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Welcome to Module 3 — Fire Analysis

=Your instructors for the week are:
— Ashley Lindeman
EPRI, alindeman@epri.com

— Francisco Joglar
Jensen Hughes, fljoglar@jensenhughes.com

— David Stroup
US NRC/RES, David.Stroup@nrc.qov

— Steve Nowlen
Retired SNL

= and you are...
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Getting us all on the same page...
Scope of Module 3

» Module 3 covers those aspects of a nuclear power plant (NPP) at-power,
internal fire, probabilistic risk assessment (PRA) that support the analysis
of fire phenomena

— At-power: the plant is assumed to be operating at steady state,
nominal 100% power at the time that a fire occurs

— Internal fire: fires within the boundaries of the plant (which we will
define...) but not fires outside the plant boundaries (e.g., not forest
fires or off-site transportation accidents...)

— Fire phenomena: identify fire sources, characterize fire growth and
spread, assess impact on the surroundings, credit fire intervention by
detection and suppression, predict damage times for important plant
components and cables — develop a fire timeline...

— Risk: based on how likely it is that a fire will lead to core damage
and/or a release of radioactive materials from the plant site
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Getting us all on the same page...
PRA elements that we won’t cover

* Module 1: PRA / systems analysis - the analysis of the NPP
as an engineered system
— Identification of important systems and components
— Characterization of system dependencies and failure modes

— Development of the post-fire plant response model (PRM) — the event
tree / fault tree analysis

— Calculation of conditional core damage probability (CCDP) and
conditional large early release probability (CLERP)

— Uncertainty analysis

— Final risk quantification — core damage frequency (CDF) and large
early release frequency (LERF)
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Getting us all on the same page...
PRA elements that we won’t cover

* Module 2: Electrical/Circuit Analysis — supporting analyses of
electrical control and power circuits
— Deterministic analysis of cable failure modes and effects
— Deterministic spurious operation analysis
— Probabilistic failure mode likelihood analysis
— Power distribution system layout
— Circuit protection coordination analysis
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Getting us all on the same page...
PRA elements that we won’t cover

* Module 4: Human Reliability Analysis (HRA) — the
identification and quantification of human actions important
to plant safety

— Review of plant response procedures

— Identification of human failure events (HFEs) to be included in the
PRM

— Quantification of the human error probability (HEP) values for
important HFEs as a part of PRM quantification
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Getting us all on the same page...
PRA elements that we won’t cover

* Module 5: Advanced Fire Modeling — the application of fire
modeling tools to predict fire behavior and effects
— Complementary to Module 3

— Covers one more specific topical area in greater detail — the actual
use of fire modeling tools

— Covers a range of fire modeling tools from closed-form empirical
correlations to 3-D fluid dynamics-based compartment fire models

— We will talk about fire modeling and its role in the overall process of
fire analysis, but in far less detail
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Overall fire PRA structure
Module 3 covers tasks in white and white/orange
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Overall fire PRA structure
Module 3 covers tasks in white and white/orange
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Scope of Module 3: Fire Analysis

= Tasks covered by Module 3 are:
— Task 1: Plant Partitioning
— Task 6: Fire Ignition Frequency
— Task 8: Scoping Fire Modeling
— Task 11: Detailed Fire Scenario Analysis
— Task 13: Seismic/Fire Interactions (briefly)
— Support Task A: Plant Walkdowns

" |n each task we will discuss the requirements of the
ASME/ANS PRA Standard, Part 4

— What are the requirements and the expectations
— How they can be met
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Task 1: Plant Partitioning (1 of 3)

* Objectives:
— Define the global analysis boundary of the FPRA

— Divide the areas within the global analysis boundary into fire
compartments

* The fire compartments become the “basic units” of analysis
— Generally we screen based on fire compartments

— Risk results are often rolled up to a fire compartment level
= A note on terminology:

— The PRA standard uses “physical analysis units” rather than “fire
compartments”

— Definitions are quite similar, overall role in analysis is identical

» Don'’t let the terminology difference trip you up — intent is the same

11
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Task 1: Plant Partitioning (2 of 3)

* The global analysis boundary is intended to be a liberal
definition of the region potential interest

— It will likely encompass areas of essentially no risk, but that is OK,
screening steps will identify these

* The fire compartments are a matter of analysis convenience
— Fire compartments may equal fire areas if you so choose
— You can also subdivide fire areas into multiple compartments
= May require cable routing resolution at the compartment level

— The sum of the fire compartments must equal the global analysis
boundary

= No omissions, no overlap between compartments
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Task 1: Plant Partitioning (3 of 3)

= Ultimately, the FPRA is expected to provide some resolution
to each defined fire compartment and to all locations within
the global analysis boundary

= Module will cover:

— Guidance and criteria for defining the global analysis boundary
— Guidance and criteria for defining fire compartments

= Ultimately, there is not a lot of new guidance in this task
— A lot like what was done in the IPEEE days
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Task 6: Fire Ignition Frequency (1 of 3)

= Objective: To define fire frequencies suitable to the analysis
of fire scenarios at various stages of the FPRA

= Fire frequencies will be needed at various resolutions:
— An entire fire area
— A fire compartment (or physical analysis unit)
— A group of fire ignition sources (e.g., a bank of electrical cabinets)
— A single ignition source (e.g., one electrical panel)
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Task 6: Fire Ignition Frequency (2 of 3)

» Task begins with generic industry-average statistics on fire
— EPRI fire event database
— Events filtered for applicability and sorted into ignition source bins
— Plant-wide fire frequency is provided for each bin

= The real “trick” is to convert the generic values into values
specific to your plant and to a given fire scenario

— Approach is based on ignition source counting and apportionment of
the plant-wide frequency based on local population

15 |= EEEEEEEEEEEEE
© 2016 Electric Power Research Institute, Inc. All rights reserved. E EI EEEEEEEEEEEEEEEEE



Task 6: Fire Ignition Frequency (3 of 3)

= Quite a bit is new relative to fire frequency:

— The fire event data have been re-analyzed entirely to suit the new
method

» That means older IPEEE-vintage frequencies are obsolete

— There has been a switch towards component-based fire frequencies
and away from generic room-based fire frequencies

— Some areas have received special treatment

" e.g., main control room
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Task 8: Scoping Fire Modeling (1 of 2)

* Objective: To identify (and screen out) fire ignition sources
that are non-threatening and need not be considered in
detailed fire modeling

* Non-threatening means they cannot:
— Spread fire to other combustibles, or
— Damage any FPRA equipment item or cable
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Task 8: Scoping Fire Modeling (2 of 2)

» Scoping fire modeling introduces a number of key concepts
associated with the treatment of fire sources and damage
targets

— The Fire Severity Profile approach
— Damage criteria for cables and equipment

— Assumptions associated with specific fire sources
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Task 11: Detailed Fire Modeling (1 of 3)
» Objective: To identify and analyze specific fire scenarios

= Divided into three sub-tasks:
— 11a: General fire compartments (as individual risk contributors)
— 11b: Main Control Room analysis
— 11c¢: Multi-Compartment fire scenarios
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Task 11: Detailed Fire Modeling (2 of 3)

= Task 11 involves many key elements
— Selection of specific fire scenarios
= Combinations of fire sources and damage targets
— Analysis of fire growth/spread
= Application of fire models
— Analysis of fire damage
= Time to failure

— Analysis of fire detection and suppression

20
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Task 11: Detailed Fire Modeling (3 of 3)

= Task 11 comes with a wide range of supporting appendices
including:
— Specific fire sources such as high energy arc faults, turbine generator
fires, and hydrogen fires
— Treatment of fire severity and severity factors
— Treatment of manual fire suppression
— Treatment for main control board fires

* Module will cover key appendices
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Task 13: Seismic/Fire Interactions

» Objective: A qualitative assessment of potential fire/seismic
interactions

» Module will cover this task briefly

— No significant changes from IPEEE guidance (e.g., the Fire PRA
Implementation Guide)
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Next up: Fire scenarios

Before we move on...

Any questions on where our module
fits into the overall fire PRA structure?
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Fire scenarios in risk analysis
A key concept

» Recall that our primary measure of risk is fires leading to core damage

— Off-site release of radioactive materials also calculated, but we can work to
the core damage level for our purposes

= Given that we are looking for fires that may:

— Cause an initiating event — an upset to normal at-power plant operations such
that reactor shutdown is required, or

— Damage mitigating equipment — that set of plant equipment that operators
would rely on to achieve safe shutdown

= We do this through fire scenarios that will:
— Represent the range of potential fire sources in the plant,
— Analyze the impact of fires on the surroundings,
— Assess fire protection systems and features, and
— Assess the plant and operator’s response to fire-induced damage

» Each fire scenario gives some contribution to total CDF
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Fire scenarios in risk analysis
A key concept

= A fire scenario is a set of elements representing a fire
event:
— The ignition source, e.g., electrical cabinets, pumps
— Intervening combustibles, e.g., cables

— Damage targets (e.g., power, instrumentation or control cables)
whose fire-induced failure may cause an initiating event and/or
failure of mitigating equipment

— Fire protection features that could mitigate fire damage, e.g.,
automatic sprinklers

— The compartment where the fire is located and its characteristics
— Ultimately... an event timeline
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Fire Scenario Time Line

Timeline includes the following elements (not necessarily in this order):
Scenario starts with ignition of a fire in a specific fire source

Fire growth involving the affected fuel,

Heat transfer from the fire to other items within the zone of influence,
Propagation of the fire to other materials,

Damage to identified PRA targets (e.g., cables and equipment),

S

Detection of the fire

—  Detection can actually occur before ignition given an incipient detection system...

™~

Automatic initiation of suppression systems if present,
8. Manual fire fighting and fire brigade response,

9. Successful fire extinguishment ends the scenario.
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Fire Scenario - Level of Detail

* |[n practice, varying levels of detail are used to define the fire

scenarios in a typical Fire PRA.

— Level of detail may depend on initial stages of screening, anticipated risk

significance of the scenario

* |[n principle, at any level of detail, a fire scenario represents a

collection of more detailed scenarios.

VCBT 10

j (NOTE 2)

M MOV-8

RHR
PUMEF,

RECIRC
HX
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Screening
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Detailed
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OTE 2)
VCBT 10
* (NOTE 2)

=)

© 2016 Electric Power Research Institute, Inc. All rights reserved.

=2l

RESEARCH INSTITUTE



Fire Scenario Initial Screening Stage

= In the initial stages of screening, fire scenarios are defined

In terms of compartments and loss of all items within each
compartment.

— Assumes all items fail in the worst failure mode

— Detection and suppression occur after the worst damage takes
place

— Fire does not propagate to adjacent compartments

" In multi-compartment fire propagation analysis, a similar
definition is used in the initial screening steps for
combinations of adjacent compartments.
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Detailed Scenario Identification Process

" In the detailed analysis tasks, the analyst takes those fire
scenarios that did not screen out in the initial stage and
breaks them down into scenarios using greater level of
detail.

— Level of detail depends on the risk significance of the unscreened
scenario

— Details may be introduced in terms of . . .
» Sub-groups of cables and equipment within the compartment
= Specific ignition sources and fuels

* Fire detection and suppression possibilities
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Example — Screening Level

= At the screening level, a fire
in this compartment fails all
equipment and cables shown
In this diagram.

= The fire is assumed to be
confined to this room

30
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Example — Detailed Analysis

= At the detailed level, a fire in
this compartment fails a
specific sub-group of
components in this room.

* The fire may still be confined
to this room

Scenario #1

Scenario #2

AN

Scenario #3

\

31
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HCBT 0
(NOTE 2)

VCBT 10
/ (NOTE 2)
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Select and Describe Fire Scenarios

»Selecting scenarios is dependent on the objectives of the fire risk quantification
— How many fire scenarios are enough to demonstrate the objective?

— Which scenarios are the appropriate ones given objectives?

— What fire conditions are actually modeled?

— Analysis should represent a complete set of fire sources and conditions as relevant to the
analysis objectives

— A full-scope fire PRA tries to capture all fire scenarios that may represent contributors to
plant core damage risk

=Selection of scenarios is dependent on the hazard characteristics of the area
— Combustibles, layouts, fire protection

*The fire scenario should challenge the conditions being considered

— Can the fire cause damage? vs. Which fire can cause damage?
— Fires that don’t propagate or cause damage are generally not risk contributors
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Select and Describe Fire Scenarios

33

Scenarios begin with an ignition source — what/where does the fire start
and what are the fire characteristics

Consider intervening combustibles — fire propagation beyond the fire
source needs to be considered

There should be at least one damage target identified. Often it is a set
of damage targets rather than just one (e.g., a group of important
cables).

Include fire protection system and features (active or passive) that may
influence the outcome of the event (there is a pain/gain decision point
here)
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Select and Describe Fire Scenarios

5. Sometimes, multiple ignition sources or targets can be combined into
one scenario (e.g., a bank of cabinets all with the same cables
overhead)

6. Sketch the scenario on a compartment layout drawing and try to
qualitatively describe the conditions that a fire might generate. After
the analysis, compare this qualitative prediction with the modeling
results.

7. Do not neglect the importance of details such as ceiling obstructions,
soffits, open or closed doors, ventilation conditions, spatial details (e.g.,
target position relative to fire source), etc.
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Scenario Quantification

General quantification of CDF is based on a five-part formula:

CDF.  =A-W-.SF-P_-CCDP

scenario
A = Ignition frequency for the postulated ignition source group (e.g., pumps)

= W = A weighting factor for the likelihood that the fire occurs in a specific ignition source (this
pump...) or plant location (this room...)

SF = A severity factor reflecting percentage of fires large enough to generate the postulated
damage if left unsuppressed

= P = Non suppression probability — the probability that given the fire, it goes unsuppressed
long enough that the target set is damaged

CCDP = The conditional core damage probability — probability that given loss of the target
set, operators fail to achieve safe shutdown and the core is damaged.
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In practice, we often quantify scenarios in a progression
of more detailed steps:

= A fire in a specific plant location CDF, =~ lg W -1-1-1

= ...That is severe enough to threaten -
targets CDF, ~ ﬂ“g WSt -1-1

= ...That goes unsuppressed long

enough to cause damage CDF,~A, W, -SF-P, -1

= ... That prevents safe shutdown

CDF, = 1, -W, -SF - P, -CCDP
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Training Objectives

= Qur intent:
— To deliver practical implementation training
— To illustrate and demonstrate key aspects of the procedures

*\We expect and want significant participant interaction
— Class size should allow for questions and discussion
— We will take questions about the methodology
— We cannot answer questions about a specific application

— We will moderate discussions, and we will judge when the course
must move on
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Methods - What is Covered in this Module

= Approved fire PRA Frequently Asked Questions (FAQs);
Supplemental guidance and methods developed as part of
the transition to 10CFR50.48(c), NFPA 805

* Published NRC or joint industry & NRC methods
— NUREG/CR-6850 and Supplement 1/ EPRI 1011989 & 1019259

— EPRI 3002002936 / NUREG-2169, Nuclear Power Plant Fire Ignition
Frequency and Non-Suppression Probability Estimation Using the

Updated Fire Events Database: United States Fire Event Experience
Through 2009

— NUREG/CR-6931, Volume 3, Cable response to Live Fire
(CAROLFIRE), Volume 3: Thermally-Induced Electrical Failure
(THIEF) Model

= ASME / ANS PRA Standard (RA-Sb-2013)
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Methods — What is not Covered in this Module

» Draft FAQs working their way through the process, including;
— FAQ 14-007, Transient fire frequency

* On-going research by EPRI and/or NRC

— NUREG-2178, Volume 1/ EPRI 3002005578, Refining and
Characterizing heat Release Rates for Electrical Enclosures During
Fire (RACHELLE-FIRE), Draft Report for Comment, April 2015

— Treatment of Main Control Room Abandonment

= \Working draft of the ASME/ANS PRA Standard Part 4
— Publication planned for 2015 or early 2016
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Questions?
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What is a Fire?

"Fire:
— destructive burning as manifested by any or all of the following:
light, flame, heat, smoke (ASTM E176)

— the rapid oxidation of a material in the chemical process of
combustion, releasing heat, light, and various reaction products.
(National Wildfire Coordinating Group)

— the phenomenon of combustion manifested in light, flame, and
heat (Merriam-Webster)

— Combustion is an exothermic, self-sustaining reaction involving a
solid, liquid, and/or gas-phase fuel (NFPA FP Handbook)

© 2015 Electric Power Research Institute, Inc. All rights reserved.



What is a Fire?

» Fire Triangle — hasn’t change
much...

* Fire requires presence of:
— Material that can burn (fuel)
— Oxygen (generally from air)
— Energy (initial ignition source and
sustaining thermal feedback)
= |gnition source can be a
spark, short in an electrical
device, welder’s torch, cutting
slag, hot pipe, hot manifold,
cigarette, ...
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Materials that May Burn

= Materials that can burn are generally categorized by:

— Ease of ignition (ignition temperature or flash point)

» Flammable materials are relatively easy to ignite, lower flash point
(e.g., gasoline)

= Combustible materials burn but are more difficult to ignite, higher
flash point, more energy needed(e.g., wood, diesel fuel)

= Non-Combustible materials will not burn under normal conditions
(e.g., granite, silica...)

— State of the fuel
» Solid (wood, electrical cable insulation)
= Liquid (diesel fuel)
» Gaseous (hydrogen)
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Combustion Process

» Combustion process involves . . .

— An ignition source comes into contact and heats up the
material

— Material vaporizes and mixes up with the oxygen in the air and
ignites

— Exothermic reaction generates additional energy that heats the
material, that vaporizes more, that reacts with the air, etc.

— Flame is the zone where chemical reaction is taking place

*Flame - A flame is the visible (light-emitting) part of a
fire. It is caused by an exothermic reaction taking
place in a thin zone where fuel vapors and oxygen in
the air meet.
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What is Fire?

Spark

. Flammable
" mixture
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Flame Characteristics

» Flame characteristics
— Flame color depends on the material burning and how it burns
= The nature of the combustion products
= How hot material burns
» How “cleanly” the material burns
— How efficient the burning is, oxygen availability
— Most flames are visible to the naked eye
= \What you actually see is glowing particulate (e.g. soot)
» Fuels that burn cleanly (less soot), have less visible flames
— e.g., Hydrogen produces a nearly invisible flame
— Flame temperature can range from 1,500°F to 3,500°F

I: EEEEEEEEEEEEE
© 2015 Electric Power Research Institute, Inc. All rights reserved. C El EEEEEEEEEEEEEEEEE



Definitions

Three “modes” of heat transfer are in play during a fire:

= Conduction — Heat transfer through a solid material or between two
adjacent stationary solids directly through the contact interface between
them
— Example: Cooling your hand by putting it on a cold surface
= Convection — Heat transfer between a moving fluid and the surface of a
solid or liquid material
— Example: Blowing across a spoonful of hot soup to cool it
» Radiation — Heat transfer between two objects separated by open space
via the transfer of electromagnetic energy. Requires that the objects be
within line of sight of each other and separated by a relatively transparent
medium (e.g., air or vacuum).

— Example: Warming your hands by the camp fire

P ELECTRIC POWER
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Effects of a Fire

What does a fire do to its surroundings?

= A fire generates heat, smoke and various combustion products
— Heat is the main adverse effect of concern in a nuclear power plant

» Heat generated by the fire is transferred to nearby targets mainly
by radiation and convection

— Conduction plays a role in fuel heating and heat absorption into a
target but, for most cases, not in direct transfer of heat from the fire to
targets

= Products of combustion also include carbonaceous soot and
other species such as HCI, HCN, water vapor, CO, CO,, ...

— Smoke and soot can adversely affect equipment

— Smoke can hinder plant operators and fire response
— HCI and HCN can be irritants for plant personnel

— COKills...

I: ELECTRIC POWER
© 2015 Electric Power Research Institute, Inc. All rights reserved. C El RESEARCH INSTITUTE



Fire Plume

» Fire plume: the buoyant stream of heated air and
combustion products rising above a fire

» The fire plume forms quickly over the fire...

10

The fire produces very high temperature combustion
products which rise from the fuel surface due to
buoyancy

Rising combustion products draw in and mix with fresh s
air from the surroundings (entrainment) 4

= Some of the available oxygen is consumed in the A
combustion process

Entrained air is heated as it absorbs energy from the fire
The mixture of hot gases rises forming the fire plume //
/

The plume can envelope items above the fire with very
hot gases

The energy carried away by the fire plume generally
accounts for over half of the energy generated by a fire

l= ELECTRIC POWER
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The fire plume (continued)

 The fire plume typically carries away ~40%-70% of total heat production
from the fire

» The Convective fraction (X,) is the fraction of the net energy produced by
the fire and emitted into the surroundings via heated gasses in the plume

= X.~ 0.6 is a typical assumption for most fires

» The fire plume is very important to fire PRA. We often analyze fires
where important plant cables are located in the fire plume.

— Temperatures are higher in the fire plume than anywhere other than the flame
zone itself
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Definitions

So what happens when the plume hits the ceiling?

= Ceiling Jet — When the fire plume hits the ceiling, the flowing
gasses turn 90° and form a relatively thin layer of flowing gas just
below the ceiling

— Important to the activation of sprinklers and fire detectors (more
later...)

...and when the ceiling jet hits the walls?

= Wall plume — if/when the ceiling jets reaches a wall, the gasses
will turn downward flowing down the wall

— The wall absorbs energy from the gasses cooling them
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Definitions

In the longer term, the compartment will fill with hot gasses...

» Hot Gas Layer — As a fire progresses within an enclosure, the heated air
and combustion products tend to collect as a heated layer between the
ceiling and somewhere above the floor (sometimes called the smoke
layer or upper layer as well)

VS. ...

= _ower or Cold Gas Layer — The gasses that remain between the bottom
of the HGL and the floor and that generally remain at near ambient
temperatures

* The depth of the HGL (distance from the ceiling to the bottom of the
HGL) will be determined largely by ventilation conditions (e.g., an open
door, open window...)

13 |= EEEEEEEEEEEEE
© 2015 Electric Power Research Institute, Inc. All rights reserved. E El EEEEEEEEEEEEEEEEE



Radiative Heating from a Fire

» Radiative heat is produced by the
luminous flames and emitted in all
directions

— Some radiative energy points back towards
the fuel and acts to evaporate more fuel to

continue the combustion process (thermal
feedback)

— The rest points away from the fire into the
surroundings

— The radiative fraction (X,) is the fraction of
the net energy produced by the fire and
emitted into the surroundings via radiation:

= X =1.0-X,

(if it’s heat from the fire and it’s not
convection, it must be radiation...)

= X.~ 0.4 is typical

14
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Flame Spread and Fire Propagation

» Flame spread is the propagation of combustion across a fuel surface,
to an adjacent fuel material, or to nearby items
— Radiation, convection, and conduction can all act to heat fuels near the
existing burn region

— Ignition can occur when temperatures ahead of the existing flame reach the
point of ignition, and the flame spreads

= Flame spread usually refers to
spread across or within a single
object or fuel package

= Fire propagation usually refers to
fire spread from one object to
another

= Neither is universal so be
careful...
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Definitions

» Pyrolisis — the breakdown of the molecules of a solid material
from elz<posure to heat into gaseous molecules that may combust
in the flame.

= Smoldering — A slow combustion process without visible flames
that occurs in a porous solid fuel
— e.g., charcoal briquettes in the barbeque or wood in a fire pit as the
fire burns down

— Generally occurs because of limited oxygen access to the burning
surfaces. It can generate large quantity of carbon monoxide which is
lethal if inhaled.
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Definitions

= Piloted ignition — Ignition of a combustible or flammable material in the
presence of a pre-existing flame (the “pilot” flame)

VS. ...

» Non-piloted (or spontaneous) ignition — Ignition of a combustible or
flammable material without an ignition source, which is generally caused
by raising material temperature above its auto-ignition temperature.

= Piloted ignition generally occurs at a lower temperature than
spontaneous ignition

— the pilot flame provides that extra “oomph” to achieve ignition

= Spontaneous combustion is a little different — the initiation of combustion
due to self heating of a fuel without an external heating source or pilot
flame (e.g., a pile of oily rags...)
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Definitions

= Diffusion Flame — The flame of a burning material (liquid or solid)
where the combustion process occurs at the interface where
vaporized fuel comes into contact with the oxygen in the air (e.g.,
flame on top of a candle or the wood in a fireplace.)

VS. ...

* Pre-mixed Flame —The flame of burning gaseous material that is
mixed with air upstream of the flame (e.g., the flame of a gas
range or gas fired furnace)

= Most of the fires we are concerned with involve diffusion flames
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Definitions

» Laminar Flame — a flame with smooth, regular and very uniform flow of
gases

* In a laminar flame the mixing of air and fuel vapors is not very
efficient and the flame zone is very narrow

» Laminar flames ~3,500 °F (~1925 °C) e.g., a candle flame
VS. ...

= Turbulent Flame — a flame with a more irregular and chaotic flow of
gases including the formation of large vortices

» Turbulent flames are more efficient because mixing entrained air
with fuel vapors/products creates a larger region where combustion
can ocurr

= Turbulent flames ~1,500 °F (~815 °C), e.g., most real fires

= Most flames greater than a few inches tall demonstrate turbulent (non-
laminar) behavior because of increased gas velocities caused by
iIncreased heat.
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Definitions

Some key fire characteristics...

» Mass Loss Rate (Burning Rate) — The rate of mass loss of a
burning material in a fire
— May be expressed as either mass released per unit time (g/s) or
mass released per unit area per unit time (g/cm?2:s).
» Heat Release Rate (HRR) — The energy released from a fire per
unit time (kW)
— HRRis generally expressed as net energy release which accounts for thermal

feedback to the fuel and combustion efficiency — i.e., the net rate of energy
released by the fire

» Heat Flux — the rate of heat transfer expressed as energy
delivered per unit time per unit area (kW/m?). Heat flux is a good
measure of fire hazard.
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Definitions

= Heat Release Rate
Profile — The fire’'s HRR 148

eXpressed aS a funCtIon 128 ;_ /\ ST #5 ST #1—-4 QUALIFIED CABLE
Of tlme i / \ / ST #5 UNQUALIFIED CABLE
— Example: NRC/SNL HaSie:
electrical cabinet fire B
tests . .. = [
= B
— A complete HRR profile % °°F
may involve 5 stages: ¢ 4l
= |Incipient = 3
28 -
= Growth C
= Steady state or peak %
burning
TIME (MIN)
= Decay _
Figure 8. Heat Release Rate Plots for Scoping Tests #1
= Burnout through 5
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Definitions

» Fire in the Open — A fire occurring in a large or unconfined space such
that there is no feedback between the fire and the ambient environment

VS. ...

= Compartment Fire (Enclosure Fire) — A fire occurring in an enclosed
space such that the fire impact its surroundings creating a feedback
effect; e.g.

— The walls get hot and feed radiant energy back to the fire
— A HGL forms and feeds radiant energy back to the fire
— The HGL descends to the floor and reduces the oxygen available to the fire

= We deal mainly with compartment fires
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Definitions

» Fuel Limited Fire — A fire where the fuel burning rate is limited
only by the surface burning rate of the material.
— Plenty of oxygen...

VS. ...

» Oxygen Limited Fire — A fire (typically inside a compartment or
enclosure) where the fuel burning rate is limited by oxygen
availability

— Not enough air for fire to grow beyond a certain point

= We tend to deal primarily with fuel limited fires, but cabinet fires,
for example, may be oxygen limited
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Definitions

» Lower flammability limit — the minimum concentration of fuel
vapor in air in a pre-mixed flame that can sustain combustion
— A mixture that is too lean (not enough fuel) will not burn
» Upper flammability limit — the maximum concentration of fuel
vapor in air that can sustain combustion
— A mixture that is too rich (too much fuel) will not burn
= Stoichiometric ratio - the optimum theoretical mix of fuel and air
to achieve complete combustion of that fuel
— Fuel burns completely and consumes all available oxygen
= Fuels will burn in air only if the concentration is between the lower
and upper flammability limits
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Definitions

= Zone-of-Influence (ZOIl) — The area around a fire where radiative
and convective heat transfer is sufficiently strong to damage
equipment or cables and/or heat other materials to the point of
ignition.

» Fire Modeling vs. Fire Analysis Tasks — Fire modeling is the
analytical process of estimating the behavior of a fire event in
terms of the heat flux impinging material near the fire and
behavior of those materials as a result of that.
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Definitions

We classify cable insulation materials based on two major categories:

» Thermoplastic (TP): capable of softening or fusing when heated and of
hardening again when cooled (Marriam-\Webster)

— TP materials melt when heated and solidify when cooled

» Thermoset (TS): capable of becoming permanently rigid when heated or
cured (Marriam-Webster)

— On heating TS materials may soften, swell, blister, crack, smolder and/or burn
but they won’t melt

= Both types are used in U.S. NPPs
= Much more on cables to come.
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Questions...

... before we move on?

= Up next:

— Fundamental concepts of fire behavior, modeling and analysis
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Recall: Fuel limited fires

= A fire where the fuel burning rate is limited only by the
surface burning rate of the material.

= Sufficient air is always available for the fire (plenty of oxygen
to support burning)

* Fire generates hot gases (convective fraction) and emits
radiative heat (radiative fraction)

= Generally applies to fires in the open or fires in large
compartments

— A nuclear power plant has lots of large compartments...
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Heat Release Rate (HRR)

= For a simple fire, the HRR can be estimated using the following equation:

O=m"-A-AH,

— m" is the burning mass flux (kg/s-m?)
— AH, is the net” heat of combustion (kJ/kg)
— A is the burning area (m?)

So HRR ends up as kJ/s or kW

* “net” heat of combustion implies that a burn
efficiency has been included — fuels don’t burn
at 100% efficiency in real fires

ELECTRIC POWER
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Heat Release Rate

* HRR can be estimated
experimentally using

oxygen consumption SMOKE
: TRANSMISSION 4
calorimetry PATH _ Lj EXHAUST FAN
E ( (1.5 m3/s)
W]

pfe— GAS SAMPLING RING PROBE

Q = I’i’lo . AH (k‘]/kgO ) THERMOCOUPLE—T L__ g|-DIRECTIONAL VELOCITY PROBE
2 ¢ 2

where:
AH . ~13.1 kJ/kgo,
for many common fuels

WATER COOLED

SKIRT
()
GARDON GAGE g WASTE BASKET
T SIMULATION BURNER

WEIGHING PLATFORM
(0-50 kg LIVE LOAD)

i ,
T T
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Flames

* Laminar — very small fires
= Turbulent — most real fires

Fuel Oxygen

Reaction Zone
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Ignition of Gases

= With a spark or small flame (pilot) present, ignition is based on
whether the gaseous fuel concentration is between the upper (rich)
and lower (lean) flammability limits.

— The fuel-air (oxidizer) mixture is said to be flammable if a flame will
propagate in this mixture.

= With no pilot present, a gaseous fuel in air can still ignite if the
mixture is at or above the auto-ignition temperature.

— The auto-ignition temperature is usually measured for a stoichiometric
mixture — just the right mix so that no fuel or oxygen remains after the
reaction.
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Ignition of Liquids

= For a liquid to ignite, it must first evaporate sufficiently
to form a flammable mixture of gaseous fuel and
oxygen

— This occurs at a liquid temperature called a flash-point
temperature.

— In general, this temperature can be called the piloted Evaporating

ignition temperature and the same term carries over to fuel *Spark
solids. 4 4+ 4

— I'I'heC1;Iash-point ig ;tche terr?perar}ure at vr\]/hich thﬁ almount of

iquid evaporated from the surface achieves the lower
flammable limit. o T
| |

= |[f no pilot is present, the mixture must be heated to the
auto-ignition temperature in order to ignite.

» The auto-ignition temperature of a gas will be higher N~
than the boiling point of the liquid.

Liquids
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Ignition of Solids

= Solids do not evaporate like liquids when heated. Solids
form gaseous decomposition compounds, generally

leaving behind char, in a process called pyrolysis. Hot

= At some point, the gases reach the lower flammability Surface

limit and may ignite by piloted ignition or, if hot enough,
auto-ignition.

Pyrolysis -—
. Typical%,ogiloted ignition temperatures for solids range M

from 25 (~480°F) to 450°C(~840°F). products «—
4_
= Auto-ignition temperatures can exceed 500°C (~930°F). *Spark —
— For a given material, these temperatures are not Radiant
constants and can change with the nature of heating. Heat

— For practical purposes, a %piloted) ignition
temperature FI' .5) may be treated as a property of a
combustible soffd.

= We shall consider thin (less than ~1 mm) and thick solids
to have different time responses to ignition when exposed Solid
to impinging heat flux Ol11ds
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Flame Spread

= Motion of vaporization front at the
ignition temperature for solids and
liquids Cable tray

— The surface is heated by the
existing flames

— More material pyrolyzes (or
evaporates) ahead of the flame
front

— The existing flame acts as the
pilot

— The flame (fire) spreads...
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Typical Flame Spread Rates

= |t is very difficult to compute flame spread rates because formulas are not
completely available, rates may not be steady, and fundamental fuel
properties are not generally available.

= Nevertheless, we can estimate approximate magnitudes for spread rates
for various cases.

Spread case Spread Rate (cm/s)
Smoldering solids 0.001 to 0.01

Lateral or downward spread on

thick solids 0.1

Upward spread on thick solids 1.0 to 100. (0.022 to 2.2 mph)
Horizontal spread on liquids 1.0 to 100.

Premixed flames (gaseous) 10. to 100.(laminar)

~10° (detonations)
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Zone of Influence

= Regions near the fire where
damage or fire propagation is
expected.

= For fires in the open we consider:

| Target |

— Flame Radiation

— Convection, especially inside the
fire plume
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Buoyant Flow

* Temperature rise causes a decrease Iin gas density

= Potential energy converted into kinetic energy — gasses flow
upwards

Buoyant plume

Unit volume at plume gas at
@ ________________ density p and temperature T

Unit volume of air at density p,
and temperature T,

P ELECTRIC POWER
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Turbulent Entrainment

» Entrainment is air drawn into the fire plume by upward
movement of the buoyant plume

— Engulfing air from the surroundings into the fire plume

» Eddies: fluctuating and rotating balls of fluid, large scale
rolling fluid motion on the edge of the plume.

Buoyant
force

Eddies

Flame
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Turbulent Fire Plume

=Very low initial fuel velocity
» Entrainment and flame height controlled by buoyancy

PLUME

N
COMBUSTING 1 NONCOMBUSTING ZONE

> I‘

INTERMITTENT

<« FLAME »i<

FIRE PLUME ENERGY

14 l= ELECTRIC POWER
© 2015 Electric Power Research Institute, Inc. All rights reserved. E El RESEARCH INSTITUTE



Fire Plume Temperature Along the Centerline

I | | [ 1 | L1
0.008 0.01 0.02 0.03 0.04 0.050.06 0.08 0.1

210 m/srw %)
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Example Case - Zone-of-Influence Calculation
Flame Height and Plume Temperature

Heskdestad's Flame Height Correlation

L=02350,7 ~1.02D

Input

D - Fire diameter [m] 0.6
Qs - HRR [kW] 250
Result

L - Flame height [m] 1.5

© 2015 Electric Power Research Institute, Inc. All rights reserved. EI El

) 5/3
k,0,(-2))"
Tpl :Tamb +25 (((fH f_F )_Z> )
where: ’

z, =0.0830,75 —1.02D

Heskestad's Plume Temperature
Correlation

Input

T.mp - Ambient temp. [C] 20

Qs - HRR [kW] 250

F. - Fire elevation [m] 0

H, - Target Elevation [m] 3.7

D - Fire Diameter [m] 1

k:— Location factor 1(...20r4)
X, — Radiative Fraction 0.4

Result

Ty - Plume Temp [C] 328

ELECTRIC POWER
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Example Case - Zone-of-Influence Calculation
Radiation Heat Flux

= Flame Radiation: Point Source Model

q.” :Qer
" 4R’

Input Parameters:

=Q;: Fire heat release rate (kW)

=R: Distance from flames (m)

=X : Radiative fraction (FIVE recommends 0.4)
»D: Fire diameter (m)

© 2015 Electric Power Research Institute, Inc. All rights reserved.
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Example Case - Zone-of-Influence Calculation

Radiation Heat Flux

q.” :Qer
" AR’

Inputs

Fire heat release rate [kW]
Radiation fraction
Distance from flames [m]

Results
Heat flux [kW/m2]

Point Source Flame Radiation Model

317
0.40
1.5

4.5

© 2015 Electric Power Research Institute, Inc. All rights reserve:
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Outline

» Compartment fire dynamics — qualitative description
» Pressure profiles and vent flows

* The hot gas layer

» Heat transfer

= Combustion products
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Qualitative Description

Extraction
System
(e.g., smoke
urge system)

Smoke Layer

Injection System
(e.g., HVAC)

—

HH

- [
e e e e e e e e e e [ et

> processces
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Phases in a Compartment Fire

= |gnition: Process that initiates an exothermic combustion
reaction

— Piloted or auto (spontaneous) ignition
— Accompanying process can be flaming or smoldering combustion

= Growth

— Can occur at different rates depending on type of fuel, interactions
with surroundings, and access to oxygen

» Hot gas layer buildup and room heat-up

» Flashover: Rapid transition to a state of total surface
iInvolvement of combustible materials within an enclosure

— Temperatures between 500°C (930°F) to 600°C (1,110°F), or
— Heat fluxes between 15 kW/m? to 20 kW/m?
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Phases in a Compartment Fire

» Fully developed fire: The energy released in the enclosure is
at its greatest level and is very often limited by the available
oxygen

— Gas temperatures between 700°C (1,300°F) and 1200°C (2,200°F)

» Decay: Fuel becomes consumed, fire intensity decreases
— Hazard indicators (temperature and heat fluxes) start to decrease
= Other terminology may include
— Pre-flashover fire

» Focus on life safety and sensitive targets

= In NPP, cables damage at 218°C (424°F) for thermoplastic cables
and 330°C (626°F) for thermoset cables

= Main focus of NPP analysis

— Post-flashover fire:
» Focus in structural stability and safety of firefighters
= Not generally an issue for NPP applications
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Compartment Fires
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Compartment Fires
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Sense of Scale

Room: 12 x 18 x 8 ft. high; open doorway

Data at 5.5 ft. height
Flami
| ,g?,?,}é‘,? Flashover
255 20,000 _ ;
000} l {1800 1800
~ 20} 60,000} 1 -
3 E 50,000} 41400 41400 E
z 15| & i B4 &
g | =40.000k 11000 {1000
g 10} 3 30,000 1776 B
(® . 20,000}- 4600 %-eoo T
" 10,000} 1200 F J200
et I § 1 T i
16 18 20 22 24 26 28 30 32 34 36

TIME (min.)
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Pressure Profiles & Vent Flows

N Pressure

P ELECTRIC POWER
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Pressure Profiles & Vent Flows




Pressure Profiles & Vent Flows

Under Normal Over
Pressurized Pressurized

11
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—A pi—o(o) —A pi—o(o) A pi—o(o)
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Hot Gas Layer or Smoke Layer

= Accumulation of hot gases in the
upper part of the room

= Mass: entrainment (~90%) and
combustion products (~10%)

= \/olume: entrainment, combustion
products, and expansion due to
energy added

» Temperature rise: expansion
generates a larger volume than
corresponding mass resulting in lower
gas densities.

= Conservation of mass and energy

12
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Hot Gas or Smoke Layer

Room size:
Simulation Results

~22X7x3.7m Upper Layer Height
Fire: ~1 MW 45
Door: 2 x2 m

o MAGIC

—o— CFAST

0 Data

0 200 400 600 800 1000 1200

Time [Sec]

13 l= ELECTRIC POWER
© 2015 Electric Power Research Institute, Inc. All rights reserved. E El RESEARCH INSTITUTE



Hot Gas or Smoke Layer

= Conservation of Mass
— Rate of change of mass in the control volume
= Accumulation
— Mass flow through the control surface
* Plume flow
» Supply and exhaust systems
» Flow through doors and windows

14
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Heat Transfer

=...Towalls
— Convection and radiation
— Conduction losses
=...To targets
— Convection and radiation

» Heat losses from the compartment include:
— Conduction through walls

— Convection (gas flow) and radiation escaping through openings and
vents

I: ELECTRIC POWER
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Heat Transfer

= Conduction

= Convection

= Radiation

16
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Objectives

* Fire PRA credits fire detection and suppression features
when appropriate

* The objective of this presentation is to briefly describe
typical detection and suppression features that are
credited
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Fire Detection

= Typical fire detection features credited in the Fire PRA
— Prompt detection (by plant personnel)
— Smoke detectors
— Heat detectors
— Flame/flash detectors
— Incipient detection systems
— Delayed detection
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Prompt Detection

Prompt detection applies when a fire occurs in the
presence of workers (often due to worker activities)

= Continuous fire watch
» Hot-work or other activity-specific fire watch
= Continuously manned rooms, e.g., the control room

Also applies to explosions

= Hydrogen releases leading to explosion
* High energy arc fault fires

I: ELECTRIC POWER
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Smoke Detectors

= Spot type smoke detectors are the most
common type of fixed fire detection

— lonization detection
— Optical density detection

» Generally, smoke particles must move
into the devices detection chamber for
the device to actuate

— Response is driven by convective flow of
fire products to the device

» Devices need power

— For NPP, generally have line power plus
backup battery

© 2015 Electric Power Research Institute, Inc. All rights reserved.
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Heat Detectors

= Heat detectors can be used in much the

Ceiling-mounted detector
same way smoke detectors are used ; :

— Localized heat detectors

— May be used in areas where smoke detector
not appropriate or simply overly sensitive

= Other examples of heat detectors:

— Sprinkler heads — a melting link releases the Locally—mountgd detectors

flow of fire suppression water

— Linear heat detectors — twisted wire pairs
where insulation melts easily causing a short
circuit and detection signal

P ELECTRIC POWER
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Heat Detectors (cont.)

= Two broad types of spot heat detectors:
— Temperature set-point — activates when temperature reaches set point

— Rate of rise — activates when the temperature is seen to increase at a rate
(degree per second) greater than set point

= Visually very similar, hard to tell apart by visual observation

(have to ask)
» Heat detectors (including sprinkler heads) are generally characterized by

a response time index (RTI) and an activation value (temperature or rate
of rise)

— RTI: a parameter describing how fast the device responds to the surrounding
gas temperature

P ELECTRIC POWER
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Flame detectors

= Not very common in NPP applications

= Generally associated with a very
specific fire hazard:

— A particular fire source in a location
where rapid detection is desired

= Devices are typically characterized by
the wavelength of light they are
sensitive to and the threshold
sensitivity value

— Can operate at very specific wave
length or over a very broad spectrum

— Very fast acting given a sufficient input
signal (they work at the speed of
light...)

]
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Incipient Detection

= Relatively new concept in fire detection

» Most common examples are based on air
sampling systems
— Condensation particular detectors
— Laser scattering particulate detectors

» Designed to detect trace pyrolysis products
during incipient stage of a fire (i.e., before
actual flames appear)

= Typically used where conventional fire
detectors can’t provide sufficiently rapid
response.

» The objective is to allow time for plant
personnel to prevent potential fire impacts

l= ELECTRIC POWER
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Delayed Detection

= Eventually any actual fire of the type we postulate will be detected

— If there is no fixed detection system present or fixed detection fails to
function then we credit delayed detection

= Roving fire watch
= General plant personnel (including roving security personnel)

= Control room indication

— The control room receives a process alarm and dispatches an operator
to inspect the situation.
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Fire Suppression

* Fire can be suppressed by:

— Cooling the burning fuel and
adjacent items

= e.g.: water spray
— Removing/displacing oxygen
=e.g.: CO,

— Separating burning surface
from impinging heat flux from
the flame

»e.g.: AFFF (Foam)

— Interfering with the chemical
oxidation process

= e.g.: Halon, dry chemical

11
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Fire Suppression vs. Control

* Fire suppression
— “Control and extinguishing of fires” [Reg. Guide 1.189]

» Fire control
— A controlled condition where the spread of the fire and its effects is contained.

* The primary objective is to estimate the time to fire control

— In the context of a fire PRA it is assumed that achieving fire control will lead to target-
set damage slow down significantly so that no further damage is realized.

— In most cases time to control and extinguishing are virtually the same. However, in
very few reported cases controlled fires were allowed to burnout.
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Fire Suppression

» We can and will credit multiple means of fire suppression as available in
a given situation:

— Prompt suppression (fire watch)
— Water based fixed systems:
= Automatic sprinklers
* Dry-Pipe/Pre-action sprinklers
* Deluge systems
— Gaseous suppression systems (automatic or manual activation)
= CO,
* Halon
— Manual suppression:
= Fire brigade
» General plant personnel (hand-held extinguishers)
» Manual activation of fixed suppression systems

13 I= ELECTRIC POWER
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Prompt Suppression

= Applies to hot-work fire watch in particular but...
— ...already factored into fire frequency

— hot work fires suppressed promptly by a posted fire watch are not counted in
fire frequency calculations

= Applies to continuous fire watch if they are trained and instructed
to suppress fires (e.g., rather than to simply report fires)

= For more general suppression by plant personnel quick response
to fires is factored into manual suppression timing curves (to be
discussed later)

— e.g., MCR operators are generally trained in the use of portable extinguishers
so MCR fire suppression curve is very aggressive...

14 I= ELECTRIC POWER
© 2015 Electric Power Research Institute, Inc. All rights reserve d. E El RESEARCH INSTITUTE



Wet Pipe Fire Sprinklers

* Most common of the water-based systems
= Fusible links at each discharge nozzle
= Water readily available (pipe is charged)

» May see full room coverage, localized zone
coverage, directed water spray in trays, ...

15
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Dry-Pipe/Pre-Action Sprinklers

= Similar to wet-pipe sprinkler but feed pipes are maintained dry

— There is an upstream shutoff valve that keeps the water away from sprinkler heads

= Either a fire detection system or manual actions open the shutoff
valve filling and pressurizing the feed pipes

— Turns the system into a wet system

» Fusible links at sprinkler heads still need to open from exposure to
heat from the fire before water spray starts
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Deluge System

= Similar to dry pipe sprinkler but all discharge nozzles are open (no
fusible link)

— Feed pipes are dry beyond a shut-off valve
= A fire detection signal or manual action opens the main shutoff valve

» All nozzles discharge water at the same time upon opening of the shutoff
valve

» Generally used for protecting high fire hazard sources
— Spray is often directed towards a specific hazard with potential for large fires
— e.g. a big oil tank or oil-filled transformer

= Generally involves very high water volumes since all heads are open
— Sprinkler heads will open more selectively depending on fire location and intensity
— Deluge systems spray all heads at once
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Carbon Dioxide

= CO, gas is used as a fire suppressant - displaces oxygen from the fire

= | ife safety considerations — displaces oxygen for humans as well as
the fire so it will Kill

— Look for warning signs on the doors

— If you are in a room with CO, suppression and the alarm goes off, get out
= System types:

— Automatic room flooding CO, - generally released after heat or flame detection, a
life safety alarm and delay time for evacuation of area

— Manual room flooding CO, — requires an operator or fire brigade personnel to
activate the system manually — still has time delay for personnel safety

— May also see CO,-based manual hose stations

» Room flooding systems must maintain proper suppression agent
concentration for a soak time of several minutes

— Typical room flooding goal is 60% by volume CO,
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Halon

» Halon interferes with the chemical oxidation process

= No life safety issues — does not displace oxygen, safe for use in
occupied space

= System types:

— Automatic room flooding — suppression agent is generally released after smoke or
heat detection and a life safety alarm and delay time

— Manual room flooding — requires an operator or fire brigade personnel to activate
the system after smoke detection

— Also used in hand-held extinguishers, but becoming more and more rare

» Must maintain proper suppression agent concentration for a soak time
(typically 15 minutes)

» Halon is not being manufactured any more and existing systems are
being phased out because of environmental considerations

— Fluorocarbon based product banned by the Montreal protocol on ozone depleting
substances
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Manual Fire Suppression

= Credited in most fire scenarios

* Includes both general plant personnel and the fire brigade

— Typical plants maintain a professional brigade of operators and other plant
personnel trained in advanced fire fighting techniques

— Some general plant personnel will likely have basic fire extinguisher training
» Manual fire suppression is triggered by fire detection event

— Approach assumes that fire suppression efforts begin as soon as a fire is detected,
but likelihood of fire suppression is based on time

= Typically begins with use portable extinguishers provided fire is not
too big

— This is not always successful and may take several attempts before fire is
suppressed

» Fire brigade will use water (fire hoses) if needed, but we assume
general plant personnel will not use a fire hose
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Passive Fire Protection

= Passive fire protection
refers to fixed features put
in place for reducing or
preventing fire
propagation.

= Such features include
coatings, cable tray
barriers, fire stops, self-
closing dampers,
penetration seals, self-
closing doors, and fire-
rated walls.

© 2015 Electric Power Research Institute, Inc. All rights reserved.
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Let’s talk about fire scenarios in a risk analysis...

= In fire PRA we look for and analyze fires that may:

— Cause an initiating event — an upset to normal at-power plant operations such
that reactor shutdown is required

— Damage mitigating equipment — that set of plant equipment that operators
would rely on to achieve safe shutdown

= To do this we:
— Identify fire sources,
— Analyze the potential impact of fires on the surroundings,
— Assess fire protection systems and features,
— Assess the plant and operator’s response to fire-induced damage

» The final result is expressed as a fire-induced core damage frequency
(CDF) — an estimate of the frequency of fires leading to core damage

P ELECTRIC POWER
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So whatis a Fire Scenario?

= A set of elements representing a fire event:

— The ignition source, e.g., electrical cabinets, pumps

— Intervening combustibles, e.g., cables

— Targets (e.g., power, instrumentation or control cables) whose fire-
induced failure may cause an initiating event and/or complicate
post-fire safe shutdown

— Fire protection features, e.g., automatic sprinklers
— The compartment where the fire is located

— A time line
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Fire Scenario Time Line

Timeline includes the following elements (not necessarily in this order):
Scenario starts with ignition of a fire in a specific fire source

Fire growth involving the affected fuel,

Heat transfer from the fire to other items within the zone of influence,
Propagation of the fire to other materials,

Damage to identified PRA targets (e.g., cables and equipment),

o a0 kw0 b~

Detection of the fire

—  Detection can actually occur before ignition given an incipient detection system...

~

Automatic initiation of suppression systems if present,
8. Manual fire fighting and fire brigade response,

9. Successful fire extinguishment ends the scenario.

I: ELECTRIC POWER
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Fire Scenario - Level of Detail

= |n practice, varying levels of detail are used to define the fire

scenarios in a typical Fire PRA.

— Level of detail may depend on initial stages of screening, anticipated risk

significance of the scenario

* |n principle, at any level of detail, a fire scenario represents a

collection of more detailed scenarios.

VCBT 10

j (NOTE 2)

M MOV-8

RHR
PUMEF,

RECIRC
HX

Screening

N

Detailed

HCBT 0

OTE 2)
VCBT 10
* (NOTE 2)

=)
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Fire Scenario Initial Screening Stage

= In the initial stages of screening, fire scenarios are defined

in terms of compartments and loss of all items within each
compartment.

— Assumes all items fail in the worst failure mode

— Detection and suppression occur after the worst damage takes
place

— Fire does not propagate to adjacent compartments

* In multi-compartment fire propagation analysis, a similar
definition is used in the initial screening steps for
combinations of adjacent compartments.
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Detailed Scenario Identification Process

" In the detailed analysis tasks, the analyst takes those fire
scenarios that did not screen out in the initial stage and
breaks them down into scenarios using greater level of
detail.

— Level of detail depends on the risk significance of the unscreened
scenario

— Details may be introduced in terms of . . .
» Sub-groups of cables and equipment within the compartment
» Specific ignition sources and fuels

* Fire detection and suppression possibilities
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Example — Screening Level

= At the screening level, a fire
in this compartment fails all
equipment and cables shown
In this diagram. i

= The fire is assumed to be - SR
confined to this room p— TR

TTTTTTTTTTTTTTTTTTTTTTT
VCBT: VERTICAL CABLE TRAY
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Example — Detailed Analysis

= At the detailed level, a fire in
this compartment fails a
specific sub-group of
components in this room.

* The fire may still be confined
to this room

Scenario #1

Scenario #2

AN

Scenario #3

\

DW-3

HCBT 0
(NOTE 2)

VCBT 10
/ (NOTE 2)
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Select and Describe Fire Scenarios

3 Selecting scenarios is dependent on the objectives of the fire risk
quantification

— How many fire scenarios are enough to demonstrate the objective?
— Which scenarios are the appropriate ones given objectives?
— What fire conditions are actually modeled?

— Analysis should represent a complete set of fire sources and conditions as relevant
to the analysis objectives

— A full-scope fire PRA tries to capture all fire scenarios that may represent
contributors to plant core damage risk

- Selection of scenarios is dependent on the hazard characteristics of the area
— Combustibles, layouts, fire protection

: The fire scenario should challenge the conditions being considered

— Can the fire cause damage? vs. Which fire can cause damage?
— Fires that don’t propagate or cause damage are generally not risk contributors

10 I= ELECTRIC POWER
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Select and Describe Fire Scenarios

11

1.

Scenarios begin with an ignition source — what/where does the fire
start and what are the fire characteristics

Consider intervening combustibles — fire propagation beyond the
fire source needs to be considered

There should be at least one damage target identified. Often it is a
set of damage targets rather than just one (e.g., a group of
important cables).

Include fire protection system and features (active or passive) that
may influence the outcome of the event (there is a pain/gain
decision point here)
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Select and Describe Fire Scenarios

12

Sometimes, multiple ignition sources or targets can be combined
into one scenario (e.g., a bank of cabinets all with the same cables
overhead)

Sketch the scenario on a compartment layout drawing and try to
qualitatively describe the conditions that a fire might generate. After
the analysis, compare this qualitative prediction with the modeling
results.

Do not neglect the importance of details such as ceiling
obstructions, soffits, open or closed doors, ventilation conditions,
spatial details (e.g., target position relative to fire source), etc.
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Scenario Quantification

General quantification of CDF is based on a five-part formula:

CDF.  =A-W-SF-P_-CCDP

scenario
A = Ignition frequency for the postulated ignition source group (e.g., pumps)

W = A weighting factor for the likelihood that the fire occurs in a specific ignition source (this
pump...) or plant location (this room...)

SF = A severity factor reflecting percentage of fires large enough to generate the postulated
damage if left unsuppressed

= P, = Non suppression probability — the probability that given the fire, it goes unsuppressed
long enough that the target set is damaged

CCDP = The conditional core damage probability — probability that given loss of the target
set, operators fail to achieve safe shutdown and the core is damaged.

P ELECTRIC POWER
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In practice, we often quantify scenarios in a
progression of more detailed steps:

= A fire in a specific plant location CDE_S ~ lg W 1-1-1

= ...Thatis severe enough to threaten CDF ~ 21 ‘W .SF-1-1
targets . & v

= ... That goes unsuppressed long - . ‘ .
enough to cause damage CDE; =~ ﬂ‘g Wi SE-F -1

= ...That prevents safe shutdown CDF, =~ /Ig -w.-SF-P_-CCDP
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Plant Partitioning
Scope (per 6850/1011989)

Task 1 covers the following topics:

* Plant Partitioning Analysis
— Define Global Analysis Boundary

— Partition into physical analysis units (PAUSs)
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Corresponding PRA Standard Element

» Task 1 maps to element PP — Plant Partitioning
— PP Objectives (per the PRA Standard):
» To define the global analysis boundary

» To define physical analysis units

© 2015 Electric Power Research Institute, Inc. All rights reserved.
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PP HLRs (per the PRA Standard)

* HLR- PP-A: The Fire PRA shall define global boundaries
of the analysis so as to include all plant locations relevant
to the plant-wide Fire PRA (1 SR)

* HLR-PP-B: The Fire PRA shall perform a plant
partitioning analysis to identify and define the physical
analysis units to be considered in the Fire PRA (7 SRs)

* HLR-PP-C: The Fire PRA shall document the results of
the plant partitioning analysis in a manner that facilitates
Fire PRA applications, upgrades, and peer review (4 SRs)



Support Task A: Plant Walkdowns
Just a Quick Note....

* You cannot complete a Fire PRA without walkdowns

= Expect to conduct a number of walkdowns, especially for key
areas (e.g., those analyzed in detail)

» Walkdowns can have many objectives and support many tasks:

— Partitioning features, equipment/cable mapping, fire ignition source
counting, fire scenario definitions, fire modeling, detection and
suppression features, operator actions HRA

* \Walkdowns are generally a team activity so coordinate them to
optimize personnel time and resources

» Take a camera and/or tablet if you can, keep good records
» Corresponding PRA Standard SR: PP-B7
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Plant Partitioning
General Comment/Observation

* The recommended practice for Task 1 has changed little
from prior methods.

— That means you can likely benefit from a previous analysis
= e.g., your IPEEE fire analysis

— However: watch out for new equipment/cables, new initiators when
screening

= May need to work closely with the cable routing experts to
ensure coordination among the plant partitioning schemes

— A naming convention is one important issue here
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Task 1: Plant Partitioning
Key Definitions: PAU vs. Fire Area/Zone

» PAUs are defined in the context of the Fire PRA only

— They become the basis for analysis management

* Fire Areas are defined in the context of your regulatory
compliance fire protection program

» Fire Zones are generally defined in the context of fire protection
features (e.g., detection, suppression, hazards)

— Fire zones have no direct meaning to the Fire PRA context and we
avoid using this term

= BTW...
— PAU is “standard-speak”
— 6850/1011989 used the term “compartments”

— We’ll use Compartments and PAUs interchangeably
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Task 1: Plant Partitioning
Task Objectives and Output

= There are two main objectives to Task 1:
1. Define the Global Analysis Boundary

* The maximum physical extent of the plant that will be
considered in the Fire PRA

2. Divide the areas within the Global Analysis Boundary into analysis
Physical Analysis Units

» The basic physical units that will be analyzed and for which risk
results will be reported

= Task output is the definition of these two aspects of the
analysis
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Internal vs. external in PRA space and the implications of the
Global Analysis Boundary

= The language here is changing!
= Historically we talked about “internal events” and “external events”

—Terms used to mean that the failures setting off an accident sequence
either occurred internal or external to plant systems/components

—Fire attacks equipment from the outside versus random failures that
occur within the system/component

—Historically, fire was referred to as an external event
» The PRA standard used a different split:

—Internal Hazards

—External Hazards
= Under the standard:

—Internal fires are an internal hazard

—External fires are an external hazard

P EEEEEEEEEEEEE
© 2015 Electric Power Research Institute, Inc. All rights reserved. C El EEEEEEEEEEEEEEEEE



Internal vs. external in PRA space and the implications of the
Global Analysis Boundary

= Key notion: The global analysis boundary defines the split between
internal and external fires

—This notion has now been accepted as a part of the standard at least
in the context of fire

= SO going forward...
—We are talking about internal fires...

—Which are part of the internal hazard group

= Be careful - folks will still refer to fires as an external event
—Not a big deal, but don’t be surprised
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Task 1: Plant Partitioning
Task Input

* No real input from any other task is required (it is, after all,
Task 1)

— You may also find yourself iterating back to this task later in the
analysis — that is fine, just be careful to track any changes

— A word of Caution: Many things will be traced and assigned based on
the fire compartments. If you change partitioning decisions later, there
are consequences relative to information tracking

*\What do you need to support this Task?
— Layout drawings that identify major structures, walls, openings
» Drawings that identify Fire Areas are especially helpful
— Plan and elevation drawings are helpful
— You will need to do a walkdown to support/verify decisions

11 I= EEEEEEEEEEEEE
© 2015 Electric Power Research Institute, Inc. All rights reserved. E El EEEEEEEEEEEEEEEEE



12

Task 1: Plant Partitioning
Task Breakdown in Steps

= Task 1 has four steps:
Step 1: Selection of Global Plant Analysis Boundary
Step 2: Plant Partitioning
Step 3: Compartment Information Gathering and Characterization

Step 4: Documentation

© 2015 Electric Power Research Institute, Inc. All rights reserved. EI El
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Task 1: Plant Partitioning
Step 1:Selection of Global Plant Analysis Boundary

= We generally recommend a liberal definition of the global analysis
boundary

— It's OK to include obviously unimportant areas, we’ll drop them quickly, but
better to do this formally

— Alternative is to explain choices/exclusions in your documentation

» Encompass all areas of the plant associated with both normal and
emergency reactor operating including support systems and power
production

= Sister Units should be included unless they are physically and
functionally separated

— Separated means: no shared areas, no shared systems, no shared
components and associated cables, no conjoined areas (e.g., shared walls)

13 I= ELECTRIC POWER
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Task 1: Plant Partitioning
Selection of Global Plant Analysis Boundary

= Begin with your protected area: everything within the

protected area should be included in the Global Analysis
Boundary

— In most cases that will capture all risk-important locations

" |f necessary, expand the boundary to include any other

locations that house equipment or cables identified in
Tasks 2 or 3

— This is the Task 2/3 link mentioned before!

— Example: If your offsite power related equipment is outside the

protected area, you need to expand the Global Analysis Boundary
to capture it

» Corresponding PRA Standard SR: PP-A1
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Task 1: Plant Partitioning
Selection of Global Plant Analysis Boundary

* By the end of the analysis, you need to provide a fire risk
disposition for all locations within the global analysis
boundary

— Some locations may screen qualitatively

— Some may screen quantitatively

— Some will be quantified in detail

— Bottom line — all locations need some resolution
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Task 1: Plant Partitioning
Step 2: Plant Partitioning (into PAUs)

*\We divide the Global Analysis Boundary into smaller
pieces (PAUSs) for the purpose of tracking and reporting
risk results

= A PAU can be many things, but when it comes down to it, a
PAU is:

A well-defined volume within the plant ... that is
expected to substantially contain the adverse effects of
fires
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Task 1: Plant Partitioning
Plant Partitioning into Fire Compartments

» This task is often subjective — judgment is required

= |deally: PAU = Room

— Locations that are fully defined by physical partitioning features
such as walls, floors, and ceilings

» But the ideal is not the only solution - other features and
elements may be credited in partitioning
— That’s where judgment comes into play!

— You must decide what to credit as a partitioning feature and then
document and justify your choices

— Cable routing should be an influencing factor
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Task 1: Plant Partitioning
Plant Partitioning into Fire Compartments

= A good starting point is your Fire Areas, but you are by no
means limited to equating PAUs to Fire Areas

— A Fire Area may be partitioned to two or more PAUs
— You may combine two or more Fire Areas into a single PAU

*In the end: { ) PAUs } = { Global Analysis Bnd. }

— No omissions
— No overlap

» Corresponding PRA Standard SR: PP-B6
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Task 1: Plant Partitioning
Plant Partitioning into Fire PAUs

» So what can you credit as a partitioning feature:
— Bottom line: anything you can justify — see text for examples

* You do need to justify your decisions with the exception of
structural elements maintained as rated fire barriers

— In the end, your partitioning decisions should not affect the risk
results, but . .

— Don’t go crazy — there are disadvantages to over-partitioning

— General guideline: try to minimize the need to develop and analyze
multi-compartment scenarios

» Corresponding PRA Standard SR: PP-B1
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Task 1: Plant Partitioning
Plant Partitioning into Fire PAUs

" |t is not recommended to partition based on:
— Radiant energy shields
— Beam pockets
— Equipment obstructions (e.g., pipes)

— Per PRA Standard: raceway wraps and other localized fire barriers
may not be credited in partitioning

= Spatial separation credited as partitioning scheme requires
justification.

— e.g., significant separation distances with no ignition sources, very
limited fuel loads

» Corresponding PRA Standard SRs: PP-B2, B3, B4 and B5
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Task 1: Plant Partitioning
Plant Partitioning into Fire PAUs

* Final Point: You need a system to identify/name your PAUs

— Something both consistent and logical — but whatever works for
your application and plant

— Often makes sense to use Fire Area designations in naming
schemes

= Example: Fire Area 42 might become PAUs 42A, 42B...
— Use your naming scheme consistently throughout the Fire PRA

* Documentation, equipment/cable routing database, etc.
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Task 1: Plant Partitioning
Step 3: PAU Information Gathering

= | ater tasks need certain information about each PAU.
They include, but are not limited to the following:

— PAU boundary characteristics

— Ventilation features, and connections
— Fire protection features

— ldentification of all adjacent PAUs

— Access routes to the fire PAU
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Task 1: Plant Partitioning
PAU Information Gathering

= A thorough plant walkdown is needed to confirm and
gather information about each fire PAU

= |t is unlikely that all information will be collected and
documented during the first pass

= As work on fire PRA progresses, additional information, as
needed, is collected and documented

» This task, similar to other later tasks, is expected to be
revisited and PAU definitions modified as additional
iInformation is obtained
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Task 1: Plant Partitioning
Summary

= Plant Partitioning is the first task of the fire PRA

= Task is done in three steps:

1. Define global plant analysis boundaries to include all those area
that will be addressed by the fire PRA

2. Define fire PAUs in such a way that all the areas identified in the
preceding step are covered, there are no overlaps and there is a
balance between size and number of PAUs selected

3. Confirm the selected PAUs through a walkdown and record
important information that will be used later.

24
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Mapping HLRs & SRs for the PP Technical Element to
NUREG/CR-6850, EPRI 1011989

Technical HLR | SR 6850 Sections Comments
Element
PP A | The Fire PRA shall define global boundaries of the analysis so as to include
all plant locations relevant to the plant-wide Fire PRA
1 |1.5.1 |

B The Fire PRA shall perform a plant partitioning analysis to identify and define
the physical analysis units to be considered in the Fire PRA

1 1.5.2
2 1.3.2and 1.5.2
3 1.3.2 and 1.5.2
4 1.3.2and 1.5.2 Cable raceway fire barriers are not explicitly
addressed in 6850

1.3.2and 1.5.2
1.5.2
1.4.3,1.5.2 and
1.5.3

C | The fire PRA shall document the results of the plant partitioning analysis in a
manner that facilitates Fire PRA applications, upgrades, and peer review

n222(%)

1 n/a The requirements within these SRs are not

2 n/a specifically addressed in Section 1.5.4 of 6850.
3 1.54

4 1.5.2

P ELECTRIC POWER
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Fire Ignition Frequencies
Purpose of Task 6 per NUREG/CR-6850 / EPRI 1011989

» Task 6 establishes fire source ignition frequencies

— How often do we expect to see a particular type of fire or a fire in a
particular location?

= Just for reference — what sort of numbers are we talking about?
— Plant-wide frequency for all fire sources is roughly*
0.2 fire events per year (or 2.0E-1/yr)
— That is roughly* one fire somewhere in the plant every 5 years

— Most of these fires are small, quickly suppressed, and cause no damage
beyond the ignition source

— We are still interested in these events because we’'ll ask the risk question:

“What would happen if a similar fire occurs that is not quickly suppressed and/or
in a critical location more sensitive to fire damage?”

*Emphasis on roughly - this is an illustrative discussion only. The actual plant wide fire frequency depends on

which source you use. The original 6850/1011989 value was 2.89E-1/ry. We'll talk about these topics as we
continue...

I: ELECTRIC POWER
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Corresponding PRA Standard Element

» Task 6 maps to element IGN — Ignition Frequency

— IGN Objectives (per the PRA Standard):

» Establish the plant wide frequency of fires of various types on a

generic basis for NPPs
= Tailor the generic fire frequency values to reflect a particular plant

= Apportion fire frequencies to specific physical analysis units, and/or

fire scenarios

I: EEEEEEEEEEEEE
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IGN HLRs (per the PRA Standard)

*HLR IGN-A: The Fire PRA shall develop fire ignition
frequencies for every physical analysis unit that has not
been qualitatively screened (10 SRs)

* HLR IGN-B: The fire PRA shall document the fire frequency
estimation in a manner that facilitates Fire PRA applications,
upgrades, and peer review (5 SRs)



Fire Ignition Frequency Evolution

EPRI 1011989 NUREG/CR-6850
Final Report

EPRI/NRC-RES

Fire PRA Methodology for Nuclear
Power Facilities

Volume 2: Detailed Methodology

NUREG/CR-6850 and
EPRI 1011989

Original methodology
and frequencies

EPRI 1019259 NUREG/CR6850 Supplement 1

Fire Probabilistic Risk Assessment
Methods Enhancements

Supplement 1 to NUREG/CR-6850 and EPRI 1011989

Electric Power Research Insffufe
340 Hil e
Palo Alto,

* USNRC

P

NUREG/CR-6850 S. 1
and EPRI 1019259

Updated counting
guidance and updated
frequencies from FAQ
process

EPRI 1022994 and EPRI 1025284

Improved fire frequency calculation

methodology and fire event collection

and classification through 2009.

EPHR | i it

The Updated Fire Events Database: Description of
Content and Fire Event Classification Guidance

2013 TECHNICAL REPORT

—

EPRI |,

An Impi ical App! for
Fire Ignition Frequencies

1022994

© 2015 Electric Power Research Institute, Inc. All rights reserved.

NUREG-2169 EPRI 3002002036

Nuclear Power Plant Fire
Ignition Frequency and
Non-Suppression Probability
Estimation Using the Updated
Fire Events Database

United States Fire Event
Experience Through 2009

U.S. Nuclear Reg Electric
Office of Nuclear Regulatory Research 3420 Hillview Avenue
Washington DC 20555-0001 Palo Alto, CA 94304

R USNRC EPrl|igiots.

NUREG-2169 and
EPRI 3002002936

Updated methodology
with additional decade
of data event data.
Most recent fire
frequencies for at-
power and LPSD.
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Summary of Available Reference Material

* NUREG/CR-6850/EPRI 1011989
— Overall methodology
— General bin descriptions
= Supplement 1
— Chapter 3: Ignition source counting guidance for electrical cabinets FAQ 06-0016

— Chapter 4: Ignition source counting guidance for high-energy arcing faults
(HEAFS) FAQ 06-0017

- gg%%t% 5: Ignition source counting guidance for main control board (MCB) FAQ

— Chapter 6: Miscellaneous fire ignition frequency binning issues FAQ 07-0031

- ocglgpter 7: Bus duct (counting) guidance for high energy arcing faults FAQ 07-
5

— Chapter 10: Fire ignition frequency FAQ 08-0048
» NUREG-2169 / EPRI 3002002936
— Updated fire ignition frequencies through 2009
= Recent FAQs
— FAQ 12-0064 Hot work/transient fire frequency: influencing factors
— FAQ 14-0008 Main control board treatment (counting)

I: ELECTRIC POWER
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Fire Ignition Frequencies
High level summary

= General approach

— Fire event data

— Sources of data

— Types of ignition sources
= Task 6 procedure

— Step by step

— Counting example

P ELECTRIC POWER
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Fire Ignition Frequencies
A note on terminology

=\\Ne have noted that different documents use different terms
for the physical plant partitions used in fire PRA

— NUREG/CR-6850 / 1011989 refers to “fire compartments”
— The standard refers to “physical analysis units” or PAUs

* This makes no difference to Task 6 fire frequency analysis

— You are developing fire ignition frequencies for whatever set of fire
locations you have defined

— Whether you call it a fire area, fire compartment or PAU does not
really matter — it is what is in that location that counts

* The total frequency for any location is simply the sum of the
frequencies for the ignition sources present in that location

— Once you get to the scenario level (individual fire sources or fire
source groups) the differences are totally irrelevant

* You are estimating fire frequency for a very specific ignition source

I: EEEEEEEEEEEEE
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Fire Ignition Frequencies
General approach

* The generic fire frequencies are based on the collective
experience of the US nuclear power industry

— EPRI Fire Event Database (FEDB) included data from 1968 through
December 2000 including over 1400 records

— EPRI published the Updated Fire Events Database in 2013 extending the
collective experience through 2009 (approximately 2000 records)

» Although the database quality and supporting information has
advanced in the Updated FEDB, there are still some limitations
— Inconsistent reporting practices — reporting has been largely voluntary

— Uneven data collection — different folks at different times have added data
using different sources and bases

— Completeness of event descriptions — reports tend to focus more on plant
response to event than the details of fire

* [ndustry data collection through INPO can help enhance future
data collection efforts through a standardized reporting process

I: EEEEEEEEEEEEE
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Fire Ignition Frequencies
Fire Event Data

* |n the end each event is “binned” considering four primary factors
— Was it a risk-relevant fire (potentially challenging or greater)?
— What was the fire source?
— How was the fire put out?
— How long did the fire last?

= The historical fire event set is used to estimate generic fire frequencies
—  Generic frequencies are in events/reactor-year
— Numbers are for one unit (i.e., frequency plant-wide for a single plant unit)

= Event sources (* indicated as primary source for Updated FEDB)
— Mandatory reporting to NRC*
= Licensee event reports (LERS)
= Event notifications (ENs)
— Comprehensive NRC records search
— Voluntary reporting to industry sources
*  Nuclear Energy Insurance Limited (NEIL) and American Nuclear Insurers (ANI)
— Ad-hoc additions based on specific PRA studies
» |PEEE analysis during early to mid 1990s
— Plant fire reports*

= |ndividual follow up for key events or for events requiring additional information

Corresponding PRA Standard SRs: IGN-A1, IGN-AS5, & IGN-A10

P ELECTRIC POWER
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Fire Events Database Screening

Request CR “List” for Key Words
(2,000 - 4,000 / unit)

. = input from utilities required

Owner’s Groups Perform
Screening Review

A = Audit (NRC)
Request CRs for Probable

Fires 102 units responded to #1
(75 - 125 / unit)

EPRI Screen for )
Potential Significance 85 units responded to #3

100 units responded to #2

Important

Existing FEDB Site Follow-up for
Fire Events “Real Fires”

(0 — 5/ unit) (10 — 15 / unit)

EPRI

Categorize Events in New

Important FEDB
_ ] Fires
Potentially Challenging and (0-3/unit)

Challenging Fires

11 l= ELECTRIC POWER
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Fire Ignition Frequencies
Event Data Analysis

» EPRI 1025284 contains extracted fire event information including:
— Fire ID: A unique identifier for record
— Event Date: Date of fire event
— Disposition: Describes classification of fire either:
= challenging
= potentially challenging
= not challenging
» undetermined (NC-PC)
» undetermined (PC-CH)
= not evaluated
— Five reports are available each with different attributes including:
= fire summary
= fire attributes
= fire severity evaluation
= fire timeline
= plant response

I: EEEEEEEEEEEEE
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Fire Ignition Frequencies
Event Data Analysis

* Fire Summary

— Event description / review
comments

— Qutside PA? Y or N
— Plant area / Building

— System / Component /
Component Group

— Voltage (and current if
available) or horsepower (and
rating)

= Fire Attributes
— Fire cause
— Combustible
— Fire type
— Observed smoke, temperature
— Extent of damage

© 2015 Electric Power Research Institute, Inc. All rights reserved.

= Fire Severity

— Automatic determination of fire
events based on severity algorithm

— Standard override (if disagreed with
algorithm classification)

= Fire Timeline

— Time at ignition, discovery, report,
brigade response, fire control,
extinction, and scene release

— Detection method and performance

— Suppression method and
performance

* Plant Response

— Mode and power level pre and post
fire
— Power effect

EEEEEEEEEEEEE
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Fire Ignition Frequencies
Event Data Analysis

* For each event, information was reviewed and the following

14

were established

Raw info from event reports:

— Fire event date

— Plant type (i.e., PWR vs. BWR)

— Plant status (operating mode)

— Fire location

— Fire cause

— Initiating equipment and combustibles
— Detection and suppression information
— Severity related information

— Event description (narrative)

Derived info from event analysis:

— Potentially challenging?

— Fire location

— Ignition source type

— Plant operating mode

— High energy arc fault (Y/N)

— Detection and suppression data
= Who put fire out?

Fixed system performance

Prompt suppression (Y/N)

Assign to one suppression curve

Fire duration

I: ELECTRIC POWER
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Not all events in the database are risk-relevant
Identification of the events that “count” to risk

= Challenging (CH) fires that had an observable and substantive effect on
environment outside the ignition source

» Potentially challenging (PC) fires are those that could have grown or
caused damage under foreseeable alternate circumstances
— May be potentially challenging even if no damage occurred

— Ask: what could happen given the same sort of fire in a different location, failures
of fire protection defense in depth, or delays in successful intervention?

= Non-challenging (NC) fires that did not cause or would not have caused
adjacent objects or components to become damaged regardless or
location for essentially any amount of time. These fires are not counted in
frequency

— Not a location of interest to PRA (e.g., parking lot fires, off-site fires...)
— Ocecurred during plant construction
— Case specific rules such as:

= Hot work fires suppressed by a fire watch using a single extinguisher

= “Smoked” component reports (e.g., a “burned out relay” with no suppression
needed, no signs of damage beyond that one failed component)

= Some event records we simply could not tell (Undetermined (U PC-CH or
U NC-PC)

ELECTRIC POWER
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Fire Ignition Frequencies
Counting the fire events

* For EPRI 3002002936 / NUREG-2169 frequencies:

— Challenging, potentially challenging, and undetermined (PC-CH) fires
count as one event each

— Undetermined (NC-PC) fire events count as 0.5 events
» For original and supplement 1 frequencies:

— Potentially challenging events count as one event each

— Weighted the unknowns to get final event count, so

= We assume that resolution of all unknowns would yield the same split
between PC and NC as we got for those events we could resolve

= |f we had 100 raw events in a bin...

= We classify 30 as non-challenging...

= We classify 40 as potentially challenging...
» The other 30 were unknown...

= Each unknown event would be weighed based on ratio of PC to total
resolved: W =[40+(40+30)] = 4/7

= So for this example our total event count would be:
57.1 = [40 + 30xW)]

16 I= EEEEEEEEEEEEE
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Fire Ignition Frequencies
Assumptions

* The model developed for estimating fire ignition frequencies is
based on the following assumptions
— The generic frequencies are fire events per reactor year per operating
unit
— Frequencies remain constant over time

— Each fire event is assigned to an Ignition Source Bin and frequencies are
calculated for each bin

» See Table 6-1, Bins 1-37 (electrical cabinets, motors, pumps)

— Total unit-wide ignition frequency for each ignition source bin is the same
for all units in the US fleet

= Unit A at Plant X has the same plant-wide frequency of electrical
cabinet fires as Unit B Plant Y

— Within a plant, the ignition frequency is the same for each individual
member of a given ignition source bin

= At Unit A of Plant X, each individual electrical cabinet is assigned the
same fire frequency (frequency of cabinet A = frequency in cabinet B)

17 I=
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Fire Ignition Frequencies
Available data

* There are now three sources of fire ignition frequency data
— NUREG/CR-6850 and EPRI 1011989 (2005)

= Original fire PRA methodology data for fire ignition frequencies
through 2000

— EPRI 1016737 / Supplement 1 / FAQ 08-0048 (2008)

= Update of original fire ignition frequencies that considered potential
industry trends (i.e., towards reduced fire frequencies)

» EPRI / industry proposed that some ignition source bin frequencies
have decreased based on analysis of post 1990s data

* This set weights the more recent data (1991 forward) more heavily
— EPRI 3002002936 / NUREG-2169 (2014)
* Included additional decade of fire event data (through 2009)

» Improved methodology / different calculations for sparse versus
medium or dense event sets
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Fire Ignition Frequencies
Generic data sources — NUREG/CR-6850 & Supplement 1

* NUREG/CR-6850
— Included data from 1965-2000 time period
» Event details are limited and typically uninformative on fire attributes

= Consider events prior to the implementation of Appendix R fire protection
programs

* FAQ 08-0048 / Supplement 1 / EPRI 1016735 frequencies

— Review of data set (1965-2000) supported reduced frequencies for most ignition
source bins post 1990

— If using this set, review the NRC staff position on FAQ 08-0048 (ML092190457)

» The fire PRA and plant change evaluations must evaluate sensitivity of the risk
and delta-risk results to change in fire frequency values (i.e., difference in
results using original versus revised values)

» |dentify cases where the results sensitivity evaluation indicates a change in risk
significance based on values used

— e.g., what is acceptable with the new frequencies might not be acceptable
with the original frequencies

» For these cases the licensee must consider measures to provide additional
defense-in-depth

— FAQ likely to be rescinded for use in risk-informed applications

19 |= ELECTRIC POWER
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Fire Ignition Frequencies
Generic data sources —- NUREG-2169

*NUREG-2169 / EPRI 3002002936
— Published in December 2014
— Included additional ten years of US fire event experience
— Implemented methodology changes per EPRI 1022994
— Split data into three time periods
* 1968-1990 — used to develop prior

» 1990-1999 — used as update period for sparse bins (20 year
update)

= 2000-2009 — used as update period for medium and dense bins (10
year update)

— Fire event density determined by 2000-2009 time period
= Sparse bins (< 2.5 events)
* Medium or dense bins (> 2.5 events)
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Fire Ignition Frequencies
Generic data sources —- NUREG-2169

Bin Location Ignition Source Power FPRA Counts
Modes
1968-1989 | 1990-1999 | 2000-2009
14 Plant-Wide Electric motors AA 6.5 4 45
Components
15 Plant-Wide Electrical cabinets AA 64.5 295 255
Components (non-HEAF)
16.a | Plant-Wide HEAF for low-voltage AA 0.5 0 0
Components electrical cabinets
(480-1000 V)
16.b | Plant-Wide HEAF for medium- AA 1 25 2
Components voltage electrical
cabinets (>1000 V)
16.1 | Plant-Wide HEAF for segmented AA 5 0 2
Components bus ducts
16.2 | Plant-Wide HEAF for iso-phase AA 2 0 1
Components bus ducts
17 Plant-Wide Hydrogen tanks AA 3 1 4
Components
18 Plant-Wide Junction boxes AA 2 1 3
Components
19 Plant-Wide Miscellaneous AA 4.5 0 4
Components hydrogen fires
20 | Plant-Wide Off-gas/Ha BP 225 25 0
Components recombiner (BWR)
21 Plant-Wide Pumps AA 325 14 23
Components
21
© 2015 Electric Power Research Institute, Inc. All rights reserved. El:'al
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Fire Ignition Frequencies
Comparison of generic data sources

= Total sum of all bins
— NUREG/CR-6850 EPRI 1011989 2.89E-01
— EPRI 1016735 1.50E-01
— Updated FEDB 2.10E-01

™ Mean (New FEDB, DEP-3)

= Mean (1016735)
3.50E-02

3.00E-02

2.50E-02

2.00E-02

1.50E-02 -

1.00E-02 -

>.00E-03

).00E+00
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Fire Ignition Frequencies
A note on nomenclature

= Fire frequency = A = (fire ignition events) / (specified time period)
— Time period of interest is either a reactor year (ry) or calendar year (cy)
— We generally work on an ry basis (more on this a bit later)

= You will see subscripts that designate location and/or source type
— Acr = fire frequency for the main control room...
— My = fire frequency for hot work in location “J ” ...
— Be careful because subscripts are context driven

» \We can estimate frequency at many levels of detail
— The entire plant (e.g., the generic tables in 6850/1011989...)
— A building
— APAU

— Ultimately we often want frequency for a specific fire ignition source in a
specific location
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Fire Ignition Frequency
Ignition source binning differences

= Caution — fire ignition source bin numbers and frequency
basis for electrical cabinet HEAFs vary among the
frequency data sets

Mapping of electrical cabinet HEAFs by source document

Fire source
binning basis:

NUREG/CR-6850 / EPRI
1011989

(based on event set 1965-

2000)

Supplement 1 / FAQ 08-0048
and EPRI 1016735
(heavily weighted 1990s data)

NUREG-2169 / EPRI 3002002936
(sparse event set with 20 year update
and legacy data used for prior)

One bin for all Bin 16 Bin 15.2 Not available
cabinet HEAF

Split bins for .

cabinet HEAF Bins 16.a and 16.b Not available Bins 16.a and 16.b
based on (Supp.1 Chapter 4)

voltage level

24
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Fire Ignition Frequency
Ignition source binning differences

= Caution — there are two sets of frequency values for bus

ducts

Mapping of electrical bus duct HEAF frequency sets by source document

Fire source binning
basis:

NUREG/CR-6850 / EPRI
1011989

(based on event set 1965-
2000)

Supplement 1 / FAQ 08-0048
and EPRI 1016735
(heavily weighted 1990s data)

NUREG-2169 / EPRI
3002002936

(sparse event set with 20 year
update and legacy data used
for prior)

Bus Duct HEAFs

FAQ 07-0035 (Supp. 1 Ch. 7)
No bin numbers provided

Bins 16.1 and 16.2

Bins 16.1 and 16.2

© 2015 Electric Power Research Institute, Inc. All rights reserved.
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Fire Ignition Frequencies
General approach

= Start with pre-calculated unit-level generic fire ignition frequencies
(Ais)
» These are given for roughly 40 ignition source bins, for example:
= Bin 21: general pump fires = 2.72E-02/ry

= About 1 fire every 37 years...

Bin 15: general fires in electrical cabinets = 3.0E-2/ry
= About 1 fire every 100 years...
Bin 37: transient fuel fires in the turbine building = 6.71E-03/ry
= About 1 fire every 150 years...
Bin 4: main control board (MCB) fires = 4.91E-3/ry
= About 1 fire every 205 years...
Bin 1: battery fires = 1.96E-4/ry
= About 1 fire every 5000 years...
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Fire Ignition Frequencies
General approach

= \We then distribute (partition or apportion) the unit-level
frequency to suit needs of a scenario analysis

« Again, to a building, room, PAU, or to individual members of the
ignition source bin

» Some bins are partitioned by population, others by location

» Fixed ignition sources we generally count and apportion based on
local population versus plant-wide population

» How many are “here” versus total in the “plant”

= Exceptions: cables and junction boxes (more later)
* Non-fixed ignition sources are apportioned by location

* Hot work and transients

= Qualitative weighting factor method

= \We will cover details of both approaches
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Fire Ignition Frequencies
General approach

= The fire frequency for a location (e.g., a PAU) or for a scenario is the
simple sum of the fire frequencies for each ignition source present in the
location or that contributes to the scenario:

A = Xiz1 Aisi Wy si

Where:
A, : Firefrequency for location J
n . Total number of unique ignition sources in location/scenario J

As; : Plant-wide fire frequency for ignition source bin “i” (1S))
W, si : Ignition source weighting factor for IS; in location/scenario J

= Corresponding PRA Standard SR: IGN-A7

28 I= ELECTRIC POWER
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Fire Ignition Frequencies
General approach

* There is a second weighting factor to consider for some

cases:
A= Xiz1 Aisi - Wyisic W

=\, is a location weighting factor used only for shared
locations at multi-unit sites under specific conditions

— Common applications: turbine building and main control room
* There may be others...

— For shared locations, you may need to double (or triple) the fire
frequency to reflect contributions from multiple plant units

= We will cover this under Step 7
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Fire Ignition Frequencies

= \What are some examples of NPP fire ignition sources?

- _‘»AE FERENNNEEONND
- = .;L- -T' I -

Reactor vessel

Photo from: http://newenergyandfuel.com/wp-content/uploads/2013/01/Nuclear-Plant-Block-Diagram.gif
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Fixed Fire Ignition Sources

= Batteries

= Reactor Coolant Pumps
= Main Control Board

= Diesel Generators

= Air Compressors

= Battery Chargers

* Dryers

= Electric Motors

= Electrical Cabinets

= High Energy Arcing
Faults

» Hydrogen Tanks
= Misc. Hydrogen Fires

© 2015 Electric Power Researc|

= Off-gas/H? Recombiners
" Pumps

» RPS MG Sets

= Transformers

= Ventilation Subsystems

= Yard Transformers

= Boilers

» Main Feedwater Pumps

» Turbine Generator Excitor
* Turbine Generator Hydrogen

= Turbine Generator Oil

EEEEEEEEEEEEE
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Fire Ignition Frequency
Non-countable sources

= PWR Containment

— Transients and Hotwork

» Reactor / Control / Auxiliary Building
— Cables fires caused by welding and cutting
— Transient fires caused by welding and cutting
— Transients

= Turbine Building
— Cables fires caused by welding and cutting
— Transient fires caused by welding and cutting
— Transients

= Plant-Wide Locations
— Cables fires caused by welding and cutting
— Transient fires caused by welding and cutting
— Transients

= All Locations

— Self ignited cables fires
— Junction boxes

32
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Fire Ignition Frequencies
Plant Level Ignition Source Bins (Table 6-1)

Table 6 -1
Fire Frequency Bins and Generic Frequencies

. Generic Split Fractions for Fire Type
ID Location Ignition Source Mode | Freq
(Equipment Type) (per rx yr) Electrical| Oil |Transient|Hotwork|Hydrogen HEAF'
1 | Battery Room Batteries All 7.5E-04 1.0 0 0 0 0 0
2 | Containment (PWR) Reactor Coolant Pump Power| 6.1E-03 0.14 0.86 0 0 0 0
4 | Control Room Main Control Board All 2.5E-03 1.0 0 0 0 0 0
8 | Diesel Generator el Generators All 2.1E-02 0.16 |0.84 0 0 0 0
Room
11 | Plant-Wide Cable fires caused by Power | 2.0E-03 0 0 0 1.0 0 0
ftting
Ignition Frequency Bin
All | 4.6E-03 1.0 0 0 0 0 0
Components
15 | Plant-Wide Electrical Cabinets All 4.5E-02 1.0 0 0 0 0 0
Components
20 | Plant-Wide Off-gas/H2 Recombiner Power | 4.4E-02 0 0 0 0 1.0 0
Components (BWR)
27 | Transformer Yard Transformer — Catastrophic2 Power| 6.0E-03 1.0 0 0 0 0
32 | Turbine Building Main Feedwater Pumps Power | 1.3E-02 0.11 0.89 0 0 0 0

1. See Appendix M for a description of high-energy arcing fault (HEAF) fires.

2. See Section 6.5.6 below for a definition.

Note that these slides use the original 6850/1011989 frequency table, not the updated table
from the supplement or EPRI 3002002936 / NUREG-2169.
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Fire Ignition Frequencies
Plant Level Ignition Source Bins

ire Frequency Bins and GemMsgic Frequencies

lanition S Generic Split Fractions for Fire Type
. gnition Source Fre
ID Location Equipment Type) Mode (per rqur) Electrical| Oil |Transient|Hotwork|Hydrogen|HEAF'
N Battery Room 'étteries All | 7.5E-04 1.0 0 0 0 0 0
2 | Containment (PY¥R) Reactor Coolant Pump Power| 6.1E-03 0.14 0.86 0 0 0 0
4 | Control Room Main Control Board All 2.5E-03 1.0 0 0 0 0 0
8 | Diese| 0.16 |0.84 0 0 0 0
Room
11 | Plant- 0 0 0 1.0 0 0
Comp ID Location
14 | Plant- 1.0 0 0 0 0 0
Com
i 1 |Battery Room
15 | Plant- 1.0 0 0 0 0 0
Comp 2 |Containment (PWR)
20 | Plant{ 0 0 0 0 1.0 0
Comp 4 | Control Room
27 | Trans] . 1.0 0 0 0 0
8 |Diesel Generator Room
32 | Turbin 0.11 0.89 0 0 0 0
1. See AppendiX MTor a description of high-energy arcing fau res.

2. See Section 6.5.6 below for a definition.

Note that these slides use the original 6850/1011989 frequency table, not the updated table
from the supplement.
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Fire Ignition Frequencies
Plant Level Ignition Source Bins

Table 6 -1
Fire Frequency Bins and G#€neric Frequencies

. Generic Split Fractions for Fire Type
ID Location Ignition Source Mode | Freq
(Equipment Type) (per rx yr) Electrical| Oil |Transient|Hotwork|Hydrogen HEAF'

1 | Battery Room 7.5E-04 1.0 0 0 0 0 0
2 | Containment (PWR) 6.1E-03 0.14 0.86 0 0 0 0
4 | Control Roggm 2.5E-03 1.0 0 (0] (0] 0 0
8 | Diesel G¢
Room
nreewd | ID Location Ignition Source
Compone (Equipment Type)
14 | Plant-Wid .
Compone 1 |Battery Room Batteries
15 | Plant-Wid .
Compone 2 | Containment (PWR) Reactor Coolant Pumps
20 | Plant-Wid .
Compone 4 | Control Room Main Control Boards
27 Transfornl ] ]
——] 8 |Diesel Generator Room Diesel Generators
urpine
1. See Appendix M ||

2. See Section 6.5.6 below for a definition.

Note that these slides use the original 6850/1011989 frequency table, not the updated table
from the supplement.
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Fire Ignition Frequencies
Plant Level Ignition Source Bins

Table 6 -1
Fire Frequency Bins and Ge quencies
lanition S Generic Split Fractions for Fire Type
. gnition Source
ID Location (Equipment Type) Mode (p;rfqur) Electrical| Oil |Transient|Hotwork|Hydrogen|HEAF'
1 | Battery Room Batteries All 7.5E-04 1.0 0 0 0 .
2 | Containment (PWR) Reactor Coolant Pump Power 6.1EN 0.86 0 0 0
4 | Control Room Main Control Board All 2.5F-03 Q 0 Q 0]
. Generic Split Fractions for Fire Type
Ignition Source Mode | Freq
(Equipment Type) (per rx yr) Electrical| Oil |Transient Hotwork|Hydrogen HEAF'
Batteries All 7.5E-04 1.0 0 0 0 0 0
Reactor Coolant Pump Power | 6.1E-03 0.14 0.86 0 0 0 0
Transients and Hotwork Power | 2.0E-03 0 0 0.44 0.56 0 0
Main Control Board All 2.5E-03 1.0 0 0 0 0 0
| 32 | rurbine Building ain Feedwater Pumps |r—’Wzr| T.9E-U2 | 0.1 |U.6H| 9] | U | 9] | Y |
1. See Appendix M for a description of high-energy arcing fault (HEAF) fires.
2. See Section 6.5.6 below for a definition.
Note that these slides use the original 6850/1011989 frequency table, not the updated table
from the supplement.
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Fire Ignition Frequencies
Plant Level Ignition Source Bins

Table 6-1

Fire Frequency Bins and Generic Frequencies (Continued)

e
i, Generic Split Fractions for Fire Type
ID / Location égnl.llon S::‘#rce Mode | Freq
/ (Equipment Type) (per rx yr)[Electrical| Oil |Transient|Hotwork| Hydrogen | HEAF'
/5 Plant-Wide Components\ Electrical Cabinets All | 4.5E-02 1.0 0 0 0 0 0
/16 Plant-Wide Components igh Energy Arcing Faults' All 1.5E-03 0 0 0 0 0 1.0
17 | Plant-Wide Components I\/drogen Tanks All 1.7E-03 0 0 0 0 1.0 0
18 | Plant-Wide Components | Juhction Boxes All 1.9E-03 1.0 0 0 0 0 0
19 | Plant-Wide Components | Mi§c. Hydrogen Fires All 2.5E-03 0 0 0 0 1.0 0
20 | Plant-Wide Components | Offfgas/H2 Recombiner Power | 4.4E-02 0 0 0 0 1.0 0
(BWR)
21 | Plant-Wide Components | Pumps All | 21E-02 0.54 |0.46 0 0 0 0
22 | Plant-Wide Components | RPS MG Sets Power| 1.6E-03 1.0 0 0 0 0 0
23a | Plant-Wide Components 1ansformers (Qil filled) 0 1.0 0 0 0 0
All | 9.9E-03
%Sb Plant-Wide Components ransformers (Dry) 1.0 0 0 0 0 0
Plant-Wide Components /| Transient fires caused by Power | 4.9E-03 0 0 0 1.0 0 0
welding and cutting
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Fire Ignition Frequencies
About the mode column...

= For each plant, two time periods were established based on
operating mode:

— Power operations (including low-power) — total years spent in power
operation since initial commercial operation or reactor years (ry or rx

yr)
— Shutdown operations — total time since initial commercial operation
spent in non-power operating modes

= Some frequency bins cover all modes of operation, some
only cover power operations (including low-power)

» Both sets represent ignition frequencies per mode-year

— Some are simply power-modes-only and some are applicable to all
modes

= Applied to at-power fire PRA the generic frequencies (in all
references) are all per ry
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Fire Ignition Frequencies
And what about the standard...

* IGN-A5 says (same for all CC’s):

‘... INCLUDE in the fire frequency calculation the plant availability,
such that the frequencies are weighted by the fraction of time the plant
is at-power.”

* This means that to meet IGN-AS5, convert the generic
frequencies:
FROM per reactor year (ry) TO per calendar year (cy)
= You do that by multiplying the generic frequencies by the
plant-specific average annual availability factor
— These are typically in excess of 90% for most plants today

* The risk results you get will then be per cy numbers (instead
of perry)

*\Why? Creates common basis for estimating total plant risk
numbers that include the contribution from all sources
iIncluding shutdown operations
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Fire Ignition Frequencies
Task 6 procedure

Task 6 develops location and item specific fire frequency values for
each fire frequency bin using an 8-step process:

= Step 1. Mapping plant ignition sources to generic sources,

= Step 2. Plant fire event data collection and review,

» Step 3. Plant specific updates of generic ignition frequencies,
= Step 4. Mapping plant-specific locations to generic locations,
= Step 5. Location weighting factors,

= Step 6. Fixed fire ignition source counts,

= Step 7. Ignition source weighting factors, and

= Step 8. Ignition source and compartment (PAU) fire frequency
evaluation.

» Relevant PRA Standard Supporting Requirement: IGN-A7
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Fire Ignition Frequencies
Steps 1&6 — Mapping and Counting Ignition Sources

" |n practice, Steps 1 and 6 are done together so we’'ll cover
them together here

— Step 1 is ignition source mapping
— Step 6 is fixed ignition source counting
= Both are done by visual inspection

" |n short, the process is:

— Perform a thorough walkdown of the plant (preferably with tablet in
hand)

— Identify any and all potential fire ignitions sources

— Map each source to one of the 37 ignition source bins

— And, oh by the way..., count them (Step 6)

— Keep a list with name, bin assignment, and location as you go
— If you want to get fancy, link the list to photos

= Now for the long version...
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Fire Ignition Frequencies
Steps 1&6 — Mapping and Counting Ignition Sources

" [n step 1 everything in the plant that is capable of starting a fire
should be mapped to one of the 37 pre-defined ignition source
bins.

* Nominally covers all locations within the global analysis boundary,
but...

» EXCLUDE locations that screen out qualitatively
— Qualitative screening is Task 4 which is covered in Module 1

— Locations with no fire PRA equipment or cables and no plant trip initiators
don’t require quantitative analysis — they screen out on a qualitative basis

= Parking lots, office buildings, warehouses, security access buildings,...

— The fire frequency classification excluded fire events in these types of
locations

» Classified as non-challenging based on location not of interest to fire
PRA

— For consistency do not apportion any fire frequency to such locations
» That means we don’t count ignition sources in those locations and

= Exclude them from the transient and hot work location sets as well
(more later...)
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Fire Ignition Frequencies
Steps 1&6 — Mapping and Counting Ignition Sources

= Steps 1 & 6 specifically focus on fixed equipment, but watch
for transients and hot work activities as well
— There are several location based bins for transients and hot work

— You don'’t “count” these as sources per-se, but you do have to
characterize likelihood and, for transients, the type expected in each
plant location

— Make note of what you see and where you see it

— We will talk about the weighting factor approach later but you must
use judgment to assign relative weighting factors to each PAU

— Insights gained during the plant walkdown can help this process
— Again, more on this later...
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Fire Ignition Frequencies
Steps 1&6 — Mapping and Counting Ignition Sources

If an ignition source does not map directly to one of the 37 available
bins you have two options:

= You may be able to match to an existing bin even if fit is not
perfect
— Look for a bin with similar characteristics relative to fire likelihood

» e.g., a motor-driven widget may map to motors if the widget part is not
significant

— Provide explanation for why you think fit is OK, again, relative to
frequency

= Create a new bin for the item, but then you need a fire frequency
— A plant-specific history of fires may be enough to establish frequency

i Cau;ion: a history of no fires at one plant probably won’t be enough by
itsel

— Relevant experience at other plants may help
— Fire history in other industries may be used... with caution

— You will be on the hook to quantify and justify your frequency
assumptions

* One example we ran into: a gas-fired emergency generator unit
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Fire Ignition Frequencies
Steps 1&6 — Mapping and Counting Ignition Sources

» For each of the 37 ignition source bins there is corresponding description
and counting guidance

= We'll highlight a few bins, but for the others refer to the report:

— Bin 1 — Batteries (Battery Room): Each bank of interconnected sets of batteries
located in one place should be counted as one battery set. Cells may not be
counted individually.

— Bin 4 — Main Control Board (Control Room): A control room typically consists of
one or two (depending on the number of units) main control boards as the central
element of the room. The control room may also include plant computers, other
electrical cabinets containing plant relays, and instrumentation circuits, a kitchen
type area, desks, bookshelves, and etc. Aside from the main control board, the
ignition source weighting factors of the remaining ignition sources of the control
room should be based on the approach specific to each ignition source.

= FAQ 06-018 (Supplement 1) — clarification of MCB definition (horseshoe or
equivalent)

— There is a one-to-one correspondence between Appendix L and Bin 4
— All other electrical cabinets in MCR should be counted with Bin 15
= FAQ 14-008 — updates the definition to include the rear side of the MCB

ELECTRIC POWER
RESEARCH INSTITUTE
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Fire Ignition Frequencies
Steps 1&6 — Mapping and Counting Ignition Sources

= Counting guidance examples continued:

— Bin 15 — Electrical Cabinets (Plant-Wide Components): Electrical
cabinets represent such items as switchgears, motor control centers,
DC distribution panels, relay cabinets, control and switch panels
(excluding panels that are part of machinery), fire protection panels,
etc. ... The following rules should be used for counting electrical
cabinets:

= Simple wall-mounted panels housing less than four switches may be
excluded from the counting process (these become junction boxes...)

= Well-sealed electrical cabinets that have robustly secured doors (and/or
access panels) and that house only circuits below 440V should be
excluded from the counting process

» Free-standing electrical cabinets should be counted by their vertical
segments
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Fire Ignition Frequencies
Steps 1&6 — Mapping and Counting Ignition Sources

= Counting guidance examples continued:

— FAQ 06-0016 (Supplement 1) — Provides updated counting guidance
for electrical cabinets

— Clarifies guidance on counting electrical cabinets and for treating
“outlier” cabinets

= Cabinet counting guidance gets applied to a wide range of cabinet sizes
= [gnition frequency is more a function cabinet contents than cabinet size
= A basis is needed to address outlier conditions

— Each user should establish criteria for identifying outliers and a basis
for counting them

— Examples of possible rule-set approaches:
= Establish a nominal ‘standard’ or reference cabinet size

= Consider cabinet internals relative to a defined ‘standard’ or reference
configuration
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Fire Ignition Frequencies
Steps 1&6 —FAQ 06-0016 Counting Example

* An analyst defines a ‘standard’ cabinet as nominally 4’ long
and 3’ deep and an outlier is any cabinet with any horizontal
dimension greater than &

6’ long cabinet, Cabinet is not an outlier -

" Count=1
no partitions

4’ long cabinet, Cabinet is same as standard -
Count=1

no internal partitions

Larger cabinet with A T R Internal dividers are not solid -
. i R R Count=6
non-solid internal partitions I I R
Larger cabinet with Internal dividers are solid -
- . Count =6
solid internal partitions
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Fire Ignition Frequencies
Steps 1&6 —FAQ 06-0016 Counting Example (continued)

* How to count using example rule set...

Three independent cabinets —
Count=3
Panel is an outlier, using a 4’
12 ft wide, 3 ft deep standard cabinet —

Count=3

Cabinet is an outlier, no evaluation of
9 ft wide, 6 ft deep contents, based on reference cabinet —
Count = 3 due to variation from the
standard length and depth

The counts should depend on the

9 ft wide, 6 ft deep cable termination load and devices
walk through cabinet in the panel by comparing it with a
reference cabinet.
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Fire Ignition Frequencies
Steps 1&6 — Mapping and Counting Ignition Sources

= Some specific exclusions for certain bins

— Bin 14 — Electric motors: exclude small motors of 5 hp or less and
totally enclosed motors.

— Bin 21 — Pumps: exclude small sampling pumps, and other pumps of
S hp or less

— Bin 23 — Transformers: exclude dry transformers of 45 KVA or less

— Bin 26 — Ventilation subsystems: exclude small subsystems
powered by motors of 5 hp or less (consistent with electric motors Bin
14)

*FAQ 07-0031 (Supplement 1) provides clarification and
extension beyond 6850 / 1011989 that are reflected in the
bullets above

50 I= EEEEEEEEEEEEE
© 2015 Electric Power Research Institute, Inc. All rights reserved. E El EEEEEEEEEEEEEEEEE



Fire Ignition Frequencies
Steps 1&6 — FAQ 06-0017

= |gnition source counting guidance for high energy arcing
faults (HEAFs) in electrical switching equipment

— Issue: Originally all HEAF events were lumped in one ignition source
bin (16) that were applied across all voltages 440V or greater.
However, cabinet voltage should impact fire frequency

— Resolution: FAQ 06-0017 Supplement 1 splits Bin 16 into 2 parts:
* 16.a Low-voltage panels (440 to 1,000V) — 1.52 E-04/ry (mean)
* 16.b Medium-voltage panels ( > 1000V) — 2.13E-03/ry (mean)

— This treatment carries forward for Supplement 1 & new fire ignition
frequencies in EPRI 3002002936 / NUREG-2169

— Counting method remains unchanged (i.e., vertical sections)
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Fire Ignition Frequencies
Steps 1&6 — FAQ 07-0035

= Guidance for counting HEAFs in bus ducts
— Issue: NUREG/CR-6850/ 1011989 was silent on this topic
— Resolution: FAQ 07-0035 Supplement 1

= Acknowledge the potential for such events (e.g., Diablo Canyon
5/2000)
* Provides plant wide frequency and counting/partitioning guidance
* Provides zone of influence and scenario development guidance
= Two categories of bus duct are defined:
— 16.1 Segmented Bus Duct
— 16.2 Iso-Phase Bus Duct
* Bins 16.1 and 16.2 in Supplement 1 Chapter 10 and new
frequencies NUREG-2169 / EPRI 3002002936
— Beware the bin numbering issue — not 16a/16b...
— FAQ 07-0035 did not list bin number with frequencies
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Fire Ignition Frequencies
Steps 1&6 — Mapping and Counting Ignition Sources

= Counting guidance examples continued:

— Some things we don’t count at all, we use a relative weighting factor
based on location characteristics (more on this later):

= Hot work and transients

— Qualitative relative weighting factor by location
= Cables

— We will use a relative mass/volume weighting factor
= Junction boxes

— We apportion to a location using cable factors
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Fire Ignition Frequencies
FAQ 12-0064

* This FAQ is unique and you should download a copy
— NRC ADAMS Accession Number: ML12346A488
» Impacts some of the fire frequency mapping guidance
— Clarification of mapping of plant-specific locations to generic locations
— Modifies / expands the transient and hot work weighting factor methods
» Presented in the form of Chapter 6 redline / strikeout revisions

— This format is unique for Fire PRA FAQs, but necessary because the
changes impact many parts of Chapter 6

= \We will cover this in more detail, but in general
— Clarification of where the Location = “Plant Wide Components” bin apply
= Short version: “everywhere else...” not “everywhere”
— Revised (slightly expanded) ranking factors for hot work and transients
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Fire Ignition Frequencies
FAQ 12-0064

= FAQ clarifies the intent of the “location = plant-wide
components” bin
— These bins do not apportion to every location throughout the plant

— They are apportioned only to locations / components not explicitly
covered by another corresponding ignition source bin

= Example 1:

— There are transient fire bins for the Turbine Building (37),
Containment (3), and for the Control/Aux/Reactor building complex (7)

— Bin 25 is the corresponding “plant-wide components-transients” bin

— Bin 25 applied to the rest of the plant, i.e. all locations excepft those
mapped to bins 3,7 or 37

= Example 2:
— Main feedwater pumps have their own bin (32), so...
— “Plant-wide components — pumps” bin 21 excludes the MFW pumps
— Same goes for reactor coolant pumps (bin 2)
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Fire Ignition Frequencies
FAQ 12-0064

= Other cases that also overlap:
— Main control board (bin 4) vs. electrical cabinets (bin 15)
— Battery chargers (bin 10) vs. electrical cabinets (bin 15)
— Specific yard transformer (bins 27-29) vs. general transformers bin (23a/b)
— The various location-based hot work fire bins

= Bottom line: In general only one bin contributes to the frequency of:
— Any given location for location-based bins (hot work and transients)
— Any given fixed fire ignition source
— Exceptions:

= Some ignition source bins have multiple fire types that are reflected as split
fractions in the table — one bin, multiple fire types

= Electrical cabinets have general thermal fires and high energy arc faults
(HEAF)

— These were bins 15 and 16 originally,
— but were re-named in FAQ 48 as 15.1 and 15.2
— And finally in NUREG-2169 as 15 and 16.a and 16.b (see slide 24...)

ELECTRIC POWER
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Fire Ignition Frequencies
Steps 1 & 6 — Concluding remarks

= At the end of the step 1/6 you will have:
— Been on several plant walkdowns
— Identified all fixed ignition sources and:
= Mapped each to a location
» Mapped each to the generic fire ignition source bins
» Created a new bin if you found something truly unique
= Counted them

— Hopefully, you also made some observations on transients and hot
work
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Fire Ignition Frequencies
Steps 1 & 6 — Concluding remarks

= Some hints:

— Every ignition source needs some sort of identifier so you can track
them through the analysis

— Document so that you, or someone else, can tell what was counted
and what name or identifier was assigned to each item — photos may
be helpful

— Also document what was excluded from the count and why

— Counting is mainly about being consistent in application
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Fire Ignition Frequencies
Step 2 — Plant Fire Event Data Collection

* The generic fire frequencies are just that — generic

= [f the plant under analysis has some “unusual” fire experience,
then that should be reflected by updating the fire frequencies
» What constitutes “unusual” is a matter of judgment

— Every plant in the country has had some fires even though they may not
have had “reportable” fires

— The question really is whether or not the plant’s experience is consistent
with the rest of industry, example:

= FAQ 07-0035 found roughly a dozen high energy arc faults in bus
ducts, but...

» Six had occurred at the same plant over the course of three years
» That constitutes “unusual” experience...

— Note that it is not unusual for a plant to have experienced no fires in a
given ignition source bin

= We have roughly 40 total bins and given plant-wide total fire frequency
or 2E-1/ry, we would only expect about 6-10 fires over a nominal 40
year lifetime
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Fire Ignition Frequencies
Step 2 — Plant Fire Event Data Collection

= Common practice is to perform a Bayesian update of the generic fire frequencies to
reflect plant-specific fire experience

* You need to gather plant-specific fire event data to establish plant-specific fire ignition
frequencies

— Gather and review plant reports relating to fire events over some reasonable time period

= 10-15 years minimum, more if possible

» Look at the screening criteria and think about your event experience in the same context — are they risk
relevant or not?

— Screening criteria
* NUREG/CR-6850 EPRI 1011989 Appendix C “Potentially challenging screening criteria”
» EPRI 1025284, updated challenging and potentially challenging criteria
— First question to ask is “are plant specific fire ignition frequencies warranted?”
= Plant has experienced a repeated set of similar events
= Events that cannot be mapped to a bin
= Unusual fire occurrence patterns
— May be selective in which plant specific frequency bins are updated

* Not an all or nothing situation

60 |= ELECTRIC POWER
© 2015 Electric Power Research Institute, Inc. All rights reserved. E El RESEARCH INSTITUTE



Fire Ignition Frequencies
Step 3 — Calculate Plant Specific Frequencies (A,5)

* The Bayesian update approach is the accepted method used to
estimate plant-specific fire ignition frequencies

— PRA standard endorses/requires Bayesian methods in the SRs related to
formal data analysis

= You'll find this in the Internal Events section (Part 2) rather than the fire
section (Part 4)

= | ook for the “DA” technical element

— Generic frequency uncertainty distributions are used as the prior, plant
specific data is used to do update

* Note that this approach does raise possible double-counting issue
since same events identified in update may already be in the
FEDB

— Generally not considered a significant issue, but be aware...

» Corresponding PRA Standard SRs: IGN-A4, IGN-AG, and IGN-A10

61 |= EEEEEEEEEEEEE
© 2015 Electric Power Research Institute, Inc. All rights reserved. E El | EEEEEEEEEEEEEEEEE



Fire Ignition Frequencies
Steps 2 & 3 — lllustrative example

— The following events have taken place at the unit under analysis over the past 10
years of plant operation:

= Event 1: Fire in MCC-A because breakers were not properly engaging the bus
bars.

= Event 2: Fire in 125VAC-A panel. The fire was extinguished when 4kV bus-A
was de-energized from the control room. Fire resulted from arcing of supply
lead to one of the fittings connecting to a controller to the bus.

— Both fires can be included in the frequency analysis
— Both events would map to “Electrical Cabinets — non HEAF”

= Per NUREG/CR-6850 / 1011989 and EPRI 3002002936 / NUREG-2169 this is
bin 15

= EPRI 1019259 (Supplement 1 to NUREG/CR-6850) calls this bin 15.1

— 2 electrical cabinet fires in 10 years is high compared to generic frequency so an
update would be appropriate

— Given 2 fires in 10 years Baysian update would increase mean fire frequency from
0.024/ry to 0.084/ry

ELECTRIC POWER
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Fire Ignition Frequencies
Step 4 — Mapping Plant-Specific Locations

= Not a major step, but plant-specific locations should be
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