchen, z. B. mit in Strdomungsrichtung liber der Phasen-
grenze aufgehéngter Plexiglasscheibe, wurden deutliche Unterschiede im Austrag
zwischen Regionen mit Uberwiegend groBen Blasen (aufwérsstrémendes Gebiet)
und Uberwiegend kleinen Blasen (abwartsstromendes Gebiet) festgestellt /1, 2/.
Dieses Phé&nomen sollte detaillierter untersucht und quantifiziet werden. Des
Weiteren erfolgt ein Vergleich mit Ergebnissen des Rechencodes SUSANA /3/.

Eine Suspension aus 2 Liter VE-Wasser (VE = voll entsalztes H,O mit pH = 7,9-8,0,
Oberflachendurchmesser 135 mm) und Zinkpulver (mittl. TeilchengroBe 3 um) bzw.
SrZrOs-Puiver (Teilchengréfle: typisch & < 10 um) wurde 15 min lang gesiedet. Die
dabei entstehenden Wassertropfchen und der Dampf wurden durch einen Filter
& 40 mm, dessen Hohe Uber der Wasseroberflache bei den verschiedenen Durch-

géngen veréndert wurde, abgesaugt (Absauggeschwindigkeit am Filter 1,4-2 m/sec)
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und gemessen. Dabei sollte festgestellt werden, wie viel Substanz in welcher Region
durch Resuspension freigesetzt wird.

Die Experimente bestdtigen die in /1, 2/ festgestellten Beobachtungen und
Tendenzen. Die Resuspension ist Uber der abwartsgerichteten Strémung durch die
zerplatzenden kleinen Blasen wesentlich hdher als bei der Aufwéartsstromung mit
Uberwiegend groBen Blasen (Abbildung 1). Sie ist bei den Zn-Partikeln im Bereich
von 45 mm Uber der Wasseroberflaiche um den Faktor 8 gréBer und in einer Hohe
von 130 mm noch um den Faktor 4. Bei kleinen Heizleistungen wird der Anteil
aufsteigender kleiner Blasen (J < 3 mm) deutlich gréBer, die Anzahl groBer Blasen
nimmt ab. Es wurde nachgewiesen, dass ein erheblich groBerer Austrag an Sub-
stanz bei schwachem Sieden erfolgt, hervorgerufen durch energiereiche Jettropfen
mit geringem Durchmesser, die dann auch entsprechend hoch aufsteigen.

Zum Vergleich wurden Versuche mit Strontiumzirkonat-Pulver SrZrO3 durchgeflihrt.
Prinzipiell ist auch hier die gleiche Tendenz festzustellen: Der Verlauf der Frei-
setzungs-Kurve Uber der Phasengrenze ist der Zn-Kurve sehr ahnlich, jedoch ist der
Partikel-Massenstrom um ca. einen Faktor 10 kleiner. Die Unterschiede in der
Austragsmenge zwischen Zn-Partikeln und SrZrOs-Partikeln zeigen deutlich, dass
der Austrag materialspezifisch sein muss. So ist z. B. der Dichteunterschied
zwischen den beiden Substanzen bei Zn um den Faktor ca. 3 groBer, dennoch ist die
Resuspension von Zn erheblich gréBer. Eine Vorhersage Uber den Austrag von
festen Substanzen kann deshalb nur nach Kenntnis der spezifischen Material-
eigenschaften gemacht werden. Eine einfache Verknipfung der Resuspension mit

der mittleren Konzentration im Pool erscheint nicht ausreichend.

3. Vergleich Resuspensionsmodell SUSANA und Experiment

Zur Berechnung der Tropfenfreisetzung und der damit gekoppelten Radionuklid-
freisetzung ist an der Ruhr-Universitdt Bochum das Programmmodul SUSANA
(SUmp water resuspension Source term ANAlysis) erstellt worden /3/. Es soll die
Bestimmung des Resuspensionsquellterms ermdglichen, z. B. fur das Core Catcher-
Konzept von LWR’s. Die Programmversion SUSANA.MOD1 stellt dabei einen
eigenstandigen Code dar, dessen Ein- bzw. Ausgabe von Daten Uber Dateien erfolgt.
In  Abhéngigkeit vom Dampfvolumenstrom werden dabei unterschiedliche
Strémungsformen unterschieden. Bei geringen Dampfvolumenstréomen beruht die

Tropfenfreisetzung auf dem Zerplatzen einzelner Blasen an der Flissigkeits-
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oberfliche. Es entstehen dabei sowohl Tropfen durch die Auflésung der Blasen-
lamelle (Filmtropfenbildung) als auch durch den Austrag von Flissigkeitsjets (Jet-
tropfenbildung). Bei Einzelblasenstromung erfolgt die Berechnung der Freisetzung
durch Film- und Jettopfen fiir den Bereich unmittelbar an der Pooloberflache, so dass
eine Hohenabhéangigkeit und ein mogliches Zurlickfallen eines Teils der freigesetzten
Tropfen nicht erfasst wird. Bei hohen Dampfvolumenstrémen, bei denen unter-
schiedlich groBe Gasbereiche unstetig und ungeordnet in der Fliissigkeit aufsteigen,
beruht die Freisetzung dagegen auf einem Zerfall instabiler Flissigkeitsbereiche an
der Oberflache infolge des Impulsaustausches zwischen Gas und Flussigkeit. Hier
kann die Nuklid-Freisetzung héhenabhéangig berechnet werden.

Experiment und Berechnung werden in Abb. 1 fir den Fall der Einzelblasenstromung
gegeniibergestellt. Zunachst zeigt die Abbildung den gemessenen Nuklid-Massen-
strom Uber Aufwarts- und Abwaértsstromung in Abhangigkeit der Héhe tber der Pool-
oberflache. Ebenfalls eingezeichnet ist der mit SUSANA berechnete Massenstrom
auf Hohe Null (eine H6henabhangigkeit kann noch nicht berechnet werden, ebenso
wird zwischen Aufwarts- und Abwartsstromung nicht unterschieden). Es ist offen-
sichtlich, dass die Extrapolation der gemessenen Werte nach HOhe Null den

berechneten Wert relativ gut trifft. Dies gilt insbesondere fir die Abwartsstrémung.

{
4. Tropfencharakteristik

Zur Messung der JettropfengréBe und —geschwindigkeit wurde eine Inline-Partikel-
gréBBensonde beschafft. Das Messsystem ermittelt gleichzeitig die GréBe und
Geschwindigkeit von Partikeln, die das Messvolumen der Sonde durchlaufen.
Grundlage des Systems ist ein patentiertes faseroptisches Ortfrequenzfilter-
Verfahren, bestehend aus einer Gitteranordnung von Glasfaser-Lichtwellenleitern auf
der einen Seite und einer Laserbeleuchtung auf der anderen Seite mit Echtzeit-
Datenauswertung. Die Sonde hat den Vorteil, inline bei 100 °C und erhéhtem Druck
messen zu kénnen.

Nach einigen orientierenden Laborversuchen wurden erste Messungen im Abgas-
strom des KAREX-Versuchsbehalters aufgenommen (Abb. 2). Tendenziell ist bisher
festzustellen, dass mit steigender Heizleistung die Haufigkeitsverteilung abflacht und
der mittlere Tropfendurchmesser (50 % Wert) sinkt (Abb. 3).
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5. Resuspensionsprozesse im nicht-kerntechnischen Bereich

Einen zweiten, im RUB-Bericht /4/ diskutierten Schwerpunkt bildet die Analyse von
Resuspensionsprozessen in verschiedensten Bereichen von Natur und Technik, da
die Untersuchung der Resuspensionsmechanismen nicht nur fur die Reaktorsicher-
heitsforschung von groBen Interesse ist. So sind weitere Anwendungsmaéglichkeiten
auf dem Gebiet der Ozeanographie und Meteorologie (Klimaforschung), der Biologie
(Pollen- und Bakterientransport) oder auch der Medizin (mdglicher Bakterien- und
Pollentransport in die Atemwege) zu finden. SchlieBlich stellt ein grofBes
Anwendungs- und Nutzungsgebiet, vor allem auch aus Okonomischen und 6ko-
logischen Gesichtspunkten, die Verfahrenstechnik sowie Sekundarmetallurgie dar,
wobei im letztgenannten Fall die Flussigkeitsvorlage von der Stahlschmelze gebildet
wird. Auch hierbei kann der an der Grenzflache freigesetzte Gasstrom zu einem
Austrag von Tropfen flhren. Dabei ist ein Zurlickfallen der ausgeworfenen Partikel
aus verfahrenstechnischer Sicht durchaus wiinschenswert. Untersuchungsziele
liegen hier z. B. in Optimierungsmdglichkeiten des Prozesses hinsichtlich des Stoff-
und Energieaustausches.

Neben dem Austrag von Flissigkeit sind weitere Phdnomene eng mit dem Blasen-
zerplatzen verknipft. So wird z. B. in Bioreaktoren Luft zur Sauerstoffversorgung von
Zellen eingeleitet. Insbesondere durch das Zerplatzen der Blasen an der freien
Oberfidche wird ein schmales Fllissigkeitsband in der Blasenmulde abgeschert. Die
bei dieser Grenzschichtstromung auftretenden groBBen Scherkrafte und Beschleuni-
gungen schadigen an der Oberflache haftende Zellen und kénnen diese sogar ab-
téten. Gleiches gilt prinzipiell auch fir die Auflésung der Blasenlamelle, da hier
ebenfalls sehr groBe Beschleunigungen und Scherkréfte auftreten kénnen. Zur
Umgehung dieser unerwlinschten Begleiterscheinungen kdénnen zwei Wege
beschritten werden. Einerseits wird die Erzeugung bestimmter Blasengréf3en
angestrebt, so dass der schadigende Einfluss minimiert werden kann. Andererseits
kébnnen oberflaichenaktive Substanzen die Grenzflaichenspannung und damit die
beim Blasenzerplatzen freiwerdende Energie herabsetzen, so dass auch Uber diesen
Mechanismus der schadigende Einfluss reduziert werden kann. Teilweise sind die
Untersuchungen auch eng mit der Frage nach gesundheitlichen Auswirkungen auf
den Menschen verknlpft. Als Beispiel wurde hier die Freisetzung von Legionellen
aus Whirlpools (Ausldser der sog. ,Legiondrskrankheit) diskutiert. Von Interesse ist

bei diesen Prozessen insbesondere die Gré3enverteilung der gebildeten Aerosole.
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Nur solche, die in einem bestimmten Durchmesserbereich liegen, kénnen bis in die

Bronchialverzweigungen gelangen und ursachlich fir Atemwegsinfekte und karzino-

gene Erkrankungen verantwortlich gemacht werden.
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32.21.08 Untersuchungen zur Kernzerstérung

I Results of the QUENCH-05 and QUENCH-06 Bundle Experiments on the
Investigation of Cool-Down Behaviour of Overheated PWR Fuel Rod
Simulators (QUENCH-Programme)

(A. Miassoedov, D. Piel, L. Sepold, IMF Ill; M. Steinbriick, L. Steinbock,
U. Stegmaier, IMF |)

Abstract
This report describes the test conduct and main resulis obtained in the bundle

experiments QUENCH-05 and QUENCH-06.

Zusammenfassung
In diesem Bericht werden die Versuchsparameter und die wichtigsten Ergebnisse der

Blndelexperimente QUENCH-05 und QUENCH-06 beschrieben.

Introduction

Cooling of an uncovered, overheated PWR (Pressurised Water Reactor) core by water is
the main accident management measure for terminating a severe accident transient. But,
before the water succeeds in cooling the fuel elements, its injection can, under certain
circumstances, cause renewed oxidation of the Zircaloy fuel rod cladding, giving
reheating of the rods, a sharp increase in hydrogen production and rod failure followed by
the release of additional fission products. The additional hydrogen might threaten the
containment, and the increased fission product release increases the source term.
Evidence for these effects has been obtained from the analysis of the TMI-2 accident, in
in-pile experiments such as LOFT LP-FP-2, and in out-of-pile CORA experiments. The
reasons for this enhanced oxidation are not yet fully understood but it is believed that the
cracking of oxide layers due to the thermal shock and subsequent exposure of fresh

Zircaloy to steam are significant factors.

Because of the importance of understanding the in-vessel hydrogen source term that
results during quenching, the QUENCH test facility [1] is being operated at
Forschungszentrum Karlsruhe to investigate the physico-chemical behaviour of over-
heated fuel elements under different flooding conditions, to improve the understanding of

the effects of water addition at different stages of a degraded core and to create a data
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base for model development and code improvement. The main parameters of the test
program are: quench medium, i. e. water or steam, fluid injection rate, extent of pre-
oxidation at onset of quenching, and the starting temperature at initiation of quenching or
cool-down. Up to now six experiments have been successfully performed. The main test
parameters and key results of the experiments QUENCH-01, -02, -03, and -04 [2-5] are
. summarised in Table 1. In the following experimental results of the QUENCH-05 and

QUENCH-06 experiments are given.

QUENCH-01 QUENCH-02 QUENCH-03 QUENCH-04
Heat-up rate, K/s 0.48 K/s 0.37 - 1.1 0.40-1.6 0.35-1.0
Maximum temperature. K ~1830 >2500 >2500 ~2340
Cool-down medium Water Water Water Steam
Injection mass flow rate, g/s 52 47 40 50
Injection period, s 89 234 879 219
Injection velocity, cm/s 1.7 1.6 1.3 15-20-10°
Hydrogen release, 39/4 191/178 123/108 12/1.5
total/cool-down, g

Table 1: Main parameters and key results of the QUENCH experiments.

Test QUENCH-05

The experiment QUENCH-05 was the second bundle experiment in the QUENCH series
in which the bundle was cooled by steam, rather than being quenched by water. It
differed from the first steam-cooled experiment QUENCH-04 [4] only in that the bundle
was pre-oxidised before the power transient and rapid coolihg began. As in the previous
QUENCH experiments, the bundle was heated by a series of stepwise increases of
electrical power from room temperature to ~900 K in an atmosphere of owing argon
(8 g/s) and steam (3 g/s). During this time the operation of the various sub-systems was
checked. The bundle was stabilised at this temperature for about 2 h, the electrical power
being ~4 kW.

At the end of the stabilisation period the bundle was ramped by stepwise increases of
power giving an average temperature increase of about 0.5 K/s between 900 K and
1500 K, then the temperature was stabilised at this level with a power of about 11 kW. In
the following 3500 s the rods were pre-oxidised up to the desired oxide layer thickness of
about 200 pm.
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At the end of the pre-oxidation period the bundle was ramped at 0.3 W/s per rod to start
the transient phase in the same way as in QUENCH-04. Temperature excursion started
in the rod bundle at 750 mm when the temperature there reached 1900 K. The pre-
planned steam cooling sequence was initiated when two rod thermocouples had
exceeded 2000 K. At this time maximum measured centreline rod temperature had
reached 1900 K, similarly to the temperature at cooling initiation for QUENCH-04;
therefore the impact of the extent of pre-oxidation at onset of cool-down can be directly
compared. Steam at ~570 K was injected at the bottom of the test section at a rate of
~50 g/s, and 20 s later the electrical power was reduced to 4 kW within 15 s, to simulate
decay heat level. Cooling of the test section to below 700 K was completed about 280 s

later; then the steam and electrical power were shut off, terminating the experiment (Fig.

1).

When the maximum bundle temperature reached ~1600 K, a corner rod was withdrawn

to check the amount of oxidation at that time (Fig. 2).

The steam injection led to rapid cooling of the rods after a delay of 2-3 seconds (Fig. 3),
except that at 750 mm a limited excursion to ~2250 K took place; this position also began
to cool rapidly about 5 seconds after the start of steam injection. At these times krypton
was detected in the of{-gas, indicating cladding breach of at least one rod. About 30 s
later, with rod temperatures from 750 mm to 950 mm being in the range 800-1400 K,
reheating by about 50 K was observed, 10 s later smooth cooling was resumed. The
upper shroud at elevations from 1050 to 1150 mm experienced an excursion from about
1370 K, similarly to that seen in QUENCH-01, -02 and -03 but starting at a higher

temperature; in QUENCH-04 such an excursion was not so pronounced.

The total hydrogen production during the test amounted to ~27 g with 1.2 g released
during the cool-down phase (Fig. 4 and 5). This low amount is consistent with the lack of
large-scale temperature excursions observed in the test. Generally, the thermal
behaviour of the bundle was consistent with that in QUENCH-04, and agreed well with
pre-test calculations performed with SCDAP/RELAPS.

The appearance of the QUENCH-05 bundle shows practically no signs of melting. Only
at the 950 mm elevation a localised failure of the shroud is observed (Figure 6). The

post-test examinations of the test bundle are currently underway.
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Test QUENCH-06

The sixth bundle experiment, QUENCH-06, was performed similarly to the test QUENCH-
05. The only difference was that the bundle was quenched with water instead of cooling it
down by steam. Also this bundle was pre-oxidized before the transient and cooling
phases began. The test is also declared an International Standard Problem for blind

calculations to assess the quality of severe accident codes.

The test conduct is illustrated in Fig. 7. The bundle was heated by a series of stepwise
increases of electrical power from room temperature to 873 K in an atmosphere of
flowing argon (3 g/s) and steam (3 g/s). At the end of the stabilization period the bundle
was ramped by stepwise increases in power. The temperature was stabilized at the
1473 K level (axial maximum) with a power of about 11 kW. The temperature was
maintained constant by control of the electrical power during this pre-oxidation phase for
3500 s, the electrical power being 4 kW. At the end of the preoxidation period the bundle
was ramped at 0.3 W/s per rod to start the transient phase, in the same way as in
QUENCH-04 and QUENCH-05. The heatup rate of the rod bundle evaluated on the basis
of TCRC 13, level 950 mm, was 0.32 K/s between 1450 K and 1750 K. During the
transient period, prior to any temperature excursion the withdrawal of corner rod B was
started at ~1606 K to check the amount of oxidation at that time. The analysis performed
after the experiment by metallographic examination resulted in a maximum oxide layer

thickness of ~210 um at the 950 mm elevation (Fig. 8).

A moderate oxidation excursion started in the rod bundle at ~7100 s at 750 mm and
850 mm when the temperature there reached ~1770-1790 K. Also at ~7100 s the upper

shroud experienced a moderate excursion at the elevations from 1150 to 1250 mm.

The prerequisites for starting the quenching sequence were: a minimum of three rod
thermocouples should have exceeded 1973 K, the central rod thermocouple TCRC 13
should have reached ~1873 K at this time, so that the initiation temperature for the cool-
down was comparable to that of test QUENCH-05. For cooling the test bundle, the flow of
3 g/s superheated steam was turned off, the argon flow was switched over to the bundle
head, and the pre-flooding sequence was initiated in that way that 4 kg of water were
pre-injected within 5 s to fill the lower part of the test section. At the same time, i.e. at
7179 s, the quench pump was started to inject water into the bottom of the test section

for 255 s at a mean rate of ~41.5 g/s. Before this main water injection affected the bundle
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cooling an unforeseen delay was encountered in the water flow at the bundle inlet in a
way that a two-step flooding occurred, firstly the pre-flooding with a fast water injection

and secondly, after a delay of around 40 s, the final flooding of the bundle.

After the first water injection a prompt cooling of the test bundle started resulting from the
fast pre-flooding of the lower bundle section with a total of ~4 kg H2O. At axial levels up
to 250 mm the cladding temperature drops to the saturation temperature of around 400
K. 10 — 20 s later the cladding temperatures increase again due to the evaporation of the
pre-injected water at the bottom of the test section. Twenty six seconds after the injection
(7179 s) the electrical power was reduced from ~18.2 kW to ~3.9 kW (to simulate decay
heat levels) within 16s. The bundie flooding was terminated when the shroud
thermocouples at the 1150 mm elevation indicated local wetting. Cooling of the test
section to around 400 K was complete about 250 s after its initiation; the quench water
and electrical power were shut off 255s after the water injection, terminating the

experiment.

The total hydrogen production measured is ~32 g. The peak production rate of ~0.24 g/s
was measured by the main mass spectrometer (Fig. 9). There is a good agreement
between the Caldos analyzer and the two mass spectrometers with respect to the total
values. Of the 32 g, ~2 g is estimated for the quenching phase. This compares with ~1 g

for the steam-cooling phase in the QUENCH-05 test.

After the experiment the shroud showed a localized molten zone between ~870 mm and
1010 mm, between 270° and 0° orientation (Fig. 10). On the basis of the shroud
thermocouples no large azimuthal differences in the shroud temperature did exist at the
upper end or above the heated zone during the experiment to explain the asymmetric
behavior of the shroud. Besides this failure region the shroud is intact and so are the

thermocouples apart from this region. There they are still attached to the shroud surface.
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1. Metallographic Post-test Examination of QUENCH Test Bundles and

Phenomenological Interpretation
(G. Schanz, M. Heck, IMF Ill, U. Stegmaier, IMF 1)

Abstract

On the basis of the already documented results of the comprehensive metallographic
post-test examination of the test bundle QUENCH-03 a mechanistic evaluation is
given. In comparison with the results of the experiments QUENCH-02 and QUENCH-
01 the degradation phenomena related to water quenching of transiently heated fuel
rod bundles are deduced. Whereas the strongly pre-oxidised QUENCH-01 bundle
showed cracking-related cladding oxidation, the bundles QUENCH-02 and
QUENCH-03 responded to melt formation and relocation as the main phenomena.

Zusammenfassung

Die bereits dokumentierten Ergebnisse der umfangreichen metallographischen Nach-
untersuchung des Testbtindels QUENCH-03 werden mechanistisch ausgewertet. Im
Vergleich mit den Ergebnissen der Experimente QUENCH-02 und QUENCH-01
werden die mit der Wasserabschreckung der Uberhitzten Brennstabbindel ver-
knUpften Schadigungsphanomene abgeleitet. Wahrend das stark voroxidierte Blindel
QUENCH-01 Hulirohroxidation im Zusammenhang mit Rissbildung zeigte,
bestimmten die Phanomene der Bildung und Verlagerung von Schmelze das
Verhalten der Bindel QUENCH-02 und QUENCH-03.

Phenomenological evaluation of test bundle QUENCH-03

In the following the observed results of the investigation of that bundle are summa-
rised in the deduced temporal sequence of the identified phenomena. The oxidation
and interaction of the components are interpreted on the basis of a careful inspection
of the final status of the bundle QUENCH-03 [1] and the experience gained in sepa-
rate effects investigations, e.g. the QUENCH RIG experiments [2]. Not all inter-
mediate steps of development of the finally observed damage could, however, be
deduced in the desired detail, since an earlier status is often obscured by later occur-
ring and more serious events. Distinguishing between the bundle status at tempera-

ture and the status after quenching is especially difficult with respect to quench-
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related mechanical fragmentation damage. Some results of the bundle experiments
QUENCH-01 [3] and QUENCH-02 [1] are referred for comparison.

Scale thickness distribution

The oxide scale thickness of each rod was measured at four azimuthal directions and
six axial elevations (73 to 950 mm), as far as possible; the shroud oxidation was
determined for compatrison. The lower elevations up to 650 mm show rather uniform
thickness distribution across the bundle, indicating almost flat lateral temperature
profiles. Only the outer rods have typically somewhat thinner scales at outward
directions. The scale thickness ranges from ca. 1 - 2 ym at 73 mm elevation to ca. 30
- 50 pm at 650 mm. The internal shroud surface carries 1 to 40 pm at the
corresponding elevations. At the external shroud surface some scale can be
distinguished only in relation with the observed shroud melt-through failure and the
temperature field distortion from external melt relocation. Close to those positions the
internal shroud surface is oxidised up to 240 pm and adjacent rods are oxidised to 50
- 90 um. At the higher elevations pronounced local variations of scale thickness are
related with the re-distribution of metallic melt. The oxidation of the unheated central
rod is stronger than that of the heated rods, due to the smaller thermal inertia and
smaller axial heat conduction. The axial scale thickness profile, which reflects the
cosine-shaped electric power distribution, the upward heat transfer with the
atmosphere and the downward heat transfer with relocated melt, is given in Fig. 1. A
sound comparison basis for the analytical treatment of the experiment is thus

provided.

External cladding oxidation

Steam oxidation proceeds by formation and thickening of a ZrO, scale and an o-
Zr(O) layer together with oxygen dissolution into the B-Zr matrix to be consumed. At
temperatures above 1800 K an additional inner sub-scale of cubic ZrO. is formed,
which shows o-Zr(O) phase precipitation due to decomposition during cooling.
Despite the increasing brittleness of the oxygen-containing phases the cladding/scale
compound indicates self-healing tendencies against mechanical loads, e.g. the

closure of wedge-shaped cracks from the surface into the scale.
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Pellet/cladding interaction

At positions of solid-state contact an oxygen-rich interaction layer is growing by
oxygen transfer from the ZrO, pellet simulator into the cladding. Since UO; pellets

are known to behave correspondingly, the simulation quality is acceptable.

Development of cladding damage

Mechanical forces arise from the oxidation itself as well as from external constraints.
Formation of cracks and fissures takes place resulting in stress relief or development
of through-wall cracks according to the local extent of oxidative wall consumption.
This aspect had been one of the main contributions to the quench-related hydrogen
evolution in the QUENCH-01 test, in which the effect of a pronounced pre-oxidation
was studied. In accordance with results of separate effects tests in the QUENCH RIG
pronounced through wall cracking had been observed for scale thickness beyond ca.
300 pm [2]. In contrast to QUENCH-01 the oxidation of crack surfaces was only of
minor relative importance in the experiments QUENCH-02 and QUENCH-03. Scale
failure according to the anticipated “shattering” mechanism was not observed and
even the scale “spalling” mechanism occurred only locally in the moderate form of a
loss of external sub-scale fragments or localised scale bulging instead of a
detachment of the scale in total.

[

Internal cladding/steam oxidation

The above mentioned mechanical scale failure gives rise to steam penetration and
formation of internal scale. In this delayed and locally restricted process lenticular
spots of scale are formed, obviously under oxygen supply limitation and
consequently local consumption. It can be assumed from the bundle inspection that
this hydrogen source term contribution is active from the later transient into the
qguench phase, where additional crack formation is favoured. Crack-related access of
steam to the internal cladding surface is an important mechanism for QUENCH-01
and QUENCH-02 as well.

Clad Melting
Melting of cladding during oxidation is known to occur in the range of ca. 2030

(Zircaloy-4) to 2400 K (o0-Zr(O) phase), in relation with the increase in dissolved

oxygen. Correspondingly, incipient melting within the matrix spreads towards the
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adjacent o-Zr(O) phase so that rod-internal melt relocation takes place below the
scale. This melt re-distribution tends to fill pellet/cladding gaps at the expense of
formation of voids at other positions. Melt oxidation proceeds by scale thickening plus
homogeneous ZrO, phase precipitation until complete conversion to the ceramic
state. Empty scale shells are apt to fracture and fragment in the attained brittle
stoichiometric form, providing paths of steam access and melt escape. With the latter
the melt relocation in the bundle is initiated and the possibility of enhanced melt
oxidation in contact to steam is provided. The massive hydrogen release from the
bundles QUENCH-02 and QUENCH-03 can be seen in relation to the melting and

melt relocation processes observed in both bundles.

Bundle configuration

A bundle-typical effect is the oxidative interaction between contacting structures. In a
severe accident fuel rod bending will always occur as consequence of
inhomogeneous heating and steam oxidation. The pronounced and strange shroud
deformation observed for QUENCH-03, a kind of bending into axially extended lobes,
is not fully understood by assuming its internal oxidation to be the stress source. In
any case the shroud bending effect constrains the simulator rods to mutual contact.

Rod/rod or rod/shroud contact is seen to give rise to formation of common scale
shells under which metallic and axially extended “necks” are protected against
oxidation. This “necking effect” is favoured by early (metallic) contact; however, a
certain pre-oxidation cannot prevent it, because dissolution of scale into adjacent
metal is always competing with further scale growth. Moreover, the external scale
growth is retarded for geometrical reasons of supply limitation in the surrounding
zone of the contact line. The net effect of external (channel side) growth and internal
(neck side) dissolution of oxide is the formation of scale structures of rounded form
and obviously self-healing potential (Fig 2). This argument is supported by the fact
that the structures resulting from the necking process may even survive the melting
event of the confined metallic component residues. The role of scale dissolution in
the necking effect is illustrated by frequent observation of the corresponding
dissolution process seen elsewhere in the QUENCH-02 and QUENCH-03 bundles.
As function of time at temperature scales of several hundred micron thickness

embedded in metallic melt show different stages of dissolution.
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Neck formation together with melt dispersion/agglomeration are mechanisms which
convert the originally open flow channel space into an irregular network of modified
but effective flow channels, appendices under steam starvation condition, completely
isolated closed voids and melt-infiltrated blockages. This geometry of the resulting
bundle body is complicating the escalation behaviour as well as the response to
guenching by giving rise to large local and temporal variations and gradients of

temperature.

Comparative interpretation of QUENCH-01, QUENCH-02 and QUENCH-03

In the actual context the interest is focused on bundle specific and quench related
phenomena [4]. In this respect the most important observation for QUENCH-03 is the
formation of a more or less rigid bundle body within the hot zone by formation of
necks between contacting rods and their oxidation. The flow channels modified
thereby may either remain active (effective steam flow path), resistive (steam
starvation tendency) or can get blocked by infiltrating melt. The necking effect,
observed in QUENCH-02 as well, occurred less correlated and only localised in that
bundle.

Melt formation related behaviour in QUENCH-02 and QUENCH-083 is discussed as
follows: Cladding melt relocation, which is known to start within the individual rods is
occurring laterally and axially within the confinement of the scale by which the
surface area is diminishing and the thermal contact to the pellets is improving. This
contributes to the development of large temperature variations and favours the
embrittlement of bare scale, which is approaching the brittle stoichiometric
composition due to the continued exposure to steam and the interrupted contact to
metallic cladding. Resulting scale cracking gives access to steam, thus triggering
internal steam oxidation. The oxidation of outward penetrating and dispersing melt is
another hydrogen source of considerable importance, since the steam oxidation is
initially not moderated by pre-existent scale. Melt accumulation in larger lumps is
connected with diminishing of the surface area. The net total surface area of
oxidising metallic materials and the temperature/time dependence of their oxidation
are main uncertainties in the interpretation of the measured hydrogen source term.
Concerning the oxidation of metallic melts it is not possible to apply usual kinetic
correlations, since the fast diffusion and convection will maintain an almost
homogeneous oxygen content in the melt. Further, the LWR Severe Accident typical

(Zr, U, O) melt cannot be simulated in the QUENCH program and alternative efforts
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are required to quantify its oxidation kinetics in separate effect tests and to describe it
mechanistically.

Melt oxidation together with melt relocation, dispersion and fragmentation are
obviously the most important quench phenomena observed in QUENCH-02 and
QUENCH-03 and deserve careful further consideration. In comparison “solid-state
mechanisms” as cladding through-wall cracking, crack surface oxidation and internal
cladding/steam oxidation are less important in the explanation of the pronounced
hydrogen signals. Other mechanisms as cladding shattering into small fragments and
scale or sub-scale spalling are less important.

There is no reason to modify the interpretation of the response of bundle QUENCH-
01 to quenching, inasmuch as the phenomena have been found in the bundles
QUENCH-02 and QUENCH-03 as well. Since no melting occurred in that test the
main contributions to the hydrogen evolution are related to crack surface oxidation

and internal cladding/steam oxidation.
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Fig. 1: QUENCH-03: Axial oxide layer thickness distribution
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Fig. 2: QUENCH-03: Cross section at elevation 750 mm (QUE-03-5, top);
formation of necks between touching fuel rod simulators
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. Recalculation of the temperature transient in QUENCH-03 with the code
CALUMO
(H. Steiner, M. Heck, IMF 111)

Abstract

In this contribution results of the bundle code CALUMO for the test QUENCH-01 are
presented and discussed with respect to a comparison to experimental data. In the
overall, a satisfying simulation of the experiment could be reached, despite some

discrepancies.

Zusammenfassung

In diesem Beitrag werden Ergebnisse des Rechencodes CALUMO fur das Experi-
ment QUENCH-01 vorgestellt und im Vergleich zu den entsprechenden Daten
diskutiert. Im GroBen und Ganzen konnte das Experiment in befriedigender Weise

simuliert werden, wenn auch im Detail noch einige Abweichungen festzustellen sind.

1. Einleitung

Im Zuge der Arbeiten zur Validierung des Biindelcodes CALUMO wurden
Rechnungen fir das Bundelexperiment QUENCH-01 durchgeflihrt. In diesem Test
wurde ein voroxidiertes Blndel von Brennstabsimulatoren durch Wasser abge-
schreckt. Das Blindel blieb intakt und es existieren umfangreiche Ergebnisse zur

Nachuntersuchung.

Es hat sich bei den Rechnungen gezeigt, dass eine gute Simulation der Voroxidation
wegen der sehr niedrigen Temperaturanstiegsraten fur den Code nicht ganz
unproblematisch war. Flr das Wasserqueenchen auf der anderen Seite musste ein
Modell neu entwickelt und in den Code eingebaut werden. Damit ist es nun méglich,
neben dampfgekihlten Tests wie QUENCH-04 auch Bundel, die durch Wasser
abgeschreckt werden, vollstandig nachzurechnen. Die Anwendungsmoglichkeiten
von CALUMO gehen nun also weit Uber das urspriinglich gesteckte Ziel, namlich die

Berechnung von Temperaturtransienten in Quenchtests, hinaus.
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2. Entwicklung eines einfachen Modells zum Wasserquenchen

Im Sinne der bei der Entwicklung des Rechencodes CALUMO verfolgten Strategie
sollte das Quenchmodell moglichst einfach sein, die wesentlichen physikalischen

Aspekte aber trotzdem richtig beschreiben.

Das Modell geht davon aus, dass im Blindel drei unterschiedliche Zonen vorliegen
und zwar die des Quenchwassers, ein Zwei-Phasenmischgebiet und eine Zone
reinen Dampfes. Die wesentliche Annahme im Modell besagt, dass das Zwei-
Phasengebiet eine konstante Lénge hat, wobei im Moment drei axiale Maschen

genommen werden (Azd.ph. = 15cm ).Berechnet werden vom Modell im wesentlichen

die Dampferzeugung m* :

®

m* =S (et jon ) A (1)

ique

A = Verdampfungswérme

die Geschwindigkeit der Quenchfront:

vque = (’ninj__’nst)/pw — Fchmz (2)

m™ = eingespeister Wasserdurchsatz

und die Position der Quenchfront.

Die Berechnung der Tempe