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ABSTRACT

Use of catalytic recombiners for the removal of hydrogen during a severe accident has
been recommended by the German Reactor Safety Commission (RSK) due to numer-
ous successful demonstrations of their performances.

At the early stages of the accident, a huge quantity of hydrogen is expected to be
released in some compartments requiring supplementary measures to ensure that the
excess hydrogen concentration wouldn't pose a threat of deflagration IV. In this pre-
sentation a new idea based on catalytic removal of hydrogen with simultaneous pas-
sive inertisation of the atmosphere is proposed for large dry containments particularly
for those compartments where high (-^-concentrations are expected.

During the catalytic oxidation of hydrogen, the large exothermic heat of reaction
causes strong heating of the catalytic plates as well as a continuous energy input in
the containment. This can be limited if this large heat energy is efficiently used for
heating some chemical compounds to release inert gases such as steam and/or CO2

by dissociation at moderate temperatures. Such compounds can be arranged in the
form of thin slabs in good thermal contact with the catalytic plates. Several such com-
pounds have been identified which are capable of releasing steam and CO2 equiva-
lent to about 40 - 75 % of their mass.

Preliminary calculations have been carried out to demonstrate the effectiveness of the
proposed concept for the case of two such selected chemicals placed adjacent to the
catalytic plate type recombiners. The calculations performed show promising results.
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1 Introduction

During a severe accident leading to core melting, a large quantity of hydrogen is
expected to be released in the large dry containment of a PWR not only by the reac-
tions of the total core inventory of zircaloy but also by other metals with steam as well
as with longterm radiolysis of water. Recent recommendations of the German Reactor
Safety Commission (RSK) for the application of catalytic recombiners as an unequivo-
cal safety related measure to control hydrogen during beyond design events asks for
in-depth thoughts to be given on all the aspects.

Functioning of the catalysts is combined with high heat development due to the strong
exothermic reaction of hydrogen and oxygen to produce water. This leads to specific
requirements concerning the design of a catalytic device.

The conceptual approach at high hydrogen concentration described in this paper will
not only limit the temperature increase of the catalysts at high hydrogen concentration
but also simultaneously dilute or inertise the gas mixture in the compartments upto an
intended extent.

2 Temperature Rise of the Catalysts During the Transformation
of Hydrogen

A single mole of hydrogen i.e. nearly 2 g of it will produce 242 KJ of heat during its
reaction with oxygen to form water. This large source of heat will force the catalyst to
be heated up. During the process of catalytic transformation, the heat produced will be
dissipated by conduction, convection and radiation. At a constant supply of hydrogen,
an equilibrium between the heat produced and heat transferred could be reached.

For the demonstration of catalytic activity as well as temperature increase during
catalysation results of a series of experiments within a large volume of 9.5 m3 will be
described. For this test series catalytic plates were prepared with 20 x 20 cm stainless
steel plates of 1 mm thickness. On these plates 2000 A of an alloy consisting of Pd
95 %, Ni 4 %, Cu 1 % was deposited in vacuum of 10'7 Torr. 10 of these plates were
connected with a U-shaped rails to have a dimension of 0,40 x 1 m of an aggregate of
plates. With the help of extensive instrumentation, temperature, H2-concentration and
the generated convection flows were measured at the vicinity of plates. Fig. 1 illus-
trates the temperature behaviour of a catalytic plate located at the bottom of the
assembly as a function of time 121. After an initial time lapse to bring the vessel to a
temperature of 100° C, 4 successive injections of hydrogen were carried out. Every
successive injection took place after a slow decrease of temperature was marked. It
could be seen from Fig. 1 that during the last injection, summing with the residual
hydrogen to a total of 10 Vol.-%, a local temperature rise at the surface of a plate upto
610° C was measured.



Heat transfer rate from the catalytic devices where the plates are exposed individually
to the surrounding gaseous atmosphere is high due to the fact that both convection
and radiation transfer heat from both the sides of the plates. Inspite of the fact a
temperature increase below 600° C could not be limited. A fresh jet of hydrogen flow
during the period when the plates are relatively hot might be a concern, due to tem-
perature rise exceeding the temperature of deflagration, when there is enough oxygen
available in the hot of-gas mixture.

3 Required Degree of Inertisation

A nearly complete replacement of the containment atmosphere with a non-
condensable inert-gas is contemplated for pre-inertisation. It is the objective of such a
measure to reduce the oxygen in the atmosphere to a level below 5 Vol.-% in order to
prevent the formation of flammable gas mixture IZI.

A measure of this kind is normally used for relatively small containment volumes
during normal power operation. This does not involve any pressure increase in the
containment 121.

For an accident scenario developing into a beyond design accident in a large dry
PWR-containment leading to considerable core damage upto core melt down, is the
possibility is still under discussion of a late injection of inert gas (post-inerting) into the
containment atmosphere. Such an injection of required high volume of inert gas into
an isolated containment leads to an additional pressure increase.

In IAI post-inerting on demand is not considered positive since e.g. in some cases the
decision for or against it needs to be taken within 30 min with complex decision crite-
rias to be considered. Also, the arguments are put forward that gaseous injections
require various operator actions and that liquid injection may have a negative effect
from a safety related point of view on system-components instrumentation and stratifi-
cation etc.

After the onset of severe core accident and the release of hydrogen in the contain-
ment, it is more or less mixed and transported by natural and forced convection. If
hydrogen accumulates in local areas, then it can be flammable and increase also the
possibility of a transition from deflagration to detonation.

The detonability of hydrogen-air-diluent mixtures has been extensively investigated at
Sandia National Laboratories /5A It was found out that the cell width is an intrinsic
length scale of a detonation and indicates the sensitivity of a mixture. The smaller the
cell width, the more likely the mixture is to detonate. Likewise, the larger the cell width,
the less likely the mixture is to detonate. The addition of a diluent, such as steam or
carbon dioxide, increases the detonation cell width for all mixtures. For the same
conditions, carbon dioxide is not only more effective than steam, but its efficiency
increases relative to steam with increasing concentration /5/.

Several models are available to estimate the energy required to initiate a detonation
directly /6, II. A common of all models is to relate the critical energy for direct initia-
tion, ECR to the detonation cell width, X, or E^, ~ X". The values of the exponent n, are
1, 2 or 3 corresponding to planar, cylindrical or spherical detonations. The detonation
cell width A. is a fundamental length scale for all aspects of detonations including
initiation, propagation and transmission. Experimental determination of detonation cell
width X under various thermodynamic conditions, hydrogen and diluent



concentrations, temperature and pressure reveal 151 under which conditions a detona-
tion will be practically energetically impossible.

While thinking about inertisation by adding diluents like CO2 or steam, the criteria
about the impossibility of detonation with diluents should be a major point so that
unnecessary dilution might not pose a threat of pressure increase.

Fig. 2 and Fig. 3 151 illustrate with the measured cell width the effect of CO2 and steam
dilution respectively on the detonation cell width as a function of the equivalence ratio
for hydrogen-air-diluent mixtures at 100° C initial temperature and 1 atm initial pres-
sure. It is evident from these figures that the addition of diluents increases the cell
width. The increase in cell width again increases the energy required for the initiation
of detonation. Stoichiometric mixtures with CO2 concentrations of 10 and 20 percent
for the different equivalence ratios of Fig. 2 increase the cell width by factors of ap-
proximately 5 and 34, respectively, compared to stoichiometric mixtures without dilu-
tion. Because the critical initiation energy is proportional to the cube of X for point
charges, this means the addition of CO2 decreases the likelihood of a detonation by
factors of approximately 100 and 40.000 respectively 151.

The effect of steam addition is similar to that of CO2 as shown in Fig. 3 for mixtures at
100° C and 1 atm. Stoichiometric mixtures with steam concentrations of 10, 20 and 30
percent increase the experimental cell width by factors of approximately 4, 23.6 and
92.8 respectively, compared to stoichiometric mixtures without steam. This corre-
sponds to decreasing the likelihood of a detonation of these mixtures by factors of 65,
13.000 and 800.000 respectively/3/.

Therefore a diluent addition of 30 Vol.-% CO2 or steam will increase the energy re-
quired for the initiation of detonation to that extent that a transition from deflagration to
detonation becomes unlikely to occur. The addition of the above mentioned quantity
of diluents should be sufficient. In case of steam the factor of condensation is to be
considered and avoided by fresh steam input or keeping it in the gaseous form by hot
CO2-input at higher temperature.

4 Passive Approach of Inertisation

During the catalytic transformation of hydrogen with oxygen to produce water, the
large amount of heat energy can be effectively used for the dissociation of a chemical
component and reaction with the residual chemicals with the atmospheric gaseous
constituents within the containment. On one hand this will contribute to set free the
diluents in gaseous form for inertisation and on the other the transfer of the heat from
the catalytic assembly to promote dissociation or reaction will limit the temperature
increase to a desired extent. The release of CO2 or/and steam at different temperature
level of the catalytic assembly will locally inertise the compartment. After the end of
dissociation both the chemicals and the catalytic assembly are free in their tempera-
ture rise until the next step of the initiation of reaction. Depending on the choice of
chemicals, the leftover product can react with oxygen, hydrogen or carbon monoxide
to bind them. For these endothermic reactions the heat is going to be provided from
the exothermic catalytic reaction. After the completion of dissociations and reactions
the catalytic assembly has to heatup a larger mass with the leftover chemicals in the
neighborhood to limit the temperature increase.

Several chemicals have been identified having a very large number of attached mole-
cules of water and/or amount of CO2 as dissociation product. These chemicals should
be stable at least upto 100° C and set at first steam free after the catalytic assembly



has taken off for the reaction. The dissociation of CO2 should take place at the tem-
perature range between 250-500° C so that at this temperature the catalytic assembly
can remove hydrogen efficiently. Thus both the purpose of efficient catalytic reaction
and the provision of heat for the dissociation will be served. These chemicals should
possess at least 40-80 % by weight of H2O or CO2 or preferably both and should
remain in solid state even after the dissociation or reaction. Table 1 lists some of
these identified chemicals having water and/or CO2 content in the range of 40-85 %. A
thorough search should reveal better and optimum compounds fulfilling the above
conditions.

4.1 Demonstration with RALOC calculation

For the demonstration of \'.<e effectiveness of the proposed concept, calculations have
been performed with RALOC MOD.4 using the model for plate type of catalytic recom-
biner. The following is the methodology adopted for these calculations:

RALOC MOD.4 used to calculate transients concerning

a) Volume concentration of H2 in the vessel

b) Temperatures of the catalyst and adjacent layers of chemical

c) Temperature transients of layers of chemicals are used to calculate the re-
leased rates of inert gas based on the assumptions
- Dissociation starts at dissociation temperature (Td) and ends when the

layer temperature exceeds Td by 2.5° C
- The yield of inert gas (expressed as % of the total holdup of the chemical-

ly bonded inert gas per mole of chemical) is assumed to be linearly pro-
portional to layer temperature between Td and Td +2.5

d) From these release rate of inert gas total volume is calculated.

Following assumed data have been based for the calculation:

Vessel size

Catalyst plate size

Chemical used

Thickness of chemical layer

Peak H2-concentration

Initial gas composition

Initial pressure

10m3

1 m • 0.4 m • 0.001 m

copper oxalate

0.01 m

26.0 Vol.-%

90 % air; 10 % steam

1.2 bar

Fig. 4 illustrates the results of catalytic plates provided with an one-sided layer of
copper oxalate. The dissociation temperature of the compound is 300° C. Calculations
of hydrogen reduction by catalytic activity of a bothsided and one-sided catalytic
coating reveals for the one-sided coating a slow reduction. For a catalytic plate with
one sided catalytic coating and chemicals on the opposite side, the reduction of hy-
drogen is very similar, even with the supply of heat to the chemicals.

Fig. 5 shows the temperature increase of one-sided, bothsided coated catalytic plate
as well as of a catalytic plate coated one-sided with the catalytic agent and the other



side with attached copper oxalate as a function of time. The one-sided catalytic plate
with the chemical remains at a constant temperature of 300° C for a longer time due
to storage of heat at higher temperature by the chemicals and also for the heat for the
supply of ongoing dissociation reaction.

Fig. 6 shows the temperature profiles of different layers of chemicals and of the sur-
face of the catalytic plate. Here the thickness of 1 cm of the attached chemical was
divided in 5 equally thick layers. As it is to be expected the outer layer, being exposed
to convection, should show the lower and the innermost as well the non-coated side of
the plate higher temperature increase. The range of temperature increase was actu-
ally governed by the assumption related to dissociation and release of inert gas.

Fig. 7 reveals the mass of CO2 released in the volume of 10m3. A single cm thick
chemical layer of copper oxalate on a plate of 1 m x 0.4 m will accommodate 12 kg of
chemical having a density of 3 g/cm3. Fig. 8 shows the volume of inert gas CO2 ex-
pected to be released in the vessel volume. It is evident from this figure that the re-
leased volume of inert gas is not fully sufficient for the desired inertisation of 40 Vol.-%
CO2. Copper oxalate contains only 20.5 Vol.-% bonded CO2. Importance of the com-
pound can also be seen from the point of view of the further reaction of the leftover
product CuO with hydrogen at 500° C forming water and metallic copper and thus
removing hydrogen again.

With iron oxalate as the left over product after the dissociation is FeO. In the presence
of air in the atmosphere of the containment, the compound FeO reacts to form the
higher oxide Fe2O3 by removing oxygen at higher temperature. After the formation of
Fe2O3, another reaction to bind CO and further to generate CO2 is given by the

Fe2O3+ 3CO = 2Fe+3CO2

Metallic iron will again undergo oxidation and the same processes will be repeated.

If instead of oxalates, other compounds with higher mass of bonded water molecules
and molecules of CO2 making nearly 80 Vol.-% of total mass would be chosen, then a
strong inertisation with less chemical for large volume could be achieved.

With this method various choices of inertisation at desired temperature restricting the
temperature increase during catalysation can be achieved. Other advantages are the
further removal of hydrogen, oxygen and carbon monoxide.

5 Conclusions

Completely self functioning system independent of accidental scenarios to remove
hydrogen and inertise to desired extent limiting the temperature increase.

Not a complete inertisation to increase total pressure. Pressure reduction at a
later stage.

After the inertisation, allowance for continuous functioning of catalysts at higher
temperature to remove hydrogen quickly.

After the inertisation, removing of further hydrogen, oxygen or carbon monoxide
will be possible with simultaneous catalytic reaction.

The results of preliminary calculations discussed in this paper demonstrate the poten-
tial effectivity of this type of passive inertisation. Both the advantages and disadvan-
tages will be fully investigated with suitable chemical compounds. Additional



developmental works are required and thoughts have been given for supporting and
required experiments.
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Compound

NaHCO, 84 26.2

state

10.8 37 2.22 4.5 co2
H2O

270
270

KJ/mo»

43.67-92 87.7/mol/K
123-540 K

ZnCO, 125 49 4.398 2.27 - CO, 300

180 49 20 69 2.28 4.38 -2CO2

-2H2O
190
190

Mg(MgCO3)4

(OH)25H2O
468 51 23 74 2.36 4.23 5H2O

-4CO,
180
320

Mg3(AsO4)222H2O 747 53 1.79 5.58 17H2O
21H2O

100
220

MgSO4 7H2O
MgSO4 6H2O

246.5
228

51
39

1.68 5.9 7H2O
6H2O

150
200

46 KJ/kg 750 J/kg/K
348

Cu2C2O4 + O2 215 20.5 20.5 3.0 3.4 -1CO, 300 700

Na2B4O7.10H2O 376 47 1.73 5.78 8H2O 175
10H2O 350

615

7K2CO3.2CO2 952 41.6 18 59.6 1.836 5.44
9.5H2O

MgC2O42H2O + 0 148 60 24 84 2.45 4.08 2H2O
-2CO,

150
280

4Mn (HCO3)2

2H2O + 0 2

342 100 100

Table 1 Data of Chemical Compounds Selected to Demonstrate

Passive Inertisation
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