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ORGANISATION FOR ECONOMIC CO-OPERATION
AND DEVELOPMENT

Pursuant to Article 1 of the Convention signed in Paris on 14th December 1960, and which came into
force on 30th September 1961, the Organisation for Economic Co-operation and Development (OECD) shall
promote policies designed:

— to achieve the highest sustainable economic growth and employment and a rising standard of living
in Member countries, while maintaining financial stability, and thus to contribute to the development
of the world economy;

— to contribute to sound economic expansion in Member as well as non-member countries in the
process of economic development; and

— to contribute to the expansion of world trade on a multilateral, non-discriminatory basis in
accordance with international obligations.

The original Member countries of the OECD are Austria, Belgium,Canada, Denmark, France, Germany,
Greece, Iceland, Ireland, Italy, Luxembourg, the Netherlands, Norway, Portugal, Spain, Sweden, Switzerland,
Turkey, the United Kingdom and the United States. The following countries became Members subsequently
through accession at the dates indicated hereafter: Japan (28th April 1964), Finland (28th January 1969),
Australia (7th June 1971), New Zealand (29th May 1973), Mexico (18th May 1994) the Czech Republic
(21st December 1995), Hungary (7th May 1996), Poland (22nd November 1996) and the Republic of Korea
(12th December 1996). The Commission of the European Communities takes part in the work of the OECD
(Article 13 of the OECD Convention).

NUCLEAR ENERGY AGENCY

The OECD Nuclear Energy Agency (NEA) was established on 1st February 1958 under the name of the
OEEC European Nuclear Energy Agency. It received its present designation on 20th April 1972, when Japan
became its first non-European full Member. NEA membership today consists of all European Member countries
of OECD as well as Australia, Canada, Japan, Republic of Korea, Mexico and the United States. The
Commission of the European Communities takes part in the work of the Agency.

The primary objective of NEA is to promote co-operation among the governments of its participating
countries in furthering the development of nuclear power as a safe, environmentally acceptable and economic
energy source.

This is achieved by:

— encouraging harmonization of national regulatory policies and practices, with particular reference
to the safety of nuclear installations, protection of man against ionising radiation and preservation
of the environment, radioactive waste management, and nuclear third party liability and insurance;

— assessing the contribution of nuclear power to the overall energy supply by keeping under review the
technical and economic aspects of nuclear power growth and forecasting demand and supply for the

_ different phases of the nuclear fuel cycle;

— developing exchanges of scientific and technical information particularly through participation in
common services;

—  setting up international research and development programmes and joint undertakings.

In these and related tasks, NEA works in close collaboration with the International Atomic Energy

Agency in Vienna, with which it has concluded a Co-operation Agreement, as well as with other international
organisations in the nuclear field.
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COMMITTEE ON THE SAFETY OF NUCLEAR INSTALLATIONS

The NEA Comniittee on the Safety of Nuclear Installations (CSNI) is an international committee
made up of scientists and engineers. ‘It was set up in 1973 to develop and co-ordinate the
activities of the Nuclear Energy Agency concerning the technical aspects of the design,
construction and operation of nuclear installations insofar as they affect the safety of such
installations. The Committee’s purpose is to foster international co-operation in nuclear safety
amongst the OECD Member countries.

CSNI constitutes a forum for the exchange of technical information and for collaboration

between organisations which can contribute, from their respective backgrounds in research,

development, engineering or regulation, to these activities and to the definition of its programme -
of work. It also reviews the state of knowledge on selected topics of nuclear safety technology

and safety assessment, including operating experience. It initiates and conducts programmes

identified by these reviews and assessments in order to overcome discrepancies, develop

improvements and reach international consensus in different projects and International Standard

Problems, and assists in the feedback of the results to participating organisations. Full use is also
made of traditional methods of co-operation, such as information exchanges, establishment: of

working groups and organisation of conferences and specialist meeting.

The greater part of CSNI's current programme of work is concerned with safety technology of-
water reactors. The principal areas covered are operating experience and the human factor,
reactor coolant system behaviour,” various aspects of reactor component integrity, the
phenomenology of radioactive releases in reactor accidents and their confinement, containment
performance, risk assessment and severe accidents. The Committee also studies the safety of the
fuel cycle, conducts periodic surveys of reactor safety research programmes and operates an
international mechanism for exchanging reports on nuclear power plant incidents.

In implementing its programme, CSNI establishes co-operative mechanisms with NEA’s
Committee on Nuclear Regulatory Activities (CNRA), responsible for the activities of the Agency
concerning the regulation; licensing and inspection of nuclear installations with regard to safety.
It also co-operates with NEA’s Committee on Radiation Protection and Public Health and NEA’s
Radioactive Waste Management Committee on matters of common interest. :
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OECD Workshop on the Implementation
of Hydrogen Mitigation Techniques

‘Summary and Conclusions

Introduction

The Workshop on the Implementation of Hydrogen Mitigation Techniques was held in Winnipeg, -
Manitoba, Canada from 1996 May 13 to 15 . It was organized in collaboration with the

Whiteshell Laboratories of Atomic Energy of Canada Limited (AECL), Ontario Hydro, and the
- CANDU Owners’ Group (COG). . Sixty-five experts from twelve OECD Member countries and
the Russian Federation attended the meeting. Thirty-five papers were presented in six sessions:

- accident management and analyses

- relevant aspects of hydrogen production, d1str1but10n and mixing
- engineering

- technology o

- possible side-effects and consequences

- new designs.

It had become clear towards the end of 1994 that several Member countries had reached
conclusions on hydrogen mitigation and were moving into an implementation phase. Discussions
in CSNI’s Principal Working Group on the Confinement of Accidental Radioactive Releases
(PWG4) and Task Group on Containment Aspects of Severe Accident Management (CAM) had
led to the conclusion that the time was ripe to organize an international Workshop to review the
basis for the strategies that were being considered and to provide details of how the strategies

- were or would be implemented. CSNI therefore decided to sponsor the Workshop, putting -
emphasis on catalytic recombiners and igniters.

The objectives of the Workshop were the following;

- to establish the state-of-the-art of hydrogen mitigation techmques with emphasis on igniters
and catalytic recombiners;

- to exchange information on Member countries’ strategies in managing hydrogen mmgatlon,
and to establish dialogue as to differences in approach




- to determine whether there is now an adequate technical basis for such strategies or whether
more work - in which areas - is desirable;

- to exchange information on future plans for implementation of hydrogen mitigation
techniques. '

These objectives have been met. The Workshop has been most successful with respect to the
amount and the quality of the information exchanged, and the depth of the discussions. The
highlights of the meeting, and the main conclusions, are summarized below.




Status and Trends of Implementation

- Hydrogen mitigation systems were installed in several reactor types after the occurrence of the
TMI-2 accident. Most small-volume BWR containments were inerted and igniters were installed
in Mark III BWRs, multi-unit CANDU stations, and PWR containments with ice condensers. In
large dry PWRs, reliance was predominantly on large dilution volumes combined with high design
pressures. Continued research, new technology and level 2 PSA studies have prompted further
assessments in some countries. As a result new initiatives are being taken to implement hydrogen
mitigation measures. B ‘

Passive autocatalytic recombiners (PARs) have been installed in one of the Belgian nuclear power
plants; the other plants will be equipped before the end of 1997. Strong recommendations have
been made in Germany by the GRS and the RSK for the implementation of a hydrogen mitigation
system in PWRs with large dry containments; a decision about the techniques to be used will be
made during the autumn of 1996. In response, German utilities have indicated their preference for
a PAR system supplemented by either the installation of igniters in well chosen locations or post-
accident-dilution (PAD) by inert gas injection. In the Netherlands, it has been decided to install
recombiners in a PWR of German design. In the future, Canada will propose for sale CANDU 9

- plants equipped with recombiners and igniters. Most countries are considering the matter of
hydrogen mitigation. ' '

It appears from the Workshop that current trends favour the installation of passive autocatalytic .
recombiners, with the possible installation of complementary igniters. The installation of PARs is
also under discussion for future reactor concepts. The installation of catalytic recombiners is
being considered for the AP600 reactor for design basis accident scenarios; for the Advanced
CANDU reactor and the European Pressurized Water Reactor it is favoured for all accident
scenarios including severe ones. ‘ o

.Assessment of Techniques

On techniques of hydrogen mitigation, the established principles are mainly based on hydrogen
removal or dilution to non-flammable or less sensitive mixtures. o _ :
Existing mitigation systems include igniters, passive autocatalytic recombiners (PARs),
inertisation and containment filtered venting. They have their specific advantages and drawbacks;
for example, igniters could deal with higher hydrogen flow rates than PARs, but they have to be
more accurately located and need external power. They should not be necessarily considered as
alternative solution to PARs, although they.can be used as stand-alone solutions. Redundancy
would require they be used in some combinations between them or with PARs, for a better
hydrogen control.

1. Igniters
Igniters have been well established as a rﬁethod of preventing damaging burns in nuclear power

plants by ensuring ignition near the limits of flammability. Availability of power to the igniters is
required for their function. Igniters are at pre-determined, fixed locations, and care must be taken




in selecting adequate locations, in a manner that is independent of the accident scenario. Special
consideration must be given to situations of hydrogen accumulation as a result of temporary
steam-inerted conditions. However, in a detailed geometry of a specific reactor containment
compartment optimum placement may differ in different scenarios. Engineering judgement
combined with study of the gas transport, mixing and stratification as well as studies of -
combustion behaviour are necessary to optimize igniter placement and for spark igniters, to
optimize spark frequency. To assist these studies, lumped parameter as well as detailed 3-D
codes are available and were discussed at this workshop. Igniter initiation could be done either
automatically or through operator action in the control room on the basis of available hydrogen
measurements.

2. Passive Autocatalytic Recombiners

Passive autocatalytic recombiners (PARs) are devices that recombine the hydrogen present in the
containment without a need for external power or operator action. The practical installed
capacities in a large containment building are on the order of 100 kg/h made up by 20-60 PARs
(depending on PAR unit size), which accommodates a wide range of release scenarios but does
not match the maximum possible hydrogen release rates produced in the worst cases. PARs are
already being implemented in some plants (e.g. in Belgium) as a means to improve safety margins
for hydrogen combustion in severe accident situations.

The installation of PARs is_highly influenced by geometric and operational constraints (access to
maintenance areas should remain free, PARs must be accessible for periodic surveillance, ...).
Therefore engineering judgement is essential in defining the location of the PARs. For future
plants, locations of hydrogen mitigation systems may be optimized at the design stage. In the
absence of engineering judgement, detailed code calculations would have to address a large
number of hydrogen release locations and release rates, and would inevitably indicate PAR
locations which are not feasible from an operational standpoint. Nonetheless, calculations can
provide quantitative assessment of the effectiveness of the selected locations. On the other hand,
calculations and experiments presented at the meeting showed that the exact location of a PAR in
a compartment was not critical for its performance. The strong convection created by a working
PAR effectively mixes the atmosphere. - :

PARSs are seen as a promising alternative to thermal recombiners for DBA hydrogen and are under
active investigation to resolve partlcular questions in that application.. :

3. Post-Accident Inert Gas Injection

Post-Accident Injection is a well established technique to avoid burning loads. Post-accident
inertisation, under review for reactor application, is a concept which involves injection of an inert
gas like CO, in fluidized or gaseous form into containment to inert the gas mixture. Another
concept is post-accident dilution by injecting an inert gas like CO»; it was further demonstrated
through tests conducted in a full-scale mockup of the injection equipment. The former concept
prevents a burn, whereas the latter limits the additional partial pressure buildup by only injecting
enough inert gas to preclude turbulent flame acceleration. This latter concept would be used in




combination with another technique, such as igniters or PARs as discussed above. Although both . -
concepts were shown at the Workshop to be feasible, no practical installation has been reported

- up to now. Engineering work is needed to deal with interfacing problems (such as thermal shock,

additional large penetration through the containment wall for liquid CO, injection, effective gas’
distribution inside the containment (for both concepts), etc.). A disadvantage of these concepts -
could be the more complicated initiation procedure in the absence of automatic initiation since the
timing is critical. This places an additional burden on operating staff to perform this accident
management function, compared to igniters or PARs, which require no operator action. An
advantage of these concepts could be the reported low costs for multiple unit application.

P

Strategic and Accident Management Aspects

Implementation of mitigation techniques is scenario and design specific. Hydrogen mitigation
techniques need to be considered in terms of their specific safety goals, required function, and
time frame for operation in the accident. These safety goals may be, prevention of flammable
mixtures, or prevention of fast deflagrations and detonations. The function of the technique may
be dilution, removal or pre-emptive initiation of combustion. Systems and devices couldbe
optimized for use during “design basis” accidents, recoverable severe accidents or severe ‘
‘accidents leading to long lasting hydrogen production in the ex-vessel phase. This could lead to
different requirements concerning the qualification programmes for such devices. Mitigation
techniques are notto be viewed as alternatives to one another but rather, they are selected to
address a particular foreseeable circumstance. As circumstances change over the course of an
accident the “fit” or appropriateness of one or another technique may change. Thus, ,
combinations of techniques can provide diversity. of function in the different time frames and thus
- will provide protection over the full range of circumstances. Further, combinations of techniques
reduce redundancy requirements for a particular technique compared to when'used on a stand-
alone basis. - : )

To provide assurance on the functionability of PARs, a programme for periodic testing is required

due to possible aging effects on the catalytic surface during normal plant operation.

The effect of accident management measures on the performance requirements of mitigation
systems ‘and the time frame for their operation should be considered. For example, sprays (and
coolers) can adversely affect hydrogen mitigation by sensitizing the mixture due to steam removal;
however, they also have a benefit in enhancing mixing (and thus dilution) as shown, for instance,
in the series of NUPEC tests and the USNRC sponsored tests at Sandia National Laboratories.
Another important consideration is the sensitivity of the timing of Such actions on the outcome.
Measures that are sensitive to timing of actuation raise questions about requirements for operator
action in different scenarios.

Analysis

Analytical tools are needed to provide simulations of the accident scenarios. Calculations are used
as well to describe the hydrogen release, hydrogen mixing in containment and the behaviours
arising from mitigation measures. ~




The key requirement for the tools is to provide guidance in the selection of type, capacity,
numbers and locations for hydrogen control systems as well as the boundary conditions under
which the systems will function. The tools are relied upon, as well, to analyze the effectiveness.
and outcomes of the hydrogen mitigation measures.

The lumped-parameter and 3D codes should be used appropriately, based on their capabilities and
limitations. Lumped-parameter codes require relatively short computer time to analyze a
scenario. Thus, they can be used to analyze a number of representative scenarios. 3D codes
require extensive computational effort but are very useful for particular plant compartments or
complex situations which pose a particular challenge for the lumped-parameter codes. Although
both types of computer codes provide valuable information, it should be taken into account that
each has limitations. For example lumped-parameter codes cannot describe complex combustion.
3-D codes lack the validation base of the lumped-parameter codes and the experience in the
application. Engineering judgement should be used to get the appropriate simulation and
utilization from both the lumped-parameter and 3D codes. It is also engineering judgement that
should be used to appropriately interpret the computer code results and use them for the final
implementation of the hydrogen combustlon control technique (e.g. placement of igniters or
PARs).

Uncertainties

Regarding H; generation and release rates, large uncertainties still remain for the late stage of in-
vessel core degradation, as well as for core reflood and quenching. In addition, combustible gas
generation is not well-known for the high temperature stage of MCCI after vessel melt-through
and during molten-fuel coolant interactions.

Regarding hydrogen distribution in complex subcompartments, qualified 3D codes can help to
optimize the location of igniters. As for hydrogen distribution in large, open containment
volumes, lumped parameter codes may be adequate, to identify the main convection loops and
guide the positioning of recombiners. A qualified condensation model is needed to reduce
uncertainties in applications near walls, particularly in ice condenser containments.

Combustion behaviour in subcompartments is uncertain and depends on geometry, hydrogen and
steam concentration and availability of ignition sources. Depending on geometry (obstacles) and
gas concentrations, turbulent deflagration, accelerated flames and transition to a detonation
(DDT) cannot be excluded in all cases. Models are still under development for combustion in
sub-compartments and will have to be experimentally validated. Currently, a criterion to avoid
DDT is available but its qualification needs to be extended in large-scale tests such as the RUT
experiments at Kurchatov Institute.

Uncertainties were identified in the accident scenarios, hydrogen distributions, combustion

behaviour and performance of PARs and igniters under certain conditions but the uncertainties are
not considered to be of a nature as to prevent implementation of hydrogen mitigation measures.
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- Nonetheless, reduction of uncertainties is needed to improve confidence in the effectiveness,
robustness and safety benefit of the proposed measures. :

Future Needs
1.. Technology and Testing

- Igniters: The technology of such devices is well established. The work still needed is in
qualification of power supply and in the detailed modelling needed to confirm the number
- and location of igniters.
PARs: The process of catalytic recombination is well established and the remaining issues
relate to qualification of the equipment for accident conditions. Although the catalytic
materials used in PARs have been shown to remain active in prototypical accident
situations, experiments are needed to increase the database to cover a larger spectrum of”
operating and accident conditions. At the meeting, experimental programmes were
presented that will assess the performance of PARs at different temperatures, in the
presence of possible poisons and for a combination of aerosols and fission product
simulants, and after being wetted by sprays. The possible effects of aging also remain in
‘need of further assessment. Oxidation of other combustible gases such as CO is- not well-
cstabhshed '

Post Inert Gas Injection: The concept is well established, but the technology needs to be
“engineered to nuclear containment conditions. Issues to be resolved include the engineering .

approach, interfacing with other plant components and detailed modelling to confirm the -

adequacy of mlxmg of the dﬂuent gas. ,

2. Tools and Validation

A numiber of computer codes are used for simulations of hydrogen combustion and gas munng in
contamment :

For gas mixing, a skilled user can make good use of both lumped parameters and 3D codes in
representlng the containment system or a large-scale experiment. In some instances detailed gas
mixing patterns are needed (such as to confirm the location of 1gn1ters) but very little validation of
3D mixing has been performed. Large-scale tests are needed to validate condensation phenomena
and 3D gas mixing codes. Even with large-scale tests, the skill of the user must be developed in
addition to the validity of the code. This is essential if the 3D codes would be used for real-plant
application, since no site specific full-scale experiments are likely to be conducted and the
~ engineering judgement of the user is requlred

For combustion, both lumped parameter and 3D codes were discussed at the Workshop, where it
was generally concluded that lumped parameter codes are limited to slow combustion modes.

Predictive tools are also needed for analysis of other modes of combustlon, such as standmg
flames and transition to detonatlon Additional experiments are needed to estabhsh the criteria for

11




standing flame stability and to assess their characteristics (temperature, heat transfer).
Information is also needed to establish the conditions from which a transition to detonation could
occur. '

3. Facilities and Demonstration

As substantial uncertainties still remain, facilities continue to be required to obtain the information
to resolve these, and code validation exercises are needed to demonstrate that the issues are
adequately understood. . Facilities needed include: small-and medium-scale combustion facilities
for DDT; large-scale combustion facilities for deflagration studies and equipment performance
testing; large-scale mixing facilities to validate codes, facilities to obtain data on standing flames,
and facilities needed to fully characterize the performance of mitigation equlpment under
simulated accident conditions.

Some versatile, modern facilities are in place to carry out required tests to resolve identified
uncertainties and to complete validation of codes. Some of these were described in the
Workshop. Continued operation, reinstrumentation and reconfiguration of these will be needed
for validation of 3D codes. .

Conclusions

1) Among Member countries considering new measures, there appears to be a trend toward
implementation of passive autocatalytic recombiners (PARs) - possibly supplemented by
other measures (igniters or post-accident dilution).

- 2) PARs are seen as a prormsmg alternative to thermal recombiners for long term hydrogen
control.

3) . Practical installed capacmes of PARSs are on the order of 100 kg/h (provided by 20-60
units of different sizes and positions in containment) which can deal with a wide range of
hydrogen release scenarios but still cannot match the maximum possible release rates in
the worst cases.

4) Locations of PARs back-fitted to existing plants are largely influenced by geometric and
operational constraints. Engmeermg Judgement is essential in defining locations for PAR
units in the containment.

5) Catalytic materials differ considerably in the different PAR designs. Some are better
suited to certain conditions than others. Generally, catalytic materials in PARs have been
shown to remain active under prototypical accident conditions. Nonetheless, they require
specific qualification testing to cover the spectrum of environmental and operating
conditions relevant to the particular application.

6) Dilution (mixing) of hydrogen with available containment air, is an important aspect in
hydrogen mitigation. Dilution can be enhanced by engineered systems (fans),
configurations that promote natural circulation or by accident management measures (i.e.,
opening of doors to create flow in ice condenser containments). Analysis of mixing and
distribution is an integral part of assessing the effectiveness of further proposed mitigation
techniques.
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8)
9)

10)

1)

12)

13)
14)

15)

16)

Igniter technology is established but qualification of power supply and placement are still
issues. ' I
Implementation of igniters requires study of gas flow patterns in representative scenarios
to optimize location selection. : '

Post Accident Dilution (PAD) concepts were shown to be feasible but no practical -
installation has been reported up to now. .

Post Inert Gas Injection is a well established technology, but full engineering to nuclear
containment is still under development. ‘ " o
Parallel use of lumped-parameter and local application of 3D codes was seen to provide an
optimum of computational time and resolution for selected complex cases, in the analysis
of implementation measures. . ' ' . . '
For turbulent combustion, 3D combustion codes are required and need validation against
experiments. v , o ’

Large-scale tests are needed to validate 3D mixing models, ‘

Uncertainties are identified in the scenarios for hydrogen distributions and combustion
behaviour but uncertainties are not of a nature as to prevent implementation of hydrogen
mitigation measures. Nonetheless, reduction of uncertainties is needed to improve
confidence in the effectiveness and safety benefit of the proposed measures.’

Modern versatile facilities are in place to carry out the required tests to resolve
uncertainties and complete validation of codes. Continued operation, .reinstrumentation
and r'econﬁgdration of these are needed to validate 3D codes. : o
Additional experiiments are required-to establish standing flame stability and to assess their
characteristics. : :

’
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Introductory Session

Chairman: G.W.Koroll, AECL

The Workshop was opened with welcoming and 1ntroductory remarks from the hosting Chairman,
G.W. Koroll; the Canadian CSNI Member and Director of Reactor Safety Research, Dr. L. A.
Simpson; and the Chairman of the Task Group on Containment Aspects of Severe Accxdent '
Management (CAM), Mr. J. Duco.

The invited paper was presented by Dr. D. A. Meneley, Chief Engineer, AECL. Dr. Meneley’s
paper was titled, ‘A Designer’s View of Hydrogen Mitigation’. The paper reviewed the concepts
of design basis and severe accidents as they apply to the design process and went on to examine
the safety goals, the design issues and regulatory implications with respect to hydrogen and
containment integrity. The paper emphasized the necessity of hydrogen mitigation in terms of the
absolute requirement to maintain containment integrity during accidents. In discussion of
hydrogen mitigation measures, Dr. Meneley identified the key design issues being availability (i.e.,
qualification for service), safety orientation (i.e., operating in a way that consistently improves
safety in foreseeable scenarios), function (the devices demonstrably perform their intended
function and are engineered in appropriate ways into the containment) and cost. To guide the
selection of appropriate measures for hydrogen, the principles of defense-in depth were
introduced with the examples illustrating how independent diverse and redundant measures can
improve safety margins for hydrogen.

-An overview of the Canadian Program on Hydrogen and the particular issues related to hydrogen
in CANDU designs was presented by Mr. R.J. Fluke, Ontario Hydro Nuclear. Mr. Fluke
described the scenarios leading to hydrogen production, the different CANDU containment
designs, the hydrogen control strategies adopted, the codes used in the analysis and the research
program in support of hydrogen issues carried out at AECL through the CANDU Owners Group
(COG). Multi-unit containment designs operated by Ontario Hydro use a combination of forced
- mixing and ignitors for hydrogen mitigation. Single-unit containment designs rely on dilution of
the hydrogen with the large volume of containment air. The GOTHIC code is used to analyse
- mixing, distribution, recombination and combustion of hydrogen. An ambitious plan to validate
the 3D combustion and mixing models in the containment codes is underway. Research support
of hydrogen issues is provided by COG in programs addressing 3D mixing, deflagration,
deflagration to detonation transition, standing flames and catalytic recombiners. Highlights
include a large-scale, instrumented, insulated combustion test facility, an large-scale gas mixing
test facility'and a unique catalytic recombiner technology:that resists water and water vapor at
low temperatures.

At completion of the session, Dr. J Royen, OECD Nuclear Energy Agency, provided additional
welcoming remarks, thanked the organizers and the Program Committee for their good work and
offered guidance regarding the conduct of the workshop and the purpose it was expected to serve
for CSNI.
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Sessioﬁ I
Accident Management and Analyses

Chairman: J. Duco, IPSN

Six papers have been presented in Session I on accident management and analysis.

Paper one, entitled “Hydrogen Mitigation Systems - A Canadian Regulatory Perspective,” and
presented by Dr. J.K. Khosla (Atomic Energy Control Board Canada), 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 they are deemed necessary to
‘maintain the integrity of the containment system, may be considered to be a part of the o
containment systems and therefore should meet all the relevant requirements given in 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; they are
‘intended for the new reactors in Canada; whereas their application to existing reactors will be
subjected t6 practicability. It is recoghized 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. While the analytical and experimental research
effort is in progress, the decisions with regard to the design (the number and locations of the
igniters and/or recombiners) of the mitigation system will have to be made. It is also worth noting
that the recombiners, though currently looking very promising, are in the early stage of their
development. 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. The requirements for severe accidents have not yet been developed in
Canada, but it is anticipated that the design of the hydrogen mitigation system would be such that
future requirement can be accommodated. - ‘

The second paper, entitled “Rationale for the Implementation of Hydrogen Mitigation Techniques
on French PWRs”, and presented by Mr. Duco from the Institut de Protection et de Streté
Nucléaire (IPSN) in France, first identified the IPSN technical needs to realistically assess the
hydrogen issue in the containment under severe accident conditions. The physical phenomena
concerned are highlighted, as well as major uncertainties affecting current assessment tools, which
results in an objective-oriented research prioritization. The IPSN hydrogen research program is
then described, along with national and international cooperations.. Regarding the hydrogen
generation and generation rate for the severe accident scenarios of concern on French PWRs, a
comprehensive, state-of-the-art report, still in draft form, has been worked out. It is apparent that
efforts are still to be made for a proper assessment of hydrogen generation for the late in-vessel -
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core degradation phase and reflooding. Regarding the hydrogen distribution in the containment
and deflagration, IPSN has launched the elaboration of the TONUS code, combining lumped
parameter and 3-D aspects: in particular, steam condensation models onto the walls, in presence
of non-condensable gases, and condensation models on falling droplets of a water high-density

~ spray are expected to be qualified in the TOSQAN test facility at IPSN Saclay. Concerning the

deflagration-to-detonation transition, IPSN participation in the RUT program, in collaboration
with FZK, USNRC and the Kurchatov Institute, which is expected to provide shortly
comprehensive data for establishing a criterion excluding DDT. Simultaneously, IPSN has
launched an experimental program, H2PAR, in its Cadarache laboratories, to check that some
passive autocatalytic recombiners, which could be proposed by the utility for installation on

‘French units, remain efficient under severe accident conditions, when exposed to a representative

variety of fission products and other core material simulants: the first results are expected in
1997, but tests are scheduled to be contmued in 1998 and beyond.

The third paper, entitled “Recent Work in Sweden Concerning the Hydrogen Issue at nghals
PWR” and presented by Dr. Veine Gustavsson from Vattenfall Energisystem AB in Sweden, gives
an overview of the work in the last three years. Based on a PSA level 1 study providing the core
damage frequency in different scenarios, a study has been performed in order to estimate the
probability of containment failure due to hydrogen deflagration after a severe accident in Ringhals
3, one of the three, 3-loop W-PWRs at the Ringhals site. Two event-trees have been used, one

~ before reactor vessel failure, the other after such a failure. The calculations were carried out for

two cases as regards the input data: best-estimate and conservative data, respectively. In-vessel
and ex-vessel hydrogen generation data are provided for six accident sequences, as well as the
relevant pressures in the containment resulting from a deﬂagration.

‘The probabilities of a hydrogen deflagration before and after reactor vessel failure are provided

and the probability of containment failure assumed as a function of the pressure. The probability
of failure of the containment is extremely low before vessel melt through. Its value is therefore
calculated as the product of the probability of the reactor vessel failure by that of containment
failure, given that vessel failure has occurred. The result is less than 1 x 10° Tfyear, using
conservative assumptions. Such a probability could be strongly reduced by introduction of
catalytic recombiners. However, Swedish plants are equipped with filtered venting systems,
which could be used for the hydrogen release to the atmosphere.

The fourth paper entitled “EDF Analys1s of the Hydrogen Problem on Present NPPs” and
presented by Mr. Guieu from Electricité de France; is a synthesis of the analysis of the French
utility in order to answer the following questions concerning the hydrogen risk on the types of
PWRs currently in operation: a) is there a need of mitigation measures, and b) what are the most
appropriate, if the need is apparent. Regarding the cumulative amount of hydrogen generated for
in-vessel arrested severe accident sequences, the amount proposed as a conservative value
corresponds to the oxidation of 100% of the zirconium fuel cladding in the active part of the core.
Assuming a global hydrogen deflagration, the resulting peak pressure in the containment is
calculated in a realistic way, and compared to the “ultimate” containment failure pressure. In

- conclusion, the installation of catalytic recombiners is under consideration for P’4 and N4 units, as

a conservative measure, but such equipment will be effective only after full qualification as regards
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the efficiency of the devices. Alternative or complementary methods, like the use of igniters or
containment atmosphere inerting, are rejected for the time being, whereas a test program on
passive autocatalytic recombiners is going on at CEA and IPSN.

The fifth paper, entitled “Hydrogen Management Strategy for the Loviisa NPP,” and presented by
P. Lundstrom from IVO International Ltd. of Finland, deals with a new hydrogen management
scheme developed for the Loviisa ice condenser containment as a part of a comprehensive severe
accident management (SAM) strategy. The scheme is based on providing sufficient mixing of the -
containment atmosphere, effective energy removal from the containment, and controlled removal
of hydrogen through passive catalytic recombination. The paper aims at demonstrating how this
hydrogen management scheme works for a range of relevant severe accident scenarios, The
hydrogen management strategy proposed is based on the following logical steps. First, a global
convective loop flow is due to take place in the containment during hydrogen release, if the ice
condenser doors are forced open. Second, a maximum tolerable hydrogen molar fraction has

been defined, both to avoid local flame acceleration and transition to a detonation, and not to
exceed the adiabatic isochoric complete combustion pressure approaching the containment failure
pressure. Third, an assessment of the hydrogen generation rate in the core has been carried out,
keeping in mind that faster hydrogen generation rates are compensated by enhanced mixing,
Ultimately the passive catalytic recombiner system can be dimensioned as a consequence of the
above. The convective loop flow in the containment is confirmed by a test 6n the VICTORIA
facility, geometrically similar to Loviisa. For a hydrogen concentration limiting criterion of 9%,

- and a hydrogen release rate of 0.15 kg/s for 5300 s, it is concluded that a total of 100 m® of inlet
recombiner area would be adequate. : .

The last paper, entitled “MELCOR 1.8.3 Application to NUPEC M-7-1 Test (ISP-35) and Two
Hydrogen Severe Accident Scenarios.in a Typical PWR Plant,” was presented by C
Mr. Jimenez Garcia from the Polytechnical University of Madrid. A MELCOR nodalisation
scheme of the NUPEC facility has been developed for. gas distribution and mixing, comprising 33
control volumes, 77 flow paths and 124 heat structures; containment spray nozzles have been
introduced. One of the novelties of the MELCOR 1.8.3 version is the inclusion of the water film-
tracking model, allowing to simulate the effect that the sprayed water impingement on the
containment walls has on the heat transfer. Calculations performed for the NUPEC M-7-1
experiment have confirmed the code ability to make quite a good simulation of this test, which
gives some confidence for applying MELCOR 1.8.3 to the study of hydrogen behavior and
distribution under severe reactor accident conditions with the water sprays active.” The second
part of the study consists in the application of MELCOR 1.8.3 to a typical 2700 MWth 3-loop
W-PWR Spanish plant, for a hydrogen producing accident scenario chosen as a station blackout
coincident with the seal failure of the three primary system coolant pumps. Two cases have been
considered a) the accident progression beyond the reactor vessel failure, with water spray
recovery after vessel failure, and b) early injection and water spray system recovery, arresting the
accident in the vessel. '
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Session 11
Relevant Aspects of Hydrogen Production, Distribution and Mixing

Chairman: W. Frid, SKI

The session, which contained four papers, addressed one of the key severe accident phenomena
namely mixing and distribution of hydrogen in the reactor containment building. For instance,
‘poor mixing of hydrogen within the containment could lead to a non-homogenous distribution of
hydrogen concentration which in turn could result in fast combustion, including detonations, and
dynamic, damaging loads on the containment structures. Thus, an assessment of hydrogen
transport and distribution within containment is necessary for the assessment of hydrogen threats,
as well as for designing adequate accident management strategies.

In the first three papers, the analytical approaches to the hydrogen distribution problem were
presented, while the last paper described experimental studies of hydrogen behaviour. The first
paper, presented by G. Preusser, Siemens-UWU, Germany described calculations of hydrogen
recombination and distribution using lumped parameter codes WAVCO and 3D code FLUTAN.
WAVCO analyses for a worst case accident scenario in a KWU 1300 MWe PWR, have shown
that in order to avoid flammable gas composition in the upper steam generator compartment a
combination of recombiners and dilution of containment atmosphere by carbon dioxide is
required. In the second part of this paper, a comparison of hydrogen distribution predicted by
WAVCO and FLUTAN was described. The 3D FLUTAN code gave better predictions in
containment regions near the source of hot gases. In the regions far away from the source, the
WAVCO predictions were acceptable, as one would expect. The future code development plans
at Siemens include coupling of WAVCO and FLUTAN in order to optimize calculations by
combining advantages of both approaches.

The next paper entitled “Analysis of Mitigating Measures during Steam/Hydrogen Distributions in
Nuclear Reactor Containments with the 3D Field Code GASFLOW” was presented by P. Royl
from FZK in Germany. A number of code improvements have been recently made. These include
implementation of ignitors and the recombiner model which allow integral simulation of transport,
combustion and mitigation measures, including “dual-concept”, i.e. simultaneous use of ignitors
and recombiners. A rather detailed description and discussion of validation and application of the
code was presented. These include validation of hydrogen/steam distribution analyses and
recombiner model against tests in HDR and Battelle facilities. In addition, scoping analyses of
CO; inertisation of the containment and simulation of hydrogen recombination in the inner rooms
of a German 1300 MWe PWR were presented. It was concluded that code validation process is
so far satisfactory and that 3D field codes simulations have become feasible and provide reliable
predictions. Computer time requirements are however very significant which prevents application
of 3D codes to sensitivity analysis. Another conclusion was that lumped parameter codes can be
adjusted and calibrated to include relevant findings from 3D-analyses.
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K. Yim from Ontario Hydro Nuclear in Canada presented analysis of post-accident hydrogen
mixing behaviour in CANDU Fuelling Machine Vault using another 3D-code, GOTHIC. The
objective of this study was to demonstrate by detailed 3-D modelling that existing hydrogen
. mitigation measures in the form of a Hydrogen Ignition System (glow plug igniters) in Ontario
Hydro multi-unit CANDU reactor containment are acceptable, since the number and location of
 igniters were selected based on engineering judgement. The GOTHIC calculations were ‘
performed for the fuelling machine vault which is considered to be the compartment of most
concern with fespect to hydrogen concentrations. Initial conditions for calculations were
determined based on mixing experiments and preliminary GOTHIC calculations. The predicted
compositions of the gas mixture were compared with ignition limits and it was shown that
flammable mixture would not form, except for a brief period during which the mixture o
* composition was just slightly higher than the ignition limit. Tt was concluded that the existing
hydrogen mitigation system is adequate because natural mixing and dispersion prevents formation
of sensitive hydrogen mixtures. The discussion of the paper was focussed on initial and boundary
conditions for the analyses. The thermathydraulic and gas mixture conditions in compartments
surrounding the vault were obtained from calculations using lumped parameter mode of the
GOTHIC code. ' : ' '

The last paper in the session described experimerital studies of hydrogen behaviour in ice
condenser containments and was presented by P. Lundstrom from IVO International Ltd. in
Finland. Three mixing experiments in the VICTORIA test facility were described and discussed.
The VICTORIA facility is a scale model of the Loviisa ice condenser containment with a linear
factor of 1/15. The facility is used, in combination with modelling and scaling studies, for
experimental studies in support of a new hydrogen mitigation scheme under development for the
Loviisa plant. The strategy relies on containment-wide natural circulation to produce efféctive
mixing and slow rise in hydrogen concentrations. At present, the Loviisa plant is equipped with
glow plug igniters powered by the emergency diesel generators. The objective of the three -
experiments presented was to investigate mixing behaviour in the upper containment compartment
under strong thermal stratification and under isothermal conditions, as well as containment
behaviour with depleted ice condensers. The experiments have shown, among other things; that
the overall mixing behaviour of the upper compartment depended on the initial conditions before
gas injection, that an initial thermal stratification in the upper compartment was rather stable, and
that the absence of ice did not affect the mixing behaviour. During the discussion of the paper, a
question was raised if the VICTORIA facility could be used for an ISP on code validation. The
facility seems quite suitable for such an exercise considering its geometrical features and good
instrumentation. However, modelling the ice condenser seems to be very difficult.

In summary, the session provided a good insight into the status of the state-of-the-art computer
codes for mixing analysis and their applications to reactor accidents and experiments. It seems
that calculation approach described in the Ontario paper, i.e. combination of the lumped
parameter and 3D codes, is a sound one. The idea of coupling the lumped parameter codes with
3D codes, discussed in the Siemens paper, is an interesting one, but during the discussion doubts
were expressed if it is feasible due to the complexity of the fluid mechanics involved. Further
experimental validation of the 3D computer codes is needed. The paper on VICTORIA
experiments illustrated the fact that a combination of well designed experiments and analytical
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methods is necessary to resolve thé complex problem of hydrogen distribution in the reactor
containments.

20



Session I]I
' ENGINEERING

Chairman: M. Fischer, Aerospace Research Establishment, Germany

Seven papers were presented in this session dealing with the engineering aspects of hydrogen
management in the containment during LOCA and severe accidents. Among the mitigation
measures, treated within the scope of this session are the use of i igniters leading to safe ignition
within various type of containments and the catalytic recombination of hydrogen and oxygen to
produce steam. Other subjects of the presentations include the development and validation of a -
computer model simulating catalytic recombiners, calculations on their implementation and
effectiveness during accident propagation within large containments as well as on first experiences
concerning their installation within real containments.

- The first paper of this session was presented by Drs. H.C. Kim and JI Lee from Korea Institute

of Nuclear Safety and dealt with an analysis of hydrogen concentration distribution within a

-~ CANDU-6 containment followmg a LOCA without any emergency core cooling. - The code

applied for the fea51b111ty study was the normally used code CONTAIN for CANDU PHWR.

The results indicated that the calculated peak hydrogen concentratlons were equal to those
previously calculated and no hydrogen burn occurred at low hydrogen concentrations. However,
improvements could still be achieved by mtegratmg the CANDU-specific layout and safety feature
models within the code.

Hydrogen combustion management with igniters during a severe accident at a plant with the ice
condenser type of containment was the topic for the second presentation. Severe accident
scenarios with an expected large amount of release of hydrogen were analyzed using the code
MAAP 3.0. The large amount of hydrogen generated resulted in a severe effect concerning the
increase in containment internal pressure during burning while the high generation rate caused

' problems of hydrogen control. Selection of the locations for igniters will consider the hydrogen

mixing behav1our to minimize the resultant pressure increase within the containment.

The third paper on a mechanistic approach to safe i rgmter implementation for hydrogen mitigation,
investigated the bounding hydrogen/steam release sequences with the associated 3D analyses of
transport and mixing and the selection of apparently suitable igniter positions by using a new
DDT-criterion, based on large scale experimental results. The determination of the detonation
potential at the time of first ignition and the modelling of deflagration modes were also carried
out. The methodology was implemented into the GASFLOW code and demonstrated for a smgle
room with early and late ignition of the spreading of a hydrogen—alr cloud. The selection of a -
higher igniter position could lead to early ignition, while the lower positions of i 1gn1ters resulted in
late ignition with high DDT possibility.
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The fourth paper of this session described a new combustion test facility which was constructed,
instrumented and commissioned at AECL-WL to perform a variety of combustion experiments
relevant to hydrogen behaviour in nuclear containments. Operating experiences indicated that the
facility was versatile and many geometrical configurations could be achieved. The facility features
particularly good control and measurement of initial gas compositions. The preliminary results
performed within this large scale vented combustion test facility were also presented within the
‘scope of the presentation. :

The fifth paper of this session reported on the development of a catalytic recombiner model
implemented in the containment code RALOC MOD4.0. The validation of the model based on
experimental results showed that the essential physical parameters like temperature behaviour,
reaction rates and gas flows for different types of recombiner could be reproduced fairly well. The
overall structure of the model was revealed to be flexible enough to simulate various type of
recombiners. The degree of nodalisation of the direct surrounding of the recombiners showed no
direct influences on the characteristics of the model under the same thermalhydraulic conditions.
One dimensional model for the box-type of recombiner (Siemens and NIS recombiners) could be
successfully applied for the post-calculation of experiments.

The sixth paper reported the results of i 1nvest1gat10ns for the 1mplementat10n of catalytic
recombiners in large dry containments in Germany. The effectiveness of such a system was
demonstrated by comparing the calculations performed for a specific severe accident sequence
without and with the catalytic recombination of hydrogen. Results indicated that only in some
limited areas in the containment combustible gas mixtures were formed for a limited time span and
later after a lapse of a day from the onset of the accident the catalytic reaction was limited due to
oxygen depletion.

The last paper reported on the first experience with the installation of passive autocatalytic
recombiners in the Belgian Doel 1 unit. Sizing and the location of the catalytic surface inside the
containment was based on a single volume approach combined with engineering judgment.
Periodic control through in-service inspection of the catalytic capability was recommended and
the test procedures had been prescnbed
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Session IV
TECHNOLOGY

Chairman: R.J. Fluke, Ontario Hydro Nuclear

Seven papers were presented in the Technology Session of the workshop describing the
development, testing and modelling of equipment designed for hydrogen consequence mitigation.
‘Several mitigation devices have been proposed, all of which prevent damaging hydrogen burns.
The methods discussed in this session include post-accident inert gas 1nJect10n passive
autocatalytlc recombiners, and a detonatxon arrester. ‘ .

Post-Accident Inert Gas In]ectlon .

The objective of post-accident inert.gas injection is to elther inert the mixture and prevent aburn,
or to dilute the hydrogen mixture to change the potential mode of combustlon, topreventa
damaging burn. Professor H. Karwat, Technical University of Munich, described the concept of
post-accident inertisation of PWR containments by mjectlon of liquid CO,. Using the

containment code RALOC, simulations of liquid CO, injection into a LWR containment from the
dome area showed that an inertising concentration of 60% could be achieved in 30 minutes, He'
described the strategy, noting that timing was very important, with the ideal time of matching the
‘rate of steam condensation. Manual actuation from the control room was suggested to ensure the
mertlsatlon did not actuate spunously, too soon, or too late.

B. Eckardt (Manager Venting and Inertisation Systems at Siemens) followed with a variation on’
_the concept, based on dilution using gaseous CO, injection instead of liquid CO,.  Orie advantage
is to avoid the problem of thermal shock associated with liquid COzinjection. In the dilution -
system, CO,is injected upward from a low or mid-elevation as a high velocity jet, which helps
- promote good mixing. The concept appears to be relatively simple from an engineering
perspective, and is proposed as a complement to recombiners or igniters. Multi-compartment
analyses using MAAP 3.0B were presented to illustrate the effectiveness of the concept. Few
recombiners would be needed, it was shown, with the CO, injection. The CO, mixing with air
was further demonstrated through tests conducted in a full scale mock-up of the i mjectlon
equipment. :

: Passive > Autocatalytic Recombiners (PAR)

Passwe Autocatalytic Recombmers are self-actuating, requiring no source of power, and promote
natural convection from the heat of recombination.

The AECL hydrogen recombmer development was described by G.W. Koroll, Manager of the

Containment Analysis Branch. He began with a history of the special AECL catalysts that came
~out of a new process for CANDU heavy water production. He then described the requirements

for current applications in a reactor containment including “cold-start” capability. The AECL
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PAR design is based on a ceramic-platinum complex bonded to a stainless steel matrix with a wet-
proofing compound, manufactured as plates which fit into a rectangular enclosure. Testing in the
Large Scale Vented Combustion Test Facility shows that it removes hydrogen effectively,
including cold-startup, and shows good resistance to poisoning and fouling. In the discussion,
questions were asked about its potential ignition source and the extent to which iodine would
impair its performance. Mr. Koroll explained that the recombiner was intended as a complement
to igniters and therefore optimized performance in the non-flammable range. Potential high
temperature of the catalyst in the flammable range was not a concern where ignitors are already
present. However, he explained that a performance trade-off could be made to ensure that it did
not pose a potential ignition source. On poisoning, he indicated that molecular iodine at high,
unrealistic concentrations (10° M) would impair performance, but at expected post-accident
concentrations (10° M) , performance is not affected.

Dr. Asimios Malliakos, Project Manager of Hydrogen Research at the USNRC, described ‘
confirmatory performance testing of Passive Autocatalytic Recombiners (PARs) which are being -
considered for ALWRs. Such devices remove hydrogen catalytically, by recombining it with
oxygen, without external power. The heat generated by recombination promotes natural
circulation to help mix combustible gases in containment. A prototype model was tested in the
Surtsey Facility at Sandia National Laboratories, a 90 m> vessel capable of 1 MPa at 260 K, which
1s well instrumented. Six tests were described, although only one test has been completed and the
results were presented in the workshop. - The preliminary conclusions were that the PAR began
recombining H, with O, after low hydrogen concentrations were introduced into the facility which
contained dry air. This was indicated by the immediate temperature rise of the catalyst. A
convective flow loop was quickly established in the upper half of the Surtsey facility. Little if any
mixing occurred in the lower half of the facility. ' :

Dr. Pierre Rongier, a physicist with CEA/IPSN at Cadarache, France, described the new H,PAR
Facility and outlined the test matrix which aims to examine practical performance issues for
catalytic recombiner, including the effects of poisons (I, CHsI, CO, organic vapours, sprays and
aerosols). He also described some preliminary test results needed to scope the test conditions for
the large-scale (8 m?) facility. The first test is planned before year end, 1996.

Dr. Jacques Vendel, also a physicist at IPSN, followed the presentation by Dr. Rongier, and
described the detailed modelling of aerosol deposition in a hydrogen catalytic recombiner. Three
particle sizes were analyzed: 0.1 1, 1.0  and 10 p radii. The deposition depended strongly on
whether the plate is hot or cold. For a cold plate, thermophoresis and brownian diffusion
dominated. For a hot plate, thermophoresis inhibits deposition, although diffusiophoresis was
shown to be dominant. The driver for diffusiophoresis was shown to be the gas flux of hydrogen
and oxygen toward the plate. A question was raised regarding the steam vapour flow, which
would be in the opposite direction from a hot plate, as to the role in impeding aerosol deposition.
This effect required some further assessment.

Detonation Arrester
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Dr. Manfred Fischer, Director of the Instltute for Technical Thermodynamics, German Aerospace
Research Establishment, and Professor of Hydrogen Energy Technology at University of
Stuttgart, presented a detailed account on modelling the turbulent flame acceleration and

‘detonation quenching and reinitiation. The detailed modelling of such a complex set of

phenomena based on computational fluid dynamics codes is fairly recent (due to computer and
practical limitations in the past). Dr. Fischer explained the use of these codes in investigating and

‘understanding fundamental interactions, and how they help to clarify the process of predicting the

conditions leading to potential detonation. He used a number of comparisons with experiments to
demonstrate that a good understanding of detonations is available and offered some possible
mitigation strategies. One of these is a detonation arrester, similar in concept to a flame atrester,
but as he pointed out, quite dlﬁ‘erent in nature.

The Status of Mitigation Technglogy

In summary, seven papers were presented that relate to mitigation technology Two of these
involved modelling or testing the concept of post-accident inerting using CO, injection; four
discussed the development, testing and performance evaluation for passive autocatalytic
recombiners, and one provided a detailed review of detonation phenomena and introduced a
device to arrest the consequence of a detonation. It would appear that the science of hydrogen
mitigation to prevent damaging burns in containmerit is fairly well advanced, and some practical
engineefing issues, such as performance under various accident conditions need to be resolved
before the technology is validated. This is ev1dent from the engineering nature of the-
presentations in this session; :



Session V
Possible Side-Effects and Consequences

Chairman: A. Malliakos, USNRC

In the presentation of “Turbulent Combustion and DDT Events as an Upper Bound for Hydrogen
Mitigation Techniques” by Dr. S.B. Dorofeev from the Russian Research Center, Kurchatov
Institute, an emphasis was given on the peak overpressures produced by DDT and fast turbulent
deflagrations. Criteria were presented that are necessary to have DDT. The criteria use the
parameters of detonation cell width and minimum size of a sensitized mixture required for
localized explosion to result in a detonation. The criteria were derived and confirmed by a wide
spectrum of experimental data from various facilities. Questions were raised from the workshop
participants, during the question period at the end of the presentation, that the criteria do not
address geometric configurations and in particular do not address the effect of obstacles. A
clarification was made that the criteria are necessary for DDT, but if all criteria are met this does
not mean that DDT will occur. It was suggested that future work should focus to develop criteria
that will lead to DDT.

The experimental work along with the associated analytical efforts on turbulent deflagration was
presented by Mr. B. Durst from the Technical University of Munich, Germany in a presentation
titled “Interaction of Turbulence Deflagration with Representative Flow Obstacles”. Small-scale
experiments were used to study the effects of obstacles in turbulent deflagration. Models were
developed and implemented in a CFD code to simulate the experiments performed. The first
calculations performed show good agreement with experimental results. The experimental and
analytical work in this area should continue. Furthermore, the analytical models developed should
also be used in large scale experiments and ultimately should be used in full-scale containments.

The purpose of the paper “Combustion of Non-Uniform Hydrogen-Air Mixtures” by Mr.
D.R. Whitehouse from AECL Whiteshell Laboratories, Canada, was to address the combustion
behavior of stratified mixtures versus uniform mixtures, and vented versus constant volume of
“hydrogen-air mixtures. Experimental results were presented with various levels of stratification at
constant volume as well as vented volume cases. The results are of particular interest for pressure
load calculations for severe accidents. The results from these experiments suggest that the effects
of stratification on combustion pressure are similar to the effects of turbulence. Experimental
work needs to continue to include additional parameters in the study (e.g. vary the location of
ignition point).

The presentation on “Structure of Horizontal Hydrogen-Steam Diffusion Flames” by

Dr. CK. Chan from AECL Whiteshell Laboratories, Canada, focused on a systematic study on -
the stability and structure of various horizontal hydrogen-steam diffusion flames in experiments
performed at AECL Whiteshell Laboratories. The stability and structure of diffusion flames play
a significant role in the severe accident analysis. Thermal loads from stable diffusion flames
directed towards safety equipment or the containment steel shell could pose significant threat to
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the equipment functionability and containment integrity. The study suggests protection from
diffusion flames thermal loads using shielding with sheet metal. Future work in the area needs to
address diffusion flame stability in a receiver vessel with conditions more prototypic to severe-
accidents (e.g. at high temperature, with steam, with pre-existing hydrogen, etc.)

Results from simulations of hydrogen deflagration tests using the discrete lumped-parameter burn
model of the computer code GOTHIC were shown in the presentation titled “Modelling of
Hydrogen Deflagration in Vessels Using GOTHIC” by L.L. Wang from Ontario Hydro Nuclear,
Canada. The GOTHIC version 4.1 was used which has incorporated the burn models from
HECTR for modelling the transportation and combustion of combustible gases during postulated
accidents in LWRs. The study concludes that in all simulation cases, the analytical results for
closed or vented volumes, with and without obstacles, produced conservative estimations of peak
pressures when compared with experimental results. Future work for this code should

concentrate on validation work using additional experiments and further code development should
focus on improvements for the code to provide simulation results closer to experiments. '

i
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Session VI
New Designs

Chairman: B. De Boeck, AVN, Belgium

In this session, four papers were presented that covered activities related to hydrogen mitigation
for future nuclear power plants.

The first AECL presentation “Containment Air C1rcu1at10n for Optlmal Hydrogen
Recombination”, describes the hydrogen mltlgatlon design provisions for a passive CANDU The
first-line defense for hydrogen mitigation is to design for the hydrogen to be rapidly mixed with
the containment atmosphere and dijuted to below flammability limits. Then, as hydrogen
continues to be produced in the longer term, PARs can be used to remove hydrogen. The paper
explains how this could be achieved in the design of a passive CANDU. A specific, buoyancy-
driven overall circulation of the containment atmosphere is provided to passively cool the
containment and promote hydrogen mixing. PARs can be located within the recirculation flow,
immediately downstream of the hydrogen source. This precludes the possibility that high
hydrogen concentrations may exist far away from the PARs. This concept could be apphed not
only to CANDUS but also to PWRs.

The second AECL presentation “CANDU 9 Design for Hydrogen in Containment”, describes the
hydrogen mitigation design provisions for the CANDU 9. CANDU 9 is an evolutionary design
developed by AECL. The paper discusses the layout and features of the containment which
facilitate the distribution and mixing of any hydrogen, as well as the hydrogen control system
which reduces local and global concentrations. Following a LOCA without emergency core
cooling, at most 300 kg of hydrogen is expected to be released to the containment. The highest -
local concentrations occur in the accident room (fuelling machine vault) and the two adjoining
rooms (steam generator enclosure and reactor vault). Without crediting hydrogen igniters or
recombiners, the highest local concentration is less than 7% by volume. Future, more detailed,
analyses will show that the hydrogen control system effectively limits both the local and global
concentrations.

The EPRI presentation “PARs for Combustible Gas Control in Advanced Light Water Reactors”,
discusses the progress being made in the US to introduce PAR technology in both future ALWRs
and certain US operating nuclear plants. In a non-inerted ALWR containment, two approaches,
each employing a combination of PARs and igniters, are being considered to control hydrogen in
design basis and severe accidents. In pre-inerted ALWRs, PARs alone control radiolytic oxygen
produced in either accident type. The paper also discusses regulatory feedback regarding these
combustible gas control approaches and describes a test program being conducted by EPRI and
EDF to supplement the existing PAR test database. Preliminary findings from the EPRI/EDF
PAR model test program are included. Successful completion of this test program and
confirmatory tests being sponsored by the USNRC are expected to pave the way for use of PARs
in ALWRs and operating plants.
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The Italian presentation “Calculations concerning the Capability of Passive Recombiners to
Control Hydrogen Concentration in the Containment of an Advanced PWR?”, describes analytical -
work done in support of the hydrogen mitigation strategy of the AP600. The University of Pisa -
has developed a computer code, HOCRA, which is able to make an initial evaluation of the
capability of catalytic recombiners to remove hydrogen from the atmosphere of the containment in
accident conditions. The paper describes the physical and mathematical model of the code and
reports calculations made for the AP600 in cooperation with ENEL. These first attempt
calculations were carried out to verify the feasibility of using a system of passive recombiners to

.control the hydrogen. The results were encouraging, though also igniters seem to bé needed to

* control the hydrogen in the In-Containment Refuelling Water Storage Tank (IRWST).

In summary, it was shown at the meeting that for new plants, the hydrogen issue can be taken into
account at the design stage. This gjves miore freedom concerning the choice of the mitigation
strategy. In particular, mixing can be enhanced by selecting a layout promoting natural circulation
paths. This natural circulation can also be used to prov1de passive cooling of the containment, as
was shown during the meeting.

Therefore, for future plants, a better solution to the hydrogen problem can be provided. This
should help to meet the more stringent requirements put on future plants concernmg the
protectlon against severe acc1dents

For new designs as for present plants, PARSs appear as an essential component of hydrogen
mitigation, not only for severe accidents, but also for design basis accidents. Experimental
- programmes are underway to confirm their performances for van'ous conditions,

Depending on plant specificity’s, and on the degree of assurance that the selected strategy covers
all accident sequences to be addressed in the design, PARs can be combined with additional
measures, like pre-inerting (BWRS) on igniters (to catch fast transients resultmg in local high
hydrogen concentrations).
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OECD WORKSHOP ON THE IMPLEMENTATION OF HYDROGEN MITIGATION
TECHNIQUES

(Winnipeg, Manitoba, Canada - 13th-15th May 1996)
OPENING REMARKS

Jacques Royen
OECD Nuclear Energy Agency

It is a great pleasure to welcome you to this Workshop on the Implementatlon of Hydrogen
Mitigation Techniques on behalf of the Organisation for Economic Co-operation and
Development (OECD), the OECD Nuclear Energy Agency (NEA) and its Committee on the
Safety of Nuclear Installations (CSNI). I am very pleased to see all of you here but I want to
- _welcome particularly Dr. S. Dorofeev from the Russian Federation, a country not Member of the

OECD.

, This Workshop is organised in collaboration with the Whiteshell Laboratories of AECL,

Ontario Hydro and the CANDU Owners Group. We thank them very much for their hospitality
and the excellent arrangements made. These will effectively contribute to the success of the
meeting. Our gratitude is due more particularly to Mr. Grant Koroll, Co-Chairman of the
Workshop, who has spent much time and effort on the organisation of the Workshop, on the
 practical arrangements as well as on the technical programme. Mr. Koroll's staff has worked very
hard to make this meeting a success, and their work will continue throughont the week.

Our thanks are of course due to the members of the Programme Committee, who will also
act as Session Chairmen : Mr. De Boeck, Mr. Duco, Mr. Fluke, Prof. Fisher, Dr. Frid,
Dr. Malliakos and Mr. Rhode. One of their tasks will be to write dunng the Workshop a brief
summary of the hxghhghts and major points of interest of their session. Another task will be to
prepare in a joint session, held immediately after the Workshop, a brief note on the Conclusions,
and possible Recommendations which can de drawn from the meeting,

Finally, I want to thank all the authors who contributed papers to the Workshop. The
Programme Committee found these were generally of high quality, and expects this meeting to
make a remarkable contribution to the advancement of the state-of-the-art of hydrogen mitigation
techniques.

Let me emphasize the essential importance of discussion periods in specialist meetings and
workshops sponsored by the CSNI. This is where progress is made, this is what makes these
meetings highly efficient. In your presentations, please make sure you leave enough time - at least
ten minutes - for discussions.

I wish you a most useful meeting.
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CLOSING REMARKS

-Jacques Royen
OECD Nuclear Energy Agency

At the end of this OECD Workshop on the Implementation of Hydrogen Mitigation
Techniques, I want to thank you all for your contributions through your presentations and your
participation in the discussions. The meeting has been most interesting and useful, and is
unanimously recognized as very successful. The exchange of information on national posmons
and strategies on hydrogen management has been very open, as well as the exchange on future
plans. It has clarified positions already taken or still under discussion, and helped progress on the

. understandmg of phenomena and techniques. It has identified remaining issues.

As I said in my opemng remarks, the Conclusions of the Workshop will be drafted thls week
by the Programme Committee, for the benefit of the Committee on the Safety of Nuclear
Installations (CSNI) and the Committee on Nuclear Regulatory Activities (CNRA). They will be
sent to you for comments. The Conclusions will assist Member countries' deliberations on
solutions to be given to hydrogen burn issues. :

Let me spend a couple of minutes on explaining how this activity fits in the CSNI
Programme of Work. First of all, the Conclusions of this Workshop will complete a report on
Severe Accident Management Implementation drafted last year by CSNI's Senior Group of -
Experts on Severe Accident Management (SESAM). This group had agreed that several areas still
remained where further understanding of the phenomena could strengthen the robustness of
severe accident management strategies and provide additional confidence in the mitigative actions
or decisions contemplated for severe accident management. These areas were :

- in-vessel core debris coolability and reactor pressure vessel integrity;
- ex-vessel flooding to provide in-vessel core debris cooling, and
- ex-vessel debris coolability and fuel/coolant interactions.

SESAM had also identified a fourth area as important for severe accident management : the issue
- of hydrogen generation, distribution, combustion and recombination. However, extensive research

work had already been carried out in this area, and current investigations were increasingly
concerned with details of plant and design specific implementation of hydrogen management in

) .
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the containment. SESAM had therefore agreed to leave it to the Winnipeg Workshop to draw
suitable conclusions in this area. :

While the SESAM report focused on severe accident management and was essentially
restricted to accident management associated with existing plants, another report prepared by a
Follow-up Group to CSNI's Senior Group of Experts on Safety Research (SESAR) covered all
safety research aspects, including those related to the hardening of knowledge deemed necessary
to ensure and improve safety and those related to the strengthening of the regulatory base, for
current and future plants. There was agreement among the Group members on the global aspects
of hydrogen generation, transport, combustion, control and analysis methods but there was no
consensus regarding the accuracy needed in assessment of local hydrogen concentrations and
combustion processes, and the effectiveness.of certain hydrogen control techniques. The Group
highlighted the need for further research on hydrogen production during recovery actions of a
partly damaged core, passive recombiner performance over a wide range of environmental
conditions; improvement and validation of analytical methods for evaluating hydrogen mixing and
combustion, '

Another activity sponsored by the CSNI is a Writing Group preparing a State-of-the-Art
report on containment thermal-hydraulics and hydrogen distribution.

Upon closing this Workshop, I want to thank again the Whiteshell Laboratories of AECL for
organising the meeting in collaboration with NEA and for their hospitality, and Ontario Hydro and
the CANDU Owners' Group for their support. I express again our gratitude to Mr. Grant Koroll,
and to his staff who helped with many practical tasks during the sessions. Special thanks are due
to Mrs. Margaret Knox and Mrs. Carole Edwards, whose kindness and excellent work before and
during the Workshop ensured the smooth and efficient march of the meeting. .

I wish you an interesting visit of the Whiteshell Laboratories tomorrow, and a pleasant )
journey back home. '
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MEMBERS OF THE PROGRAMN[E COMMITTEE
AND/OR
. SESSION CHAIRMEN

Mr. Grant W. Keroll (AECL/WL, Canada) - Chairman

Mr. Jirgen Rohde (GRS, Germany) - Co-Chairman

Mr. Charles E. Ader (USNRC), replaced at the meeting by Dr. Asnmos Malliakos
Mr. Benoit De Boeck (AVN, Belgium)

Mr. Jacques Duco (IPSN, France)

Prof. Dr.-Ing. Manfred Fischer (DLR, Germany)

. Mr. Richard J. Fluke (OHN, Canada) :

Dr. Wiktor Frid (SKI, Sweden)

Secretariat :

Dr. Jacques Ro'yéh (OECD/N_EA)
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