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ABSTRACT CA9800141

A large amount of hydrogen is expected to be released within a large dry containment
of a PWR shortly after the onset of a severe accident, leading to core melting. Accord-
ing to local gas concentrations, turbulence and structural configurations within the
containment, the released hydrogen can reach the boundary of deflagration or under
certain conditions cause local detonations threatening the containment integrity.

During the last few years, several concepts of mitigation have been developed to limit
the hydrogen concentrations and extensive efforts have been given to investigate the
use of catalytic recombiners as well as the use of deliberate ignition within the con-
templated framework of a "Dual-concept".

Although the recent recommendation of the German Reactor Safety Commission
(RSK) foresees the sole application of catalytic recombiners to remove hydrogen
during severe accident, a review is planned within two years for the partial and di-
rected additional application of early ignitions or postdilution of the atmosphere of the
compartments in conjunction with the recombiners installed.

This presentation will review the results of large number of experiments performed
both in small scale and large scale to qualify the recombiners. It is also the subject of
the presentation to address the requirements for proper and secure functioning of the
catalysers under the existing boundary conditions during the severe accidents. These
requirements ask for measures, starting from the proper selection of catalysts, multi
purposed catalytic devices and their protection against contamination during the
standby condition as well as against aerosol deposition and surface poisoning during
the propagation of an accident.

A short review of the results to large scale experiments with the combined application
of catalytic devices and igniters form also a part of this presentation.

1 This work was sponsored by the German Ministry of Environmental, Nature Conservation and Nuclear
Safety

* Gesellschaft fur Anlagen- und Reaktorsicherheit (GRS) mbH, Schwertnergasse 1, 50667 Cologne,
Germany
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1 Introduction

Depending on the extent of metal-steam-reactions during core degradation and the
reaction of molten core materials with concrete in a severe accident situation, a signifi-
cant amount of hydrogen will be released into the containment atmosphere within
several hours from the onset of the event. According to local gas concentrations,
turbulence and structural configurations within the containment, the released hydro-
gen can reach the boundary of deflagration or under certain conditions cause local
detonations.

As the containment acts as the last barrier against fission products release, careful
planed actions are required to prevent hydrogen concentrations reaching a potential
level to threat its integrity.

Installed solutions like mixing by forced convection and for thermal recombiners de-
signed for DBA's can be problematic because of the huge release of hydrogen ex-
pected in case of a severe accident, due to adverse effects involved (1). At GRS
under the sponsership of the German Ministry of Environmental, Nature Conservation
and Nuclear Safety, thoughts have been given to find out an alternate passive device
for the removal of hydrogen requiring no power, no action by the plant personnel and
limited maintenance (2).

2 Principles of Functioning of a Catalytic Device

The capability of such a device is based on the catalytic removal of hydrogen by
letting oxygen from the air and hydrogen react to form water. Depending on the de-
sign, such devices can have additional advantages like promotion of convection and
dissolution of stratified layers. Right after the onset of the reaction, this device will
produce steam and will partially inertise the surrounding atmosphere.

This device should function in the presence of extensive amount of steam as well as
in the presence of elements known to act as catalytic poisons. Moreover, as the cata-
lytic reaction increases exponentially with temperature and as the reaction of hydro-
gen is exothermic, so at higher temperature the yield of transformation will increase.
Also, due to large surface area provided by the catalysers, an equilibrium at higher
temperature between the heat generated e.g. at a plate and heat transfer out of a
plate, will cause a higher yield of transformation.

2.1 Device for the Catalytic Removal of Hydrogen

Metallic Palladium and Platinum are known to act as catalytic mediums to promote the
reaction of hydrogen and oxygen forming water (3). However, this catalytic reaction
can be retarded or inhibited by the presence of poisons like CO, l2 or steam containing
boric acid etc. In order to remove the negative influences on the catalytic reaction,



porous but well bonded catalysts with tunnel type of interconnections between the
pores as well as inherent removal capacity for CO have been developed and inten-
sively tested in Germany.

Fig. 1 shows a coated plate on which a device, to be described later is based. Essen-
tially it consists of a stainless steel plate of 1 mm thickness. On this cleaned and sand
blasted plate, an alloy of 95 % Pd - 4 % Ni - 1 % Cu of 2000 A thickness has been
injected and coated by plasma or flame injection process. These injection processes
create a strong bondage by high temperature interdiffusion between the plate and the
coating and thereby eliminating any spading of the catalyst. Spading of the coated
catalyst should be avoided, because a spalled piece of coated catalyst in the contain-
ment atmosphere will further support the exothermic reaction and being devoid of the
heat transfer possibility will heat-up very soon to cause an ignition source for the
hydrogen containing atmosphere.

2.2 Status of Development

The coated plate, as described previously, generally form the basic element with
which a catalyst device is designed. In Figs. 2, 3 and 4 the special features of the
concepts of the devices as designed by the vendor, utility and the GRS, are pre-
sented. As these figures are self explanatory, so no further comments will be made
about their features. However, some remarks should be made about their perform-
ances. Tests carried out with the devices of utility and vendor within large volumes of
the Model Containment at Battelle, Frankfurt have indicated sufficient capacities (4, 5)
for removal of hydrogen and generating good convections. While results of all those
above mentioned devices tested within 10-12 m3 volume are comparable, the device
designed by GRS (Fig. 4) is specially marked with the mutually shifted catalytic plates
to redirect the hydrogen overiood by buoyancy and the promotion of heat transfer and
convection from all the sides.

A large number of experiments both in small and large volumes with catalysers have
been performed by the above mentioned institutions in the Federal Republic of Ger-
many. Table 1 illustrates the type of catalysers and the main objective of the experi-
ments with their essential results. Numerous experiments revealed that the catalysts
were capable of recombining hydrogen and oxygen in the presence of excessive
amount of steam (> 95 Vol.-%) as well as with low hydrogen concentrations (less than
1 Vol.-%) (6).

Even prolonged exposure at saturated steam and large number of experiments with
the same specimen of the catalysts did not reduce the catalytic capability of the
plasma or flame injected catalysers. Particular attentions have been paid to examine
the influences of potential poisons on the catalytic capability of different kinds of
recombiners. Results of the works with ingredients acting as a poison by the three
institutions have been reported in (7). A short summarized version of the performed
tests has been listed in Table 2. All these specified tests and more under adverse
conditions have been successfully carried out both by utility and the vendor. It is
essential to mention that all the specified tests with poisons and repeated loads of
different atmospheric compositions and ageing have also been undertaken by the
GRS in cooperation with KFA-Julich with a single plate type of plasma injected
specimen.



Large scale tests by Siemens and NIS for specific devices (Fig. 2, 3) have been car-
ried out successfully at the Battelle Model Containment at Frankfurt. For this purpose
a full scale device has been tested within large volumes of 210 up to 640 m3.

2.3 Typical Experimental Results

In order to demonstrate the catalytic capabilities in large volumes as an example the
results of one HDR-Test within a spherical volume of 9.5 m3 is presented in Fig. 5. For
this demonstration tests 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 con-
nected with U-shaped rails to have a total dimension of 0,40 x 1 m of an aggregate of
plates. For this test 2 of these aggregates i.e. 1.6 m2 of catalytic surfaces (both sides
of the plates) were symmetrically located within the sphere.

Apart from demonstrating the repeated catalysation of the same plates, an additional
purpose of these tests was to test such a device against an aerosol deposition during
core melt accidents. For investigation of this influence, 3 plates of the aggregate were
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jacketed with 6 HEPA filters. Before starting these tests, vacuum deposition of 3000 A
of Fe had been undertaken on those filters to be jacketed on both the sides of the
plates. During the tests in steam atmosphere, the finely deposited iron reacted to form
voluminous Fe3O4 and partially blocked the accesses of the gases to the catalytic
plates. For testing the behaviour of temperature generated at the plates, thermocou-
ples were located between the filters and the plates.
Fig. 5 shows the temperature increase of a plate located at the bottom of the plate
assembly as a function of time. The corresponding concentration changes of hydro-
gen with time at a position 40 cm from the plate is also presented. Following the
stabilisation of steam and air atmosphere after a time lapse of 118 min, 7 Vol.-% of
hydrogen was introduced with spreaded jets located at the lower section of the vessel.

Due to exothermic catalytic reaction the temperature of the plate rose from 100° to
410° C. After the fall of the temperature to 350° C and the hydrogen concentration to
3 % at a location 40 cm from the plate, the second thrust of hydrogen was given at
139 min. The temperature rose within 1 min due to catalytic reaction to 520° C proba-
bly due to accumulative influence of introduced and left over hydrogen concentrations
of the previous test. The following injection of hydrogen caused a temperature in-
crease to 610° C. Due to the accumulation of hydrogen for this test the measured
concentration went up to 10 Vol.-% to react with the catalytic plates.

Although the plates with filters and aerosol deposition showed the catalytic capability
throughout the four tests, two uncovered plates above the jacketed ones limited the
catalytic activity during the last two injections of hydrogen as the surfaces were par-
tially covered with steam entrenched with rust from the vessel wall and from Fe3O4.
From this experiment it could be seen, that the protection of the catalytic reacting
surface against adsorption and deposition during longtime stand-by conditions of
reactor operation as well as during catalytic activity in case of an accident becomes
an important subject of additional further research and qualification of special devices.

Fig. 6 illustrates the tested catalytic activities within a ternary diagram at various at-
mospheric compositions of hydrogen, steam and air. These tests were performed with
the vacuum deposited palladium alloys. It is evident from this figure that the catalysts



are capable to remove hydrogen even at very low hydrogen and at very high steam
concentrations.

Compared to the hydrogen reduction rates by combustion of an igniter, at a time
quantitative reduction rate of the catalytic devices are less. However, the catalytic
devices remove hydrogen continuously and thereby generate high degree of convec-
tion mixing the gaseous components thoroughly preventing local hydrogen accumula-
tion. Higher amount of hydrogen availability will invariably raise the catalytic
temperature to a higher level to function efficiently with higher reduction rate. Depend-
ing on the local hydrogen concentration, the size and the type of the catalytic devices,
a reduction rate between 5-15 kg/h can be achieved per unit.

2.4 Requirements to safeguard functioning of the catalysts

Safeguarding the proper and optimum functioning of the catalysts as well as of the
device containing the catalysts starts not only with the proper selection of the catalysts
but also with the maintenance of the catalytic capability during normal operation of the
plant and under the boundary conditions of a core melt accident.

Noble metals like Pd or Pt are known for their ability to get contaminated even at room
temperature under the presence of gaseous impurities blocking the surface layers for
adsorption of hydrogen to initiate the catalytic activity. As it was indicated in the previ-
ous section, that the poisoning of the catalytic surface due to the adsorption of CO, S,
H3BO3 and other gaseous impurities as well as the covering of the surfaces by lubri-
cants and aerosols remain as problems against the secure catalytic activity and to be
addressed now. Both the designs of devices to safeguard the catalysts from surface
adsorptions as well as from covering are available and partially tested. In addition for
quality assurance during the prolonged stand-by time a specific program for inservice
inspection, like repeated testing of probes should be foreseen.

Due to the tremendous heat generation by the exothermic reaction of hydrogen re-
moval at higher concentration, only those devices are to be selected for testing having
a high heat removal capacity to limit the surface temperature increase below 600° C.
High convections within an enclosed volume where parallel catalysts supply heat to
each other does not ensure high heat removal capacity, as the convection brings
fresh hydrogen to develop further heat by reaction. For the use at high ^-concentra-
tion the energy dissipation capability of the device has to be guaranteed. An optimum
device would not only be open for convection and heat dissipation from all the sides,
but also the relative displacements of the catalysts should ensure mutual sharing of
the amount of hydrogen by buoyancy to limit the temperature increase.

Catalyst coating on a plate or granulates should be able to expand and contract dur-
ing repeated heating up and cooling down harmoniously, if they would be having
nearly the same thermal expansion coefficients to avoid chipping off of the coating.
Neither the encroached gases within the pores of the granulates should exert pres-
sure to chip off the catalytic coating. Formation of cracks in the coated catalysts will
generate electropotential differences to form corrosion cells. These cells can grow to
cover the surface inhibiting locally the catalytic capability. Also, the chipped off coating
of catalyst exposed to hydrogen containing atmosphere will further generate heat. As
the heat removal capacity of the substrate will be limited so at higher temperature the
chipped off coating could function as an ignition source. Therefore a very good inter-
diffusion to create a strong bondage between the catalyst and the carrier material as
well as their identical thermal expansion coefficients are to be ensured.



2.5 Conclusions and recommendations

General conclusions:

• Catalytic recombiners reduce the H2-concentration at extremely steam rich and at
very low H2-concentrations

• During the reduction of H2-concentration the composition of gas mixture is shifted
towards the steam rich comer of ternary diagram

• Recombiners promote convections by generating heat during catalysation and
thereby dissolve stratified layers in the containment atmosphere

• During a continuous flow of hydrogen an equilibrium occurs between the heat
generation at the plate and transfer out of the plate

• Plates with filter jackets could protect them from the deposition of dirts and
lubricants

• For filtered venting of the containment in the late phase of a severe accident less
H2 in the atmosphere due to continuous H2-reduction by catalytic recombination

• Longtime effectiveness of the catalysts even during the radiolyses of sumpwater

• Continuous energy input without any burning to containment atmosphere possible

• No dynamic loads on the instrumentation and walls.

3 Possibilities of Combination of Catalytic Devices with Igniters

The merits of the DUAL-concept of simultaneously applying the catalysers and some
igniters have been under intensive investigation at the Federal Republic of Germany.
Placement of igniters as supplementary measure will be again reviewed for critical
accident situations if a local high release rate of hydrogen would cause a local high
accumulation within a short time and the catalysers in the neighbourhood of the hy-
drogen injection would not be in the position to prevent the formation of local burnable
mixture. Moreover, the application of igniters can be considered as a backup solution
in case of loss of effectivity of some local catalysers or in the case of their destruction
by local loads resulting from a system blowdown.

In the area of main convection flow paths and in the vicinity of the outer steel shell,
catalytic devices should be placed with priority while thoughts have been given to
concentrate igniters in areas of possible H2-release from the system. The capacity of
the joint application of catalytic devices and igniters should be designed such, that in
general locally 10 Vol.-% of hydrogen will not be exceeded.

3.1 Results with combined igniters and recombiners

Various experimental investigations have been carried out to determine the functional
capability of the combined application of recombiners and igniters under typical loads
of accident conditions. From these investigations, first information, concerning an
optimum arrangement of the individual components like recombiners and igniters
within the compartments could be derived. Also from these experimental results, a
rough estimation of local loads due to local deflagration in real geometries could be
obtained.



Fig. 7 shows one of the tested arrangement of recombiner and igniters at Battelle
Model Containment within a total volume of 650 m3 (8).

Conclusions derived from the experiments of the joint applications can be summarized
in the following:

The joint application requires the interaction of the individual components to influ-
ence the distribution processes occurring in an inhomogeneous atmosphere, to be
considered.

Although a single igniter can cope with large amount of hydrogen, still sufficient
igniters should be distributed to ensure early ignition right after the local flamma-
bility limit is exceeded to avoid major pressure transients.

Even with hydrogen and steam rich mixture sufficient number of igniters are re-
quired to avoid major pressure transient after the condensation of steam.

After a deflagration, a standing flame may form at the hydrogen release point
where H2 will bum away without any pressure peaks.

4 Todays status in Germany

The following recommendation was decided by the German Reactor Safety Commis-
sion and published in the "Bundesanzeiger", date July 14,1994:

In order to avoid an early or late loss of integrity of the containment of a PWR-plant
due to hydrogen deflagration during beyond design basis accidents, the Reactor
Safety Commission (RSK) recommends the application of catalytic recombiners. They
recombine hydrogen before it reaches the deflagration limit as well as from steam
inerted gas mixtures. Thus, a safety related meaningful amount of released hydrogen
can be recombined within some hours and thereby contributions towards assuring the
integrity of the containment as well as for the reduction of risk can be made. Catalytic
recombiners are to be designed to achieve the efficiency. The catalytic recombiner is
an unequivocal safety related measure to control hydrogen during beyond design
events.

For the catalytic recombiners, concepts of prototype are existing which are technically
well developed and proven by tests. Recombiners are passive constructional ele-
ments. Neither do they require any service by the operators nor do they require any
energy supply. The installation of these recombiners within the existing PWR-plants
does not pose any safety related problems.

RSK is proposing to optimise the constructional details concerning the specific forth-
coming application. Test samples from catalytic devices should be tested annually to
demonstrate the catalytic activity.

Regarding the number and the location of catalytic recombiners, the release rate of
hydrogen as well as the characteristic gas transport times within the containments are
to be considered.

These recombiners are to be placed primarily in the neighbourhood of global convec-
tion flows of the containment, near the containment steel shell as well as in those
compartments where hydrogen will be released. Complying the physical principles
within the voluminous containment, large scale convection loops will be formed.



With numerical calculations and engineering judgement and on the basis of existing
knowledge regarding the distribution of hydrogen, the required number and location of
the recombiners can be determined with sufficient exactness.

For the installation of the catalytic recombiners, the RSK is expecting quick prepara-
tion and submission of concrete technical plans from the utilities and vendors. Hereby
the enveloping course of events can be based on the accident scenarios described in
the introduction (late recoverable severe accidents with up to 100 % or Zirconium
oxidation, low pressure core melt scenario with core concrete interaction).

As for further step the RSK will examine the requirements to supplement the catalytic
recombiners through fixed early burning of hydrogen by the igniters having short path
of flame propagation or through post dilution of the containment atmosphere. For the
application of igniters, the RSK thinks it as necessary to prove the transferability of the
recently obtained results and also the results of the planned tests on hydrogen com-
bustion on the real conditions of a PWR-plant.

The BMU shares the opinion of the RSK and has formally asked the statal authorities
to inform the utilities correspondingly.
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Table 1 Research Work on Catalytic Recomblners In the FRG

•. Institution

Gesellschaft fur
Anlagon- und
Reaktorsicherheit

Working
v since

1984 Plate Type of cata-
lysers, coating of
Pd-Ni-Cu alloy on
stainless steel

Scoping test nearly 400
Large scale 6

jectlves and Essential

Effective catalyser from very low Hj-content to
extremely high steam content
Quick reactions even in the presence of poisons
like I, CHjl, CO, H3BO3 and vapours of lubricants,,
tested effectively against aerosol depositions

Siemens 1986 Plate type of cata-
ysers, coating of
Pt on stainless steel

over 100 iatalyser funciional at wide compositional range
even in the presence of poisons like I, CH,I, CO,

JBOJ and vapours of lubricants. Layout, testing
and qualification of device

NIS
jlngenieur GmbH

1989 ranulate type of
ndustrial cataly-

sers, Pd coating on

over 70 Tests under atmospheric simulations of accident
conditions In containment. Tested against lubrl-
ants, cable bums, I and CO, layout and testing of

device



Table 2 Functional Tests of CataJysers under Various Parameter

Vapours of organic
sofvants

Vapours of weld
(1,5 h unprotected over
a welding place)

Charging with boric aid

Charging with CO

Functionability after a
longterm exposure in a
gas mixture of hydro-
gen and nitrogen

Dipping in water

Functional tests of
catalyst after an oil fire

Functional tests after a
hydrogen bum

Functional tests after a
longterm charging with
hydrogen

Functional tests with
low H2-concentration

Functional test of
catalysts after 7
months aging in
atmosphere

•HHSSeDDtZHXlu-SBQElSaK

9.5 Vot.-% H2
90,5 Vol.-% air

7,8Vol.-%H2
92,2 Vol.-% air

9,1 Vol.-% H2
90,9 Vol.-% air

9,9 VoL-% H2
90,1 VoL-% air

9,1 VoL-% H2
90,9 Vol.-% air

9,1 Vol.-% H2
90,9 Vol.-% air

9,1 VoL-% H2
90,9 Vot.-% air

9,1 Vol-% H2
90,9 VoJ.«% air

in average
10%H2

1Vol.-%H2
99 Vo!.-% air

5 Vol.-% H2
47,5 Vol.-% air
47,5 Vol.-% steam

•HBSSS

100

100

100

100

100

100

100

20Vol.-%H2
80Vo!.-%air

100

100

iillllllllif
spontan

spontan

spontan

spontan

spontan

spontan

spontan

spontan

spontan

spontan

1 spontan

110° C

87° C

100°C

115° C

102° C

105° C

97° C

110"C

12° C

46° C



Set up of a Catalytic Plate

Coated with

100 % Pd or

95 % Pd - 4 % Ni - 1 %

Cu-2000 A

Plate made of Stainless SteelM mm

Figure 1 Set up of a Catalytic Plate



Detachable Cover

or Convection

Baffle

Plates of Catalyser
Revision Hood

Catalyser transport

CHARACTERISTICS:

• Cataiyser consisting of Pt-coated plates

• Plates arranged with intermediate gaps for gas flow

• Construction for strengthening the gas flow by chimney ef-

fect

Figure 2 Features of Recombination Devices: SIEMENS



SPECIAL JREATURES OF THE CATALYT1CAL RECOM-
BINERS DEVELOPED AND QUALIFIED IN THE FRG

• z.

1000

NfS-KAT-MOOl
Prinzipsktzze

(MIS)

Concept of Utilities

• Catalysers consisting of Pd-coated granulates

• Coated granulates stacked between two wire nets forming
an element

• Elements stacked with intermediate channels forming a
module

• Modular construction open only at top and bottom to deve-
lop chimney effect

Figure 3 Special Featurer of the Catalytic Recombiners Develo-
ped and Qualified in the FRG



SPECIAL FEATURES OF THE CATALYTIC RECOMBI-
HERS DEVELOPED AND QUALIFIED IN THE FRG
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Concept of GRS "

• Catalyser made by plasma injected Pd-Ni-Cu alloy on
stainless steel

• Plates stacked in an inerted box to avoid contamination

• Plates will be automatically unfolded and distributed for
maximum catalysation

• Plates enveloped by filters against aerosol deposition

Figure 4 Special Features of the Catalytic Recombiners Develo-
. ped and Qualified in the FRG
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Fig. 5 Upper curve shows the temperature changes while the lower

one represents the changes of hydrogen concentrations

during 4 tests of catalysation with the same plate



Deflagration/
Detonation Transition

Deflagration Area

90
Hydrogen
VoL- %

20 10

• Performed Ignitions with Catalytic and Spark Igniters
* Successful Tests with Catalytic Recombiners

Operation Area for the Use of Catalysts and
Igniters

Figure 6 Operation Area for the Use of Catalysts and Igniters
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Igniter

Catalytic Recombiner
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Figure 7 Arrangement of Igniters and Recombiner in the
Battle Model Containment


