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ABSTRACT

In a severe accident, hydrogen is released into containment. When it is well mixed, the
hydrogen mixture is non-flammable because there is sufficient dilution by the large
containment volume. This is the desired end point. However, the release may occur into
smaller compartments of containment, stratification may occur, and local pockets of
flammable mixtures may arise if hydrogen is released faster than processes that mix and
disperse it. Long term hydrogen generation from water radioiysis must also be considered.
Hydrogen mitigation and control strategies adopted or considered in Canada include fan-
forced mixing, glow plug igniters, recombiners, venting through filters, or combinations of
these. The Canadian hydrogen programme is foccussed on understanding hydrogen
combustion behaviour and providing the data needed to demonstrate the adequacy of
hydrogen mitigation and control strategies. The programme includes both experimental
and modelling components of hydrogen combustion and distribution. Experiments
include mixing tests, deflagration tests, diffusion flames, transition from deflagration to
detonation, and testing the performance of igniters and recombiners. Modelling is
focussing on the GOTHIC code as an industry standard. Detailed three dimensional
modelling of gas mixing and combustion are underway, and a code validation matrix is
being assembled for validation exercises. Significant progress has been made, highlights
from which are being presented at this workshop.

INTRODUCTION

A severe accident in a CANDU™ reactor, such as a LOCA with failure of the emergency
core cooling system, would lead to a release of hydrogen into containment. Ultimately,
when the hydrogen is well mixed, the large volume of containment ensures that
concentrations are below the flammability limit. However, local flammable mixtures may
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arise during the period when hydrogen is being released, particularly during a rapid
release from major piping located in smaller compartments of containment. Furthermore,
in the months that follow an accident a slow evolution of hydrogen generated by radiolysis
of water needs to be considered. Therefore, hydrogen counter-measures are needed.

This paper describes the hydrogen mitigation and control strategies adopted or considered
in Canada, and provides a review of the current focus of hydrogen research and modelling
studies. Some programme highlights are provided.

BACKGROUND

Severe accident sequences evaluated in Canada, such as a LOCA with failure of the
emergency core cooling system, release hydrogen into containment. The CANDU reactor is
not immune to such sequences, although the amount of hydrogen generated by fuel sheath
oxidation is less than that in a LWR accident sequence because the CANDU's moderator
provides an additional heat sink to preserve a coolable geometry in the core. This,
combined with the large volume of a CANDU containment ensures that hydrogen
concentrations are below the flammability limit This assumes that the hydrogen is well
mixed. Flammable mixtures can arise during the period when hydrogen is being released,
particularly if the release occurs rapidly from major piping located in a smaller
compartment of containment. In the months that follow an accident, a slow but long term
source of hydrogen is generated by radiolysis of water. Since local and temporary
flammable mixtures may exist, and since a long term evolution of hydrogen needs to be
managed, hydrogen mitigation and control is needed in CANDU containments. Strategies
adopted or considered in Canada, which vary between single unit and multi-unit
containment designs, include forced mixing by fans, deliberate ignition using glow plug
igniters, passive catalytic recombiners, venting containment through emergency filters, or
combinations of these [1,2].

The Canadian programme provides the necessary data and analytical tools needed to
demonstrate the adequacy of these strategies. Early R&D focussed on understanding
hydrogen combustion behaviour and igniter performance. Based on these studies, Ontario
Hydro Nuclear installed glow plug igniters in its multi-unit containments, using
engineering judgement to select strategic locations for them. Hydro-Quebec and New
Brunswick Power ensured the availability of large natural circulation pathways and
qualified local air cooler fans for their single unit stations. All Canadian utilities have relied
on fan-forced mixing to disperse and dilute the hydrogen, taking advantage of the large
volume of a CANDU containment. Some more recent studies using detailed three
dimensional modelling of gas mixing, show that natural mixing process are sufficient to
prevent damaging burns in mult-unit containment systems [3]. To manage long term
evolution of hydrogen from radiolytic sources, both Hydro-Quebec and New Brunswick
Power are evaluating the need for recombiners for their single unit containments whereas
Ontario Hydro Nuclear has an Emergency Filtered Air Discharge System to vent hydrogen
from its multi-unit containments.
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One unique feature of Ontario Hydro Nuclear7 s multi-unit stations is the vacuum building
into which steam and air are vented during a LOCA. The result is a local containment
atmosphere that is not only subatmospheric, but also inert with steam while hydrogen is
released. Such a mixture may become flammable from the oxygen-limited side of die
ignition limits when the air backfills condensing steam. This is in contrast to single unit
containments which are pressurised during a LOCA while air remains inside; as steam
condenses, if such mixtures become flammable, it would be on the hydrogen-limited side
of the ignition limits. Most of the data for glow plug ignition is near the hydrogen-limited
side of the ignition limits.

To demonstrate the adequacy oi these hydrogen mitigation and control strategies, detailed
models are needed to show that the installed measures prevent damaging burns in
containment Furthermore, some issues need to be resolved, namely, the possibility and
impact of turbulence induced flame acceleration, local detonations and standing flames.
The Canadian programme provides the necessary data and analytical tools needed to
demonstrate the adequacy of these strategies and to resolve the hydrogen issues.

HYDROGEN RESEARCH IN CANADA

The Canadian research programme on hydrogen behaviour is funded primarily by
members of the CANDU Owners Group, namely, AECL, OHN, H-Q and NBP. Work is
carried out at AECL Research at Whitesheil Laboratories, with an annual budget of about
$2.5 million. This is complemented by information exchange agreements. The goal of the
programme is to obtain the infonnation and tools to support the resolution of both licensing
analysis and design concerns related to post-accident hydrogen behaviour. The four main
issues are: deflagration; diffusion ("standing") flames; transition from deflagration to
detonation; and, hydrogen mitigation.

Deflagration

This work develops and confirms a strategy of deliberate ignition, adopted by Ontario
Hydro Nuclear, and contributes to the understanding of deflagration behaviour and
development of an advanced deflagration model. There are five topics: Flame Acceleration;
Simultaneous Flames; Concentration Gradients; Vented Combustion with Obstacles and
Fan Turbulence; and, Interconnected Volumes.

Flame Acceleration affects the peak pressure in a burn and arises due to gas expansion and
interaction with obstacles, inducing turbulence which increases the flame speed.
New data suggests that there is a limit to this effect, since as turbulence increases,
there exists a critical turbulent fluctuation velocity above which the flame can not
propagate.
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Simultaneous Flames are possible when multiple igniters are used, and there is concern that
this could result in reduced venting effectiveness. Testing to date has shown that
this will not adversely affect peak pressure.

Concentration Gradients are possible when hydrogen is released near the top of a
compartment or room. Since deliberate ignition strategies require adequate mixing,
so that ignition occurs along the "assured ignition limit" compositions, preliminary
tests in a non-vented vessel with a concentration gradient were performed which
generally show that peak pressures are less than if the same quantities are well
mixed. The exception is when the equivalent well-mixed concentration is lean or
nonflammable; incomplete combustion also affects the comparison. A paper on this
work is presented at this wokshop [4].

Vented Combustion with Obstacles and Fan Turbulence is a concern, because the induced
turbulence increases the burning rate, promoting more complete combustion and
therefore higher a peak pressure. Tests with 10% H2 showed an increase in peak
pressure, but no increase if the H2 concentration is 12 -16%.

Combustion in Interconnected Volumes remains a concern for modelling, and tests are
planned.

A major milestone of the deflagration programme is the completion, commissioning and
operation of the new Large Scale Vented Combustion Test Facility. A paper presented at
this workshop describes this in detail, and show some early test results [5].

The Large Scale Vented Combustion Test Facility at Whiteshell
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Diffusion "Standing" Flames

This work determines the stability limits for a H2-Steam diffusion flames in air-steam
atmospheres, and the temperature field of and the heat transfer from non-circular and non-
vertical H2 diffusion flames. A paper on this work is presented at this workshop [6].

Transition from Deflagration to Detonation

This work determines the criteria for transition from deflagration to detonation ("DDT") in
terms of mixture sensitivity, turbulence, shock strength, and geometry of the enclosure. A
model to predict DDT is under development. It has been shown that DDT is always
preceded by a local explosion. This can be caused by shock focusing (local strengthening of
the leading shock by flame acceleration) or by turbulent burning (local mixing of hot burnt
gas with unburnt mixture following flame quenching).

Hydrogen Mitigation

Current work is to determine the pre-engineering performance characteristics ol the AECL
wet-proof catalyst for application in post-accident removal of hydrogen in containment. An
auto-catalytic recombiner has been developed which uses the enthalpy of reaction to induce
natural convective flow over the catalyst elements. Recently, a catalyst formulation has
been designed and tested which enables operation in high hydrogen concentrations
without the corresponding high temperatures. A paper on this work is presented at
this workshop [7].

HYDROGEN MODELLING IN CANADA

Canada is adopting the GOTHIC computer code [8] as the industry standard tool for
detailed three dimensional modelling of gas mixing and hydrogen combustion in
containment. The ability to perform such detailed modelling is necessary to demonstrate
the adequacy of installed hydrogen mitigation and control measures. The models must be
capable of calculating gas mixing patterns in containment, and evaluating the effects of
local burns in non-uniform mixtures. A recent analysis applied to a multi-unit containment
shows that local temporary mixtures may be flammable before the gases disperse to the rest
of containment. For such cases, local burn models provide a better understanding of the
adequacy of mitigation measures to prevent damaging burns. Some highlights of the
analytical programme include:

• Detailed three dimensional modelling of the gas mixing patterns in a vault of a
CANDU containment were performed using the GOTHIC code to demonstrate the
adequacy of the hydrogen mitigation measures adopted by Ontario Hydro Nuclear.
A paper on this work is presented at this workshop [3].
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• The "lumped parameter" burn model in GOTHIC was used to simulate combustion
behaviour in intermediate and large scale tests, including the effects of venting and
obstacles, with reasonable results. A paper on this work is also presented at this
workshop [9].

• The full three dimensional features of GOTHIC were used to simulate vented
combustion in the intermediate scale Containment Test Facility and the Large Scale
Vented Combustion Test Facility, also with reasonable results, with additional
information to assess the influence of vent flows and buoyancy on flame
propagation.

In addition to these modelling activities, the Canadian Industry has organised a Code
Validation Team to assemble the data needed to validate codes, including GOTHIC. Work
is in progress.
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SUMMARY

Hydrogen mitigation and control strategies are needed for CANDU containments. Those
strategies adopted or considered have been described, and some design differences
between single and multi-unit containments have been discussed. The Canadian hydrogen
programme is focussed on understanding hydrogen combustion and distribution, and in
providing the analytical tools to carry out detailed modelling. The programme was
described and recent highlights were presented. Hydrogen research is addressing issues
and design concerns related deflagration, standing flames, transition to detonation and
mitigation. Hydrogen modelling is focussed on a standard three dimensional gas mixing
and combustion code, using GOTHIC as the industry standard.
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