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Abstract

After accidents in nuclear power plants, which lead to a overheating of the core
up to a partial or complete core melting, hydrogen is produced due to the
reaction of fuel cladding and other metalic structures of the core with the
cooling water. This hydrogen enters the containment through a leak of the
primary system or at reactor pressure vessel failure. The danger of fast
deflagration or explosions appears which may affect the containment.

For the analysis of the containment phenomena two different types of computer
codes are used, lumped parameter codes and 3D codes. This paper describes the
advantages and the limitations of both methods. The codes used by Siemens
KWU are presented with some examples for hydrogen analyses. A prospect of
further development is given.

1. Introduction

Loss of coolant accidents in nuclear power plants lead to a release of hydrogen
from the primary circuit. If the consequences of the event are limited, that
means that the event is in the frame of the design and the cladding temperature
remains in specified limits, the amount of hydrogen released into the
containment and the release rates are low. Accidents in nuclear power plants
beyond the design basis, which lead to a overheating of the core up to a partial
or complete core melting, produce hydrogen due to the reaction of fuel cladding
and other metalic structures of the core with the cooling water. In this case, the
amount of produced and released hydrogen is much higher compared with the
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design base accident. If this hydrogen enters the containment through the leak
or at the reactor pressure vessel failure, the danger of fast deflagration or
explosions appears which may affect the containment.

To be able to include corresponding counter-measures meaningfully, the
following questions must be answered by the analysis:
• How does the hydrogen distribute in the building? What are the boundary

conditions under which hydrogen accumulations are expected and how they
can be avoided.

• What are the effects of the counter measures? Possible counter measures are
those which eliminate the hydrogen, e.g. recombiners and igniters, and those
which dilute the hydrogen or inert the containment atmosphere.

• What happens in case of an unintentional ignition?

The hydrogen production rates will be given by the ,,in - vessel" analysis of core
heating and the following behaviour of the corium up to the interaction with the
concrete of the base floor of the containment. The questions above will be
answered by the computer codes for the thermodynamic containment analysis.
This paper deals with the requirements and the different approaches in
containment analysis.

2. Requirements for the Analysis of Hydrogen Mitigation Techniques

To avoid a severe damage of the containment and the release of fission products
to the environment fast deflagrations and explosions must be prevented. For this
purpose a sufficient hydrogen mitigation technique for a wide range of probable
accident scenarios had to be chosen.

The main question for the choice of an appropriate mitigation technique is the
distribution of hydrogen in the containment. The analysis had to describe the
gas distribution with a sufficient exactness during the entire accident.
The used analytical tools have to describe the following phenomena with
sufficient precision:
• Both slow and fast distribution of gas components, steam and water droplets,
• Thermodynamic effects like temperature stratification and condensation,
• Heat transfer to walls and structures,
• Convection produced by the effect of the recombiners as well as the

consequences of the recombination to the hydrogen distribution and the
thermodynamieal conditions in the containment,

• The effect of igniters,
• The feeding of inerting gases with their side effects and their distribution in

the containment,
• Slow and fast deflagrations.
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With an efficient analytical tool the positions of igniters and recombiners can be
optimized. A precise computational analysis with a validated code can partly
replace expensive experiments.

3. Possible Tools for the Analysis

The computer codes used for the analysis are either Jumped parameter codes",
3D-codes or a combination of both.

3.1. Lumped Parameter Codes

In lumped parameter codes the whole containment is simulated by a couple of
zones, for each of which homogeneous conditions are assumed. A mass and an
energy balance is prepared for each control volume. Since the individual
balance zones are interconnected, they are linked to each other via a transport of
mass and energy. The zones are connected by free openings, rupture discs,
vents etc. for the exchange of the gases. Sump water in the nodes can interact
with the atmosphere. Heat transfer to walls and structures as well as heat
conduction through walls is taken into account.

The emphasis of lumped parameter codes is clearly on the description of the
thermodynamics in the zones. Fluid-dynamic phenomena are simulated as a
transfer of mass and energy between the zones. If an adequately large number
of zones is selected, complicated convection phenomena can also be simulated.

Lumped parameter codes are used to analyse longterm accidents in acceptable
computing time (less than the real time of the problem). The accuracy of the
results is limited by nodalisation. Larger volumes can be divided in several
nodes, if temperature stratifications or different gas distributions are anticipated.

3.2. 3D-Codes

3D-Codes use finite volumes to describe the whole containment. Since the
number of meshes are several thousands, they are able to predict precisely the
gas distributions even in such cases where a lumped parameter code fails. Those
cases are the distribution nearby the sources, in gas jets or when combustions
occur.

The use of 3D-codes is limited by the size of the meshing because of the
computing time which is needed for the calculations.
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3.3 The combination of lumped parameter code and 3D-code

The combination of both types of computer codes can combine the advantages
of each of them. The lumped parameter code is used to analyse the total
accident in a more global way, while the 3D-code is used to analyse special
phenomena over limited periods.

The link between both computer codes can be either a off line or a direct on line.
The calculated thermodynamic conditions and gas distributions from the lumped
parameter code can be used as initial values for the analysis of a hydrogen
combustion for example. The results of the 3D-analysis then can be used to fit
the lumped parameter code. This is an example for a very weak coupling
between the codes.

With a real coupling of both codes it is possible to switch over to a 3D-
calculation in several zones when ignition limits are reached. Then, for example,
the hydrogen combustion is calculated in a 3D-code simultaneously to the
lumped parameter calculation of the rest of the containment. The results of the
3D-analysis (pressure in the zone, average temperature, gas flows out of the
zones, gas masses in the zone) are given back to the lumped parameter code
after each time step.

4. Codes used by Siemens KWU

4.1 The Lumped Parameter Code WAVCO

The lumped parameter code WAVCO has been developed by Siemens KWU to
predict thermodynamic conditions and hydrogen distributions in containments
after severe accidents. In Fig. 1 the effects considered in the code are shown.
Especially for the hydrogen problems autocatalytic recombiners as well as
thermal recombiners can be modeled.

WAVCO is used by Siemens KWU for the analyses of the thermodynamic
consequences of severe loss-of-coolant accidents in nuclear power plants (PWR
and BWR) as well as for computational predictions of the distribution of both
the flammable gases H2 and CO as well as the inert components N2, CO2 and
steam.

When designing the related models, considerations were net restricted to the
fundamentaly planned application in the severe accident sector, rather an attempt
was made to take account of phenomena which primarily occur in the case of the
controlled loss-of-coolant accident (LOCA) in order to develop the most
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universal possible computer program in this way. This includes the capacity to
model both extremely fast and extremely slow processes.
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Figure 1. Effects Considered in WAVCO

As an example for the analysis of hydrogen mitigation measures a worst case
scenario (from the point of hydrogen production) in a KWU 1300 MW PWR is
described here. The accident is a medium break LOCA (50 cm2 in the cold leg)
with a total failure of the RHR-system. Only the eight accumulators feed their
water into the primary circuit. Additional to the failure of all active RHR-
systems the secundary cooldown and the primary pressure relief fails. At the
most unfavourable time, when the core is heated up but not molten, a reflooding
of the core is assumed. As a conservative assumption all zircaloy in the core
react with the water and steam produced by the reflooding procedure.

Figure 2 shows the nodalisation scheme for the WAVCO - calculation.
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Figure 2. Nodalisation Scheme for the WAVCO - calculation for a PWR

The first mitigation measure analysed are autocatalytic recombiners. For the
chosen accident scenario this measure alone can not avoid flammable gas
composition in certain periods of time . Fig. 3 shows the gas composition for
one upper steam generator compartment.
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For the secound calculation the number of recombiners was reduced and
additional the containment atmosphere was postdilutet by feeding with
carbondioxide. The effect of this measure on the gas composition for the upper
steam generator compartment and the upper dome is shown in Fig. 4 . The area
of slow deflagration is only touched in this case.

4.2 The 3D-Code FLUTAN

FLUTAN is an improved FZK development of the ANL code COMMIX. In the
frame of research and development contract with FZK the FLUTAN code has
been transfered to Siemens KWU.

At Siemens KWU the code has been extended for hydrogen combustion by
introducing an eddy dissipation model. The model has been validated by the
Battelle Model Containment (BMC) experiments 1X4 and 1X6, [1] and [2].
These calculations will be shown here.

The BMC is a cylindrical concrete containment of 12 m diameter, 10 m height
and about 640 m3 total volume. The experiments 1X4 and 1X6 took place in two
compartments of 40 m3 each. The ignition was in compartment 1 which was
connected to compartment 2. The opening area between both compartments was
0,28 m2 and the rest of the BMC volume of about 560 m3 was connected to the
top exit of the second compartment of 1,8 m2 section area, which initially was
closed by a foil.

The experiments 1X4 and 1X6 were chosen of a series of H2 deflagration
experiments in BMC because of the following reasons:
• the geometry of the experiments was the same,
• the two compartments were filled with 10 % H2 initially in both experiments,
• only the position of the igniter in compartment 1 was different.

In 1X4 the igniter was positioned near the wall opposite to the connection of the
compartments separated by a foil initially. In 1X6 it was near the connection
which was open initially.

The experimental results of these experiments were totally different.
Experiment 1X4 showed a transition from slow deflagration in compartment 1
initially ignited to the development of a jet ignition in the compartment
connected. In experiment 1X6 only a weak flame acceleration was observed. In
both cases the gas was driven out into the rest volume, when the foil at the exit
of compartment 2 was thorn.
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First a three dimensional calculation was carried out which gave good
agreement with the measured pressure transient. This calculation was very time
consuming. So it was important to get reasonable computing times. This could
be achieved by reducing the number of cells. Besides the use of coarser three
dimensional meshes it is very interesting to step even to two dimensional
meshes. In the experiment under investigation the radial dimension is relatively
small compared to the circumferential dimension, so also a two dimensional
calculation should give good results. Fig. 5 shows the comparison of calculated
and measured pressure transient for the experiment 1X4 for the two dimensional
calculation. The pressure buildt up is in very good agreement between
calculation and experiment.
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Figure 5. Hydrogen Deflagration. Calculated versus Experimental Data,
1X4

In further steps the number of computational cells was diminished from about
14000 to 200 cells. The pressure course, the flow and flame velocities measured
in 1X4 as well as in 1X6 were well reproduced with this model. This was an
important step to reduce computing time. The calculations of a fine 2D mesh
two compartment model which was used to define the empirical parameter of
the combustion model, could be verified even for a variety of coarser meshes in
a three compartment model and combinations. With the 1X6 experiment the
slow deflagration modelisation was confirmed.
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5. Comparison of a Hydrogen Distribution Calculation with WAVCO and
FLUTAN

A comparison of a hydrogen distribution problem calculation with the lumped
parameter code WAVCO and the 3D code FLUTAN was performed to show the
advantages of a 3D nodalisation and the limitations of a lumped parameter code
in this field. Following an accident scenario with bleeding of the primary circuit
(ND* -scenario) the phase of hydrogen release from the pressurizer relief tank
was chosen for the comparison. Simple initial and boundary conditions are
chosen to explain clearly the differences between the results. The calculations
are started in a hot containment atmosphere which is homogenious over the hole
containment.

For the WAVCO calculation the same nodalisation as described in chapter 4.1 is
used. The FLUTAN calculation is made in a nodalisation of 3025
computational cells (for one half of the containment).

A constant rate of 7.8 kg/s steam and 0.15 kg/s hydrogen with a temperature of
405 °C is released into the containment over a period of 500 s (FLUTAN: one
half of the values). After this period the release rates are shut down and a phase
of homogenisation of the containment atmosphere by balancing processes is
expected.
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Figure 6. Pressure in the containment calculated with WAVCO and
FLUTAN



- 124-
AECL-11762

NEA/CSNI/R(96)8

Fig, 6 shows the pressure in the containment in the dome over the time
calculated by WAVCO and FLUTAN. The differences between the results of ca
7500 Pa = 75 mbar can be explained.
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As shown in Fig. 7 FLUTAN calculates temperature distributions in the zones.
The temperature in the path of the released hot gases is significant higher than
an average temperature in the zone calculated by a lumped parameter code. The
temperature near walls is a lot lower than the average temperature and for this
reason the heat transfer to walls calculated with the 3D-code must be lower than
those calculated by the lumped parameter code with the same heat transfer
coefficiens. This effect is important near the source of hot gases only. In zones
which are far away from the release point (see Fig. 8), the temperatures are
nearly homogeneous over the whole zone and this effect did not occur. From
this result it can be suggested that a fine nodalisation up to a 3D-nodalisation
near sources of hot gases has advantages in calculation of proper pressure and
temperatures.

In Fig. 9 and Fig. 10 the hydrogen distribution in the dome and in the release
compartment is shown. As expected considerable differences between the
volume fractions in several meshes of the FLUTAN calculation exist in the
release compartment. In the dome, a zone far away from the source, the
differences are minor and the volume fraction calculated with WAVCO gives a
good approximation.
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Figure 9. Volume fraction of hydrogen in the release compartment
calculated with WAVCO and FLUTAN
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Figure 10. Volume fraction of hydrogen in the dome calculated with
WAVCO and FLUTAN

6. Future Development

Up to now the lumped parameter code WAVCO and the 3D code FLUTAN are
both used as stand alone codes. The coupling of these codes is realized at
present.

The coupling will be done in such a way, that for every zone or for some zones
of the lumped parameter code a nodalisation for the 3D-code exists. If certain
limits in the zone are reached (i.e. the ignition limits or gas releases) the
calculation switch over from the lumped parameter code to the 3D option in this
zone. The results of the 3D calculation are averaged and given back to the
lumped parameter code. When the transient phase (hydrogen combustion or
transient gas release) has been terminated the calculation is continued with the
lumped parameter code.

This approval will combine the advantages of the lumped parameter code
(sufficient exactness with low computing time) with those from the 3D code.
Local phenomena which can not be described in a lumped parameter code with
sufficient accuracy are analysed with the 3D code. These phenomena occur only
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over short time periods compared to the whole accident scenario. Only these
short periods and only several zones will be analysed with the large effort of a
3D calculation. The overall accident is analysed with the lumped parameter
code. Thus it is possible depending on the requirements to analyse the different
accidents with the optimum approach concerning accuracy and computing time.
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