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ABSTRACT

A probabilistic approach for the evaluation of major fire protection
measures in nuclear power plants is described. The methods developed are ap-
plied to two representative fire areas -- one similar to a cable routing room
and the other typical of a diesel generator room. The fire areas chosen for
application, the fire scenarios described, and the various fire-damage states
specified in the two illustrative examples are used to evaluate those fire-
protection gquidelines which deal with automatic/manual fire detection and sup-
pression systems, rated barriers, divisional separation, drainage systems, dam-
pers, and fire rating of electrical cables. Tabular results are presented,
which reflect the relative merits of these systems/features in terms of condi-

tional probabilities of achieving various room-damage states. The conclusions

drawn and the lessons learned through the course of this study are discussed,

and the areas that may need further investigation are identified.
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EXECUTIVE SUMMARY

This document describes a method which can be used to assess from
bilistic point of view the relative merits of the NRC guidelines for
tection. These guidelines are contained in Section 9.5.1 (Fire Protect
the Standard Review Plant (SRP). The approach embodies a hybrid selectior
physical models for fire propagation determinations and probabilistic models for
active and passive fire-mitigation system reliability. The intention of this
study is to investigate the practicality and usefulness of implementing proba-
bilistic risk assessment techniques as an adjunct to the present fire-safety

review process.

Two examples, employing the method described in this document, are present-
ed. In each case, the fire areas chosen, the fire scenarios prescribed, and the
fire-damage states specified in each example are designed to evaluate those fire
protection features in the SRP which deal with automatic/manual detection and
suppression systems, ventilation and exhaust systems, reted barriers, spatial
separation of redundant divisions, curb/dike and drainage systems, and electri-

cal cable rating.

For each of the two fire areas analyzed (a cable-routing room and a diesel
generator room), tabular results reflect the relative merits of these systems
features. This is accomplished by determining the conditional probabilities of

achieving prespecified room-damage states resulting from a fire. Accordingly,

given a particular enclosure geometry, combustible fuel loading, and initiating

fire and considering the combination of fire protection features and systems
that are "designed into" the area of concern, coupled with a measure of system
reliability and fire vulnerability, one obtains a quantitative basis for fire-

safety evaluation

In Sections 2 and 3, this general approach and basic methodology are fur-
ther elaborated. Since evaluation of all the SRP Guidelines would not have been

practical, judgment was used to limi* those that can be addressed. This




Judgment was tempered by the in situ combustible loading prescribed for each of
the two fire areas. For example, the basic approach for the cable-routing room
stresses the relative protection provided by spatial separation of redundant
cable divisions; whereas for the diesel generator room, the emphasis is on the
effectiveness of barriers in preventing the spread of the fire. In either case,
the deterministic fire propagation and growth models used are considered state-
of-the-art "zone" models which have been modified (see Section 3) to account for
forced ventilation and spatial dependency of fire-induced gas dynamic

parameters.

Probability distribution functions are assigned to several dependent fire
parameters, e.g., fire initiation and growth times, and enerqgy release rate,
These are coupled to the transport models to judge the effectiveness of active
and passive fire protection and fire mitigating systems. For example, Section 3
describes a probabilistic analysis of aerosol fire detection and water suppres-
sion systems. Correlation laws for detector response time, expressed as a func-
tion of detector spacing, room geometry, and energy release rate of the fire,

incorporated with a probabilistic function of detector reliability to assess
getection time probabilistically as a function of fire growth. LIKewise, empir-

] +

-al curves are used to assess the effectiveness of water suppression Systems.

the method described 1S used to probabilistically evaluate
systems and features typically used in a cable-routing room. In
thi1s case, the prespecified, or ultimate room-damage state (UDS) 1s defined as
the failure of all redundant divisions. Locations of these divisions, relative
L0 each other and to the distance below the enclosure ceiling, are the two basi
parameters investigated, Table S-1 lists the fire-protection features and Sys-
considered in this example as well as those for the diesel generator room
f

example, S51x of a total of 15 fire-protection measures are indicated d]:)ﬂg with

a code 1dentifier, Combinations of these identifiers are itemized in Table S-2
Lo 1ndicate what protection systems/features are in place (or not in place) for

+

he cable-routing room. Along with these combinations are the estimated proba-

bilities for achieving the prespecified UDS. Pairwise comparison of the results




for each case provides a rationale for evaluating a specific fire

feature. For example, comparison between Case and Case 4 i

of -inagnitude reduction in UDS probability due to installation

water sprinkler system,

ect i >, the method described is 0 probabilistically evaluate

fire protectio y! f and features typically jlesel generator room

examp | e 2 UUS 1S defined as failure of enclosure barriers and/or in
operability agampers and doors. ACCO gly e stresses the model
ing employed to assess the conditional probabilit) containing the fire with

rho N . 2 - :a ) —— r . . 4 n n anr )
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Table S-1

Fire Protection Features/Systems Considered

Identif ier System/Feature

Automatic Detection System (Aerosol Detectors)

Automatic Suppression Systems (Sprinklers; Total Flooding Halon)
Automatic Doors/Dampers

Electrical Cable: Proper Rating/Installation

Qualified vs Nonqualified Cables

Manual Fire-fighting Equipment Availability and Staff Familiarity
Cable Tray Location (within uniformly stratified layer)

Fire Brigade: adequate training and plant familiarity

High Capacity Drainage System

1-hr rated barriers; including doors and penetrations

2-hr rated barriers; including doors and penetrations

3-hr rated barriers; including doors and penetrations

Cable Tray Location (within nonuniform region); Separation

Cable Tray Location (within nonuniform region); Separation

f Cable Tray Location (within nonuniform region); Separation




Table S-2

Probabilities of Room-Damage States for
Various Fire Protection Design Features
(Cable-Routing Room)
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(a)First-Stage Growth is defined as failure of one redundant shutdown cable
division.

(b)Second-Stage Growth is defined as failure of all redundant shutdown cables,
i.e., the Ultimate Room-Damage State (UDS).




Table S-3

Probabilities of Room-Damage States
for Various Fire Protection Design Features
(Diesel Generator Room)
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(a)First-Stage Growth is defined as the fire invoivement of the diesel fuel.

Ih)C " : :
\D)Sé6004-gtdﬂp 1rﬂyth is defined as the fire propagation beyond the original
fire enclosure, i.e., the Ultimate Room-Damage State (UDS).




INTRODUCT ION

1.1 BACKGROUND

{

The posture of the Nuclear Regulatory Commission (NRC) on nuclear power
plant design and operability, as it has evolved over the years, has been ground-
ed on traditional engineering practices supplemented by additional safety mea-
sures and analyses to ensure a sufficiently conservative approach to plant safe-
ty. To protect against various preconceived accident conditions, designers and
plant operators were introduced to such concepts as the single-failure criterion
and defense-in-depth., T ccess of this regulatory approach has been general-
lvy confirmed by studies on plant risk which have indicated that accidents within
the design basis contribute a small portion of the risk.

Re-

However, the current requlatory structure is not without its L\f‘)?i"u"w}

1

cause our understanding of the normal and various upset states is incomplete and

hecause of the tendency to analyze :‘mn., system by system, requlatory prac-

tices have been developed that are not always well inteagrated with each other.

T - - 1
his can result in an uneven coveraqge of the safety issues, 'f”f“‘:"fy in ase

signing priority 0 new safety 1 es as they arise and determining the
actual level of risk that i é ained, and to some extent, misinterpretation of
certain safety requirements. In Tac . yted by Ernst and Murphy®, conserva-
tive limits that have been ed make " | o rel requirements

after further knowledge of plant behavior is ac , They

go on to note that

Probabilisti Risk Assessment (P ) techniques can offer the requlator a realis-

'1r‘ 1!"?6’»37'(‘1414 fescription vylant H‘a' ie ‘H)’ﬂ “ in the a”/’]}v"“: . "':&r*y

safety issues, These techniaues allow the requlator to focus attention on the

uncertainties du . , ' ? ledge, which in sometimes provide vital

information ev e el is not well def ined.
A case in point is the rul naking issue deal

Here, a defense-in-depth posture has also beer

Q"\V)‘.Y:\Hp.“ by the NR " through qener 2] criter i a*

1S based upon E-AW:‘H“ ' ) f aCtive and pas




detection, suppression, arriers, and s t) adundant safety-

related systems. The combination of guid: ined in Appendix A to Branch
ical Position (BTP) ¢ l, s implemented by the f in their fire pro-
tection review programs for operating reactors, and the requirements set forth
In Appendix R to 10CFR50 define the necessary conditions for demonstration of
compliance with General Design Criterion 3 of Appendix A to 10CFR50. Currently,
fire protection requirements for new nuclear plants (those that commenced opera-

tion before January 1, 1979) are delineated in the Standard Review Plan (SRP),
section 9.5-1, "Fire Protection,” Revision 3, July 1981.° This revision now in-
corporates all the technical requirements found in Appendix R which was appended
to 1UCFR50 to resolve several fire protection issues still undetermined since
fire protection programs® were evaluated Dy the staff after the Browns Ferry

fire,

nowever, 1n StCY-83-269, which summarizes the licensees' fire protection
exemption requests to Appendix R requirements, the staff's disposition of those
requests, and any generic issues that may be raised by these requests, Dircks’
requested that the present guidelines should be revised to incorporate recent
clarifications and to delete any requirements that are not applicable to new

piants,

1.2 OBJECTIVE

Reflecting the increasing emphasis and use of probabilistic techniques in
the assessment of fire risk at nuclear power plants, the NRC has embarked on a
program for implementing the use of such techniques as an adjunct to their de-
terministic safety review process. Since PRA techniques can offer the regulator

a realistic, integrated description of the plant, the objective of this phase of

the overall program is to assess from a probabilistic point of view the safety

advantages associated with each of the fire protection guidelines contained i1

]

section Y.,5-1 of the SRP. The purpose of the study 1s to develop an approach

wnich -an be used to respond to the request made in SECY-83-269

.




1.3 SCOPE

Specifically, this study incorporates existing deterministic fire models
with existing reliability techniques to evaluate some of the major SRP guide-
lines. Since it was deemed impractical to evaluate all the gquidelines, judg-
ment was used to 1imit the number of quidelines addressed. Those that have been
stressed in this report deal with the effectiveness of automatic/manual detec-
tion and suppression systems, ventilation and exhaust systems, rated barriers,
spatial separation of redundant divisions (the so-called 20-ft rule), curb/dike

effectiveness, drainage systems, and electrical cable fire-resistant rating.

Two examples employing the method described in this report are presented.
For each of the two fire areas analyzed (a cable-routing room and a diesel gen-
erator room), the results reflect the relative merits of various fire-protection

systems and features.

For example, given that an enclosure, containing say two redundant safe
shutdown divisions, is a priori specified with a specific fire load, geometry,
and ventilation, the methodology employed herein attempts to answer the follow-

ing questions:

Given an initiating fire, of a prespecified size, what will be the con-

ditional probability that one of the two redundant trains is affected?

What will be the conditicnal probability that the ensuing fire, without
fire suppression, will damage the remaining division if that division
had been separated from the first by a) 10 ft, b) 20 ft, c) 30 ft, or

i) any spatial separation; and, what will be the effect of (1) the ver-

\ £

tical distance between the initiating fire and these divisions, and (2)

the vertical distance between the enclosure ceiling and these

divisions?




How much would this overall conditionil probability change if each
iivision were comprised of IEEE-353* rated cabling as compared to non-
:{sé,QIJLJ:’-rd??)if th}éu),.

How could manual and/or automatic detection and suppression methods
change this probability, and what would be the effect of these methods

durina the various fire growth stages?

At the outset it must be emphasized thét although the methodology employed
to address these questions is somewhat general and implements what are construed
as state-of-the-art deterministic fire models and probabilistic techniques with
existing reliability data bases, the results presented are specific to the fire
scenario selected and should not be taken out of context. Also, for these cited
examples, only a few of the SRP quidelines have been addressed., Relative evalu-
ation of each guideline, even for the few fire scenarios studied, is beyond the

present scope of this project.

Accordingly, we start by selecting two representative fire areas, ViZsy &
typical cable-routing room and a diesel generator room. Because of the relative
fire loads in each of these areas, the ensuing study will emphasize the relative
fire protection provided by fire barriers surrounding the latter enclosure,
while analysis for the former enclosure will draw attention to the relative fire
protection provided by spatial separation of redundant divisions. A hvbrid
deterministic/probabilistic approach is developed using existing "zone" models
for assessing fire grewath, coupled with existing reliability data on detection/
suppression systems. Fire propagation and growth are based upon those unit mod-
els employed in COMPBRN® in conjunction with enclosure fire ‘'radial jet-flow mod-

eling as described by fquupr‘s " The latter model, which not only accounts

for those fire plume and uniformly stratified zones within an enclosure fire but

also considers the interaction of the fire plume with the enclosure ceiling, i

>

and Electronics Engineers.
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GENERAL APPROACH

This task entailed 1) a definition of

nuclear power plants which comply with the

the probability of a fire damaging various

two representative fire zones in

{

SRP Guidelines, 2) an estimation of

components in these zones based upon

a prescribed initiating fire, and 3) after sequential removal of the various

fire-protection features, a reestimation of the probability of damage states in

order to determine the effect of these fire protection measures. The following

section describes the area layout, the fire loading, and the cize of the two

rooms selected for this study. Damage states depend on fire scenario as well as

on what equipment
As

analyzed.

in a given fire area should be protected from fire stressors.

such, specific damage states are defined in Section 4 for the two fire zones
»

Since evaluation of all SRP Guidelines would have been impractical,

judgment was used to limit

This

the number of SRP Guidelines that can be addressed in

this study. 1s discussed in Section 2.2

OF REPRESENTAT FIRE AREAS

[VE

The two representative fire zones selected have been hased on the fn]lgwiﬂq

considerations:

1) The equipment housed in these rooms is typical of equipment found in

nuclear power plants.

The fire load and the size of the rooms are also typical of those in

nuclear power plants.

3) The fire scenarios in these rooms address the potential for failure in

redundant safe shutdown divisions.

The layout of the rooms is rather simple to be compatible with the

assumptions employed in the existing computer codes used,




The first enclosure basically typifies a cable routing room in the auxilia-
ry building, with electrical cabling as the major fire hazard but considered as
a low fire loading relative to the other room under study. The other room rep-
resents a diesel aenerator room containing fuel oil and lube oil as the major

fire hazards. Each room is described below.

Room 1 - This room, 15 m long, 12 m wide, and 6 m high, contains Divisions

1 and 111 power cables and control cables associated with shutdown method A
along one side, Divisions Il and IV power cables and the control cables asso-
ciated with shutdown method B are located along the opposite side of the room.
The other components in the room are assumed unimportant for fire hazard analy-
sis. A simplified schematic diagram of the room is given in Figure 1. The
cable trays are assumed to be 0.61 m wide (24 in.) and 15 m long. The trays
containing power cables are assumed to contain only one layer of 24 single-con-
ductor No. 2 cables. The trays containing control cables are assumed to be
filled with two layers of 7 conductor No. 9 cables, totaling 52 per tray. The

various other considerations for this room are:

Rating (Insulation/
Jacket) : (I1EEE rated (EPR/Hypalon); IEEE nonrated (PE/PVC)

Ventilation : Forced ventilation (6 room changes per hour)

Geometry : With openings; without openings

Auto. Detection : With smoke detectors (spacing 3 m); without detectors

Auto. Suppression : With automatic sprinkler systems; without automatic

sprinkler system

Manual Suppression: With trained fire brigades and standby hose stations

Barriers + le, 2=, 3-, 4-, 5-hr ratings




Figure 1. A schematic diagram of the representative cable-routing room.

n 2 - The configuration for the representative diesel generator room is

12 m 2, 15 m long, and 7.6 m high. A common wall separating the two diesel

generators in the plant is rated for 3-hr. The generator unit, centered within

the room and set over an integral fuel supply day tank, with an additional day

tank mounted on a wall, occupies an area measuring 3 x 10 m. The room contains

nothing else except for a switching panel and a small number of cables running

in metal conduit

qgal of diesel fuel in the two-day tanks (mdi, inside thgrdﬂle

SRP Section 9.5.1 guidelines), in addition to 250 qal of

lube oil,

are the major combustibles for this area. The small quantities of electrical

cable located within control panels and conduits are not considered.

STANDARD REVIEW ULAN (BQr) n”!“&!INF\ “QlVﬂﬁtm FOR ‘VQL”ATXWN

5

In accordance with General Design Criteria 3 and 5, the purpose of the fire

protection program is to provide assurance, through a def ense-in-depth desiagn,

that a fire will not interfere with shutdown functions or 3113””‘*,41ﬁt]y increase
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5
ELS s
A

e B

cally deal with fire protection requirements, administrative controls fire
b ]

brigade organization, and quality assurance, etc., have not been evaluated i

this study. However, the following are addressed on a generic basis and are
contained within Section C.5 of the Standard Review Plan Section 9.5.1:

1. IEEE-383 qualified cablings (C.5.e.3).

2. Barrier effectiveness and penetrations (C.5.a.1, C.5.a.2, C.5.a.3,

£s9:.8.8, C.5.0.2).
3. Separation (C.5.b.2).
4. Automatic suppression and detection system (C.6)

5. Ventilation and dampers (C.5.f).

n
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o def ine equivalent fire severity of the ASTM (American Society for

ing and Materials) standard furnace test, NBS (National Bureau of Standards
concluded that the fuel load of 80,000 Btu/ft® of floor area will produce a
impact (i.e., gas temperature) as severe as l-hr ASTM furnace test. However,
the method of testing and the definition of equivalent severity have a number

shortcomings which may render standardized test results inappropriate for

nuclear power plant fire barrier analysis. For example:

The equivalent furnace severity fuel load method neglects the actual

time-temperature curve in the fire area. The actual time-temperature
curve of a specific fire area is a function of many parameters such as
ventilation rate, pyrolysis rate, and different types of combustibles,

room qeometry, and size, etc.,'”

The standard test ignores the actual loading of the load-bearing
structures and the effect of temperature on the mechanical properties

and design capacities of the structural elements.

Admittealy, the traditional classification system is convenient and may
prcyvide a reasonable design for most situations. However, in nuclear power
plants, the need to minimize the fire risk necessitates the deve nent of a
systematic procedure based on the specific characteristics of a fire area, tak-
ing into account the associated uncertainties. Such methodologies known as

limit state design analyses have been the subject of several studies,'’='"

Although this subject has been understood theoretically, the complete applica-

tion to actual fire analysis has not been fully performed. In fire barrier de-
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sign one should be concerned with assuring that the barrier will meet certain
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Estimating the temperature signature during the flashover phase is based on
an expression which accounts for the conservation of mass and enerqy within a
control volume (the fire enclosure), The pressure change in the room is assumed
to be small, and the assumption of an ideal gas is implemented. Hence, the con-
servation of mass equation is

paV + jo (mh +m - me) dt = pr S (3.1)
where p, and pf are, respectively, the global densities of air at tempera-

tures T, and T¢; ﬁg is the mass loss rate of the fuel which is not neces-
sarily equivalent to the burning rate of the fuel; my; is the mass flow rate of

air entering through the ventilation system and is assumed to be constant; ﬁe
is the mass flow rate of gas leaving the room through the exhaust. It will be

shown later that &e is a function of T¢ and its time rate of change, if.
The volume of the room is given by V, the gas temperature in the room is given
by T¢, and T, is the temperature of air outside the room.

With the assumption of an ideal gas and taking the derivatives of the above
with respect to time, yields

. . . 2 -
Mg = My +m + (moTa/Tf )Tf . (3.2)
where m, is the initial mass of the air in the room (~p,V).

The conservation of energy can be expressed as
¢ L (an) =1 Q (T
pat (M) =G (T,t) -q (T,t) , (3.3)

where Qg is the heat release rate from burning Cp is the heat capacity of
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the air at constant pressure (assumed constant), and Q_ is the amount of heat
lost by conduction through the walls and radiation through the openings.

With the assumption of an ideal gas, manipulations yield

ToaaTpenT , (3.4)
where

o= [(0g-0) +m C 7,1/ [m C T] (3.5)

B=lm +mlm T . (3.6)

The solution of the above equation (assuming weak time dependency during flash-
over) with the initial condition of T¢(t=0) = T, becomes

Te = T, {exp(at)/[1-(8/a)T, (1-exp(at))]} . (3.7)

The expression for a is treated as a random variable based on the distribution

of 6!.-

Deriving constitutive relations for the heat loss, Q_, entails a degree
of complexity not warranted for this preliminary study. Indeed, models and
analyses are available which can take into account such parameters as wall
thickness and its physical properties, convective heat transfer on the unexposed
side as well as on the exposed side, which is, of course, related to the enclo-
sure room geometry. The degree of sophistication needed, however, was not cem-
patible with the zonal approach currently employed. In this regard, using engi-
neering judgment and the insights gained from results presented in References 9

and 10, 6L is assumed to be lognormally distributed with upper and lower

bounds at the 5 percentiles to be 0.863 and 0.463 respectively. This im-
plies a 90% probability that the value of 6L is between these two values.
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Thus the average room gas temperature, ?f, is given by
T, = (1/8t)en[ (87 /a) exp(at)] (3.8)

which for large times (i.e ts=) becomes

- . . . - . -1
vim T, = a/8 = [(@g-0,) +m, C) T, [(m, +mg) C] (3.9)

t+ = .

The above two equations are used in Section 5 to determine the average

gas temperature (ff) and the probability of structural failure for the repre-
sentative diesel generator room.

3.4 PROBABILISTIC ANALYSIS OF DETECTION/SUPPRESSION

Early detection and fire suppression are two of the most important consid-
erations that should be taken into account in performing an adequate fire proba-
bilistic analysis. In state-of-the-art probabilistic models the probability of
successful suppression and detection is usually estimated from existing data in
nuclear power plants.!5='® However, the data used apply primarily to manual
suppression and do not totally reflect the effectiveness of automati<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>