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ZUSAMMENFASSUNG

Das Verhalten eines Schmelze-Pools im unteren Plenum eines Reaktordruckbehélters
— Uberblick iber experimentelle Programme und Grundlagen fiir das LIVE-
Versuchsprogramm

Die Rlckhaltung der Kernschmelze im unteren Plenum des Reaktordruckbehalters (RDB) ist
eine der in den letzten Jahren intensiv untersuchten Strategien, um einen hypothetischen
Kernschmelzunfall zu beherrschen. In verschiedenen Institutionen weltweit wurden deshalb
Experimente durchgefihrt, um diese Strategie, welche bereits flir das KKW Loviisa (Finn-
land) und den AP 600 (USA) genehmigt wurde, weiterzuentwickeln. Die wichtigsten Experi-
mente waren dabei:

o COPO-Experimente in Fortum Nuclear Services und CEA (Frankreich)

o BALI-Experimente bei CEA (Frankreich)

o SIMECO-Experimente im KTH (Schweden)

o ACOPO-Experimente an der Universitat von Kalifornien, Santa Barbara (USA)
o RASPLAV-Experimente am Kurchatow-Institut (Russland)

Diese Untersuchungen wurden nicht nur durchgefiihrt, um die Mdéglichkeit der Schmelze-
Ruckhaltung im RDB zu untersuchen, sondern auch, um das Verhalten eines Schmelzepools
im unteren Plenum des RDB grundlegend zu verstehen. Die Ergebnisse dieser Untersu-
chungen wurden dazu verwendet, Modelle bzw. Korrelationen zu ermitteln, die in Rechenco-
des zur Untersuchung schwerer Unfalle verwendet werden kénnen.

Das Forschungszentrum Karlsruhe beteiligt sich mit der Versuchsanlage LIVE (Late In-
Vessel Phase Experiments) an diesen Untersuchungen.

Das Hauptziel dieses Berichtes ist es, die Ergebnisse anderer experimenteller Programme
zum Schmelzeverhalten im unteren Plenum des RDB’s zusammenzufassen und damit ein
Bild des derzeitigen Kenntnisstandes zu geben. Weiterhin soll gezeigt werden, wie die noch
offenen Fragen im LIVE-Programm untersucht werden kénnen.



ABSTRACT

Retention of core melt in the lower plenum of the reactor pressure vessel (RPV) is one of the
severe accident management strategies, which were investigated quite intensely in the last
years. In several organizations over the world experiments were conducted to enhance this
strategy which has already been approved to be a part of the severe accident management
strategy for the Loviisa plant (Finland) and for the Westinghouse AP-600 design. The most
important experiments to reach this goal were:

o COPO experiments at Fortum Nuclear Services and CEA (France)

o BALI experiments at CEA (France)

o SIMECO experiments at KTH (Sweden)

o ACOPO experiments at the University of California, Santa Barbara (USA)
o RASPLAYV experiments at the Kurchatov Institute (Russia)

These investigations were performed not only to study the possibility of retaining the core
melt inside the reactor pressure vessel (as an accident management measure) but also to
understand the fundamental behavior of the molten pool inside the RPV (for homogeneous
and stratified configuration of the molten pool). With the help of the results of these experi-
ments we want to identify models and correlations, which can be used in severe accident
computer codes.

Forschungszentrum Karlsruhe is involved in this research with the experimental LIVE (Late
In-Vessel Phase Experiments) program.

The major objective of the current report is to summarize the findings obtained in earlier ex-
perimental programs on melt behavior in the RPV in order to provide a coherent picture of
the state of knowledge and to identify the remaining uncertainties. Further on the report will
show how these uncertainties shall be investigated in the LIVE experimental program.
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INTRODUCTION

1 INTRODUCTION AND BACKGROUND

In case of a severe accidental situation that may occur in a nuclear reactor, accident man-
agement measures have been developed to bring the situation under control, which means,
to prevent a damage of the reactor core. Nevertheless, a very low remaining risk exists that
the reactor core can not be cooled successfully due to cumulative safeguard failures. This
would then lead to a heat up and melting of core elements and structural materials. In this
situation the RPV can fail and the core melt is discharged onto the basement of the contain-
ment. But even in such a case, a significant release of radioactive material to the environ-
ment due to the meltthrough of the basement should be excluded. Therefore several strate-
gies were developed to avoid the release of the radioactive material to the environment.

In the first group of strategies the core melt is cooled and stabilized in the containment, after
the Reactor Pressure Vessel (RPV) has failed. This strategy is realized e.g. in the EPR con-
cept of AREVA and in the Russian VVER-1200 design. However, this strategy can not be
applied to existing reactors, because the retrofitting of a spreading area for the core melt or
of a core catcher construction requires substantial structural changes in the reactor buildings,
or is even impossible.

Another strategy is to retain the core melt in the lower head of the RPV. This requires an
outside cooling of the RPV by water in the reactor cavity. Such an in-vessel retention concept
has been approved to be part of the accident management strategy for IVO’s Loviisa plant
[Kym97]. It is also foreseen in the design of the AP-600, the AP-1000 and BWR-1000. Flood-
ing of the reactor cavity is also an accident management measure in some of the existing
boiling water reactors.

This strategy can also be an option for the core melt retention in existing NPP’s.

To investigate the thermal and mechanical loadings on the RPV after the core melt has relo-
cated into the lower plenum and to define initial conditions for the event when the lower head
of the RPV fails in case of inadequate cooling, several research programs were started.

In these programs several aspects of the core melt behavior in the lower plenum have been
investigated.

The goals of all these programs were:

o To improve the understanding of different phenomena influencing the melt be-
havior in the lower plenum (e.g. crust formation, gap cooling at the vessel wall,
phase separation etc.).

o To develop models, which can be implemented into severe accident codes (e.g.
MELCOR, MAAP, SCDAP/RELAP, ICARE/CATHARE, ASTEC).

o To define accident management procedures which can mitigate the conse-
quences of the core melt accident in existing reactors.

FZK participates in this research with the experimental LIVE (Late- In-Vessel -Phase- Ex-
periments)- program. In the frame of LIVE it is foreseen to improve the understanding of the
transient processes in the lower plenum during and after the core melt relocation into the
lower plenum.
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The following objectives are part of the LIVE program:

o Investigation of the influence of the melt relocation mode on heat flux distribution
through the vessel wall.

o Study of temperature distribution in the bulk of the melt undergoing natural
convection.

o Investigation of crust formation and growth at the pool/vessel wall boundary and
its influence on the heat flux distribution.

o Comparison of the 3D results with earlier experiments performed in 2D slice
geometry (BALI, SIMECO, COPO, RASPLAV).

o Confirmation of the ACOPO philosophy.

The first three points are certainly the focus of the experimental program, because in this
field uncertainties still exist.

The intention of this report is to describe the main experimental facilities in the research field
of core melt behavior in the lower plenum and to summarize the results obtained in earlier
experi-mental programs. Furthermore the report defines boundary conditions and objectives
for future experiments in the LIVE test facility.
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2 KEY FEATURES OF THE MELTDOWN / RELOCA-
TION BEHAVIOR

In the very unlikely case of a severe accident with core meltdown there is a potential for ma-
terial relocation into the lower plenum of the reactor pressure vessel. Depending on the reac-
tor design and the accident scenario one can consider two different relocation mechanisms:

e Coherent relocation:
Under certain conditions, melt relocation from the core into the lower plenum could occur
relatively coherently. But this requires the formation of a large melt pool in the core and
an uninterrupted release of most of the molten material during a short period.
The duration of the relocation process depends on several factors, such as:
- the relocated mass
- the location of the molten pool crust breach
- the melt flow area and the hole ablation rate
- the presence of several structures in the core

e Gradual relocation:
If there are no thermal or mechanical factors causing melt retention and melt pool forma-
tion in the lower parts of the core , the melt relocation from the core into the lower ple-
num can proceed gradually according to the melt down of the core material within the
core.

There is a large consensus in the international community that gradual relocation is unlikely
to occur. The coherent melt relocation scenario seems to be much more likely for light water
reactors. One reason is that the large mass of the structures at the bottom of the core with-
stand the thermal attack of the core melt for a relatively long time. They also form a heat
sink, where the core material can refreeze. This crust stabilizes the melt pool within the core
for a certain time. Another reason is that there are “wet-core”-conditions (presence of water
in the bottom of the core at the time of core degradation) in most scenarios. On the one hand
that leads to a refreezing of molten material at the bottom of the core, on the other hand the
produced steam oxidizes molten core material in the upper part of the core. This oxidized
material has a higher melting point, which also stabilizes the melt pool.

The TMI-2 accident also proceeded along this melt relocation scenario. A large melt pool has
been formed in the core region and after a breach in the side wall of the pool crust the melt
has been released into the lower plenum [And89].

The gradual relocation may be potentially relevant for VVER-440 designs with its large steel-
made control assemblies in the core, which can be molten already at the time of fuel assem-
bly degradation, providing a preferential way for downward material relocation into the lower
plenum [Band98], [Band01].
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The main initial parameters at the instant of melt release from the core to the lower plenum
are:

. Time of crust failure and first relocation of core melt into the lower plenum
o Mass of relocated core melt

. Composition of the core melt at the moment of the relocation

o Ablation rate after crust breach

o Temperature of the relocated core melt

Bandini wrote in [Band01]: “From the point of view of timing, pouring rate and amount of in-
volved materials the melt relocation process is an almost completely unresolved issue. Fur-
ther investigation should be addressed to evaluate molten pool crust behavior, and melt in-
teractions with core surrounding and support structures, which may influence the pouring
rate and transfer mode of molten material to the lower head of the vessel.” This situation has
not changed so far.




SURVEY OF FACILITIES

3 SURVEY OF TEST FACILITIES AND EXPERIMEN-
TAL PROGRAMS

Several experimental programs were conducted to investigate the behavior of the core melt
in the lower plenum. This chapter provides information on experimental setup and main re-
sults obtained in these programs.

3.1 COPO experiments

The COPO experiments were performed by Fortum Nuclear Services, Finland and CEA/DRN
(Grenoble), France.

The experiments were conducted in two facilities, the COPO | - and the COPO Il - facility.

3.1.1 The COPO I facility

The COPO | facility is a two-dimensional “slice” of the Loviisa lower head (VVER-440 type),
including a portion of the cylindrical vessel wall. This allows a well-controlled, uniform heating
by volumetric Joule heating (the electrical resistance of the fluid causes its heat up when a
current flows through it) and is convenient for achieving large characteristic length scales and
thus large Rayleigh numbers (10'°-10'°). The test section is illustrated in Fig. 3-1; and the
shape is shown in more detail in Fig. 3-2. It is geometrically similar to Loviisa lower head, it
measures a span of 1.77 m and allows a maximum pool depth of 0.8 m (1:2 scale). The
thickness of the slice is 0.1 m.

Fig. 3-1: Schematic of the COPO facility (from [KymO03])

The flats of the test section are built from poly-carbon plates and are heavily insulated.

On the inside the plates are lined by seven pairs of electrode strips. At selected locations
both electrodes and insulation have 20 mm holes to gain visual access to the fluid. The cur-
rent through each electrode can be individually adjusted, if necessary, in order to produce
uniform volumetric heating.

The side and bottom walls consist of a 57 separate cooling units, as illustrated in Fig. 3-2.
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Each cooling unit consists of 50-mm-thick brass wall electrically insulated from the pool by a
0.1-mm-thick teflon tape. Coolant water circulates on the back side of the brass walls. The
units are divided into three groups and the flow is adjusted evenly among the units of each
group to obtain a nearly isothermal boundary. The top surface cooling is provided by two
units (58 and 59). They are constructed out of aluminum sheet and are electrically insulated
from the pool by a thin aluminum-oxide coating. The cooling water passes through heat ex-
changers and its flow rate is measured by an electromagnetic flow meter. The oxidic pool is
simulated by a ZnSO4-H,O solution [Kym03]. The material properties for this fluid are not
given by the authors.

Fig. 3-2: The cooling units of the COPO facility (from [KymO03])

In the experiments heat flux distributions at isothermal boundaries were measured. This was
done for two different pool heights. The conclusions were:

1. The heat flux at the vertical portion of the side wall is essentially uniform and pre-
dicted well by
Nu,, =0.85- Ra%*.

2. The downward heat flux strongly depends on the position along the curved wall,
and for the shape considered it seems to be independent of the presence and ex-
tent of the liquid pool (contained by the vertical sidewall) portion above it.

3.  The heat flux to the top boundary is somewhat underestimated by the correlation
of Steinberner and Reineke

Nu,, = 0.345-Ra®**;

In [KymO3], it is referred to [Ste78] for these two correlations. But the correlation for Nuy, is
not given there. Therefore we refer to [May75] (an english reference could not be found) for
this correlation. We also point out that the scope of application of the Steinberner-Reineke
correlation was originally limited to Ra=10" (see Fig. 3-3).




SURVEY OF FACILITIES

100, 1 AL |
Nu -obere Wand

T L
H- b= Manteifidche '

e BoCl2 N
10
Nu=0.
— ey o —
,:;ﬁ.-v"‘""' ==l N -— T I
T T TT Mu=0935 aa’f J
|| |
s
¢ L |
s !
10° 10° 10’ 108 Ka g

Fig. 3-3: Upward, downward and sideward heat flow from a fluid with in-
ternal heat sources in a rectangular cavity (from [May75])

3.1.2 The COPO II facility

Two geometrically different versions of the COPO Il facility have been constructed: one ver-
sion called COPO IlI-Lo, which follows the shape of the lower head of the RPV of a
VVER-440 reactor (torispherical bottom) similar to COPO | and a version called COPO II-AP
having a semicircular shape and thus modeling the RPV bottom of a western PWR. In both
facilities, the molten corium pool in the lower head of the RPV is simulated by a two-
dimensional slice of it in linear scale 1:2. The width of the slice is 94 mm. The simulant fluid
for corium is a ZnSO4-H,0 solution (as in COPO 1). The volumetric heat generation is pro-
duced by Joule heating (as in COPO I). Maximum continuous heating power is 25 kW.

Heat fluxes are obtained by measuring the temperature gradients in the cooling units. The
upper cooler is divided into 25 cooling units in COPO IlI-Lo and into 26 cooling units in
COPO II-AP. The spatial resolution is thus 50 — 75 mm.

A distinctive feature in the COPO Il facilities is the cooling arrangement in which liquid nitro-
gen is circulated on the backside of the aluminum walls of the pool. The use of liquid nitrogen
leads to formation of ice on the inside of the boundaries. Because of the ice, the boundary
conditions of the pool are ideally isothermal and, also, the temperature difference in the pool
can be made sufficiently large to allow possible effects of temperature dependent fluid prop-
erties to become observable.

COPO Il features an option for stratified pool tests. Two layers to be used are ZnSO,4-H,O
solution at the bottom as a heat generating layer and distilled water on top of it as non heat
generating layer. The layers are separated by a 2-mm-thick aluminum sheet, which is insu-
lated electrically by an aluminum oxide coating [Hel99]. This sheet models a crust, which
also would be formed between an oxidic and a metallic layer in the core melt.

Fig. 3-4 and Fig. 3-5 show the schematics of COPO II-Lo and COPO II-AP.
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The COPO Il results for the upward heat transfer coefficients were consistent with the BALI
results (see next section). However, they showed higher values as expected from the
Steinberner-Reineke correlation and also higher values than the ACOPO experiments.

It was shown that in experiments with a crust at the top of the pool the Nusselt number was
remarkably higher (20-30%) than in experiments with an ice-free upper boundary. An ulti-
mate explanation for this effect is still outstanding, but possible explanations are given in
[Hel99]:

1. The density gradient inversion of water near the crust boundary could influence
the heat transfer from the fluid to the ice. But in one experiment with no ice
boundary, the temperature of the upper surface was at the freezing point of water
or possibly even slightly lower (subcooled water). However, the measured aver-
age heat transfer coefficient was consistent with the tests in which the tempera-
ture of the upper surface was clearly higher than the extremum temperature. This
does not support the assumption that the reason of the discrepancy between re-
sults from experiments with and without crust formation would be the density
gradient inversion.

2. Theice surface was “rippled” (irregular waves, which at the upper boundary had
a height of typically several millimeters or even close to one centimeter). It is
possible that the heat transfer behavior is affected by the structure of the ice for-
mation. However, this explanation is not supported by results of BALI experi-
ments, in which the ice layer was smooth but the measured heat transfer coeffi-
cients are consistent with COPO Il results.

Earlier, the opinion was accepted, that the non-constant fluid properties could be one reason
for the unexpected high heat transfer coefficient in experiments with ice formation. But ex-
periments with ice-free boundaries and high temperature difference between pool boundary
and the bulk of the fluid showed, that this can not be the reason either.

In stratified pool tests with water, which was heated from the lower side, the upward and
sideward Nusselt numbers were determined.

The measured average upward Nusselt numbers from the distilled water layer are well pre-
dicted by the Globe and Dropkin correlation [Glo59]:

Nuup = 0,069- RaY3. proo™

At the side boundary, the measured heat transfer coefficients from the non-heating generat-
ing layer are compared to the correlation by Churchill and Chu [Chu75]:

2
1/6
Nu,, = | 0825+ 387-Ra J

1+ (0,402/ Py '

The results and the discussion of the experiments in the COPO-II facilities can be seen in
detail in [Hel99].
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Fig. 3-5: Schematic of the COPO II-AP facility (from [Hel99])
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3.2 BALI experiments

The BALI program was designed to study the thermal hydraulics of a corium pool for in-
vessel or ex-vessel situation [Ber98]. The experiments were conducted at CEA, France. The
corium melt is represented by salted water and the lower head or the core catcher by a 2D-
slice at scale 1:1 of constant thickness (15 cm) (see Fig. 3-6). These dimensions provide
values of internal Rayleigh numbers of 10" to 10", for lower head geometry, matching those
in the prototypic situation for French PWR.

N
5
:
by
:
N
b
b
N

Fig. 3-6: The BALI test section (from [Ber98])

The pool is cooled from the bottom and the top and heated electrically by Joule effect with
current supplies located on the sides. The coolant is an organic liquid which may be used
within a temperature ranging from -80 °C to 0 °C, thus an ice crust forms at the pool bounda-
ries to provide a constant temperature boundary condition.

The measurements consist of heat flux distributions along the pool boundaries and axial
temperature distributions in the pool. Velocity fields may also be measured.

The test matrix includes variations of the water height, power density, water viscosity, pool
porosity, cooling conditions and superficial gas velocity.

The following correlations were derived for the upward and downward Nusselt numbers in
BALI experiments [Ber98]:

Nu,, = 0,736- Ra,"*"

H -0,35
Nu,, = 0,123 (E) -Ra,**®

10
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Fig. 3-7 shows the experimental results for the upward heat transfer compared with COPO-
and ACOPO results.
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Fig. 3-7: Upward heat transfer ACOPO — BALI - COPO | — COPO Il comparison (from [Ber98])

Stratified configuration of the melt was also studied in the BALI metal layer program to ad-
dress the focusing effect phenomena of a metallic layer at the top of the core melt [Ber98];
[Seh03]. A 2-m-wide, 15-cm-thick 2D rectangular test section was designed and water was
employed as simulant fluid. The pool was heated from below to simulate heat flux coming
from oxidic pool, cooled on the lateral walls with uniform temperature condition (ice crust
formation) and on the upper boundary with a plastic heat exchanger with coolant at 0 °C. The
thermal resistance of this plastic exchanger can reproduce the equivalent thermal resistance
of a realistic heat transfer, which occurs in the case of radiation.

Different tests have been made for 5 to 40 cm height with uniform or non uniform bottom
heat flux (no power injected in the first 40 cm near the cooled wall in case of non uniform
heat flux). Fig. 3-8 shows the heat flux concentration factors (ratio between average lateral

heat flux to average bottom heat flux) of the metal layer experiments compared with several
correlations.

The results of these experiments can be found in detail in [Ber98], [Seh03].
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Fig. 3-8: Average lateral heat flux in metal layer experiments of BALI (from [Ber98])

The author of [Ber98] has given neither an explanation for the curves nor a reference to get
more information about the other curves. Only the marks “Experimental results” are of inter-
est for us.
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3.3 SIMECO experiments

The SIMECO experiments were conducted at KTH in Sweden [Ste05]. SIMECO is also fore-
seen for experiments in a 2D-geometry. This experimental facility consists of a slice type
vessel that includes a semicircular section and a vertical section scaled 1:8 of prototype
PWR type reactors. This represents the lower head of the reactor vessel. A cable type heater
with 3 mm in diameter and 4 m in length provides internal heating of the melt pool in the
lower head. The brass wall which models the RPV wall is externally cooled by a controlled
water loop. On the top of the vessel a heat exchanger with regulated water loops is em-
ployed to measure the upward heat transfer. The schematic of SIMECO is given in Fig. 3-9

COOLING WATER

SOTHERMAL

CIRCULATION PLMP %

Fig. 3-9: Schematic of the SIMECO facility (from [Ste05])

The sideways and upward heat fluxes are measured by employing arrays of thermocouples
at several different angular positions. A total of 64 K-type thermocouples are mounted to ob-
tain data on sidewall heat flux, heat flux on top of pool, inlet and outlet water temperatures,
as well as pool temperatures inside the vessel, and the upper heat exchanger. The location
of the thermocouples is given in Fig. 3-10.

Practically isothermal boundary conditions are provided at vessel boundaries with help of an
isothermal bath. A plate type heat exchanger was mounted in the isothermal bath circuit to
increase the cooling capacity of the isothermal bath. The cooling circuit has two parallel
paths, one for sidewall heat exchange and another for top heat exchange. Top heat ex-
changer flow is established by an isothermal bath inbuilt recirculation pump. A second exter-
nal recirculation pump was mounted in order to establish the necessary flow rate for the
sidewall heat exchanger. A digital flow meter measures top heat exchange flow [Seh04a],
[Ste05].

The diameter and height of the test section are respectively 62.0 cm and 53.0 cm. The width
of the slice is 9.0 cm. The front and back faces of the facility are insulated in order to prevent
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heat loss. The vessel wall has a thickness of 2.3 cm. (for the main dimensions see Fig. 3-11).

0 0.0 W0 8, % D

Fig. 3-10: Location of the thermocouples in the SIMECO facility (from [Ste05])

Two-layer experiments are described in more detail in [The00]. The experiments were con-
ducted with a liquid mixture from Benzyl benzoate (BBO) and Parafin oil (PO), whose phase
diagram shows a temperature dependent miscibility gap. Fig. 3-12 shows this miscibility gap
as function of temperature. For a given weight fraction of PO at a temperature below the
curve (only points from experiments shown) the liquids are separated and above the curve
the liquids form a mixture.
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Fig. 3-11: Main dimensions of the SIMECO vessel (from [Ste05])
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Fig. 3-12: Miscibility gap for the mixture of Benzyl benzoate and Parafin oil (from [The00])

In one series of experiments the components were mixed at a temperature above their phase
separation temperature and than poured into the facility. The results of these experiments
were compared with results in a uniform water pool.

Another series of experiments was conducted, in which the initial condition is that of a sepa-
rated layer pool. In these experiments the mixing process could be studied. These experi-
ments showed that the temperature at the top of the pool decreases during the mixing proc-
ess (Fig. 3-13).

In the three-layer experiments paraffin oil, water and chlorbenzene (1106 kg/m®) were em-
ployed to investigate stratification of three immiscible fluids. The height of the lower pool
(chlorbenzene) was between 4 and 7 cm, the thickness of the middle layer (water) was be-
tween 15 and 20 cm and the upper layer (paraffin oil) was between 3 and 7 cm. The total
height of all layers in all experiments was constant 27 cm. The Rayleigh number was found
to be in the same range as in the experiments with two layers (from 6.01:10'? to 8.7:10").

More detailed information about the heights of the layers and the distribution of the heat in
three-layer experiments is given in [Seh04b].
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3.4 ACOPO experiments

The ACOPO test section is a hemispherical container with a diameter of 1.83 m (72 inch).
The boundary of the vessel can be kept to a desired temperature by circulating the contents
of a large water bath. A segmented structure of the boundary, as shown in Fig. 3-14, allows
the determination of local heat fluxes.

Fig. 3-14: Schematic of the ACOPO test vessel with individual cooling unit (from [The97])

The segments are called ‘cooling units’, and there is a total of 15 of them, ten around the
hemispherical boundary and five above the lid. The positions of the thermocouple positions
can be taken from Fig. 3-15.

Each cooling unit is independently fed by a respective pump, whose speed is controlled. The
schedule of the ACOPO facility is shown in Fig. 3-16.

In the ACOPO experiments there is no internal heat source. The fluid is preheated to some
high initial temperature and then poured into the vessel. The idea behind this approach is to
simulate volumetric heating, by suddenly cooling the boundaries and interpreting the tran-
sient system cool-down as a sequence of quasi-stationary natural convection states. Theo-
fanous et al. wrote in [The97]: “...by using the internal energy of the fluid, preheated to some
high initial temperature, to simulate volumetric heating, by suddenly cooling the boundaries
and interpreting the transient system cool down as sequence of quasi-stationary natural con-
vection states. That is, from the local instantaneous fluxes at the boundaries, a total heat loss
rate can be obtained to define the instantaneous Rayleigh numbers, which then are corre-
lated to the instantaneous Nusselt numbers. The idea is that the cool-down would be ar-
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rested, and nothing would really change, if at any instant at time during the cool down, a
volumetric heating rate could be supplied that was equal to the heat loss rate”.
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Fig. 3-15: Key construction details and instrumentation (from [The01])
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Fig. 3-16: Schematic of the ACOPO experiment (from [The01])

However the ACOPO approach has some important limitations. The reason is that the cool-
down of a fluid without internal heat sources (as in the ACOPO experiments) is governed by
a differential equation different from that for the steady state solution of a fluid with internal
heat sources. The energy conservation equation in the steady state case is:
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V- (pcUT —kVT)=Q,

The right side of this equation is zero in experiments without internal heat generation (like in
the ACOPO experiment). In the case, when internal heat sources are present in the melt, the
right side is greater than zero, and this should lead to a completely different temperature-
and velocity field. Indeed the total heat loss rate could be maintained, and nothing would
really change, if at any instant at time during the cool down, a volumetric heating rate could
be supplied that was equal to the heat loss rate at the boundaries. But the spatial distribution
of these required heat sources is certainly not the same as in experiments with internal heat
sources. That means that identical boundary conditions at any instant result in different tem-
perature fields in each case. An indication of that gives the diagram in Fig. 3-17, which com-
pares ACOPO-results with the Steinberner-Reineke correlation.

- - . e
= = -0.345Ra"** (S.R) .
[ —1.95Ra®'"® (ACOPO) e

10" 10* 10 IIH mllolﬁ

Fig. 3-17: Upward heat transfer from ACOPO compared to
the Steinberner-Reineke correlation (from [The01])

The Steinberner-Reineke correlation provides higher Nusselt numbers especially for high
Rayleigh numbers. That is not surprising, because the heat sources drive the hot mass ele-
ments faster to the upper boundary in the middle of the pool. This in turn leads to higher
Nusselt numbers. We refer also to page 6, where was elaborated on, that the Steinberner-
Reineke correlation was originally limited to Ra=10 (see Fig. 3-3).

But it might be interesting to investigate this approach experimentally. The LIVE facility gives
the possibility to compare experiments with and without internal heat sources.
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3.5 RASPLAYV experiments

The experiments in the frame of the international RASPLAV project were conducted at the
Kurchatov Institute in Russia. These experiments covered investigations in several facilities
with prototypic materials (corium) and with NaF-NaBF, mixtures (salt). All experiments were
conducted in slices similar to SIMECO and BALI experiments.

Only the salt experiments will be described in this report, because the experiments with other
materials are not relevant for the LIVE program.

Detailed information about the project is given in [Asm00]

Fig. 3-18 shows the geometry of the lower plenum-model in RASPLAV.
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R1 =200 mm - inner radius of experimental module;
b = 167 mm - experimental module thickness;

H, - height of melt level:

R;=219.6 mm - outer radius of experimental module
R, 0, X, Y, Z - spatial coordinates

Fig. 3-18: System of coordinates adapted in RASPLAV-A-salt experiments (from [Asm98b])
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Fig. 3-19 shows the layout of the thermocouples in the melt pool.
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Fig. 3-19: Layout of the thermocouples in the melt pool (from [Asm98b])

The first run of the salt facility was completed in May 1996 during which 19 steady-state con-
vection regimes of 8NaF-92NaBF, melt were studied. A distinguishing feature of this series
resides in the fact that it was conducted under non-isothermal boundary conditions on the
outer cooled wall at the use of side wall heating method (SWH). Such boundary conditions
were not prototypic for the reactor case when the vessel is cooled in emergency conditions
by water boiling on the outer surface. Nevertheless, the results of this run are of certain in-
terest. In this series of experiments the attempts failed to obtain regimes of melt convection
with crust formation over the entire inner surface of the vessel model, the crust grew only in
the range of the angle coordinates from -61° to +61°.

The second series of salt experiments was conducted in September 1996. The SWH method
was used in this run and boundary conditions at the top surface of the pool were nearly adia-
batic. The external coolant was realized by a melt of NaNO, -NaNO; - KNOj salt. In this se-
ries maximum temperature of 8NaF - 92NaBF, melt varied from 408 °C to 609 °C for different
regimes. The effective density of the heat generation was q, = 0.7810°- 6.09-10° W/m? which
corresponded to the values of Ra’ = 4.710"" — 1.6110" and Pr = 4.56 - 7.74.

The third series of salt experiments was conducted in April 1997 with the objective to investi-
gate heat transfer in a volumetrically heated pool. For this purpose the facility was upgraded
by the implementation of the direct electric heating (DEH) method. The inner surface of the
melt bath (vessel model) was coated by a specially developed insulating composition which
contained oxides of zirconium, chromium and lanthanum, using the method of laser sputter-
ing. The coating was in contact with the melt for 60 hours and ensured the conditions of
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nearly constant density of power deposition over the entire volume of the melt pool (gvalmost
const) throughout this series of experiments. 9 steady state regimes of convection in 8NaF -
92NaBF, melt were realized in this run with an average density of power deposition range
from 8.110* to 3.310° W/m® and temperature range from 408 °C to 588 °C. The crust was
produced over the entire inner surface of the test wall in 3 regimes. As planned, the run of
salt tests was conducted in the same region of characteristic parameters and under identical
boundary conditions as in the second run utilizing SWH method. It allows to compare the
obtained data and to answer the question of an impact of heating techniques (SWH and
DEH) on heat transfer in corium. In the third series of salt experiments the values of charac-
teristic numbers ranged within the following limits: for Rayleigh number Ra'=2.710"" —
1.36:10" and for Prandtl number Pr = 5.07 - 7.73. The radiation heat flux from the melt sur-
face did not exceed 17 % in a majority of regimes.

The forth series of experiments was conducted utilizing a binary non-eutectic composition of
25NaF - 75NaBF, salts with a big difference between the solidus and liquidus temperatures
(Tsol = 384 °C, Tlig = 610 °C). The objective of this run was to investigate heat transfer due
to natural circulation in case of the existence of a mushy zone. Studies were conducted in a
wide range of maximum melt temperature from 454 °C to 708 °C. In order to avoid the crys-
tallization of the low melting NaBF, component the wall temperature was maintained above
its liquidus temperature (T,, >408 °C) in all regimes. 10 steady state heat transfer regimes
were realized in this series of experiments and, two of those regimes were realized for a
purely liquid phase of the melt in the pool when melt temperature exceeded T4 over the en-
tire volume. The remaining regimes had the crust and mushy zone at the boundary of heat
exchange near the wall.

Maijor findings of these experiments were:

3.  Atfirst the crust is formed at the bottom part of the pool with the ® = 0 coordinate
where temperature always remains minimal. The crust thickness adjusts itself ac-
cording to the distribution of the heat flux and varies insignificantly as function of
the ® angle. The relative crust thickness along the vessel wall normalized to its
maximum value at ® = 0, is fitted satisfactorily (with £ 25 % deviation) by the fol-
lowing equations:

Z((g))) =1-4,44-10%0+2,22-10°0% - 3,65-10°@° for 0<O <41
and
_Z((g’)) ~157-388-1020 +243-10°0% for 41<®<41°

4, The presence of a crust along the cooled test wall does not change significantly
the average downward heat transfer. The experimental data confirm the similarity
of heat transfer.

5. The experiments with the 25NaF - 75NaBF, non-eutectic composition, which is
characterised by a wide temperature range between solidus and liquidus, show
that thermal characteristics in the temperature region above Tjq do not differ from
those which were obtained with the 8NaF - 92NaBF, eutectic melt composition in
the second series of salt experiments. However, a difference is observed in the
temperature distribution in the temperature region T, < Ty, < Tjiq. The local heat
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flux distribution is rather similar to that obtained for regimes with and without crust
but differs from both ones.

6.  The transition from slice to hemispherical geometry was made based on the
assumption of identity of heat transfer for both cases. The similarity of heat
transfer processes was confirmed by comparison of local and integral data which
were obtained in the slice model with the corresponding results of Mini-COPO
and UCLA experiments in a hemispherical geometry. For hemispherical geometry
the heat transfer equation derived using salt test data and calculated form factor
for volumetrically heated pools can be written in the following form:

- For the average heat transfer:
Nug, = 0,138Ra%**

- For the ratio of Nusselt Number at angle © to the average Nusselt Number:

Nu(®)

Nu =0,165+155-10°0 -7,68-10 *®* +1,87-10°@° -1,09-10 '©*
dn

Fig. 3-20 illustrates the second correlation.
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Fig. 3-20: Ratio of Nusselt number at angle ® to the average Nusselt number

An extended presentation of the results of salt experiments is given in [Asm98b].
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4 SURVEY OF KEY PROBLEMS CONCERNING THE
CORE MELT IN THE LOWER PLENUM

Asmolov et al. gave a comprehensive survey of the phenomena associated with the In-
Vessel Retention issue in 2001 [Asm01]. We give here the table of the phenomena associ-
ated with the in-vessel retention from this literature.

Table 4-1: Phenomena associated with In-Vessel Retention issue (from [AsmO01])

Phenomena Experimental programs Knowledge base
1. Decay heat and fission
products
1.1 Residual heat level Reasonable
1.2 Partitioning of the decay heat | Under discussion Limited
between layers in case of
stratified pools
1.3 FP and residual heat Under discussion Limited
distribution between crust
and pool
1.4 FP release from molten pool Limited
2. Melt thermal hydraulics
2.1 Single phase liquid pool COPO, ACOPO, BALI, Good
RASPLAV, SIMECO
2.2 Complex mixtures RASPLAV salt, SIMECO Limited
2.3 Stratified liquid pools SIMECO Limited
2.4 Oxidic and metallic pools Planned SIMECO, Reasonable
(focusing effect) RASPLAV-salt, COPO,
BALI
2.5 Effect of crust formation on COPO, BALI, Reasonable
heat transfer SIMECO, RASPLAV

continued on next page
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Phenomena

Experimental programs

Knowledge base

3. Heat flux removal

3.1 Gap formation and heat CTF (see [And89)), Limited
transfer FOREVER (see [Seh99)),
SONATA (see [Kim98])
3.2 Boiling on downward curved | UCSB, Penn St., Good
surfaces
SULTAN
3.3 Debris bed dryout and POMECO (see [Yan99]) Reasonable
coolability
3.4 Radiation from the upper Reasonable
surface
3.5 Melt relocation scenarios
3.6 Formation of the initial molten | CORA (see [Hof94]) Reasonable

pool in the core

PHEBUS-FP (see [Sch99)])

3.7 Melt pool growth and
pathway of melt relocation to
the lower head

PHEBUS-FP

Limited, depends on
In-vessel-design

3.8 Melt composition Limited
3.9 Additives: FeO, B4C, etc. Phebus-FP, CORA Limited
3.10 Interaction with structures MP-tests Limited
4. Melt composition and
chemistry
4.1 Mass of metallic and oxidic Limited
components
4.2 Chemistry in liquid phase RASPLAV Limited
(melt stratification)
4.3 Hypostoichiometric oxides RASPLAV Limited

and metallic U behavior

continued on next page
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Phenomena Experimental programs Knowledge base
4.4 Crust formation RASPLAV Limited
4.5 Intermetallic reactions RASPLAYV, planned Limited
4.6 Corium properties RASPLAV Reasonable
(UO2-Zr-Zr0y)
5 Vessel failure modes
5.1 Vessel breach, high pressure | LHF (Sandia) (see Reasonable
[Chu99])
5.2 Creep simulation and low OLHF (see [Meg99])
pressure breach FOREVER
5.3 Irradiated vessel
5.4 Vessel impingement MVI project (see [Seh99]) | Reasonable
6. Transient processes
6.1 Jet formation
6.2 Steam explosion FARO (see [Meg99]) Limited
KROTOS (see [Huh99])
6.3 Fragmentation
6.4 Dynamic loads Reasonable
6.5 Vessel breach Limited
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Recently the priority assessment of the phenomena related to the late phase was done in the
SARP (Severe Accident Research Priorities) work package in the frame of SARNET. The
objective of SARP is to provide the Governing Board of SARNET with guidelines for defining
the orientations to be given to the Joint Program Activities (JPA) in terms of joint activities for
research of common interest and high priority. This includes reassessing the priorities for
research to be performed in the field of severe accident phenomena and management. The
EURSAFE issues and their revised priority are given in Appendix B.

The LIVE experiments will focus on all sub-issues of issue 2 (Melt thermal hydraulics) in
Table 4-1. A survey of phenomena to be investigated in the LIVE facility will be given in
chapter 5.3. There and in chapter 5.4 the relationship between the single issues in Table 4-1
and the LIVE program is explained in more detail.

We continue with a detailed description of the LIVE facility and the simulant materials in the
next two chapters.
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5 The LIVE TEST FACILITY TO INVESTIGATE MELT
BEAVIOR IN THE RPV LOWER HEAD

5.1 Description of the LIVE test facility

The LIVE experimental facility is designed to study the late phase of core degradation, onset
of melting and the formation and stability of melt pools in the RPV. Additionally, the regaining
of cooling and melt stabilization in the RPV by flooding the outer RPV or by internal water
supply will be investigated. Steady state behavior of debris and of molten pools in the lower
head has been already investigated in several experimental studies. However, the database
for the transient processes during core melting, melt relocation and accumulation is still very
limited. For the melt released into the lower head of the vessel, there is a lack of information
about e.g. transient heat fluxes to the vessel wall, crust formation, stability and re-melting of
melt crusts, as may occur from melt release to steady state and under 3D geometrical situa-
tions. An improved understanding of these processes can help to define accident manage-
ment procedures for accident control in present reactors.

The LIVE program is divided into three different phases. In the first phase (LIVE1) the inves-
tigations will concentrate on the behavior of a molten pool, as it is poured into the lower head
of the RPV, and take into account transient and possible 3D effects (Fig. 5-1). The melt pool
can consist of an oxide melt or both oxide and metal melts to simulate the components of a
real corium melt. The melt masses and the conditions outside the test vessel can be varied
to simulate different accident scenarios. Important phenomena, which are investigated, are:

. time dependent local heat flux distribution to the lower head,

o possible crust formation of the melt depending on the power density and the ex-
ternal cooling modes,

. gap formation between the RPV wall and the melt crust,

o effect of phase segregation of a non-eutectic melt on the solidification behavior.

metal melt

oxide melt
Q

dry or wet outside

Fig. 5-1: Melt retention in the lower head (LIVE1)

In LIVE2, pool formation and behavior will be studied under the conditions of multiple pours
of melt from the core region. The presence of water in the lower vessel head is an option for
further studies (Fig. 5-2). The simulant melt can be pure oxidic or can be an oxide melt and a
metal melt. The melt release can be in subsequent pours and at different positions (central
and/or non-central). The phenomena, which will be investigated, are similar to LIVE1.
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Fig. 5-2: Melt relocation to the lower head (LIVE2)

The third phase (LIVE3) will start with a simulated in-core corium pool. Main emphasis is on
the stability of such melt pools during different cooling modes and subsequent relocation
processes at crust failure.

Important phenomena to be investigated are crust growth around the pool, stability and fail-
ure modes of the crust, the release rates and flow paths of the melt from the in-core melt
pool, the accumulation of the released melt in the lower head and its coolability and finally
necessary conditions to stabilize the melt pool in the core region.

Fig. 5-3: LIVE test vessel (from [Fzk08])

Core of the LIVE test facility is a 1:5 scaled RPV of a typical pressurized water reactor (Fig.
5-3). For the first and second phase of the experiments (LIVE1 and LIVE2), only the hemi-
spherical bottom of the RPV will be used. The inner diameter of the test vessel is 1 m and
the wall thickness is 25 mm. The material of the test vessel is stainless steel. To investigate
the transient as well as the steady state behavior of the simulated core melt, an extensive
instrumentation of the test vessel is realized (Fig. 5-4).

The vessel wall is equipped with 17 instrumented plugs (Fig. 5-5) at different positions along
4 axes. Each plug consists of a heat flux sensor and 5 thermocouples. The thermocouples
are protruding into the melt with different distances from the vessel wall (0, 5, 10, 15, 20
mm). The heat flux sensor is part of the vessel. It is covered by a 1-mm-thick steel plate at
the inside of the vessel. This sensor measures the heat flux and the corresponding tempera-
ture. To measure the temperature at the outer surface of the vessel wall, 17 thermocouples
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are located at different positions along 4 axes. In addition to the 85 thermocouples of the
plugs, it is possible to place up to 80 thermocouples in the melt to measure the temperatures
of the melt and the crust growth.

crust detection system

camera melt pouring

observation _
heating system

heat flux sensor
and thermocouples

vessel cooling

Fig. 5-4: Scheme of the LIVE test facility (from [Fzk08])

The instrumentation of the test vessel includes also an infrared camera and a video camera
to observe the melt surface, weighing cells to detect quantitatively the melt relocation proc-
ess, and mechanical sensors to measure the melt crust thickness at the wall.

.

Fig. 5-5: LIVE instrumentation plug (from [Mia07])

The power input into the melt is recorded and melt samples are extracted during the tests.
Different openings in the upper lid of the test vessel allow pouring of the melt to the central
region or close to the perimeter of the lower head. To be able to investigate the crusts, which
are formed at the wall of the vessel, the residual melt is sucked out of the vessel at the end
of the test.

To investigate the influence of different external cooling conditions on the melt pool behavior,
the test vessel is enclosed by a second vessel (cooling vessel) to be able to cool the test
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vessel at the outside by a cooling medium. The cooling medium is introduced at the bottom
of the cooling vessel and leaves the vessel at the top.

The volumetric heating system (Fig. 5-6) has to simulate the decay heat released from the
corium melt. Consequently, the heating system has to produce the heat in the simulant melt
as homogeneously as possible. Therefore a heater grid with several independent heating
elements was constructed. The heating elements are shrouded electrical resistance wires.
The maximum temperature of the heating system is 1100 °C. The heating system consists of
6 heating planes at different elevations with a distance of about 45 mm. Each heating plane
consists of a spirally formed heating element with a distance of ~40 mm between each wind-
ing. The heating elements are located in a special cage to ensure the correct position. All
heating planes together can provide a power of about 18 kW. To realize a homogeneous
heating of the melt, each plane can be controlled separately.

Fig. 5-6: LIVE volumetric heating system (from [Mia07])

To allow transient pouring of the melt into the test vessel, the melt is produced in a separate
heating furnace (Fig. 5-7). The capability of this tilting furnace is 220 | volume. Therefore it is
possible to produce the total amount of the scaled oxide melt mass and additionally the total
amount of the scaled metallic part of the simulated corium melt. The maximum temperature
of the heating furnace is 1100 °C. When the melt has reached the desired pouring tempera-
ture, the furnace is tilted and the melt is discharged with a specified pouring rate into the test
vessel via a heated pouring spout. In addition, the heating furnace is equipped with a vac-
uum pump; so it is possible to suck the residual melt out of the test vessel back into the heat-
ing furnace.
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Fig. 5-7: LIVE heating furnace

In summery the LIVE facility has the following features:

. 1:5 scale of the lower head of a prototypic pressurized water reactor,

. 3-dimensional geometry,

. furnace to heat up the melt before the pouring of the melt,

. different openings in the upper lid to pour the melt at different positions into the
vessel,

. volumetric heating of the simulant melt,

o 17 instrumented plugs at the vessel wall to measure the temperature and the
heat flux,

. infrared camera and video camera at the upper lid to observe the melt surface,

. vacuum pump to suck the melt out of the vessel to investigate the crust

The features allow to investigate effects, that could not be investigated in the other test facili-
ties, which have been described in the previous chapters. Especially the combination of 3D-
geometry, volumetric heating and the possibility to realize several pouring modes, is unique.
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5.2 Simulant materials for LIVE experiments

Simulant materials should represent the real core materials in important physical properties
and in thermo-dynamic and thermo-hydraulic behavior as accurate as possible. Therefore,
the applicability of several binary melt compositions as a simulant melt for the oxidic part of
the corium has been checked.

Important criteria for the selection are that the simulant melt should be a non-eutectic mixture
of several components with a distinctive solidus-liquidus area of about 100 K, and that the
simulant melt should have a similar solidification and crust formation behaviour as the oxidic
corium. Moreover, the simulant melt should not be toxic and aggressive against steel and
vessel instrumentation. And finally, the temperature range of the simulant melt should not
exceed 1000 °C, because of the technical handling and the selection of the volumetric heat-
ing system and the heating furnace.

For the first series of experiments a binary mixture of sodium nitrate NaNO; and potassium
nitrate KNO3; was chosen (Fig. 5-8). The eutectic composition of this melt is 50-50 Mol% and
the eutectic temperature is 225 °C. The maximum temperature range between solidus and
liquidus is ~60 K for a 20-80 Mol% NaNO3;-KNO; mixture. This melt can be used in a tem-
perature range from 220 to 380 °C. Due to its solubility for water the applicability of this melt
is restricted to dry conditions inside the test vessel.
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Fig. 5-8: Phase diagram of the KNO3;-NaNO; melt.

For experiments, in which phenomena in the lower head are investigated under presence of
water, another simulant melt has to be selected. Therefore several binary oxide melts, which
are insoluble in water, have been investigated with respect to their applicability for simulant
tests. In the temperature range between 800 and 1000 °C only a few oxides can be consid-
ered. These are the oxides MoO; and TeO, with melting temperatures between 700 and
800 °C and the oxide V,0s5 with a melting temperature of about 660 °C. The investigations
showed that MoO; starts to sublimate already at about 700 °C and is really aggressive
against all types of steel. Both MoO3; and TeO, show a pronounced increase of their vapor
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pressure with increasing temperature and are therefore not applicable. As V,0s5 did not show
this behavior, this oxide was chosen as one of the melt constituents. Three binary mixtures
with V,05 have been found and were successfully tested with respect to their compatibility
with steel: V,05 with CuO, V,05 with ZnO, and V,05 with MgO. In (Fig. 5-9) the phase dia-
gram of the mixture V,05-Zn0O is shown. The eutectic temperature of this mixture is 625 °C.
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Fig. 5-9: Phase diagram of the V,05-ZnO melt

Table 5-1 shows the material properties of NaNO3;-KNO; mixtures. The values are taken from
[Seh01] and [Tou77]. Unfortunately, the data base of the V,05-ZnO properties is still insuffi-
cient.
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Table 5-1: Material properties of NaNO3z-KNO; mixtures

NaNO3-KNO3 20:80 Mol%

Temperature in °C

NaNOz-KNO3z 50:50 Mol%

Temperature in °C

300 350 400 250 300 350 400
¢, [J/kgK] 1369 1369’ 1369’ 1311 13207 13207 1320
p [kg/m®] 1897,78 | 1862,76 | 1827,74 | 1936,92 | 1903,12 | 1869,31 | 1835,51
n [Pas] 3,32E-03 | 2,51E-03 | 1,96E-03 | 4,64E-03 | 3,19E-03 | 2,31E-03 | 1,80E-03
v [m%s] 1,75E-06 | 1,35E-06 | 1,07E-06 | 2,39E-06 | 1,68E-06 | 1,24E-06 | 9,82E-07
A [W/mK] 0,439 0,422 0,422 0,474 0,459 0,443 0,422
B [1/K] 3,81E-04° | 3,81E-04° | 3,81E-04° | 3,81E-04° | 3,81E-04° | 3,81E-04° | 3,81E-04°
a [m?s] 1,69E-07 | 1,65E-07 | 1,69E-07 | 1,87E-07 | 1,83E-07 | 1,80E-07 | 1,74E-07
Pl 10,36 8,14 6,35 12,82 9,18 6,89 5,64

'from [Seh01] at 316 °C
%from [Seh01] at 267 °C

*from [Tou77] for NaNO; at 550 K
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5.3 Phenomenato be investigated in the LIVE test facility

The previous chapters have shown that the most experiments in different test facilities have
been performed in 2D slices of different geometry and different aspect ratios (BALI,
SIMECO, COPO, RASPLAYV), or the internal heat sources were missing (ACOPOQO). Further-
more the experiments conducted in these facilities were steady-state or quasi steady-state
(except the mixing experiments in SIMECO). Moreover, most of the earlier tests have been
conducted with hemispheres which were completely filled, and with isothermal outer bounda-
ries. An additional limitation was the lack of information about the melt and vessel behaviour
during the melt relocation phase.

To provide the estimate of the remaining uncertainty band under the aspect of safety as-
sessment, the LIVE program has been initiated at FZK. Its main objective is to study the core
melt phenomena both experimentally in large-scale 3D geometry and in supporting separate-
effects tests. Within the LIVE experimental program large-scale tests in 3D geometry are
performed with water and with non-eutectic melts (KNO3;-NaNO;) as simulant fluids. The re-
sults of these experiments, performed in nearly adiabatic and in isothermal conditions, will
allow a direct comparison with findings obtained earlier in other experimental programs
(SIMECO, ACOPO, BALLI, etc.) and can be used for the assessment of the correlations de-
rived for the molten pool behavior.

With the construction of the LIVE facility several new features were realized, which were not
available in the previous experimental facilities, e.g.:

o The melt can be poured into the vessel at different positions with different mass
flow rates and at different temperatures. This provides additional information on
vessel thermal loadings during the melt pour and its consequences on the long-
term behaviour of the crust and the melt incl. heat flux distribution for possible
non-symmetric situations. The ability to investigate gradual melt relocation is an-
other advantage.

o The melt pool can be volumetrically heated in a 3D geometry.

. In addition to the “usual” measurements like melt pool temperature and heat flux
distribution along the vessel wall-, LIVE can provide detailed information about
the crust surface and pool/boundary layer interface temperatures dependent on
the imposed heat fluxes.

o Extensive post-test analysis includes measurements of the crust thickness pro-
files along the vessel head, crust composition and morphology. Such data like
crust thermal conductivity, crust porosity, distribution of refractory part along the
crust thickness have not been studied in detail before. These results (especially
in combination with the ongoing ISTC projects with real corium) deliver important
information for understanding the solidification of binary non-eutectic melts with
reference to reactor situations.

These features allow to carry out new experiments to complement the results obtained ear-
lier in other facilities. Since currently the LIVE1 phase of the program is ongoing (behavior of
the molten pool without residual water in the lower head), the phenomena discussed below
are related to the tests with molten salt (NaNO3;-KNO3) binary melts. They can be divided into
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two parts:

1. Phenomena in steady state situations behavior:

1.1.

1.2.

1.3.

1.4.

Influence of the pool height on heat fluxes to the vessel wall and the top of

the pool

Comparison of heat fluxes in LIVE with heat fluxes determined in a 2D geo-

metry

Comparison of heat fluxes in LIVE with heat fluxes determined in ACOPO

experiments

Crust:

1.4.1. Influence of the power density on the crust formation

1.4.2. Influence of pool height on the crust thickness distribution

1.4.3. Influence of the temperature of the cooling water on the crust forma-
tion

1.4.4. Influence of the composition of the melt on the crust

1.4.5. Influence of the crust thickness on the Nusselt numbers

2. Phenomena in transient situations:

Transient situations especially affect the crust structure. Several effects should
be investigated:

2.1.
2.2.
2.3.
2.4.
2.5

Influence of the temperature history of the pool on the crust

Influence of the temperature of the poured melt on the crust

Influence of the poured mass on the crust

Influence of the position of the poured melt on the crust

Behavior of the crust after pouring of additional melt in a pool, which was al
ready in equilibrium

It is possible that during the experimental program new phenomena will be identified, which
also have to be investigated. Suggestions about the possible tests in LIVE to address the
phenomena described above are given in the following chapter.

Especially the knowledge base for transient situations is still poor. Recently conducted ex-
periments showed for example, that there is a dependence of the crust thickness and com-
position on the temperature history of the pool. This was not reported in earlier experiments.
Because the crust has influence on the heat removal of the pool, this phenomenon has to be
investigated in detail.
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5.4 Planned experiments in the LIVE test facility
5.4.1 Experiments with water at different pool heights and power densities

These experiments will be done to study the influence of the pool height on heat fluxes to the
vessel wall and the top of the pool (phenomenon 1.1 in chapter 5.3).

An experimental series with water as melt simulant can help to clarify, if the correlations for
the Nusselt numbers determined in experiments with totally filled hemispheres are also valid,
when the hemisphere is only partly filled. This question is important, because a changed split
of the heat fluxes changes also the formation of the crust at the wall.

One can expect that in the case of a lower melt height a higher portion of the internally pro-
duced heat goes into the upper direction, because the ratio of the area oft the top of the pool
to the area of the interface between pool and wall increases in this case (see Fig. 1-1, h* is
the normalized height of the pool, e.g. h*=h/R). Otherwise, the Rayleigh number decreases,
which changes the flow regime.
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Fig. 1-1: Ratio of the area at the top of the pool to the area at the
interface with the wall vs. the normalized height of the
pool

The experiments are relatively easy to realize. The main parameters that have to be deter-
mined are the fluid temperature distribution and the heat flux through the vessel wall at dif-
ferent pool heights and power levels.
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5.4.2 Experiments with water in the LIVE vessel and in a slice with the same
radius

Comparison of 3D heat fluxes in LIVE with heat fluxes determined in 2D geometry (phe-
nomenon 1.2 in chapter 5.3).

As it has been described in previous sections, most of the correlations for the steady state
upwards and downwards heat transfer in the pool were determined in experiments with slice
geometry. However the validity of these correlations for hemisphere geometry has to be
demonstrated. Therefore, results from water experiments in the LIVE vessel will be com-
pared with results from experiments in slices at similar boundary conditions.

5.4.3 Cooling down hot water in the LIVE vessel like in ACOPO experiments

In this experiment, the phenomenon 1.3 in chapter 5.3 should be investigated.

This experiment serves the comparison of heat fluxes in LIVE with heat fluxes determined in
ACOPO.

The ACOPO experiments are described in chapter 3.4. The water in the vessel was cooled
down and a Rayleigh number was derived from the heat flux through the vessel wall and the
temperature distribution in the melt.

Comparing these results with results obtained from experiments with different water level in
the vessel and different volumetric heat release, the philosophy which underlies the ACOPO
experiments can be addressed.

5.4.4 Experiments with NaNO3-KNO3 to confirm the results in the SIME-
CO facility

Investigated phenomena (see chapter 5.3): 1.2.,1.4.1., 1.4.5.

Experiments with the salt mixture NaNO3;-KNO3; have been performed earlier in the SIMECO
facility at KTH (Sweden) [Kol00]. In Table 1-1 the experimental results of the SIMECO tests
are summarized

Table 1-1: Experimental results in SIMECO tests with NaNO3;-KNO; salts

Material Experiment Ra' Nuyp | Nugown [ NUyp/NUgown
NANO5-KNO; [SSEu-12 8610E+12| 2987 1534 1,047
(50%-50%) [SSEu-13 4,160E+12| 316,3] 150,6 2.100
SNEuU-01 1,380E+13| 2464 1430 1,723
SNEu-03 3.620E+12| 1674 1016 1,648

NANO,-KNO : ' : ’
200/3800/ 3 ISNEu-04 6,760E+12| 149,7| 1286 1,164
(20%-80%) [SNEw-06 | 6,040E+12| 173.7| 152.5 1139
SNEu-07 1,196E+13| 2950 1756 1,680
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These results are given in Fig. 1-2.
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Fig. 1-2: Experimental results in SIMECO tests with NaNO3-KNO; salts

It is possible to determine the Rayleigh number from the power and the melt temperature.
This is shown in Fig. 1-3 and Fig. 1-4 for both salt mixtures (20%-80% and 50%-50%) used

in the LIVE facility. A height of the melt of 43 cm is assumed.

In the experiments, which can be conducted with the eutectic and the non-eutectic mixtures,
the solid mixture of the respective salt at room temperature can be heated up increasing the
power successively. When the steady state is reached at a certain power level, the material
parameters can be determined from the measured temperature. Using these values of the
material parameters the “effective” Ra numbers can be determined.

Other parameters to be determined are:

o The heat flux to the upper side of the pool and into the vessel wall
o Thickness of the crust, if possible, dependent on the angle in the lower head

Using these results it is possible to compare the Nusselt numbers at the upper side with the
Nussel numbers at the vessel wall. It is also possible to compare the relation of these Nus-
selt numbers with the results in the SIMECO tests (see Fig. 1-2). The crust thickness can

also be compared.
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5.4.5 Experiments with NaNO3;-KNOg at different power densities

Investigated phenomenon (see chapter 5.3): 1.4.1.

The main objective in these tests is to determine the influence of heat generation on crust
growth. Several power levels have to be applied and the crust thickness has to be measured
after reaching the steady state conditions. If possible the correlation between the crust thick-
ness and the heat flux through the wall has to be derived.

5.4.6 Experiments with NaNO3-KNOg at different heights of the melt

Investigated phenomena (see chapter 5.3): 1.1., 1.4.2.

Study of the melt behavior for different melt pool height has to be performed with
NaNO;-KNO3; non-eutectic and eutectic mixtures. Besides the upwards and downwards heat
fluxes the formation of the crust can be investigated in these experiments.

5.4.7 Experiments with NaNO3-KNOg at different cooling conditions

Investigated phenomenon (see chapter 5.3): 1.4.3.

The crust formation and behavior has to be investigated for different cooling conditions at the
outer vessel wall. At least two tests with two different conditions at the outside vessel wall are
necessary. In the first one the mass flow rate of the cooling water and power density has to
be varied. However, this will provide different temperature conditions at the outer surface
(from almost isothermal at high mass flow rate to a temperature distribution at low mass flow
rate). In the second test boiling conditions at the outer side of the vessel wall have to be es-
tablished.

5.4.8 Experiments with NaNO3;-KNOg at different compositions of the melt

Investigated phenomenon (see chapter 5.3): 1.4.4.

The main objective of these experiments is to compare the crust formation and behavior for
non-eutectic and eutectic binary melts. Naturally, all other initial and boundary conditions
(cooling, power density, height of melt pool) have to be the same in both tests.
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5.4.9 Experiments with NaNO3-KNOg in the LIVE vessel and in a slice with the
same radius

Investigated phenomena (see chapter 5.3): 1.2., 1.4.

To demonstrate the influence of geometric effects, selected LIVE 3D experiments have to be
repeated in the slice geometry. All important parameters of the slice test section (e.g.
volumetric heat generation, cooling conditions and instrumentation) have to be as close to
the LIVE 3D vessel as possible.

5.4.10 Experiments with NaNO3;-KNO3 with different time histories

Investigated phenomenon (see chapter 5.3): 2.1.

The final steady state conditions at a unique temperature of the NaNO;-KNO; mixture have
to be reached over different ways. It is, for example, possible to heat the melt with a lower
power density from the beginning in one experiment. In a second experiment, one heats the
melt at the beginning with a high power density and reduces the power density later to the
same level as in the first experiment. The crusts of these two experiments have to be com-
pared.

5.4.11 Experiments with NaNO3;-KNO3 with different initial pouring temperatures
of the melt

Investigated phenomenon (see chapter 5.3): 2.2.

The main objective of these tests is to study the initial conditions of the melt relocation to the
lower plenum. The parameter to be varied is the temperature of the melt (e.g. well above the
liquidus or between the liquidus and solidus to promote rapid crust formation at the vessel
wall). The constant parameters are: poured mass, position of pouring, heating power in the
vessel, wall temperature of the vessel. Besides the heat fluxes the crust formation at the ves-
sel wall and at the top of the pool has to be investigated.

5.4.12 Experiments with NaNO3-KNO3; with different pouring masses

Investigated phenomenon (see chapter 5.3): 2.3.

The preheated NaNO3;-KNO; mixture has to be poured into the vessel. The mass of the
poured melt has to be varied in different tests of the series. The constant parameters are:
position of pouring, heating power density in the vessel, wall temperature of the vessel, tem-
perature of the poured mass. Besides the heat fluxes the crust formation at the vessel wall
and the top of the pool has to be investigated.
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5.4.13 Experiments with NaNO3;-KNO3 with different melt pouring positions

Investigated phenomenon (see chapter 5.3): 2.4.

The preheated NaNO3;-KNO; mixture has to be poured into the vessel. The position of pour-
ing has to be varied in different tests of the series. The constant parameters are: poured
mass, heating power in the vessel, wall temperature of the vessel, temperature of the poured
mass. Besides the heat fluxes the crust formation at the vessel wall and the top of the pool
has to be investigated.

5.4.14 Experiments with NaNO3;-KNO3 with a gradual pouring of melt

Investigated phenomenon (see chapter 5.3): 2.5.

The preheated NaNO3;-KNO3; mixture has to be poured into the vessel gradually. By compari-
son with other experiments the influence of the pouring process on the crust formation can
be investigated. The constant parameters are: position of pouring, total mass of poured melt,
temperature of poured melt, heating power density in the vessel, wall temperature of the ves-
sel.
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