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Abstract:

This is a discussion paper to examine the regulatory requirements that may be necessary for
the design, operation and maintenance of the hydrogen mitigation systems. These systems (if
deemed necessary to maintain the containment function), may be considered to be a part of
the containment systems. Therefore, these requirements are derived mostly from the AECB
Regulatory Document R-7, which specifies the requirements for containment systems for
CANDU nuclear power plants. Some additional requirements, which are specific to these
systems have also been included. These requirements relate to a systematic examination of
the hazards of hydrogen, the design basis for the mitigation systems, their functional and
design requirements, analytical support to justify their selection, and operating and testing
requirements. The requirements for severe accident have not yet been developed. It is,
however, anticipated that the design of the hydrogen mitigation system would be such that
future requirement can be accommodated.

These requirements are intended for application to the new reactors in Canada. For the
existing reactors, their application will be subjected to practicability.

1.0 Introduction:

In the last 10-15 years, there have been significant advances in our understanding of the
behaviour of hydrogen inside the containment, in the analytical as well as experimental area.
Therefore, as compared to the ad-hoc design decisions of a decade ago, these developments
now permit a more systematic approach. It was felt that there is a need for developing the
regulatory requirements for the design, operation and maintenance of these systems. This
discussion paper is a first attempt towards fulfilling this need, and is a part of an early
phase of the consultation process with the Canadian nuclear community.
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2.0 Hydrogen Mitigation Systems:

For certain postulated accidents there is a potential for fuel heat up upon loss of cooling
which may result in the release of a significant amount of hydrogen inside the containment.
The hydrogen may also be released in the later part of the accident due to radiolysis of the
sump water by the fission products. At some time during the accident, the hydrogen may
form a combustible mixture with the air and a random spark may ignite it. The hydrogen
burn, under certain conditions, may generate high pressure or high temperature fields and
has the potential to compromise the performance of the containment required under the
accident conditions. The purpose of the hydrogen mitigation system is to ensure that the
hydrogen is dispersed, inerted or combined with oxygen in a controlled manner so that the
consequences of a hydrogen burn are benign.

Table 1 shows the mitigation equipment installed in the Canadian reactors at the present
time. They.are centrally powered coil igniters. A re-evaluation is in progress and the
following are under consideration .

1. Centrally powered coil igniters and/or self powered spark igniters for
generating a burn at the earliest possible moment.

2. Catalytic recombiners for keeping the hydrogen concentration low by
recombination reaction; it may also generate buoyancy induced mixing and
thus further dilution of the hydrogen concentration.

Air cooling units may or may not be a part of the hydrogen mitigation system. These units
are normally operating and therefore, will attempt to mix the released hydrogen and steam
into the rest of the containment, if they remain functional or as long as they can be kept
functional (depending upon the availability of power and environmental qualifications) in the
post accident phase.

Inciting the containment atmosphere in a local area or in the entire containment volume
(though currently not under consideration in Canada) is also a potential mitigation measure.

3.0 Systematic Examination of the Hydrogen Hazard:

A systematic examination of the hazards posed by the presence of hydrogen in each sub-
volume inside the containment, should be done. The hydrogen may be present in a sub-
volume either due to the presence of the source or may be transported from other sub-
volumes. This is generally a qualitative assessment (supported by some scoping analysis) to
ensure that all aspects of the hazard have been taken into account for each sub-volume and to
determine which mitigation measures would be suitable.

This assessment should evaluate in each sub-volume, the potential for a hydrogen burn and
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the consequent threat to the

containment boundary,
critical internal structures whose failure may render the analysis speculative,
instrumentation and equipment which must be available for the post accident
management of the plant,

The vulnerability of the critical areas stems from a global or a local hydrogen burn which
may result in a high pressure pulse or a high pressure differential across certain enclosures.
Also a flame flash back to the source of hydrogen may create high temperature fields in the
near vicinity.

The magnitude of the threat will depend upon the severity of the burn which in turn is a
function of the sensitivity of the hydrogen mixture at various locations and times. The
mixture sensitivity in a given sub-volume will depend upon the location, rate and the amount
of hydrogen released, the plant configuration, and the effectiveness of the mechanisms
involved in its transport to the other parts of the containment.

The amount of hydrogen released may be small or large depending upon the accident
sequence and the ultimate heat sink for the fuel. In the longer term, the radiolysis of the
water in containment sump by the fission products may result in a steady release of
hydrogen, though at a rate slower than the initial phase of the accident. The changes in the
concentration of steam in a given sub-volume would also have a significant effect on the
mixture sensitivity. The hazard assessment should also take into account other factors which
may enhance the severity of the burn such as non-uniform concentrations, the size of the
opening between sub-volumes, the presence of obstacles in the flame path.

4.0 Design Basis Events for the Mitigation Systems:

The design basis for the hydrogen mitigation measures are a subset of accidents given in the
Consultative Document C-6 [1], which result in a significant release of hydrogen inside the
containment. These accidents, listed in Table 2, involve a loss of coolant to the fuel or a loss
of heat sink. As is the regulatory practice in Canada, the design basis also include event
combinations involving additional failures such as a failure of a safety system (e.g.
emergency core cooling) or mitigating process systems (e.g. class IV power or back up heat
sinks). Other failures which may occur in the long term phase of the accident (e.g
earthquake) are also to be considered. These event combinations are listed in Table 3.

Consideration should also be given to any possible consequential effects which may
contribute to additional release of hydrogen. In CANDU reactors, the moderator is credited
as an ultimate heat sink for the fuel. If this heat sink is lost as a consequence of a design
basis event combination, then additional hydrogen released into the containment should also
be taken into account. For example, some recent tests have shown that a failure of a pressure
tube has the potential for a loss of moderator inventory due to the ejection of the end-fittings.
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A partial loss of moderator inventory can also occur in the case of a loss of coolant (LOCA)
inside the calandria and a loss of emergency core cooling (ECC), if there is a significant
entrainment of the moderator inventory by the steam via the rupture discs. If these
possibilities are confirmed by further tests or analysis, then an in-core with loss of ECC and
a partial/full loss of moderator inventory would form a design basis accident.

At present in Canada, the requirements for the hydrogen mitigation systems for severe
accidents (resulting from an almost indefinite loss of heat sink for fuel and generation of a
much larger amount of hydrogen) have not yet been fully developed. It is anticipated,
however, that the selection and the design of the mitigating systems (presently under
consideration) would be such that these future requirements can be accommodated.

5.0 Functional Requirements and Acceptance Criteria:

For all design basis accidents, the mitigating systems must assure with a high degree of
confidence that the structural integrity of the containment boundary and its critical internal
structures is maintained. They should also assure that a standing flame attached to a source
of hydrogen, does not damage any component which is required for post accident
management.

A conservative criterion to ensure that the functional requirements are met, is that hydrogen-
air-steam mixture composition in all (judiciously chosen) containment sub-volumes always
remains at or 'near' the deflagration limits. This is to ensure that if a hydrogen burn occurs,
the flame speed remains low (in spite of any flame acceleration that might occur) and the
consequences are such that there is no significant increase in containment leakage.

This criterion is somewhat more specific than that given in Regulatory Document R-7[2],
where the requirement is to prevent explosion or deflagration. The term 'near the
deflagration limit' (representing the acceptable deviation) is yet to be defined and it will
depend upon the confidence (in the analytical methods and their experimental support) in
predicting the consequences of a burn. It may not be possible to meet this criterion at all
times for the sub-volume in which the source of hydrogen is located. A special assessment
will be required for this location to demonstrate that the threat to the containment function is
acceptable.

6.0 Design Requirements:

Since the hydrogen mitigation systems are a part of the containment sub-systems, they should
meet all the relevant design requirements given in R-7. The most important design
requirements that the hydrogen mitigation systems need to meet, throughout their mission
time, are as follows:
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1. The selection and the design of the mitigating systems should be such that their
functional requirements are met for all design basis events, i.e. the number of igniters
and/or recombiners and their location inside the containment is such that they are
capable of maintaining the hydrogen concentration near the deflagration limits for all
events at all times. This would also impose performance requirements on the igniters
and the recombiners (and the air cooling units, if credited) to ensure that the hydrogen
is mixed burnt or recombined at a rate which is consistent with the timing and the rate
of hydrogen release in a given accident sequence. Detailed performance requirements
for the individual igniter or recombiner (e.g. mixture composition to initiate a burn or
recombination rate at various hydrogen concentrations) should be developed.

2. All components of the hydrogen mitigation systems need to be environmentally
qualified taking into consideration the most severe pressure, temperature, humidity,
radiation conditions that they may be subjected to, when required to perform their
function. The vulnerability of the air cooling units (if credited) to the consequences of
a hydrogen burn is of particular concern.

3. Since the mitigation systems may be required to function following a seismic event
that may occur some time in the post accident phase, all the necessary components
should be qualified to function for the design basis earthquake.

4. Monitoring, control and manual initiation of the mitigation systems should be possible
from the main as well as the secondary control rooms.

5. The hydrogen mitigation systems being a part of the containment sub-systems should
have a reliability which is consistent with that required for the containment, i.e. their
reliability should be better than 10-3 per demand.

6. The design of the hydrogen mitigation systems should conform to the requirements set
for the containment with respect to separation, redundancy and independence between
the initiation logic channels. It should also satisfy the 'fail safe' criterion for various
component where applicable, and no single component failure should result in loss of
system function. There should also be sufficient component redundancy to satisfy the
reliability requirements.

7. The support services for the hydrogen mitigation systems (e.g. instrument air, electric
power, cooling water) should have sufficient redundancy and independency to
conform to the requirements for containment systems.

8. A reliable indication of the mixture concentration in the critical areas inside the
containment should be available to the operator to monitor the progress of the event
sequence and the effectiveness of the mitigation measures.
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7.0 Analysis Requirements:

The detailed design of the mitigating systems may be based on the systematic evaluation of
the hazard posed by the presence of hydrogen inside the containment. Some engineering
judgement and scoping analysis could be used in determining the location and the number of
igniters and/or recombiners. This selection must be justified by a detailed analysis.

The consequence analyses should cover the following:

1. Scope of the analysis:

The scope of the analysis should cover all design basis event sequences derived from
Tables 2 and 3 and should extend to the long term phase where a steady release of
hydrogen may occurs due to radiolysis. Consideration should also be given to the
factors which may impose different demands on the hydrogen mitigating systems, at
some time after the initial steady state is reached. Some examples of such factors are
the possibility of delayed initiation of emergency core cooling, the break down of the
emergency cooling system during its mission period, or a seismic event happening.

Events with a total frequency of occurrence greater than 10-7 per year that are not
included in the design basis set, and result in a greater hazard, should be identified.
Sensitivity analysis should be done to assure that the mitigation systems are adequate
for these accidents.

2. Analysis Methodology

Assessment and scoping analysis should be done by considering all possible locations
for hydrogen release to identify the limiting cases. In particular, pipe breaks at the
header-to-header interconnect or at the interface boundaries between the heat transport
system and other systems (e.g. emergency core cooling and shutdown cooling
systems) would have different implications than for the rest of the heat transport
system, because of their location. The pipe breaks inside the feeder cabinet and inside
the calandria are other examples of situation which require special consideration.
Similarly, various containment configurations (affecting pathways for the transport of
the mixture from one sub-volume to another) also need to be considered to determine
the limiting cases. Consideration should also be given to the timing of the release of
hydrogen and steam.

Final analysis for the limiting cases should be done with well validated (lumped
parameter and/or 3-D distributed parameter) codes using judicially chosen
sub-volumes (or nodes). This is to identify the bounding mixture compositions at all
critical locations to demonstrate that they are at or near the deflagration limit, and
that the pressures generated inside the containment do not threaten the containment
boundary or any critical internal structure.
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3. Sensitivity Studies

Sensitivity studies should be carried to optimize the design and develop operating
strategies to minimise the potential adverse effects and maximize the beneficial
effects.

For instance, while the fans from the air cooling units enhance mixing which results
in the dilution of hydrogen concentration, the condensation of steam de-inertises the
mixture. Thus a more sensitive combustible mixture may form in both within the air
cooling units and some containment sub-volumes. On the other hand, recombination
units may generate buoyancy induced flows which would enhance mixing.

4. Standing Flame

A hydrogen burn may result in a flame that may be attached to the source of
hydrogen such as: break location or discharge of the air cooling units. The flame may
also be generated by the igniters and recombiners. Where there is a potential for
standing flame to occur and cause damage to some critical equipment or containment
boundary, a conservative estimates of the steam and hydrogen concentration should be
made in assessing the stability of the flame. The survivability of the equipment,
instrumentation, cabling, or the containment boundary should be assessed based on
the estimated heat fluxes generated in and above the flame. Sufficient experimental
data base should be available to support the model used to estimate the heat fluxes.

8.0 Requirements for the Computer Codes used in the Analysis:

The analytical codes should conform to all the requirements of CSA N-286.7 for scientific
computer codes for nuclear power plants. In particular, the following must be considered in
qualifying the code for use.

1. The choice of the analysis code to simulate a given situation should be justified from
the point of view of suitability for the scenario under consideration. For example, a
lumped parameter code may be suitable in one case whereas 3-D distributed
parameter or a combination of the two may be suitable for other situations.

A special attention may need to be paid to the choice of sub-volumes where there is a
tendency for the hydrogen to accumulate and/or steam to condense especially, in the
absence or partial impairment of forced mixing of the containment atmosphere by the
air cooling units. Sub-volumes served by the discharge ducting of the air cooling
units, the reactor building dome, the vault cooling system room (in Bruce type
reactors) are examples of the cases where a more sensitive mixture is likely to
develop.

2. A systematic examination should be done to verify that the code(s) to be used is
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validated for all the important phenomena that are likely to occur in a given situation.
Special consideration should be given to the flow regime, geometry and the scale
effects.

3. Sufficient experimental information should be available to adequately support the
various models that are used in the codes. The following are some examples where
the relevant data base is necessary.

1. Steam condensation models (in the presence of non condensible gases) for air
cooling units, cold surfaces and sprays.

2. Models for mixing (natural and forced convection, etc.) inside containment

3. Models of the catalytic recombiner performance.

4. Models for the combustion initiated by an igniter and its propagation into non-
homogeneous mixtures.

5. Models for flame acceleration in the presence of obstacles and through
openings between sub-volumes.

9.0 Operating Requirements:

The hydrogen mitigation systems should satisfy the operating requirements for the
containment subsystems given in R-7. Some important ones are listed below:

1. The status of the important sub-system components/equipments and the means of
intervention, if necessary, should be made available to the operator, from both control
rooms.

2. Adequate instrumentation should be provided to give the operators a clear indication
of the hydrogen concentrations and temperature fields in critical areas within
containment. This is to enable them to assess the threat posed to the containment
envelope, critical internal structures and the equipment required for post accident
management, from both control rooms.

10.0 Commissioning, In-Service Testing and Inspections Requirements:

To ensure that the necessary hydrogen mitigation systems meet their minimum performance
requirements commissioning and in-service tests and inspections have to be carried out
according to the specifications given in R-7. Some important requirements specific to the
hydrogen mitigation systems are outlined below:
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To the extent practical, in-situ commissioning and periodic tests should be carried out
to verify that the hydrogen mitigation systems can carry out their functions, under the
expected operating conditions. For instance, in situ-testing of the igniters to ascertain
that they can reach their design steady state temperature under representative
conditions of turbulence need to be carried out.

Where the in-situ tests can not be done for the representative conditios, tests in a
laboratory may be carried out for the representative temperature, pressure, radiation
fields, humidity, aerosols and sprays present under post accident conditions, to
confirm that the igniters and/or catalytic recombiners can still meet their minimum
performance requirements. Since the catalytic recombiners are particularly vulnerable
to poisoning, all the chemical species that are like to occur inside the containment in
the short as well as long term post accident phase, and which affect the performance
of the catalyst, should be included in the test program.

Testing of the mitigation system components and equipments are to be carried out at a
suitable frequency to demonstrate compliance with their reliability and minimum
performance requirements. Special attention must be paid to the parameters
susceptible to ageing effects. The poisoning of the catalyst in the recombiners and the
remaining battery life of the spark igniters are some relevant examples.

11.0 Discussion:

It is recognised that there may be a number of difficulties in meeting all these
requirements.The analysis tools have not yet been fully developed and their validation will
require considerable additional research work. The validation of the codes, which will take
into account the geometry and scale effects, especially when the mixture composition deviates
significantly from the deflagration limits, can be very difficult and expensive. It may be
difficult to meet the reliability requirements especially for the air cooling units. Also, a break
in the feeder cabinet is very difficult to assess because of the presence of hydrogen source,
repeated obstacles and uncertain geometry as a consequence of the break.

While the analytical and experimental research effort is in progress to address these issue,
the decisions with regards to the design (the number and locations of the igniter and/or
recombiners) of the mitigation system will have to be made. There may also be practical
consideration in locating these equipment in certain places e.g. the dome area. It is also
worth noting that the recombiners, though currently look very promising, are in the early
stage of their development. Their ageing effects are unknown as they have not been exposed
to the containment atmosphere for any significant length of time.

Given all these uncertainties, it is clear that in making those decisions, a fair bit of
engineering judgement will have to be used, and it should be based on the current state of
knowledge and prudence.
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12.0 Summary:

In this discussion paper, a brief overview of the requirements that may be necessary for the
hydrogen mitigation systems has been presented. These requirements have been derived
mostly from the AECB Regulatory Document R-7 for containment. Some additional ones
which are specific to the hydrogen mitigation systems have been included. These
requirements are intended for application to the new reactors in Canada. For the existing
reactors, their application will be subjected to the practicability of retro-fitting.

Since in Canada, the regulatory requirements for the severe accidents have not yet been fully
developed, it is anticipated that the design of the hydrogen mitigation system would be such
that the future requirements can be accommodated.
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Table 1 Mitigation Systems Currently Installed in Canadian Reactors

Facility

Darlington

Bruce A and Pickering A

Bruce B and Pickering B

Gentilly 2 and Point Lepreau

Mitigation System

58 Tayco igniters per unit

12 Tayco igniters per unit

16 Tayco igniters per unit

None (other than the air cooling units)

TABLE 2 Single Initiating Events

No

1

2

3

4

5

6

Design Basis Events

Failure of any piping or header in any fuel cooling system

In-core loss of coolant accident such as: flow blockage

Failure of any end fitting

Failure of a fuelling machine to replace a closure plug

Failure of any piping in the steam generator feedwater or steam
systems

Failure of steam generator tubes

TABLE 3 Event Combinations

No

1

2

3

Design Basis Event combinations

Any of the single events 1 to 6 of Table 1 coincident with or
followed by failure of a mitigating process system that must change
state e.g. a loss of class IV with operator failure to initiate the local
air coolers manually, loss of secondary side back-up heat sink.

Any of the single events 1 to 6 of Table 1 accompanied by or
followed by a loss of emergency core cooling in the short or long
term .

Any of the above event combinations followed by a common
cause event ( earthquake, fires, internal flooding, etc.) in the long
term.


