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Abstract

A new hydrogen management scheme is being developed for the Loviisa ice condenser
containment as a part of a comprehensive severe accident management (SAM) strategy.
The scheme relies on containment-wide natural circulations that develop, once the ice con-
denser doors are forced open as a SAM measure, to produce effective mixing and a slow
rise in hydrogen concentrations. Controlled removal of hydrogen from the containment
atmosphere, and effective dissipation of the energy in the ice beds are also important ele-
ments of the hydrogen management scheme. The VICTORIA experiments in association
with scaling and modelling studies are an important basis for the development of the hy-
drogen management scheme. VICTORIA represents an 1/15th scale model of the Loviisa
containment. Numerous experiments have been carried out for studies of the convective
flow behavior and hydrogen distribution. This paper focuses on experimental results on the
important issues of containment upper compartment mixing behavior and containment be-
havior in a scenario with depleted ice condensers.

1 Introduction

The Loviisa NPP is a two-unit VVER-440 owned and operated by Imatran Voima Ltd
(IVO). The ice condenser containment has a free volume of 58 000 m3, a design pressure
of 1.7 bar(a) and a failure pressure of 3.25 bar(a). The lower compartment (LC) with a
free volume of 6300 m3 is the release compartment in accidents. The volume of the upper
compartment (UC) is 47 000 m3. The flow between the lower and upper compartment has
to penetrate the ice condenser (IC). There are two separate ice condenser sections contain-
ing a total of at least 835 000 kg ice in normal operation. Long-term residual heat removal
is performed by externally spraying the steel shell of the containment dome. The contain-
ment geometry is shown in [1]. Glow plugs powered from the emergency diesel genera-
tors were installed in the Loviisa containments in 1982, 74 plugs in Loviisa 1 and 66 plugs
in Loviisa 2. At the moment, a comprehensive severe accident management (SAM) strat-
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egy is being developed for the plant [2]. Current hydrogen mitigation strategies are being
reconsidered in this context, see also [1].

The hydrogen management options feasible to the Loviisa containments were discussed in
[3]. There it was concluded that the most promising strategy would be based on provid-
ing sufficient mixing of the containment atmosphere, effective energy removal from
the containment and controlled removal of hydrogen through passive catalytic re-
combination (or a combination of passive catalytic recombination and ignition). It
can be demonstrated that a global convective loop flow will take place in the containment
during hydrogen release, if the ice condenser doors are forced open as a SAM measure.
The loop flow is driven by the developed imbalance of gravity heads of the ice condensers.
We can quantify volumetric flow rates and identify the most significant parameters affect-
ing the loop flow rate. These mechanisms and their experimental validation are described
in detail in [1].

In addition to being able to estimate the magnitude of the global convective flow, it is es-
sential to understand mixing behavior of the upper compartment. The UC constitutes
about 80% of the total free volume of the containment, and therefore its mixing behavior
largely determines the overall hydrogen concentration transients being experienced in ac-
cidents. A l/15th-scale model of the Loviisa containment (the VICTORIA facility) has
been used for experimental studies of UC mixing behavior, with helium as a hydrogen
simulant. A flow visualization system with a two-dimensional laser sheet was used to
study the flow patterns of the upper compartment.

This paper focuses on the results of three new VICTORIA experiments. Experiment 48
(sections 4.1 and 5.1) was designed to create strong thermal stratification of the upper
compartment before helium injection. In experiment 49 (sections 4.2 and 5.2) the upper
compartment was almost isothermal when helium injection started. These two experi-
ments, thus, deal with the issue of upper compartment behavior and flow patterns when the
initial conditions are varied. Experiment 50 (sections 4.3 and 5.3) studies containment be-
havior and hydrogen distribution when the ice condensers are empty. The implications of
the experimental findings in the reactor scale will be discussed in [1], For convenience,
brief descriptions of VICTORIA, the helium concentration measurement method, and the
flow visualization arrangement are included in Chapter 2.

VICTORIA test rig and measurement techniques

2.1 VICTORIA

The experimental facility, VICTORIA, was constructed at the IVO Hydraulic Laboratory
for studying containment thermal-hydraulics during small-break LOCAs and severe acci-
dents. The facility is a scale model of the Loviisa containment with a linear scaling factor
of 1/15, see Fig. 1. The height of the vessel is 4.6 m and the diameter is 3.14 m. The ves-
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sel was designed to withstand an overpressure of 2 bar(g). The free volume of the vessel is
approximately 21 m3. The model and the Loviisa ice condenser containments are geomet-
rically similar. Concrete structures of the containment are made of concrete in the scale
model, too. All the large steel equipment inside the containment, i.e. primary circuit pip-
ing, steam generators, pressurizer and pressure vessel are modelled as dummy elements in
the lower compartment. The Loviisa ice condenser containment is a double containment.
The pressure boundary of the containment is the free standing cylindrical pressure vessel

Figure 1 The VICTORIA facility

with a dome inside the secondary containment. In the experimental vessel, the secondary
containment is the pressure boundary. The model containment was insulated from all sides
in order to minimize heat losses to the environment.

There are six different release locations to select from when simulating the energy and gas
release into the lower compartment. Steam, water and helium are released through a com-
mon adjustable nozzle directed either downwards or upwards. One of the ice condenser
sections at a time can be moved into or out from the model. A section consists of four
levels of ice handling baskets with a total of 12 baskets in each section. In one basket
there are 15 lattice cases, and in each case there are 6 ice batons. Ice condenser lower in-
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let, intermediate deck and top deck doors and bypasses are modelled. The containment
internal and external spray systems are also modelled. Temperatures are measured inside
the vessel in about 300 points (in air space, structures and ice condensers). Relative hu-
midities are measured at 10 different locations. Total pressure, pressure differences be-
tween compartments and water level height are also measured. Further details on the fa-
cility can be found in [4], [5],

Helium concentrations in the VICTORIA vessel are measured with a new technique, with
an instrument called SPARTA (Spark Transient Analyzer). The small size of the
VICTORIA facility motivated us to develop a new concept. Heavy sampling would dis-
turb the flow pattern and change containment conditions in such a small vessel. The sens-
ing element should present negligible disturbance to the flow. The technique should also
be fast enough to enable us to follow sudden transients during the experiment. The method
being applied in SPARTA is based on emission spectroscopy, where a high-voltage spark
is created between two electrodes in a gas mixture. Even a low helium molar fraction
shows as growing peaks at certain wavelengths of the spectrum. By measuring the inten-
sity of those peaks, one can derive the helium concentration of the gas mixture. The in-
strument and its different modes of operation are described in detail in [6].

With an efficient sampling arrangement it was possible to have 10 measurement points in
VICTORIA with a single spark chamber. This arrangement was described in detail in [3].
The pumping rate of the 10-channel peristaltic pump could be adjusted. A drawing flow
rate of 40-50 ml/min per channel was used. Ten lines were continuously pumped, and the
exhaust was close to the sampling point. This way a net flow out from the vessel was
avoided. The sampling lines were plastic tubes with a diameter of 2 mm. The sampling
and exhaust nozzles were expanded to have diameters of about 5 mm. Thus, sampling
gave rise to a flow velocity at the nozzle of only a few centimeters per second, which is
low compared to typical gas velocities due to the convective flow in the vessel.

2.2 The flow visualization arrangement

In order to understand the flow patterns and helium mixing behaviors of the upper com-
partment, a flow visualization system was developed and implemented for the experiments
reported here. A laser beam was transmitted through a fiber optic cable into the upper
compartment of the facility. The beam was then split into a two-dimensional laser sheet,
which efficiently visualizes flow of either a foggy steam-air-helium mixture or smoke used
as a tracer. The lower part of the upper compartment usually receives very little steam/fog.
Air or an air-helium mixture without steam content is totally transparent (or black) to the
laser sheet. Therefore smoke was used to visualize flow patterns of these gases. The flow
movements in the upper compartment were recorded with a VCR. The flow velocities
could be roughly estimated by adding a mesh to the video picture.

The arrangement in experiment 48 is shown in Fig. 2 a). The figure shows a cross section
of the UC. The laser beam splitter was fixed to a point on top of one of the ice condensers.
The arrangement in experiments 49 and 50 is shown in Fig. 2 b). Here the beam splitter
was mobile, and located in a glass tube between the ice condensers. Four different points
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in space could be selected. The beam splitter could also be rotated around its axis to
visualize the flow in the dome, at the ice condenser outlets or in the lower part of the upper
compartment.

transferable

Figure 2 a) Flow visualization in 48 Figure 2 b) Flow visualization in 49, 50

3 Scaling considerations

In order to relate the experimental helium and steam injection histories to severe accident scenar-
ios at Loviisa, we need to understand certain fundamental scaling laws. The velocity field can
be scaled analytically from VICTORIA to Loviisa under the assumption that the density differ-
ences caused by a helium/hydrogen molar fraction differences between the two ice condenser
sections mainly drives the flow. Even though this is a simplification (since temperature effects
are omitted), it is realistic in many cases during the hydrogen/helium injection phase (for details,
see [1]). The loop flow modelling approach presented in [1] results in the following scaling law
for velocities:

(;-Ap'-H'-pc/iar
(1)

where u' = the velocity field of VICTORIA (u = the velocity field of Loviisa), H' = the height of
the ice condenser in the experiment (H in Loviisa), Ap' = effective density difference between
ice condensers in the experiment (Ap in Loviisa), and C, '= the total flow friction parameter in the
experiment (£J in Loviisa), p 'Char

 = a characteristic density of the flowing gas in VICTORIA
{pchar in Loviisa).
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We can obviously conclude that H'/H = 1/15 in equation (1). Based on flow friction parameter
modelling at flow restrictions of the loop flow path (mainly IC doors and the ice bed, see [1]),
we arrive at C,' C, = 0.67, for similar door opening and ice configurations. Let us assume that
the helium injection rate is adjusted to produce the same molar fractions at corresponding times
as hydrogen in the containment. In that case the deviation from using helium instead of hydro-
gen is Ap' Ap = 0.93. Correspondingly, the scaling deviation of the characteristic densities
(assuming a helium/hydrogen molar fraction of e.g. 9%) is p'char ;pchar = 1.007. Inserting the ra-
tios into equation (1) results in

(2,

Volumetric loop flow rates will thus scale according to Q'/Q = (l/15)2-0.3 = 0.0013. Knowing
equation (2), we can study how certain important dimensionless numbers behave:

Strouhal number = Sr oc

Froude number = Fr oc
g

Reynolds number = Re oc ux,

The Strouhal number ratio equals 1 if the relation between experiment time and real time is
t' = t 4.5, that is, the experiment time is accelerated with a factor of about 4.5. If we want to
inject helium in a way that is synchronized with the convective loop flow, but also produces the
correct final, steady-state molar fraction in the vessel, the following law should be followed

n' = • 0.3 • n for a duration of t'dur = tdur, (6)

where the hydrogen molar release rate n and the release duration tdur should be realistic for acci-
dent scenarios at Loviisa.

Objectives and procedures of experiments 48-50

4.1 Experiment 48: Stratification of upper compartment

The objective was to confirm the assumptions on upper compartment mixing that were de-
veloped based on the findings in previous experiments [3]. There seemed to be two differ-
ent types of mixing behaviors. A very stable thermal stratification could develop during
the experiment in the upper compartment. In this case helium was transferred to the lower
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part of the upper compartment mostly by molecular diffusion. On the other hand, mixing
seemed to be more efficient when helium entered a thermally fairly uniform upper com-
partment. In order to confirm the first part of this hypothesis, a strong thermal stratifi-
cation was created in the upper compartment before helium injection in experiment
48. The flow visualization arrangement described in section 2.2 was implemented.

Fig. 3 shows the steam and helium injection history of experiment 48. The helium injection
rate (2.85 nl/s during 15.5 minutes, nl/s defined in conditions T=273K, p=1.013 bar) corre-
sponds to hydrogen from 100% in-core zirconium oxidation released in 4200 s according
equation (6). This is a hydrogen release of about 190 g/s during 4200 s in the reactor.
The nozzle diameter was approximately 5 mm, and injection was directed downwards.
The steam and helium injection point was symmetric with respect to the ice condensers,
corresponding to the quench tank in the reactor, see Fig. 4.

The initial ice bed configuration was such that one ice condenser section was filled with
ice (all four layers in place), while the other one was empty. The reason for this was our
intention to heat up the upper compartment from the beginning. With one empty ice con-
denser section, steam had immediate access to the upper compartment.

The lower compartment concrete structures were preheated and brought to a temperature
of about 55°C before starting the experiment. The reason for doing this was to better be
able to control the scaling distortion from heat transfer to structures in the small-scale test
facility by avoiding large temperature differences between the LC atmosphere and LC
structures.

Experiment 48
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Figure 3 Steam and helium injection rates in experiment 48
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Figure 4 Helium concentration measurement points and release location in experi-
ment 48 (49,50)

Experiment 49
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Figure 5 Steam and helium injection rates in experiment 49
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At t=0, the ice condenser lower inlet doors were forced open with a door opening mecha-
nism. All the intermediate deck door flaps were removed from the facility. The top deck
flow area was restricted to 1/3 of the maximum flow area with forced open (removed) top
deck doors. The SPARTA sampling points are shown in Fig. 4.

4.2 Experiment 49: Thermally uniform upper compartment

The objective was to create a thermally uniform upper compartment into which the he-
lium gas mixture was to enter. The helium injection history should be approximately the
same as in experiment 48 in order to facilitate comparison. Flow visualization was an im-
portant objective also in this experiment, since we expected a different upper compartment
mixing behavior than in experiment 48.

Fig. 5 shows the steam and helium injection history of experiment 49. According to equa-
tion (6), the steam injection rate 10 g/s corresponds to 7.5 kg/s and 3 g/s corresponds to
2.25 kg/s in the reactor. The high steam injection rate was maintained until a slight tem-
perature increase in the dome region indicated that steam had penetrated the ice bed. The
helium injection rate corresponds to a hydrogen release of about 214 g/s during 4200 s in
the reactor (112% in-vessel zirconium oxidation). The release nozzle configuration and
helium injection point was the same as in experiment 48.

Due to an experimental error, the helium injection rate was higher than the intended 2.85
nl/s. Afterwards (based on the recorded compressed gas bottle initial and final pressures)
we could derive that the helium injection rate was in reality 3.2-3.5 nl/s during 930s. This
error, however, in no way rendered the experiment unsuccessful. The main goal, to inject
helium mixture into a thermally as uniform as possible upper compartment, was fulfilled.
The deviation in helium injection rate only makes it slightly difficult to make direct com-
parisons to experiments 48 and 50. The different mixing trends, however, can be clearly
seen from the experimental data and flow visualization recordings.

The initial ice bed configuration was such that two ice layers out of four were in place in
each ice condenser section in a symmetric fashion. The two middle layers were loaded
with ice.

The lower compartment concrete structures were preheated and brought to a temperature
of about 50°C before starting the experiment.

At t=0, the ice condenser lower inlet doors were forced open with a door opening mecha-
nism. The intermediate deck and top deck door configurations were exactly as in experi-
ment 48. Flow visualization of the upper compartment was carried out as described in
section 2.2.



-168-
AECL-11762

NEA/CSNI/R(96)8

SPARTA with 10 sampling points was also used for in experiment 49. The sampling
points were the same as in experiment 48.

4.3 Experiment 50: Depleted ice condenser

In principle, the ice beds could be depleted before hydrogen is released into the contain-
ment. This would be a very slow severe accident scenario with ample time for different
emergency core cooling recovery attempts. The objective of experiment 50 was to melt all
the ice before injecting helium. It was of interest to see how efficient the mixing convec-
tive flow would be without any ice left in the containment test facility.

Fig. 6 shows the steam and helium injection history of experiment 50. Again, according to
equation (6), the steam injection rate 10 g/s corresponds to 7.5 kg/s and 3 g/s corresponds
to 2.25 kg/s in the reactor. The high steam injection rate was maintained for 70 minutes.
At that point of time, the ice condensers were expected to be depleted. The steam injection
rate was thereafter decreased to 3 g/s. At 80 minutes, helium injection at 2.85 nl/s for 15.5
minutes was started. This was the same helium injection rate as in experiment 48. The re-
lease nozzle configuration and helium injection point was the same as in experiment 48.

Experiment 50
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Figure 6 Steam and helium injection rates in experiment 50

The initial ice bed configuration was such that two ice layers out of four were in place in
each ice condenser section in a symmetric fashion. The two middle layers were loaded
with ice.
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The lower compartment concrete structures were again preheated and brought to a tem-
perature of about 50°C before starting the experiment.

At t=0, the ice condenser lower inlet doors were forced open with a door opening mecha-
nism. The intermediate deck and top deck door configurations were exactly as in experi-
ment 48. Flow visualization of the upper compartment was carried out as explained in
section 2.2.

SPARTA with 10 sampling points was also used for in experiment 50. The sampling
points were the same as in experiment 48.

Experiment 48 TC26(He5)
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Figure 7 Upper compartment temperatures in experiment 48

Results and interpretation

5.1 Experiment 48: Stratification of upper compartment

Fig. 7 shows how the thermal stratification was built up during the initial heat-up phase.
The elevations of the temperature measurement points are related to the ice condenser
outlet level (0 mm) in the upper compartment. Also the temperatures at helium concentra-
tion measurement locations in the upper compartment are shown. Since one ice condenser
was empty to start with, steam had immediate access to the upper compartment. The upper
compartment stratification situation was fairly stable between 15 minutes and the onset of
helium injection at 30 minutes. The density interface extended from level +75 mm (above
the ice condenser outlet level) to -75 mm (below the ice condenser outlet level). This
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means that the inteface had a thickness of 15 cm or slightly less. This result could also be
verified by the flow visualization recording in the upper compartment. The stability of
containment conditions from about 15 minutes to 30 minutes was also indicated by the
pressure history at that time interval, see Fig. 8.

Experiment 48
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Figure 8 Pressure difference between vessel and surroundings
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Figure 9 Helium molar fractions in experiment 48
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Helium was injected during 15.5 minutes starting at 30 minutes. At the endpoint of the
helium injection phase, the points located in the convective loop flow showed helium mo-
lar fractions of 20-22% (the lower compartment channel 7 even 24%), see Fig. 9. The
points located below the ice condenser outlet level in the upper compartment, however,
had helium molar fractions of approximately 1.5%. It took almost 100 minutes (from 45
minutes to 140 minutes) until the upper compartment was completely homogenized in
terms of helium concentrations. It was also interesting to note that the space below the
density interface at the ice condenser outlet level was well mixed throughout the experi-
ment. Flow visualization showed that there was a convective flow pattern also in the lower
part of the upper compartment. It was obviously due to temperature differences caused by
slightly heated structures. This flow, however, was not able to penetrate the density inter-
face.

The behavior of the density interface during helium injection can be derived based on the
temperature profile measurements of Fig. 7 and on the flow visualization recording. The
temperature profile indicates a significant widening of the interface between 30 and 46
minutes, which is the time for helium injection. By the end of the injection period, the
density interface extended from level +25 mm (above the ice condenser outlet level) to
-275 mm (below the ice condenser outlet level). The interface, therefore, had a thickness
of 30 cm, which was twice as much as during the initial steam injection phase. The grow-
ing interface can be very clearly observed in the flow visualization recording.

The behavior of the interface can be characterized by the overall Richardson number (Ri),
since it is a measure of the stability of stratification:

where p/, = the density of the heavy (lower) layer, p/ = the density of the light (upper)
layer, L = the thickness of the density interface, UChar = the velocity difference across the
interface.

The introduction of helium gas into the vessel served to accelerate the convective loop
flow pattern. This could be seen from the visualized flow pattern, and was demonstrated
by the laser-doppler-anemometer measurements of previous experiments [3]. The accel-
erated loop flow resulted in an increased characteristic velocity in the overall Richardson
number expression (7) along the density interface in the upper compartment. As explained
in [7], [8], the turbulent entrainment velocity at an interface increases with a decreasing
overall Ri. Entrainment across the interface here served to introduce gas from the lower
part of the upper compartment (previously undisturbed by the flow pattern above the inter-
face) into the interface, thus the interface thickness increased. With a growing interface
thickness, L in expression (7) increases, and the overall Richardson number increases line-
arly. At some point, the overall Ri is large enough to render the entrainment velocity and
further growth of the interface insignificant.
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Later on in the experiment, however, the interface grew thinner due to the flow in the
lower part of the upper compartment. This can be seen e.g. at 138 minutes, 150 minutes
and 168 minutes in Fig. 7. The reason why the interface could be disturbed from below is
the fact that the lower part of the upper compartment was gradually heated in the experi-
ment. This heating was simply due to heating of UC lower part structures - which was, as
such, a scale effect. The thick concrete structures in Loviisa would take several days to
heat up. The density gradient "maintained" by the dome flow was not large enough to re-
sist the disturbances by the gradually warming (and thus lightening) gas mixture flowing
below the interface. The UC was homogeneous in terms of helium molar fractions at this
stage of the experiment. The lowest parts of the interface were now entrained into the flow
of the lower part of the UC.

Based on measurement data on the width of the density interface (and on helium molar
fractions above and below the interface), it was possible to estimate the rate of helium
transfer across this interface due to molecular diffusion. The helium transfer rate predicted
this way very accurately agreed with what was actually measured in the experiment.

Dome region temperature measurements [9] showed that conditions above the density in-
terface were virtually well-mixed. The flow was particularly well visualized when helium
injection stopped at 46 minutes, while steam injection continued. One could see from the
video recording the flow in the dome region were vigorously turbulent with large-scale
recirculation patterns. This caused the dome region to be essentially well mixed. The
density interface, however, was an efficient barrier to the flow. We used smoke for visual-
izing the flow below the interface. From this we could see there was a slowly circulating
flow pattern in the lower compartment. Below the density interface there was a slow,
wavelike movement.

Temperature measurements in the ice condensers indicated that the ice bed was depleted at
120 minutes [9]. This was followed by increasing temperature trends (Fig. 7) and an in-
creasing pressure (Fig. 8).

5.2 Experiment 49: Thermally uniform upper compartment

In experiment 49, a helium-air mixture entered a virtually isothermal upper compartment.
When helium injection started at 34 minutes, there was very little difference between tem-
peratures at high and low elevations of the upper compartment, see Fig. 10. The tempera-
tures at helium channels 1 (on top) and 5 (on main operating deck) are almost identical,
and slightly higher than the rest of the upper compartment points. Helium injection took
place from 34 minutes to almost 50 minutes. By the end of the helium injection period
there was a temperature difference of about 2°C between upper and lower parts of the
containment (compared to 15°C in experiment 48).

At the endpoint of the helium injection phase, the points located below the ice condenser
outlet level in the upper compartment had helium molar fractions of approximately 6%
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Experiment 49

Lapse time (minutes)

Figure 10 Temperatures in experiment 49

Experiment 49
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Figure 11 Helium molar fractions in experiment 49

(see Fig. 11), compared to 1.5% in experiment 48. This higher value could be due to dif-
ferent reasons. The helium injection rate was 12-20% higher than in experiment 48. This
explains only a fraction of the observed difference. Differences in steam molar fractions
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are not a plausible explanation for this part of the upper compartment, either, even though
they play a role e.g. in the dome region. This means that helium molar fractions are gen-
erally higher in experiment 49 than in experiment 48 or 50, since the steam component has
a low molar fraction at low temperatures.

Experiment 49
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Figure 12 Pressure difference between vessel and surroundings

We have reason to conclude that mixing behavior is completely different from the previous
experiment, since the general trend of helium molar fraction growth of the lower part of
the UC was different than in the stratified experiment. The equilibrium molar fraction was
approached in a nearly linear way. It took only about 40 minutes (from 50 minutes to 90
minutes) until the upper compartment was completely homogenized in terms of helium
concentrations. Again, the space below the ice condenser outlet level was well mixed
throughout the experiment.

Flow visualization demonstrated that turbulent buoyant plumes entered the upper com-
partment from the ice condenser. These plumes entrained large amounts of upper com-
partment gas and created vigorous recirculation flows in the upper compartment dome re-
gion also in this experiment.

Flow visualization also showed a different general UC behavior compared to the layered
conditions with turbulent dome region, density interface, and slowly circulating lower part
in experiment 48. We injected smoke into the lower part of the upper compartment soon
after terminating helium injection in order to study the flow pattern in this case. There
were distinguishable flows in the vertical direction in the region where a density interface
had built up in experiment 48. The fairly vigorous flows of the lower part of the UC in this
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experiment seemed to prevent the build-up of a thick density interface. The ordered, lay-
ered stucture was developed later in the experiment due to thermal stratification, but at that
point helium concentrations were already nearly equalized.

The introduction of helium gas into the vessel again served to accelerate the convective
loop flow pattern, which resulted in an increased characteristic velocity along the ice con-
denser outlet level in the upper compartment. This resulted in turbulent entrainment of
gases from the lower part of the upper compartment into the shear flow. The entrainment
strove to create a density interface - now practically only because of helium molar fraction
differences - at ice condenser outlet level. However, the flow beneath this interface was
vigorous enough, and the density difference small (the Richardson number is directly pro-
portional to Ap), so that the interface was disturbed from below. Since the interface was
not "allowed" to grow, the overall Richardson number could not increase sufficiently to
prevent gas transport due to turbulent entrainment - in addition to the molecular diffusion
processes - across the interface.

Temperature measurements in the ice condensers indicated that the they were depleted of
ice was at about 120 minutes [9]. This was followed by increasing temperature trends
(Fig. 10) and an increasing pressure (Fig. 12).

5.3 Experiment 50: Depleted ice condenser

The objective of experiment 50 was to study a case were the ice condensers were depleted
by the time helium injection started. Depletion of the ice beds occurred at 70-80 minutes,
judged from temperature measurements in the ice condensers [9]. Therefore there was
very little or no ice left in the ice condensers when starting helium injection.

Break-through of the ice bed took place after 20 minutes, as indicated by a slightly de-
creased temperature (because of cold gas from the ice condenser moving into the upper
compartment), followed by a fast temperature increase at helium channels 1-3, see Fig. 13.
This initiated a global convective loop flow driven by temperature and steam molar frac-
tion differences in the ice condensers. There was upflow along one ice condenser, a vigor-
ous recirculating flow pattern in the upper compartment dome region (above IC outlet
level), and downflow along the other ice condenser. The effect of the onset of the global
convective loop flow could also be seen from the accelerated cooldown of the lower com-
partment (channel 8 in Fig. 13) and the pressure transient in Fig. 14. Upper compartment
temperature measurements indicated that a stratification was built up with a density inter-
face at ice condenser outlet level, exactly as in experiment 48.

The helium injection history in this experiment was identical to what we had in experiment
48. Lower helium molar fractions were caused by higher steam fractions, Fig. 15. During
the helium injection phase (from 80 minutes to 96 minutes), ehanrels 1-3 and 8 showed
virtually identical helium molar fractions and temperatures. This was a result of efficient
mixing in the upper compartment dome region and accelerated loop flow.
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Experiment 50
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Figure 13 Temperatures in experiment 50

Experiment 50

Lapse time (minutes)

Figure 14 Pressure difference between vessel and surroundings

When helium injection started at 80 minutes, there was a 20°C difference between tem-
peratures above and below the density interface in the upper compartment, which indicated
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very stable stratification. Approximately this temperature difference was maintained until
the end of the experiment. At the endpoint of the helium injection phase, the points lo-
cated in the convective loop flow showed helium molar fractions of 15-18%. The points
located below the ice condenser outlet level in the upper compartment measured approxi-
mately 1.5-2%. It took about 64 minutes (from 96 minutes to 160 minutes) until the upper
compartment was completely homogenized in terms of helium concentrations. The helium
molar fraction increase trend below the density interface was qualitatively very similar to
that of experiment 48, and hence different from the linear behavior of experiment 49.
Thus, molecular diffusion could be expected to be the most important helium transfer
mechanism in this experiment. The seemingly faster equalization of concentrations in the
upper compartment were to a certain extent caused by the higher temperature/steam frac-
tion in the dome region, compared to experiment 48.

Experiment SO
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Figure 15 Helium molar fractions in experiment 50

Flow visualization supported the interpretation that the stratification and mixing behavior
resembled experiment 48. Again, the density interface was built up during the initial steam
injection phase, and grew significantly during helium injection. The reasons and mecha-
nisms were the same as in experiment 48. The thickness of the interface was slightly
larger than before. An explanation to this could be a stronger thermal stratification of the
upper compartment than in experiment 48. Thus, the flow below the density interface, was
not to any significant extent able to disturb and thin out the interface.

The absence of ice as such did not affect the mixing behavior. The convective loop flow
was driven by thermal and, most importantly, helium concentration differences during the
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injection phase. The pressure was rather high in this ice depletion experiment, Fig. 14.
The acceleration of the convective flow during helium injection was evident from vigorous
mixing in the dome region. The temperature differences in the dome region almost com-
pletely disappeared, as indicated by the temperature data in Fig. 13.

6 Conclusions

A new hydrogen management scheme is being developed for the Loviisa ice condenser
containment as a part of a comprehensive severe accident management (SAM) strategy.
The scheme relies on containment-wide natural circulations that develop, once the ice con-
denser doors are forced open as a SAM measure, to produce effective mixing and a slow
rise in hydrogen concentrations. Controlled removal of hydrogen from the containment
atmosphere, and effective dissipation of the energy in the ice beds are also important ele-
ments of the hydrogen management scheme. The VICTORIA experiments in association
with scaling and modelling studies are an important basis for the development of the hy-
drogen management scheme. This paper has been focused on experimental results from
three hydrogen distribution experiments studying upper compartment mixing behavior and
containment behavior in a scenario with depleted ice condensers. The main findings were
• Mixing above the ice condenser outlet level in the upper compartment was seen to be

very effective in all three experiments. In particular, helium injection accelerated the
global loop flow rate (due to increased imbalance between gravity heads in the ice con-
densers) and created vigorous recirculation patterns in the upper compartment dome
region.

• The dome region recirculation patterns could be seen to be caused by entrainment of
gases by the turbulent buoyant plumes entering the upper compartment from the ice
condenser.

• The overall mixing behavior of the upper compartment depended on the initial condi-
tions before injecting helium.

• An initially thermally stratified upper compartment developed an ordered, layered
structure with a turbulent dome region, a density interface with a thickness of typically
30-40 cm, and slowly circulating lower part at helium injection. Helium transfer across
the density interface was slow and caused by molecular diffusion.

• In an initially isothermal upper compartment, a thick density interface isolating the up-
per region from the lower part of the upper compartment could not be created during
helium injection. Thus helium transfer across the interface was much faster than in the
initially stratified case.

• The absence of ice as such did not affect the mixing behavior. The convective loop
flow was driven by thermal and, most importantly, helium concentration differences
during the injection phase. Upper compartment mixing behavior resembled that of the
initially stratified case.
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