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1 Introduction

On March 22, 1975, a fire occurred at the Browns Ferry Nuclear Power Plant (BFN),
operating near Decatur, Ala., which was caused by a candle flame that used for air
leakage test through a non-fire-rated (polyurethane foam) penetration seal has
fundamentally changed how the NRC dealt with fire protection at U.S. nuclear power
plants.

In chapter 2, I will make a brief introduction of the Brown Ferry Fire how the fire was
initiated and propagated, and the following firefighting. This accident revealed
shortcomings both in fire protection design at nuclear power plants and the licensee’s
procedures for responding to a fire, which makes the NRC improve the fire protection

documents and develop a new approach for managing fire safety.

The improved the fire protection documents and the new developed approach for
managing fire safety called risk-informed, performance-based fire protection due to the
BFN will be stated in chapter 3. In this chapter, the regulatory changes in fire
protection after the BFN will be introduced in chronological order. Meanwhile, the

regulatory changes in corresponding to two approach respectively are also described.

For the new fire protection approach, risk-informed, performance-based, the
Probabilistic Risk Assessment (PRA) is typically used for estimating risk by computing
real numbers to determine what can go wrong, how likely is it, and what are its
consequences. The knowledge of general PRA and the common structure for Fire PRA
will be introduced in Chapter 4. In addition, four terms used in fire protection and the
development of their definitions due to the improvement of fire protection requirements

are also stated in this chapter.

The knowledge in previous chapters could be considered as the foreshadowing for the
Chapter 5. Since no quantitative analysis is carried out for fire safety apparatus in
common building, I would like to utilize the parameter estimation for PRA in nuclear
power plant for estimating the failure rates of the emergency lighting equipment (one
kind of fire safety apparatus) and quantify the uncertainties in the estimates. The

analysis procedures and the analysis results are stated in this chapter.

* The word or phrase in each chapter with a subscript [A] has a description in corresponding

Appendix.



2 Browns Ferry Nuclear Fire (BNF)

21 Browns ferry design and layout

The cable spreading room is located directly below the control room. The Unit 1 reactor
building is adjacent to the cable spreading room. Electrical cables from equipment
throughout the plant converge in the cable spreading room before passing up to the
control room shown in Figure 2-3 2. Figure 2-1 [ shows the inside structure of the

browns ferry plant. Figure 2-2 simplifies the structure and show the cable path as well.

~&= Path From Cable-Spreading
Room to Reactor-Building
Fire Area

Cable-Spreading Room

_.__ e

Elevation
188 m

= Unit |

Reactor Building i T".F &5/ : -*{ \\ l_
TS ﬂ

CheRies A=)
'

|

Figure 2-1 Inside structure of the browns ferry plant

Unit 1

Control room

A
Cable spreading room

Figure 2-2 Simplified structure of Brown ferry plant with cable path

The walls, floors and ceiling of the cable spreading room are pierced by trays carrying

thousands of cables. Figure 2-4 shows some of the cable trays and cables inside the cable

spreading room. 2!



Figure 2-3 Control room Figure 2-4 Cables in cable spreading room

Electrical cables carry signals from sensors to chart recorders, gauges, and computers in
control room to monitor plant conditions. Other cables carry signals from switches, dials,
and push-buttons in the control room to valves, pumps, fans, and other plant equipment

managing their operation. [2!

The penetrations were sealed to prevent potentially radioactive air leaking in the cable
spreading room and then rising up into the control room. A slight pressure difference is
maintained (by design) across this wall, with the higher pressure being on the cable
spreading room side. Figure 2-5 shows the polyurethane foam used to fill a cable tray

penetration. [4

Polyurethane Foam, used to seal a cable tray | : -

PRSI P a1 sl 4 ' Figure 2-5 Polyurethane foam used to fill a
[Foamed plastic must be concealed and

, penetrations must be firestopped with bounded

| e , cable tray penetration at a power plant

2.2 Process of fire BI3]

The way for penetration seal testing was quick and easy. The worker held the candle as

close to the wall penetrations as possible. A still flame meant no leakage while a



flickering candle flame indicated air leakage.

On that day, the cable tray penetration was leaking badly, so the air rushing past the
candle fanned its flame. The flame ignited the combustible material, polyurethane foam,
which was used to seal gaps (This is a fire code violation. Foamed plastic must be
concealed and penetrations must be fire stopped with bounded firestop systems). The

fire quickly spread and burned out of control.

2.3 Fire detection

There were smoke detectors in control room and cable spreading room, but no detector

installed in Unit 1 reactor building 5],

The smoke detectors in both cable spreading room and control room didn’t alarm. The
reasons are as follows,
» In the cable spreading room, the normal flow of air from the spreading room to
the reactor building drew the smoke away from the detectors.
» In the control room, the detectors which were of the ionization type didn’t
detect the products of combustion generated by the cable fire. Because ionization
detectors lack mobility in a static electric field, they may not detect large smoke

particles [6l,

2.4 Fire fighting

The sequence of events caused by the fire is listed in table 2-1.

Table 2-1 Timeline of the sequence of events [5!

12:20 Fire occurred

12:20-12:35 Tried to put out the flame using a flashlight and rags, and then

use COz extinguishers

12:45-13:00 CO:s: fire system actuated—could not be immediately activated
because the power had been cut off and a metal plate had been

placed over CO2 controllers.

13:09 the workers notified the control room to call the fire department




for support.

13:09-16:30 COz and dry chemical extinguishers were being used to put out
fire

17:30-18:00 The water was authorized to be used. (the local fire chief

(six hours later) suggested using water to fight the fire, but the plant manager
refused.)

19:00 The use of fire hoses and water was starting.

19:45 It was confirmed that fire was extinguished.

2.5 Consequences of fire 9

In the cable spreading room,
»  The fire was controlled

>  The damage was limited to about 5 feet(1.524m)

Because of the installed carbon dioxide extinguishing system and manual firefighting

efforts

In the Unitl reactor building
>  The damage area is roughly 40 feet by 20 feet(12.192m*6.096m)
»  About 1600 cables were damaged.

Much of the installed equipment lost control power because the electrical cables shorted
after insulation had been burned off. All of the emergency core cooling systems for Unit

1 were rendered inoperable, and portions of the Unit 2 systems were likewise affected.

However, sufficient equipment to shut down the reactors and maintain the reactor cores
in a cooled and safe condition remained operational. Therefore, there is no release of

radioactive material above the levels associated with normal plant operation.

In addition to the cable damage, a dense soot created by the burning insulation was
deposited throughout the Unitl reactor building and in same small areas in the Unit 2

reactor building.



In conclusion, the fire, although limited principally to a 20%40 interior space,
] Caused extensive damage to electric power and control systems,
° Impeded the functioning of normal and standby cooling systems,
® Degraded the capacity to monitor the status of the plant,
([

and caused both units to be out of service for many months.
2.6 Analysis after fire [%

The effectiveness of redundancy depends on the independence of the redundant
equipment. However, the Browns Ferry fire negated the redundancy. The two errors
causing the independence as follows:

1. Wires connecting indicator lamps in the control room to control circuits for
redundant safety equipment were not separated from each other. —fire damaged some
of these wires causing the unavailability of the redundant equipment.

2. Wires of redundant subsystems were routed in the same area in the mistake belief
that putting one set of such wires in electrical conduit would protect it. —the conduit

got too hot and the wires in it short-circuited.

In order to maintain adequately effective independence of redundant safety equipment,
a suitable combination of electrical isolation, physical distance, barriers, resistance to
combustion, and sprinkler systems should be applied. It indicated the importance of the

compartmentation of the building which is stated in chapter 4.

There is also another lesson learned from this fire that the importance of immediately
notifying the control room once detecting a fire. In this case, control room operators will

dispatch firefighters in time and take appropriate compensation measures. [2!



2.7 Supplement

Table 2-2 Conditions of the reactors complying with the fire regulations [

1980 the NRC adopted new fire regulations (10CFR50.48, Appendix R of 10
CFR50)

--required plants to physically separate electrical cables for a primary
safety system from the cables for its backup, or to heavily insulate the
cables

2000(two Many reactors in the U.S. had still not complied with its 1980 fire

decades protection regulations

later)

2004 The NRC revised its fire protection regulations (10 CFR 50.48(c))—relied
on NFPA 805. Allowed electrical cables to be side-by-side.

2009.3.4 The TVA, Browns Ferry’s owner, promised the NRC that it would
transition to the 2004 regulations and submit that plan to the NRC by
March 4, 2012.

2012.1.13 TVA wrote to the NRC asking to postpone the deadline until March 29,
2013

2012.5.18 The NRC granted the request by the TVA

2012 Only 4 reactors have complied.

Today (2012.6.26), 47 of the 51 reactors still don’t comply with either the
1980 or the 2004 fire regulations.

The three reactors at Browns Ferry are among those that fail to comply.

* the fire protection regulations stated here will be introduced in Chapter 3




1]

(2]

(3]

[4]

(5]

(6]
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3 Development of Fire Protection in Nuclear Power Plant

3.1 Background on Fire Protection for Nuclear Power Plants

On March 22, 1975, a fire at the Browns Ferry Nuclear Power Plant (BFN), operating
near Decatur, Ala., fundamentally changed how the NRC dealt with fire protection at
U.S. nuclear power plants. The fire started when plant workers in the cable spreading
room used a candle flame to check for air leakage through a non-fire-rated
(polyurethane foam) penetration seal that led to the reactor building. The fire ignited

both the seal material and the cables passing through it.

It took almost seven hours to extinguish it. More than 1600 cables were affected, and
628 of which were important to plant safety. The fire damage to the cables for electrical
power, control systems, and instrumentation affected the function of both normal and
standby reactor cooling systems and the operators’ plant monitoring capability. In this
case, the operators had to initiate emergency repairs to restore the systems needed to

shut the reactor down safely. (As stated in chapter 2)

Investigations after the fire revealed shortcomings both in fire protection design at
nuclear power plants and the licensee’s procedures for responding to a fire. I Therefore,
the Nuclear Regulatory Commission (NRC) improved the fire protection regulations and

developed something new approach for managing fire safety.



3.2 Fire protection regulations

Referring to the “Backgrounder on Fire Protection for Nuclear Power Plants” [l
published by the U.S. NRC and then searching the relevant documents, I pick the main
fire protection documents developed after the Browns Ferry Fire occurring and make

some brief introduction as follows. (introducing in time order)

3.2.1 BTPAPCSB 9.5-1(May, 1976)

--“Guidelines for Fire Protection for Nuclear Power Plants”

After the investigations of the Browns Ferry Fire, the NRC Browns Ferry special review
team recommended the NRC to develop detailed guidance for implementing the general
design criterion for fire protection and to conduct a detailed review of the fire protection
program at each operating nuclear power plant, comparing it to the guidance

developed.!?

In May 1976, the NRC developed the Branch Technical Position (BTP) Auxiliary Power
Conversion System Branch (APCSB) 9.5-1 which incorporated those recommendations
from the NRC Brown Ferry special review team to describe guidelines acceptable for
implementing the General Design Criterion 3 (GDC 3) of Appendix A to 10 CFR Part 50
for nuclear power plants. [3] However, the guidelines of APCSB 9.5-1 applied only to
those plants licensed after July 1, 1976. In this case, in September 1976, the NRC
modified the guidelines in APCSB 9.5-1 and issued Appendix A to APCSB 9.5-1 which
could apply to the plants licensed prior to July 1, 1976. (2

* The guidelines for fire protection are listed in Table 3-1.

10



Table 3-1 Guidelines for Fire Protection in Nuclear Power Plants [4

Document

Document Title

SRP 9.5.1

(Section 9.5.1 of NUREG-0800)

Section 9.5.1, “Fire Protection Program” of NUREG-0800,
“Standard Review Plan for the Review of Safety Analysis
Reports for Nuclear Power Plants, LWR Edition,” various

dates and revisions

APCSB 9.5-1 Branch Technical Position APCSB 9.5-1, "Guidelines for
Fire Protection for Nuclear Power Plants" May 1, 1976

ASB 9.5-1, Branch Technical Position ASB 9.5-1 “Guidelines for Fire
Protection for Nuclear Power Plants,” Revision 1, March
1979.

CMEB 9.5-1 Branch Technical Position CMEB 9.5-1, "Guidelines for

(Formerly ASB 9.5-1)

Fire Protection for Nuclear Power Plants" Revision 2, July

1981.

SPLB 9.5-1

(Formerly CMEB 9.5-1)

Branch Technical Position SPLB 9.5-1, "Guidelines for Fire

Protection for Nuclear Power Plants" Revision 4, October 2003.

11




3.2.2 Section 50.48 and Appendix R to 10 CFR 50 (November, 1980)

[10 CFR 50(Title 10 of the Code of Federal Regulations)— “Domestic Licensing of

Production and Utilization Facilities”]

In November 1980, a new section 50.48 and Appendix R were added to the 10 CFR 50.
(Became effective on February 17, 1981) [2]

3.2.21 10CFR 50.48

— “Fire protection”

The fire vision of section 50.48 is read as follows 8l and then quickly replaced.

§ 50.48 Fire protection schedules.

To the extent that any facility's
license conditions or technical
ipecifications incorporate compliance
lates for modifications necessary to
yrovide fire protection features
proposed by a licensee and accepted by
the NRC staff as satisfying the
provisions of Appendix A to Branch
Technical Position BTP/APCSB 9.5-1
and reflected in NRC staff Fire
Protection Safety Evaluation Reports
issued prior to the effective date of this
rule, those dates are hereby suspended
pending further action by the
Commission.

This section including section (a) and (b) requires that each operating nuclear power
plant have to satisfy General Design Criterion 3 of Appendix A to 10 CFR Part 50, and
also requires that all plants operating prior to January 1, 1979 satisfy the requirements

of Appendix R to 10 CFR Part 50 with some exception.

12



3.2.2.2 Appendix Rto 10 CFR 50

--“Fire Protection Program for Nuclear Power Facilities Operating Prior to January 1,
1979

The Appendix R known as “Fire Protection Program for Nuclear Power Facilities
Operating Prior to January 1, 1979” applied to nuclear power plants licensed to operate
before January 1, 1979, with exception that stated in § 50.48(b) of this part. With
respect to certain generic issues for these plants, it established fire protection features

required to satisfy General Design Criterion 3 of Appendix A to this part.

3.2.3 Regulation Guide 1.189 (April 2001; October 2009)

--“Fire Protection for Nuclear Power Plants”

The NRC developed the Regulation Guide 1.189 to provide a comprehensive fire
protection guidance document and to identify the scope and depth of fire protection that
the staff would consider acceptable for nuclear plants operating by January 1, 2001.
This guide may be used for licensee self-assessments and as the deterministic basis for

future rulemaking.?l Many sections of this guidance are based on CMEB9.5-1.

The revision published in 2009 provides guidance for new reactor designs (after
January 1, 2001). Besides, the revision incorporates the guidance previously included in
Branch Technical Position (BTP) SPLB 9.5-1, “Guidelines for Fire Protection for Nuclear
Power Plants” (formerly BTP CMEB 9.5-1), issued October 2003.[6!

3.2.4 NFPA 805 (January 13, 2001)

--“Performance-Based Standard for Fire Protection for Light Water Reactor Electric

Generating Plants”

On January 13, 2001, the National Fire Protection Association (NFPA) Standards
Council approved NFPA Standard 805 as a risk-informed, performance-based standard
for existing light-water nuclear power plants. The staff of the U.S. Nuclear Regulatory
Commission (NRC) also participated in the development of NFPA 805 which published
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in February 2001.

The developed NFPA 805 describes a methodology for existing light-water nuclear
power plants to apply risk-informed, performance-based requirements and fundamental
fire protection design elements to establish fire protection systems and features
required for all modes of reactor operation. In addition, it presents a methodology for
establishing fire protection procedures, systems, and features for nuclear power plants

that are decommissioning and permanently shut down. [

3.2.5 10 CFR 50.48 (c) (July 16, 2004)

(-- Title 10, Part 50, Section 48(c) of the Code of Federal Regulations)

On June 16, 2004, the NRC published the 10 CFR 50.48 (c) endorsing the NFPA 805
with some exceptions as an alternative to the traditional deterministic fire protection
requirements for the reactor licensees complying with. It became effective on July 16,

2004.

3.2.6 NEI 04-02 (September 2005)

(-- Guidance for Implementing a Risk-informed, Performance-based Fire Protection
Program under 10 CFR 50.48(c))

The NEI 04-02 documented by Nuclear Energy Institute (NEI) provided guidance for
implementing the requirements of the rule change stated above. This document, to the
extent endorsed by the NRC, also represented methods acceptable to the NRC for
implementing in whole or in part a risk-informed, performance-based fire protection

program. 8l

3.2.7 Regulation Guide 1.205 (June 2006; September 2009)

(-- Risk-informed, Performance-based Fire Protection for Existing Light-water

Nuclear Power Plants)

This regulatory guide provides guidance for complying with the requirements for
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risk-informed, performance-based fire protection programs (FPPs) approved by the
NRC that comply with 10 CFR 50.48(c) and the referenced 2001 Edition of the NFPA

805. 191

As noted before, the NEI developed NEI 04-02 to assist licensees in adopting 10 CFR
50.48(c) and making the transition from their current FPP to one based on NFPA 805.

This regulatory guide endorses portions of NEI 04-02. However, the regulatory positions

in Section C include clarification of the guidance provided in NEI 04-02, as well as NRC

exceptions to the guidance. So the regulatory positions in Section C take precedence
over the guidance in NEI 04-02. 9 Nevertheless, the NRC also endorses the NEI 04-02,

because its methods acceptably implement NFPA 805 and comply with the Regulation

Guide 1.205. [

Those regulatory documents referred above are shown in Figure 3-1.

1975/3/22: BFN Fire at
unit 1

* 1980

November:
Section 50.48
and Appendix R
are added to 10
CFR50

1980

1976

May:
NRC publishes
BTP 9.5-1

T i v o8

1990 1995

2004

July 16:

10 CFR50.48(c)
is added to 10
CFR50.48

2001

Regulation Guide
1.189 issued by
NRC

January: NFPA
805 approved by
NFPA

*2006

June:

Regulation Guide
1.205 issued by
NRC

. 20 s T i

2005

September:
NEI 04-02
developed by NEI

[ 4

Figure 3-1 Timeline of the regulatory changes in fire protection due to Browns

Ferry Nuclear (BFN) Fire
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3.3 Two approaches for fire protection

Nowadays, plants can choose between two approaches for managing their fire safety:

® Deterministic fire protection

The deterministic fire protection establishes fire safety by ensuring systems needed to
shut down the reactor will survive a fire. This approach, based on an assumed serious
fire, was developed when the staff and the industry had system-based tools for

considering fire risk. (1

Plants that were licensed before January 1, 1979 were also subject to the prescriptive
requirements of 10 CFR 50.48(b) and Appendix R of 10 CFR 50. Plants that were
licensed after January 1, 1979 also followed the same prescriptive requirements to

conform to the fire protection regulations. [10

® Risk-informed, performance-based fire protection

The risk-informed performance-based fire protection approach considers risk insights as
well as other factors to better focus attention and resources on design and operational
issues according to their importance in safety. This approach relies on a required

outcome rather than requiring a specific process or technique to achieve that outcome.

The deterministic approach involved asking only what can go wrong and what the
consequences are. However, the risk-informed performance-based approach asked an
additional question of how likely it is that something will go wrong. Many of the present
regulations are based on deterministic requirements and they are cannot be quickly
replaced by the risk-informed performance-based regulations. Thus, the traditional
deterministic regulations are being maintained, while risk-informed performance-based

regulations are being developed and implemented. [11]

3.4 Fire protection regulations for two approaches

Among the fire protection documents, the 10 CFR 50.48(b), Appendix R of 10 CFR 50
and Regulatory Guide 1.189 can be applied to the deterministic fire protection, on the
other hand, 10 CFR 50.48(c), NFPA 805, NEI 04-02 and Regulatory Guide 1.205 can be

applied to the risk-informed, performance-based fire protection. Moreover, plants that
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have adopted either a deterministic FPP or a performance-based FPP must meet the 10

CFR 50.48 (a). The documents applied to those two approaches are listed in in Table 3-2

Table 3-2 The documents applied to the two fire protection approaches

Documents

Published times

Deterministic fire protection

10 CFR 50.48[(a),(®)]

November 1980

Appendix R of 10 CFR 50

November 1980

Regulatory Guide 1.189

April 2001; October 2009

Risk-informed, performance-based fire protection

10 CFR 50.48(a)

November 1980

10 CFR 50.48(c)

July 16, 2004

NFPA 805

January 13, 2001

NEI 04-02

September 2005

Regulatory Guide 1.205

June 2006; September 2009

For Deterministic fire protection

The deterministic fire protection is the traditional fire protection approach used by the
NRC to ensure the safety of U.S. nuclear power plants. In order to comply with this fire
protection requirements, every plant must have a fire protection plan that satisfies 10

CFR 50.48(a) and 10 CFR Part 50, Appendix A, Criterion 3 outlining [105:

(1) The fire protection program,

(2) Installed fire protection systems,

(3) And the means to assure the reactor can be safely shutdown in the event of a fire.

The NRC lists deterministic requirements in 10 CFR 50.48(b) and Appendix R of 10
CFR 50. Regulatory Guide 1.189 provides guidance to plants for meeting these

requirements. These relationships are shown in Figure 3-2.
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ODeterministic Fire Protection

Listed in 10 CFR 50.48(b)
—]
requirements L Ansendit ok
I _ 10 CFR 50
Guidance

Regulatory Guide 1.189

Figure 3-2 documents for deterministic fire protection

For risk-informed, performance-based fire protection

NFPA 805 describes a methodology for

existing light-water nuclear power plants to Requirements

apply risk-informed, performance-based NEPA pocat 10 CFR
. 805 0 50.48(C)
requirements. 2001 od.

The NRC approved incorporating NFPA 805
into Section c of the Code of Federal

Regulations 10 CFR Part 50.48 [10 CFR Part Guidance
B

RG

50.48(c)], with some exceptions.

The Nuclear Energy Institute (NEI) has
developed NEI 04-02 to assist licensees in

adopting 10 CFR 50.48(c) and making the Figure 3-3 Documents related to
transition from their current fire protection the Alternate Fire Protection
program (FPP) to one based on NFPA 805. Rule [National Fire Protection

Association (NFPA) Standard
805] 2]

Regulatory guide 1.205 also provides
guidance for use in complying with the
requirements of 10 CFR 50.48(c) and NFPA
805, endorsing NEI 04-02.
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3.5 Appendix

A. U.S. Nuclear Regulatory Commission Documents
Regulations

10 CFR Part 50, “Domestic Licensing of Production and Utilization Facilities”

10 CFR 50.48, “Fire Protection.”

GDC 3, “Fire Protection,” of Appendix A, “General Design Criteria for Nuclear
Power Plants," to 10 CFR Part 50.

Appendix R, "Fire Protection Program for Nuclear Power Facilities Operating Prior
to January 1, 1979," to 10 CFR Part 50.

Regulatory Guides
Regulatory Guide 1.189, “Fire Protection for Nuclear Power Plants”

Regulatory Guide 1.205, “Risk-informed, Performance-based Fire Protection for

Existing Light-water Nuclear Power Plants”

NUREG-Series Reports

NUREG-0800, “Standard Review Plan for the Review of Safety Analysis Reports for
Nuclear Power Plants (LWR Edition),” Section 9.5-1, “Fire Protection Program” (SRP
9.5.1)

Branch Technical Positions (BTP)
APCSB 9.5-1, “Guidelines for Fire Protection for Nuclear Power Plants,” May 1, 1976.

Appendix A to APCSB 9.5-1, “Guidelines for Fire Protection for Nuclear Power Plants,
Docketed Prior to July 1, 1976,” February 24, 1977.

ASB 9.5-1, “Guidelines for Fire Protection for Nuclear Power Plants,” Revision 1, March

1979.

CMEB 9.5-1 (Formerly ASB 9.5-1), “Guidelines for Fire Protection for Nuclear Power
Plants,” Revision 2, July 1981.

SPLB 9.5-1 (Formerly CMEB 9.5-1), “Guidelines for Fire Protection for Nuclear Power
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Plants,” Revision 4, October 2003.

National Fire Protection Association (NFPA) Codes and Standards
NFPA 805, “Performance-based Standard for Fire Protection for Light Water Reactor

Electric Generating Plants”

Nuclear Energy Institute (NEI)
NEI 04-02, “Guidance For Implementing A Risk-informed, Performance-based Fire
Protection Program under 10 CFR 50.48(c)”

B. List of acronyms

BFN: Browns Ferry Nuclear

BTP: Branch Technical Position

CFR: Code of Federal Regulation

FPP: Fire Protection Program

GDC: General Design Criterion

NEI: Nuclear Energy Institute

NFPA: National Fire Protection Association
NPP: Nuclear Power Plant

NRC: U.S. Nuclear Regulatory Commission
PRA: Probabilistic Risk Assessment

RES: Office of Nuclear Regulatory Research
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4 Nuclear Power Plant Probabilistic Risk Assessment (PRA)

4.1 Background

The Nuclear Regulatory Commission's responsibilities include ensuring U.S. nuclear
power plants and other licensed facilities operate with minimal risk to public health and

safety. [1]

Initially, the NRC developed many of its regulations following the deterministic

regulatory requirements without considering risk estimation.

Since the 1970s, the NRC and its licensees have used risk assessment in some areas.
However, for reactors, the NRC did not systematically quantify the probabilities of
accidents until 1975 when the agency published the Reactor Safety Study (WASH-1400,
NUREG/75-014). Since 1975, the NRC and its licensees have advanced significantly in

their knowledge of (and experience with) probabilistic risk assessment (PRA).

The traditional deterministic approach involved asking only what can go wrong and
what the consequences are, however, PRA is required to ask the additional question of

how likely it is that something will go wrong. (2!

4.2 Definition of PRA

Probabilistic Risk Assessment (PRA) is a systematic method for estimating risk by
computing real numbers to determine what can go wrong, how likely is it, and what are
its consequences. Thus, PRA provides insights into the strengths and weaknesses of the

design and operation of a nuclear power plant. (3!

4.3 Types of risk assessments

Nuclear power plant PRAs deal with “internal events”—those that start inside the
power plant or the electric system it serves—and “external event” such as earthquake,

floods, and hurricanes.

For the type of nuclear plant currently operating in the United States, a PRA can
estimate three levels of risk 13, Figure 4-1 shows the flow path of these three levels.
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A Level 1 PRA estimates the frequency of accidents that cause damage to the
nuclear reactor core. This is commonly called core damage frequency (CDF)A,

A Level 2 PRA, which starts with the Level 1 core damage accidents, estimates
the frequency of accidents that release radioactivity from the nuclear power plant.

A Level 3 PRA, which starts with the Level 2 radioactivity release accidents,
estimates the consequences in terms of injury to the public and damage to the

environment.

Level 1 PRA .
Accident
Initiating Péaent System Sequences
Event ( Aw ident A Causing Core
Sequences) e

Radioactive
Release

Consequences:
llinesses
or Land
Contamination

Figure 4-1 Procedure of risk assessment
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4.4 Risk assessment methods

Several steps are required to perform a PRA: [l
® Identify a spectrum of initiating events/Al— things that could possibly cause
the hazard(such as the loss of offsite power event!Al)
® Estimate the frequency of each initiating event by answering questions
® Specify the hazard — the outcome(s) to be prevented or reduced. For nuclear
power plants, the focus is reducing the chance of damaging to the reactor core

and potential release radioactive material to the environment or the public.

The risk analysts assume each possible initiating event occurs and then in response to
that event, realistically identify each combination of failures (e.g., pump failure and
valve failure), or "sequence," that leads to a specific outcome (e.g. core damage). This
procedure is performed by the Event Tree. Analysts then calculate the likelihood of all
the sequences that lead to the same outcome. The likelihood of the outcome is the sum
of the sequence frequencies. This procedure is implemented by the Fault Tree. The

examples of event tree and fault tree will be made in section 4.5.

Besides the Event Tree and the Fault Tree, the technique of Human reliability analysis
is also used to for PRA.

Human reliability analysis evaluates human errors that are important to the
outcome of an event. Analysts assess the probability of human mistakes in light of

factors such as training, procedures, and expected conditions during an event.

Figure 4-2 shows the whole procedure of risk assessment. [4
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Figure 4-2 Procedure of risk assessment
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4.5 Event tree and fault tree

4.5.1 Event tree

Event trees are used to model the sequence of events from an initiating event to an end

state. The events in the event tree, which graphically represent the systems needed to

keep the plant in a safe state after an initiating event occurring, are called top trees.

A graphical depiction of a sequence of events is shown in Figure 4-3 and an example of

core damage sequence is shown in Figure 4-4 [5,

Reactor trip | Hi Pressure | Reduce Lo Pressure

Injection Pressure Injection

Ok(no core

damage)

Ok(no core

damage)
Suecess Core

damage
Failure Core

damage

Figure 4-3 A depiction of Event Tree

Transfer to
ATWS tree
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Mitigating

systems/funct
Initiating ions
event / J \
Small Reactor trip Hi Pressure | Reduce Lo Pressure
LOCA Injection Pressure Injection
Success
Core damage
Failure 1‘

End
state

Figure 4-4 An example of core damage sequence

The core damage sequence:

Small LOCA occurs mmsp Reactor trip succeeds mmmp High pressure injection

failsmmmp Reducing pressure succeeds mmmp Low pressure injection fails
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4.5.2 Fault tree

A fault tree identifies all of the pathways that lead to a system failure. Toward that end,
the fault tree starts with the top event, as defined by the event tree, and identifies
(using the AND, OR, M out of N logic connectors) what equipment and operator actions,

if failed, would prevent successful operation of the system.

Here we make a depiction of fault tree starting with the top event, i.e. low-pressure
injection fails. Figure 4-5 shows the success criterion of low-pressure injection fails.

Moreover, Fault tree for low-pressure injection fails is shown in Figure 4-6 [5!

Success criterion:

Flow from tank through 1 of 2
pumps to 1 of 3 injection paths
Valve &

p—
Pump &

Tank r Valve B
Pump B % >

_O Valve C
pk—

Figure 4-5 Success criterion
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Low pressure
injection fails
1 1
Pumps Tank Valve
fail fails s fail
1 1 |
Pumps A&B Pumps A&B Valves A&BSC Valves AdB&C
fail fail by fail by common fail
independently common caus:s cause independently
| | [ ]
Pump Pu Valve Valve Valve
Afails B fails sos || Bras || Ctais

Figure 4-6 Fault tree for low pressure injection fails

Where,

ure

Valves

by common

Pump
B fails

A
A

|1

Low-press —

A&B&C fail —

Top event: system/function failure from event

Common cause failurelA: one mechanism fails

all components in a group

Basic event: equipment or human failure for

which we have data

OR gate! a failure of any input causes overall

AND gate: all inputs must fail to cause overall

failure
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4.6 Fire PRA Methodology

4.6.1 Background

A number of fire PRA approaches were published during the 1990s NUREG/CR-2300,
1983, NUREG/CR-2815, 1985, NUREG/CR-4840, 1990 and NUREG-1407, 1991 and so
on). These approaches have generally the same structure. Their differences lie
primarily in the underlying assumptions, analytical methods, tools, and data used. The
overview of the common fire PRA structure is provided in NFPA 805.

Among those PRA approaches, the Individual Fire Examinations of External Event
(IPEEE) program has used the fire PRA to facilitate a nuclear power plant examination
for vulnerabilities (NUREG-1407). Benefitting from the lessons learned from this
program, in order to make finer, more realistic decisions for risk-informed regulation,
Fire PRA methods needed to be improved. In order to address the need for improved
methods, the Electric Power Research Institute (EPRI) and the U.S. Nuclear Regulatory
Commission (NRC) office of Nuclear Regulatory Research (RES) initiated a
collaborative project under the terms of an NRC/EPRI Memorandum of Understanding.
The collaboration, known as the Fire Risk Quantification Study, has resulted in
state-of-the-art [Al methods, tools, and data for a fire probabilistic risk assessment (PRA)
for commercial nuclear power plant application that were documented in
EPRI/NRC-RES Fire PRA Methodology for Nuclear Power Facilities, NUREG/CR-6850.
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4.6.2 Fire PRA (PSA) process

According NFPA 805 6], Fire PSA is a process to develop a plant’s fire risk and fire
safety insights based on the plant’s design, layout, and operation. The process contains
analysis elements that correspond directly to the elements of fire protection
defense-in-depth [Al, as follows:

(1) Fire initiation

(2) Fire growth (including detection, suppression, and confinement) and
consequential equipment/circuit damage

(3) Post-fire safe shutdown

Note) the term of Probabilistic Safety Assessment (PSA) is also referred to as a
probabilistic risk assessment (PRA).

A fire PRA requires a team effort because few individuals have the full range of
expertise and knowledge necessary to complete the analysis. The needed areas of
expertise are as follows: [7]

(1) Fire analysis (basic fire behavior, fire modeling, fire protection engineering,
and plant fire protection regulatory compliance practices and
documentation);

(2) General PRA and plant systems analysis (event tree/fault tree analysis,
nuclear power plant systems modeling, reliability analysis, PRA practices as
applied in the internal events domain, and specific knowledge of the plant
under analysis);

(3) Human reliability analysis (emergency preparedness, plant operations,
plant-specific safe shutdown procedures, and operations staff training
practices);

(4) Electrical analysis (circuit failure modes and effects analysis and post-fire
safe shutdown, including plant-specific regulatory compliance strategies and

documentation).

The overview of the common fire PRA structure [6l, as previously noted, is discussed in
NFPA 805 as follows:

A fire PSA is generally performed in stages. For the purpose of illustration, three stages
of analysis are defined: qualitative screening, quantitative screening, and detailed

analysis.
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‘Qualitative screening
During qualitative screening, the plant is divided into fire areas and the potential
Impact of an unsuppressed fire on nuclear safety is considered. With substantiation, the
qualitative screening analysis can also be refined to the consideration of fire zones
rather than complete fire areas. The screening process includes consideration of
potential multiarea or multizone fire effects. This stage of analysis 1s primarily
dependent on the mapping of plant systems and components (including instrument,
control, and power cables) to specific fire areas/zones. Qualitative screening considers
the possibility that equipment losses due to fire in a given fire area/zone could lead to
nuclear safety challenges. Nuclear safety challenges involve damage to nuclear safety
targets or equipment that can potentially result in a plant transient. Fire areas and/or
fire zones where a fire scenario cannot lead to nuclear safety challenges can be

qualitatively screened and no further analysis is required for these areas/zones.

Quantitative screening

In the quantitative screening stage, fire areas and/or fire zones that survive qualitative
screening are reconsidered using quantitative methods of [imited depth and complexity.

The quantitative screening stage Ilimits consideration to two quantitative factors:
namely, the overall frequency of fires and the conditional core damage probability
(CCDP) assuming loss of all equipment in the impacted areas or zones. The product of
these two factors provides the preliminary screening CDF for that area/zone.

Quantitative screening criteria are established to ensure that an acceptable fraction of
the total fire-induced CDF is captured. Fire areas and/or zones whose contributions to
CDF fall below the established quantitative screening criteria are screened from further

analysis.

At this stage of analysis, features or systems that require more extensive supporting
engineering evaluations are generally not credited. Intervention by detection and
suppression activities and other features or systems that might limit the extent of fire
growth or damage are treated in the detailed analysis. These considerations are

deferred to the detailed analysis.

Detailed analysis
For fire areas/zones that survive quantitative screening, further analysis is undertaken
to more accurately and realistically quantify the fire area/zone risk contributions. The

detailed analysis 1s also used as a supplemental screening tool. If at any time during
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this stage of analysis the fire area/zone risk contribution 1s shown to be below the
established quantitative screening criteria, then the analysis of that fire area/zone can

be considered complete.

The detailed analysis is supported by engineering evaluation and fire modeling as
appropriate, and any and all fire protection features and factors that could impact the
postulated scenarios can be considered. These can include detection, suppression, fire
source intensity, fire growth behavior, the timing and extent of fire damage, plant
response, and operator actions that might mitigate the nuclear safety consequences of a

fire.

In detailed quantification, a number of individual fire scenarios can be analyzed (where
each scenario represents a postulated fire source in a specific plant location). Specific

é

fire behaviors Important to each postulated scenario are considered.

Fire PRA can vary in the number and definition of the stages employed. So the three
stages above just address the general Fire PRA structure not serve as a fire PRA
procedure guide. The NUREG/CR-6850 (2005) which documented state-of-the-art
methods, tools, and data for the conduct of a fire PRA will provide a structured
framework for conduct of the overall Fire PRA, as well as specific recommended

practices to address each key aspect of the analysis.
Figure 4-7 and Figure 4-8 show the overview of the Fire PRA process.[7 In the use of

these figures something important should be noticed that a fire PRA is iterative, that is,

certain tasks may need refinement after conduct of one or more of the subsequent task.
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Among these tasks, the tasks in concert with the three steps of Fire PRA in NFPA 805
are Qualitative Screening (Task 4), Quantitative Screening (Task?7), and Detailed Fire
Scenario Analysis (Detailed Circuit Failure Analysis (Task 9), Circuit Failure Mode
Likelihood Analysis (Task 10) and Detailed Fire Modeling (Task 11)) Some other tasks
could be considered as the supplements to these tasks. [Al (* The descriptions of these

tasks are discussed in Appendix)

In NFPA 805 6],

‘A fire PSA is a process by which fire-induced contributions to plant risk are identified
and quantified. During this process the plant is divided into fire areas and/or fire zones.
In each fire area/zone, fire event scenarios are postulated and analyzed. In a direct
quantification of fire risk, each fire area/zone is either screened from further

consideration or quantified to estimate the fire risk.

In NUREG/CR-6850 (7],

‘For the purposes of a Fire Probabilistic Risk Assessment (PRA), the plant is divided
into a number of fire compartments. The analysis then considers the impact of fires in a
given compartment, and fires that might Impact multiple compartments. This
procedure establishes the process for defining the global plant analysis boundary and
partitioning of the plant into fire compartments. The product of this task will be a list of

plant fire compartments in the nuclear power plant under analysis. ‘

We can find that the Fire PRA conducted in NUREG/CR-6850 is based on the fire

compartments instead of the fire areas or fire zones used in NFPA 805.

According to the NUREG/CR-6850!"), the Fire PRA always initially consider the Fire
threats to safe shutdown in the context of the fire compartments which act as
fundamental basis of the subsequent Fire PRA. Fire compartment is an area which is
bounded by non-combustible barriers (not equal to fire barrier) where heat and products
of combustion from a fire can be well confined within the enclosure. The term fire
compartment is defined specifically for fire risk analysis and maps plant fire areas
and/or zones into compartments defined by fire damage potential. Fire compartments
generally fall within a fire area, meanwhile, the plant Fire Hazards Analysis (FHA)
may also identify fire zones within the fire areas. Thus sometimes fire zone can be
accepted as equivalent to fire compartments. However, care should be exercised in this

because the fire zones may not satisfy the fire compartment definition.
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The definitions of fire area, fire zone and fire compartment in NUREG/CR-6850 are

listed in Table 4-4 through Table 4-6. The important points of these concepts are listed

in Table 4-1 .

Table 4-1 Important points of three concepts

NUREG/CR-6850

> Fire area Fire zone Fire compartment
» Portion of a | » Subdivisions of fire | » A subdivision of a building or
building or plant areas plant
» Separated from | » Not necessary | » Not necessarily with fire
other areas by bounded by barriers
boundary fire fire-rated assemblies | » Bounded by non-combustible
barriers. barriers where confine the
» Adequate for the heat and  products of
fire hazard combustion
> Often defined based | » Specifically for fire PRA (for
on the fire fire risk analysis)
suppression and/or | » A well-defined enclosed room
detection systems » Generally fall within a fire
» Defined in the area
context of the fire | » A fire compartment may
protection program contain one or more fire
zones.
» Maps plant fire areas and/or

zones into compartments

In addition, fire compartment partitioning situations are simplified shown in Figure

4-9.17

(1) Individual fire areas can be retained in total as fire compartments without

further partitioning.

(2) However, with proper justification, a fire area may be partitioned into two or

more fire compartments.

(3) In some rare cases, it may also be advantageous to combine two or more fire

areas

into a single fire compartment,

particularly

if the combined

compartment is expected to have a minimal risk contribution (e.g., it may
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screen at an early stage of the analysis).

Fire area
(1) ~
Fire compartment
() | Fire Fire compartment
compar '
Fire area
tment Fire compartment
Rare cases:
(3)
. Fire area
Fire
area Fire compartment
Fire area

Figure 4-9 Fire compartment partitioning



4.7 Four terms in relevant documents

One of the most important effects of the plant partitioning process (Task 1) is related to
the qualitative and quantitative screening tasks. Thus, the definition of fire
compartments is significant to the analysis. However, after searching the relevant
documents, I find that the term of Fire compartment is just used in NUREG/CR-6850
for Fire PRA. The definitions of related terms of fire area, fire zone, and fire barrier may
have been improved with time going or have been revised for using in different situation.
In this case, they may have subtle differences in these documents. The four terms and
relevant documents are listed in Table 4-2. These documents are picked up from the
documents referred previously which contain these four terms. The definitions of these

four terms in respective document are listed in Table 4-3 through Table 4-6.

As noted in Chapter 3, the BTP APCSB 9.5-1 and CMEB 9.5-1 are two guidelines for fire
protection for Nuclear Power Plant (NPP) published in May 1976 and July 1981
respectively. The Regulatory Guide 1.189 provides guidance for Deterministic Fire
Protection. NFPA 805 and NUREG/CR-6850 are used for NPP to apply risk-informed,

performance-based requirements.

Table 4-2 Four terms used in fire protection and the relevant documents

Documents Terms

1 BTP APCSB 9.5-1(1976.05~) Fire barrier

2 CMEB 9.5-1(1981.07~) Fire area

3 Regulatory guide 1.189(2001~) Fire zone

4 NFPA 805(2001.01~) Fire compartment
5 NUREG/CR-6850(2005.9~)
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4.7.1 Fire barrier

Table 4-3 Definitions of Fire Barrier

Documents Definitions

BTP APCSB Those components of construction (walls, floors, and roofs)

9.5-1 that are rated by approving laboratories in hours for
resistance to fire to prevent the spread of fire.

CMEB 9.5-1 Those components of construction (walls, floors, and their
supports), including beams, joists, penetration seals or
closures, fire doors and fire dampers that are rated by
approving laboratories in hours of resistance to fire and are
used to prevent the spread of fire.

Regulatory guide Components of construction (walls, floors, and their

1.189 supports), including beams, joists, columns, penetration
seals or closures, fire doors, and fire dampers, that are
used to prevent the spread of fire and that are rated by
approving laboratories in hours of resistance to fire.

NFPA 805 A continuous vertical or horizontal construction assembly

designed and constructed to limit the spread of heat and

fire and to restrict the movement of smoke.

NUREG/CR-6850

Components of construction (walls, floors, and their
supports), including beams, joists, columns, penetration
seals or closures, fire doors, and fire dampers that are
rated by approving laboratories in hours of resistance to
fire, that are used to prevent the spread of fire (per U.S.
NRC RG 1.189) and restrict spread of heat and smoke.
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4.7.2 Fire area

Table 4-4 Definitions of Fire area

Documents Definitions

BTP APCSB That portion of a building or plant that is separated from

9.5-1 other areas by boundary fire barriers (walls, floors or roofs)
with any openings or penetrations protected with seals or
closures having a fire resistance rating equal to that of the
barrier.

CMEB 9.5-1 that portion of a building or plant that is separated from
other areas by boundary fire barriers

Regulatory guide The portion of a building or plant that is separated from

1.189 other areas by rated fire barriers adequate for the fire
hazard.

NFPA 805 An area that is physically separated from other areas by

space, barriers, walls, or other means in order to contain

fire within that area.

NUREG/CR-6850

The portion of a building or plant that is separated from
other areas by rated fire barriers adequate for the fire

hazard (per U.S. NRC regulatory guide 1.189).
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4.7.3 Fire zone

Table 4-5 Definitions of Fire zone

Documents Definitions

BTP APCSB that portion of a building or plant that is separated from

9.5-1 other areas by boundary fire barriers (walls, floors or roofs)
with any openings or penetrations protected with seals or
closures having a fire resistance rating equal to that of the
barrier.

CMEB 9.5-1 that portion of a building or plant that is separated from
other areas by boundary fire barriers

Regulatory guide The portion of a building or plant that is separated from

1.189 other areas by rated fire barriers adequate for the fire
hazard.

NFPA 805 An area that is physically separated from other areas by

space, barriers, walls, or other means in order to contain

fire within that area.

NUREG/CR-6850

The portion of a building or plant that is separated from
other areas by rated fire barriers adequate for the fire

hazard (per U.S. NRC regulatory guide 1.189).
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4.7.4 Fire compartment

Table 4-6 Definition of Fire compartment

Documents Definitions

BTP APCSB .
9.5-1

CMEB 9.5-1

Regulatory guide -
1.189

NFPA 805 .

NUREG/CR-6850 A subdivision of a building or plant defined specifically for
the purpose of fire PRA. A fire compartment is a
well-defined enclosed room, not necessarily with fire
barriers. They generally fall within a fire area, and are
bounded by non-combustible barriers where heat and
products of combustion from a fire within the enclosure
will be substantially confined. Boundaries of a fire
compartment may have open equipment hatches,
stairways, doorways or unsealed penetrations. This is a
term defined specifically for fire risk analysis and maps
plant fire areas and/or zones, defined by the plant and
based on fire protection systems design and/or operations
considerations, into compartments defined by fire damage
potential. For example, the control room or certain areas
within the turbine building may be defined as a fire

compartment.
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4.8 Comparison of each term in different documents

Table 4-7 through Table 4-9 shows the same points and different points of each term in different documents.

Table 4-7 Comparison of Fire barrier

1 BTP APCSB |2CMEB9.5-1 |3 Regulatory guide | 4 NFPA 805(2001~) 5 NUREG/CR-6850(2005~)
9.5-1 (1976.5~) | (1981.7~) 1.189(2001~)
Fire » Components of construction A continuous membrane | > (same as RG 1.189)
barrier | » Rated in hours for resistance to fire either vertical or horizontal
» Prevent the spread of fire With a  specified fire
» Walls, floors | » Walls, floors, and their supports resistance rating > (same as RG 1.189)
and roofs Limit the spread of heat and
> Including beams, joists, fire > (same as RG 1.189)
penetration seals or closures, fire Restrict the movement of | » Restrict spread of heat
doors and fire dampers smoke and smoke
Could have protected
openings
» Fire-resistance » Fire protection endurance
rating >3hours rating > one hour
> Exception: 1. Fire area boundaries need not be
completely sealed floor-to-ceiling, wall-to-wall
boundaries. 2. In this case, licensees should evaluate the
adequacy of fire boundaries in their plants
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Table 4-8 Comparison of Fire area

1 BTP APCSB 9.5-1|2 CMEB | 3 Regulatory guide | 4 NFPA 805(2001~) 5 NUREG/CR-6850
(1976.5~) 9.5-1 1.189(2001~) (2005~)
(1981.7~)
Fire area | » Portion of a building or plant > Physically separated | > (same as RG
. . from other areas by space, | 1.189)
> Separated from other areas by boundary fire barriers )
barriers, walls, or other means
> Fire barriers > Adequate ) )
> Withstand the fire
with any openings or for the fire hazard ) )
) hazards associated with the
penetrations protected
area
with seals or closures
having a fire resistance > Protect important

rating equal to that of the

barrier

equipment within the area

from a fire outside the area
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Table 4-9 Comparison of Fire zone

1 BTP APCSB 9.5-1 | 2CMEB9.5-1 | 3 Regulatory guide | 4 NFPA 805(2001~) | 5 NUREG/CR-6850(2005~)

(1976.5~) 1.189(2001~)
(1981.7~)
Fire > Subdivisions of fire areas
zone
> In the suppression systems | » Typically > Not necessary bounded by fire-rated assemblies
designed to combat particular types of | based on fire
fires hazards analyses
> Fire zone > Also refer to | » Often defined based on
concept helps the the area subdivisions | the fire suppression and/or
fire-fighter define the of a fire detection or | detection systems
necessary fire suppression system

> Defined in the context of

parameters and actions . .
the fire protection program

> May contain one or more

rooms
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4.8.1 Discussion

About these five documents, we can divide them into two types based on their
application: 1) As noted in Chapter 3, the BTP APCSB 9.5-1, BTP CMEB 9.5-1 and
Regulatory guide 1.189 are guidelines for fire protection for nuclear power plant to
satisfy the traditional deterministic fire protection requirements. 2) The NFPA 805
and NUREG/CR-6850 are used for the performance-based fire protection. The
performance-based fire protection approach is a new approach developed based on
the traditional deterministic fire protection approach.

For fire barrier (Table 4-7), we can find that when the guideline developed to
Regulatory guide 1.189, it uses “their supports” instead of “roofs”, and also add the
“beams, joists, penetration seals or closures, fire doors and fire dampers” to its
definition, which make the definition be more detailed and clear. For deterministic
fire protection, the fire-resistance rating of fire barrier needs to be equal to or larger
than 3 hours. However, for performance-based fire protection, the minimum
fire-resistance rating of fire barrier is reduced to one hour but the fire barrier is
required to restrict spread of heat and smoke.

As referred previously, the Fire PRA conducted in NUREG/CR-6850 is based on the
fire compartments instead of the fire areas or fire zones used in NFPA 805. And care
should be exercised in accepting fire zones as equivalent to fire compartments.
Therefore, for the fire area (Table 4-8), the requirements of fire area for
performance-based fire protection are almost same as that for deterministic fire
protection. Combining Table 4-1 and Table 4-9, we can find that the requirements of
fire zone are more close to the requirements of fire compartment. For example, one of
its both fire zone and fire compartment is not necessary bounded by fire-rated
assemblies.

In a word, with the guidelines for fire protection improved, as well as the advanced
fire protection approach developed, the definitions of fire area, fire zone, fire barrier
are revised to satisfied different fire protection requirements.

Thereinto, the fire barriers which are the components of construction are rated in
hours of resistance to fire and be used to prevent the spread of fire and even restrict
spread of heat and smoke. They play significant role in the initial stage of fire
protection. What’s more, the assessment of the barrier failure probability is also one
part of completing the quantitative analysis in PRA.

According to the NUREG/CR-4840012], in the unscreened cut sets where a potential
for barrier failure has been identified, barrier failure probability will be estimated
using the barrier failure rates.

Barriers are grouped into three types: (1) fire doors, security doors, water-tight doors,
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and fire curtains, (2) fire dampers and ventilation dampers; and (3) penetration seals

and fire walls. The data base contains 628 records from when any plant began

construction to the end of June 1985. The number of barriers of each type at a plant

is not known precisely for each plant, but a nominal figure that has been estimated

for each barrier type is given in Table 4-10 . The uncertainty of each estimate is

represented by 90% confidence bounds. These failure rate estimates and confidence

bounds are given in Table 4-11.

Table 4-10 Approximate Number of Barriers at a plant

No. | Type Nominal
1 Fire door, security doors, water-tight doors, and fire curtains | 150
2 Fire dampers and ventilation dampers 200
3 Penetration seals and fire walls 3000

Table 4-11 Estimates of Single Barrier Failure Rate

Barrier type | Barrier/unit | Estimate | 5% confidence bound | 90% confidence bound
1 150 7.5E-3 0.0 2.4E-1
2 200 2.7E-3 0.0 2.2E-1
3 3000 1.2E-3 0.0 3.7E-2

The method for estimating the failure rates and quantifying the uncertainties in

the estimates will be discussed in Chapter 5.
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4.9 Supplement
® Compartmentalization and compartmentation in fire protection field

Compartmentalization can be described as a 'divide and conquer' process for
separating thoughts that will conflict with one another. This may happen when they
are different beliefs or even when there are conflicting values.l13] Besides,
Compartmentalization or compartmentalisation may refer to compartmentalization

in biology, engineering, fire protection, information security and psychology field. [3]

Compartmentation is defined as the division of a cell into different regions, either
structurally or biochemically, based on dictionary. 14

Compartmentalization or compartmentation 15116l in structures is the fundamental
basis and aim of passive fire protection.
The idea is to divide a structure into "fire compartments", which may contain single
or multiple rooms, for the purpose of limiting the spread of fire, smoke and flue gases,
in order to enable the three goals of fire protection:

- life safety

- property protection

- continuity of operations

What’s more, in NUREG/CR-1.189 (2001) the description about the
“compartmentation” is as follows:

4.1.2 Compartmentation, Fire Areas and Zones

In accordance with GDC 3, structures, systems, and components Important to safety
must be designed and located to minimize the probability and effect of fires and
explosions. The concept of compartmentation meets GDC 3, in part, by utilizing
passive fire barriers to subdivide the plant into separate areas or zones. These fire
areas or zones serve the primary purpose of confining the effects of fires to a single
compartment or area, thereby minimizing the potential for adverse effects from fires
on redundant structures, systems, and components important to safety.

However, the revised Regulation guide 1.189 published in April 2009 used the
“compartmentalization” instead of “compartmentation” without description changes
(18l shown as follows:

4.1.2 Compartmentalization, Fire Areas, and Zones

In accordance with GDC 3 (Ref 1), SSCs important to safety must be designed and
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located to minimize the probability and effect of fires and explosions. The concept of
compartmentalization meets GDC 3, in part, by using passive fire barriers to
subdivide the plant into separate areas or zones. The purpose of these fire areas or
zones Is to confine the effects of fires to a single compartment or area, thereby
minimizing the potential for adverse eftects from fires on redundant SSCs important

to safety.’

Thus, in conclusion, compartmentalization could be considered as same as fire

compartmentation in the fire protection field.
> Compartmentation of buildings [17]

Building Regulations “Approved document J, Combustion appliances and fuel

storage systems”, defines a fire compartment as:

‘... a building or part of a building comprising one or more rooms, spaces or storeys
constructed to prevent the spread of fire to or from another part of the same building
or an adjoining building. (A roof-space above the top storey of a fire compartment is
included in that fire compartment.)A separated part of a building is a form of
compartmentation in which part of a bu