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Kurzfassung

Im Rahmen des vom Bundesministerium fur Umwelt, Naturschutz, Nukleare Sicherheit
und Verbraucherschutz (BMUV) beauftragten Vorhabens 4720R01550 fand im Oktober
2022 das siebzehnte internationale Seminar “Fire Safety in Nuclear Power Plants and
Installations” als Post-Conference Seminar der 26™ International Conference on Struc-
tural Mechanics In Reactor Technology (SMIRT 26) in Westerburg, Huy, Deutschland,

statt.

Die vorliegenden Proceedings des Seminars enthalten alle Fachbeitréage des zweitagi-
gen Seminars mit insgesamt 56 Teilnehmern aus insgesamt elf Landern aus Europa,

Asien und Nordamerika.



Abstract

In the frame of the project 4720R01550 funded by the German Ministry for the Envi-
ronment, Nature Conservation, Nuclear Safety and Consumers Protection (BMUV,
German for: Bundesministerium fir Umwelt, Naturschutz, Nukleare Sicherheit und
Verbraucherschutz) the seventeenth international Seminar on “Fire Safety in Nuclear
Power Plants and Installations® has been conducted as Post-Conference Seminar of the
26" International Conference on Structural Mechanics In Reactor Technology
(SMIRT 26) at the Westerburg in Huy, Germany.

The following Seminar Proceedings contain the entire technical contributions to the two
days Seminar with a total of 56 participants from eleven countries in Europe, Asia, and

Northern America.
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1 Introduction

The meanwhile 17" International Seminar on ‘Fire Safety in Nuclear Power Plants and
Installations’ was held as Post-conference Seminar of the 26" International Conference
on Structural Mechanics in Reactor Technology (SMiRT 26) at the Westerburg in Huy,
Germany in October 2022.

In total 56 participants from Belgium, Canada, Czech Republic, France, Germany, Ja-
pan, the Netherlands, Sweden, Switzerland, the United Kingdom, and the United States
of America followed the 26 presentations that were given in the different scientific
sessions and participated actively in a final very short expert panel discussion at the end

of the seminar.

It has to be clearly pointed out that from the first seminar of this series starting in 1987,
when the safety significance of fires in nuclear reactors had just been recognized, up to
today fire safety in nuclear power plants and other nuclear installations has significantly
increased. This does in general concern the design of the plants and, in particular, of
structures, systems and components (SSCs) important to safety. But this also considers
the operation of such installations as well as all areas of assessment, inspection, and
maintenance. For more than thirty-five years, methodological approaches for assessing
the fire risk and the corresponding analytical tools have been evolving and are

continuously being enhanced.

The two-day nuclear fire experts’ seminar started with a session on recent developments
concerning fire protection at nuclear installations including regulations, standards and
fire protection programs, followed by a session on the “hot” topic of high energy arcing
fault induced fires. Further seminar sessions focussed on recent activities with respect
to deterministic fire hazard analyses and probabilistic assessments of the fire risk in
nuclear facilities. Two sessions were devoted to nuclear fire research presenting results
from actual fire experiments and modelling for nuclear facilities. As usual in this seminar
series, one session covered the lessons learned from nuclear installations” specific fire

and fire protection related operating experience.

The seminar topics highlighted the quite broad scope of issues rand challenges related
to fire safety in nuclear installations. The presentations and discussions supported the
general impression that fires are still a topic to be addressed adequately in the safety

assessment for various types of nuclear facilities. This topic is not limited to existing ones



designed according to former standards. However, it should also be considered in the

most modern designs and operation of new built nuclear facilities.

After some years, this seminar was again organized in Germany by GRS. In addition, a
technical tour of a new-built fire laboratory named ZeBra (German for Zentrum fur
Brandschutz) at the Institute of Building Materials, Concrete Constructions and Fire
Safety (iBMB) of Braunschweig University of Technology was offered to the participants
the day after the seminar itself. The organizers like to express their thanks to Prof. Dr. J.

Zehful3 and his team for organizing the interesting tour as an add-on to the seminar.

Moreover, the organizers want to thank all speakers, co-authors and chairpersons as
well as the entire participants for their highly active and fruitful participation and valuable,
high-level contributions during this 17™ International Seminar on ‘Fire Safety in Nuclear

Power Plants and Installations’ which made this venue again a very successful one.

The next, 18 seminar of this series is intended to be held as SMIRT 27 Post-conference

Seminar in France in late summer 2023.

Dr. Marina Rowekamp and Dr. Heinz-Peter Berg

— Scientific Chairs and Permanent Organizers —
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17:50 h

Round Table Panel Discussion

Chairperson:
M. Rowekamp

Panelists:
A. Bounagui
D. Lisbona
K. Shirai

S. Suard

GRS, Germany

CNSC, Canada
ONR, UK
CRIEPI, Japan
IRSN, France

18:15h Adjourn Second Seminar Day
19:30 h  Dinner at hotel

Wednesday, October 26, 2022

09:30 h  Travel/Transport to iBMB of Braunschweig University of Technology ZeBra
Fire Laboratory

10:30 h Welcome Coffee at iBMB 15 minutes

10:45h  Welcome and Introduction J. Zehful} iBMB of TU
Braunschweig,
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11:15h  ZeBra Fire Laboratory Technical Group guided by iBMB of TU
Visit J. Zehful3, et al. Braunschweig,

Germany
13:00 h  Lunch
13:30 h  Final Discussion
13:45h  Adjourn of SMIRT Post-Conference Fire Seminar Technical Visit



3 Seminar Contributions

In the following, the seminar contributions prepared for the 17" International Seminar on
‘Fire Safety in Nuclear Power Plants and Installations’ held as Post-conference Seminar
of the 26™ International Conference on Structural Mechanics in Reactor Technology

(SMIRT 26) are provided in the order of their presentation in the seminar.



3.1 Session on Recent International Developments

The technical seminar sessions started with a session on recent international develop-
ments and activities concerning nuclear fire safety regulations and the self-assessment
on fire protection of nuclear facilities by member states of the European Union (EU)
chaired by Heinz-Peter Berg (Germany) as one of the technical organisers of the seminar
and Abderrazaq Bounagui, regulator from the Canadian Nuclear Safety Commission
(CNSQ).

Two different regulators — the Office for Nuclear Regulation (ONR) in the United Kingdom
and the CNSC from Canada — presented actual issues with respect to fire protection in
nuclear reactor and non-reactor installations. This included a comparison of regulatory
requirements for nuclear safety and life safety related to fire, demonstrating that
approaches for the protection concepts applied in nuclear installations need to cover
both aspects. The other presentation highlighted the requirements for annual fire related

plant inspections as part of the regulatory oversight.

Another presentation provided a short overview on the already started ‘Topical Peer
Review (TPR) on Fire Protection’ for nuclear installations by ENSREG (European
Nuclear Safety Regulators Group). All countries in the European Union (EU) with nuclear
installations participate in this ongoing TPR. Major goal of this activity is — according to
the Technical Specification of the TPR — to compare the extent of and results from fire
safety analyses and the implementation of the fire protection concepts between nuclear
installations of the same types and different types from the participating countries and
draw conclusions for potential improvements. Besides this regulatory self-assessment in
Europe, an approach from the United States (U.S.) for an effective fire related self-
assessment for nuclear power plants (NPPs) was presented aiming on continuously

improving fire safety at NPPs.

Last not least, a hew experimental platform named IGNIS developed by Electricité de
France (EDF) was shown. This platform will enable analysts to perform fire tests in dif-
ferent (real) scales for nuclear installations in order to systematically support fire safety
assessment. Moreover, it can serve for experiments to be performed not only on a na-

tional but also an international basis.

The corresponding five seminar contributions are provided hereafter.



Fire Safety Regulation on Great Britain Nuclear Sites —
A Comparison Between Nuclear Fire Safety and
Life Fire Safety Expectations

Caroline Winstanley*, Stephen Taylor, Joseph Nithsdale, Diego Lisbona

Office for Nuclear Regulation (ONR), Bootle, L20 7HS, United Kingdom

ABSTRACT

This paper provides an overview of ONR regulatory expectations and experience in regu-
lating nuclear fire safety in the context of Great Britain’s (GB) goal-setting regulatory
framework. ONR expectations for nuclear fire safety are documented in ONR’s Safety
Assessment Principles (SAPs) and Technical Assessment Guide (TAG) on Internal Haz-
ards (NS-TAST-GD-014). ONR also regulates life fire safety across GB licensed sites in
accordance with the Regulatory Reform (Fire Safety) Order 2005 in England and Wales,
and the Fire (Scotland) Act 2005 in Scotland, respectively. Regulatory expectations in
this area are further explained in ONR’s Technical Inspection Guide on life fire safety.

The paper principally covers nuclear fire safety and presents expectations and experi-
ence in the regulation of design, operation, and decommissioning of nuclear power plants
in that area. This includes consideration of fire protection and segregation of cables,
other key safety systems, structures, and components, as well as other passive and ac-
tive protection and mitigation measures. Ageing management considerations relating to
fire safety through the installation’s lifecycle is also covered. Life fire safety considera-
tions can have synergistic but also competing requirements with nuclear fire safety.
Regulatory expectations on the management of these potential conflicts are also dis-
cussed.

GREAT BRITAIN REGULATORY CONTEXT

The Office for Nuclear Regulation (ONR) is Great Britain’s (GB’s) independent regulator
of nuclear safety, security, site health and safety, transport, and safeguards. A key prin-
ciple of GB law and ONR’s regulatory approach is the requirement that licensees build,
operate, and decommission nuclear sites in a way that ensures that risks are kept as low
as reasonably practicable. This is referred to as the ALARP principle. Demonstration that
risks are ALARP (as low as reasonably practicable) may include numerical risk assess-
ments — including potential risks from hazards, optioneering studies, but also includes a
comparison with “relevant good practice” (RGP).

The GB regulatory framework is goal-setting in nature. To ensure an effective and effi-
cient regulatory approach, ONR sets out its regulatory expectations in line with the
ALARP principle and expects licensees to determine and justify how best to achieve
them. ONR’s regulatory expectations for nuclear safety are outlined within the Safety
Assessment Principles (SAPs) [1] and associated Technical Assessment Guides (TAGS)
— all of which are published and are freely available on the internet.

ONR'’s goal-setting approach enables licensees to be innovative and achieve the re-
quired high levels of nuclear safety by adopting practices that meet its particular circum-
stances.



Great Britain’s approach is benchmarked against international standards, and interna-
tional standards are generally considered as relevant good practice in many technical
areas. We also take account of national standards from other countries as potential good
practices. This allows us to look at designs which may have come from a variety of dif-
ferent countries and be open to the underlying design approaches that protect against
hazards, so far that it is demonstrated that the legal duty to reduce risks to ALARP has
been achieved. Relevant standards may include IAEA standards [2], [3], [4], [5], [6], but
the flexibility of our approach also allows us to consider safety cases which relate to U.S.
Nuclear Regulatory Commission Regulation (e.g. NUREG Reports), European Utility Re-
quirements (EURs) and national standards (e.g. French or German ones).

MANAGING THE RISK FROM FIRE
Nuclear Fire Safety

In alignment with the SAPs, ONR expects a fire hazard analysis to be carried out for
a plant in design, operation, or decommissioning to determine the potential for fire initia-
tion and growth, and the consequences for structures, systems, and components (SSCs)
relevant to nuclear safety. A basic requirement which is both included in ONR SAPs
(EKP.3), and IAEA safety standards (SSR-2/1) [6], is to provide defence in depth. In the
case of fire, this means:

e Preventing fires from starting.
e Limiting the severity of fires that start.
e Limiting the consequences of fires that start and are severe.

Preventing fire from starting by elimination or minimisation of combustible inventories is
high up in the hierarchy of measures. Whilst total elimination is desirable, in many cases
it is virtually impossible and, therefore, in alignment with international RGP, ONR’s ex-
pectation is for the design, the high-level claims, and the fire analysis to be developed
on the basis that segregation by fire compartment barriers designed to withstand full
burnout is provided if practicable (the” fire containment” approach). This also stems from
the expectation that SSCs relevant to safety and their components should be protected
against a fire, e.g., by barriers, or qualified to withstand the effect of a fire. Extensive
SSC qualification requirements will place onerous requirements on the design and manu-
facture of numerous SSCs across the plant. On the other hand, segregation by passive
fire barrier designs substantiated against the most onerous fire conditions in the com-
partment, e.g., total burnout, is, therefore, the favoured and expected primary claim un-
less segregation is not reasonably practicable. For any severe fires that do arise, the
consequences on nuclear safety relevant SSCs should be limited by design (such as by
provision of redundant safety measures in segregated fire compartments).

Given the goal-setting nature of Great Britain’s regulatory regime there is, however, no
prescriptive requirement to provide full compartmentation by barriers, or to do so for spe-
cific systems or locations. However, implementation of full fire compartmentation provi-
sion is expected, subject to reasonable practicability.

Needless to say, for areas where segregation is not reasonably practicable, other
measures, usually a combination of measures, can be proposed by a Generic Design
Assessment (GDA) Requesting Party (RP) or licensee to underpin the fire safety case.
They are typically:

e Elimination of combustible materials / Combustible load minimisation;

e Partial barriers;
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e Separation of fire sources and/or SSCs by distance;
e Restricting the area of the fire by engineered or other means;
e Inert atmospheres;

e Provision of fire detection, alarm, and extinguishing systems (automatic or man-
ual); or

e A combination of these.

Measures such as the above are also typically provided as defence in depth measures
even where segregation by fire barriers is provided. This is because the provision of a
measure does not “per se” demonstrate that further measures would be grossly dispro-
portionate. In making regulatory judgements in this area, ONR looks for hazard robust-
ness and defence in depth because of the inherent uncertainties associated with hazard
initiation, progression, and severity.

In the subsequent sections of this paper, the degree of variability in hazard identification
and characterisation technigues are discussed, together with typical points of attention
during nuclear and life fire safety regulation.

Life Fire Safety

The fire safety measures and arrangements provided to protect occupants of a building
from fire are regularly referred to as ‘conventional fire safety’ or ‘life fire safety’. In Great
Britain, the legal basis of these requirements is distinct from those relevant for nuclear
fire safety. Life fire safety is regulated, but in contrast with nuclear fire safety, is not sub-
ject to a permissioning regime.

The primary legislation covering occupational health and safety (and therefore life fire
safety) in Great Britain is the Health and Safety at Work etc. Act 1974 (HSWA) [7]. The
HSWA requires consideration of the direct and indirect effects of fire on people but, is
non-prescriptive in terms of the specific duties placed on an individual or an organisation.

The Regulatory Reform (Fire Safety) Order 2005 (FSO) [8] and the Fire Scotland Act
2005 (FSA) [9] are the secondary, Great Britain fire specific, legislation and cover general
fire precautions and other fire safety duties. The legislation is, again, goal-setting rather
than prescriptive and places duties on the ‘responsible person’. The FSO/FSA require
fire precautions to be applied ‘where necessary’ and this therefore includes both the de-
sign and occupation of buildings. For the purposes of nuclear licensed sites in GB ONR
is the enforcing body of the HSWA.

Compliance with the FSO/FSA is a legal duty and with respect to the design and con-
struction of buildings the detailed expectations for meeting the provisions outlined in the
legislation are provided by The Building Regulations [10]. These provide design require-
ments-level detail to designers, architects, fire engineers and other personnel with a re-
sponsibility for fire safety in the design of buildings. For buildings covered under a nuclear
site licence, an exemption from absolute compliance with The Building Regulations is
usually applied via the Nuclear Installations Act 1965 (as amended) (NIA) [11], although
this does not apply to any buildings on the licensed site which may contain a dwelling,
canteen, or offices. In practice, the legal requirement to comply with the FSO/FSA drives
nuclear licensed sites to demonstrate compliance with the functional requirements of The
Building Regulations where possible. This is usually achieved through benchmarking
against suitable, recognised codes and standards. Where broad compliance is expected
based on function and novelty of a building design, British Standard 9999 2017 (BS9999)
[12] is commonly used. Where a building is bespoke in nature, a full fire engineered
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approach with recognised fire analysis techniques such as the British Standard 7974
(BS7974) [13] suite of documents, may be used.

In the case of occupied buildings, compliance with the FSO/FSA is assessed against the
production of a suitable and adequate Fire Risk Assessment (FRA). For nuclear licensed
sites, the interface with nuclear fire requirements would be expected to be captured
within the FRA. Regarding inspection, ONR'’s approach is documented in the Technical
Inspection Guide (TIG) on The Regulation of Life Fire Safety on Nuclear Licensed Sites
(NS-INSP-GD-073) [14].

In addition to the fire specific legislation outlined above, several complimentary sets of
regulations overlap with life fire safety requirements. These include:

— Dangerous Substances & Explosive Atmospheres Regulations (DSEAR) [15] -
the Great Britain implementation of the ATEX 99/92/EC directive. Clauses within
DSEAR related to the production of risk assessments and provision of control
and mitigation measures to prevent harm to personnel from fire, also form part
of the FSO.

— Control of Major Accident Hazards (COMAH) Regulations 2015 [16]. COMAH
places additional requirements on sites which store or use large quantities of
defined dangerous substances (including flammables). The extent of the re-
quirements depends on specific substances and the quantities held.

— The Construction (Design and Management) (CDM) Regulations 2015 [17].
CDM places legal duties on dutyholders involved in construction activities. This
can include principal contractors, principal designers, and other workers. A more
dynamic FRA requiring more regular scrutiny would be expected throughout con-
struction works to ensure compliance with the FSO/FSA and the fire specific
clauses of CDM.

Life fire safety is primarily concerned with ensuring occupants are able to quickly and
safety escape from a building in the event of a fire and that first responders are able to
safely enter the building and reach the fire in relative safety. This is reflected in the func-
tional requirements of The Building Regulations (Approved Document B, Vol. 2) [18] (B1
— means of warning and escape, B2 — internal fire spread (linings), B3 — internal fire
spread (structure), B4 — external fire spread, B5S — access and facilities for the fire ser-
vice).

Safe and rapid evacuation from a building can be aided by several measures which can
be both complimentary and at odds with the broad goals of nuclear fire safety.

Fire resistant construction to protect escape routes and stair cores is a key expectation
of life fire safety design and is used to avoid or limit excessive escape travel distances
for occupants. This generally aligns well with the segregation approach to fire safety
often adopted within nuclear safety cases. Similarly, fire prevention is a key component
of life fire safety including the use of fire sterile areas along escape routes. Since fire is
regularly assessed as one of the most common initiating events within nuclear safety
analysis, the reduction/removal of fire loading benefits both life and nuclear safety goals.

In contrast, the introduction of additional doors, to reduce escape travel distances, is
often counter to nuclear safety goals such as minimising the number and size of pene-
trations in nuclear safety barriers and the control of contamination. A judgement on the
adequacy of escape provision is thus a nuanced question and requires knowledge of all
drivers for safety. For larger, more complex buildings it is the expectation of the ONR
that comparison against RGP sources and analysis of a variety of options, is undertaken
to demonstrate that risks have been reduced so far as is reasonably practicable.

12



SYNERGIES AND CONFLICTS
Barriers / Penetrations

For nuclear fire safety the primary means of preventing the spread of fire is through the
principle of fire containment. The provision of fire barriers within a design or a facility
prevents spread of fires between divisions of a reactor or beyond one fire compartment
to another. However, the provision and layout of such barriers can conflict with the need
for personnel to access areas of plant and also to exit from those areas in the event of a
fire. The most common conflict this raises is that the lack of openings/doors often extends
the travel distances to a point of safety beyond the maximum distances recommended
by BS7974 [13] and the routes of travel become less direct. Therefore, additional as-
sessment of the fire growth and spread parameters specific to those areas and possible
mitigation arrangements may need to be considered.

An additional issue which can arise is that providing doors within a fire barrier which meet
the same fire resistance as, for example, a three-hour fire barrier, can be challenging.
This conflict has often been resolved by the provision of lobby areas between two sets
of fire doors which maintains the overall fire resistance of the barrier but still allows the
personnel the required egress to an area of relative safety. The provision of this lobby
does introduce the potential for personnel to have to access to an area which could be
designated a safe area, but it needs to be designed (with the necessary ventilation re-
quirements) such that it cannot allow the build-up of noxious gases. It is also important
that these lobbies do not attract the storage of combustible materials, even for a tempo-
rary period, or the routing of services, if this can be avoided, to remain a sterile zone that
minimises the potential for fire spread.

Combustible Loading

Both nuclear fire safety and life fire safety seek the elimination and minimisation of com-
bustible inventories within nuclear facilities as a key measure for the prevention of fire.
In both the nuclear and life fire safety areas it is acknowledged that it is virtually impos-
sible to eliminate all combustible materials. Both require RPs and licensees to identify
how they will prevent and control the build-up of combustible materials, as well as con-
trolling ignition sources and hazardous substances. In the case of life fire safety, the
controls employed would be summarized in a Fire Risk Assessment specific to the facili-
ty, whereas for nuclear fire safety key operational safety measures would be identified
through the hazard analysis, attracting designations in accordance with their nuclear
safety significance, and captured within the safety case. In both instances, it would be
expected that the operational requirements would be communicated to the workforce
through training.

The control of temporary laydown areas can be particularly challenging in terms of finding
areas which are suitable to meet both life fire safety and nuclear fire safety expectations.
Locations selected must neither block emergency egress routes for personnel, nor be
positioned in locations where they may affect the ability of SSCs to perform their safety
functional requirements from a nuclear safety perspective if a fire were to occur. There-
fore, the selection of temporary laydown areas in particular must be carefully controlled.
Of course, plant state is another factor to consider as the operating state of the plant may
also affect the choice of laydown areas i.e., some areas requiring access by personnel
may only need to be accessed during shutdown periods so some normal combustible
laydown areas may need to be suspended during certain operating states.

With regard to nuclear fire safety, an area which has frequently attracted regulatory at-
tention has been whether an RP or licensee has identified and considered all possible
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combustible materials and their potential effects on fire development in the fire modelling
undertaken to underpin the safety case. This is particularly important in the context of
local fire effects where the direct result of either flame impingement or hot smoke may
result in significant damage to key SSCs or fire barriers.

Regarding life fire safety, one area of attention has been the frequency of fire initiation
and small fires arising during hot works. Whilst in themselves these may be perceived
as not presenting an immediate threat to life, they indicate issues with the rigor applied
to the control of combustible material and the checks carried out prior to commencement
and completion of hot working activities. Depending on location and circumstances, fail-
ure to apply such controls and checks adequately could result in more significant fires.
ONR has in these instances engaged with the licensees to understand the root causes
and seek changes in the licensees’ controls.

Fire Detection and Alarm

In a nuclear safety context, fire detection and alarm systems are generally implemented
as a defence in depth measure with compartmentation being the typical primary means
of ensuring nuclear safety in the event of a fire. For life fire safety, the provision of ap-
propriate fire detectors and alarms, where deemed necessary, are a legal requirement
of the Regulatory Reform (Fire Safety) Order 2005 in England and Wales [8]. Ageing and
obsolescence of fire detection and alarm systems are important considerations in the
context of legacy facilities, facilities undergoing decommissioning or nearing the end of
their operational life.

Typical issues affecting ageing fire detection and alarm systems can be the inability to
repair faults and failures due to unavailability of replacement parts. This is generally
linked to the age of the system, new parts are rarely compatible with older systems, and
depending on the age of the system, it may no longer be compliant with the current British
Standards (BS5839 [19]) requirements for detector type, location, and coverage. For
short term failures limited to single devices or small local areas, mitigatory measures can
include temporary suspension of operations, staffed fire watches or patrols, or provision
of mobile wi-fi detectors whilst repairs are undertaken. Longer term issues, or where
there are more significant issues, ONR expects assessments and plans for remedial
action including replacement programs as appropriate to remain compliant with statutory
duties. ONR inspectors have actively engaged with licensees so that ageing and obso-
lescence issues in fire detection and alarm provision are resolved in a timely manner,
and these are featured in the ONR Chief Nuclear Inspector’s annual report 2020 [20].

Fire Suppression

To ensure the tenability of escape routes and access routes for fire firefighting, various
engineered systems may also be considered and provided, as specified through codes
and standards. This can include the use of fire suppression systems (sprinklers, foam,
water spray, gaseous etc.), primarily to control the growth and resultant spread of fire
and smoke in order to create sufficient time for the means of escape to be accessed, or
smoke control systems to either extract or control the flow of smoke within a given space.
There may be instances where safety case requirements include the provision of an ac-
tive fire suppression system to prevent the spread of fire for either nuclear fire safety
reasons in areas of high fire load [2], should fire doors fail or be left open, or where a fire
could continue burning for an extended period, which would go outside the resistance
rating for elements of the fire containment boundaries [21] or for asset protection rea-
sons. For nuclear fire safety the need for such provision may form part of the dutyholder’s
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overall ALARP argument which ONR routinely assesses when making regulatory judge-
ments.

The use of fire suppression systems can introduce additional hazards (dependent on the
agent used) which also need to be considered. Sprinklers or water spray deluge systems
often require large quantities of water which are routed into plant areas introducing inter-
nal flooding risks during intended or unintended activation. From an operations perspec-
tive, fire suppression systems are often connected to some of the largest water supplies
on a site, and within the British Standards framework are intended to continuously oper-
ate until manually stopped or until the water supply is exhausted. Where fire water pipe-
work is not seismically qualified, wet or pre-charged systems should be assumed to fail,
and therefore discharge water, following a seismic event. These types of events would
generally be considered under the internal and external hazards topic areas.

However, there are aspects of the provision of suppression systems which are relevant
to life fire safety if they are located in areas in which personnel access is required for
emergency egress. In such cases such systems, if activated, should not present a risk
of injury to any personnel by, for example, asphyxiation. Where there is the potential for
such risk to life, alternative fire protection methods are expected to be considered and
these may involve intumescent coatings, ablative paints or similar.

Ventilation

As per WENRA Safety Reference Levels (SRLS) [22], for the purposes of protecting a
facility against the spread of internal fires, “ventilation systems shall be arranged such
that each fire compartment fulfils its segregation purpose in case of fire. In addition, if
parts of the ventilation systems (such as connecting ducts, fan rooms and filters) are
located outside fire compartments they shall have a fire resistance consistent with the
fire hazard analyses or be capable of isolation from fire effects by appropriately rated fire
dampers”.

Ventilation systems in nuclear facilities are provided to meet a range of safety functions.
These include nuclear safety functions such as contamination control and cooling. There-
fore, it can be that closing or isolating dampers to prevent the spread of fire would be
detrimental to the nuclear safety function of the system. Where this is the case, the ven-
tilation system may either have provisions for redundancy built into it or provisions to
ensure safety under the worst-case fire. However, the provision of any ventilation in a
building can promote the spread of fire and it is important that dutyholders consider the
effects of both forced and natural ventilation on the growth and potential spread of fires.
This should be reflected in the licensee’s fire modelling to ensure that worst case fire
consequences are established, and these drive the safety classification of SSCs relied
upon.

While the nuclear safety case may require the ventilation system to run continually under
normal operating conditions, in the event of a fire, this may result in additional hazards
to personnel, plant and nuclear safety. The very purpose of the ventilation system is to
draw air from one area which may result in any smoke from the fire being spread through
the building, affecting the ability of personnel to safely exit the building, and also having
a detrimental effect on the function of key nuclear safety SSCs, if they are not qualified
to continue to operate in a potentially hot, smoky environment or with a system which
has been partially isolated or failed. This can pose challenges to confinement or indeed
the containment under the evolving, dynamic scenario under consideration.

In line with ONR TAG on Containment: Chemical Plants (NS-TAST-GD-021) [23] the
containment must be stable under normal and fault conditions when the physical, chemi-
cal, and radiological conditions of the nuclear materials may change. It also explicitly
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expects that the “containment should also retain its stability under both internal and ex-
ternal fault conditions for example fire and seismic events if the consequences are such
that the primary function needs to be retained for safety reasons”. To ensure the above
requirements are met ONR SAP EQU 1 [1] (relating to equipment qualification) is appli-
cable, and reference is made in the ONR SAPs to the ECV SAPs series covering con-
tainment and ventilation in that the safety case should amongst other considerations:

a) include provision for making the facility safe following any fault or accident in-
volving the release of radioactive material within or from containment, including
equipment to allow decontamination and post-event re-entry to be carried out;

b) minimize the size and number of service penetrations in the containment bound-
ary, which should be adequately sealed to reduce the possibility of radioactive
material escaping via routes installed for other purposes;

c) justify that, where fire dampers are provided, their position and operation will not
compromise either the containment function or the safety functions of the venti-
lation system;

d) avoid the use of ducts that need to be sealed by isolating valves under fault
conditions. Where isolating valves and devices are provided, their performance
should be consistent with the required containment duties and should not preju-
dice adequate containment performance;

e) provide for discharge routes, including pressure relief systems, with treatment
system(s) to minimize radioactive discharges to acceptable levels. There should
be appropriate treatment or containment of radioactive wastes generated by
such systems. Should the pressure relief system operate, the performance of
the containment should not be degraded;

f)  justify the continuing safe functioning of the containment and its discharge routes
in faults or accidents involving combustible, explosive and/or toxic gases.

CONCLUSIONS

The paper provided an overview of the regulation of fire safety in Great Britain from both
nuclear safety and life fire safety perspectives, and reflections and expectations from
recent safety case assessment and enforcement activities.

The paper also provided an overview of the synergies and potential conflicts encountered
when considering life and nuclear safety perspectives in a nuclear installation context.
Key areas of attention where joined-up regulation has played an important role ranged
from the design philosophy applied to barriers and penetrations, the use of suppression
systems, conflicts arising from the location of laydown areas for combustible materials
and the design and operation of ventilation systems to cite some examples. Plant layout
optimization from the early stages of design, taking due consideration of both nuclear
and life fire safety is key in resolving potential conflicts before solutions are foreclosed
by design development and build. Similarly, successful resolution of conflicting demands
has required focus on understanding the balance of risks and evolving risk profile of the
facilities (when in operation or under decommissioning) in both radiological risk and life
risk terms, to ensure the optimum enforcement and remedial actions were pursued.
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Fire Protection — An Overview
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Marina Réwekamp (GRS, Germany)
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T SMIRT 26 26" International Conference on Structural Mechanics in Reactor Technology (SMIRT 26) /:@)
“FIRE SAFETY IN NUCLEAR POWER PLANTS AND INSTALLATIONS T

* Federal Ministry
o for the Environment, Nature Conservation,
Nuclear Safety and Consumer Protection

Introduction

Background of the Topical Peer Review on Fire Protection

» EU’s Nuclear Safety Directive 2014/87/EURATOM (NSD) requires member states to
undertake Topical Peer Reviews (TPRs) on a coordinated basis at least every 6 years
= The NSD requires for the review
+ A national assessment by each MS based on a specific topic

» All member states and the EC as observer invited to peer review the national
assessment

* Appropriate follow-up measures to be taken of relevant findings
+ Publication of its main outcome

= After the first TPR on “Ageing Management’, now a second TPR is being conducted on
“Fire Protection”

17" International SMIRT Pest-conference Fire Seminar - October 24 - 25, 2022
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TPR2 Process

EN:S'REG _ ES
ENSREG ataglance ~  Nuclear safety ~  Management of spent fuel ~  Nuclear safety and waste regulation = Transparency and public involvement ~  ENSREG conferences ~
» RE You can find attached below the key documents related to this review

o
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https://www.ensreg.eu/tpr-2-background

17¢ International SMIRT Post-conference Fire Seminar - October 24 - 25, 2022

@ Federal Ministry
4 for the Environment, Nature Conservation,

Nuclear Safety and Consumer Protection

TPR2 Objectives and Scope

Objectives of the TPR2 Process
+ Review fire protection provisions to identify strengths and weaknesses

e Share operating experience and identify findings: common issues or challenges,
good practices, areas of good performance and areas for improvement

+ Develop appropriate follow-up measures for addressing areas for improvement

Scope of the TPR2

» All installations under the NSD

= All stages in the installations” lifecycle (construction, operation, decommissioning)
» Focus on installations presenting significant radiological risks in case of fire

17" International SMIRT Pest-conference Fire Seminar - October 24 - 25, 2022
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* Federal Ministry
for the Environment, Nature Conservation,
Nuclear Safety and Consumer Protection sc h e d u Ie
Phase 0 : Preparation

* Choice of the topic, ENSREG — Nov 2020 2020to
+ Review of lessons learnt from previous TPR, 2021 2022

* Experts nominations, participating countries - 2021

* Approval of Terms of Reference (TOR) , ENSREG — Mar 2022

* Approval of WENRA Technical Specifications, ENSREG June 2022

Phase 1 : National self assessment
p

ational assessment with regard to WENRA technical 2022 to

ifications, July 2022 — Oct 2023 2023
* Publication of the nation: ct 2023
Phase 2 : Peer review
* Peer review (desktop review inc. written Q&A, workshop, site 2023 to
visits), Nov 2023-mid-2024 2024
* Peer review reports (summary report, country review report), Q4
2024
Phase 3 : Follow-up
—_—
* Develop national action plans, 2025 2025 ->

* ENSREG action plan, 2025
* Follow up with status reports according to ENSREG action plan

17* International SMIRT Post-conference Fire Seminar - October 24 — 25, 2022

ﬁ Federal Ministry
for the Environment, Nature Conservation,
Nuclear Safety and Consumer Protection

TPR2 Sampling Approach

Distribution of installations
On-site radicactive waste storage
15 installations

Nuclear power plant
35 Installations

14%
Decommissioning
17 installations
5%
Research reactors
14 installations
z%
Dedicated spent fuel storage
22 installations
19%
13 installations.

u%

« Fued reprocessing facity wFuel

fuel storage s *0ns te storage

17" International SMiRT Post-conference Fire Seminar - October 24 — 25, 2022
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02
03

04

Technical Specification (1)

. TS content

General requirements

General information

Fire safety analyses

Fire protection concept and its
implementation

Overall assessment and general conclusions

17" International SMIRT Post-conference Fire Seminar - Cctober 24 — 26, 2022

Federal Ministry
for the Environment, Nature Conservation,
Nuclear Safety and Consumer Protection

e

Scope of nuclear
installations to be covered
in the NARs

Description of general
information about the
facilities included in the
NARs

Fire prevention and
protection

Regulator’s assessment of
the fire safety approach

, WENRA

Technical Specification (2)

01 General information
011
01.2

Nuclear installations identification
National regulatory framework

Improvements in fire safety as a
01.3 .
result of experience feedback

01.4 Defence in depth principles

00 General Requirements

02 Fire safety analysis

03.1

03.2.2 Fire su
03.2.3 Admini

03 Fire protection concept and implementation
Fire prevention
03.2  Actlive fire protection

03.2.1 Fire detection and alarm

03.2 Passive fire protection
03.2.1 Prevention of fire spreading (barriers)
03.2.2 Ventilation systems

ppression

strative and organisational issues

17" International SMIRT Pest-conference Fire Seminar - October 24 - 25, 2022
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TPR2 Technical Specification (3)

Section 0: General requirements

Objectives:

+ Description of overall fire safety for relevant installations in the scope
of the TPR2 including

+ |dentification of potential strengths
Topic (interpretation, benefits)

Scope of installations to be covered
WENRA Safety Reference Levels (SRLs)
Form and content of the NAR

17" International SMIRT Post-conference Fire Seminar - October 24 - 25, 2022

‘g Federal Ministry
oy for the Environment, Nature Conservation,
Nuclear Safety and Consumer Protection

TPR2 Technical Specification (4)

Section 1: General information

Nuclear installations identification

National regulatory framework

Improvements in fire safety as a result of experience feedback
Defence in depth principles and its application

Contents of the NAR

17" International SMIRT Pest-conference Fire Seminar - October 24 - 25, 2022
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TPR2 Technical Specification (5)

Section 2: Fire safety analyses

= Fire safety objectives

= Scope of the analysis

= Assumptions and methodologies

= Consideration of event combinations, specific plant locations and specific situations

= Consideration of on-site or off-site fire brigades

= Treatment of uncertainties

= Methods, tools and data used for the quantification of (direct and indirect) fire effects
= Consideration of fire phenomena's complexity and severity of potential consequences

= Main results of fire safety analyses regarding safety objectives, incl. for NPPs Fire PSA

17" International SMIRT Post-conference Fire Seminar - October 24 - 25, 2022 17
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TPR2 Technical Specification (6)

Section 3: Fire protection concept and its implementation (1)

= Fire prevention

« Process in the design for minimizing likelihood of fire, with due regard to
characteristics of radioactive waste in storages

* Fire prevention means

» Procedures for management / control of fire loads and ignition sources incl. hot work
= Active fire protection - Fire detection and alarm

+ Fire detection and alarm provisions in place

* Approaches assuring systems are capable to withstand relevant conditions

» Ensuring detection systems independence between compartments during hazards

+ Alternative arrangements for temporarily disabled fire detection systems

17" International SMIRT Pest-conference Fire Seminar - October 24 - 25, 2022 12
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TPR2 Technical Specification (7)

Section 3: Fire protection concept and its implementation

= Active fire protection — Fire suppression

Approaches applied in selection, design and location of fire extinguishing systems
Key design characteristics of the fire extinguishing provisions

Consideration of harmful effects of inadvertent operation and assuring system
reliability

Consideration of secondary hazards from actuation or rupture of fire extinguishing
systems

Balance between fire extinguishing by fixed systems and manual firefighting in the
installation

17" International SMIRT Post-conference Fire Seminar - October 24 - 25, 2022

‘g Federal Ministry
oy for the Environment, Nature Conservation,
Nuclear Safety and Consumer Protection

TPR2 Technical Specification (8)

Section 3: Fire protection concept and its implementation

= Active fire protection — Administrative and organisational issues

Firefighting strategies
Written procedures in place defining responsibility and actions of staff

Administrative measures to ensure fire protection measures’ operability over
installation lifetime

Firefighting capability, responsibilities and organisation

Safety culture and reinforcement of protection by training, drills, exercises
Type and contents of firefighting documentation

Specific provisions for firefighting situations with loss of access routes

17" International SMIRT Pest-conference Fire Seminar - October 24 - 25, 2022
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TPR2 Technical Specification (9)

Section 3: Fire protection concept and its implementation

= Passive fire protection — Prevention of fire spreading (barriers)
+ Determining fire compartment barrier boundaries incl. the improvements over time
« Ensuring that expected fire resistance and stability ratings are fulfilled
» Description of fire barriers and other means to prevent or delay fire and by products
spreading
« Maintenance of access routes for firefighting
* Process for justification of fire barrier efficiency over the installation’s lifetime

= Ventilation systems

« Specifics of ventilation systems design and operation for not compromising building
compartmentation (incl. segregation of safety trains) and maintaining firefighting
access routes

17" International SMIRT Post-conference Fire Seminar - October 24 - 25, 2022 15
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TPR2 Final Outcome of the NARs

Licensees experiences

= Fire safety analyses
+ Identification of strengths and weaknesses as well as actions to address them
» Consideration of lessons learnt from events, reviews, OSART, INSARR and/or
equivalent
= Fire protection concept and its implementation
+ Identification of strengths and weaknesses as well as actions to address them
+ Consideration of lessons learnt from events, reviews, OSART, INSARR and/or
equivalent
Regulator’s assessment and conclusions
» Assessment of the licensees’ reporting including experiences from regulatory oversight

» Conclusions on the adequacy of the licensee’s analyses and protection concepts identifying
main strengths, weaknesses and actions from overview evaluation of the self-assessment

17" International SMIRT Pest-conference Fire Seminar - October 24 - 25, 2022 16
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Performance Objectives and Criteria for the Annual Plant Condition
Inspection (APCI) at Nuclear Power Plants

Abderrazzaq Bounagui

Canadian Nuclear Safety Commission (CNSC), Ottawa, Ontario, Canada

ABSTRACT

Fire safety is important throughout the lifetime of a nuclear plant, from design to con-
struction, commissioning, plant operation and in decommissioning. In Canada, the re-
quirements for fire protection for a nuclear power plant (NPP) are established in CSA
N293. Annual Plant Condition Inspection (APCI) is one element of the fire protection
program. CSA N293 requires an APCI to be conducted by an independent third party at
least once a year. The APCI is a visual inspection intended to verify that the NPP is in
general compliance with the operational requirements of the CSA N293 Standard and
the National Fire Code of Canada (NFCC). From a regulatory perspective, the APCI is
also expected to be conclusive and to identify areas of weakness, areas containing pre-
cursors to unsafe fire conditions, as well as areas where best industry practices are im-
plemented.

This paper presents the performance objectives and criteria for the key elements of the
APCI. Given the wide range of reactor facilities — especially of advanced and small mod-
ular reactors (SMRs) — and given that reactor facilities have risk profiles that vary signifi-
cantly, depending on the particular characteristics of the plant, a risk-informed approach
can be applied to demonstrate that APCl’'s performance objectives are met.

Disclaimer:

This paper represents the opinions of the author and is the product of professional research. It is not meant
to represent the position or opinions of the CNSC nor the official position of any staff member. The perfor-
mance objectives and criteria for the key elements of the APCI is a recommended practice. It is anticipated
that sound engineering judgement will be utilized when implementing it.

INTRODUCTION

Fires can start at any time and at any location which contains permanent or transient
combustible inventories, providing an ignition source of sufficient energy is present. Fires
generate flames, heat, smoke, and other combustion products, all of which have the
potential to damage structures, systems, and components (SSCs) delivering safety func-
tions in NPPs and to prevent normal operation and actions needed to maintain nuclear
safety. Fire safety is important throughout the lifetime of a plant, from design to construc-
tion, commissioning, plant operation and into decommissioning. Therefore, operating or-
ganization for a nuclear power plant are required to implement a fire protection program
to ensure adequate fire protection measures are in place to mitigate the fire risk. The
general expectations regarding fire hazards from regulatory perspective is that the im-
pact of the fire hazards on nuclear safety must be controlled and their consequences are
carefully evaluated.

In Canada, the requirements for fire protection for a nuclear power plant are established
in CSA N293 [1]. Annual Plan Condition Inspection (APCI) is one element of the fire
protection program. CSA N293 requires an APCI to be conducted by an independent
third party at least once a year. The APCI is a visual inspection of sufficient depth to
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assess that the nuclear power plant can continue to comply with the operational require-
ments of the CSA N293 Standard and the National Fire Code of Canada (NFCC) [2].

The following thirteen key elements of an APCI have been formulated, based on the fire
protection operational requirements of NFCC [2] and CSA N293 [1]:

1. Management of transient and combustibles materials;
Control of flammable liquids and combustible liquids;
Control of dangerous good;

Handling, use, and storage of radioactive materials;
Control of hot works and ignition sources;

Means of egress;

Passive fire protection features;

Portable extinguishers;

© © N o g M w D

Fire alarm systems;

[EEY
o

. Water-based fire suppression systems;

=
[

. Fire hoses;

[EnY
N

. Special fire suppression systems;
13. Impairment of fire protection systems.

The objective of the APCI is to determine whether the 13 elements of the ACFI meet the
operational requirements of the N293 and NFCC and to ensure the measures in place
are adequate to preclude or mitigate the consequences of a fire at a NPP.

This paper presents the performance objectives and criteria for the thirteen key elements
of the APCI. These elements are considered to be the foundation for the fire protection
operational requirements for a broad range of nuclear reactor designs (such as light wa-
ter reactors and heavy water reactors, gas cooled reactors, and other types). The per-
formance criteria formulated are not considered all-inclusive and in practice different cri-
teria may be more or less important in relation to particular circumstances. Given the
wide range of reactor facilities — especially of advanced and small modular reactors
(SMRs) — and given that reactor facilities have risk profiles that vary significantly, de-
pending on the particular characteristics of the activity or plan, a risk-informed approach
can be applied to demonstrate that the ACFI's performance objectives are met.

FIRE PROTECTION PROGRAM GOALS

The fire protection goals as defined in CSA N293 [1] are to:
¢ minimize the risk of radiological releases to the public that are a result of fire,
e protect nuclear power plant occupants from death or injury due to fire, and

e minimize the impact of radioactive and hazardous materials on the environment
as a result of fire.

From a fire protection perspective, and to ensure that NPP are operated, and activities
conducted so as to achieve the highest standards of safety that can reasonably be
achieved, measures have to be taken to:

e Prevent fires from starting;

e Detect rapidly, control and promptly extinguish fires that do occur;
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Minimize the consequences of fires;

Control severe nuclear plan conditions and mitigate the consequences of severe
accidents; and

Mitigate radiological consequences of significant releases of radioactive sub-
stances.

These objectives are achieved through a combination of design (e.g., physical barriers,
spatial separation, fire detection and suppression systems), management of fire protec-
tion (e.g., operational procedures), quality assurance and emergency arrangements.

PERFORMANCE OBJECTIVES AND CRITERIA FOR THE ANNUAL PLAN
CONDITION INSPECTION

The following section presents the performance objectives and criteria for the key ele-
ment of the APCI. The performance criteria formulated are not considered all-inclusive
and in practice different criteria may be more or less important in relation to particular
circumstances.

1. Management of transient and combustibles materials

Performance objective:

Combustible materials are controlled throughout the plant so that they do not pose
a hazard beyond the capabilities of existing fire protection measures and to limit the
severity and effects of fire.

Performance criteria:

Combustible materials, other than those for which the location, room or space is
designed, are not permitted to accumulate in and around buildings in quantities
or locations that constitute an undue fire hazard.

Temporary panels, tarpaulins, and screens are of non-combustible or fire retard-
ant material in accordance with CSA N293.

Wood is only used where there is no reasonable alternative and where wood is
used, it is treated with a fire retardant coating in accordance with CSA N293.

Transient combustibles are eliminated from in any part of an elevator shaft, ven-
tilation shaft, means of egress, service room, service space, areas where hot
work is being conducted, areas where work with radioactive material is being
conducted; areas where fissile material may be present; in the vicinity of safety
system equipment and cables and areas designated as sensitive by the fire pro-
tection assessment unless under a transient material control process.

Transient materials are governed by the fire protection program (FPP) in the
form of a permit or other documentation that accompanies the material until it is
removed from the plant.

Placement of transient materials is properly assessed, analysed by a person
knowledgeable in fire protection and authorized through the FPP before being
implemented in the field.

Approved locations for transient materials are based on an evaluation of the fire
protection assessment (FPA) or the site review for the plan, location of nearby
plant equipment and safety-related SSCs, and the presence and proximity of
fixed fire protection equipment
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Areas where storage is prohibited are documented, inspected and non-compli-
ances identified and remediated.

Transient (i.e., non-permanent) combustible materials, particularly packaging
materials, in areas identified as important to safety, are removed as soon as the
activity is completed (or at regular intervals) or are temporarily stored in ap-
proved containers or storage areas.

Combustible materials are stored in designated areas so that contact with igni-
tion sources and obstruction of means of egress is avoided.

Proper waste receptacles are of non-combustible construction, equipped with
close-fitting, self-closing metal lid or smoke eater lid.

Materials subject to spontaneous ignition, such as oily rags, are deposited in a
receptacle.

Flammable liquids and combustible liquids

Performance objective:

Flammable liquids and combustibles liquid are controlled to minimize the risk of re-
lease of hazardous substances and to limit the severity and effects of fire.

Performance criteria:

Flammable liquids and combustible liquids are not stored in the containment
structure.

The handling and storage of dangerous goods are not located near the control
room or other areas that contain safety related systems.

Equipment and machinery are provided with suitable protective coverings or drip
guards to prevent them from absorbing flammable or combustible liquids.

Flammable liquid cabinets are well maintained, doors closing properly, and com-
bustible materials are not stored on or adjacent to cabinets.

Containers constructed of electrically conducting material, for the dispensing of
Class | flammable liquids are grounded / bonded against static electrical charge
in accordance with the NFCC.

Flammable liquids and combustible liquids are excluded from exits (includes
stairwells), principal routes that provide access to exits (includes corridors and
aisles), elevators and other areas as defined by the FPA.

Flammable and combustible liquids are not stored in areas where temperature
extremes or atmospheric pressure that could cause their containers to become
deformed or rupture, or physical impact or temperature extremes that could
cause a chemical reaction or chemical instability such that a fire could occur.

Flammable or combustible liquids are not kept in a lab/area in quantities that
exceed the supply necessary for normal operations.

Flammable liquids and combustible liquids are not stored with other non-com-
patible dangerous goods classified as radioactive materials in quantities or in a
manner that would constitute an undue risk in the event of a fire.

Spill absorbents / neutralizers compatible with the dangerous goods present are
provided at an easily accessible location.

Flammable and combustible liquids are stored in specially designed storage ar-
eas in accordance with the FPA and NFCC.
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Room designed for the purpose of flammable and combustible liquids and com-
pressed gas storage is:

— located on an exterior wall,
— accessible directly from the exterior,
— equipped with gas-tight, self-closing and latching doors,

— designed to prevent critical structural damage resulting from internal explo-
sions,

— equipped with natural or mechanical ventilation
— free of fuel-fired appliances or high-temperature heating elements,

— used for no other purpose.

Control of dangerous goods

Performance objective:

Dangerous good are controlled to limit the severity and effects of fire or explosions.

Performance criteria:

Dangerous good are handled, stored, used in a manner that complies with ap-
plicable codes and standards adequate capacity, in appropriate location with
adequate fire protection features for storage and laydown areas.

Transient compressed gases and cryogenic fluids are not handled, used, lo-
cated, or stored near safety-related equipment unless analysed under the FPA
and governed by the FPP.

Compressed gas cylinders are provided with protective valve caps, stored, and
secured (using a non-combustible restraining straps or chains) in the upright po-
sition, and protected against mechanical damage,

Compressed gas cylinders are not stored in any exit or corridor providing access
to exits, under any fire escape, outside exit stairs, passage, or ramp, or within
1 m distance to any exit.

Areas where dangerous goods are stored are maintained free of waste packag-
ing material, debris of any kind, or any spilled product.

Quantities of dangerous goods located outside of appropriately designed stor-
age rooms and those required are limited for immediate use and assessed for
potential consequences.

Dangerous goods are not stored with other non-compatible dangerous goods
and dangerous goods classified as radioactive materials in quantities or in a
manner that would constitute an undue risk in the event of a fire.

The amount of transient compressed gas or cryogenic fluids located in portable
containers, cylinders, or tanks are minimized

Compressed gas cylinders stored outdoors are supported on raised concrete or
other non-combustible platforms and located in an enclosed fenced.
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Hot works and ignition sources

Performance objective:

Ignition sources and hot works are governed by FPP via a permit system and con-
trolled to minimize the risk of accidental ignition.

Performance criteria:

Electrical installations are used and maintained so as not to constitute an undue
fire hazard.

Electrical cables do not show any damage or wearing.

Placement of temporary ignition sources (including but not limited to hot works,
heaters, grinding, the use of extension cords) is analysed by a qualified person
and authorized before being implemented in the field.

Building and machinery surfaces are kept clean of accumulations of combustible
dusts using cleaning equipment that is made of materials that will not create
electrostatic charges or sparks.

Heat-generating equipment or equipment with hot surfaces is properly cooled or
separated from combustible materials.

Smoking only takes place in designated smoking areas.

Work involving ignition sources such as welding and flame cutting are carried
out under closely controlled conditions and through FPP permit system.

Work involving hot work are authorized, verified and close out by appropriate
staff.

Persons performing hot work are trained and equipped to prevent and combat
fires.

Fire watches are implemented where welding, cutting, grinding, or open flame
activity is carried out.

All valves are closed and gas lines bled when dangerous goods are not in use.
A fire extinguisher is placed in the immediate hot work area.

Combustible and flammable material within 15 m distance from the hot work are
protected.

Areas designated for hot works are free of combustible and flammable contents
and have walls, floors and ceilings of non-combustible construction or lined with
non-combustible material.

Handling, use, and storage of radioactive materials

Performance objective:

The storage, handling and use of hazardous substances are controlled in a manner
that minimizes fire risk as low as reasonably achievable.

Performance criteria:

Radioactive Material Storage Areas (RMSA) are inspected controlled and main-
tained.

Combustible materials are not to be stored in the same fire compartment as ra-
dioactive materials unless permitted by FPA and governed by the FPP.
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e Radioactive materials are stored such that they are protected from fires and fire-
fighting activities.

e Provisions are in place to minimize substance quantity, protect substances from
fire and avoid any reactions due to substance incompatibility.

Safety to life: means of egress

Performance objective:

Means of egress are maintained to facilitate the timely movement of persons to a
safe place in an emergency.

Performance criteria:

e Means of egress including aisles, corridors, stairwells and exit doors are main-
tained in good repair and free of obstructions.

e Exterior passageways and exterior exit stairs serving buildings are maintained
free of snow and ice accumulations.

¢ Doors forming part of a means of access or egress are operable.
e Exit lighting and exit signs are visible and illuminated.

e Emergency lightings are maintained in operating condition.

Passive fire protection features
Performance objective:

Passive fire protection features are maintained in good condition to limit the spread
of fire and to retard the effects of fire on areas beyond its point of origin.

Performance criteria:
e Fire separations are not damaged (no sign of damage that affect their integrity).

e Fire doors are equipped with a mechanism, which will hold the door in the closed
position and to return the door to the closed position after each use.

e Fire doors are not damaged, not obstructed or wedged open.
e Fire doors close without gapping and door latching hardware functions securely.

e Performance barriers, radiant heat shields and local cable protection are undam-
aged and securely attached.

e Fire dampers, smoke dampers, combination smoke/fire dampers and fire stop
flaps are in place and not obviously damaged or obstructed or altered in any way
that would prevent the intended operation.

e Structural steel fire proofing is undamaged or deteriorating and structural steel
is uniformly covered.

e Fire barriers and electrical and piping penetration seals are not missing from
locations in which they appear to be required to complete a fire barriers wall.
floor, or ceiling and seals appear to be properly installed and in good condition.

Portable extinguishers

Performance objective:

Portable extinguishers are maintained in operating condition and kept readily acces-
sible to minimize the risk of malfunction or damage.
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Performance criteria:

Fire extinguishers are conspicuously located where they are readily accessible
and immediately available in the event of fire.

Fire extinguishers are not obstructed by plant equipment or other work related
activities.

Fire extinguishers are not missing from their designated locations.

Fire extinguishers are improperly removed from their secure position or other-
wise subject to corrosive damage or showing corrosion, leakage, or a clogged
nozzle.

Fire extinguishers charged, with the pressure gauge in the acceptable range.

In large rooms and in certain locations where visual obstructions cannot be com-
pletely avoided, means are provided to indicate the extinguisher location.

Portable fire extinguishers other than wheeled extinguishers are installed using
any of the following means:

— securely on a hanger intended for the extinguisher, in the bracket supplied
by the extinguisher manufacturer,

— in as listed bracket approved for such purpose,
— in cabinets or wall recesses.

Wheeled fire extinguishers are located in designated locations. The condition of
tires, wheels, carriage, hose, and nozzle are acceptable for wheeled extinguish-
ers.

Attached monthly inspection records are current or where a bar code system is
used the inspection database is updated.

Fire alarm systems

Performance objective:

Fire alarm systems are maintained in good operating condition to minimize the risk
of malfunction, absence of alerts, and improper timely notification in an emergency.

Performance criteria:

Fire alarm and detection system components are accessible for purposes of in-
spection or maintenance.

The physical condition of the fire alarm and detection devices does not show
physical damage, blockage, or potential interference with functionality (not
painted, corroded, covered, etc.).

Manual fire alarm activation devices are visible and readily accessible without
reaching over or relocating other objects.

There are no trouble signals on the fire alarm panel, or where there are trouble
signals, appropriate staff are aware of the signal, its cause, and its scope.

Manual fire alarm activation devices are visible and readily accessible without
reaching over or relocating other objects.
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10. Water-based fire suppression systems

11.

Performance objective:

Automatic sprinklers are maintained in a good condition and kept readily accessible
to minimize the risk of malfunction, damage, and the risk of inadequate performance.

Performance criteria:

Sprinkler heads are installed in the correct orientation (e.g., upright, pendent, or
sidewall) and are in good condition and free of obstructions.

Valves are supervised manually or automatically.
Pressure gauges are within the expected range for the system.

Sprinkler piping is not used to suspend objects not associated with the sprinkler
system.

Sprinklers do not show signs of leakage; corrosion detrimental to performance
or physical damage or otherwise incorrectly painted.

A clear working space of not less than 1 metre is available around sprinkler con-
trol valves.

Access to manual actuators for fixed suppression systems (e.g., dry water sys-
tems) is unobstructed by plant equipment or work-related activities.

Fire department connections” location is clearly marked and readable under all
weather conditions.

Fire department connections are protected with caps and their access is free of
obstructions.

Fire hydrants are kept readily accessible, and their locations are clearly identi-
fied.

Standpipes are unobstructed.

Fire hoses

Performance objective:

Fire hoses are in their designated locations, unobstructed and are in good condition
to minimize the risk of malfunction, damage, and the risk of inadequate performance.

Performance criteria:

Fire hoses and hose stations are in their designated locations, in good condi-
tions, and are not damaged nor and not obstructed.

The hose is connected to the standpipe hose connection and is properly placed
on the hose rack.

The shutoff valve is closed, hand wheel is in place, and valve is not leaking.

Fire hoses are connected to hose rack nipple or valve and properly rolled and
racked.

Fire hose nozzles and gasket are not missing or deteriorated/damaged.

Hose rack, hose station piping, and supports in the general area have no exces-
sive rust and corrosion.

Hose stations are visible, and their access are unobstructed by plant equipment
or work-related activities.

Water supply main control valves to the standpipe system are open.

35



12. Special fire suppression systems

13.

Performance objective:

Special fire suppression systems are in their designated locations and are in good
condition to minimize the risk of malfunction, damage, and the risk of inadequate
performance.

Performance criteria:

Gaseous suppression system nozzles are not obstructed or blocked by plant
equipment such that gas dispersal would be significantly impeded.

Suppression agent charge pressure is within the normal band, extinguishing
agent supply valves are in their proper orientation and the system is in the ap-
propriate mode.

Access to manual actuators for special fire suppression systems is unobstructed
by plant equipment or work-related activities.

Impairment of fire protection systems

Performance objective:

The impairment of fire protection systems is managed through impairment plans and
procedures and impairments are corrected in reasonable time.

Performance criteria:

Impairment of fire protection system is governed under the FPP.

When any portion of a fire protection system is impaired, an impairment
form/plan is issued and governed under the FPP.

Impaired fire equipment and fire systems are identified, tagged, and locked out.

Compensatory measures are put in place for out-of-service, degraded or inop-
erable fire protection equipment, and related supporting systems (e.g., detection
and suppression systems and equipment, passive fire barrier features, etc.) to
ensure that protection is maintained.

Compensatory measures are appropriate for the level of impairment.

Personnel, including plant staff, off-site monitoring companies, in-plant and off-
site emergency responders, and others affected by the impairment are notified.

Corrective actions are adequate to return the equipment to service in a reason-
able period of time.

Impairments are monitored and delays in return to service are reported to man-
agement.

LESSONS LEARNED

Fire can be a significant risk contributor to a reactor. In many cases, the risk posed by
fires is comparable to or exceeds the risk from internal events. Operating organizations
are expected to take reasonable actions to mitigate postulated events that could poten-
tially cause loss of large areas of power reactor facilities due to explosions or fires. Op-
erating organizations are required to develop and implement a fire protection program to
ensure all the activities related to fire protection are conducted in a coordinated manner
and managed adequately to minimize the probability and consequences of fires.
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APCI is one of the elements of the fire protection program and one of the many tools
such as plant self-assessment and fire protection triennial audit that the operating organi-
zations and the regulators use to assess the adequacy of the implementation of the fire
protection program. In the last 10 years the APCI has been successful in identifying ar-
eas of weakness and opportunity for improvement associated with the various APCI ele-
ments. There were evidence the APCI’s findings are being addressed in timely manner
by the stations. However, the APCI findings suggest that the following will continue to
assist the operating organization in maintaining the plant in a safe condition.

¢ The findings of APCI’s are to be assigned the appropriate level of priority in order to
avoid finding spanning for long periods;

Medium, high risk, and repeated findings to be reported to an authority capable of
addressing the nature of the finding in an expedited time frame;

e Fire prevention training and enhancement to the adherence of the FP program ad-
ministrative controls to be continually provided;

e Escalation program to be implemented to provide notification to upper levels of man-
agement for repeated and outstanding observations of non-compliance practices
and to assist in the plants implementing corrective actions in a more timely manner;

¢ Enhancing the interaction between various group within the operating organization
involved with the fire protection activities.

e Performing an adequate APCI is considered to be one of the cornerstones in
ensuring that the station is continually maintained in a fire safe condition.

CONCLUSIONS

In Canada, NPPs are required to develop and implement a fire protection program in
CSA N293 [1]. FPP aim to minimize both the probability of occurrence and the conse-
quences of fire. The FPP at NPPs provides reasonable assurance, through defence in
depth, that a fire will not prevent the necessary safe-shutdown functions from being per-
formed. APCI is one element of the fire protection program that need to be of sufficient
depth to assess that the nuclear power plant fire prevention and protection activities
comply with the applicable codes and standards.

The performance objectives and criteria for the key elements of the APCI have been
formulated, based on the fire protection operational requirements of NFCC and CSA
N293. They are considered to be the foundation in determining whether fire prevention
and fire protection activities meet the applicable codes and standards. The performance
criteria formulated are not considered all-inclusive and in practice different criteria may
be more or less important in relation to particular circumstances, and a risk-informed
approach can be applied to demonstrate that APClI’s performance objectives are met.

The APCI has been successful in identifying areas of weakness and opportunity for im-
provement associated with the various APCI elements.
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ABSTRACT

Meeting the basic (required) separation criteria of various regulations such as United
States Nuclear Regulatory Commission (U.S. NRC) 10 CFR 50, Appendix R [1] is an
important first step to managing fire risk. Implementation of these requirements is chal-
lenged by availability of standards and guidance documents, qualification of personnel
as well as well as the difficulty related to back fit of these new requirements to existing
plants. Self-assessments are a critical element of an effective continuous improvement
program to fully implement the program and to eliminate “blind spots” that result in high
core damage frequency (CDF) values related to fire.

One challenge utilities often face is how to effectively perform a periodic self-assessment
of their fire protection programs, and who to involve. This has a tendency to leave uni-
dentified gaps in utility fire protection and safety programs.

Fire protection for nuclear power plants uses the concept of defence in depth to achieve
the required degree of reactor safety, but also is dependent on the management of such
concept. This concept entails the use of echelons of administrative controls, fire protec-
tion systems and equipment, and safe shutdown capability to achieve the following goals:

— Prevent fires from starting;
— Detect rapidly, control, and extinguish promptly those fires that do occur;

— Protect structures, systems, and components (SSCs) important to safety, so that
a fire that is not promptly extinguished by the fire suppression activities will not
prevent the safe shutdown of the plant.

The intent of a utility fire protection program should be to maintain a robust program that
exceeds safety standards. A well-managed fire protection program should be reviewed
internally by periodic self-assessment (or assessment by peers), in order to continuously
improve safety.

This paper provides an overview of how a well-coordinated fire protection program may
implement a periodic self-assessment as part of a continuous improvement program.
This paper does not propose the concept that self-assessments can replace nor negate
the need for independent regulatory oversight or inspection.

INTRODUCTION

As identified in the IAEA-TECDOC-1125 [2], “Experience has shown that when organi-
zations objectively assess their own performance against standards of excellence, the
understanding and need for improvements is increased and the feeling of ownership for
achieving them is significantly enhanced”. This certainly applies to the fire protection
program, and a strong fire protection program will be enhanced by the utility taking own-
ership of their processes, and objectively assessing their own performance.
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As illustrated by Figure 1, the individuals typically responsible for the performance of self-
assessment (Level 1 and Level 2) are the individuals most familiar with the information.
As levels are increased, there is a higher degree of separation between the subsequent
levels, and the subject information being reviewed.

Level 3

Level 2

GROUP REGULATOR

&
INDIVIDUAL
Level 1

COUNTRY
Level 4

FIG. 1. Self-assessment depending on the position of the viewer.

Figure 1 Self-assessment depending on the position of the viewer, from IAEA-
TECDOC-1125 [2]

Fires can be a major contributor to both CDF and large early release frequency (LERF).
In comparison to other internal and external events, many of which are limited to a single
component or system failure, fire can affect multiple components or systems. When a
fire occurs, it has the potential to grow, spread very quickly, affect many components,
and cascade through multiple systems. As stated in (U.S. NRC RG 1.189 [3], “the pri-
mary objectives of fire protection programs (FPPs) at U.S. nuclear power plants are to
minimize both the probability of occurrence and the consequences of fire.”

An effective fire protection program minimizes the potential of fire ignition and growth will
lower the probabilistic risk of fire damage within the plant; and limit the deterministic
threshold level of damage should a fire initiate.

Under “Fire Protection Program Goals and Objectives” U.S. NRC RG 1.189 [3] includes:
o “Defense-in-Depth

Fire protection for nuclear power plants uses the concept of defense in depth to
achieve the required degree of reactor safety. This concept entails the use of eche-
lons of administrative controls, fire protection systems and features, and safe-shut-
down capability to achieve the following objectives:

— Prevent fires from starting.
— Detect rapidly, control, and extinguish promptly those fires that do occur.

— Protect SSCs important to safety, so that a fire that is not promptly extinguished
by the fire suppression activities will not prevent the safe shutdown of the plant.”

Other goals cited by RG 1.189 [3] include:

e Fire protection program performance goals to protect SSCs important to safety
from the effects of fire;
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e Post-fire safe shutdown performance objectives related to safe shutdown after
a fire;

e Prevention of radiological releases.

Beyond the regulatory goals listed in RG 1.189 [3], other goals of an effective fire pro-
tection program include life safety goals and the protection of the business unit and as-
sets.

The primary goals of an effective and strong fire protection program are the following:

e Recognize the risk and potential consequence of a fire in any location of the
power plant;

¢ Minimize the potential of occurrences and consequences of a fire;

¢ Minimize the migration of a fire and its effects from the fire area or fire compart-
ment of origin;

e Rapidly detect a fire initiation and ensure the capability to rapidly deploy effective
suppression strategies;

e Ensure plant safety, reliability, and continued electrical generation;

e Ensure that operations have the capability to effectively shut down the reactor
and maintain it in a safe and stable mode for a single fire occurring in any fire
area or fire compartment by maintaining at least one train free of fire damage;

e Support and exceed the local, regional, and national regulatory expectations;

e |dentify the various positions of responsibilities and authority within the organi-
zation to implement an effective program;

o Verify that the firefighting systems and equipment are designed to assure their
rupture or inadvertent operation does not significantly impair the safety capability
of SSCs;

e Minimize the potential that a fire will release radiological particles and contami-
nates outside of the plant boundary.

One of the key insights from the many Fire PRAs (Probabilistic Risk Assessments) (also
named PSAs (Probabilistic Safety Assessments)) performed in recent years is that fires
are responsible for a significant fraction of the core damage frequency for a typical nu-
clear power plant. The same Fire PRAs demonstrate that if a power plant has deficien-
cies in the basic elements of defence in depth, fire risk could is significantly increased.

In the United States, it took many years to fully implement the requirements of
10 CFR 50, Appendix R due to issues related to availability of standards, guidance doc-
uments, qualification of personnel, as well as well as the difficulty related to back fit of
new requirements to existing plants. The use of self-assessments has evolved over the
last three decades since being introduced to the U.S. Nuclear Market in the 1990s.

In U.S. plants, a high level of fire safety and compliance with regulatory fire protection
requirements has been achieved through a combination of regulatory focus on the sig-
nificance of fire risk and utility self-assessments that allowed effective communication of
best practices throughout the industry. Through a process of self-assessments and con-
tinuous improvement US plants continue to drive down the risk of fire.

This paper provides the background for how the performance of effective self-assess-
ments can improve fire safety through periodic reviews of plant fire protection programs.

The performance of an effective self-assessment should start with the development of
an Assessment Plan.
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Assessment Plan: The Assessment Plan should identify the following

Purpose;

Scope and depth of the review;
Assessment team;
Preparation;

Period of performance;
Location:

o Determination if the self-assessment will include physical plant walkdowns
and observation, or be limited to the review of documents;

e Determination if there are specific areas within that plant that should be in-
cluded / excluded from self-assessment;

Findings and observations.

WHERE TO START WITH A SELF-ASSESSMENT OF THE PLANT FIRE
PROTECTION PROGRAM

It is imperative that an Assessment Plan be developed prior to the performance of a self-
assessment. An Assessment Plan is a vital tool in preparing for an efficient and effective
self-assessment.

The Assessment Plan, should identify the following

Purpose: The purpose of an annual review is to assess the plant fire protection
equipment and program implementation to verify that a level of safety consistent with
NRC guidelines continues to be improved, cf. RG 1.189 [3].

Scope and depth of the review:

Will this assessment be performed globally for the entire facility, or for select
areas/ compartments of the plant?

Will the assessment be limited to specific subject matters (e.g., quality assur-
ance, periodic review, specific topical area, focus-scope review, pre-assessment
in preparation for regulatory review, etc.)?

Will the assessment be done in conjunction with regulatory required audit?

Some SMEs (subject matter experts) have found it helpful to keep a catalog of
typical questions as part of an Audit / Assessment Guide as an aid to their utility
customers.

Note: It is also important to define an expectation for how extensive a review is
required. This should be agreed and understood prior to the assessment. This
will help to keep resources focused on the review of items deemed in-scope. It
is generally not the goal of an assessment to solve problems.

Assessment team: Identification of stakeholders and key personnel

The identification of stakeholders and key personnel will be driven by identifica-
tion of the goals and objectives, as well as the identification of the scope and
depth of review.
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e This may include regulatory authority, program sponsor(s), fire protection
program owners, site fire marshals, and may require the use of external sub-
ject matter experts.

e InU.S. plants it is required that an outside SME be included in the triennial/
guadrennial audit, this may sometimes occur in tandem with annual self-
assessments:

“The triennial audit is basically the same as the annual audit; the difference
lies in the source of the auditors. Qualified utility personnel who are not di-
rectly responsible for the site FPP, or an outside independent fire protection
consultant, may perform the annual audit. However, only an outside inde-
pendent fire protection consultant should perform the triennial audit. The
outside consultant should not be an employee of the licensee of the plant
being audited.” RG 1.189 [3].

Preparation

Once the scope has been defined, expected documents that will likely be requested
as part of the assessment may be compiled. This may include plant drawings, regu-
latory compliance reviews, inspection / testing / maintenance logs, condition reports,
reports, etc.

Timing

— The performance of the self-assessment should be completed in a timeframe
that is sufficient to facilitate the completion of the defined scope and depth, and
regulatory commitments as required by U.S. NRC Administrative Letter 94-03

[5].

— Duplicate audits are not required (i.e., the 3-year replaces the annual audit for
the year in which it is performed) by RG 1.189 [3].

Location

— A review of the scope will define whether physical presence in the plant is re-
quired as part of the assessment, or if the assessment is limited to a review of
available documentation.

— Physical plant walkdowns are an excellent tool to gain insights that may not be
obvious by document reviews alone.

Findings and Observations

A determination as to how findings and observations will be documented should be
included in the Assessment Plan. This may include written reports, inclusion in the
plant corrective actions program or some hybrid of the two approaches. It is also
worth noting that it may be beneficial to document good practices and, if possible,
what the positive impact on the organization/ facility has been.

HOW TO PERFORM A REVIEW OF ITEMS IDENTIFIED AS ‘IN-SCOPE’ FOR A
SELF-ASSESSMENT

The nature of this question is rooted in revisiting the defined purpose, as well as a review
of the scope. What type of assessment is this? Is the assessment limited in scope to
particular areas and/or compartments, or subject matter? Is this assessment to prepare
for a regulatory review of the fire protection program?

The nature of the assessment will drive what elements of the fire protection program are
reviewed.
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A good fire protection program with effective self-assessment implementation will be
demonstrated by improved performance. Some of the key indicators are as follows:

e Improved engagement by plant staff;

e Reduction of reported fires / repeated events;

e Reduction in call-outs of fire brigade or fire department;
e No loss of life due to fire;

¢ Reduction in audit / inspection non-conformances for deviations to the program
implementation processes or to license bases adherence;

e Reductions in the maintenance work backlog;
e Improved insight into plant upgrade and management of plant processes;
e Continuity of electrical production;

¢ The PRA continues to demonstrate the fire event analysis results maintain stable
or reduced CDF and LERF;

e Competency of the fire brigade during drills;
e The activities associated with “hot work” do not result in a fire;

e The activities of plant personnel do not violate the staging of combustible or
flammables materials beyond that approved for the location;

e Manual fire suppression equipment remains readily available;

e Automatic suppression and detection systems avoid multiple maintenance out-
ages and continue to demonstrate functionality;

e Operations continues demonstrate competency in drill execution of safe shut-
down procedures and emergency notifications;

e Fire impairments for maintenance and testing are kept to a minimum;
e Reduced costs.

As stated above an effective self-assessment of the plant fire protection program has the
potential to reduce costs, by facilitating a healthy program, where items are identified
and addressed by performing periodic review of various elements of the program. This
allows for more focus being applied to the elements that require improvement.

CONCLUSION

Similar to the U.S. NRC Inspections, today’s fire protection assessments not only need
to verify regulatory compliance but also need to maintain risk-significant equipment con-
sistent with assumptions in probabilistic risk models in U.S. NRC Letter SECY-22-0053
[4]. As new tools and methods are developed to manage plant fire risk, so too must the
approach to fire protection assessments evolve to incorporate these new approaches.

An effective self-assessment of the fire protection program provides a periodic review of
the strengths and weaknesses of a facility when compared to its licensing basis, and the
general industry. Fire protection self-assessments are an integral element of an effective
continuous improvement program.

As the individuals charged with this responsibility, fire protection program owners and
subject matter experts are best equipped to perform this. This periodic review has the
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potential to identify areas for improvement and is one of the most powerful tactics a plant
can utilize to reduce its overall fire risk and improve its overall level of safety.
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ABSTRACT

IGNIS is a new experimental platform built by Electricité de France (EDF) to study real
scale fire scenarios under nuclear power plant (NPP) conditions. It consists in four dif-
ferent fully instrumented facilities corresponding to graded configurations, one in open
atmosphere and three small to large, ventilated rooms. The platform can manage fire
sources up to 5 MW, and measured parameters include fuel mass loss rate, heat release
rate (mechanical and calorimetric methods), temperature (inside the walls, in the com-
partments and in the flame), heat flux, gas concentrations, pressure inside the compart-
ments, inlet and outlet flowrates and gas temperatures. This paper presents the plat-
form’s characteristics and capabilities as well as some of the first results obtained during
the platform’s starting and verification campaign. This campaign was designed with a
step-by-step approach: a heptane pool fire was first characterized in the open configu-
ration facility (ME4) and in the 20 m® compartment with natural ventilation (ME3). It was
thereafter installed in the 90 m3 mechanically ventilated concrete gallery (ME2) and in
the 712 m® mechanically ventilated concrete compartment (ME1). The results obtained
provide a relevant set of validation cases for fire codes.

INTRODUCTION

Confined mechanically ventilated compartments are typical configurations found in the
nuclear industry. Fire events in these configurations generate complex interactions be-
tween the flame and the ventilation system as well as well as potential impacts related
to soot, heat fluxes, or temperature on various types of targets (cables, electronic equip-
ment, or fire barriers, etc.). These issues need to be addressed in safety demonstrations,
using numerical simulations or relevant experiments.

To reach this objective, EDF has been developing codes and conducting experimental
studies at small scale for years on its MILONGA platform. In a recent effort to further
develop our experimental capabilities, a new platform was built at Chatou, France with
the aim of being able to conduct fire experiments in real scale and in configurations rele-
vant to the nuclear industry. This paper describes the capabilities of this new installation
started in February 2021 and illustrates some results obtained during the qualification
campaign.

THE IGNIS FIRE SAFETY PLATFORM
IGNIS is an experimental platform designed to study fire related phenomena in confined

environment at real scale. Such configurations are typical to nuclear power plants, that
imply mechanically ventilated rooms. The philosophy behind this platform is to be able
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to simulate real site configurations and to study different fire scenario in controlled con-
ditions. IGNIS is run by EDF at Chatou, France and includes four different facilities (cf.
Figure 1), corresponding to graded configurations that are described thereafter.
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Figure 1 lllustration of the IGNIS platform: (a) overview, (b) calorimetric hood, (c)
normalized room, (d) gallery and large volume facility, (e) inside the large
volume facility

Large Volume Facility (ME1)
This facility consists in a 12 m long by 8.5 m wide building with a 6 m ceiling, and a 5 m

X 5 m tower on one of the corners (cf. Figure 1). The ceiling in this corner reaches 10 m,
which enables to study shaft configurations. The walls are made of two concrete layers
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for a total thickness of 40 cm. The first layer (30 cm) is the perennial structure while the
second one is a 10 cm sacrificial shotcrete layer. This layer’s role is to protect the struc-
ture, and as such, can be removed and replaced during maintenance, which is expected
after a few years. This facility is designed to withstand a 5 MW fire and a temperature or
500 °C on the walls for 2 hours. Two openings can be found at the bottom of the struc-
ture, on which doors can be adapted.

The building is completely empty, and the philosophy is to build rooms inside the 712 m?3
of the facility, to create each scenario to be studied. The compartment can be split up to
13 rooms distributed over three floors. The facility is connected to the ventilation network
through 13 fresh air inlets and 13 exhaust outlets controlled independently.

Gallery (ME2)

The gallery facility consists of a 12 m long and 2.5 m wide building with a 3 m ceiling and
is designed for fire studies in gallery configurations (cf. Figure 1). Two 160 cm x 210 cm
openings can be found at both sides of the facility. The walls are made of two concrete
layers for a total thickness of 40 cm. The first layer (30 cm) is the perennial structure
while the second one is a 10 cm sacrificial shotcrete layer. This layer’s role is to protect
the structure, and as such, can be removed and replaced during maintenance if neces-
sary. This facility can be split into several rooms (up to 4 with identical volume) which
can be independently ventilated. The maximum air renewal rate is 21 vol per hour, and
this setting is obtained through control valves on the 8 fresh air inlets and 8 exhausts
distributed all along the facility. This facility is designed to withstand a temperature of
500 °C on the walls for 2 h.

Normalized Room (ME3)

This facility is inspired from the 1ISO 9705 norm [1] and consists of a 3.6 min by 2.4 m
room with a 0.8 m wide and 2 m high opening on one of the 2.4 m walls (cf. Figure 1).
The ceiling’s height is 2.4 m for this facility. A 3 m x 3 m steel hood is located at the exit
of the room, with a maximum intake flowrate of 7000 m3/h. Various mechanical systems
(guide plates) are implemented into the exhaust pipe to produce a homogeneous flow
and enhance the reliability of measurements that can be done in the exhaust stream
(e.g., gas or aerosol concentration).

Calorimetric Hood (ME4)

This facility consists of a 3 m x 3 m steel hood built at a 4 m height, which is used to
study open fires and prepare experiments for the ME1 and ME2 facilities (see Figure 1).
The maximum exhaust flow rate is 12000 m3/h. The exhaust pipe is designed in the ME3
fashion to increase the measurements’ reliability. This pipe can be equipped with various
measuring systems to study the HRR, soot, temperatures, or gases. The facility is also
equipped with motor-driven Lexan screens on each side of the hood that can be con-
trolled independently. These screens can be switched to wire meshes or removed to
adapt to various situations.

Ventilation System

The ventilation system enables to inject fresh air into the ME1 and ME2 with a controlled
flowrate by modulating the fans’ engine frequency and the opening of the control valves
of the system. The obtained flowrate is determined based on the reading of Pitot Tubes
installed at each inlet port of the two facilities. The maximum inlet flow rate is 12000 m3/h.
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The combustion gases are also extracted by the ventilation system through outlets on
the ME1 and ME2 and through hoods for the ME3 and ME4. Similar to the fresh air
injection, Pitot tubes are used to control flowrates in each section of the ventilation net-
work. The extracted gases are cooled by a heat exchanger and filtered by high efficiency
filters to remove the soot particles. The maximum outlet flow rate is 20000 m3/h. This
system is very flexible as it is possible to control every valve (inlet and/or outlet) inde-
pendently to obtain the desired conditions within the facilities.

Instrumentation and Acquisition System
Acquisition System

A specific acquisition system was developed based on LabVIEW and National Instru-
ment Ni-cRIO hardware, which was chosen for its robustness. The architecture that was
implemented includes acquisition bays that can be moved around the facilities and that
provides all the necessary hardware for acquisition, and a supervision located inside the
control room. During an experiment, measurements are recorded locally and regularly
transmitted to the control room through an internal network. If the supervision was to
crash, the data would still be available on the acquisition bays which secures the result
of potentially expensive and time consuming experiments.

The acquisition bays are plugged to an internal Ethernet network, and they include vari-
ous modules on which sensors can be plugged. Each bay includes 192 thermocouple
slots, 32 analogue input (+ 10 V) slots, 32 analogue input (0 — 20 mA) slots and 8 free
slots for evolutions. These acquisition bays can be plugged to various “acquisition sta-
tions” distributed on the platform that include network plugs for a connection with the
internal network and the supervision, and power outlets. These stations are also fed with
compressed air, nitrogen, water, osmosed water, propane and connected to a gas mixing
system for gas measurement system calibration.

Instrumentation

The philosophy behind the conception of the platform is flexibility, that applies also on
measurement systems, which means that the instrumentation is adapted to each config-
uration and associated needs.

Temperature measurements are carried out locally for all facilities using 1 mm Inconel
sheathed thermocouples. Temperature inside the walls and roof of the gallery and large
volume facilities is also measured through an optical fibre mesh installed inside the shot-
crete layer. This optical measurement relies on Raman scattering and enables to monitor
temperature inside the walls with a 25 cm spatial resolution and a 0.1 Hz time resolution.
The total heat flux is also measured either by water cooled Gardon gauges or by thin-
film heat flux sensors that can be installed on surfaces (walls or targets).

Gas concentrations inside the ventilation system or inside the facilities are measured
online either by specific analysers (CO,, CO, O, and total unburned hydrocarbons) or by
Fourier Transform Infrared (FTIR) spectrometers to measure 18 gases from aldehydes
to inorganic acids.

Fuel mass is monitored using high precision scales. The resulting burning rate is used
to compute the heat release rate (HRR) of the flame. The HRR is also computed by
calorimetric methods (carbon dioxide generation or oxygen consumption) using methods
developed in the literature [2].

Pressure inside the facilities is measured by pressure transducers while differential pres-
sure sensors are used for inlet and outlet flowrates measurements. This type of sensor
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is also used in conjunction with McCaffrey probes [3] to characterize flow velocities at
openings.

Finally, soot mass concentration and granulometry can be measured online using Elec-
tric Low Pressure Impactors (ELPI) coupled to fine particle samplers to dilute the sam-
ples [4], [5]-

QUALIFICATION CAMPAIGN

The first experimental campaign on the IGNIS platform was designed following a step-
by-step approach which consisted in setting the same sources under grated configura-
tions. Heptane pool fires were selected as the source and were used in all the facilities
to investigate various scenarios and configurations. The HRR of the resulting flames
went from roughly 270 kW to 4 MW and air renewal rates varied from 0 to 10 vol/h in the
closed configurations. The full campaign includes 25 tests, and an illustration of the result
is provided here, with a single source (a 50 cm diameter heptane pool fire) studied in the
four facilities of the platform.

The source was first characterized under the calorimetric hood, before being used in the
other facilities to study naturally ventilated compartment fire, and mechanically ventilated
compartment fire scenarios. Some results obtained from these experiments are pre-
sented and discussed thereafter as an illustration.

Calorimetric Hood Results: ME4 — Hept50 Test

For these experiments, a 50 cm stainless steel burner filled with 10 | of heptane was set
on a scale in the center of the hood, and the Lexan shields were lifted enough to let a
40 cm high opening. Preliminary tests were carried out to define the exhaust flow rate,
to avoid strong perturbations on the flame structure. The exhaust flowrate for this test
was therefore set to 4500 m3/h, which is a good compromise between efficient smoke
exhaust and flame stability. The resulting flame is illustrated by Figure 2. Measurements
include temperatures inside the flame, heat flux at 120 cm of the burner center (z = 50
to 250 cm), CO,, CO and O, concentrations inside the exhaust pipe, exhaust flow rate
and gas temperature, and fuel mass loss rate. (MLR)

Figure 3 illustrates some results obtained during this experiment. The HRR profile (a) is
consistent with the trend generally reported for such fires with three different phases: (i)
flame propagation, during which the HRR sharply increases, followed by (ii) a stationary
phase for which the HRR establishes at 270 kW, and (iii) a pre-extinction phase. During
phase (iii), the HRR sharply increases, which is due to ebullition of the fuel when the
liquid level becomes very low [6]. The HRR is lower than values from the literature, but
the available data are scattered, as this parameter depends a lot on the test conditions
(constant level burner or not, cooled or uncooled burner, lip height, rim conduction, depth
of liquid) [7]. However, the HRR computation using carbon dioxide generation (CDG)
and oxygen consumption calorimetry (OC) [2] are in very good agreement with the data
obtained from the MLR (“mechanical method”), which supports the validity of the meas-
urement. The enthalpies values used for the mechanical method (44.6 kJ/g), the OC
method (12.7 kJ/g), and the CDG method (14.5 kJ/g) were taken from [8].

49



Figure 2

View of the test in the calorimetric hood ME4
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Figure 3

lllustration of some results for the test under the calorimetric hood: (a)
development of the HRR over time, (b) development of the heat flux over
time emitted at 120 cm from the burner center, (c) development of the
oxygen concentration over time inside the exhaust pipe, (d) development
of the carbon dioxide concentration over time inside the exhaust pipe

The heat flux measured at 120 cm from the source centerline is nearly identical from z =
50 cm to 150 cm and decreases for higher heights. The trend observed follows the de-
velopment of the HRR over time, and the maximum heat flux during the stationary state
is close to 6 kW/m?2. The trend observed on the O, and CO, development over time fol-
lows the HRR and the concentrations measured during the stationary state are 19.3 %
and 1 % for O, and COg, respectively.
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Normalized Room Scenario: ME3 — Hept50 Test

In this configuration, the source (a 50 cm diameter burner filled with 7.5 | of heptane) is
set in the middle of the room. The exhaust flowrate in front of the opening of the room is
set to 6000 m%h. Instrumentation includes MLR, temperature inside the room, heat flux
on the walls, heat flux at 180 cm from the burner centerline, O,, CO and CO, concentra-
tions inside the room and in the exhaust pipe and gas velocity, and temperature along
the height of the opening. This configuration and the flames obtained are illustrated by
Figure 4.

(@)

Figure 4 ME3 — Hept50 Test: (a) configuration for the test inside the normalized
room, TCK: temperature measurement, FMP: thin film heat flux sensor,
FMR: cooled heat flux sensor and SMC: McCaffrey probe, and (b) view of
the test in the normalized room ME3

Figure 5 illustrates some results obtained in this case. The development of the HRR over
time is different from the experiment in open atmosphere as no steady state is observed.
The HRR increases sharply during the ignition phase, then steadily increases during the
whole experiment, until ebullition occurs at t = 900 s, followed by the extinction phase.
The HRR computed from the CDG method follows the exact trend of the HRR obtained
through the mechanical method, which confirm the dynamic observed, but tends to give
higher values. This method depends on the evaluation of the mass flowrate exiting the
compartment, which is here evaluated using a limited number of sensors at the door,
resulting in more uncertainties in the final HRR values.

O and CO, concentrations measured inside the room at z =210 cm follow the trend
observed on the HRR profile: the O» concentration sharply decreases during the ignition
phase, then slowly drops down until the extinction phase and CO; concentration follows
an opposite trend. The CO, concentrations obtained are higher than in the open atmos-
phere case, and the O concentration are much lower which is expected as the sampling
is performed inside the layer of hot gases that accumulates inside the room [9]. The
temperature stratification is very clear (cf. Figure 5(e)): the temperature stays almost
constant at 50 °C from the floor until z = 130 cm. A sharp increase (+ 125 °C) is then
observed at z = 150 cm, which is the indicator of the hot gas layer.
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Figure 5 lllustration of some results for the test inside the normalized room: (a) de-
velopment of the HRR over time, (b) development of the heat flux over
time emitted at 180 cm from the burner center, (c) development of the
oxygen concentration over time inside the exhaust pipe, (d) development
of the carbon dioxide concentration over time inside the exhaust pipe, (e)
temperature profile inside the compartment att = 900 s

Gallery Configuration: ME2 — Hept50 Test

The experiment was carried out with the source (a 50 cm diameter burner filled with 10 |
of heptane) in the center of the compartment, and an air renewal rate of 10 vol/h corre-
sponding to a total flowrate of 900 m3/h. The air admission is split equally between the 8
inlets distributed on the whole length of the gallery at z = 0 cm. The same strategy is
applied for the exhaust flow rate, with outlets located at z = 240 cm. The temperature
inside the room from z = 35 cm to 290 cm is measured by thermocouple trees located at
three different positions. Another set of thermocouples is used to measure temperature
inside the flame. Heat flux emitted by the flame is also monitored at z = 50, 100 and
150 cm at 150, 250 and 400 cm from the flame centerline. The heat flux received by the
walls as well as their surface temperature are measured by thin sensors. O,, CO, and
CO; concentrations are measured at two heights inside the compartment (z = 125 and
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275 cm) and in the exhaust pipe. Inlet and outlet flowrates and gas temperature are
measured at each inlet and outlet of the facility. Pressure inside the room is also moni-
tored during the whole test. Finally, the optical fibre network is used to monitor tempera-
ture inside the walls. This whole configuration and the resulting flame are described by
Figure 7.
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Figure 6 ME2 — Hept50 Test: (a) configuration for the test inside the gallery, TCK:
thermocouples, FMP: thin film heat flux sensor, FMR: cooled heat flux
sensor, GAS: gas sampling, MASSF: scale, 2VR in/out: inlet/outlet
flowrate and temperature, and (b) view of the test in the gallery (ME2)

Figure 7 illustrates some of the results obtained in this configuration. The HRR follows
the same trend as in the previous configurations. The two methods used give slightly
different results from t = 0 to 800 s, where the HRR obtained by calorimetry is lower. The
values obtained during the steady state (200 kW) are also much lower than those in open
atmosphere (250 kW), illustrating the effect of the confinement and ventilation on the
HRR [10]. The heat flux measurements at d = 150 cm from the flame centerline show a
clear steady state that correlates with the trend observed on the HRR computed by the
mechanical method. The amplitude observed on these signals is lower than in the open
atmosphere case which is expected regarding the combination of the higher distance to
the flame and the lower HRR for this configuration.
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Figure 7 lllustration of some results for the test inside the gallery: (a) development

of the HRR over time, (b) development of the heat flux over time emitted
at 150 cm from the burner center, (c) development of the total admission
and exhaust flow rates over time, (d) development of the relative pressure
over time inside the compartment, (e) temperature profile inside the com-
partment averaged between t = 700 and 1200 s

Figure 7(c) to (e) show the time evolution of flow rates and pressure, as well as the
temperature profile inside the compartment at the steady state. The results obtained are
coherent with the trend described in the literature [11], [12], [13]. The inlet flowrate
sharply decreases at the ignition, going from 900 m3/h to 500 m3/h. An opposite devel-
opment is observed with respect to the exhaust flow rate that increases from 900 to
1150 mé/h. A steady state is then observed, with admission and exhaust flowrates re-
spectively at 800 m%h and 1100 m3/h. The pressure also increases sharply at the ignition
going from - 25 Pa to almost + 150 Pa and drops by 175 Pa at the extinction. Finally, the
temperature profile during the steady state clearly illustrates a stratification, with a cold
layer on the bottom of the room, and a hot layer near the ceiling. This stratification is also
emphasized by the ventilation configuration, where air admission is performed at the
lower parts of the building, while exhaust is set the top part of the compartment.
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Large Volume Facility Configuration: ME1 — Hept50 Test

The experiment was carried out with the source (a 50 cm diameter burner filled with 10 |
of heptane) in the center of the compartment, and an air renewal rate of 10 vol/h corre-
sponding to a total of 7120 m%h. The air admission is split equally between the 13 inlets
distributed at z = 50, 380 and 685 cm. The same strategy is applied for the exhaust with
outlets altitudes at z = 70, 550 and 935 cm.

Temperatures inside the compartment are measured by 4 thermocouples trees spread
inside the volume. Temperature is measured from z = 0 cm to 560 cm in two different
locations and from z =0 cm to 980 cm in the tower part of the compartment. Another tree
is set inside the flame and is used to record temperature from z = 70 cm to 560 cm. Heat
flux sensors are used to measure total heat flux emitted by the fire at d = 100, 150 and
200 cm from the flame centerline, and z = 50, 100 and 150 cm. Similar to the gallery
configuration, the Oz, CO, and CO; concentrations are measured at two heights inside
the compartment (z = 125 cm and 450 cm) and in the exhaust pipe. Inlet and outlet
flowrates and gas temperature are measured at each inlet and outlet of the facility. The
pressure inside the room is also monitored during the whole test. A total of nearly 240
parameters were recorded during this test, and the configuration as well as the resulting
flame are illustrated by Figure 8.
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Figure 8 ME1 — Hept50 Test: (a) configuration for the test inside the large volume
facility, TCK: thermocouple, FMP: thin film heat flux sensor, FMR: cooled
heat flux sensor, GAS: gas sampling, MASSF: scale, 1VR in/out: in-
let/outlet flowrate and temperature, CAM: camera, and (b) view of the test
in the large volume facility (ME1)

A sample of the results obtained during this test is provided in Figure 10. The HRR meas-

ured during this test is almost identical to the HRR in open atmosphere configuration.
This shows that the large volume available combined with a high air renewal rate makes
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it possible to study sources with modest HRRs in open atmosphere configuration inside
the large volume facility of the IGNIS platform. The heat flux emitted by the flame at
d =100 cm (b) is consistent with the measurements in open atmosphere: the measured
flux during the stationary state at z = 100 cm and 150 cm (8.7 kW/m?) are higher than
those measure at a distance of 120 cm under the calorimetric hood (5.7 kW/m?). This
observation is not true for z =50 cm, but at this altitude, the sensor is set below the
burner which rim is located at z = 60 cm. This results in increasing blocking effect from
the insulated box set under the burner when distance is reduced between the burner and
the sensor.
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Figure 9 lllustration of some results for the test inside the large volume facility: (a)
development of the HRR over time, (b) development of the heat flux over
time emitted at 150 cm from the burner center, (c) development of the total
admission and exhaust flow rates over time, (d) development of the rela-
tive pressure over time inside the compartment, (e) temperature profile
inside the compartment averaged between t = 500 and 600 s

Figure 9(c) illustrates the time evolution of admission and exhaust flow rates during the

experiment. The trend is similar to what was observed in the gallery configuration: the
admission decreases by 700 m?h at the ignition and the exhaust flow rate increases by
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400 m3/h. The opposite trend is observed during the extinction phase. The pressure sig-
nal (see Figure 9(d)) is also consistent with the expected trend but with a lower amplitude
variation than in the gallery case.

A temperature stratification is observed inside the compartment as illustrated by the pro-
file obtained at the stationary state (cf. Figure 9(e)), which is more complex than in the
gallery configuration. The temperature rises with height until z = 175 cm, then stabilizes
until z = 310 cm before increasing again until the ceiling. The overall temperatures are
relatively low, due to the large volume and high air renewal rate.

CONCLUSIONS

The IGNIS platform is a new installation dedicated to real scale fire experiments recently
built by EDF in Chatou, France. It consists in four facilities designed to represent four
complementary configurations, from open atmosphere experiments to large volume me-
chanically ventilated compartment experiment. This platform will be used for improving
fire phenomena understanding and further developing fire codes by studying realistic
scenarios relevant to the nuclear industry.

The first campaign performed on IGNIS consisted of 25 experiments involving 270 kW
to 4000 kW liquid pool fires set in various and complementary configurations to test the
capabilities of the facilities. The results and phenomena observed are consistent with the
literature.
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3.2 Session on High Energy Arcing Faults (HEAF)

The second seminar session addressed the ongoing fire risk significant specific topic of
high energy arcing faults (HEAFs) which has been observed in nuclear installations and,
in particular in NPPs during operation, but which could also occur during decom-
missioning. The risk significance of HEAFs which may cause non-negligible damage to
the plant and induce ensuing fires and by this increase the contribution of fires (mainly
at electrical components) to the overall plant risk. This session was chaired by Koji Shirai
from CRIEPI, Japan, being also the Chair of international project on HEAF, Phase 2
(HEAF 2) by the OECD Nuclear Energy Agency (NEA).

The three presentations were focussed on recent regulatory activities in the U.S. for
updating the probabilistic risk treatment in the regulation, the recently performed experi-
mental studies of the Japanese nuclear industry on HEAF phenomena in non-segregated
electrical bus ducts, and the development of approaches for determining target damage

thresholds and the corresponding zones of influence (ZOI) of HEAF.

The contributions of the second seminar session are provided hereafter.
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ABSTRACT

International nuclear power plant (NPP) operating experience has demonstrated that
High Energy Arcing Faults (HEAFs), which result from electrical system failures, can
cause a sustained arc that leads to the rapid release of energy in the form of heat, va-
porized metal, and mechanical force. Because of their hazard and potential risk signifi-
cance, the U.S. Nuclear Regulatory Commission (NRC) has implemented a multi-year
research plan to develop more realistic models and methods to assess HEAF hazards.
This paper summarizes, and provides a status update on, the research objectives and
key tasks, including: (1) model development and survey of plant electrical applications
and configurations; (2) physical testing needed to inform and validate the HEAF hazard
model and assess component fragility; and (3) updates to Probabilistic Risk Assessment
data and methods to improve the realism and fidelity of the HEAF hazard model. This
work also supports the ongoing international Organisation for Economic Cooperation and
Development (OECD) Nuclear Energy Agency (NEA) HEAF 2 Project.

INTRODUCTION

Electrical system failure HEAF events are energetic electrical arcing faults that can lead
to the rapid release of energy. This energy release can result in high heat fluxes in the
vicinity of the HEAF, vaporization of metal, release of ionized gas and smoke, and me-
chanical shocks to nearby equipment. The characteristics of HEAF events result in faster
development of the fire and associated damage compared to more traditional fire events
that include delay time related to the fire ignition and growth stages [1]. As a result, HEAF
initiated fire events can rapidly propagate to other equipment and result in unexpected
challenges associated with the rapid onset of fire related damage and impacts from
smoke and ionized gases.

Because of their potential to induce an initiating event (e.g., loss of feedwater, reactor
trip) and lead to failure of adjacent mitigating equipment, HEAF events can have risk-
significant impacts. The NRC’s Accident Sequence Precursor (ASP) program systemati-
cally evaluates U.S. NPP operating experience to identify potential severe accident pre-
cursors [2]. An ASP precursor is defined as an initiating event with a conditional core
damage probability (CCDP) greater than or equal to 1 x 10 (one in a million) or a de-
graded plant condition resulting in an increase in core damage probability (ACDP)
greater than or equal to 1 x 10. The ASP program identified nine HEAF related precur-
sor events since 1989. Seven of the nine ASP HEAF precursors were analysed as an
initiating event and quantified using CCDP, with results ranging from ~2 x 10 to
~ 4 x 10, For these events, the HEAF events resulted in plant transients, loss of elec-
trical busses, and losses of offsite power. Two of the ASP HEAF events were assessed
as a degraded condition due to the nature of the specific condition and were quantified
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by ACDP, with results ranging from ~ 4 x 10® to ~ 4 x 10*. Key insights derived from
these assessments are the risk significance associated plant transients, loss of electrical
busses, and loss of offsite power for HEAF events. Further, design and quality control
deficiencies that lead to high resistance breaker connections increase the potential for
initiation of HEAF events. The insights from the U.S. experience are consistent with in-
ternational operating experience for HEAF events [3].

Given the potential risk importance of HEAF events, the NRC has undertaken substantial
work over the last two decades, in collaboration with the Electric Power Research Insti-
tute (EPRI) and the OECD/NEA, to develop methods and models to support the risk
assessment of HEAFs. Specific activities include: (1) model development and survey of
plant electrical applications and configurations; (2) physical testing needed to inform and
validate the HEAF hazard model and assess component fragility; and (3) updates to
Probabilistic Risk Assessment (PRA) data and methods to improve the realism and fi-
delity of the HEAF hazard model. The results of this program are expected to improve
the realism of HEAF models in fire probabilistic risk assessment (Fire PRAS).

Regulatory Context

The NRC'’s fire protection requirements are contained in Title 10 to the U.S. Code of
Federal Regulations (CFR) Part 50.48, “Fire protection”. These regulations require a
NPP to implement a fire protection plan that meets the requirements of 10 CFR 50, Ap-
pendix A, General Design Criterion (GDC) 3, “Fire protection”. GDC 3 specifies, in part,
that NPP systems, structures, and components (SSCs) important to safety be designed
and located to minimize the probability and effect of fires and explosions. The NRC’s
regulations provide two options for meeting this requirement: (1) a deterministic option
described under 10 CFR 50.48(b) that references the requirements contained in
10 CFR 50, Appendix R, “Fire Protection Program for Nuclear Power Facilities Operating
Prior to January 1, 1979,” and generally applicable to NPPs licensed before 1979 or as
specified in license conditions for later plants; or (2) a risk-informed, performance-based
option provided under 10 CFR 50.48(c) which allows use of the National Fire Protection
Assaociation (NFPA) Standard NFPA 805, 2001 Edition [4], with some exceptions. The
approach described in Appendix R provides deterministic requirements, such as limiting
the damage from a fire to ensure that one train of equipment necessary to achieve hot
shutdown is free from fire related damage. These criteria generally are supported by
prescriptive requirements covering specific fire protection features such as the use of 1-
hour or 3-hour fire barriers, installed automatic fire detection and suppression, 20 ft
(6.1 m) of horizontal separation with no intervening combustibles, or use of alternate
shutdown capability. Conversely, NFPA 805 specifies high level goals, performance ob-
jectives, and performance criteria for nuclear safety and radioactive release. The licen-
see may use engineering analysis, probabilistic risk assessment, or fire modelling calcu-
lation to demonstrate that the performance goals, objectives, and criteria are satisfied.
As described in the Statements of Consideration for the final rulemaking approving use
of NFPA 805 [5], the methodology incorporates a number of attributes consistent with a
performance-based approach, notably:

e measurable or calculable parameters exist to monitor the system, including fa-
cility performance,

e oObjective criteria to assess performance are established based on risk insights,
deterministic analyses, and/or performance history,

o flexibility to determine how to meet established performance criteria in ways that
will encourage and reward improved outcomes, and
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e a framework exists to assess the failure to meet performance criterion and to
ensure that such failures, while undesirable, will not constitute or result in an
immediate safety concern.

The NRC provides guidance for implementing the NFPA-805 option in Regulatory Guide
(RG) 1.205, “Risk-Informed, Performance-Based Fire Protection for Existing Light-Water
Nuclear Power Plants” [6]. Although a Fire PRA is not mandatory to transition to
NFPA 805, RG 1.205 notes that a plant-specific Fire PRA enables a licensee to fully
realize the safety and cost benefits of making a transition to NFPA 805, particularly by
supporting risk-informed changes to the fire protection program that can be made without
prior NRC approval. To the extent that a Fire PRA is used to support NFPA 805 imple-
mentation, the NRC must find the PRA approach, methods, and data acceptable. The
NRC endorsed NUREG/CR-6850/EPRI 1011989, “EPRI/NRC-RES Fire PRA Methodol-
ogy for Nuclear Power Facilities, Final Report” [7] and its Supplement 1 [8], as one ac-
ceptable method for conducting a Fire PRA. For the purposes of assessing HEAF events,
NUREG/CR-6850 and its supplement define a zone of influence (ZOI) surrounding the
initiation point of a HEAF event within which certain equipment is assumed to be dam-
aged. For example, the following ZOIl guidelines are provided for HEAF events in
NUREG/CR-6850:

e For HEAF events within an electrical cabinet, any unprotected cables in the first
overhead cable tray within 1.5 m (5 ft) vertical distance of the top of the cabinet and
0.3 m (1 ft) horizontally from the cabinet face will be within the ZOI and assumed to
damaged. Additionally, any equipment within 0.9 m (3 ft) horizontal distance from
the cabinet front or rear panel and at or below the top of the cabinet will be within the
ZOIl (NUREG/CR-6850, Volume 2, Appendix M).

e For HEAF events within an iso-phase bus ducts, the ZOlI is assumed to be a sphere
centred on the fault point and measuring 1.5 m (5 ft) feet in radius (NUREG/CR-
6850, Supplement 1).

e For HEAF events within non-iso phase bus ducts, the ZOl includes: (1) a downward
expanding cone from the point of arcing enclosing a total solid angle of 30° to a
maximum diameter of 6.0 m (20’); (2) a sphere with a radius of 0.45 m (1.5 ft) from
the point of arcing (assumed to be the center of the bus duct) (NUREG/CR-6850,
Supplement 1).

Motivation for HEAF Research

In 2013 the OECD/NEA FIRE (Fire Incidents Records Exchange) Database Project pub-
lished an analysis of HEAF events that occurred up to mid-2012 [3], which recom-
mended:

“...to perform experiments for obtaining comprehensive scientific fire data on the
HEAF phenomena known to occur in nuclear power plants through carefully de-
signed experiments, to be able to develop more realistic models to account for failure
modes and consequences of HEAF, to advance the state of knowledge and provide
better characterization of HEAF in fire PRA, and, in particular, to answer key ques-
tions, which cannot yet be answered form analyzing the HEAF events in the OECD
FIRE Database. Such key questions can be how to prevent and to detect HEAF or
what would be the best way for limiting pressure phenomena and minimizing fire
barrier element failures.”

In response to this recommendation, during the period of 2014 through 2016, twenty-six
full-scale HEAF experiments were conducted under an OECD/NEA HEAF Project testing
program [9]. These experiments used equipment typically found in NPP applications and
controlled for four primary parameters: (1) location of arcing within the electrical enclo-
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sure; (2) arcing fault current; (3) voltage; and (4) arc duration. Key findings included the
potential for increased severity of a HEAF event when aluminum was present and the
increased likelihood of a HEAF event leading to ensuing fires for longer duration arcing
events (i.e., greater than 2 seconds). As a result of the insights developed from this test-
ing campaign, in addition to other relevant U.S. HEAF operating experience, the NRC
issued Information Notice (IN) 2017-04, “High Energy Arcing Faults in Electrical Equip-
ment Containing Aluminum Components” [10]. IN 2017-04 noted that the equipment with
copper components exhibited similar damage states as those postulated in NUREG/CR-
6850; however, results obtained for equipment containing aluminum components exhib-
ited damage states beyond NUREG/CR-6850 predictions. This observation was a key
motivation for additional HEAF research activities.

OVERVIEW OF HEAF RESEARCH PROJECT PLAN

The NRC’s HEAF research project plan [11] is built upon earlier operating and experi-
mental experience, including the results of the OECD/NEA HEAF Project testing
program. This test program also provided valuable insights for measuring HEAF
phenomena, including the sensor design requirements for measurement of heat release
rates and total incident energy. In addition, the NRC developed an International
Phenomena Identification and Ranking Table (PIRT) expert elicitation in 2017 [12] to
prioritize research and regulatory needs.

The project plan consists of five main tasks:

1. Development and validation of a computational fluid dynamics (CFD) model capable
of predicting HEAF hazards for a wide variety of electrical (e.g., system voltage, avail-
able current, fault duration) and equipment configurations (e.g., geometry and mate-
rials). The development of a verified and validated predictive model will reduce the
amount of testing required to provide representative HEAF results applicable to a
broad range of nuclear power plants. However, as discussed below, the development
of the CFD (computational fluid dynamics) model required additional physical testing
to assess HEAF phenomena and configuration information regarding operating plant
electrical distribution systems.

2. Survey of the U.S. nuclear fleet to ensure that full-scale HEAF experiments are rep-
resentative of plant configurations, and to better understand the location, configura-
tion, and material composition of equipment to support PRA method development.
The survey provides information on equipment manufacturers, models, voltages, in-
sulation, and the materials (e.g., aluminum, copper, steel).

3. Physical testing to support the development and validation of the CFD model. This
includes a limited set of experiments that span the range of critical parameters to
ensure that the development and validation of the model provide acceptable results.
Three scales of experiments are included: small, medium (or “open-box”), and full-
scale tests, with each series designed to investigate aspects of the HEAF phenom-
ena that are best observed at these different length scales. As noted in the research
project plan:

e Small-scale experiments characterize the morphology and oxidation states of
aluminum and copper particles generated by a HEAF event,

¢ Medium-scale “open box” experiments characterize the electrical arc to support
prediction of arc energy emitted during a HEAF event and provide information
on enclosure and electrode mass loss data for both copper and aluminum elec-
trodes, and
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o Full-scale experiments provide prototypical nuclear power plant data on enclo-
sure breach, pressure effects, and serve as the representative scenarios for
CFD models validated.

4. Fragility testing to assess target damage considering the shorter, higher energy
source term associated with HEAF events and support development of a fragility
model. The fragility model supports the development of the PRA method for as-
sessing HEAF risk.

5. PRA method development to improve the realism and fidelity of the HEAF hazard
model. This task includes an evaluation of U.S. operating experience, updated fire
ignition frequencies, updated target fragility thresholds, and updated non-suppres-
sion probabilities.

Figure 1 provides an overview of the HEAF research project plan activities. These activi-
ties are grouped into three main areas: analytical tasks shown in blue (e.g., tasks 1, 2,
and 5), experimental tasks shown in red (e.g., tasks 3 and 4), and outputs from this work
shown in green (tools, methods, and data).

B Analytical Task

Survey of US Fleet
M Experimental Task EPRI

[l Tool/Method/Data e ey

Small Scale Testing Open-Box Testing Full-Scale Testing
NRC/NIST/SNL NRC/NIST/SNL NRC/OECD
(Complete) (Complete)

CFD Model Experimental

NRCEPRINST NN Data

Fragility Testing
SNL

(Complete)

Fragility Model
{(NRCIEPRI)

Updated Zones of
Influence
NRC/EPRI PRA Method

Development
NRC/EPRI

Updated data, tools,

and PRA Methods for
HEAF

Figure 1 Overview of HEAF research project activities

A significant portion of the research project plan is being performed under the auspices
of the NRC / EPRI Memorandum of Understanding (MOU). This arrangement allows the
research activity to better leverage the knowledge and expertise to support the objectives
of this work.

Each of the tasks is discussed in more detail in the following sections.
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DEVELOPMENT AND VALIDATION OF A HEAF CFD MODEL

This activity focused on the development of a CFD model of HEAF events capable of
calculating the incident energy for a variety of equipment configurations and materials.
The predicted incident energy at various distances from the modelled electrical enclosure
is subsequently used to determine the ZOls for specific equipment. The objective of this
work was the development of a tool that could leverage experimental data but provide
information for configurations that were not subject to full-scale testing. This provided a
more cost-effective and flexible approach considering the high costs associated with
conducting full-scale HEAF experiments. The Fire Dynamics Simulator (FDS) was used
to support this effort. FDS was initially released in 2000, has undergone extensive veri-
fication and validation, and provides significant capabilities to study fire dynamics and
combustion. FDS includes a hydrodynamic model capable of solving the low-speed, ther-
mally driven flow using a large eddy simulation turbulence model [13]. FDS includes a
combustion model and a radiative heat transport model, in addition to capabilities for
accommodating a wide variety of geometric configurations. A calculation matrix for FDS
simulation runs was built on information gathered from surveying the U.S. nuclear fleet
(e.g., switchgear manufacturer, bus bar materials, potential fault locations), operating
experience, and previous testing. Over 130 simulation runs were identified, covering the
following characteristics:

e Low voltage switchgear — bus bar material (aluminum, copper), arc duration, arc
location, arc energy (34 FDS simulations);

e Medium voltage switchgear - bus bar material (aluminum, copper), arc duration,
arc location, arc energy (42 FDS simulations);

e Non-segregated bus ducts — duct and bus bar material (aluminum, copper), arc
duration, arc location, and arc energy (57 FDS simulations).

Figure 2 FDS calculated thermal plume for a 226 MJ HEAF (medium voltage
switchgear cabinet)

An overview of the preliminary results of this work was published for public comment in
May 2022 [14].

To provide additional confidence in the ZOls calculated using FDS, the NRC staff also
developed a modified model based on IEEE 1584-2018, “IEEE Guide for Performing Arc-
Flash Hazard Calculations” [15]. This standard was developed to estimate incident en-
ergy at various distances from an arc flash event for the purpose of electrical safety. The
NRC effort modified the IEEE arc flash model and its application in several ways, includ-
ing fault current input (arc current rather than bolted fault current), inclusion of an enclo-
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sure breaching time, and solving for incident energy to determine a ZOIl based on plant
specific target fragilities [16]. Results obtained from the modified arc-flash confirmatory
calculations are consistent with the more detailed FDS analysis for orientation experi-
ence of the more severe exposure conditions, thereby providing additional confidence in
the CFD-derived ZOls.

SURVEY OF THE U.S. NUCLEAR FLEET

EPRI developed and implemented a survey of U.S. nuclear power plants to obtain infor-
mation about electrical distribution systems, including materials used, fault clearing
times, electrical distribution configurations, switchgear manufacturer, and switchgear
configuration. The results of this survey are summarized in an EPRI technical report [17].

Physical Testing to Characterize HEAF Phenomena

The physical testing portion of the research project plan was focused on obtaining infor-
mation needed to develop and validate the FDS CFD model. Three types of experiments
were performed:

e Small-scale experiments were conducted to better characterize aluminum and cop-
per particle size distribution, rates of particle production, and particle morphology
produced during electrical arc faults. Additionally, these tests provided accurate cur-
rent measurements from which other electrical characteristics (e.g., arc impedance,
energy, and power) could be determined. Thirty-six experiments were conducted,
using variations in voltage, arc current, arc duration, arc gap size, and bus bar ma-
terials. The results from these small-scale experiments inform the energy balance
model used in the FDS CFD model to predict additional energy release from particle
involvement in the arc fault. The results of these experiments are documented in a
Sandia National Laboratories (SNL) report [18].

8 High-Speed
Cameras

i (DANGER 1) ey (800
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Figure 3 Small-scale arc fault test system

e Medium-scale “open box” experiments were similar to the small-scale experiments
but conducted at a larger scale. The “open box” allowed for more direct observation
of the arc, enclosure breach, material loss, and electrical properties. The experi-
ments were conducted in steel cubic metal boxes with one open face and a three-
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phase arcing fault located in the center of the box. Low- and medium-voltage exper-
iments were run with both aluminum and copper electrodes. The experiments varied
arc current and arc duration. Eleven low voltage (~ 1000 V) and six medium voltage
(~ 6900 V) experiments were conducted to obtain mass loss information form the
enclosure and electrodes. The results are summarized in an NRC Research Infor-
mation Letter [19].

Figure 4 Open box experiment OB2 (copper electrode, 1000 V, 15 kA)

e Full-scale experiments were conducted in 2018 for nearly identical medium-voltage
(~ 6900 V) switchgear with aluminum bus bars. These experiments used two differ-
ent current and arc durations for a total of four full-scale tests. Insights from the ex-
perimental series included timing information related to enclosure breach, event pro-
gression, mass loss measurements for electrodes and steel enclosures, peak pres-
sure rise, particle analysis, along with visual and thermal imaging data to better un-
derstand and characterize the hazard [20]. These experiments were run by the NRC
to evaluate the aluminum HEAF hazard and are identified in the test matrix for the
broader OECD/NEA HEAF 2 Project, an international joint project conducted under
the auspices of the NEA [21].

Figure 5 Medium voltage switchgear testing, Test 2-19 (6.9 kV, 25.8 kA rms)

Collectively, these experimental campaigns enhanced the state-of-knowledge about
HEAF phenomena, enabled more realistic modelling of HEAF events, and provided nu-
merous lessons learned for experimental and sensor design to capture key HEAF phe-
nomena.
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EQUIPMENT FRAGILITY TESTING AND MODELLING

The objective of this portion of the research project plan was to establish the target fra-
gilities for equipment that might be present within the HEAF ZOI. HEAF events generate
short duration, extremely high heat fluxes and have different characteristics than tradi-
tional combustion fires. Therefore, the existing fragility for equipment exposed to a longer
duration thermal fire, particularly cables, may not be applicable to the shorter duration
higher heat flux expected from HEAF exposures. The fragility testing was conducted at
the Solar Furnace at Sandia National Laboratories [22]. This facility is capable of con-
centrating sunlight to generate a heat flux of up to 6 MW/m? within a circle that is approxi-
mately 5 cm in diameter. Several different failure modes were evaluated, including igni-
tion, damage as a function of total energy, electrical failure of cables, and sub-jacket
temperature.

g 1y
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Figure 6

Figure 7 Solar Furnace Test 1-34 (3 cable bundle, ~ 25 MJ/m?)

Results from this testing, along with the full- and medium-scale data was used to develop
a fragility model by the joint NRC/EPRI working group. The fragility model was based on
experimental data, operating experience, and the current state of HEAF knowledge [23].
The working group focused on electrical cables; the most common target assessed for
Fire PRA. Damage thresholds for both thermoplastic and thermoset cables were devel-
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oped as a function of total incident energy. In addition, the working group developed
damage criteria for electrical bus ducts and provided guidance for crediting electric race-
way fire barrier systems. These damage criteria are used in conjunction with the hazard
modelling results to determine the ZOl.

HEAF PRA METHOD DEVELOPMENT

The previously described HEAF research activities supported the development of new
methods and data to assess HEAF events more realistically within a nuclear plant PRA.
In addition to providing updated ZOI limits based on operating experience and experi-
mental testing, the research also led to updated HEAF ignition frequency and non-sup-
pression probabilities [24]. While NUREG/CR-6850 and its supplement provided only
one ZOI for each equipment type (switchgear, bus ducts, and isophase bus ducts), the
new method provides a more realistic ZOI estimates based mainly on fault clearing time
and arc energy. The new ZOls were determined based on FDS simulations for load cen-
ters, switchgear, and non-segregated bus ducts. Based on the current state of
knowledge, the working group could not make any distinction in the ZOls based on the
type of conductor material (copper or aluminum) in the PRA method. Future testing as
part of the OECD/NEA HEAF Phase 2 Project, is expected to provide confirmatory evi-
dence regarding this modelling conclusion.

¢ Fmmo o ————

Figure 8 Representative changes in ZOI based on fault clearing time (left figure
has shorter time)

The final PRA method report is expected to be issued in final form in late calendar year
2022 or early 2023, following the public comment period.

CONCLUSIONS

The NRC’s fire research program has an overarching objective to improve the realism of
fire modelling based on operating experience, experimental data, and analysis. The
HEAF research project plan has effectively leveraged U.S. and international experience,
in addition to a productive collaborative relationship between the USNRC and EPRI, to
improve the modelling of this important phenomenon and guidance on its application.
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ABSTRACT

HEAF (High Energy Arcing Fault) events have occurred world-widely in nuclear power
plants. HEAF has a potential to cause extensive damage to distribution systems and
electrical components nearby an initial arcing location.

This paper presents full-scale experimental results to investigate HEAF phenomena for
non-segregated (non-isolated phase) bus ducts (NSBD) containing copper or aluminum
bus bars. This paper covers six internal arc tests performed on NSBD units with each
unit consisted of three horizontal conductors in a parallel configuration and covered in a
steel duct. These tests used a nominal voltage of 6.9 kV (AC). The HEAF consequences
such as arcing current, voltage, internal pressure, total incident energy, etc. were meas-
ured.

In case of copper bus bars, the arcing energy where was discharged in 1.28 s using a
three-phase short-circuit current with 18.9 kA reached to 12.8 MJ. In contrary, the arcing
energy with aluminum bus bars reached up to 16.5 MJ under the same test conditions.
The difference suggested the possibility that HEAF events involving aluminum induce
more severe HEAF consequences to the surrounding equipment damage. In this test
series, there was no catastrophic damage like secondary ignition to equipment, such as
a cable, a solid bottom cable tray, or an energized electrical cabinet. Moreover, control
signals on the electrical cabinet were monitored during one of the tests, there was no
effect of electromagnetic noise. According to the test results, a simplified empirical model
to predict the HEAF zone of influence (ZOIl) for NSBD was proposed.

INTRODUCTION

Large electrical discharges, referred to as HEAF (High Energy Arcing Fault) events, have
occurred in electrical components of nuclear power plants (NPPs) throughout the world
[1]. In general, HEAF events are initiated in one of three ways: poor physical connection
between the switchgear/breaker and the metal enclosure, environmental conditions, or
the introduction of a conductive foreign object [2]. Since the arc releases energy in form
of heat, vaporized or molten material, and mechanical force, it leads to instant extensive
damage to electrical distribution systems and components nearby an initial arcing loca-
tion and a potentially ensuing fire that can damage electrical cables and components
important to safety. Recently, there are many HEAF fire research activities ongoing
worldwide. For example, according to the draft report NUREG-2262 [3] issued by the
United States Nuclear Regulatory Commission (U.S. NRC), a new methodology for mod-
elling to evaluate the hazards resulting from HEAF and the ensuring fire has developed
[3]. As one of the insights from two pilot plant applications of the new methodology for
use in Fire PRA (Probabilistic Risk Assessment), the total HEAF risk as CDF (core dam-
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age frequency) of HEAF scenarios has been increased or decreased response to the
plant specific conditions. Because the ZOlI, which is the distance where a HEAF can
cause damage, seems to be enlarged contrast to the previous methodology
(NUREG/CR-6850, Supplement 1, etc.) especially in non-segregated (non-isolated
phase) bus ducts (NSBDs), the increased risk is dominated by a potential for additional
targets [4].

On the other hand, several HEAF events associated with a switchgear, a bus duct and
a transformer have been experienced in Japanese NPPs. In particular, the 2011 off the
Pacific coast of Tohoku Earthquake which occurred on March 11, 2011, caused HEAF
in two of ten sectors of the non-emergency high or medium voltage metal-clad switchgear
banks and resulted in a seismically induced HEAF fire event in the Onagawa NPP. In
response, in August 2017, the NRA (Nuclear Regulation Authority) of Japan partially
amended the safety requirement concerning technical standards for practical power gen-
eration nuclear reactors and their attached facilities, especially for the power supply to
consider the influence of HEAF fire events [5].

In parallel, the Nuclear Risk Research Center (NRRC) of CRIEPI (Central Research In-
stitute of Electric Power Industry) performed three phase HEAF tests using full-scale high
or medium (6.9 kV) and low (420 — 480 V) voltage electrical cabinets. Based on the test
results, the HEAF fire prevention evaluation method was established by clarifying the
upper limit values of the arc energy leading to a HEAF fire depending on power supply
conditions, such as the type of electrical cabinets and whether a diesel generator is con-
nected to the electrical cabinet. Table 1 summarizes the design criteria for use in Japa-
nese nuclear industry to prevent HEAF fire events [6]. However, the HEAF ZOl of the
energetic phase have not been yet fully understood so far. Therefore, it is urgently nec-
essary to establish a model for the HEAF ZOI to evaluate the potential range of collateral
damage and enhance the experimental data of the HEAF events.

Table 1 Design criteria based on the arc energy to prevent HEAF fire events [6]
Cabinet Type Current Intensity Design Criteria
. _ _ High current 25 MJ
High or medium voltage electrical
(metal-clad switchgears) (scenario of diesel 16 MJ

generator fed)

Low voltage electrical cabinets

— 18 MJ
(power centers)

Low voltage electrical cabinets

(motor control centers) - 4.4 MJ

For developing a simplified modelling to evaluate the hazards resulting from HEAF
events, the open arc tests presented in this paper were conducted under atmospheric
conditions and the internal arc tests by using a full-scale high or medium voltage seg-
mented bus duct. Based on the test results, an empirical formula was proposed to evalu-
ate the total incident energy response within a direct distance from the initial arc location
and a methodology to predict the HEAF ZOI for NSBDs.

74



HEAF TESTS
Test Facility

The High Voltage Power Laboratory (previous organization) of CRIEPI, located about
65 km in the south from the center of Tokyo, was established in 1963 to make an im-
portant contribution to the progress of power transportation technology and conducted
research and tests on the short circuit performance of power equipment and materials at
its high power test facilities.

The High Power Testing Laboratory as shown in Figure 1 was established in 2001, and
laboratory accreditation was granted by the Japan Accreditation Board (JAB) for Con-
formity Assessment in compliance with ISO/IEC 17025 [7]. As a laboratory that meets
international standards, we are involved in a variety of test activities that include publish-
ing test reports and issuing certificates. In this test facility, short-time withstand current,
and peak withstand current tests for circuit breakers, disconnectors, earthing switches,
load break switches, metal-enclosed switchgears and gas insulated switchgears can be
conducted with the test capacity of currents up to 60 kA and durations up to 2 s.

HIGH POWER TESTING
LABOLATORY

Short circuit generator

Automatic control system and 15kV 2,500MVA 50/60Hz

computer measurement
system for short circuit test

L

w4 .‘
4 ] d

| ' %
i, S miz‘ 1

- Accreditation Tests
- General Tests
- »>High power arc test

demm i e AC/DC - :
.-ﬂi!‘ e >Short time current test o = h -
igh voltage short circuit
Indoor test cell with ) (ACIDC)_ N trgnsformer
soundproofing >Synthetic test, etc. 15kV/12, 24, 36, 48 KV
40 m X 25 m X 29 m (H) 1,000 MVA 1 phase 3 units

Figure 1 High Power Testing Laboratory (Yokosuka-shi, Kanagawa-ken, Japan) [8]

Test Program for Characterizing the HEAF ZOI

In order to define the HEAF ZOI, the HEAF tests using copper electrodes and 6.9 kV
class segmented bus ducts were conducted at the High Power Testing Laboratory of
CRIEPI [9]. The HEAF test program consisted of two phases for characterizing HEAF
ZO0lI as follows.

— Phase 1: Single-phase open arc tests under atmospheric conditions using copper
electrodes;

— Phase 2: Three-phase HEAF tests using high or medium voltage segmented bus
ducts.
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Open Arc Test Matrix and Measurements

The objectives of test phase 1 were planned as a characterization of cable damage sub-
jected to hot arc ejected gas and a development of an empirical formula to estimate the
total incident energy generated by atmospheric arcing to the surroundings. The total
number of the open arc tests was 23, varying the experimental conditions such as nom-
inal voltage, current, arc duration, and target isolation distance. The overview of the test
apparatus and the experimental conditions are summarized in Table 2.

Table 2 Open arc test program for characterizing the HEAF ZOI [9]

Open Arc Tests in Atmospheric Condition

%
3 .5 g . L
1d 'S
( Q
; \)
! Electrodes \
&

. J ::"‘ 60°

i ' ' rE @ Electrodes @ Cslab!cs == Slug Calorimeter
Total number of tests 23
Electrode equipment Vertical arrangement of two opposed rod electrodes
Rod Electrode Copper with 20 mm diameter and 300 mm gap length
Phase number Single-phase
Frequency 50 Hz
Voltage 6.9 kV (up to 30 kA), 9.2 kV (35 kA)
Current 10, 20, 30, 35 kA
Duration 0.05,0.1,0.2,0.25,0.5,0.7,1.0 s
Arc exposure target Slug calorimeters [10] and 600 szlar_ne retardant CV cables

(3 conductors and 22 mm#) with 0.15 m length

Target isolation 0.6, 0.9, 1.5 m from the center of
distance vertical rod electrodes

A short circuit generator (50 Hz, 15 kV, 2500 MVA) as shown in Figure 1 was used as
power source. The single-phase arcing under atmospheric condition was ignited by fus-
ing of a fine copper wire of 0.5 mm diameter which connected two rod electrodes. The
copper electrodes were 20 mm in diameter with a flat tip. The arcing current was set to
10 — 35 kA. The arc duration was set to the range from 0.05 s to 1.0 s. The total arc
energy (from 1 MJ to 20 MJ) was estimated by integrating the product of measured arc
current and arc voltage over time. As a target, the flame-retardant cable specimen with
0.15 m length was used, and the isolation distance was set to 0.60 m, 0.90 m, and
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1.50 m. After the exposure test, each cable specimen was subjected to a withstand volt-
age test to detect the thermal damage to the dielectric strength of the cable specimen.

Segmented Bus Duct Test Matrix and Measurements

The objectives of test phase 2 were planned as characterization of HEAF consequences
such as behaviour of hot arc ejected gas and molten metal particles and development of
an evaluation method for the HEAF ZOI in case of segmented bus ducts. The total num-
ber of internal arc tests for segmented bus ducts was 6, varying the busbars material,
arc duration, and the type of arc exposure targets as shown in Table 3 and Table 4. A
short circuit generator (50 Hz, 15 kV, 2500 MVA) as shown in Figure 1 was used as
power source. The test matrix as shown in Table 5 was set up referring the previous test
program by CRIEPI to develop the HEAF fire prevention evaluation method for electrical
cabinets [6], [11]. The arcing current and arc duration was set to 18.9 kA and 1.1 s, re-
spectively. Moreover, from the safety point of view, a longer arc duration of 1.6 s was
also considered.

Table 3 Segmented bus duct HEAF test program for characterizing the HEAF ZOl
[9]

Segmented (Non-isolated Phase) Bus Duct Tests

Straight bus duct
Total number of tests 6
Test ID BD-1, BD-2, BD-5, BD-6 BD-3 BD-4
Phase number / Three-phase / 50 Hz
Frequency
Voltage / Current 6.9 kv /18.9 kA
Busbar material Copper Aluminum Copper
Duct enclosure material Steel
Duration 11s 16s
Initial arc location Center of three-phase busbars located in NSBD
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Table 4
tests

Exposure targets and locations subjected to segmented bus duct HEAF

Tests BD-1, 2, 3, 4

Test BD-5

AT | i

Test BD-6

Slug calorimeters [10] and
600 V flame retardant CV
cables (3 conductors and
22 mm?) with 0.15 m length

A solid cable tray included 600 V
flame retardant CV cables (3
conductors and 22 mm?) with
1.40 m length

An energized electrical
cabinet

Minimum distance from the
targets to the bottom of bus

Minimum distance from the
targets to the bottom of bus

Minimum distance from the
target to the bottom of bus

ducts was 0.70 m ducts was 0.055 m ducts was 0.73 m

Table 5 HEAF test matrix and test results for segmented bus ducts
Test Voltage Current Duration Arc Energy Loss of Essential
ID [kV] [kA] [s] [MJ] Function of Arc
Exposure Target
BD-1 1.28 12.6 No*
BD-2 1.28 12.8 No*
BD-3 1.29 16.5 No*
6.9 18.9

BD-4 1.74 154 No*
BD-5 1.28 11.9 No*
BD-6 1.28 11.7 No**

* Resulting from a withstand voltage test of cables to detect a loss of the dielectric strength

** Resulting from a monitoring test of electrical cabinet to detect a loss of the output signals

Figure 2 shows the overviews of each test setup configuration. The full-scale segmented
bus ducts were procured from a Japanese electric power company for the purpose of
performing our HEAF tests. The bus ducts consisted of three conductors enclosed in a
steel duct. Each bus duct was set to 4.00 m height from the ground level. In addition, the
bus duct was set an opening of 0.15 m in diameter on the center part to eject the products
such as metallic vapours and molten metal particles resulting from HEAF. The three-
phase arcing was ignited by fusing of a fine copper wire of 0.5 mm diameter which con-
nected three busbars (see Figure 3). The purpose of tests BD-1 to BD-4 was to deter-
mine the arc ejecta characterization during the arcing.
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Figure 2 HEAF test setup configurations for segmented bus ducts [9]

/ 1Test BD-3: Alumlnum Busbars

Fmﬁ cow ‘h Electr

Insulatm Cloth

Electrical
Insulating Coating

- Test BD-1,2,4,5,6 : Copper Busbars I

Figure 3 Initial arc location and 0.15 m diameter opening at the center of bus duct

[9]

The tests BD-5 and BD-6 were planned to investigate the impact from arc ejecta to a
surrounding target such as a solid cable tray and an energized electrical cabinet. During
the tests, rated current and voltage, arc duration, inner pressure inside the bus duct by
pressure sensors, surface temperature of the bus ducts by thermography and total inci-
dent energy within ZOI were measured. The total arc energy is estimated by integrating
the product of measured arc current and arc voltage over time. The total incident energy
was estimated using slug calorimeters [10] that covered the horizontal distance R
0.25m, 0.50 m, 0.75 m, and 1.00 m from the initial arc location set on the racks which
located at 0.70 m, 1.50 m, and 2.50 m in vertical distance H from the bottom of bus ducts.
Additional instrumentation included the high-speed video images, and electrical cabinet
monitoring system that can record the output signals from the cabinets [12] to detect a
potential malfunction of the electrical or electronic components, etc.

79



OPEN ARC TEST RESULTS
Total Incident Energy

As reported in the literature [11], the thermal damage to the dielectric strength of the
exposure target cables even under the total incident energy of over 2 MJ/m? was not
detected. In this subchapter, we addressed to report an empirical formula associated
with the total incident energy in response each direct distance from the arcing location.
Referring to a technical guide [13], one of the simplified approaches is found that it re-
gards the power source of arcing as a point source. In this case, the theoretical equation
for energy in heat resulting from arcing is given as following.

_ Egrc
Etotal,IE - kh X = (1)1

where: E;,¢q; ¢ the total incident energy [MJ/m?], E,,. the arc energy [MJ], r the direct
distance from an arc location [m], k; the fraction of arcing energy leading to total incident
energy in its air surroundings.

Indeed, the shape of energy release such as hot arc ejected gases observed that it
seems to radiate spherically in all directions as shown in Figure 4. However, the initial
arc location 0 that the center part of gaps between copper rod electrodes does not seem
to be appropriate for the location of point source because the arc location keeps moving
under influence of electromagnetic forces during arcing. Therefore, we analysed the rep-
resentative value of k, using each direct distance r from the effective arc location P to
each sensor (see Figure 4). Accordingly, the range of k, was analysed from 0.35 to 0.50
and the mean value was 0.43.

1

2

g [0 -
ANE
‘ \\ .-';, / A
| 2 e ”,

Nez3 | ad=0.6m d=09m
- d=1.5m

0.5

Representative value of k, [-]

0.1

0.1 1 5 10 20 100
Arc energy E,,. [MJ]

Figure 4 Occurrence of the arc flash with arc energy 10 MJ class (left), top view of

conceptual diagram for the effective arc location P (center), and analysis
results of kn using open arc test data (right) [9]
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SEGMENTED BUS DUCT HEAF TEST RESULTS
Arc Flash and Damage of Surrounding Targets

Figure 5 shows the generation of hot arc ejected gases associated with arcing in test
BD-2 (E;.: 12.8 MJ) and test BD-3 (E,,..: 16.5 MJ), as captured by a high-resolution
video and a high-speed video. The hot arc ejected gases after the arcing seemed to
include metal vapor and molten metal particles generated from busbar material. On the
other hand, in test BD-3 which used aluminum busbars, the light emitted of gases con-
tinued until about 2.35 s after the arcing. This is because the vapourised metal vapour
of the aluminum busbars chemically combined with oxygen in the atmosphere to gener-
ate energy, and the oxidation reaction energy is greater than that of the copper ones
[14]. The zone of influence to the below of bus duct seems to be concentrated within
around 30° apex angle from the initial arc location as given in the literature [15].

Test BD-2 (Copper busbars, Arc duration : 1.28s)

2020-06-26 14:45:41 2020-06-26 14:45:42

1.35s 1.85s 2.35s 435s

Test BD-3 (Aluminum busbars, Arc duration : 1.29 s)

ENES: 3

1
2020-06,-_%9__16;.?1;58_ £ ’D 00 [2020806 8291621820 1) 1.5
-

0s 1.35s 2.35s 435s

Figure 5 Video images for the arc flash and arc ejecta from test BD-2 and test
BD-3 [9]

Figure 6 summarizes the HEAF consequences to the duct enclosures (housings) and
the surrounding targets. The surface of the duct enclosure in test BD-3 was observed
several holes but no hole of the surface observed in test BD-4 (E,,.: 15.4 MJ). These
holes might be generated by contact with the surface of the duct enclosure and arc in
the test BD-3. An additional finding observed was the burning area of surface painting
nearby the initial arc location. And some parts of targets below the bus duct were at-
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tached to copper and aluminum by-products to the surface. For cables located at 0.70 m
below from the bottom of bus ducts exposed to arc ejected gases in the tests BD-1 to
BD-4 the carbonization of the cable jacket was observed. In test BD-5, the cables in a
solid cable tray located at 0.055 m below from the bottom of the bus duct were observed
that they were fouled with the by-products generated by melting of the metallic skin for
the top plate of the tray. According to the withstand voltage test results for the exposed
cables, damage from the thermal impact to the dielectric strength was not detected.
Moreover, according to the output signals of the monitored cabinet located at 0.73 m
below from the bottom of bus duct during the test BD-6, no change and no spurious
signal in the electrical outputs by electromagnetic noise generated by arcing was ob-
served as shown in Figure 6.

comparison of the surface of segmented bus duct enclosure
after the tests BD-3 and BD-4
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Figure 6 HEAF consequences of the bus duct enclosures and the surrounding tar-
gets [9]
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Arc Energy

The arc energy E,,.. for three-phase inner arc occurrence can be calculated by equation
(2) as in the literature [6], [9], [12].

Earc = Varc X (Irms X 09) X tarc (2)1

with: E,,.. the three-phase arc energy [MJ], V,,. the arc voltage adding up the arc voltages for
the R-phase, the S-phase, and the T-phase [kV], I,.,s the current effective value [kA] and t,,..
the arc duration.

Figure 7 shows the measured arc voltage and the measured arc energy for the seg-
mented bus ducts. It is found that the measured arc voltage seems to be almost constant
regardless of the arc duration. In addition, their mean value for segmented bus ducts
included copper busbars and the measured value for the aluminum busbars were
0.576 kV and 0.781 kV, respectively. The difference of the arc voltage seems to be de-
pending on the difference of the busbar material. Indeed, the measured arc energy in
case of aluminum busbars was higher than that of copper busbars due to the difference
of the arc voltage, and a difference in the consequences to the duct enclosure was ob-
served as shown in Figure 6. Accordingly, applying the measured arc voltage values to
equation (2), the estimation formula for the arc energy can be proposed as follows.

Earc,NSBD Copper Busbars — 0.576 kV % (Irms X 0-9) X tare (3),

Earc,NSBD Aluminum Busbars = 0.781 kV x (Irms X 0-9) X tarc (4)
1
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Figure 7 Measured arc voltage and measured arc energy for segmented bus ducts

[9]
Zone of Influence Focused on Thermal Impact

The HEAF consequences to the surrounding targets focused on thermal impact seems
to be characterized by each zone for hot arc ejected gases and the molten metal
particles. In this subchapter, we address the analysis of the values of ks by equation (1)
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using measured total incident energy by each slug calorimeter and each direct distance
from the initial arc location that was the center part of busbars in duct enclosures. Figure
8 shows the analysis results of values of ki are associated with each direct distance. For
copper busbars, the values of kn were the range from 0.15 to 1.00. Meanwhile, the values
of kn for aluminum busbars range from 0.20 to 0.50 regardless of the attachments of
aluminum by-products. According to the values of kn and the observation of the surface
of slug calorimeters after the tests, the minimum value of ki, from the slug calorimeters
that attached copper by-products such as molten metal particles to the surface as shown
in Figure 6 was analysed to be 0.55.
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Figure 8 Analysis results of ki, using segmented bus ducts HEAF test data [9]

Accordingly, in order to define the representative value for each zone, the values that
were higher than or equal to 0.55 were defined as the ZOI by molten metal particles and
the values that were lower than 0.55 were defined as the ZOI by hot arc ejected gases.
In the definition of representative values, the mean value for each zone using the direct
distance D (calculated with each distance of R and H) from the initial arc location was
analysed. The insights from the results found that the maximum representative value of
kn for the ZOI by hot arc ejected gases seems to be almost equal to the mean value 0.43
analysed by open arc test data. In addition, the ZOI by molten metal particles seems to
be concentrated within the horizontal distance R of 0.25 m, and the range of representa-
tive value of kn for the ZOI by molten metal particles was from 0.55 to 0.80 and their
mean value was 0.71.

Accordingly, applying the representative values for each zone to equation (1) and a cable
fragility Eggmage[MJI/m?], the estimation formula for the allowable direct distance

Danowante [M] from an initial arc location can be proposed as follows.
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Dattowabie = \/(kh ’ Earc)/(4‘n ' Edamage) (5),

with: kn, = 0.43 for the ZOI by hot arc ejected gases and kn = 0.71 for the ZOI by molten
metal particles in case of segmented bus duct using copper busbars. For aluminum bus-
bars, ki, can be regarded the same values as for copper busbars in this experimental
study.

Here, they are applied such that the arc energy E, . = 135 MJ and the cable fragility
Eqamage = 15 MJ/m? to equation (5), Dgyjowanie SUCh as 7,4, for the ZOI by hot arc ejected
gases and h,,,,;:.n, fOr the ZOI by molten metal particles are estimated as shown in Figure
9 referring to the report NUREG/CR-6850, Supplement 1 [15]. Accordingly, the 135 MJ
class HEAF ZOlI for NSBDs can be estimated around 1.8 — 2.3 ft such that ., = 0.55 m
and hyoicen = 0.71 m. In this simplified modelling, the ZOI by hot arc ejected gases and
the ZOI by molten metal particles can be regarded as the spherical zone, and the conical
zone with a 30° apex angle, respectively. This zoning approach is based on the assump-
tions and the interpretations as follows:

The heat energy generated by the HEAF is ejected to all directions from the initial arc
location as a point source. In other words, the shield effect of the duct enclosure is ne-
glected.

The droplets such as molten metal particles tend to concentrate mainly within the conical
zone with a 30° apex angle to below the bus duct because of the impact from gravity.

gas S W [nitial Arc Location
{Point source) 4

Bus Duct i

hmoiten

Arc energy E.-. 135 MJ
ZO| by hot arc ejected gas ry,. 0.55 m
20| for molten metal particles hygpeen 0.71 M

Figure 9 Estimation and experimental observations of the HEAF ZOI for NSBDs

CONCLUSIONS

Experimental investigations of the HEAF phenomena for 6.9 kV segmented bus ducts
that have steel duct enclosures and copper, or aluminum busbars were conducted. Ac-
cording to the results, hot arc ejected gases and molten metal particles generated due
to the arc flash were emitted out of the duct enclosure to the surroundings. In addition,
for the targets such as thermoplastic cables and electrical cabinet impacts resulting from
the HEAF to a dielectric strength of cables and a potential malfunction of components in
the cabinet were not observed.

As a result, we propose an empirical formula to estimate the total incident energy result-
ing from HEAF. We also propose a representative value for the fraction of arcing energy
leading to total incident energy due to hot arc ejected gases and molten metal particles
and a simplified modelling approach to predict the HEAF ZOlI for NSBDs.
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ABSTRACT

In order to improve the realism of High Energy Arcing Fault (HEAF) hazard modelling,
the U.S. Nuclear Regulatory Commission (NRC), in cooperation with the Electric Power
Research Institute (EPRI), has developed improved HEAF target fragility estimates and
a zone of influence (ZOIl) model. In the context of this project, the target damage thresh-
old (i.e., target fragility) is determined by assessing the damage threshold at which the
target of interest can no longer perform its function. The ZOI defines the region in which
the hazard exceeds this damage threshold. This work, being performed under the NRC’s
HEAF research project plan, advances the understanding of the early HEAF models con-
tained in NUREG/CR-6850 / EPRI 1011989, “EPRI/NRC-RES Fire PRA Methodology for
Nuclear Power Facilities, to better reflect arc characteristics (such as duration, power,
and location); enclosure configuration; and electrical cable target fragilities. Updated fra-
gility data was obtained from physical testing that assessed the performance of common
targets to very short duration, high energy exposures expected during a HEAF. This
testing information, along with relevant operating experience and the current state-of-
knowledge, was evaluated by a joint NRC-EPRI Working Group to reach consensus po-
sitions on the fragility of various electrical cable configurations exposed to a HEAF. To
develop the improved ZOIl model, the joint NRC-EPRI Working Group relied on compu-
tational fluid dynamics simulations using the National Institute of Standards and Tech-
nology (NIST) Fire Dynamics Simulator (FDS) to calculate the thermal exposure levels
in the vicinity of a HEAF. The ZOIl was determined based on where thermal exposure
exceeds the fragility limits for targets exposed to the HEAF. This method was applied to
a large matrix of simulations that varied the fault duration, power, location, electrode
composition, and type of equipment. This approach allowed the NRC-EPRI Working
Group to construct a detailed tabulation of ZOls for each simulation in the matrix and
improves the realism of the ZOls. To provide independent corroborating evidence for the
model, the NRC performed additional confirmatory analysis using a modified IEEE 1584
Arc Flash model. The confirmatory NRC calculations showed good agreement with the
results of the FDS simulations and provided further confidence in the new ZOI results
developed by the joint NRC-EPRI Working Group.

INTRODUCTION

Electrical system failure HEAF events are energetic electrical arcing faults that can lead
to the rapid release of energy. This energy release can result in high heat fluxes in the
vicinity of the HEAF failure, vaporization of metal, release of ionized gas and smoke, and
mechanical shocks to nearby equipment. These effects can result in the loss of function-
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ality of safety critical components in the vicinity of the HEAF, which in combination with
the associated electrical system perturbations, can initiate a plant shutdown (e.g., a re-
actor or turbine trip) and degrade accident mitigation capability. Operating experience
has shown that HEAF can be a significant contributor to plant risk [1], [2], [3].

In the United States, the fire protection regulations contained 10 CFR 50.48, “Fire Pro-
tection,” require a nuclear power plant to implement a fire protection plan that meets the
requirements of 10 CFR 50, Appendix A, General Design Criterion (GDC) 3, “Fire pro-
tection”. GDC 3 specifies, in part, that nuclear power plant systems, structures, and com-
ponents important to safety be designed and located to minimize the probability and ef-
fect of fires and explosions. The NRC’s regulations provide two options for meeting this
requirement: (1) a deterministic option described under 10 CFR 50.48(b) that references
the requirements contained in 10 CF R 50, Appendix R, “Fire Protection Program for
Nuclear Power Facilities Operating Prior to January 1, 1979, or (2) a risk-informed, per-
formance-based, option described under 10 CFR 50.48(c) that allows use of National
Fire Protection Association Standard NFPA 805, “Performance-Based Standard for Fire
Protection for Light Water Reactor Electric Generating Plants, 2001 Edition” [4], with
some exceptions. As described in the Statements of Consideration for the final rulemak-
ing approving use of NFPA 805 [5], the NFPA 805 methodology incorporates a number
of performance-based attributes, including identification of objective performance criteria
and flexibility in the means by which a licensee determines how these criteria are met.
The NRC provides guidance for implementing the NFPA 805 option in Regulatory Guide
(RG) 1.205, “Risk-Informed, Performance-Based Fire Protection for Existing Light-Water
Nuclear Power Plants [6]". Further, the NRC endorsed NUREG/CR-6850/EPRI 1011989,
“EPRI/NRC-RES Fire PRA Methodology for Nuclear Power Facilities, Final Report” [7]
and its Supplement 1 [8], as one acceptable method for conducting a Fire PRA (Proba-
bilistic Risk Assessment). Guidance for HEAF events is provided in both NUREG/CR-
6850 and its supplement. For example, the following guidelines are provided in estab-
lishing a zone of influence (ZOl), within which equipment is assumed to be damaged for
the purposes of the probabilistic risk assessment (PRA) during a HEAF event:

e For HEAF events within an electrical cabinet, any unprotected cables in the first
overhead cable tray within 1.5 m (5 ft) vertical distance of the top of the cabinet and
0.3 m (1 ft) horizontally from the cabinet face will be within the ZOIl and assumed to
be damaged. Additionally, any equipment within 0.9 m (3 ft) horizontal distance from
the cabinet front or rear panel and at or below the top of the cabinet will be within the
ZOIl (NUREG/CR-6850, Volume 2, Appendix M [7]).

e For HEAF events within an iso-phase bus duct, the ZOl is assumed to be a sphere
centred on the fault point and measuring 1.5 m (5 ft) feet in radius (NUREG/CR-
6850, Supplement 1 [8]).

e For HEAF events within non-iso phase bus ducts, the ZOlI includes: (1) a downward
expanding cone from the point of arcing enclosing a total solid angle of 30° to a
maximum diameter of 6.0 m (20 ft); (2) a sphere with a radius of 0.45 m (1.5 ft) from
the point of arcing (assumed to be the center of the bus duct) (NUREG/CR-6850,
Supplement 1 [8]).

A limitation of the NUREG/CR-6850 ZOI approach is that it is insensitive to a number of
factors which influence the potential of hazard of a HEAF, including target equipment
fragility, voltage level, amperage, and duration of the arcing event (which is related to
the time needed for clear an electrical fault). In addition, recent operating experience [9],
has suggested that materials used to construct conductors (e.g., copper or aluminum)
and electrical enclosures (e.g., steel or aluminum) may also influence the magnitude of
the HEAF hazard. These factors may either increase or decrease the ZOI size, depend-
ing on the specific HEAF conditions. To address this issue, the U.S. NRC, in collabora-
tion with the NIST and the EPRI, implemented a research plan to improve the realism of
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HEAF modelling. This research plan leveraged physical testing, computational tools, and
improved fragility data to update the HEAF methods described in NUREG/CR-6850 and
its supplement. Three specific activities are described in this paper:

e Updated fragility modelling: A joint NRC and EPRI Working Group used updated
fragility data, obtained from physical testing, and operating experience insights to
reach consensus positions on the fragility of various electrical cable configurations
exposed to a HEAF.

e Computational fluid dynamics simulation to update ZOls: The joint NRC-EPRI
Working Group relied on computational fluid dynamics simulations using the NIST
Fire Dynamics Simulator (FDS) to calculate the thermal exposure levels in the vicin-
ity of a HEAF. The ZOIl was determined based on where thermal exposure exceeds
the fragility limits for targets exposed to the HEAF. This method was applied to a
large matrix of simulations that varied the fault duration, power, location, electrode
composition, and type of equipment. This approach allowed the NRC-EPRI Working
Group to construct a detailed tabulation of ZOls for each simulation in the matrix and
to improve the realism of the ZOls.

e Confirmatory ZOl analysis: To provide independent corroborating evidence for the
model, the NRC performed additional confirmatory analysis using a modified
IEEE 1584 arc flash model. The confirmatory NRC calculations showed good agree-
ment with the results of the FDS simulations and provided further confidence in the
new ZOI results developed by the joint NRC-EPRI Working Group.

These research activities are described in more detail in the following sections.

UPDATED FRAGILITY MODELLING

The obijective of this portion of the research project plan was to establish the target fra-
gilities for equipment that might be present within the HEAF ZOI. HEAF events, which
generate short duration high heat fluxes, have different characteristics than traditional
combustion fires which have longer duration but lower heat fluxes. Therefore, the fragility
for equipment, particularly cables, was examined under the higher heat fluxes from
HEAF exposures.

Cable Fragility Experiments

In support of this work, fragility testing was conducted at the Solar Furnace at Sandia
National Laboratories (SNL) [10]. The Solar Furnace facility consists of a heliostat con-
taining a total reflective surface of 55 m? (cf. Figure 1) which directs sunlight to a para-
bolic reflector. This facility is capable of concentrating sunlight to generate a heat flux of
up to 6 MW/m? within a circle that is approximately 5 cm in diameter.
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Figure 1 Solar Furnace at Sandia National Laboratories

Both thermoplastic (TP) and thermoset (TS) cables were evaluated. The distinction be-
tween these cable types is that thermoplastic materials soften, flow, or distort when sub-
jected to sufficient heat and pressure while thermoset cables do not. The failure threshold
for thermoplastic cables is generally lower than thermoset cables; for example, Appendix
H of NUREG/CR-6850 [7], provides generic screening non-HEAF fire scenario fragilities
for TP cables of > 6 kW/m? and > 205 °C and fragilities of > 11 kW/m? and 330 °C for TS
cables. However, the underlying physics of failure used to determine cable fragilities for
non-HEAF events, may not accurately capture the HEAF phenomena such as high heat
fluxes for a short duration. The Solar Furnace testing varied the heat flux, cable material
(thermoplastic and thermoset), and exposure duration. In addition, the heat flux profile
was dynamically adjusted during some of the tests to better represent secondary heat
fluxes to the target representing combustion of surrounding materials and thermal radi-
ation from heated surfaces following the initial HEAF event.
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Figure 2 Typical Solar Furnace testing heat flux profile

Several different cable failure criteria were evaluated during the testing such as cable
ignition, damage as a function of total energy, electrical failure of cables, and tempera-
ture. However, some criteria did not provide repeatable results at small scale (e.g., sus-
tained ignition) and others were not reliable indicators of failure during the time scale of
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a HEAF event (e.g., electrical failure and sub-jacket temperature). Based on the testing
results, it was determined that cable jacket damage resulting in exposure of the insulated
cable wiring was a reliable metric for cable failure and provided repeatable data for tests
conducted with different levels of heat flux. Because the cable jacket material tends to
be black and the conductor insulation is multi-coloured, it is relatively easy to visually
determine that the jacket is breached. Example test results for a thermoplastic cable
exposed to an incident energy level of approximately 7 MJ/m? (Test 1-22, showing jacket
damage), 24 MJ/m? (test 1-32, showing wiring insulation exposure), and 206 MJ/m? (test
1-09, showing wire conductor exposure) are shown in Figure 3.

Figure 3 Post-test thermoplastic cable following incident energy exposure to
7 MJ/m? (test 1-22), 24 MJ/m? (1-32), and 206 MJ/m? (test 1-09)

A total of 38 solar furnace cable tests were conducted, and the data was analysed to
categorize the results into jacket damage, insulation exposure, and conducting wire ex-
posure. Figure 4 provides plots of the thermoplastic and thermoset cable test results for
initial heat fluxes higher than 1 MW/m?2, which were considered to be more representative
of an actual HEAF event. These plots show the incident energy at which jacket damage,
insulation exposure, and wire exposure were found.
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Fragility Working Group

A joint NRC and EPRI Working Group evaluated the results of the solar furnace testing,
in addition to operating experience (e.g., [1], [2], [3], and [9], HEAF related testing (e.qg.,
[11], [12], and [13]), and the current state of knowledge to develop a consensus model
for HEAF target fragilities. Results from this testing, along with the full- and medium-
scale data were then used to develop a fragility model by the joint NRC/EPRI Working
Group [14]. The Working Group evaluated damage by considering both the cable elec-
trical functionality and potential for fire ignition. Further, the Working Group focused on
electrical cable (control, power, and instrumentation) fragilities since these were consid-
ered to be the most common target assessed for Fire PRA. In addition, the Working
Group developed fragilities for electrical bus ducts and provided guidance for crediting
electric raceway fire barrier systems.
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The Working Group team members were assigned specific roles supporting the expert
elicitation process, but some flexibility in the process was retained to expedite determi-
nations when consensus could be reached quickly. The Working Group roles included
the following specific activities:

e Proponents: technical experts who developed, presented, and defended a pro-
posal to the Working Group members. The proponents were organized into two
different teams, each tasked with developing a proposal for each area requiring
consensus

e Technical evaluators and integrators: technical experts without a vested interest
in the development of any proposal and therefore were able to objectively evalu-
ate the proposals, views, and available data to inform their decision. The tech-
nical evaluators and integrators were also responsible for developing a Working
Group consensus.

e Resource experts: Subject matter experts with detailed knowledge of the data
sets, experimentation, instrumentation, physics, modelling, or other discipline re-
lated to target fragility of specific devices, HEAF testing, or phenomena.

The Working Group approach consisted of the following key steps:

e Proposal development: Each of the proponent teams developed a proposal to
address a specific technical issue

o Weekly meetings: The proposals were presented to the full Working Group dur-
ing weekly meetings, which allowed Working Group members to ask questions
and provide feedback on the proposals

e Consensus: The technical evaluators and integrators caucused to reach agree-
ment on the path forward on each issue. The path forward involved selection of
one of the proposals, combining the proposals to use key attributes of each, or
requesting specific revisions to a proposal. There were no cases where the
Working Group was unable to eventually reach a consensus position.

It is important to note that the Working Group focused on fragilities associated with the
initial HEAF event. However, a full assessment of HEAF risk requires a two-step process
which considers the immediate failures caused by the HEAF followed by an assessment
of subsequent impacts from induced thermal fires. The HEAF fragility work considered
the potential for a HEAF event to lead to sustained ignition of electrical cable fire and any
ensuing thermal fires are addressed by the HEAF PRA method.

Fragility Results
Based on application of the consensus process, the NRC-EPRI Working Group reached
the following conclusions on cable fragility [14]:

e The threshold for electrical failure/damage of thermoplastic jacketed cables is
15 MJ/mz2 and the threshold for thermoset jacketed cables is 30 MJ/mz2.

e Sustained ignition is assumed for cables within the enclosure of origin (e.g., in-
ternal cables and components within switchgear and load centers).

e For cables outside of the enclosure of origin, but within the postulated HEAF
Z0l, no sustained ignition is assumed.

The Working Group also evaluated protective feature capabilities including electrical
raceway fire barrier systems (ERFBS, also referred to as “fire wraps”), electrical raceway
protection (e.g., conduit and cable tray covers) and bus duct damage limits.
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In evaluating ERFBS, the Working Group considered the thermal protective properties
of the barrier system (i.e., its ability to limit temperature rise on the protected side of the
barrier during a fire) and the mechanical response during a HEAF event. The Working
Group concluded that a 1 hour rated ERFBS is capable of protecting enclosed cables
located within the HEAF zone of influence (but outside the enclosure where the HEAF
originated) such that the protected cables are not damaged, ignited, or contribute to the
fire load. Cables within a rated ERFBS inside an electrical enclosure are assumed to be
damaged, but not ignited.

The Working Group evaluated the thermal and mechanical protection afforded by various
types of conduits and cable tray covers. With regard to thermal protection, the Working
Group believed that while some conduit configurations may provide some increase in
thermal protection, several factors offset this benefit. For example, the increased surface
area associated with the conduit (which can increase thermal load on the protected ca-
bles) and the ability of the conduit to retain heat following the HEAF event can lead to
additional heat flux exposure for the protected cables. Therefore, the Working Group
concluded that there was insufficient information to credit conduit with providing any ad-
ditional protection during a HEAF. The Working Group used a similar process to evaluate
cable tray top and bottom covers and for similar reasons concluded that no additional
credit for these covers was warranted during a HEAF event. As such, cables in conduits
and cables in trays with a cover should use the thermoplastic (15 MJ/m?) and thermoset
(30 MJ/m?) fragility criteria.

Evaluation for bus ducts was more complicated because there is not an existing consen-
sus on the fragility limits for electrical bus bars. The Working Group considered the ca-
pability of bus bar insulation (e.g., Noryl, a polymer-based material developed by General
Electric used as an insulating bus bar sleeving) and the impact of hot gases and aerosols
on bus bars following duct breach and concluded that bus duct failure would lead to
immediate bus bar failure. The Working Group then used several methods to evaluate
the thermal capability of bus ducts, including simplified energy balance calculations and
use of a computational fluid dynamics (CFD) thermal hydraulic computer code. The
analysis methods were in general agreement and the Working Group concluded that the
fragility limit for steel bus ducts was 30 MJ/m? and 15 MJ/m? for aluminum ducts.

UPDATED ZONE OF INFLUENCE MODEL USING FDS SIMULATIONS

The objective of this work was the development of a tool that could leverage experimental
data and provide ZOI information for configurations that were not subject to full-scale
testing. This provided a more cost-effective and flexible approach considering the high
costs associated with conducting full-scale HEAF experiments. Therefore, this activity
focused on the development of a CFD model of HEAF events capable of calculating the
total incident energy in the vicinity of a HEAF for a variety of equipment configurations
and materials. The predicted incident energy levels were then used to determine the
ZOls for specific equipment. The Fire Dynamics Simulator (FDS) [15] was used to sup-
port this effort. The FDS computer code includes a hydrodynamic model capable of solv-
ing the low-Mach number, thermally driven flow equations using a large eddy simulation
turbulence model [16]. FDS includes a combustion model and a radiative heat transport
model, in addition to capabilities for accommodating a wide variety of geometric configu-
rations. Key modelling considerations for HEAF events are discussed in [16], and include
the following:

e FDS is awell-recognized and validated fire model that has been used for evaluating
smoke and heat transport from fires since 2000. FDS has been subjected to exten-
sive validation activities including comparisons to full-scale experiments, standard
tests, documented fire experience, and engineering correlations. These activities
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have served to validate FDS models in several areas of importance to this HEAF
work, including fire plumes, fire growth, flame spread, and combustion modelling
[17].

e The FDS numerical solver is generally appropriate for low speed (i.e., less than
~ 30 % of the speed of sound) thermally driven flow. Although FDS is not capable of
resolving the shock waves that may accompany a HEAF event, this impact is con-
sidered to be relatively minor given that the major damage to targets is via thermal
radiation and convection.

e FDS does not include physical models for electric and magnetic fields; the disasso-
ciation of molecules at high temperature; or the formation of plasma. These factors
limit the ability of FDS to accurately predict temperature or account for movement of
the electrical arc within the cabinet. However, the FDS model does account for total
arc energy (as determined by arc voltage, amperage, and duration) and can appro-
priately account for the arc energy associated with the HEAF event. The other mod-
elling limitations are believed to have a minor impact on the FDS results.

e The arc itself was modelled as a volumetric heat source. Three generic arc power
profiles were used: (1) a constant current source of 30 kA used for medium voltage
switchgear and non-segregated bus ducts; (2) a constant current followed by a de-
cay curve to represent generator fed faults; and (3) a two-stage profile using a high
initial current followed by a reduced second stage current. The radiative emission
from the arc was based on experimental data for aluminum and copper electrodes.
Combustion was modelled for metal vapor oxidation and contributed to the total en-
ergy associated with the HEAF. Electrode mass loss rate was modelled using a cor-
relation for aluminum and copper determined based on open box testing [13] and
previous medium voltage switchgear tests [12].

e Inorder to reduce the potential for input errors given the large number of simulations,
an algorithmic approach was used to automatically generate input files.

The FDS model was validated against four medium voltage switchgear experiments [12].
Data collected from the experiments was compared to FDS simulations of the same ex-
perimental configurations. Figure 5 provides the results of this comparison for tempera-
ture rise associated with two of the instrument racks used for the medium voltage switch-
gear testing and shows that FDS underpredicted temperature rise values (which is di-
rectly related to incident energy). Based on consideration of factors that impact the FDS
results (e.g., unmodeled enclosure leakage), a bias factor and standard deviation were
determined to adjust the FDS results to better align with the experimental results. This
resulted in identification of a relative standard deviation of 0.71 and a bias factor of 0.59.
This information allows calculation of a 95 % confidence interval for the FDS results us-
ing the following formula (where M is the FDS prediction, & is the bias factor and o is the
relative standard deviation):

e Lower bound: (%)/ (1+ 20)

e Upper bound: (%) (1+20)
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Figure 5 Comparison between unbiased FDS predictions and experimental results

for medium voltage Switchgear testing (instrument racks 1 and 4

FDS predictions for enclosure breach were also compared to experimental results to
assess the ability of FDS to predict location and extent of HEAF induced cabinet open-
ings (see Figure 6).

T ]
Time: § 97R mesh- 1

Figure 6 Results from MV switchgear experiment 2-21 and associated FDS results

In addition to the medium voltage experiments, the FDS model was also used to evaluate
several HEAF events from operating experience, in order to assess enclosure breach
time and damage extent.

Following validation of the FDS model, a calculation matrix for FDS simulations was built
on in-formation gathered from surveying the U.S. nuclear fleet (e.g., switchgear manu-
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facturer, bus bar materials, potential fault locations), operating experience, and previous
testing. Over 130 simulation runs were identified, covering the following characteristics:

¢ Low voltage switchgear with steel enclosure — bus bar material (aluminum, cop-
per), arc duration, arc location (mid compartment bus, circuit breaker), arc en-
ergy (34 FDS simulations);

¢ Medium voltage switchgear with steel enclosure - bus bar material (aluminum,
copper), switchgear type (GE Magneblast, ABB/ITE HK), arc duration, arc loca-
tion (main bus bars, compartment bus bars, circuit breaker), and arc energy (42
FDS simulations);

¢ Non-segregated bus ducts — duct material (steel, aluminum) and bus bar mate-
rial (aluminum, copper), arc duration, arc location, and arc energy (57 FDS sim-
ulations).

The FDS HEAF simulations provided a significant amount of data related to particle dis-
tributions, thermal plume behaviour, heat release rates, incident energy, and tempera-
ture profiles. Figure 7 is an example of the results obtained from these simulations.

0.3s 1.3s

35s 15s

Figure 7 FDS Results for a 226 MJ HEAF thermal plume (medium voltage switch-
gear cabinet)
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This information allowed the determination of the distance at which the 15 MJ/m? and
30 MJ/m? target fragilities would be exceeded (which is used to determine the HEAF
zone of influence). Figure 8 shows the results for medium voltage switchgear cabinet
with an arc initiated at the main bus bars using a 15 MJ/m? fragility threshold.
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Figure 8 Example ZOlI for 15 MJ/m? fragility (medium voltage switchgear)

Zones of influence for other simulated conditions were obtained in a similar manner.
Reference [16] provides a tabulation of the ZOlI results for all FDS simulations. Several
key insights were identified during this work:

The dominant factor for medium voltage switchgear ZOls was total arc energy. The
results for medium and voltage switchgear were also sensitive to equipment geom-
etry and orientation. [7], [8].

The ZOls for low voltage switchgear are lower than those provided in NUREG/CR-
6850 and its supplement.

The ZOls for medium voltage switchgear are lower than the NUREG/CR-6850 guid-
ance for some configurations, but greater for others (e.g., up to 1.24 m for a fragility
threshold of 15 MJ/m?).

The composition of non-iso phase bus duct housings (aluminum vs. steel) has a
significant impact on the ZOI, with aluminum increasing the ZOI by approximately
0.15 m. The maximum ZOl is 1.41 m for a 15 MJ/m? fragility threshold. However, the
ZOl results were not sensitive to electrode composition, with copper and aluminum
electrode results lying within the 95 % confidence interval.

CONFIRMATORY ZOI CALCULATIONS

To provide additional confidence in the ZOls calculated using the FDS model, the NRC
staff also developed a modified model based on IEEE guide 1584-2018, “IEEE Guide for
Performing Arc-Flash Hazard Calculations” [18]. This IEEE standard was developed to
estimate incident energy at various distances from an arc flash event for the purpose of
electrical safety. The NRC’s model differed from the IEEE arc flash model and its appli-
cation in several ways, including fault current input (arc current rather than bolted fault
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current), inclusion of an enclosure breaching time, and solving for incident energy to
determine a ZOIl based on plant specific target fragilities [19]. Specific differences include
the following:

e Arccurrentand voltage: The IEEE model is based on use of a bolted fault current
(which is a short circuit condition that assumes zero impedance at the point of
the fault). However, determining the appropriate bolted fault current requires
analysis of the characteristic of the specific electrical distribution system. Since
this information was not available, the staff iterated on bolted fault current to
determine a value that yielded the desired arc current. Arc voltage is needed to
determine total arc energy and was estimated based on use of the CIGRE-602
model [20] with a correction factor based on previous medium voltage switch-
gear and open box testing results [12], [13].

e Enclosure breaching time: The IEEE arc flash model is intended to address elec-
trical safety and does assume there is a barrier (such as an electrical enclosure)
between the arc and target. However, actual HEAF events that initiate within an
enclosure will need to breach the enclosure before incident energy is received
by the target. Therefore, a model was developed to account for the time to
breach and enlarge the opening of the enclosure. The time to breach is depend-
ent on enclosure material with aluminum enclosures breaching approximately
four times faster than a steel enclosure of equivalent thickness and fault current.

e Arc energy decay due for generator fed faults — Because some faults cannot be
isolated from the main generator, the arc energy was adjusted to reflect gener-
ator coast down following a turbine trip and associated energy decay.

e A spherical zone of influence, centred on the arc location, was determined by
identifying the distance at which the incident energy for the simulated HEAF
event is equivalent to 15 MJ/m? and 30 MJ/m?.

Application of the modified arc-flash model yielded the following results:

e Low-voltage switchgear: No results exceeded the 0.9 m ZOI provided in
NUREG/CR-6850 and its supplement.

e Medium voltage: The maximum ZOI obtained from the modified arc flash model
is slightly greater the maximum FDS calculated ZOlI for both the 15 MJ/m? fragili-
ty level (1.6 m versus 1.3 m) and the 30 MJ/m? fragility level (1.1 m versus
0.97 m).

e Non-isophase bus ducts: The maximum ZOI obtained from the modified arc-
flash model is 1.2 m, which is slightly less than the maximum FDS ZOl of 1.4 m.

The results of the maodified arc-flash empirical model are consistent with the more de-
tailed FDS analysis and appropriately reflect the influence of key factors such as arc
energy, and enclosure material. Therefore, the modified arc-flash model provides addi-
tional confidence in the CFD-derived ZOls.

CONCLUSIONS

The development of updated fragility thresholds for thermoplastic and thermoset cabling
and the use of the FDS computational fluid dynamics computer code, which allows for
detailed examination of a variety of electrical equipment configuration and arc character-
istics, is expected to further improve the realism of Fire PRA. The use of a joint Working
Group supported by both the NRC and EPRI allowed thorough consideration of a diverse
spectrum of perspectives and enabled the development of consensus positions for a
number of challenging issues. Further, the NRC use of a modified arc-flash model pro-
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vided additional confirmation of the results of the FDS calculations and further support
NRC confidence in the results of this process.
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3.3 Session on Fire Hazard and Risk Analyses Including Standards and

Guidelines

The session on fire hazard and risk analyses, also covering the development and ap-
plication of the corresponding standards and guidance available, included different new
approaches for fire safety assessment and implementation of new components. This
session was chaired by Marina Rowekamp (GRS, Germany) as one of the technical

organisers of the seminar.

After a presentation by the U.S. Nuclear Regulatory Commission (NRC) on the use of an
integrated risk-informed decision-making process for HEAF in U.S. NPPs, detailed
analytical approach developed by Idaho National Laboratory (INL) and CENTROID LAB
In the United States for a more automated and visualized fire modelling in the frame of
Fire PSA (Probabilistic Safety Assessment) was presented and demonstrated by
examples. A French approach for requirements regarding smoke control dampers to be
applied in the qualification and implementation standards and guidelines for such
components was shown by NUVIA Protection (France). In Sweden, a guideline for the
implementation of valves with composite plastic materials in nuclear installations already
successfully used in non-nuclear facilities has been developed by RiskPilot and was
presented. This approach needs further validation and verification for application in

nuclear facilities but may be an interesting alternative in the future.

The four seminar contributions prepared for this session are provided hereafter.
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Using An Integrated Risk-Informed Decision-Making Process
to Address High Energy Arcing Fault (HEAF) Issues at
United States Nuclear Power Plants

Sunil D. Weerakkody
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United States of America

ABSTRACT

In June 2013, the Organization for Economic Co-operation and Development (OECD)
Nuclear Energy Agency (NEA) issued a report entitled “Analysis of High-Energy Arcing
Fault Fire Events (HEAF)” [1], describing the international operating experience for 48
high energy arcing fault (HEAF) events occurred at nuclear power plants (NPPs). At that
time, these HEAF events accounted for approximately ten percent of all fire events col-
lected in the OECD/NEA FIRE (Fire Events Records Exchange) Database. This effort
highlighted concerns about the magnitude of HEAF risk to overall risk at nuclear power
plants (NPPs). The United States Nuclear Regulatory Commission (U.S. NRC) has a
special interest in fire events, and particularly HEAF risks, since (@) risks associated with
fires constitute a large fraction of the total core damage frequency, and (b) approximately
50 % of the U.S. NPPs have adopted NFPA 05, “Performance-Based Standard for Fire
Protection for Light Water Reactor Electric Generating Plants” [2], which relies on Fire
PRAs (Probabilistic Risk Assessments). In addition, testing conducted under the
OECD/NEA HEAF Project identified that PRA methods may not adequately address the
zones of influence (ZOls) associated with certain HEAF events.

Therefore, NRC’s Office of Nuclear Regulatory Research (RES), in collaboration with the
Electric Power Research Institute (EPRI) and the OECD/NEA embarked on an initiative
to enhance the state-of-the art technology in using PRA in assessing the impacts due to
HEAFs. Specifically, one objective of this initiative was to examine the validity of the PRA
method documented in NUREG/CR-6850 [3] entitled “Fire Probabilistic Risk Assessment
Methods”, using additional operating experience, tests, and analyses performed since
the publication of that document. In parallel with this research effort, in 2021, the NRC
investigated the HEAF issue using NRC’s Office of Nuclear Reactor Regulation (NRR)
Office Instruction, LIC-504 entitled “Integrated Risk-Informed Decisionmaking Process
for Emergent Issues” [4] to apply best available information and NRC risk assessment
tools to determine whether the NRC should take prompt and/or longer-term regulatory
actions to ensure that HEAF risks to the public remain at acceptable levels. This paper
explains how the NRC used its Integrated Risk-Informed Decision-Making (RIDM) pro-
cess via the LIC-504 process to address potential safety concerns associated with
HEAF.

INTRODUCTION

The current HEAF PRA modelling methodology accepted by the NRC as documented in
NUREG/CR-6850 was first published in 2005 and addresses HEAFs associated with
electrical switchgears. That method was based primarily on the evaluation of a limited
number of HEAF events. Supplement 1 to NUREG/CR-6850 [3] was published in 2010
and addresses HEAFs from bus ducts. Since the publication of these HEAF methods,
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the NRC, in collaboration with EPRI, has updated and issued the HEAF PRA methodol-
ogy [5] for public comment using more recent operating experience, testing, and other
enhancements to fire modelling. (NRC expects to issue the final report after dispositioning
public comments during the fiscal year 2022). Some of the key advances to the new
HEAF PRA methodology include the following:

e Changesto HEAF frequencies and non-suppression failure probabilities;

e Substantial changes to ZOlIs for non-isophase bus ducts and for low and medium
voltage switchgears;

e Crediting qualified electrical raceway fire barrier systems (ERFBS) in the HEAF
ZOl as a means of preventing damage from HEAF effects;

e Changes to HEAF frequencies;

e More realistic HEAF damage potential that considers factors such as arc dura-
tion.

The above list constitutes significant changes to the PRA assessment methodologies of
HEAF. The NRC used the updated HEAF PRA method above to examine changes to
the estimated HEAF risks by comparing the current HEAF PRA methodology described
in NUREG/CR-6850 [3] to the updated HEAF PRA methodology. In addition to compar-
ing quantified risks, consistent with NRC risk-informed decision-making (RIDM) prac-
tices, the LIC-504 team’s analysis also included a review of the HEAF related information
to develop recommendations that could assist plant operators to maintain or reduce
HEAF related risks at their facilities and to assist the NRC'’s inspection staff to further
risk-inform HEAF related oversight activities.

This paper includes the following information:

The first section describes the motivation for and development of the NRC’s LIC-504
process. The second section of this paper summarizes the approach, results, risk-in-
formed insights, and observations obtained by comparing estimated risks for two refer-
ence U.S. NPPs) via the LIC-504 process. In the third section the NRC LIC-504 team’s
approach, results, risk-informed insights, and observation obtained by reviewing other
HEAF related operating experience are summarized. A fourth section provides the regu-
latory processes that the LIC-504 team used to generate its risk-informed recommenda-
tions. The fifth section of the paper provides the recommendations developed by the LIC-
504 team, and finally Conclusions are provided.

INCEPTION OF THE LIC-504 PROCESS

The LIC-504 process grew out of a lesson learned initiative from a risk significant event
that occurred at the Davis Besse NPP. Specifically, during an inspection of the control
rod drive mechanism (CRDM) nozzles in February 2002 at the Davis Besse NPP, the
licensee discovered significant degradation of the reactor pressure boundary [6]. Subse-
guent investigation revealed that a circumferential crack in one of the CRDM nozzles
had led to leakage and boric acid corrosion that formed a cavity around the nozzle in the
low-alloy steel portion of the reactor pressure vessel (RPV) head. This left only the stain-
less steel-clad material to maintain the reactor coolant pressure boundary over an area
of approximately 16.5 square-inches.

The risk significance of this event was analysed under NRC’s Accident Sequence Pre-
cursor (ASP) study program. The ASP program is described in more detail in below. The
NRC staff estimated that the degraded condition that existed imposed an additional core
damage probability (ACDP) of 6 x 10 during a one-year period. Since this value ex-
ceeded the ASP program “significant precursor” threshold (i.e., greater than or equal to
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1 x 10 ACDP), this event was reportable in the NRC’s annual Abnormal Occurrence
Report [7]. Subsequently, the U.S. General Accounting Office (GAO) (now known as the
Government Accountability Office), in 2004, documented its findings pertaining to the
Davis Bessie event in its report GAO-04-415, entitled “Nuclear Regulation — NRC Needs
to More Aggressively and Comprehensively Resolve Issues Related to the Davis-Besse
Nuclear Power Plant’'s Shutdown” [8]. In the areas of risk evaluation, communication,
and the decision-making process for determining if plant shutdown is warranted, the
GAO made two recommendations:

1. Develop specific guidance and a well-defined process for deciding when to shut
down a nuclear power plant. The guidance should clearly set out the process to be
used, the safety related factors to be considered, the weight that should be assigned
to each factor, and the standards for judging the quality of the evidence considered.

2. Improve the NRC’s use of PRA estimates in decision-making by ensuring that the
risk estimates, uncertainties, and assumptions made in developing the estimates are
fully defined, documented, and communicated to NRC decisionmakers and provide
guidance to decisionmakers on how to consider the relative importance, validity, and
reliability of quantitative risk estimates in conjunction with other qualitative safety
related factors.

In response to these recommendations, the NRC developed office instructions entitled
“LIC-504, Integrated Risk-Informed Decision Making for Emergent Issues” [4] and “LIC-
106: Issuance of Safety Orders” [9].

APPROACH, RESULTS, AND RISK-INFORMED INSIGHTS FROM THE ANALYSES
OF TWO REFERENCE PLANTS

This section summarizes the approach, results, and risk insights obtained from the quan-
titative risk analyses performed by the LIC-504 team with the assistance from the PRA
practitioners at two reference plants. Details of these analyses are provided in Enclosure
1 to the NRC’s LIC-504 Team Memorandum [10].

The staff secured the support of two licensees and selected two reference plants, includ-
ing a Boiling Water Reactor 4 with a Mark | containment and a three-loop Pressurized
Water Reactor (PWR) with a large dry containment. The use of these reference plants
enabled the NRC staff to compare the estimated risks between the current NUREG/CR-
6850 HEAF PRA methodology [3] and the new HEAF PRA methodology.

The staff noted that there was some variation in how each reference plant addressed
HEAF modelling. For example, one reference plant credited post-Fukushima Daiichi
FLEX strategies (diverse and flexible coping strategies) added to their facility in response
to a NRC post-Fukushima order with regards to beyond-design-basis (BDB) external
events EA-12-049 [12] in their PRA. The other reference plant did not. The reference
plants also used different PRA methods and levels of refinement to develop the HEAF
risk. The staff attributes this latter difference primarily to the different reference plant
philosophies for evaluating fire risk; one reference plant exercised its model extensively
to refine its fire risk, while the other plant concluded that a simpler level of detail was
adequate to meet their intended objectives.

The LIC-504 team leveraged insights derived from the reference plants’ HEAF PRA anal-
yses to support the quantitative analysis. For example, the dominant sequences of the
fire PRA HEAF scenarios were a key input that the staff used to select the areas for the
plant walkdowns. The plant walkdowns enabled the LIC-504 team to determine how
HEAF scenarios and associated frequencies could be modified to capture the changes
related to the updated HEAF Fire PRA methodology. The walkdowns were instrumental
in identifying which additional targets would be impacted and which could be eliminated.
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The larger ZOls for certain configurations associated with the updated HEAF PRA meth-
odology expanded the number of targets in some areas. Whereas some ERFBS pro-
tected scenario targets in the HEAF ZOls were eliminated, as they were previously as-
sumed to fail according to the current NUREG/CR-6850 guidance.

Table 1 below summarizes the results for the two reference plants’ base HEAF related
risks using the current NUREG/CR-6850 guidance [3] versus the updated HEAF method-

ology.

Table 1 Comparison of core damage frequency (CDF) and large early release fre-
guency (LERF) using current versus new HEAF PRA guidance (all num-
bers are events/year)

Description CDF CDF ACDF LERF LERF ALERF
(Updated (Current (Updated (Current
Method) NUREG/CR method) NUREG/CR
-6850 -6850
Method) Method)

Reference Plant No. 1
SWGR related 1.7 E-06 1.3E-05 -1.1 E-05 3.9E-08 35E-07 -3.2 E-07
Bus Duct related 5.0 E-07 4.6 E-07 4.5 E-08 3.6 E-08 1.5E-08 20E-08
Total HEAF risk 2.2 E-06 14 E-05 -1.1 E-05 75E08 3.7 E-08 -3.0 E 07

Reference Plant No. 2

SWGR related 8.7 E-07 3.7 E-07 5.0 E-07 2.2E-08 1.2 E-08 9.2 E-09
Busductrelated | 3.3E-05 1.4 E-07 3.3E-05 3.7 E-06 7.4 E-09 3.7 E-06
Total HEAF risk | 3.4 E-05 5.1 E-07 3.4 E-05 3.7 E-06 1.9 E-08 3.7 E-06

For Reference Plant No. 1, the reduction in HEAF risk associated with the new method
is largely driven by the reduction in switchgear related HEAF risks. The ability of the new
method to credit protection from the ERFBS and the relatively small arc duration time for
the reference plant (i.e., short electrical fault clearing time), which reduces the energy
released from the HEAFs and, consequently reduces the ZOls. For Reference Plant No.
2, the increase in HEAF risk is dominated by the estimated risk increases associated
with the bus ducts due to increased ZOls, and the potential for damaging additional tar-
gets.

To further refine the staff’s perspective on the risk significance, several sensitivity studies
were also performed. Details on these sensitivity studies are provided in [10], which led
to risk-informed insights.

The risk-informed insights given below are based on the information obtained from the
two reference plants. It is important to emphasize that since the HEAF related risks are
highly plant specific, they may not be applicable to other plants. Also, as conveyed below,
staff noted some increases as well as some decreases in risk when the new HEAF meth-
odology was applied. However, it is important to note that based on the results of the
overall staff's assessments, the staff concluded that there was no significant increase in
total HEAF risk, warranting the need for any additional regulatory requirements.

e Application of the new methodology for bus duct HEAFs provided a significant in-
crease in estimated risk in many, but not all, cases. The instances that showed sig-
nificant increases in risk were attributed to larger ZOls resulting from the new HEAF
PRA methodology. The major difference between the new HEAF PRA methodology
and the existing NUREG/CR-6850 Supplement 1 methodology is the assignment of
larger ZOls for long fault duration times. Thus, the staff concludes that those plants
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with relatively long fault clearing times, and consequently larger ZOls for bus ducts,
could experience a significant increase in risk due to HEAFs.

e Application of the updated HEAF methodology for switchgear HEAFs showed an
increase in estimated risk for certain configurations. The change in risk from Refer-
ence Plant No. 2 is larger than that for Reference Plant No. 1. However, the staff
performed a more simplified analysis for Reference Plant No. 2 relative to Reference
Plant No. 1. Furthermore, the vertical ZOI above the switchgear for the new HEAF
PRA methodology is always smaller than the value from NUREG/CR-6850 [3]. Ad-
ditionally, the new methodology predicts fire damage from HEAF in a region near the
cabinet (just above and in front of) not covered by NUREG/CR-6850. For plant con-
figurations with additional targets in this region, the switchgear could see a significant
increase in risk with the new PRA HEAF methodology. Additionally, in a few cases
the ZOI other than the vertical ZOl increased in the new methodology. Finally, longer
fault clearing times lead to multiple, simultaneous switchgear HEAF fires, which may
expose additional cables to fire damage.

e The updated HEAF PRA methodology credits ERFBS for preventing damage to ca-
bles within the new ZOI of the bus ducts and switchgear, unlike NUREG/CR-6850
and its Supplement 1. The staff noted that the risk decrease for the switchgear in
Reference Plant No. 1 was primarily attributed to the credit given for ERFBS in the
new methodology. Depending on the plant-specific configurations, fault clearing
times, and risk profiles, application of the new methodology, including credit for pre-
venting damage by ERFBS, may result in an estimated risk reduction.

e The changes in risk from the application of the updated HEAF method in Reference
Plant No. 2, including the sensitivities, were generally larger than those for Refer-
ence Plant No. 1. Reference Plant No. 2 had rooms with larger amounts of cabling
that were more sensitive to effects from HEAFs. Because HEAF risk, as in general
for fire risk, is configuration dependent, this resulted in larger risk impacts for Refer-
ence Plant No. 2. As demonstrated by the sensitivities from Reference Plant No. 2
for the switchgear, protecting important cabling from fire damage is important to miti-
gate fire risk.

o A review of HEAF scenarios from the two reference plants provided additional risk-
informed insights that could assist licensees in reducing their HEAF risks. Specifi-
cally, the team noted that a significant fraction of HEAF related risks were associated
with only a handful of HEAF scenarios while reviewing HEAF scenarios included in
their PRAs both plants. Since significant fractions of the HEAF related risk is distrib-
uted among a very small number of HEAF scenarios, it may be possible to use these
scenarios to identify the subset of components that dominate the HEAF risks and
focus maintenance or other related resources on that subset.

APPROACH, RESULTS, AND INSIGHTS FROM OTHER SOURCES OF OPERATING
EXPERIENCE

The NRC staff reviewed information from several other operating experience sources to
obtain qualitative observations related to HEAF events. Each of the events reviewed
provided one or more observations relating to measures that a licensee may adopt to
minimize the likelihood of HEAFs or to mitigate the consequences if a HEAF were to
occur. Since the staff reviewed many events, there was the potential to generate and list
a large number of observations. However, a lengthy list of observations might be too un-
wieldy and inhibit the readers’ ability to bring focus on a handful of risk-informed insights.
Therefore, the staff focused on the more risk significant issues.
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Risk-Informed Insights and Observations from the ASP Event and the Maanshan
NPP Station Blackout Event

The NRC’s ASP program evaluates potentially risk significant events and degraded con-
ditions that occur at NPPs. To assess the risk significance of events, the ASP uses con-
ditional core damage probability (CCDP). To assess the risk significance of degraded
conditions that exist for a specific exposure time, the ASP program uses the change in
core damage probability (ACDP). Events or degraded conditions for which CCDP or
ACDP exceed a set threshold are identified as precursors and saved in the ASP data-
base. Irrespective of the metric used, events documented in the ASP Program provide a
basis to identify the subset of risk significant HEAF events, and consequently, to gener-
ate risk-informed insights. Therefore, HEAF events or degraded conditions associated
with HEAFs in the ASP database can be characterized as the subset of HEAF events
that had the highest impact on safety.

Enclosure 2 of the LIC-504 memorandum [10] provides details of nine HEAF events in
the ASP database as well as the 2001 Maanshan NPP HEAF event that were risk sig-
nificant enough to be characterized as accident sequence precursors [11]. The staff
added the 2001 Maanshan NPP event to the mix of the ASP database events because
(1) the Maanshan NPP design (a power plant with two Westinghouse three loop PWRs
is similar to a number of U.S. plant designs, (2) the event constitutes the most risk sig-
nificant HEAF event (highest estimated CCDP) and as such has the potential to be a rich
source of risk-insights, and (3) an ASP-like analysis had been performed on the
Maanshan NPP event.

Details on the HEAF event that occurred at Maanshan, Unit 1 in 2001 are provided in
[11] which describes several significant HEAF events that occurred between 1986 and
2001. In summary, a fire started as the result of a fault in the safety related 4 kV switch-
gear supply circuit breaker. The initial fault caused explosions, arcing, smoke, and ion-
ized gases, which propagated to adjacent safety related 4 kV switchgear and damaged
six switchgear compartments. The damage resulted in the complete loss of the faulted
safety bus and its emergency diesel generator (EDG) and a loss of offsite power (LOOP)
to the undamaged safety bus because of faulting of its offsite electrical feeder circuit. An
independent failure of the redundant EDG resulted in a loss of all alternating current (AC)
power. Smoke hindered access to equipment, delaying the investigation and repair of
the failures. The station blackout (SBO) was terminated after about two hours when an
alternate AC EDG was started and connected to the undamaged safety bus. This event
prompted the following risk-informed insight:

o HEAFs that can lead to SBOs are likely to initiate at buses or switchgear that are
essential to supply AC power from both offsite power and emergency diesels (or
another emergency supply). Resources focused to minimize the likelihood of HEAF
occurrence at those switchgear and buses (e.g., improved preventive and predictive
electrical maintenance) can reduce HEAF related risks. Measures taken to minimize
the possibility of a HEAF at one emergency bus, causing failure of the redundant
electrical train due to consequential failures (e.g., due to smoke, or design deficien-
cies), will also minimize the SBO related HEAF risks.

The plant impacts associated with the ten events identified in the Enclosure 2 of the HEAF
LIC-504 memorandum [10] which documents nine ASP events and the Maanshan event
included full or partial LOOP events, and the loss of a single 4 kV emergency bus. These
events, in conjunction with other consequential failures have the potential to lead to SBO
events such as that at Maanshan. Therefore, plant features that could mitigate SBOs
can be used to further mitigate SBO related HEAF risks. In light of that, the LIC-504
team offered the following risk-informed insight:
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e In general, HEAFs leading to SBOs constitute the highest HEAF related risks. Plant
design and operational changes that have been adopted to enhance the mitigation
of BDB accidents order [12] are likely to reduce HEAF related risks.

In addition to the risk-informed insights, based on review of the ASP events, the LIC-504
team offered the following additional observations:

e Of the nine events screened into the ASP database, eight events occurred in high-
or medium-voltage equipment. The other event occurred at a 480 V load center.

e The staff investigated whether there were predominant root causes of the HEAFs
that appeared in the ASP database. The root causes varied: four of the events oc-
curred because of inadequate maintenance {two due to presence of foreign material
(carbon fiber, aluminum debris), two events occurred due to other unspecified inad-
equate maintenance practices}; and other causes included deficient design controls,
water intrusion, random failures, and faulty protective relay coordination.

e Low voltage (480 V or less) components cannot be screened out as negligibly risk
significant. Particularly, HEAFs at low voltage load centers can lead to moderately
risk significant events unless the systems are designed to prevent long duration arc-

ing.

¢ Ingestion of dust or any other material to bus ducts creates the potential for multiple
concurrent HEAFs.

To assess the risk of HEAF events in a more generic manner, the staff used a subset of
the nine ASP events, and outputs of the NRC’s suite of Standard Plant Analysis Risk
(SPAR) models to develop a HEAF related average core damage frequency (CDF) for
U.S. NPPs. The estimate is based on the frequency of risk significant ASP events mul-
tiplied by a suitably bounding CCDP. That estimate, however, is simply an approxima-
tion, and is not representative of HEAF related risks at any U.S. NPP since HEAF risks
are highly plant specific. Further, as illustrated by the HEAF operating experience, the
plant and operator response to the HEAF event can lead to other failures and conditions
that are unrelated to the initial HEAF and are difficult to capture in a risk assessment.
However, this approximation approach provides some insights regarding the relative
magnitude of HEAF related risks in a general sense.

Of the nine ASP events, six occurred between 2010 and 2021. One occurred between
2000 and 2009 and two occurred before 2000. There could be a variety of possible ex-
planations for this, including under-reporting of HEAF events before 2010 or changes in
the ASP risk assessment process over time. Although the staff did not investigate the
reason for this trend, the staff is confident that risk significant HEAF events occurring
since 2010 have been appropriately captured in the ASP database. Therefore, to prevent
inappropriate biasing of the risk significant HEAF event frequency, the staff assumed
operating experience of the last twelve years is most representative of the current risk.
That assumption yields 6 events over approximately 1200 reactor years (or ~5 x 103
events/year).

The staff noted that the ASP HEAF events led to a variety of initiating events, including
transients (reactor or turbine generator trips), LOOPs, or loss of a vital emergency AC
power bus. Based on a review of SPAR model results, the most limiting CCDP for these
initiating events is associated with a loss of a vital AC bus with a CCDP value of ~ 1 x 10
3 (representing a 95 % upper bound value for all SPAR model results). The SPAR model
CCDP results for transients and LOOPs were all below a CCDP value of 1 x 10-3. Based
on these estimates, the staff concluded that a reasonably bounding average HEAF NPP
CDF value, based on ASP events, is approximately 5 x 106 per reactor year. This value
is generally considered to be a small risk impact, compared to the NRC’s safety goals
[13], but constitutes a non-negligible fraction of the risk. Furthermore, on a plant-specific
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basis, HEAFs may contribute to a substantial fraction of the fire risk. As mentioned ear-
lier, the HEAF related risk is highly plant specific. For instance, for Reference Plant No.
1, the HEAF related CDF was about 2 x 10 per reactor year.

For Reference Plant No. 2, the HEAF related CDF was about 3 x 10 per reactor year.
However, the Fire PRA associated with Reference Plant No. 2 included several more
challenging fire scenarios and used a more simplified and bounding modelling approach
compared to Plant No. 1.

Summary of Risk-Informed Insights from EPRI 3002015459

In March 2019, EPRI published a report entitled “Critical Maintenance Insights on Pre-
venting HEAFs” [14]. The Executive Summary of that report noted that HEAFs can occur,
and when combined with latent protective device or switchgear issues, could escalate,
and cause significant equipment damage and impact to the licensee’s capability to gen-
erate electrical power at the NPP. The Executive Summary also noted that (1) an analy-
sis of industry data demonstrated that an effective preventive maintenance program is
important in minimizing the likelihood and severity of HEAF events, (2) 64%of HEAF
events were considered preventable, and (3) the most prevalent cause of failure due to
HEAFs was inadequate maintenance.

The report examined four types of electrical equipment: circuit breakers/switchgear, bus
ducts, protective relays, and cables. In addition to discussing the general importance of
maintenance, the report provided insights on circuit breakers/switchgear. The staff char-
acterizes two key findings of the EPRI report as “risk- informed insights” because these
insights are focused on a subset of components that are likely to be of relatively high-risk
significance. These two risk-informed insights from the EPRI report are provided below:

e With respect to circuit breakers, the report noted that maintenance of the Unit Auxil-
iary Transformer (UAT) breaker is particularly important because its failure can lead
to an extended duration generator-fed fault at the first switchgear bus. Operating
experience has shown this breaker to fail during automatic bus transfers. The report
acknowledged the challenges that licensees confront in performing preventive
maintenance due to constraints associated with outage schedules and offered risk-
informed guidance so that licensees may focus their maintenance on the risk critical
subset of maintenance activities.

e With respect to switchgear, the report noted that for critical switchgear, such as
feeder circuit breakers that carry higher currents and switchgear that is part of a bus
transfer scheme, proper maintenance of connections on both the bus duct side and
the circuit breaker side is especially important.

Observations from the OECD/NEA HEAF Fire Events Report

The staff reviewed the OECD/NEA report on HEAF fire events from 2013 [1] detailing 48
HEAF events, eleven of which occurred in the U.S. The definition of HEAF events used
by the NRC is narrower than that used in the OECD/NEA report. For example, the
OECD/NEA report includes several HEAF events that took place within large transform-
ers installed outdoors, which are not included in the NRC HEAF definition. The large
number of events included in the OECD/NEA report generated several potential obser-
vations. Based on the review of the events from this report, the LIC-504 team identified
the following observations relating to HEAF event prevention and mitigation:

112



Equipment Side

o Proper maintenance practices: several HEAF events were attributed to poor, or lack
of maintenance.

e Aging management for electrical components: some HEAF events were caused by
age related degradation of protective components, for example of bus insulation.

o Post-maintenance testing and inspection to ensure as-left conditions: the root cause
of some HEAF events was identified as components not being left in the correct con-
dition post-maintenance.

Operations Side

¢ Housekeeping to prevent dust and other foreign matter accumulation: the root cause
of many events was identified as the build-up and presence of dust, debris, and other
foreign material inside bus ducts or breaker enclosures.

o Identification and correction of existing design issues: the severity of many of the
reported events was exacerbated by long-standing design errors or problems.

e Understanding of the electrical system and event conditions to prevent incorrect op-
erator actions: the severity of some of the reported events was increased by opera-
tors taking incorrect actions or not understanding what the correct actions were.

APPROACH USED TO LIC-504 TEAM RECOMMENDATIONS

Enclosure 3 of the HEAF LIC-504 memorandum [10] provides recommendations for
NRC'’s senior management’s consideration. Some of the guidance that the LIC-504 team
used to generate their recommendations are included in the LIC-504 Office Instruction
itself. For instance, Section 4.2.1 of the LIC-504 Office Instruction described when the
NRC should consider issuing prompt regulatory requirements such as Orders to shut-
down units based on risk insights. LIC-504 also provides guidance on the nature of ge-
neric communications to licensees that NRC should consider based on risk significance.
The LIC-504 team considers other NRC guidance documents also to generate its rec-
ommendations such as:

¢ NRC’s Management Directive (MD) 8.18 entitled “Generic Communications Pro-
gram” [15] to further inform on whether NRC should consider issuing a Bulletin, a
Generic Letter, a Regulatory Issue Summary, or an Information Notice to address
the emerging issue;

¢ MD 6.3 entitled “Rulemaking Process” [16] and the associated guidance document
NUREG/BR-0058 entitled, “Regulatory Analysis Guidelines of the U.S. Nuclear
Regulatory Commission” [17] to determine whether the issue warrants the LIC-504
team to recommend new rulemaking (or modifying an existing rule).

In addition to the above, the LIC-504 team leveraged the “Teaching Element” of the
NRC’s “Be RiskSMART” framework [18]. In doing so, the LIC-504 team considered var-
ious types of communication venues that the NRC will leverage to convey the actions a
licensee may consider to mitigative risks associated with the HEAFs.

LIC 504 TEAM RECOMMENDATIONS TO NRC MANAGEMENT

The NRC’s LIC-504 team considered and investigated a full range of potential options to
recommend under the NRC’s licensing, rulemaking, and oversight responsibilities. As
conveyed above, the team noted some increases as well as some decreases in risk
when the new HEAF methodology was applied; however, team concluded that there is
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no significant increase in risk warranting additional regulatory requirements. In addition,
the team evaluated various communication options to share its insights with licensees so
they can implement effective steps to further reduce and/or mitigate HEAF risks. The
final management-endorsed recommendations are provided below:

e Issue an Information Notice (IN) to share information on (1) the operating experience
and risk insights from the LIC-504 assessment, (2) regulatory framework/license con-
ditions, and (3) the availability of the new HEAF risk assessment methodology for
licensee consideration.

e Incorporate risk insights obtained from the LIC-504 assessment to inform NRR’s on-
going PRA configuration control initiative.

e Consider incorporating risk insights obtained from the LIC-504 assessment to inform
NRR’s Reactor Oversight Process.

e Communicate risk insights gleaned from the HEAF related risks / LIC-504 process
with regional inspectors and senior reactor analysts.

e Share risk insights gained from the HEAF LIC-504 analysis with external stakehold-
ers via public meetings (e.g., workshops), participation at owners group meetings,
and communications at national and international forums.

CONCLUSIONS

The NRC has successfully developed a process to address safety issues that emerge
as a result of world-wide nuclear power plant operating experiences in an efficient and
effective manner. NRR developed an Office Instruction entitled, “LIC-504, Integrated
Risk-Informed Decisionmaking for Emergent Issues” that describes this process, which
enables NRC staff to use best available information to assess risk (quantitative or quali-
tative), defence-in-depth, and safety margins. This process allows for the NRC to dispo-
sition issues in a timely manner, consistent with risk-informed decision-making principles.
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ABSTRACT

Internal fires are a dominant hazard contributing to the overall risk for a given nuclear
power plant (NPP), potentially leading to core damage and/or a release of radioactive
materials into the environment. In this respect, fire probabilistic risk assessment (PRA)
has been developed to support the decision-making of NPP operators and regulators.
However, in practice, conducting a fire PRA has turned into a complex, disjoint, costly,
and time-consuming process requiring the use of many different data, methods, and tools
(plant databases, basic and advanced fire modelling, event tree/fault tree analysis, etc.).

The Fire Risk Investigation in 3D (FRI3D) software was developed as part of the research
for enhanced fire analysis under the Risk-Informed Systems Analysis Pathway of the
Light Water Reactor Sustainability Program. The initial goals of this software had two
parts: (1) to provide industry with a tool to simplify the process for developing and using
detailed fire models and (2) to provide a backend platform for future enhanced fire analy-
sis research. This paper focuses on the first goal and the methods used to simplify fire
modelling and the benefits from visualization.

Fire models are constructed using various tools and methods. Several analytical meth-
ods are used in conjunction with fire zone models and computational fluid dynamics to
calculate the various scenarios including cable and component failures. While these
methods and tools have been shown to provide adequate results, they are costly to im-
plement and are disconnected. The FRI3D software combines these tools and methods
into a 3D environment with the ability to model and visualize scenarios rapidly, easily,
and accurately. This integrated approach minimizes the risk of human error and reduces
time by automating many of the tasks, then shows results that provide insights not easily
seen in traditional processes.

The use of FRI3D by NPP operators, regulators and engineering consultancy firms is
expected to lead to enhanced fire PRA, increased safety, efficient and expedient regula-
tory review, and reduced operating costs.

INTRODUCTION

Fire Risk Investigation in 3D (FRI3D) software was developed over the last three years
to integrate 3D spatial modelling with existing fire PRA models and fire simulation codes.
The goal was to automate many of the manual tasks in fire analysis, thus reducing in-
dustry efforts in initial fire modelling and operational costs when evaluating a plant modi-
fication from the fire risk perspective. Previous research focused on coupling fire analysis
codes and importing existing fire-PRA models. This work has shown success in importing
existing plant data, using a fire database (FRANX by the Electric Power Research Insti-
tute (EPRI) [1]), matching the United States Nuclear Regulatory Commission (U.S. NRC)
fire methods, including NUREG/CR-6850 [2] simulation results, and constructing an in-
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dustry switchgear room [3], [4], [5]- The main focus of this paper is to highlight potential
insights provided when directly coupling 3D simulation data and failure time results with
the plant logic model.

User Interface with Tool Integration

Detailed fire modelling of nuclear power plants (NPPs) requires many steps, tools, and
calculations. By combining 3D visualization directly with the probabilistic risk assessment
(PRA) data and fire calculations, FRI3D provides a single interface for developing and
analysing fire models, while automating many steps. The user-friendly interface as
shown in Figure 1 has five primary areas:

e Compartment/Scenario Editor (top left) — Displays all the items physically in the
current compartment/scenario;

e Properties Editor (bottom left) — Shows the properties for the selected item and
allows the user to edit them;

e 3D View (center) — Allows for modelling and viewing the spatial relationships,
along with fire simulation results;

e FRANX or Logic View (right side) — Shows the logical mapping of raceways,
cables, components, and PRA basic events;

e Timeline — Displays the timing results from fire simulation and failure calculations
(i.e., when items fail).

COMPARTMENT
EDITOR

TIMELINE

" PROPERTIES

P L]

Figure 1 FRI3D graphical user interface layout with data areas labelled

The user interface provides an easy process to find and view a compartment or specific
scenario. After loading a desired compartment or scenario, items are categorized so the
user can easily find items and determine their properties and location in the compart-
ment. The 3D modelling and visualization shown in orange in Figure 1 allow the user to
easily model the spatial relationships by the drag-and-drop components from the left side
component list into the 3D area then correctly position it. Selecting components in one
area highlights the component in the other area. The primary goals of the FRI3D interface
are to makes it easy to perform the following:
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e Import the existing FRANX (Fire Database) [1] or PDMS (Plant Database) [6]
mapping or plant logic and component models;

e Model, display, and link 3D spatial models to the imported data;

e Auto-generate fire scenarios from user-specified fire sources using industry fire
simulation codes and methods;

e Visualize scenario results to show when items fail and fire progression;
e Output and calculate the scenario information using industry PRA tools.

Menu options and automated process make it easy and seamless to run the many fire
tools and calculation methods currently used by industry. The following tools or calcula-
tions have been built into or coupled with FRI3D:

e Data import — FRANX [1], customized PDMS [6];
¢ NRC fire calculations — FLASH-CAT [7], Heat Soak [8], THIEF [9];

e National Institute of Standards and Technology (NIST) Fire simulation codes —
CFAST [10], (FDS [11] in development);

e PRAtools — CAFTA [12], SAPHIRE [13], (RiskSpectrum® [14] coming soon).

SCENARIO AUTOMATION

The key automation feature of FRI3D is auto generating scenarios. The basics of a typi-
cal detailed fire analysis are outlined below. First, each fire source in a compartment is
identified with each having different heat release rates and probabilities. Then a zone of
influence calculations and other NRC Fire Dynamics Tools (FDT®) [15] can be used to
conservatively determine failed components. If trays are in the area for secondary com-
bustibles, then the FLASH-CAT method [7] is used to determine if there is a fire which is
spreading. If the FDTs are too conservative or secondary combustibles exist a fire sim-
ulation code is needed to provide more detail for that scenario. CFAST [10] can provide
a quick two-layer heat model for the temperature in the hot gas layer. Measurement
points can also be added at specific locations to include the addition of radiant heat. If
CFAST is not suitable for the scenario, then a full computational fluid dynamics code
such as FDS is needed. This data can then be used in a general tray calculation (Heat
Soak [8]) to see if all cables in a tray fail. If failing all the cables causes a large conserva-
tive risk value, then an individual cable calculation can be made using the THIEF model
[9]. Using the cable failures, a cable tracing model is used to determine specific compo-
nent or PRA Basic Event failures. All failures from the fire are combined along with the
ignition frequency, non-suppression probability, and severity factor to make a scenario
in the PRA model. This is done for each fire source.

Performing these steps, calculations, and then manually transferring data between areas
takes significant effort and is error prone without a good validation process. The auto-
mated process developed for FRI3D simplifies many of the steps and programmatically
moves data between the calculations and applications. However, the user still needs to
gather data, such as sources, heat release rate (HRR) info, and a cable tracing. Also, a
3D model of the compartment also needs to be created in FRI3D.

The following steps outline the automated steps FRI3D performs when generating a sce-
nario as shown in Figure 2:

1. Construct a fire simulation model — FRI3D constructs a CFAST model creating the
vents, sources, and optimal measurement points for each item. FDTs are not used
because the FRI3D model can be constructed, and more accurate CFAST results
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generated in less time than performing FDT calculations. (Future options will include
FDS.)

2. Secondary combustibles — If using CFAST use the results from step 1 and the
FLASH-CAT calculation to determine any secondary combustibles. Re-run CFAST
with additional HRR information.

3. Determine failures — Use the fire simulation model results for the measurement
points to determine component and cable failures. If there is no specific cable infor-
mation, it uses the Heat Soak calculation; if some cables have details, it will auto-
matically use the more accurate THIEF calculation.

4. Component or basic event failures — The cable tracing or plant logic model is used
to find all components linked to the failed cables and construct a list of all failed
components for the scenario.

5. New scenario — The scenario is added to the FRI3D model for the current compart-
ment; each failed item is shown along with when it fails and fire simulation compart-
ment temperature results. Now the user can assign the ignition frequency, non-sup-
pression probability, and severity factor for the scenario.

6. PRA results — The user can click the calculate button and select desired scenarios;
these are added to the plants PRA model and solved.

Physics Sim (CFAST)

Secondary
Co s
(FLASH-CATS)

New Scenario e

L, 4 p Determihe Failures
, I ' (Heat Soak or THIEF calcs.)

| ['38;'2&3;»\-

Result Probability o
Logic for Disabling Components

Figure 2 Automated process for generating fire scenarios and viewing results in
FRI3D

While automation requires a 3D model to be constructed for the compartment, research
has shown that even with this time FRI3D can reduce time needed for detailed fire mod-
elling scenarios by more than 50 % and significantly reduce time for regulatory fire re-
views required for plant modification [9]. Testing was done using two NRC examples:
Appendix A and B of NUREG-1934 [16] and an industry switchgear room (the same plant
switch gear room used in this LIDAR scan research).

The 3D modelling area provides an easy way to model basic components in their correct
locations. Architectural drawings or floorplans can be imported to simplify the modelling
process. Even with significant time reductions, one of the major concerns by industry
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was the need to make accurate 3D models of the fire compartment using architectural
drawings and walkdown notes. In the further testing of FRI3D, some modelers had the
LiDAR scan available as a virtual walkdown and measurement tool. This simplified some
of the modelling tasks and eliminated the need for in-person inspections for those tests.

RESULTS VISUALIZATION

Visualization of results is key to easily understanding what happens because of a fire.
By being able to see temperatures, components, failures, and changes over time, ana-
lysts can see the effects of the scenario and identify importance, if there are errors, miti-
gation opportunities, and whether more detail is needed. Our research identified a few
key areas for visualization and implemented them in FRI3D. The following sections out-
line those areas, and the insights they can provide.

Scenario View Visualization

FRI3D’s scenario and compartment inspectors list the various scenarios and compart-
ments that can be viewed and simulated. While the compartment consists of all the items
in the defined area, the scenario consists of the items that have failed for that specific
scenario. Each scenario is associated with a certain compartment, and a compartment
can have multiple scenarios.

Like the compartment inspector, the scenario inspector lists the various items appearing
under the appropriate category and sub-category. Cables appear as a sub-category un-
der Trays or Conduits. Boundaries and Physical Only items do not appear in the scenario
inspector, as they do not affect the PRA logic. The default scenario or a manually created
scenario view starts as full room burnup scenario in which all the items in the compart-
ment have failed.

When in compartment view, all items in the compartment list as shown in Figure 3 (left).
Green and red markers indicate items in the current scenario. By switching to the sce-
nario tab as shown in Figure 3 (right), only the items for the scenario are shown in the
list. In the 3D area, the failed scenario items are indicated with a red outline, and their
temperatures are colour coded. The items which do not fail are outlined in white. When
there are multiple fire scenarios for a compartment, they are listed in the interface
dropdown, and the user can easily switch between them and the inspector which simul-
taneously updates the 3D area to reflect that scenario.

OpenGLO - CamPery o

Time: 93.6000 [s]

Figure 3 Compartment inspector (left), Scenario inspector with 3D area (right)
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Failure Timeline

After a successful simulation, the results are displayed with colours as visual cues as
well as item failures. The following picture indicates results of a simulation with the vari-
ous failures indicated in the timeline (see Figure 4 below) with their appropriate times of
failure.

FAILED

1231.20

N

Fire object Middle cabinet ~ First raceway and Second raceway Third raceway
7 cable and cable
Figure 4 Timeline indicating item failure times in the fire scenario

The failure timeline visualization can assist the fire modeler in two key areas. The first is
non-suppression probability. In a typical fire PRA, fire suppression is not always credited
because determining fire non-suppression probabilities requires additional analyses and
advanced fire modelling. The two essential parameters required to calculate fire non-
suppression probability are time for smoke detection and time to target damage. Simu-
lations in FRI3D provide the necessary timing parameters, and these time values are
linked to the visualization module of fire scenario progressing. This, for example, allows
the user to quickly identify potential benefits of refining fire scenarios to take advantage
of decreased non-suppression probability associated with given target sets and assign
that value in the scenario instead of using 1.0.

The second key benefit from the timeline is it helps with visualizing how to break up
scenarios according to the HRR severity factor bins. To explain the process, the HRR
peak and distribution rates from NUREG/CR-6850 [1] are used (cf. Table 1), as severity
factors are readily available from the tables in Appendix E. In practice, for fire scenarios
where an electrical cabinet is an ignition source, a fire engineer would use HRR peak
and distribution rates from NUREG/CR-2178, Tables 4-1 and 4-2 [8] to calculate severity
factors. The fire scenario guidance did not change from NUREG/CR-6850 to the later
NUREG/CR-2178. NUREG/CR-2178 provides refined (i.e., more realistic and less con-
servative) HRR peak and distribution rates for selecting ignition sources.

Let us assume that no components fail with a HRR from bin 1, but the first component
fails using the HRR from bin 2. A conservative, time-saving approach would be for the
fire analysist to just find the first bin where a component fails then use the most significant
fire HRR; the severity would be 0.494 SF2, a sum of bin 2 through 15 severity factors.
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However, let us assume that the same component fails for bins 2 to 11, but it is not as
safety significant. Ideally you would want to make two scenarios: one with a severity
factor of 0.489 SFR2 with the one component failure and the second with a severity
factor of 0.005. This would greatly reduce the core damage contribution.

Table 1 NUREG/CR-6850, Table E-3 from [1]

Table E-3
Discretized Distribution for Case 2 Heat Release Rate (Vertical Cabinets with Qualified
Cable, Fire in more than One Cable Bundle)

Heat Release Rate — kW (Btu/s)
Bi Severity Factor
n (P)
Lower Upper Point Value '
SF1=0.506
1 0(0) 90 (85) 34 (32.7) 0.506 SFay=0.506
— —
2 90 (85) 179 (170) 130 (123) 0.202
3 179 (170) 269 (255) 221 (209) 0.113
4 269 (255) 359 (340) 310 (294) 0.067
5 359 (340) 448 (425) 400 (379) 0.041
o)}
6 448 (425) 538 (510) 490 (464) 0.026 X
T
7 538 (510) 628 (595) 579 (549) 0.016 £
[%]
8 628 (595) 717 (680) 669 (634) 0.010 §
S
9 717 (680) 807 (765) 759 (719) 0.006 o
[%5]
10 807 (765) 897 (850) 848 (804) 0.004
11 897 (850) 986 (935) 938 (889) 0.003
—
12 986 (935) 1076 (1020) 1028 (974) 0.002
[Ty ]
13 1076 (1020) 1166 (1105) 1118 (1060) 0.001 =
7
14 1166 (1105) 1255 (1190) 1208 (1145) 0.001 =
v
15 1255 (1190) Infinity 1462 (1386) 0.001
— -

Using FRI3D, the user can assign the most significant HRR and see which components
fail and how quickly. This would allow them to visualize the best binning groups and know
if further detail is needed. For example, in Figure 5 we can see that two or three group-
ings (orange or yellow) could be used as the user can easily select less severe HRRs,
run the scenario, and find the tipping points. Future versions of FRI3D could include an
automated method to find optimal grouping points.
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Figure 5 Example item failure timeline showing possible two or three severity factor
binning options

Fire Simulation

FRI3D initially supports simulation by a zone model (CFAST [10]) with a fully 3D compu-
tational fluid dynamics (CFD) model, FDS simulation, in progress. In a two-zone model,
the lower gas layer and the upper gas layer temperatures are colour coded in the 3D
visualization window as soon as the simulation completes (see Figure 6). An on-screen
display is also shown, indicating the mapping between the colours and the temperatures.
A fully 3D CFD simulation showing the resulting temperatures over the whole 3D domain
is also in progress.

Time: 96.3000 [s]

C —

L

Figure 6 Fire heat layers and temperatures

The progression of temperatures on the various components which take part in the sim-
ulation is also displayed. As the user adjusts the time, the temperatures of each compo-
nent, shown by the colour, adjusts according to the heat scale, as shown in Figure 7.

Figure 7 Progression of component temperature
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There are many benefits to visualizing the fire simulation results in FRI3D. A key one is
being able to see the fire progression and qualitatively verify that it is as expected. Errors
in the model such as venting issues or other incorrect simulation parameters can often
be identified. By showing component failures and temperatures over time, the modeler
can visualize and identify key items to add shielding or other simple modifications that
could eliminate large risk contributions. Additionally, when making plant modifications,
the user can easily determine good locations for equipment and cables.

CONCLUSIONS

The Idaho National Laboratory in collaboration with CENTROID LAB has successfully
developed a platform to simplify and automate many aspects of detailed fire modelling.
This automation significantly reduces the time needed to develop fire models. Visualiza-
tion features such as item temperature over time, heat layers, and failure times on a
timeline can significantly help the user understand the fire scenario and reduce modelling
errors. The timeline of failures and the ease of generating scenarios enables modelers
to split scenarios into bins and reduce unnecessary conservatism. By including 3D visu-
alization and software automation for generating scenarios in fire PRA, nuclear power
facilities can make detailed fire modelling more cost effective.
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ABSTRACT

In case of fire accidents, installations for the supply of fresh air or the removal of exhaust
air from rooms must be designed to prevent the propagation of fire and fire by-products
(e.g., hot smoke gases) to any room other than that where the fire originated. The venti-
lation system consists of ducts and in-line equipment such as dampers (fire dampers,
smoke control dampers, etc.), valves, bellows, sensors, etc. The operation of ventilation
and smoke extraction equipment is essential to allow air exhaust.

Designs of nuclear power plants (NPPs) with pressurized water reactor (PWR) in France
and the United Kingdom are compliant with the nuclear standard RCC-F [1] code to man-
age fire safety issues. According to this code, smoke management is a significant issue
for fire safety, smoke being a potential hazard for personnel, environment, and equip-
ment. In parallel, the smoke dampers must be qualified according to the non-nuclear
standards EN 12101-8 [2], EN 1366-8 [3] and EN 1366-10 [4] and associated with fire
resistant smoke exhaust ducts EN 1366-8 [5] which for a large spectrum of applications
are not concerned by nuclear cases. Smoke control dampers must perform as required
by [2] with the major objective to meet requirements for fire resistance rating of fire bar-
riers and their elements. A suitable fire resistance rating is demonstrated by fire tests
according to the EN 1366-10 [3] standard.

In order to meet the new project, standard and code requirements, NUVIA has developed
and qualified a new range (NuSDA-220) of multi-compartment smoke control dampers
during the last months.

This contribution is related to the operational experiences and feedback issued from the
equipment qualification step. It provides an overview of the standards to comply with and
outlines their singularities and the difficulties to adapt the nuclear configurations to the
standards regarding the fire resistance of fire barriers.

INTRODUCTION

In case of fire hazards, installations for the supply of fresh air or the removal of exhaust
air from rooms must be designed to prevent the propagation of fire and fire by-products
(e.g., hot smoke gases) to any room other than that where the fire originated.

EPRs (European Pressurized Reactors) in France and the United Kingdom are designed
according to the RCC-F code (EPR Technical Code for Fire Protection) [1] which pro-
vides recommendations issued from French and United Kingdom’s regulations regarding
fire protection including the exhaust of fumes in NPPs, with respect to the industrial risk,
the life safety, and the environment.

NUVIA Protection has conducted extensive research and a variety of tests to develop a
new range of multi-compartment smoke control damper (NuSDA-220 products) in order
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to respond to the RCC-F code [1] and to comply with the requirements of non-nuclear
fire protection standards such as EN 1366-8 [3] and EN 1366-10 [4].

Specialised qualification relates to our customers specific reference system
(HPC/ENGIE) not only dealing with fire but also waterproofing, displacements (e.g. ,by
earthquake) and any other requirements from sensitive industrial plants.

STANDARDS AND DEFINITIONS
Smoke Protection, Control and Exhaust Systems for Nuclear Applications

The RCC-F code [1] provides requirements regarding the plant internal fire protection for
the technical buildings of a PWR type NPP (rules for the design, manufacturing, and
installation of fire protection systems and equipment). According to this code, smoke
management is a significant issue for fire safety, smoke being a potential hazard for
personnel, environment, and equipment.

Different principles, potentially combined, can be applied to ensure smoke management
in different situations:

— Smoke protection to keep clear protected access and escape routes, and mus-
ter zones used for evacuation and emergency interventions,

— Smoke control associated with fire partitioning, to limit the spreading of fire and
smoke, in particular with the objective of radioactive or toxic materials confine-
ment or functional separation,

— Smoke exhaust in areas where air scavenging is required and possible, for per-
sonnel or asset protection purposes.

In fire compartments with nuclear safety separation requirements, automatic smoke ex-
haust systems must be avoided (to control the nature of discharge and so to release
neither toxic nor radioactive materials to the environment) [1].

Smoke Control Dampers and Their Performance

The NuSDA-220 smoke damper (cf. Figure 1) is a mechanical equipment whose running
is based on the rotation of the blade from the close position to the opened position (90°
rotation) in case of:

— fire events (on request),
— functional tests,
— maintenance activities.

To reclose the blade, the rotation is reversed.
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Figure 1 NuSDA-220 smoke control damper

A smoke control damper is a device automatically or manually actuated which can be
opened or closed in its operational position, in order to control the flow of smoke and hot
gases into, from or within a ventilation duct.

e In"open" position, it directly contributes to the confinement of smoke in the room
affected by enabling a vacuum to be drawn after the system fans have been put
into operation.

e In*'closed" position, it contributes to the fire resistance of the smoke control duct
of the sleeve in each fire-free area.

Smoke control dampers must meet the performances requirements of EN 12101-8,
where the main feature is to satisfy the required fire resistance. The fire resistance is
demonstrated by fire tests according to the standard EN 1366-10 [4]. The smoke control
dampers shall be tested according to their end-use application to enable the classifica-
tion to be made. They are broadly split into the two main groups of single and multi-
compartment applications described as follows:

e Smoke extraction of a unique fire compartment to the outdoor of building (single
compartment system, cf. Figure 2)

Fire compartment

smoke damper ductwork

Figure 2 Single compartment smoke damper illustration

e Smoke extraction of two or more fire compartments in a building (multi-compartment
system, cf. Figure 3)
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Figure 3 Multi-compartment smoke damper illustration

The designed smoke control dampers NUSDA-220 have a multi-compartment applica-
tion. Within this application there are further tests as for example the ignition regime and
cycling test depending also on the end-use of the dampers and the location where they
are installed on the smoke extraction circuit (either mounted within or on the face of a
compartment structure, or mounted on the surface of a duct, vertically or horizontally).
Therefore, many fire test configurations have to be tested. For a multi-compartment con-
figuration, the qualification according to [4] is divided into three parts (ambient leakage,
cycling tests, fire tests) using several smoke control damper prototypes (cf. Figure 3):

¢ Small size: height 300 mm x width 300 mm:

one smoke control dampers to be used for ambient leakage and cycling tests
(horizontal or vertical):

e Large size: height 700mm x width 850 mm:

four smoke control dampers to be used for ambient leakage, cycling tests, and
fire tests (horizontal and vertical).

| Test forsurface of a duct mounted mutti compartment -
smoke control dampers (Ch 6.5)

. \ , 7

| Horizontal (Ch.6.5.3) ‘ ‘ Vertical (Ch.6.5.4) ‘

¥ v

"' 1. Ambient leakage | ‘ 1. Ambient leakage |

(Ch.6.5.3.2) (Ch.6.5.4.2)
3 ' ' '
| Small size: ‘ | Big size ‘ ‘ Big size |
1% (H300xW30Dmm”™ 2 x (HT00xWE50)mm 2 % (H7T00X\VWVES0)mm
2.Cycling test 2.Cycling test
{Ch.6.5.3.3) (Ch.6.5.4.3)
2 3 (H700xWE50)mm 2 % (H700X\WS50)mm
3.Fire test . 3.Fire test
(Ch.6.5.3.4) (Ch.6.5.4.4)
2 3% (HTOM WSS 0)mm 2 % (H700: W B30)mm

*Amhient leakage test on small size of Horizontal (Ch.6.5.3.2) covers ambient leakage test of Vertical (Ch.6.5.4.2)

Figure 4 Test sequence program
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Using the data from the fire resistance tests according to EN 1366-10 [4], NuSDA-220
smoke control dampers, with an indifferent fire side for mounting on a smoke extraction
duct, vertical orientation of dampers, and a section of 300 mm x 300 mm up to
850 mm x 700 mm, obtained the following European class according to EN 13501, Part
4 [5]:

El 120 (Ved i <-> 0) S 1500 C300 MA multi,
with:
— “E” as for hot gases sealing,

as for thermal insulation,
— “120” as for time (fire resistance duration) in minutes,

- “Vedw”/ “Hodw” as for vertical/ horizontal orientation in a duct (d = duct) and/or
on a wall (w = wall),

— ‘i <-> 0" as for the direction of fire propagation, inside to outside and/or outside
to inside,

— “8” as for the leakage rate,
— “1500” as for the operating pressure in Pa,

— “C300” as for use only in dedicated smoke control systems, operated only in the
case of emergency,

- “MA” as for manual intervention,

- “multi” as for multi-compartment.

FIRE TESTS

If we consider the requirements one by one separately, more than twelve fire tests would
have to be performed according to the EN1366-10 standard [4]. Thanks to technical dis-
cussions with the accredited French laboratory Efectis, we succeeded to optimize the
number of fire tests. Therefore, seven fire resistance test configurations had to be tested
to cover all our requirements for the United Kingdom project.

Five fire tests were performed with smoke dampers mounted on the face of a compart-
ment structure (one of them tested with a grille) and two fire tests with smoke dampers
mounted on the surface of a duct.

Figure 5 illustrates a fire test with a grille fixed on the smoke control damper. According
to EN 1366-10 [4], the NuSDA-220 smoke control damper is in closed position at the
beginning of the test. After 25 minutes, the damper opened (MA criteria) and remained
open for hot gases extraction until the 120" minute of the fire test.

In case a test is performed with smoke control dampers fixed on the surface of the duct
(see Figure 6), two dampers are fixed on a duct, one is on the exposed face (exposed to
outside fire), the other one is on the non-exposed face (subjected to inside fire).
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b)

Figure 5 Fire test of NuSDA-220 fixed on the wall, with grille; a) non-exposed face
view: fire protected duct, b) exposed face view: before the fire (left), during

the fire test (right)

Figure 6 3D view of a fire test with NuSDA-220 mounted on a surface of a duct
The smoke damper fixed on the exposed face is in closed position at the beginning of

the test. After 25 minutes, this smoke control damper was opened (MA criteria) and
remined opened for hot gases extraction until the 120" minute of the fire test. The smoke
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control damper fixed on the non-exposed face shall always remained in closed position,
so that the fire could not propagate from the inside duct to the outside duct. The strains
applied to these smoke control dampers are completely different during the fire test.

It is important to notice that fire resistant ducts on which the smoke control dampers are
fixed had been previously tested and met the requirement of EN 1366-8 [3] for use in
multi-compartment applications.

SINGULARITIES / DEVIATION OF NUCLEAR CONFIGURATIONS TO THE FIRE
RESISTANCE STANDARDS

Due to the high level of stress (high depressurization of the duct, SC1 seismic level, etc.),
the smoke control dampers must be supported, whereas the EN 1366-10 standard [4]
does not consider any hanging system.

This aspect needs to be considered and studied before the test to determine the worst
configurations to be tested during the qualification, in order to be sure that the qualifica-
tion is the most representative regarding the plant specific configuration, and compliant
with the standard.

Cycling Test

Before performing the fire test, the damper has to be aged by means of 300 cycles. The
standard [4] provides details on the procedure and the parameters to be respected for
this ageing test.

One of the parameters deals with a counter-weight to be mounted on the blade. The
mass and positioning of the counter-weight are defined by the following torque formula:

BW ) BH _,
1000/ * G000’
with: BW = width of the blade, BH = height of the blade, and 34.4 = constant value.

This formula is defined for one dedicated design and one air speed, i.e., 10 m/s.

T = 34,4)((

There are three paradoxical aspects on this requirement:

— Nuclear applications require a higher level of air speed. Consequently, the standard
should be less restrictive regarding the final use on-site.

— The constant value (34.4) defined in the standard is linked to the shape of the blade.
However, the NuSDA-220 smoke control damper has a specifically sloped shape.
As a result, the maximum torque (T) value does not appear for the same opening
angle as the one considered in the standard due to the change of the air flow around
the blade (cf. Figure 7).

— In order to respect the standard torque to be applied, the mass of the counterweight
needs to be increased and the distance between the blade and the counterweight
needs to be reduced. In this case, the weight creates a stress which can be largely
negative for the design (flexion on the blade axis) in comparison to the maximum
design airflow, whatever the position of the blade is.
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Figure 7 Air torque depending on the opening angle (0° = closed position)

a)

Figure 8 3D cross-sectional views of the NuSDA-220 smoke control damper for
each case of use (nominal and test); a) nominal condition of functioning
and force resulting, b) test condition with mass and force resulting

Grille

Smoke control dampers are used to ensure the capability of exhausting the fumes in
case of a fire hazard. The standard EN 1366-10 [4] defines the minimum efficiency ratio
of the exhausting to be 75 %. This ratio is calculated considering that the reference sec-
tion is the section of the duct.

This efficiency ratio usually decreases along the fire test due to
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— the smoke damper design in opened position creating a first reduction of the
passage section at ambient temperature; this can be reduced along the fire test
due to the damage of the damper.

— the reduction of the duct section, which is linked to the temperature development
over time.

When the damper is placed at the end or side of the duct, an (anti-intrusion) grille should
be installed. Regarding this aspect, the standard precisely requires that for the grille
placed in less than 200 mm, the fire tests shall be performed with the grille. If the distance
is larger the test does not have to be performed with the grille.

However, the design of the grille directly affects the result of the test regarding the effi-
ciency ratio of the exhaust fumes. It has consequently to be carefully chosen. In order to
provide an idea of the influence, an example of the exhausting ratio decrease is given
below, at initial temperature for a smoke control damper placed on the side of a duct:

Sauct O duct section = 1000 x 250 mm?2,
Sscp = smoke damper Section = 850 x 700 mmz2,
Ngile = free section of the grille with a minimum ratio of X % empty,
Nsco = free section of the damper = 0.85 % of the whole section 850 x 700 mm,
=  Sscp X Nscp X Ngile 2 0.75 X Squet,
= Ngrile = (0,75 X Sduct) / (Sscd X Nscp),
= Ngite = (0,75 x 1000 x 250) / (850 x 700 x 0,85),
= Ngile = 0,37.

In conclusion, the void ratio of a grille has to be carefully fitted with the damper charac-
teristics and must take into account a safety margin.

CONCLUSIONS

NUVIA Protection has conducted extensive research activities and tests in order to de-
velop a new range of multi-compartment smoke control dampers (NuSDA-220 