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Introduction

It is commonplace today to design nuclear power plants to control and manage the
potential effects of hydrogen evolution following accidents. Hydrogen management has
two purposes ~ to protect the containment structure itself against structural failure
following rapid deflagration of hydrogen, and to protect systems inside containment
against local damage due to hydrogen combustion.

Post-accident hydrogen control has become one of the normal elements of the design basis
for containment and, through environmental requirements for internal components, on
several NSSS systems. The term "design basis" is used here in the sense of inclusion in
the design requirements of any system. National practices vary but, from a designer's
point of view, any event for which processes or equipment must be provided to meet
specific performance requirements becomes part of the design basis of the plant, even if
the postulated event is not formally a "design basis accident".

"Normal" accidents, that is, those following which it is assumed that the safety-related
mitigation systems respond according to design specifications, are relatively simple
because peak temperatures are quite low, zirconium-water reactions are limited, and slow
hydrogen production by radiolysis in the long term poses a straightforward design
challenge.

"Severe" accidents are a different matter, in that it is generally true that one or more of the
safety-related systems is assumed not to meet its performance specifications. Under such
conditions, two problems arise. First, the quantity of hydrogen which must be controlled
is uncertain due to the many possible event sequence pathways. Second, the physical
location of hydrogen to be controlled is uncertain due to the complex evolution of many of
these hypothetical accidents.

The containment design basis of most LWR plants includes the assumption of loss of
coolant plus failure of the emergency core cooling system. This is a "severe" accident. In
a PHWR plant the same assumptions would result in extensive damage to fuel, but the
cool moderator water surrounding the fuel channels would prevent fuel melting and lead
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to a "coolable geometry"; that is, the core structural integrity would be maintained. The
design requirements placed on containment are, therefore, very different for these two
reactor types. If it were assumed that the PHWR accident included (in addition) failure of
moderator cooling, then slow core collapse would ensue and some fuel and fuel sheath
melting would occur. Nonetheless, the shield tank water would prevent extensive fuel
melting for many hours. Hydrogen evolution would be much less in both cases than one
must expect following an LWR core-melt sequence.

The purpose of the above comments is to illustrate the other difficulty of hydrogen control
design « the fact that the probability of evolution of large quantities of hydrogen is very
uncertain. This fact often is hidden by regulatory requirements specifying the "terms and
conditions" for the design of hydrogen control systems; effectively, regulatory input to the
systems design basis. Provided the specified conditions are manageable, design can
proceed. The weakness of this approach is that the specified quantities may be changed
later without notice, possibly nullifying the design specifications. It is better for the
designer to select very conservative specifications which will be easier to defend later on.

Obviously, the design requirements of hydrogen control systems depend on the location of
the release into containment, the timing of the release, and the quantity released. The
systems appropriate for control may depend on these factors —a system designed to cater
for control in the short term may become unreliable in the long term after dispersion and
dilution take place and when power supply reliability may become questionable.

Overall Safety Goals

The basic design issue arises from the question of recurrence frequency versus magnitude
of hydrogen production. This question is mainly concerned with whether hydrogen
mitigation equipment should be installed at all. Those with high confidence in the
reliability and performance of safety protective systems see this equipment as just another
expensive addition to an already-adequate set of safety systems. On the other hand, those
whose view of containment includes (either implicitly or explicitly) a requirement for
assurance that it will "never fail", see hydrogen mitigation as an essential part of that
assurance.

The evolving structure of water-reactor safety logic, at the high consequence end of the
accident spectrum, rests on two main arguments: reliable prevention of severe core
damage and maintaining integrity of the containment boundary. The first argument ranges
from operational transients to serious accidents involving failure of one or more mitigation
systems. However, beyond the limit of this prevention envelope (normally, beyond the
"design basis" of mitigating systems) one would expect to find a variety of conditions
which could challenge the integrity of the containment envelope. Hydrogen evolution is
one of these

There is a new approach to "Reactor Safety in the Future" which is intended to provide
full assurance to people that they will never be faced with a major disaster initiated by a
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power reactor accident. This assurance usually is framed in terms of "no need for
evacuation" or for "no long-term evacuation". The approach makes no reference to the
probability of occurrence of this accident. It means that the containment must not fail
catastrophically. It means that hydrogen mitigation is essential.

Hydrogen Management Systems Design Issues

Having once accepted the definite requirement for hydrogen management and mitigation,
how does the designer then proceed to design these systems?

The most difficult aspect of hydrogen mitigation design, from the designer's point of view,
is the uncertainty as to whether recombination, especially if done via ignition, will improve
or degrade systems' safety. This uncertainty generates several questions of release
location, timing, reliability, chemistry, location of ignitors and/or recombiners as well as
the question of their proper location in relation to sources and atmosphere circulation
patterns. In general terms these uncertainties create a "fuzzy" design problem, the worst
kind of problem given the atmosphere of rigid regulation in which we find ourselves.

The overall issue is, of course, how to provide the high assurance of effectiveness of
hydrogen management which is demanded by regulatory agencies? I understand that this
issue will be one of the main concerns of this workshop. Its main components are
availability, safety orientation, and function.

Availability is generally a matter of equipment qualification for service. Can the mitigation
device (ignitor, recombiner, inert gas distribution system) be relied upon to operate as
intended, when needed? For example, the electrical cables for AC ignitors are qualified
for LOCA, the batteries for battery-powered ignitors have a full charge, the catalysts in
catalytic recombiners are not fouled or poisoned, etc. Availability must be testable in-
service, in one way or the other.

With regard to safety orientation, the device or hydrogen management measure should
operate in a way that consistently improves safety in foreseeable scenarios. Safety
orientation often is used in criticism of ignitors, where for example, a transient cloud of
hydrogen is ignited and causes damage to essential equipment when it would, if left
unignited, dissipate without incident. The issues of consequence of combustion, the
prediction of pressure development, standing flames, venting effects, transition to
detonation, etc. comes down to the question of safety orientation and how well we
understand or can predict the outcomes of what we initiate. And is initiation preferable to
doing nothing?

The device, when operating, must perform the intended function. That is, ignitors must be
in the right places to intercept hydrogen and actually create benign deflagrations, removing
hydrogen and distributing energy release over time and space. Or recombiners actually
will remove hydrogen passively at the rates for which they were sized. The basis for
function and performance claims is necessarily small-scale (relative to actual plant)
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experiments or computer simulations. Extrapolation to full-scale plant configurations
introduces further uncertainties.

Another approach to design is to attempt to control uncertainty by positive action, such as
by maintaining assured forced or free circulation in the containment atmosphere.

Background of Hydrogen Mitigation Design in Canada

Since the initiating sequence for "worst-case" hydrogen production in the CANDU reactor
is included in the design basis of the plant (LOCA+Loss of Emergency Coolant Injection),
designers have worked on this problem for many years. Analysis and supporting research
on accident scenarios involving fast production of hydrogen has been underway for more
than twenty years. Due to the configuration of this design, the quantities of hydrogen
produced under these conditions are limited; nonetheless, extreme cases involving core
melt and disassembly have been considered.

The "spark" for installing hydrogen management and mitigation systems in CANDU plants
was the hydrogen fire which occurred following the Three Mile Island accident. AECL,
Ontario Hydro, Hydro Quebec, and NB Power were, at that time, in the midst of a large
construction program involving ten units in Canada and several outside Canada, with four
more domestic units planned. These circumstances gave a powerful impetus to the AECL
hydrogen R&D program , already underway at the time (the Containment Test Facility,
CTF, was under construction in 1979), as well as to the search for suitable designs for
hydrogen management.

Reference 1 outlines the design approaches taken in various CANDU designs to date.
Generally, the early single-unit stations rely on forced- or free-convective mixing for
dilution, while the multi-unit stations operated by Ontario Hydro include distributed
ignition systems employing glow plug ignitors. The difference in approaches taken in the
two designs is related to the different mixing lengths between the release region (vault)
and the balance of the containment volume.

Darlington, the latest CANDU station to be licensed in Canada, utilizes 54 glow-plug
ignitors in each of the four interconnected reactor vaults. The three single-unit CANDU 6
units under construction in Korea utilize 44 glow plug ignitors per unit. The proposed
CANDU 6 units in China will be the same. For the larger CANDU 9 units to be proposed
in Korea, both ignitors and passive recombiners will be utilized. The latter uses a catalytic
multiplate recombiner; several of these units will be distributed around the containment,
particularly in zones of strong free convective flow.

A simplified sketch of the CANDU 9 containment is shown in Figure 1. In normal
operation ventilation is passed through the reactor vault area, driven by ducted air coolers.
Under post-accident conditions, air is drawn from the accessible area through the
hydrogen mixing duct, passed through the ducted local air coolers and into the vault areas,
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then discharged through the blowout panel area. The steam and hydrogen mixture is
blown into the large accessible area, where the unducted air coolers high in the building
also provide cooling and mixing. Free convection flow also is provided. The recombiner
units are essentially boxes open on the top and bottom and which contain an array of metal
plates coated with wetproof catalyst.
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FIGURE 1 - CANDU 9 Hydrogen Mitigation System

Future Safety Targets

One goal proposed for future nuclear power plant designs is that there be no requirement
for emergency evacuation of the surrounding population or for permanent relocation,
independent of the probability of occurrence of the accident. This goal generates very
stringent requirements on containment design, including those related to effective
hydrogen management. Much work is already completed in this area. Several matters
pertaining to hydrogen management remain open; these issues will be discussed during the
Workshop, with the aim of closing this subject from the point of view of reactor designers.

Summary

The basic problems remaining appear to be uncertainty, level of design assurance, and
cost. This meeting is about finding simple and elegant solutions to post-accident hydrogen
management. Better modeling, for example, may reduce uncertainty in scenario analysis,
mixing, consequence prediction and better guide the placement of devices.

The well-established principle of defense-in-depth can be applied. Independent, diverse,
and redundant measures for hydrogen management might be. applied, for example, as
follows:
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1. Prevent flammable mixtures in containment. This can be approached through dilution
by natural or engineered means, or by removal using catalytic recombiners, or by inerting.
These methods may be complementary since recombiners supplement mixing while adding
a mode of removal.

2. When prevention of flammable mixtures fails, the priority becomes prevention of
violent modes of combustion, best achieved by preventing further penetration of the
flammable range before ignition occurs; that is, by deliberate ignition. Mixing and removal
both work to make eventual combustion more benign.
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