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Abstract

In order to reduce the risk associated with hypothetical severe nuclear accidents, it has
been necessary to develop means for hydrogen control which are capable of handling
high H2 production rates of several m3/s. These systems and components should be of
simple and, as far as possible, passive design. Moreover, their efficiency must not be
affected by the H2 production scenario. To meet these requirements, Siemens has
supplemented its dual process for hydrogen reduction using recombiners and igniters by
developing a new process: the semi-passive Post-Accident Dilution (PAD) System.

The objective of the work presented in this paper was to design an alternative approach
for hydrogen control comprising post-accident CO2 dilution combined with recombiners or
igniters for postulated severe accidents that result in significant hydrogen releases.

The combined technique was to keep the dynamic loads arising inside the containment to
within a range of only a few millibars, even in the event of transient hydrogen release and
distribution processes accompanied by combustion, and was thus to prevent any hazard
for safety-related equipment.

The first part of the paper describes the relevant system requirements determined for
severe accident H2 release scenarios, such as:

- H2 release rates of 0.15 to 3 kg/s
- available CO2 injection time of 20 to 30 minutes
- additional CO2 concentration of approximately 30% by vol.
- injection rates of 30 kg/s
- measures for protection of personnel, and
- H2 recombiner depletion rates, etc.

After this, a comparison of the features of a liquid CO2 injection system with those of a
gaseous CO2 injection system is presented which was used to select the optimum inert
gas phase The paper then describes the new technology of semi-passive post-accident
dilution (PAD) which has been developed by Siemens to avoid the problems encountered
with the liquid CO2 injection systems known to date, such as thermal shock, CO2
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flocculation, blockage at pressure drops to below 5.18 bar, distribution and other
difficulties specifically related to liquid gas techniques.

The PAD System has been designed to meet specific process requirements such as, in
particular, prevention of fast deflagrations and DDT phenomena, both locally and globally,
in the various containment geometries. Using the specified process data as a basis, the
PAD System was then combined with a small number of recombiners or igniters.

The efficiency of the PAD System combined with, for example, 20 recombiners or igniters
was checked by means of multi-compartment analyses and compared to that which could
be achieved by a system combined with a larger number of recombiners, namely 42.

Under the ambient conditions created by the PAD System, hydrogen can be reliably
reduced - even if the release rates are postulated to be high and/or hydrogen
accumulation takes place inside areas which are temporary steam inerted - by using only
a few recombiners (or igniters) and without any risk of fast deflagrations or DDT
phenomena inside the containment.

Prototype test results for the semi-passive PAD System, including the achieved CO2

distribution, are then presented.

The results of the tests have shown that the new semi-passive system is capable of
feeding, for example, 50 Mg of CO2 at a suitable temperature of > 5°C into the
containment within the available time of less than 20 to 30 minutes.

Integration of this semi-passive PAD System into existing plants is much easier since the
gaseous injection technique allows existing pipes to be used and because it does not
require a complex distribution system inside the containment or confinement. An
extremely cost-effective situation compared to other approaches for H2 control is given for
multiple-unit. W E R plants since, at such plants, the CO2 can be supplied from a single
central PAD System, thus considerably reducing the effort and cost involved in employing
such a system.

1 Introduction

During severe accident scenarios in nuclear power plants equipped with light water
reactors, large quantities of hydrogen may be released into the containment atmosphere
within a short period of time. Especially in large dry containment's- without steam
condensing devices like ice condenser or suppression pool - hydrogen accumulation
could be postulated during temporary steam inerted conditions in certain containment
regions which leads finally to new situations in terms of distribution and possible flame
regims.

Late ignition of these mixtures can lead to uncontrolled turbulence-accelerated
combustion processes which are characterized by high combustion rates and
corresponding pressure loads. This in turn could jeopardize the integrity of the
containment and thus of the final barrier for preventing a massive release of radioactive
fission products to the plant environs.
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Particular significance is therefore attached to measures for hydrogen reduction inside the
containment.

In order to further reduce the risk of an early or late loss of containment integrity at
pressurized water reactor (PWR) plants as a result of hydrogen combustion processes in
the event of severe accidents, the German Reactor Safety Commission (RSK)
recommends that supplementary methods and systems be utilized.

Similar requirements for H2 control under severe accident conditions are also being
discussed and imposed in connection with WER plants.

1.1 Process Development

As a measure aimed at preventing uncontrolled turbulence-accelerated combustion
processes, Siemens developed its "dual concept" comprising autonomously operating
igniters and passive autocatalytic recombiners (PARs).

Siemens' PARs are presently being manufactured for and have already been installed at a
number of European nuclear power plants.

In addition, Siemens has now developed a further technique for the general prevention of
fast flame propagations which is also effective in the event of the release of large
quantities of hydrogen - semi-passive post-accident dilution (PAD) using CO2 - and has
already tested a prototype of this new PAD System.

This paper will present in detail the basic system design requirements and criteria, the
options available in terms of process engineering, the efficiency of the process and the
prototype test of its semi-passive PAD System.

The efficiency of the process in combination with recombiners or igniters will be examined
as well.

2 Hydrogen Control Requirements

2.1 Basic Requirements

The basic objective behind hydrogen control is to suppress the formation of highly reactive
hydrogen concentrations and the occurrence of fast flame propagations in the event of
severe accidents with massive hydrogen releases into the containment and thus to keep
the loads imposed by H2/O2 reactions on the containment and its safety-related internals
within allowable limits of a few 100 mbar.

This means, for example, that measures for hydrogen control must be designed such that
the problems associated with hydrogen releases and redistribution can be effectively
solved in all postulated situations, such as, for example, the following:
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• Early/late release of small/large hydrogen quantities
• Hydrogen release coupled with large/small quantity of steam
• H2/H2O jet releases
• Conditions under which hydrogen concentrations can arise in specific zones of the

containment during steam inerted conditions(e.g. inside the missile shield).
• H2 redistribution during combustion

In addition, the concept should feature a simple design, should incorporate passive
equipment to as large an extent as possible, should be cost-effective, and should be easy
to integrate into various types of plants.

2.2 Considered Methods for Hydrogen Control

On the basis of the aforementioned objectives, different processes for post-accident CO2

dilution have been developed and evaluated with regard to their efficiency.

Their efficiency was checked by means of analyses performed using the WAVCO multi-
compartment code, these analyses being based on the following two approaches:

• Recombiners used alone
• Post-accident CO2 dilution plus recombiners.

2.3 Process Requirements

The main process requirements which must be met by a post-accident CO2 dilution
system are outlined below:

• Extensive use of passive process equipment
• Non-scenario-dependent distribution of CO2 inside the containment/confinement prior

to the release of significant quantities of hydrogen
• No activation of CO2 injection in the event of controlled loss-of-coolant accidents

(LOCAs)
• Prevention of thermal shocks upon CO2 injection
• Accident-induced damage to the CO2 injection equipment must not compromise the

basic effectiveness of the system
• Protection of personnel through

Prevention of inadvertent system activation
Alarm annunciation and assurance of ample time for evacuation

• Independence from external power sources (station blackout).

2.4 H2 Release Scenarios

In order to be able to demonstrate that means for hydrogen control are effective
regardless of the specific accident sequence in question, it is necessary to determine
enveloping H2 release rates.



AECL-11762
- 335 - NEA/CSNI/R(96)8

Since this new system design concept is particularly aimed at solving local H2 problems, it
is necessary to specifically determine enveloping maximum H2 release rates.

The following enveloping scenarios were investigated in detail:

a) H2 generation inside the reactor pressure vessel (RPV) when water and steam come
into contact with high-temperature structures in the core region in cases in which core
degradation was only stopped by a late restoration of core cooling through reflooding (=
in-vessel scenario)

b) H2 release inside the RPV as well as due to concrete-melt interaction in cases in which
it was not possible to restore core cooling and RPV melt-through occurred (= ex-vessel
scenario).

The in-vessel analyses (Ref. 3) were based on the following accidents:

- Pipe break resulting in loss of coolant with failure to switch over to sump extraction for
coolant supply

- Loss of steam generator feedwater supply together with failure of the active emergency
core cooling systems following successful primary-system depressurization.

As regards the quantity of hydrogen that can be released, it should be conservatively
assumed in order to satisfy e.g. RSK's requirements or others - and to apply values that
are higher than the results of the in-vessel analyses - that in case a) the entire Zircaloy
inventory in the core oxidizes (approx. 1350 kg H2) and that in case b) there is an
additional release of hydrogen due to concrete-melt interaction (approx. 650 kg H2),

The analyses - which were performed using MAAP3.0B as well as STCP - yielded the
following results:

• The generated quantity of hydrogen is between 370 and 590 kg; this corresponds to
oxidation of 25 to 40% which increases when slumping or reflooding is included in the
considerations

• Depending on the scenario being investigated, the maximum hydrogen release rates
range between approximately 0.15 and 3 kg/s

• For the scenario selected as being of greatest significance - namely 50-cm2 break
cross section and earliest possible start of hydrogen release, the release of hydrogen
can be expected to begin about 20 to 30 minutes after the water level inside the RPV
has dropped below "very low".

Figure 6 shows the enveloping H2 release rates and quantities determined for the two
conservative reference scenarios which were to be used as a basis for designing the
hydrogen control system.

The results of the above analyses were employed to define the following enveloping
requirements to be met by the PAD system.
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2.5 Resultant Additional Requirements for Post-Accident C02 Dilution

- Consideration of enveloping H2 release rates of, for example, 0.15 to 3 kg/s and H2

quantities equivalent to Zircaloy oxidation of up to 100%
- Achievement of suitable CO2 concentrations in the relevant zones of the containment

atmosphere for:
• Prevention of DDTs
• Prevention of fast flame propagation, even in the presence of turbulence generators

- Non-scenario-dependent homogeneous CO2 distribution in the relevant zones of the
containment prior to the release of significant quantities of hydrogen

- Limitation of the maximum global H2 concentration inside the containment (by means of
recombiners or igniters) so that the containment test pressure will not be exceeded in
the postulated event of adiabatic, isochoric complete combustion (AICC).

3 Suppression of Fast Deflagration and DDT Prevention using Inert
Gases

3.1 Basic Principles

Figure 3 shows the basic combustion regimes obtained with steam dilution. These are
anticipated to be largely similar to those obtained with CO2. The benefits expected from
CO2 injection are that it will alter the composition of the gas mixtures in the relevant zones
of the containment in such a manner that only slow deflagration can take place or that
even inert conditions will be created.

CO2 injection can, as a rule, produce slow combustion processes with flame propagations
of only a few 10 m/s, and can also make it much easier to verify that combustion loads
can be accommodated, even in the case of containments with internals designed for lower
differential pressure loading. Moreover, regardless of the local H2 release scenario, fast
deflagrations or DDTs can be ruled out.

3.2 Experimental Verification

In connection with H2 combustion tests, there are several studies (Refs. 2, 3 and 4) which
have investigated the effect of inert gases on combustion processes ranging from fast
flame propagation up to DDT. More recent experimental findings are available from the
Prints Maurits Laboratory in the Netherlands (Ref. 3) where tests were performed to
examine the effect of inert gases (CO2 and N2) on H2/air combustion in test geometries
equipped with obstacles (turbulence generators).

These tests investigated the influence of the inert gases on the combustion pressure and
velocity as a function of the gas composition and the degree of restriction of the geometry
(turbulence).

Figure 4 shows the effect of an atmosphere diluted with CO2 on the flame speed and the
maximum combustion pressure for different CO2 concentrations and for degrees of
restriction of, for example, 32%.
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Figure 4 shows that with a stoichiometric mixture and a degree of restriction of 32%, the
addition of approximately 15 to 20% CO2 is sufficient to ensure that combustion processes
consist of only slow deflagrations. The analyses also show, however, that with higher
degrees of restriction (e.g. 50%), 20% CO2 is not sufficient to shift a stoichiometric mixture
into the area of slow deflagrations - a higher percentage of dilution with CO2 is necessary
for this.

A comparison of the effectivenesses of CO2 and N2 shows that, on average,
approximately 8% by vol. more N2 is required to obtain the same effect as with CO2.

The experiments described in References 2, 3 and 4 were performed on a laboratory
scale. In order to determine the scalability of these results, the bodies that conducted the
experiments recommend themselves that large-scale tests (e.g. in the Battelle model
containment) be carried out.

4 Systems for Post-Accident Dilution of the Containment
Atmosphere

In the following, different CO2 injection systems will be investigated and analyzed with
respect to requisite process characteristics. In this connection, a fundamental distinction
must be made between those systems which inject gaseous CO2 into the containment and
those which inject liquid CO2.

4.1 Liquid CO2 Injection

4.1.1 System-Specific Design Criteria

In the case of liquid CO2 injection, it is essential that a reduction in system pressure to
below 5.18 bar be prevented.

Reason:

CO2 instantly solidifies at pressures below 5.18 bar, something which leads to system
blockage.

Problematical operating conditions:

Startup:
- Pressure must be kept continuously above 20 bar right up to the containment isolation

valves
- Quick-opening containment isolation valves are needed
- Pressure must be kept above 5.18 bar even in those sections of the system located

inside the containment during liquid gas injection (signal race condition).

Operation:
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- The system pressure must still be maintained above 5.18 bar even if part of the
system's equipment should be destroyed in the area affected by an accident.

4.2 Configuration of Liquid Injection System

This system comprises a storage tank for liquid, low-temperature CO2, connecting piping
as well as new low-temperature injection lines complete with containment isolation valves
and a distribution system installed inside the containment. Upon injection of the CO2,
expansion causes the triple point to be reached as shown in Figure 4; this leads to a drop
in temperature to -79°C accompanied by partial spontaneous evaporation and
simultaneous fiocculation of the CO2. Due to the highly concentrated mode of injection
(compared to conventional fire extinguishing systems) into, for example, only two
compartments or areas, approximately 50% of the injected CO2 can be expected to
undergo flocculation (see also the right-hand side of Fig. 5 taken from Ref. 5). This CO2

will later start to evaporate after deposition on cold surfaces (structural heat sinks).

4.3 Evaluation of Liquid CO2 Injection

Due to the volume of the containment and its subdivision into various zones, injection of
liquid CO2 into the containment atmosphere can only be performed if, among other things,
a correspondingly extensive distribution system is provided inside and outside the missile
shield.

In the case of this form of transport (the same as that typically used in conventional CO2

fire extinguishing systems), the high safety requirements to be met with regard to the
primary system, the emergency core cooling and residual heat removal systems and the
containment/confinement itself, etc. make it extremely difficult to analyze the efficiency of
this method of injection under normal and abnormal system operating conditions, as
earlier reported in Reference 6. Problems arise in connection with the following, for
example:

• Possibility of low-temperature CO2 jets (-79°C; see left-hand side of Fig. 5) impacting
safety-related equipment with high operating temperatures (including surfaces exposed
after their insulation has become detached as a result of accident-related effects)

• New low-temperature loading conditions for internals
Problem areas:
- Instrument leads
- Primary-system components (possibly without insulation)
- Valves
- Internal structures and platforms
- Cables, etc.

• Material analysis in the nil-ductility transition range or analysis of valve operability under
conditions outside the normal range for functional testing.

Therefore, liquid injection is not recommendable on account of these severe safety-related
disadvantages as well as the large effort that is required (e.g. for installing additional low-
temperature piping and penetrations, etc.).
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In order to avoid these disadvantages, new gaseous injection systems have been
developed.

5 Gaseous CO2 Injection

Gaseous CO2 injection systems have been the subject of a number of studies. However,
such systems were found to be too expensive and complicated and were consequently
discarded for reasons associated with certain aspects of the technology available at that
time, such as:

- Gas storage in compressed gas cylinders, or
- CO2 evaporation using burner systems with thermal outputs of over 10 MW.

5.1 Semi-Passive PAD System

After designing and comparing various processes for producing high gaseous CO2 flow
rates, Siemens selected the semi-passive PAD System as being the most cost-effective
variant. This system was then developed in greater detail and subjected to prototype
testing.

5.1.1 System Design Criteria

The design had to take the following criteria into account:

- Concentration of injected CO2 in the containment = approx. 30% by vol. (50 Mg of CO2

to be injected)
- Duration of injection < 20 min
- Injection rate > 30 kg/s
- Time required for system activation < 10 min
- Use of existing piping such as venting lines etc. must be possible (avoidance of low-

temperature loading)
- It must be possible to interrupt injection
- Personnel safety must be ensured in the event of system activation.

5.1.2 System Configuration

The system comprises the following:

• A module for storage of liquid, cold CO2 with integral permanent energy store and
equipment for direct evaporation

• Already existing gas injection lines and associated containment isolation valves (e.g.
venting lines with nominal diameters of 100 to 200 mm, or similar)

• One or two high-speed mixing and distribution jets.

A schematic representation is given in Figure 10 for a WER plant.
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By installing an additional module the system can also be employed for conventional fire
fighting in various areas of the plant.

5.1.3 System Operating Modes

The system is either in the standby mode or is operated in the CO2 injection mode.

51:4 Standby Mode

While operation of the CO2 injection system is not required, it is kept in a permanent
standby mode at full operating pressure and temperature.

Refrigeration equipment is used to maintain a constant CO2 pressure in the storage tank.

The energy store is continuously heated to keep it permanently charged. After initial
heatup, only normal heat losses have to be made up. Furthermore, the store is sized and
insulated such that, in the event of power being lost for up to e.g. 24 hours, sufficient
energy will still be available to allow all of the stored liquid CO2 to be evaporated.

The power required for the standby mode is < 5 kW.

Pressure and temperature control is fully automatic.

5.1.5 CO? Injection Mode

The system is activated from the central control room. The module provided for this must
first be enabled using a key-operated switch. Activation is performed in accordance with a
procedure set forth in the emergency operating manual.

CO2 injection is activated in the event of, for example, the following:

- RPV water level < "very low"
or

- Fuel assembly exit temperatures > "very high".

It is possible to interrupt and restart CO2 injection from the system control panel.

In the event of CO2 injection, visual and audible alarms are activated inside the
containment to alert personnel.

Since injection takes place primarily inside the missile shield, more than 5 minutes will
elapse before a CO2 concentration of 5% by vol. is reached in the vicinity of the reactor
service floor. Since this concentration can still be tolerated by the human body, sufficient
time is available - even in the event of inadvertent activation of the system - to allow
operating personnel to leave the containment.
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When operation of the system is required, the energy storage medium is discharged into
the C02 storage tank. This causes instantaneous evaporation of the CO2 at an elevated
pressure which can be selected within specified limits, as well as simultaneous heating of
the gaseous CO2 to a temperature above, e.g., 30°C. Heat transfer is effected through
direct contact of the fluids. This enables high heat-transfer coefficients to be achieved and
thus a direct transfer of energy with a low terminal temperature difference and with
efficient utilization of the stored energy. Operation of the prototype system is shown in
Figure 12.

In a full-scale system, the required CO2 injection rate would be kept constant within a
preselected range of, for example, 30 kg/s and above by adjusting the rate of stored
energy discharge.

5.2 CO2 Distribution Inside Containment

As analyzed in Reference 7, conventional methods for CO2 injection - lacking the
momentum mixing effect provided by jet-type injection - do not result in sufficient
distribution of the CO2 so that severe inhomogeneities can arise. For this reason, a high-
speed jet injection technique was developed and tested in order to prevent such effects
from occurring.

5,2.1 High-Speed Jet Injection

Inside the containment, injection and mixing of the CO2 with the containment atmosphere
can be effected by means of, for example, supersonic nozzle injectors which convert
pressure to velocity.

The high motive pressure of > 10 bar that can be made available and the design of the
injector allow a quantity of containment atmosphere equivalent to up to ten times the
volume of injected CO2 to be drawn in. The mixture is discharged by the injectors at high
velocity into the containment atmosphere. The momentum imparted by the injected gas jet
provides for thorough mixing of the atmosphere. The range of the jet under quiescent
conditions determined during the tests is > 30 m at a motive gas flow rate of 1.5 kg/s (see
also Fig. 11).
The mixing effect inside the injector and subsequent free-jet mixing in the injection zones
both inside and outside the missile shield were calculated - on basis of the prototype test
results and using the avaerage values of three different empirical free jet equations for
determination of the atmosphere mixing , e.g. /Ref 1; 8/- and taken into consideration in
the WAVCO analyses. The results for 18 kg/s CO2 injection are shown as an example in
Fig. 13. The injector creates a volume flow of more than 600 m 3/s in a distance of 55 m.
It was found that, during the period of injection, the atmospheres inside and outside the
missile shield are remixed a total of more than 20 times. This would correspond to a total
volume remixing factor of more than 60 per hour. This value represents - also in relation
to the change of air factors used in the air ventilation technology for high flushed areas
/Ref 1/ of (15 to 20 h-1 ) - a comparable very high value, which always describes an
extreme homogenous distribution situation.
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As also verified by multi-compartment analyses, this extremely powerful mixing effect
results in an almost fully homogeneous distribution of the CO2 both inside and outside the
missile shield.

5.3 Recombiners or Igniters

Supplementary to the PAD System, equipment for reducing the H2 concentration in the
medium term (e.g. down to < 4% by vol. within 24 h) is required inside the
containment/confinement. For this purpose, PARs (such as those shown in Fig. 1) have
been developed and qualified and are already in service in several PWR and W E R plants
(Fig. 2). When used in combination with a PAD System, significantly fewer recombiners
can be installed due to the fact that turbulent combustion will not occur and AICC will be
limited to acceptable values. For example, the number of 42 or more recombiners
proposed for plants using recombiners alone for hydrogen control can be cut down to less
than 20 (e.g. 10).

The same applies in principal for igniters; i.e. due to the prevention of significant flame
accelerations leading up to turbulent combustion, the large number of igniters that would
otherwise be necessary can be reduced to, for example, 10.
But because the possible special H2 accumulation and redistribution situation during
combustion - as shown in the analysis for a large dry containment (Fig 7 and 8, nearly
stdchiometric mixture inside missile shielding) - it seems to be clearly favorable to prefer
the combination with recombiners to solve the problems.

6 Prototype Test

The objectives of the prototype test of the semi-passive PAD system were as follows:

- Verification of the functional capability of the new evaporation system
- Optimization of the major components including the high-speed jet injectors.

For this purpose, a mock-up of the system incorporating full-scale injection equipment was
tested and optimized (see Fig. 11).

The unit was tested under operation at pressures varying between 15 and 40 bar,
evaporation rates ranging from 0.5 to 1.5 kg/s and superheated temperatures of
0 to 40°C, etc., and the process as well as the major components were optimized.

The following results were obtained:

- Heat transfer of up to 0.4 MW for evaporation of 1.5 kg/s CO2 could be well controlled
- Complete evaporation of a'l of the liquid CO2 was achieved in < 15 minutes
- The high-speed jet injectors were operated at suction flows equivalent to 5 to 10 times

the CO2 motive flow and with jet ranges of > 30 m
- The overall process configuration was greatly simplified by maximizing the use of

passive components.
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6.1 Test Results

High gaseous CO2 injection rates of, for example, 30 kg/s or more can

- be easily achieved by connecting the tested full-scale components in parallel, despite
the high thermal outputs of e.g. 10 to 20 MW required for direct evaporation of the CO2

- be supplied after selecting appropriate gas pressures and velocities through piping of
relatively small diameters (e.g. 100 to 150 mm)

- be distributed almost completely homogeneously inside the containment using high-
speed jet injection and mixing.

7 Results of Multi-Compartment Analysis

7.1 General

The multi-compartment analysis will not be described in detail in this paper since the main
focus of this publication is to present the new hydrogen control concept itself.

Hence, only a brief description of the analysis is given in the following in order to explain
those results which are of significance for evaluating the efficiency of the hydrogen control
system.

The analysis was based on e.g. for the geometry of a Siemens PWR containment with a
total volume of approximately 70,000 m3. In order to be able to also adequately model
local mixture compositions, the containment was subdivided into 33 zones and then
analyzed using the multi-compartment code WAVCO.

Based on the results of several studies, a 50-cm2 pipe break accompanied by a high H2

release rate was selected, as mentioned in Section 2.3 above, as an enveloping scenario
and then analyzed for case a) and case b) (incl. concrete-melt interaction).

7.2 Results for Case a)

Injection of 30 kq/s CO-, inside Missile Shield

Pressures and temperatures: The pressures and temperatures determined for the
model zones are close to each other.

CO2 injection causes the maximum pressure to rise by
approx. 0.3 bar to 3.7 bar which is negligible in
comparison with the approach using recombtners alone.
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Ignitability: The concentration time histories are shown in individual
ternary diagrams.

42 recombiners: The area of fast deflagrations is reached in various zones
as shown, for example, in Figures 7 and 8 (left).

20 recombiners + 50 Mg CO2: As shown in Figures 7 and 8 (right), the combustion
regime only touches the area of slow deflagrations in a
few zones. Otherwise inert conditions are achieved. In the
reactor cavity which is not sufficiently supplied with CO2

the atmosphere reaches the transition between slow and
fast deflagration.

7.3 Results for Case b) (incl. MCCI)

Compared to case a), in-vessel H2 production in case b) is low. However, molten-
core/concrete interaction (MCCI) causes the total H2 release to be increased by 650 kg.

This analysis was based on CO2 injection rates of 12 kg/s inside the missile shield and
18 kg/s outside the missile shield. Hydrogen control was, however, again assumed to be
provided using 20 recombiners and 50 Mg of CO2.

The results of the WAVCO analysis are summarized in Figure 9. In this case it can be
demonstrated that combustion does not occur, even locally (with the exception of
combustion inside the reactor cavity).

Hydrogen reduction is performed using a reduced number (20) of catalytic recombiners.

7.4 Evaluation of Results

The performed WAVCO analyses revealed that, when applying the ignition limits cited in
the literature:

- effective post-accident CO2 dilution can be achieved within about 20 minutes by
injecting 50 Mg of CO2, primarily inside the missile shield

- local turbulent hydrogen combustion can be prevented - with the exception of the
reactor cavity with its walls designed for high differential pressure loading - even at high
hydrogen release rates of several m3/s, as would be encountered with slumping or
refiooding, etc.
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8 System Design for Multiple-Unit Plants

The system design concept presented herein is a highly suitable alternative, particularly in
terms of cost, for solving hydrogen control problems at multiple-unit plants. It yields
significant cost benefits over systems comprising only either recombiners or igniters for
the following reasons:

• Several plant units can be served by only one central PAD system
• Despite the high injection rates, the motive pressures are so high that, even over large

distances, piping of only relatively small diameters (e.g. 100 to 150 mm) is required
• Additional components such as PARs or igniters can be reduced in number to, for

example, 10 per plant unit
• The temperature range of the injected CO2 {> 0 C) allows existing piping to be used for

injection
• The time and effort required for performing inservice inspections can be considerably

reduced.

A system configuration for a multiple-unit plant is shown schematically in Figure 12.

9 Further Studies

In order to verify the ignition limit and the concentration of the various combustion regimes
taken from the literature, it is recommended that experimental work be performed on
large-scale models in order to properly determine scaling effects. In addition, multi-
compartment code analyses based on a smaller number of recombiners (e.g. 10) are
recommended in order to further optimize the hydrogen reduction system.

10 Summary

The development work and analyses that have been carried out show that, even when
unfavorable scenarios involving the release of very large quantities of hydrogen and
accumulationn situations are considered, the new semi-passive PAD system used in
combination with passive recombiners enables the following to be achieved:

- A sufficient quantity of CO2 can be injected into the containment
- Fast flame propagation can be ruled out, also for temporary steam inerted critical

stochiometric mixtures
- The resulting thermal and pressure loads are low and can thus be safely

accommodated
- Problems associated with thermal shock are avoided
- Gaseous injection allows existing containment penetrations to be used, which leads to

a corresponding minimization of costs as well as inservice inspection effort
- Combination of the process with recombiners allows the number of these components

to be kept to a minimum
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The installation of a single central PAD system at multiple-unit plants yields
considerable cost savings
High-speed jet injection results in almost completely homogeneous mixing of the CO2

with the containment atmosphere before significant quantities of hydrogen are
released.
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removable grid
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shaft

guide frame

Catalyst insert

Available Sizes:

Type I Length (mm) | Depth (mm) Height (mm)

FR90/1-320 I 370

FR90/1-960 I 1010

FR90/1-1500j 1550

166

166

326

1000

1000

1400

Catalytic Recombiner Figure 1
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