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ABSTRACT

The Direct Containment Heating (DCH) issue, in Pressurized Water Reactor (PWR) plants having a
direct path from the reactor cavity to the containment dome, has been investigated for low primary
pressure (less than 20 bar). In the frame of a French-German collaboration between IRSN and FZK
new experiments have been carried out using simulant materials and 3-dimensional high geometrically
detailed mock-ups of the French P’4 plant at the linear scale 1/16. Two series of experiments have
been carried out using two separate, but geometrically similar, experimental installations: 1) The
“Cold” experiments focus on the corium entrainment and dispersion; 2) The “Hot” experiments give
further insight of heat exchanges, and induced hydrogen combustion. Among the investigated condi-
tions the case of an inert initial containment atmosphere has been considered and was funded by the
EU Commission (LACOMERA project). Results of this test and of a series of “cold” tests are pre-
sented in the paper. Beside the experimental tests, a modeling work is being carried out using the
multi-dimensional multi-phase computational fluid dynamic codes AFDM and MC3D. AFDM capa-
bilities allow complete calculations, including combustion. Pre-tests analyses have been carried out in
order to better define the tests conditions and to advance the credibility of AFDM results for future
extrapolations to reactor conditions, and post-test analyses to contribute to the interpretation of the
experimental results. MC3D is currently used in a different way, in order to investigate details of the
fuel flow characteristics.

1. INTRODUCTION

DCH phenomena have been extensively investigated between 1986 and 1998 for reactors of US-
design (Zion and Surry), which are characterized by a large instrumentation tunnel connecting the
reactor pit with relatively small compartments (Pilch, 1996). A few experiments were performed for a
cavity without such connection (Blanchat, 1997), (de Bertodano, 1996). One important conclusion of
these investigations was that melt dispersion and pressure build up in the containment are extremely
dependent on the reactor cavity geometry, most important are the flow paths out of the lower pit.
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Investigations for the French 900 MWe reactor were performed at KAERI, on behalf of IRSN,
with cold simulants (Kim, 1999). The reactor pit of these plants has a large exit area directly connected
to the containment through the annular space around the pressure vessel. The reactor pit is also con-
nected with a separate compartment through a large ventilation duct.

In 1998 a program was started to investigate the DCH issue for the European Pressurized Reactor
(EPR) and German reactor designs. They are characterized by a narrow reactor pit without exit except
through the annular space between pressure vessel and cavity wall, leading either directly to the upper
containment or into the pump and steam generator rooms along the flow path around the main cooling
lines. Two test facilities were built at Forschungszentrum Karlsruhe (FZK). The facility DISCO-C is
suited for the investigation of fluid dynamic phenomena, such as the two-phase jet, liquid fragmenta-
tion, liquid film formation at walls, entrainment and trapping of liquid, and liquid dispersion and depo-
sition (Meyer, 2003). In the other facility, DISCO-H, integral tests can be performed including all
relevant DCH phenomena (Meyer, 2004). Both facilities can model specific reactor geometries in suf-
ficient detail, to take account of the geometry dependence of the processes.

The interpretation of these experiments showed that the containment pressurization is mostly due
to hydrogen combustion and to the heat exchanges between the fragmented corium and the contain-
ment gas. This latter phenomenon depends on the time during which corium particles and the gas
evacuated from the pit are in contact (coherence). These principles are adopted in numerical DCH
codes. Currently, we can distinguish two types of DCH codes: Lumped parametric models, as the
DCH modules of MAAP-4, MELCOR and ASTEC (RUPUICUYV), and more "mechanistic" models as
used in the CONTAIN code. The lumped parametric models are based on the following hypotheses:
the steam ejection from the reactor vessel takes place after the entire corium ejection following an
adiabatic or isothermal expansion; the particles in suspension in the cavity and the gas are in thermal
and chemical equilibrium; only a mixture of steam and hydrogen can enter into the containment in
thermal balance. However, various more or less parametric correlations are used for the calculation of
the corium fraction dispersed in the containment. These codes are mainly validated on tests carried
out with prototypic corium or simulant materials in a mock-up at different scales of power plants.
Most of the parameters of these models are very dependent on the type of the geometry and the simu-
lant of corium.

One of the objectives of the present program is to improve the DCH ASTEC module (Cranga,
2003), suited for the French geometry. The program is divided into four parts. The experimental one
takes advantage of the existing DISCO facility and French-German collaborations. Both DISCO facili-
ties have been adapted to the geometry of the French P’4 reactor. In this paper, we will present the
results and analysis of eight experiments with cold model fluids performed in DISCO-C and of one
experiment with an iron-alumina melt performed in DISCO-H. The second part of the program con-
sists in the interpretation of the experiments with two different CFD multiphase flow codes: AFDM
(Bohl, 1992) and MC3D (Meignen, 2003, 2004). The third and fourth parts are underway and consist
in respectively improving the RUPUICUYV correlations and propose some extrapolations to the reactor
situations. In the present paper, we will restrict our description to the status of the first two parts of the
program.

2. EXPERIMENTAL PROGRAM

2.1. DISCO-Cold experiments

The DISCO-C facility has been modified to represent with high level detail the French 1300 MWe P'4
reactor pit geometry (scale 1/16) with four paths available for the corium to reach the containment: at
the top of the annular space, along the primary loop and by the ventilation duct, and via the compart-
ments.

Figure 1, left, shows schematically the RPV and reactor pit of DISCO-C, for the P’4 geometry.
Different from the EPR pit, the P’4 pit is not symmetric. It has a niche and an exit to the pit bottom
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access. The annular area around the RPV is smaller than in the EPR pit, but an extra flow cross sec-
tion is provided by the eight flux chambers. The P’4 pit has eight holes leading into the refueling pool,
which is open to the containment. Another important difference between the two reactor cavities is
their height, or better the distance between RPV lower head and pit floor, which is much larger in the
P’4 plants.

Figure 1, right, shows all components modeled in DISCO-C. There are eight compartments that
model the pump and steam generator rooms (only one is shown). The refueling pool is an annular
room around the steel cylinder that models the RCS-volume. The cavity is made of Plexiglas, which
allows observation of the flow processes. An extra box is connected to the exit at the pit bottom to
model the pit bottom access. All boxes and the annular room above the cavity are open to the envi-
ronment, with the openings covered by a filter, for trapping any water droplets. Two sizes of round
holes in the lower head were studied as failure modes. The holes are initially closed by a rupture disk.
The steam simulant was nitrogen.

The experiments are conducted in the following way: the melt simulant, in this case water, is
filled into the RPV through a small pipe. The pressure vessel is filled with nitrogen gas at a pressure
close to the failure pressure of the disk. By opening a pneumatic valve between the pressure vessel and
an auxiliary vessel, which is at a higher pressure, the pressure in the pressure vessel is increased until
the rupture disk breaks. A break wire placed on the rupture disk gives a signal for the time mark t =0
s, and the pneumatic valve is closed.

The most important measurements are pressure measurements in the RPV and in the reactor pit.
During the blow down high speed and normal speed video cameras take pictures from the flow in the
cavity, the compartments and the refueling pool. Timing of the different flow stages and an estimate of
droplet sizes is possible. Immediately after the blow-down terminates all openings that were covered
by a filter are sealed, to prevent any water to evaporate before its mass could be measured. The water
distribution is determined by taking off all boxes and the cavity model and weighing them.
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Figure 1: Scheme of the P’4 test geometry, with the flow paths out of the pit and their cross sections in (cm?):

1 annular space (109), 2 flux chambers (186), 3 exit of flux chambers (95), 4 vessel support ring (93), 5 exit to
refueling pool (114), 6 primary circuit legs (395), 7 reactor pit access hatch (60)

In Table 1, the initial conditions, the timing of flow stages and the dispersed liquid fractions
are listed for the first six cold experiments (FO1 to FO6) and one hot test, which is described later (L1).
For the purpose of modeling analyses, some supplementary tests (FO7 to FO8) have been performed
with a modified quasi-2-D geometry by just suppressing the niche and pit bottom access. Results of
tests FO7 and FO8 are included in Table 1.
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Figure 2 left, shows the blow down pressure and pressure at the pit floor just below the hole,
where the jet impacts. The high pressure at the floor indicates the impact of the single phase liquid jet
in the time interval 7 <t < 12 ms. The water jet needs 7 ms to reach the floor. The signal drop at 16 ms
indicates the change from a compact single-phase liquid jet to a dispersed jet. In the high-speed video
pictures (Fig. 3) it can be observed that the gas blow through occurs at 11.5 ms. This means that the
variation of flow at the nozzle takes only 4.5 ms to reach the pit floor. The change from two-phase
flow to single-phase gas flow can be determined from the change in the slope of the blow down pres-
sure (Fig. 2 right), which occurs at 310 ms. Thus, we have a full picture of the behavior of the jet at the
nozzle.

Liquid fractions found in

Test | Liquid | Hole Burst Blow End of |End of Pit | Bottom| Com- Contain-

Volume | dia. pressure| through | 2-phase | Blow exit partments| ment

flow down

[em?] [mm] [[MPa] [ms] [ms] [ms]
FO1 2700 30 1.124 25 350 1600 0.352 | 0.148 0.392 0.108
F02 2700 30 1.611 19 320 1900 0.196 | 0.170 0.476 0.157
F03 2700 60 1.134 4 100 480 0.233 | 0.206 0.419 0.142
Fo4 2700 60 1.624 - - 510 0.122 | 0.239 0.466 0.172
FO5 1800 60 1.630 3.5 60 500 0.132 | 0.274 0.436 0.158
F06 1800 30 1.175 12 310 1500 0.379 | 0.230 0.297 0.094
F07 2700 60 1.6 8 90 510 0.094 - 0.653 0.253
FO8 2700 30 1.64 19 320 2000 0.117 - 0.619 0.264
L1 2680 60 1.920 92 230 449 0.394 | 0.181 0.280 0.145

Table 1: Parameters and liquid fractions of 7 cold and one hot experiment. FO7 is done with a modified sym-
metrical geometry; its initial conditions are similar to FO4. Test L1 is discussed later.
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Figure 2: Left : Blow down pressure (red) and total pressure at the pit floor (blue), of test F06;
Right : Pressure gradient of blow down pressure
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Figure 3: Stages of the jet in test F06: t < 11.5 ms, single phase liquid; 11.5 <t <310 ms, two-phase
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Figure 4 shows a graphical representation of the dispersed fractions of all experiments including
the hot test L1 (see below) and comparable tests performed earlier in EPR geometry. They compare to
FO1 and FO3 respectively, in respect to burst pressure and hole size. The amount of water that remains
in the pit is similar for both geometries. However, the ejected fraction is distributed into the three dif-
ferent locations available in the P’4 geometry.

The results from the hot test L1 should be compared to test FO4, since the burst pressure, hole
size and liquid volume were similar. However, the distribution of the melt, respectively water, is rather
different. The distribution of the hot test is similar to F06, which was different in all three parameters,
smaller hole size, lower pressure and less liquid volume. Apart from the temperature, the main differ-
ence between the cold and hot tests is of course the different density of the model fluids. The average
density of the melt is 3878 kg/m?® versus 1000 kg/m* for water. According to these partial results, the
role of density seems quite clear and the higher the density, the lower the ejected fraction. It is clear
that water is not representative of the reactor material, and results should not be extrapolated. This is
why next cold tests are planned with a liquid metal as simulant (gallium).

From the first six cold experiments we can draw the following conclusions:
A similar fraction of liquid is ejected out of the pit as in the EPR geometry, but it is divided into three
parts; the largest fraction goes to the reactor compartments along the main cooling lines, 15 — 27%
goes to the pit bottom access and 9 to 17% is ejected into the refueling pool and from there directly
into the containment dome. The effect on the distribution of the initial amount of melt is small, and is
almost negligible for large holes and high pressure (F04 versus F05).
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Figure 4: Distribution of liquid fraction in different locations in the 7 cold experiments, the hot L1 test and two
cold tests with EPR geometry with conditions similar to FO1 and F03

2.2. DISCO-FH experiments

The DISCO-FH facility (which is the DISCO-H facility modified to represent the French geometry) is
quite similar to the Cold one except that it is designed for the use of a high temperature corium simu-
lant and encompasses a mock-up of the reactor building. Just as the DISCO-C facility it has also been
modified to represent the French 1300 MWe reactor pit geometry (Figure 5). The corium simulant is a
mixture of alumina and iron produced by a thermite reaction:

119 mol Fe;O4 + 217 mol FeO + 8 mol Fe,O3 + 511 mol Al + 37 mol ALLO; —
276 mol ALLO; + 590 mol Fe + 33 mol Al
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The thermite reaction leads to a heating and additional pressurisation of the RPV. The melt is
separated from the cavity by a brass plug. Once the thermite reaction is complete and has reached the
plug, this one melts and vaporises, thus releasing the fuel mixture.

Minimum flow area of annulus
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Figure 5: DISCO FH facility showing main paths to the containment and main flow areas

Among this new series, the second test was funded by the EU Commission in the LACOMERA
frame (named DISCO-LI in this frame). Some results have already been provided in the preceding
paragraph, some supplementary detail is given hereafter. This experiment has been carried out in an
inert environment in order to avoid hydrogen combustion. Then, it focuses on corium dispersion and
on containment pressurisation induced by the debris to gas heat exchanges. The specifications of this
test were chosen in order to maximize the dispersed fraction of fuel, based on the previous DISCO
cold tests (large breach, large pressure). The initial conditions of the test are summarized in Table 2.
The breach diameter at rector scale is 1 m. The pressure reached prior to breach opening was 19.1 bar.
Note that there was a residual amount of 3% of oxygen in the containment.

The pressure history for the main

. L o . Breach hole diameter (m) 60 mm
locations inside the facility are shown in ;
Figure 6. The maximum pressure re- Thermite mass (kg) |10.64
corded in the containment is 3.3 bar. The RPV pressure at failure (MPa) |1.92
pressure in the lower pit reached 5 bar Gas composition in RPV 100% N,
and 3.9 bar were recorded in the p ! t bot- Gas composition in containment 97 % N, 3 %0,
tom access. The thermocouples in the :
containment show that the average tem- Containment pressure (MPa) | 0.2
perature in the containment was around Containment temperature (K) 303
400 K, 10 s after the beginning of the Melt temperature (K) 2200 +£100

ejection.
Table 2: Initial conditions of the LACOMERA DISCO-L1 test
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Figure 6: Pressures in the main region of the facility during LACOMERA DISCO-L1 test (right figure is a
zoom on cavity and containment pressures)

From the depressurisation rate (Figure 7), we can infer that the transition from single-phase to
two-phase flow occurs at approximately 0.090 s. We see that the transition is not as sharp as in cold
experiments. Due to the higher density, the transition to two-phase flow occurs later than in water
tests. However, as for most of the DISCO-EPR hot tests, the time for transition is also greater than the
theoretical time to complete the single-phase flow ejection of the fuel. This might indicate that the
opening of the breach is not instantaneous. The linear increase of the depressurisation rate during the
single-phase flow gives some consistency to this hypothesis. The picture from Figure 8, right, shows a
close view of the breach after the test, where we see that the opening is complete, however.
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S
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Figure 7: RPV pressure gradient for DISCO-L1

The photos from Figure 9 are taken from video camera recordings. At first, a lot of black smoke is
produced in the cavity and escapes starting at t = 40 ms via the compartment into the containment. The
origin of the smoke is not clear. Post-test chemical analyses of the dust indicate that most of it comes
from the vaporisation of the brass plug. Figure 9, left, shows that at time t = 140 ms some droplets are
co-ejected with the black smoke from the compartment to the containment. At t = 180 ms, the video
camera at the top of the dome looking downward shows the beginning of melt dispersion into the con-
tainment via the direct exit of the pit. The right picture of Figure 9 shows, at t = 340 ms, the melt parti-
cle flow into the compartment.
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Figure 8: Left : View of the lower head vessel with homogeneous crust from below; Right : View of the breach
after the test with some brass around it

All the surface of the cavity was found covered by a thin film of solidified melt (Figure 8, left)
and 60.6% of the initial mass of melt was ejected out of the cavity: 14.5% in the containment, 28% in
the compartment and 18.1% in the pit bottom access (see Figure 4).

p—

e
140 ms

340 ms

Figure 9: Photos from camera recording during test DISCO-L1. Left : camera looking inside the containment,
just above the compartment, middle : camera looking downward above the RPV, right : endoscope looking in the
compartment

The sieve analysis (Figure 10) showed that the particles were larger in the compartment (1.76 mm
mean mass diameter) than in the containment (0.44 mm on the wall and 0.71 mm on the dome). Inter-
pretation of this result is difficult, because of the tortuous paths covered by the corium simulant and
we can only give here some hypotheses. Small particles are entrained under the pressure gradient and
should go in both locations according to the section areas. This is what is obtained in water test, where
the drops are very small. Large particles might be produced in different ways. Particularly, they might
come from the liquid film along the structures that flows from the cavity into the compartment. A
large-scale fragmentation might then occur inside the compartment.

A gas analysis was also performed at several instants of the transient and in different locations.
Interestingly, it showed some small hydrogen production and the existence of CO and CO, as usual
products of melt concrete interaction. Because of the small amount produced, it is not believed how-
ever that this production has an important impact on the overall transient.
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Figure 10: Post-test particle size mass distribution

3. MODELING PROGRAM

The modeling analysis has been performed using the CFD codes AFDM and MC3D. The AFDM code
has the capabilities to treat all processes involved from dispersion to combustion and was used to
model the whole phenomena occurring during DCH. MC3D has been used to take benefit from its
enhanced capabilities for the fuel treatment, with a detailed interpretation of the fuel flow features.

3.1. Analysis with AFDM

3.1.1 The AFDM code

The code AFDM was previously used to recalculate DCH thermite experiments at low system pres-
sures in 1:10 and 1:18 scale. AFDM (Bohl, 1992) is a fluid dynamics code of the SIMMER family of
codes which treats transient compressible multiphase flow for three components which are here co-
rium or its simulant, water, and a mixture of gases and vapors. The recalculations DISCO series in
EPR geometry was presented at the last NURETH-10 conference (Wilhelm, 2003). The paper also
contains a description of major models added to the code for DCH phenomena. Different to the previ-
ous presentation of AFDM results on DCH experiments, the code technology as well as the set-up of
input data set has been improved so that blind pre-test calculations always preceded the experiments.
This contribution is limited to show calculations in P’4 geometry.

3.1.2 Calculation of new DISCO-Cold tests

The calculation of the series of DISCO cold experiments was done first. It was particularly difficult to
model the partially 3D geometry of the French reactors in 2D. However, after only a few iterations, the
geometrical model was maintained for the rest of the calculations. Fig.11 shows the code model for the
two experimental series, hot and cold. It is in 2D cylindrical co-ordinates. The centerline is on the left
vertical boundary. The gray shaded areas show cells that are partly filled with structure. The model
was verified on the cold series. It stayed unchanged once the different coefficients of fluid-structure
momentum transfer were established, and the parameters of the heat exchange model for the film con-
tact with the wall were set. For the pre-test calculation of the first hot experiment, merely the in-vessel
details had to be added to model the way that steam is introduced into the pressure vessel of the ex-
periment.
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Figure 11: AFDM model of P’4 reactor geometry

Figure 12, left, shows the comparison between measured and AFDM pre-calculated pressures in
the reactor pressure vessel and the reactor pit. With respect to future prototypic conditions, the pretest
calculations show already satisfactory results. However, as for flow details, the present geometrical
model is too coarse to reproduce all measured quantities. Despite of this, the grid which has been set
up to resolve the most important flow paths, has not been refined. Indeed, a refinement would intro-
duce possible local peaks of thermal and chemical interaction that may not exist in thermal experi-
ments. The experience from a thorough investigation of the Sandia National Laboratory experiments
(Wilhelm, 2001) supports this engineering judgment.

The present cold DISCO series is marked by a large distance between the breach and the pit bot-
tom. From Figure 3, in the experiment F06, at 7 ms, it is not clear that just after breach opening a solid
single-phase liquid jet hits the pit bottom. However, the pressure transducer just below the breach in-
dicates this. In the calculation, the liquid jet diffuses to a certain extent before hitting the bottom. Fig-
ure 12, right, shows a comparison of measured and calculated pressures for FO6, where the pit pressure
is taken at the bottom center. The code pit pressure value is the sum of the cell static pressure and the
dynamic pressure of the liquid jet. It reaches a maximum of 5.7 bar at 16 ms, while the experiment
shows pressures between 10 and 11 bar. This code deficiency is judged unimportant because, first, the
thermite will leave the breach as a two-phase jet, and second, because the extrapolation to the reactor
will have to account for even more complicated flows through the breach. There, uncertainties with
respect to energy transfers dominate the discussion.
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Figure 12: Left : Pressures of FO1, solid lines = pressure vessel, dotted lines = pit; Right : Pressures of F06, solid
lines = pressure vessel, dotted lines = pit bottom

The large pit volume has a second, more important effect on the fluid flow. Figure 13 shows the
inventory changes of the pressure vessel, the subcompartments, and the containment. If the pressure
vessel would directly discharge into the containment, the two curves would overlap. The time shift of
Figure 13 shows the average time that the water stays in the cavity. It is about 420 ms which is more
than 60% longer than in the cavity of the EPR. The figure shows also the time interval during which
the experimental observation showed water exiting into the containment. The coincidence with the
calculation is an important verification of the validity of the code model. The long residence time of
the liquid in the reactor pit will favor a long coexistence of corium and steam which has been called
coherence in the American literature.

The isothermal water experiment concentrates on the fluid dynamics. The code has to calculate
the proper redistribution of water masses into the different volumes of the experiment. The results
depend mainly on the geometrical model and the entrainment and entrapment correlations of the code.
These correlations have been left unchanged since the first series of DISCO calculations in EPR ge-
ometry in the year 2000. Figure 14 shows the comparison between measured and calculated dispersed
mass fractions of all six experiments. Points located on the diagonal show calculations that match
measured dispersed mass fraction perfectly. The figure shows that most of the calculated mass frac-
tions lie within an error band of £30% of the measured values. However, the mass fractions of the pit
bottom access show the largest deviations. This can be explained by the difficulty to project a single
door onto a two-dimensional model. The main parameters of the tests are listed in the upper left corner
of the figure, where M = water volume in liters, D = breach diameters in mm, and P = initial pressures
in MPa.
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Figure 13 : Water mass balance for the pit of FO1
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Figure 14 : Comparison of measured and AFDM dispersed mass fractions
3.1.3 Calculations of hot DISCO tests

All DISCO experiments have been pre-calculated. Figure 15, shows the comparison between meas-
ured and calculated pressures of the hot DISCO test L1 previously described. The experiment is char-
acterized by a lack of oxygen and steam. In prototypic conditions, the presence of these gases would
add to the energetics of the system. The present experiment identifies the thermal part of the disper-
sion. Only thermal energy is flowing from the hot thermite to the nitrogen. The thermite experiment
was planned to start at a vessel pressure of 1.6 « 10° Pa, however, due to the thermal interactions be-
fore breach opening bigger than expected, the vessel pressure was 1.9 « 10° Pa. The pressure vessel is
filled with nitrogen and then the thermite is ignited. This process is being modeled by starting the cal-
culation prior to breach opening, and letting the nitrogen being heated up by the liquid thermite. The
thermite reaction is not modeled. After breach opening at time zero, thermite is flowing into the pit
filled with nitrogen. In the breach, the jet is already laden with a small amount of tiny bubbles. The
thermite is dispersed into the pit volume, and a liquid film builds up at the pit bottom. When the two-
phase thermite jet fades out after 150 ms, nitrogen gas is leaving the vessel at increasing velocities.
The velocities are high enough to entrain a part of the thermite out of the film. The hot droplets heat up
the gas. The hot gas which exits into the subcompartments and the reactor containment increases the
containment pressure. The pressure rise in the containment is only 1.3 bar.
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Figure 15: Comparison between measured and AFDM pressures of experiment L1
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3.2. Interpretation with MC3D

MC3D is being developed at the IRSN and CEA mainly for the description of the Fuel Coolant Inter-
action. However, the capabilities of the code to treat most of the phenomena occurring during DCH
have been demonstrated by calculations of some of the EPR-DISCO tests (Meignen, 2004). Currently,
the code is unable to calculate the combustion. All other aspects, including oxidation can be treated at
least parametrically. Up to now, the use of the code is however restricted to experiments without oxi-
dation since this one is always accompanied by a combustion.

MC3D is a semi-implicit Eulerian multi-fluid thermal-hydraulic code built on a concept of "applica-
tion", consisting of prescribed sets of balances and exchange laws between fields. For the DCH calcu-
lations, we use the premixing "application" of MC3D, version 3.4.03, which contains:

- 6 material fields with 3 devoted to the fuel description:

o water

o Steam

o non-condensable gas

o continuous fuel

o discontinuous fuel (drops)

o fuel fragments
- 4 velocity and thermal fields
o water + fuel fragments
o gas
o continuous fuel
o fuel drops

For the purpose of DCH, water and fragments are not used. The fragment field would be useful to
describe two fields for the dispersed fuel, but this requires some modifications that should be done in
the future. Note also that in the next version of MC3D, V3.5, an indefinite number of non condensable
gases will be available. The continuous field is modeled with an original VOF-like? volume tracking
method. The use of the VOF method is illustrated in Figure 17 where a visualization of the flow calcu-
lated by the code for a DISCO test with Wood's metal is provided, at the time of the transition from
single to two-phase flow at the breach. The continuous fuel is here pictured in red. Fuel drops are gen-
erated from this continuous field by a fragmentation mechanism based on an adaptation of the Kelvin-
Helmholtz instability model. The inverse process, i.e. coalescence can also happen in two cases: high
volume fraction and impact on a wall. The fragments, when used, are coming from the secondary
fragmentation, i.e. fragmentation of the drops.

Due to the uncertainties concerning the 3-D representation in 2-D geometry, we have limited up
to now our calculations to 2-D symmetric tests, i.e. the DISCO-cold tests with restricted symmetric
geometry FO7 and FOS8. The grid used for the calculations is shown in Figure 18 for a restricted part
around the pit. Fuel is simulated by water and the conditions are in Table 1. Figure 19 shows a com-
parison of the pressures in the vessel and the cavity (at the jet impact location), together with a com-
parison of the repartition of fuel in the containment and compartment. As for the EPR tests with
Wood's metal, the comparison is largely satisfying. A visualization of the calculated flow is provided
in Figure 20 and compared to the experiment in Figure 21. Here, due to the large breach, the flow is
very rapidly in a two-phase pattern (0.007 s.). The visualization in the experiment is unclear due to the
fog created probably by the design of the plug once it is open. We can however distinguish a single-
phase jet flowing downward up to approximately 0,0065 s. At 0.007, the pattern seems different, indi-
cating a transition towards the two-phase flow. As for the calculation, the transition occurs at the time
the jet reaches the bottom. Note also that, in contrast with the calculations of tests with Wood's metal
(Figure 17), there is some noticeable fragmentation along the jet prior to the transition time. At t =
0.05, the location of the drops in the visualization of the calculation is consistent with the picture taken
from the experiment where the density of the fog seems more important in the upper part of the pit.
These drops are calculated to be very small, of the order of 50 um. From the pictures, it is not possible
to distinguish the drops themselves, giving the impression of a fog flow. In this respect, there is also a

2 Volume Of Fluid
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clear difference with the cases with high density liquid as with Wood's metal or corium. The case of
the corium simulant used in DISCO-Hot tests should be in-between this two extreme behaviors.

The end of two-phase flow in the calculation is not very clear. We should however say that two-phase
flow is almost accomplished at approximately 0.12 s. This compares well with the Table 1 (see F06).
The ejection out of the cavity is seen to be nearly complete and finished at t=0.2 s.
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Figure 17: Illustration of the Figure 18: Mesh used for cold test: zoom around the pit showing the
VOF model for the continuous main flow path for FO7 and FO8, dark blue: initial water location,
fuel field, showing the time of other colors simply indicate different parts of the facility
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Figure 19: Left : calculated and experimental pressures in the vessel and in the cavity for test FO7; right: com-

parison of the dispersion of the fuel
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Figure 20: Visualization of the fuel flow pattern at the time of two-phase transition in DISCO F07, blue : con-
tinuous fuel field, black dot : fuel drops

2,50 ms

t=2.5ms t=6ms
Figure 21: Visualization of the flow in the experiment FO7
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Figure 22: Left : Pressure and depressurization rate for test FO8, Right: distribution of water

Similar trends are obtained with the calculation of experiment FO8 (Figure 22) with a longer time
scale due to the reduction of the breach diameter. The two-phase flow starts a little before 20 ms, as
expected from the experiment. The end of this two-phase flow in the calculation is here again difficult
to establish from visualizations (not shown here) but it can be estimated at approximately 0.4 s. As for

FO07, this time corresponds approximately to the change in slope of the depressurization rate. The dis-
persion is very similar to FO7.
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4. CONCLUSIONS, FUTURE WORK

We have presented the status of an ambitious program devoted to the DCH issue in order to clarify the
involved phenomena, improve modeling and predictions and finally allow extrapolations to reactor
situations. This work is accomplished under a French-German collaboration frame between FZK and
IRSN and extends the work done for EPR reactors. The geometry used for this program is representa-
tive of French P'4 reactor at 1:16 scale. The experimental part is done within the DISCO Cold and Hot
facilities. Except the geometry, all other aspects, from the simulant to the conduct of the experiments,
are similar to those of the previous DISCO-EPR tests. The cold part of the experimental program is
done with water for the first 10 tests, and with a metal for the 4 last ones. The water test part is com-
pleted. Two hot tests have been performed with one funded by the EU Commission, with the
LACOMERA frame. This test is presented in details. First results indicate that, compared with EPR,
the P'4 geometry leads to a smaller dispersion in the containment, mainly because of the pit height and
of the presence of the pit bottom access. The impact of the different geometry regarding to the heat
transfer, the oxidation and combustion will be investigated with the help of the next 3 tests to be per-
formed.

Due to the complicated geometry used for the experiments, the work of interpretation and model-
ing is very challenging. It is seen that the 2-D code AFDM can manage with the 3-D aspects of the
geometry in a satisfying way for both the cold and hot cases. The use of MC3D for interpretation of
DCH is far more recent. The emphasize is currently put on dynamical aspects. Encouraging results are
obtained.

In the light of the present demonstrated modeling capabilities, it seems rather clear that the ulti-
mate task for modeling and extrapolating to reactor situations is, once again, related to the chemical
aspects, i.e. oxidation and combustion.
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