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ABSTRACT

A methodology for evaluating the fraquency of

severe consequences due to fires in nuclear power

“plants is presented. The methodology proddées al:...

~ of accident scenarios and hen assesses the frequer -

of occurrence of each. 1Its framework is given in

six steps. 1In the first two steps. the accident

~rcenarios are identified qualitatively and the poten-

tial of fires to cause initiating events is investi-
gated. The last four steps are aimed at quanﬁifica;
ition. The frequenéy of fires is obtained for diéferent
bcompartments in ﬂucleaf power plants using Bayesfan
%géhniques. The tesulﬁs.aré compared with thoée é}
giéssical‘meihgas and the variation of the £requeﬁ§ies
Qith time is also examined. The comhined effects of
fire'growth, detection, and suppression on component
faildre are modeled. The susceptibility of cables to
fire and their failure modes are discuésed; anally,
the limitations of the methodolojy and suggestions for

further research arc given.
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1. INJROLCUCTION AND SUMMARY

1.1 Intrcduction

This study presents a methodology for evaluating
the frequency of consequences due to fires (fire risk)
in nuclear power plants. Tnese consequences can be -
defined in terms of t‘he extent ofj release of radionn-
clides into the environnent. The main source of
the radionuclides is the‘core of che reactor [1l] and

only accidents can lead%to~large~¥eleasese-mFor'this:to-

‘ happen, both the reactor vessel and the containment

musf‘be breached and the core must be severely damagéd.
Thus, we concentrate on analyzing scenarios that
involve fire incidents which can lead to core damage

*®n-

and. containment failure. .
W‘ o
Similar to any risk study, *the methodology identi-
fies a comprehensive list of scenarios and then assesses
the frequency of occurrence of each. This process
requires knowledge about almost all aspects of a fire

incident (that is, ignition, progression, detection

and suppression, characteristics of materials urder

fire conditions, etc.) as well as the plant safety

functions and their behavior under accident conditions;
Fire research is a multidisciplinary effort that

is being vigcrously pursued in many countries arcund

tne world and which covers ailarqe spectrnm of topics

(for example, physics of combustion, flame behavior in



compacrtments, and fire detector response characteris-

tics). The level of sophistication of the tools used

-varies greatly. Very few sources have looked into the

probabilistic aspects of firéfincidents and, especi-
ally, the public risk stemming from'fhese'éccurrences.
This is true for the fire risk in nuclear power plants.
Many fires have occurred in tﬂese plants [2])] and con-

cern about them as a potential common cause event has

RS sy B ST

" been gteatly increased since the well knbwn Btowns

Fett¥ fire (3]. Many regulatoiy actions followed thi§
incident. A special review gréup from the Nuclear j
Reguiatory Commissfon (NRC) anélyzed it in detail (4].
The Reactor Safety Study [S5) also investigated the
chances of that incident leadingé to core meltgby
postulating various failure scenarios. Refererce 2
used their épproach in performing a parametric study
and found that the conditional frequency of core melt
could have been as high as 0.03. Reference 5 found
that the unconditional frequency ié about 1 k 1075
incidents per reactor year. |

The NRC has requested all utilities to submit a
fire protection analysis report [4]) which evaluates
each plant with respect to fire protection guide-
lines [6]). Alihough the information given varies from

plant to plaht, basically they have all enumerated the

administrative actions taken against fires. and have



listed for each compartment the existing safety-. " ated

items, thé fuel loading (Btu/ftz, the type of fuel,

the fire p;otectionrequipment; gtc. Based on these

studies, changes have been recommended and safe shut-

down methods are analyzed Reference 7 is an example,
This is a success-oriented analysis of the dif-

ferent paths to s«fe shutdown. It starts with the

~plant at full power and assures that reactivity control

and core cooling are achieved and that temper .ture ard

pP:essure indicators are available during a fire inci-
dent. Credit has been given to manual actuations

(at pumh or valvé locations), spécial cables, and
special fire detection and suppréfsion systems. These
reports pt&vide valuable 1nformé%%on about‘the'fﬁ;e
hazard in each plant.

Three studies evaluate the fire riif of nuclear
power plants., The first study was a par£»o£'the Clinch
River Breeder Reactor (CRBR) Risk Assessment Study (8].
The second study is part of the High Temperature Gas-
Cooléd Reactor [9] risk assessment study cbnducted by
the General Atomic Company [10]. The third study ;s
one performed at the Rensselaer Poiytechnic Institute.

(RPI) [11 12). 1In all of these studies, the critical

locations for fires are identified qualitatively and

the frequencies are given in terms of point estimates,

althcough cqrtain upper bounds are sometimes evaluated.



The CRBR study was the first attempt in this
direction. It use failure modes and effacts analysis
to identify critical locations and covers all types of
fire (cable tray, oil etc.) inéluding sodium fires.
Event trees and fault trees are used to establish fire-
initiated sequences leading to core melt.

The fire risk study for an HTGR plant ([10] is a

~..small part of a larger effort wherein the overall HTGR . |

risk is assessed. 1Its inclusion Qas instigated by the
Browns éetry incident. The authors recognize that,
except fbr some special aspects, fhe general fe&tures
of risk assessment methodoloqy are also applicable to
fires. Very detajled data on 1ndi§gdua} fire incidents

o e vy
“Have been collected as part of theﬁg work. In

e
Section A.2 of Appendix A, we review the information
provided. They have used the data to obtain fire
occurrence rates and analyze fire progression charac-
teristics., Their data includes estima;es on the
physical size and duration‘of the fires. From -this,
they establish a distribution for the extent of fire
growth,

The HTGR report also proposes a methcd similar to
failure modes and effects analysis to identify the
critical locations within a plant, called *"Fire

Location and Progression Analysis®™ (FLPA). As part of

this methodology, fo: every area, information is



collected about the fire loadihg, the components and
their potential failufe modes (causea by fire), etc.
Then, the critical locations are chosen judgmentally.
Subsequently, the authors look into the sequences of
events that can be caused by fires and eliminate
several areas by comparing two frequencies for the same
sequence of events. 6ne frequency is due to fires and
the other is due to causes other than fires. They have
found that the cable spreadingmroom poses the largest
flre risk and the frequency of core heatup is 10’5 per
reactor gear.

Twaéreports are published froﬁ the Renssellaer
Polytechnic Institute studyvlll.lzf, The €irst one
presents.a detailed analysis of daﬁgfcollected from
insurance companies and regulatory @Edies. in A
Section A.1 of Appendix A, we have tabulated part of

their results. The authors have looked at many

~different aspects of .the data and have also proposed

models for tanking systems, components, and fire zones.
For this, they have éefined 1mportance.ne&surgs which
are linked to‘sone conditional frequenciés; for
example, the frequency of fire occurrence, the fraction
of fires of a.certalﬁ type, etc. |

In Reference 12, the second report from the RAPI
work, the~authpr has developed a2 m.thod for analyzing

loss of safety functions in a boiling water reactor (BWR)

oY
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due to fires. He models the systems by success trees
and the fires by event trees. The event trees are used
for modeling the time-dependent characteristics of a
fire. The first event (the initiating event) is igni-
tion. The second and third.events question the

success of detection and suppression activities,

‘respectively. The fourth event concerns propagation.
~ Once again, the success of detection and suppression

Jwismquestianedmin the fifth and sixth.eventsi»The: - - ..

AT F e R
QIR RTINS B

exiting states of the event tree are labeled as
'Componentélost,' which denotes that%several vital
components;have failed due to the fire. This report
presents a very detailed discussion on detection and

(230

suppression. The plant locations ateﬁenalyzed one at a
time and a'fai1ure-modes-and-effects;:;alysis type ;:
approach such as that used in the CRBR and HTGR studies
is employed. The worst case fires‘fofﬁéach fire are
identified and fire scenarios are quantified using
point values for the frequencies.

1.2 Summary )

The main goal of the methodology presented in tﬁis
study is to identify the dominant contributors to fire
risk. A contributor is defined as a sequence of events
(a scenario) that begins with a fire and terminates

with the release of radionuclides t» the envlroﬁment.

There r-e bagsically two parts to the problem:
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first, the identification of the scenarios and second,

"their quantification. The framewoirk of the methodology

is given in six steps. These ar. the building blocks

of any sophisticated algorithm which cah be developed

to use more efficient methods for obtaining the domi-

nant conributors.

The first two steps are for scenario identifica-

 tion and they are discussed in Chapter 2.

e S AR TR

fires can cause them (Section 2.1). _

Step 2 -?The mitigating functions }or the initia-
ting evénts oi Step 1 and accident sequences are ana-
lyzed to see how the fires can affeot them. The result
of this step is ; 1ist of scenarios (seg%Section 2.2).5;

These two steps cover the first pa;£ (i.e.,
scenario identification) of the problem. Event troes
and fault £reeé are the main tcols here, Examples are
cited from the 2ion and Indian Point Fire Risk |
Stucdies [13,14] where the proposed methodology is
implemented. We take fires as the cause of the _ ’
initiatiog events (a perturbation in the balance_of
plant). We have examined the possibility of experi-
encing a large LOCA due to fires ‘n a pressurized

water reactor. The accicent mitigating functions are

modeled in a simple manner. The critical locations'are

" identified by qualitative arguments which are'based

gtéb“illmihitiating events are analyzed to see how 7



i

mainly on the safety-related items that can be affected
by fire in the area. |

The remaiding.steps are aimed.at quantification
and are described in Chapter 3. The general model is
given in Section 3.1.

Step 3 - The frequency of f:re incidents in dif-

ferent compartments is obtained (see Section 3.2).

~BayeSian methods are used in this step. This data

=ncomes-mainly from insurance sourées“andagggﬂgggulggwgngwﬁw_

compared with classical methods. Tbe vatigtion of the
frequencies with;time is also examined. ‘§

Step 4 - Fire growth analysis is performed and
conditional frequencies of affecting relevant compo-

nents are obtained. The effects of dgtect&pn and sup-
|%

. ¥ [
pression are taken into account (see Sectigg 3.4.1 for

fire growth, 2.4.3 for deteciion, 3.4.4 for suppres-
sion, and 3.6 for qbtain@ng the conditional frequency).

Step 5 - Conditional frequency of accident
sequences given a fire is derived (see Section 3.5 for
component failures wﬁen affected by fire and 3.6 for |
deriving the cohditional frequency.)

Step 6 - Unconditional frequencies of accident
sequences are derived (see Section 3.6). |

In Section 3.3, we establish representative fire
scenarios based on the components in the event sequence

to 1imit the scope of firegrowth analysis. A model {s
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proposed for the cénditional f;equency of failing a:
known set of coméonen;s within a room. Ig takes into
account the periods for growth of fire, détection, and
suppression. These are estimated in Section 3.4. The
model also includes thg failure frequeacy of the com-
ponents, given that they are e;pbsed to fires.  In
Section 3.6, we show how the difference frequencies of

the methodology are assembled and the unconditional

In this work, we find that human error is an
important part of a;fire analysis becauée:f (1) manual
activation of componenﬁs is possible when they tecome
discoﬁnected from the control room due to ngle fires,
and (2) when instrumentation-related componghts are
affected.Zy a fire, the operators may react’.‘j o -
erroneous information‘on the control board. 1In the
latter case, the question of completeﬁess'of'the
analysis becomes important. | ‘

1t is important to note that the occurrence of
fires and their effects on plant safety are very
comélex issues which have not attracted the attention
that other parti of risk assessment have in the |
literature. It is natural, therefore, that assumptions,
usually conservative, have to be made for the analysis .

to be completed. Effects of smoke, external fires,

secondary fires, flooding due to water-type

i i T EE R s e e e en

seaieersessfrequency “of - some - severe consequencesisTobtatiedis



e i B

s

‘of-the f{te detectors and the suppression time are

extinguishers, and fires caused by earthquakes are not
addressed in this study. The limitations of the
proposed approach as well as suggestions for future
work are discussed in Chapter 4. |
The details of the fire incident data are des-
cribed in Appendix A. The total nuirher of years for
different compartments in power plants ﬁnder commercial

operation is computed in Appendix B. The response time

O REEES el

discussed in Appendices C and D, respectively. A
literature survey.oﬁ cable fire tests is presented in

Appendix E.

10



2. SCENARIO IDENTIFICATIOHN

This chapter ﬁovers the firsc and se;ond steps“ot
the algorithm described in\the preceding ~h$pter. The
main goal is to identify scenarios in terms of compo-
nent failure modes and their physical locations. The
initiating events are aralyzed first. The'jitigating
functions of each initiating event are analyzed next.

The information obtained is then combined to define

fire=~related-scenarios which:are-given in terms .of . .- poi i

components, their failure modes, and the cause of

failure.

2.1 Analysis of the Initiating Events

2.1.1 “General Remarks

The list of initiating events (IEs) developed i
for other parts of a probabilistic risk assessment #

should be'used'heré-[15]. Reference}ls gives a com-
prehensive list of these events for PWRs and BWRs. We
can devide them into two brcad groups:-‘first;'the loss
of coolant accidents (LOCA's) where thé’core coolant is
discharged from an opening in the cooling system, and
second, the transients where the existing balance is
perturbed (e.g., reactcr trip). In this step (Step 1)
weAdetermine how a fire can cause an IE. Note that a
fire is takén as the cause of the initiaping event'and
not the initiating event itself. - The relatiounship

between fires and 1Es can be foui.d by constructing

11



fault trees for these events, This is illustrated by

an example.

2.1.2 Example: LOCA in a DPWR

The possibility of a large loss of coolant acci-
dent at the Zion station is studied in this exampie. A
large LOCA i$ an opening larger than 6 inches in equ’-

va'ent diameter in the primary side (fcr a PWR).

Figure.2.l::8hows.:the primary:-1oops of -one of the. unite, s s s

Frcn this figure, we_conéiude that there are only two
ways ir whvicz.h aA large LOCA céan occué‘--a pive break in’
one of the larger pipes, and spurioﬁs opening of the
Residual Heat Removal (RHR) isolation valves. These
are motor op;uated valves (MOvVs) RHB8701 and RHE8702.
The failure Jv;the check va?éés is judged to be less
likel;, than pipe failures because, in all cace-s, at
least two check valves in series should fail.

Figure 2.2 shows a simplified diagram of the con-
trol .ircuit for opening one of the isolation valves.
Parts of the circuit that'do not affect the “"open"
signal are not shown here. The compattﬁents or zones
thkrovgh which the circuit passes ar2 also shown. The
conitrol switgh and the pressure interlock could.be
bypassed {f segments A 81.d B of the wires in the cable
spreading rooms or the MCC room touch each other, thus
clocsiry the circuit and energizing coll 50‘ which would

open the v&lve. In Section 3.5 where cable failures

12
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are discussed, we call this failure mode a "hot short."

.Fof MOV RH8701, wires A and B are in the same cable.

For MOV R!8702, they are in different cables but in
the same tray. The cables for the two valves are in
different divisions.

Based on this inéormation, the fault tree of
Figures 2.3 and 2.4 is%constrpcted. Note that the
basic events are shown only in terms of component
failureunodesr«uwhe&ré?ausisaa@e@d&scussediueparately.
The locations where a fire may cause the gop event
(i.e;, large LOCA) can%now be identified. This list
follows and includes the fallures to which they would
lead:

B

e Cable Spreadirg" Room: Wires A and Bof both.
=" ™5
MOVs contact e;g

2h other

@€ MCC Room: Wires AandBof both HO\}s contact
each other or no. 52 breakers of-both MOVs
transfer closed

'@ Control Room and Instrument Rack Room: . Cdntrol
switch and pressure interlock switch of both
MOvVs ﬁransfer closed.

Two things should be'pointed out here.‘ Pirst, two

sets of information are given--the location of the fire

(the cause of failure) and the components-fhat lt‘could

‘affect. Both are necessary in the quantification

process. Second, in some cases only part of the fault .
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tree is affected by a fire. For example, a control
‘room fire can fail the control switches. However,
failure of the pressure interlock switches due to other
causes is also necessary for the top event to occur.
Two conclusions can be drawn: (1) location cut'sets‘
can be defined similar t; minimal cut sets, and (2) thg
fire location (the failure cause) should be-speéifieé
when only partial failures can be achieved. The latter
~is very important for-a'sequence of 'events because it
_should be specified if the initiating event is cgused
%by a fire. . | ;

in Section 3.5, we find that pipes and valve
bodies are not susceptibls to fires. Valve moﬁors
would fail as is and woulé;:\ot move spuri?usly.
Breakers and relays would %ail in their aéenergized
mode and, in this cdesign, it is the open position.
Control switches fail ir their current status. Thus,
the control room and instrument rack room-related
failures (i.e., two relays and two switches transfer
élosed) cannot be éauéed by a fire. "Hot shbkts' in
the cables in the cable spreading room or MCC room are
the most likely path to large LOCA. We have mentioned
carlier that, for MOV.RH8702, the two wires A and B are
in difterent cables but in the samec tray. We judge it

to be very unljkely that these two wires would come in

contact with each other before touching any grounded

condu~tor.
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Thus, by quali;ative arguments,vwe_have reduced
the number of fire locations to two.v We developed this
fault tree for illustrative purposes. In‘reality, 1£
is vety unl}kely that the valves could be unseated
given that the motors are enétgized because there is a
tremendous pressure differenc; across the gates and che -
moiors are underpowered . by de%ign; -

2.1.3 Initiating Events in. a PWR

For a simple apptoéch?‘we sUggést that™ ull LOCAs
be pnalyzed in a manner similar to that given in
Section 2.1.2. Fcr transiewts, one nay conservativeay
- assume that when a safety-telated component is
affected, reactor trip result, thus, a ttansien;.
There are areas in a pi‘nt thS“ do not contﬂin safety-
related components, but a fyiré in them may lgad to
reqctor trip. Fér example, the balance of plant-
related'items are in such areas. Howeve:, since‘
safety-related items are not atfected, safe shutdown
can be achieved 1ndependent1y of the fire.

2.2 Analysis of the Mitigating Functions

2.2.1 The Mitigating Punctions

The detailed event trees (ET) and fault trees (FT)
that are constructed for risk analysis could be ﬁsed
here. These give the most comprehensive list of
sequences that experts can onvision. These trees lead

us to a very large number of sequences in such a manner
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that the efficiency of the methodology becomes impor-
tant. Chapter 4 discusses this issue. Here we propose
a simple approach. |
For a PWR, the fundamental functions necessary for
safe shutdown are summarized in Reference 7 as:
*a. Maintaining a conditlon of negative reactivity,
b.. Removing reactor decay heat, and
c. Monitoring and conttolling the ptimary system
coolant inventory aéé pressaf;:&” ‘ S
%The containment heat removal functions'are'also;
impo?tant [16)], because they détermine how the teleaﬁld
radionuclides are contained within the containment. |
The aéailability of these func?ions should be ques-
tioned along with the'decay h;#t removal in item (b)
above. In the following subsections, these mitigating
functions are discussed in general terms ahd then |

they are illustrated collctively by an example.

- 2.2.2 Reactivity Control

Reactivity control is the first thing that should
be checked for fife vulnerability in Step 2. Similar
to the initiating events, we can do this by construct-
ing a fault tree.v The fire locations, the components,
and their failure modes should be idenrified. For the
two power plants that we have looked into, that is, |
Zion and Indian Point, the electronic and electrical

curponents will lead tu raector trip upon deenergization.
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Thus, reactor scram always occurs by at least human
intervention if not due to the fire itself. The pos-
sibility of fires at the mechanical components of this
system on top of the reactor vessel has not been stud.ed.

2.2.3 Decay Heat Removal for a PWR

The systems used for'mitigaiing a small LOCA and

~.all of the transients are basically the same [16].
- They require the avallability of the scram system, high

~- pressure primary cooling systems-and secondary-cocling =

systems. If both cooling functions fail, core melt

will eﬁgntually occur. The small LOCA sequences become ‘
different from the transients whén tbe molten cbre
leaves the vessel. In transients, the pressure of the

primary system stays very high bqgeuse there is no

‘bleeding capability exéept for the safety relief

valves that blow steam into the con*ainment. Thus,
there is a large pressbre difference between the vessel
and the congﬁinment vhen the vessel is breached by the
molten fuel. In the case of a small LOCA, this pres-
sure difference would not be as high; therefére, the

form of radiation releace (releasg categoury) would be

different. In both cases, coni.ainment heat removal is

necessary. Small LOCAs will require containment heat
removal sooner than the transient éventsﬂ
In the case of a large LOCA, negstive reactivity

is inserted by the loss of coolant. Heat remcval
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should be provided almost immediately. The low pres-
sure injection systems provide this function. Contain-
ment heat and iodine removal are necessary for safe

shutdown in addition to maintairing containment integrity.

2.2.4 Coolant Inventory and Press"re

The monitoring of céolant inventory and pressure
"is an éssential part of the safe shutdown process. . The .
related components are typically transducers, elec-
tronic circuits, and electriéél'égﬁponéﬁtsfmwrﬁé“ésSen;“
tial parameters in a PWR are the pressurizer level and
pressur;‘[7]. | L

The.control of coolant inventory and pressure is
achieved by the same systems as in decay heat removal.

2.2.5 Example: Accident Mitigatign in a PWR

Figure 2.5 gives the event tree used in the Zion
Fire Risk Analysis (13). The event tree is based on
tﬁe assumption that reactor t;ip has been successful.
The secondary side cooling is provided by the auxiliary
feedwatér system (AFWS) which has three tiains., Eacl.
train has one pum: that can deliver adequate flow for
decay heat removal. Two of the pumps are motor-driven.
hWe third is turbine-driven and uses the steam of the
main steam generators., All valves are air-operated and
fail open upon loss of power to theAsolenoid valves.
The primary side coolant bleed and feed consists

of the power operated relief valves (PORVs) on toﬁ of
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the pressurizer for bleeding, and charging or safety

injection (5I) pumps for feeding. The charging pumps
can inject coonlant at high pressure whereés the shut-
off head of the S1I pumpslis lowver, 1,500 psig. Both
‘sets of pumps take suction from the rafueling water
;storage tank (RWST). The suction and injection lénes
;of the SI pumps are nétmally open. However, for }he
.ichérging-ﬁhﬁbéirﬁﬁgﬁgg}éliel motor operated vai&ég
~isolate the suction under normal conditions. Thgw_
'iﬁjection side is open. Figure 2.1 shows the POﬁVs.
,They are air operated v}lves PCV456 and PCV455SC. ;The
:MCVs upstream of these ﬁwo, that is, RCB8000A and "
RCBO00B, are called PORV block .alves. All four are
@prmally closed and automatic control systems do 29t
dontrol them. "

‘The containment heat removal fu ~tion is provided

by two systems--the containment spray syster and the
fan coolers. Depending on the availpﬁzlity of these
systems, containnent event tree entry ctates E, F, G or H
resulﬁ. The worst state is H wheré radiation release
is a.certainty. There are three trains in the contain-
ment spray system. Each train consists of a pump that
<an deliver 3,000 gpm, and several valves. Two of the
pumps are motor driven and the third is diesel engine

driven. The diesel fuel and batteries for startup are

in the same general area as the pump. There are two
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MOVs downstream from each pump. One of them is nor-
mally closed. All three pumps take‘suction from the
RWST. The system is activated by simultaneous signels
from SI and contrinment high-high pressure or SI and .
manqa] spray. |

. There are five fan coolers inside the containment.
They operate at high speed under normal conditions.

H

Allféhift~to‘ehe“lﬁw-sbeéd%accident mode upon‘én sT 7

~signal. Containment air is drawn through the filtra-

© IR o

" tion plenums and cooling coils and back into the

containment. The low fan speed is necessary to ensure .

.
3 . ¥

that the fans are not overloaded by the increased mass
of the containment air. Thé colls are cooled by the
service water system. :

fﬁhe availability of these systems in a transient 5%
event tree is questioned only when core melt has
occurred.

Sequence Number 1 - This is a success sequence
whcie core melt éoes not occur. If at leastnoné' AFWS
train is available, decay heat can be rem§ved ade-
Quately. The primary makeup {8 not a critical fﬁnc-
tion unless the heat removal rate'cahnot be confrolled.
1£ the system is overcooled, the primary pressure and

level may drop so that the core would become uncovered.

AFWS flow control is manual (from the controi room).

27



The cperators need pressurizer level and pressure
indications for this purpose.

Sequence Number 2 - This is a success sequence
also;}however, the auxiliary feedwater system is
unavaflable. At ieast one of the four pumps (two
charging and two SI) can provide adequate cooling flow'
into éhe core. The prlmary coolant blee¢ and feed

PC/BF 'is manually controlled. The goal of this mode of

operation. is_to depressurize the primary side without . -

achieving saturation conditions. The pressurizer
pressﬁre and level indicator§ provide the ﬂécessary
information. |

The RWST would become exhausted in about 10 hours.
At th&g stage, the valving should be changed to allow
for rézirculation coZIing. This mode of operation use'sg4
the RHR pumps in addition to those in the injection
phase. The RHR pumps take suction from the containment
sump where the coolant that was discharggd from the
PORVs is coilected. The coolant passes thréugh the RHR
heat exchangers where it is cooled by the component
cooling water system, then it {s routed to the suction
side of the high pressure pumps (SI or charging). This
phase of heat remov§1 provides long-term cooling.

Sequence Number 3 ; This is a core melt sequence

where the AFWs and Recirculation Cooling System have

fajiled; however, the primary coolant bleed and feed is
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successful. Thus, core cooling failure occurs beyond
10 hours after the accident and ft'takes.doré‘than_
60 minutes to core damage inception. At that point,

the primary‘system may be at low pressure. This depends

‘on how' the bleed and feed was pgfforméd. The pressure

‘level dffects the releaSe categories. 1In Figure 2.5; we '

have ccnservatively assumed that the system is
pressutized when core melt occurs.

N The following two: observations are in order.vA‘
First, the timing in this sequeice of events is long

such tnat the restotqtion of @ailed systems can be a

'significant contributor. Secohd, more detajled

scenarios are necessary; otherwise} only conservative

measures can be considered. .

Sefﬁence Number 4 ~ This is a core melt sequence

where both APWS and PC/BF have failed. If both fail at

reactor trip, it would take about 4.5 houré for éore
melt to éccurAdue'to'a total loss of heat removal. The
system is assumed t§ be pressurized when the molten
fuel breaches the veésel, ‘At this point, ihe'coptain-
ment prcsaure would rise, the fan coolers would switch
to the accident mode and depending upon whether SI
signal exis:d; the conta‘nment spray system would be
activated. Note that the timing is much shb;ter 1nv

this sequence of events than the previocus one.
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2.3 Combining Initiating Events with Mitigating

Functions

2.3.1 Scenario ldentification

Similer to the approach :n the Fire Hazara Analy-
sis [17), we perform our analysis one location at a
time. : For each location we check the following:

(}) Can at least one of the LOCAs be caused by a

: fire (see Section 2.1)?

(2) Are there any safety-related items? If so,
assune that a reactor trip has ocuvurred and
safe shutdown is necessary.

(3) Can reactor trip be defeated due to a fire?

(4) 1f the answers to items (1) and (2) are

affirmative, iaentify the systems for safe
shutdown (Section 2.2.1) and seqhences that
will lead to core melt arnd radiation release
(see Section 2.2.5 for an example).

(5) 1dentify the componehts'of the safety systems

that are necessary for their épération and
~ that are inside or oucside the location.
In item (5), we identify a series of scenarios.
Each consists of a location where a fire can occur, a
sequence of events in terms of an initiating event,
systems and release caiegory or containment event tree
entry state, the components (equipment, etc.) of this

sequence that can be affected by the fire, and ccaponents
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of this sequence t: . . cannot be affected by the fire.
If, in item (3), it is found that reactor trip can
be affected by a fire, then more detailed énélysis
would become necessary. It would be important to know
how much.negative reactivity can be inserted and what
heat removal rates would be necessary. Quantification
of this event may he p us decxde if further analysis is
warranteo. The approach, glven in items (4) and (5)

willhleaéwus_tgwpxd-the,desired;scenarios.

2.3.2 Example: Scenarios For a Cable Spreading Room

Fire of a PWR

The cable spreading room (CSR) of the Zion station
is studied.in this example. There are two CSRs for
each unit,,calléd,the inner and outer cable sﬁreading
roomé. The control and instrumentation cables of
almost all safety~related items are routed through the
inner rodm. There is no safety-relatéd feactor shut-
down and cooling equipmeht in these rooms except for
cables {7,18). The outér room c¢ontains some power
cables in addiﬁion to those of the inner room. . These
cables are 4)160V powér feeds to auxiliary feedwater

pumps B and C, power cables to both centrifugal

"charging pumps and both safety injection pumps, 4,160V

péwer feeds to Service Water Pumps, and 4,160V power
feeds to three component cooling pumps.

Following the steps given in Section 2.2.1 we first
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check for LOCAs. 1In Section 2.1.2, we found that a
large LOCA was extremely unlikely. By inspecting
Figure .1, we conclude that aﬁ medium LOCA is impos-
sible becausé there are no openings with an quivalent
diameter of 2 to 6 inches. A small LOCA is a possibil-
ity (through;the PORVS) ; hoﬁevér, it is likely to be
terminated. ;1thin;BOJMInﬁtés*becauée the hot shntts

(see Section 3 5 2 1 on Cable Failure ‘Modes) will

AR el e e DTS kN EIEF LMY UL .

be"ome op;n czrcuits. When thxs happens, the air-
operated PORVs would close, thus terminating the LOCA.
Failure of the valves to close due to other reasons
may pose problems. This will be further investigated
during the quantification. Therefore, we conéludé that
only a'smaII?EOCA may occur, and that requires an .
independent failure in addition to the fire.

Transients would occur because many safety-related
cables could be affected. Although the assumption of
- rcactor tripinitem (2) may not hold for some areas
(e.g., SI pump room), it is an appropriate-one to make
for the cable spreading room. Many instrumentation and
control cables are_linked with the balance of plant and
safeguards control systems. Their fajlure would defi-
nitely upset the existing balance, and so a transient
would pe instigated. |

Thus, so far, we have found that transients are

highly l1ikely and there is some chance for a small
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LOCA.  In both cases, reactor trip is necessary. 1In.
Section 2.2.2, we found that the latter could not be
prevented by a cable spreading room fire. Now,

item (4) folloﬁs. In Sectisn 2.2.5, the mitigating

functions for a transient were studied based on the

event tree of Figure 2.5. A similar event tree applies.

to small LGCASE The"on1§7é!fféréﬁééﬁls in the contain-
ment event trgg entry states. For a LOCA, the primary
system may“;;zdbgég;g;égklzed when the molten core
leaves the vesigl. Fiqure 2.5 shows tgat,_for each
initiating eveﬁt, we have two core melf sequences.j
Befo:e the sequences are studied, we investigate
the manner in yhich the three mitigating systems or
funétions can b;‘affected by a CSR fire. The auxiliary
feedwater system (Section 2.2.5) has all of its co.nt;rol
and power cablés routed throggh this room. All the
closed valves afe air operated and of the fail-open
type. Thérefore, they will open when tﬁeir control
cables fail in anopencircuit mode. The two motor-
‘driven pumps can be started manually at the pump
iocation 1£ the1r control cables are lost. However, if
their power cables are affected, that pump train would
be totally lost. The turbine-driven pump is an
exception because the fire_may start it by simply

causing an open circuit in the control cable of the

steam line stop valve. Purthermore, there are no power

i3
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cables to this pump} therefore, its operation is
indebendéng from the control room. In summary, both
motor driven pump trains of the AFWS are susceptible to
a CSR fire and;the turbine-driven train can be assumed
as tctally independent.

The primary coolant bleed and feed consists of two
parts-—bleedin& by theﬁPORvs%ﬁhdﬁ§etding by the

charging or thé“Siwﬁﬁﬁbg:[}?héiﬁﬁﬂé}m:ﬂafééhtrol cables

of all’Eﬁzézifggﬁ;“}sqzﬁwiﬁéwééédciaéga-Qﬁlves) pass

through the cable spreading room. Thegefqre,“this mode
of operation 1skcomp1ete1y susceptiblefto a CSR fire;
moreover, if the power cables are lost, local manual
action would be ineffective.

The availaSility Qf the recirculation wmode of
operation is questioned after bleed and feed has been
performed successfully for more than 10 hours. This
means that not all control functions are lost to f.he
fire. Also, in view of the fire loading and past
experience with fires in nuclear power plan£s~
(Section 3.2), it is judged to be quite unlikely that
the fire would still be burning by this time. Tiien,
the faflure of recirculation cooling should be attri-
buted to causes other than the fire. Human error at
switchover may be affected; however, the lohg time

period to any adverse situations would reduce the

impact.

34



Oisly the control .cables of the containment spray

(CS) and containment fan cooler (CF) systems are routed
T e

through the cable spreading room. Since the power

cables remain unaffected, all three CS pumps can. be

started manually from cutside the control room. Each

-‘train has a normally closed MOV that should be 6pened.

1f their control c;bles‘are lost, they can be opened

g T

manually only at the valve location. The timing is

important here because the containment spray becomes
éssential only when the molten core has ie£t~the ves-
sel. At that point, the containment high;high pressure
signal would be initiated and, if an SI signal already
exists, the containment spray start signai would also
be generated. Again, human intefvehtién becomes
important because the SI signal and even the manual
containment spray signal can be iﬁitiated‘by the
operators based on their juvdgment ;bout agcident
progressidn. _ | |

The fan coolers are located inside the contain-
ment. Any damage to their control cables would only
fail them as they are; that is, they would not switch to
low speed. Under normal conditions, they are running at
high speed. 1f they fail to switch to the accident
mode, that is, low-speed, they may eventualiy fail due
to high load caused by the steam in the air. If the

control cables are lost, the operators cannot intervene

- in their operation.
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Now we have enough informatior to develop scenar-
io:i,. We start with the transients, sequenc: number 3,
and containment event tree entry state E (see Figute 2.5).
The failed systems are.AFWS and recirculation cooling.
For AFwS we founb earlier in this section tﬁat two
motor-driven pump trains could be affected by a CSR

fire and the turﬁiné-diiééﬂ75ﬁﬁ§*ﬁ5§*i31ally independ-

“ent. The recircuiationwéobliﬁémw}gnalso found to ce
totally inéébgﬁaziﬁﬂfggﬁmihe fxre. The remaining three
systems (or funct{ons) are assumed avallaple. The
first line -7 Table 2.1 depicts this scenario.

The remaining scenarios can be identified in a
similar manner. Table .1 #hows some of them. The
first column of that table is simply a number assigned
to each scenario. In the.second qolumn, the causes of
failure are éiven. In this example, we have listed the
fire in the cable spreading room, humén error due to the
fire and other causes. The latter cerrs a broad gamut
of failure causes including human errors that are not
affected by the.fire. The remaining entries are~
aligned such that they are in the same iine as the
corresponding cause of failure, vNote that fires are
listed as one of the causes. The remaining cclumns
correspond to the events in the event tree of

Figure 2.5 and they show the failure mode or state

of each event. The core melt sequence number and
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~“the possibility of fires propagat§g§g§§

containment entry state are given tc make it easier to
trace the sequence back to the event treec.

2.4  0On the Definition of Fire Locations

In the preceding sections of this chapter, the
location of a fire or compartments wheve fires can occur

are mentioned without formally defining them. On the

" “other hand, in all o'ir examples, we have not conSidered -

ment to another. This assumptidn of nonpropagation is
very impoétant in simplifying the methodology. The |
impact is obvi.us. For example, in Table 2.1 we basic-
ally have two causes: first, those related‘to the fire,
i.e., the fire loéation and the human error; and second,
ail other causes. Actually, the human error is linked |
to the fire because it is related to manual operation of
equipment failed by the fire.

A fire location should be enclosed by distinct:
fire barriers. More precisely, the boundaries of a
location should be chosen such that the'frequenc} of
surpassing its threshold fire resistance Qould be very
low. Furthermore, the frequency of loss of penetration
seals during commercial power generation should be very

low. The requirement of power operation is important

 because accident analysis 'is mainly focused on this

phase and, during other phac~s (e.g., refueling), socme
penetration seals may be removed ir the course of

implementing changes.
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Our judgment is that a l-hour ovr better fire
barrier is adequate in view of the t/pically low fire
loadings in safety-related compe~tr 1ts, The possi-
bility of smoke propagation and water :.gressién'
should be tzken into account. One @a .'ink that these
restrictions would lead to a sm2ll numoue. of ahsurdly

darge locations. This should be ayé‘dedfgy;judgmgn;ﬁﬁkav~

a;lymchoosing-bound:ries tha;igpfnq;“‘“h

rhe aforementioned conditions.

Example - The inner cable spreading r~om that was
chosen aé?an éxample in Section'2.332 has the following
characteristics [18]}.

e The fioox is a 6~inch thickn structurally,
reinforced concrete slab on unprotected steel
beams. It is the roof of the laboratory area.
Fire can only propagate from below to the cabie
spreading room. Such a fire would be very
large and its freguency should be very low. We
di1d not include the laboratory area as part of
the cable spreading room. |

e The east wall is 24-inch structurally reinforced
concrete with solidly imbedded steel coluans.
This wall is shared with the turbine building.

e The other three walls are ¢. 11-5/8 inch hollow
concreté blocks with the holes ffiled solidly

with mortar. They are shared with the outer
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cable spreading room and the stairwell. All of
the beams are also protected.

e The roof is 6 inches thick, structurally rein-
forced concrete, Qnd,is supported by steel
beams which are covered by 2 inches of concrete

or gypsum. It is 12 feet above the floor and

closed almost &11 of the time,
=

e The elactrical penetretions are sealed with

1

-inorganic fiber ipsulating material aq%}covered,
with flamemastic.

e Fire dampers are installed in fhe ducts peﬁe-
trating the walls. Thése are 1-1/2 hour fire
rated steei,'activated by fusible links at 160°F

Reference 18 gives more detailed information.

Smoke or extinguishi,. : aggnté (such és CO,) may propa-
gate to other areas until the dampérs close due to a8 rise
in temperature. The control room ventilation ayatem is
independent from this area. Water ingression to the
cable room has only one source--the contro! room. The
chances of using water.are,small because the p;imary
extinguishing agents available in this aréa are CO, and
dry chemicals, Thé penetration séals would algo act as

a barrier. .
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Thus, we can consider the inner cable spreading
room as a fire location. That is, we éan assume that
cable failures due to fire in this room are independent
from other combbnent failures. However, when smoke
propagatidn or fires in the laboratory areas are con-
sidered, the validity of this aséumptioﬁ.should be

double -checked.

2.5 On_Fires as Causes of the Initiating Events .~ " °

. ..In Sections 2.1 and 2.2, the given. examples are. -

ééated'tbwardnfires that cause an”iﬁiigatiﬁénégénfﬂgﬂd;
at the same tim?, affect the mitigating sysﬁems. This
is an adequate ;pprcach if the IE has a small frequency
of occurrence due to other causes. This ﬁay not always
be the case. For example, the loss of offsité power to
the Indian Point Power Station has a median of 0.14 per
yéar (95th percentile is 0.6 per year). It takes
4.5 hougs for core melt to occur in case of total
blackout and loss of turbine-driven auxiliary feed-
-water pump. There are three diesel generators that
receive automatic start signals upon loss ofsbftsite
power. There are also three gas tutbiﬁe geneéatora near
the site that can be started manually.

The diesel generators are housed in the same
building. They are divided-by l1/8-inch aluminum
partitions which are erected as oil splash shields.

At one end of this building, the control cabinets of
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all three diesels are located. A 14-foot high concrete
wall separates these cabinets from the diesz.s. Simul-
taneous fajlure of all three diesels may be caused by a
single fire, either in the engine area or control board
area. It is judged that the latter is more likely
because it fequires a much smaller five than that of
the engine area. Failure of the gas turbines and delay

-in.restoring -‘the offsite power should be due to causes -

Tﬂﬂs,'the simultaneous occurrencéﬂ;f'b;diesel
generator building fire (not an initiating event) and

independent occurrence of a loss of offsite.powet (an

initiating event) would lead to station blackout.

There are more than 4.5 hours available to power back,
either by restoring the offsite power or starting one oI
the three gas turbine generators.

2.6 On the Details of the Scenarios

In Section 2.3, we showed how to identify scenar-
‘ " jos but we did not discuss the level of detail that
should be sought. For example, in Scenario Number 1 of
Table 2.1, we point out the possibility of iosing two
AFWS trains to asingle fire, but we have not elabor-
ated in terms of all possible combinations of compon-

! ents. Obviously, more detail entails more work. Our
judgment is that, for a simple approach, ‘the scenarjos

should be stated in gross terms--trains of compohents,
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supercomponents, or even whole systems. When these are
quantified, bounding methods should be used. Based on
those numbers, one can then judge if more detailed work

is warranted.
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3. QUANTIFICATION

3.1 Introduction

In this chapter, we describe a method for q nti-
fying the scenarios obtained in Chapter 2. The
simplest and very ponservative'approach would be to
take the frequency of fires at a physical location as
the frequency of .failure of all ccmponehts within that
&Qﬁi;ﬁi;dre méié ;r radionuclide-rbié&ééi .
quencies, Therefore,”a more detailed model is
warranted. | i

In Ch‘apﬁer l, we identified the major steps for
quantification as part of the general methodology

(Steps 3 through 6). Figure 3.1 shows a‘block.diagtam

:based on these steps and gives an overall picture of the

quantification process. It references the related sec-
tions wichin this ch&pter where detailedgdescriptiqns
are given. There is some dependence among the dif- "
ferent blocf&s in the diagram that is not shown in
Figure 3.1. For example, at *the repre#ehtative'cases
for fire growth analysis,” we need some knowledge aboui
the fire growth history (i.e., growth, detection, and
suppressiép). One can use iterative methods to fur-
ther reft&e cértain parts of the qqantification
process. Such methods would certainly depend on the

specifics of the problem.
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References 10 énd 12 have develdpgd probabilistic
‘models for the frequency of core meli due to firés.
There haveAaiso been two other studie$ but with mucﬁ
narrower scope where the Browns Ferry fire incidents
were anaiyzed [1,2}.

Reference 10 focuses mainly on the cable spread-
ing room fires. The minimal cut sets that contain

cables passing through this room are identified by

i fadY et

fee .and event tree. analysis. The layou€fd§wu~i;

thése cables is drawn to see what distances should Sé
considered for fire growthémodeling.' Ceometric
fractions are combined with a growth mcdel and the
conditional frequency of core melt is obtained. By
using geometric fractions, it is assumed that fire
occurrence'is_unifqtmly distributed across the floor of
the cable spréading room. For the growth mode., it is
assumed thai: (1) all cables below or above a burning
cable are also burning, and (2) the maximum radii of
the base of the fires are equnentﬁally,distribuﬁed.
The mean maximum radius is obtained from the fire
incident data in nuclear power piants.

In Reference 12, the basic model is similar to the
one which we propose heré; 6n1y the differences at;
highlighted. Frequentist methods are used to assess the
ﬁean and the bounds of the frequencies. The frequency

of ignition of sustained fires is attribuied only to
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the fuel type. An eitensive model is developed for the
effects of fire detection and suppression. Some of the
results of this reference are used in this study. The
fragility of the components has not been addressed.
Instead, total failure is assumed given that the fire
has engulfed an item. |

3.2 The Frequency of Fires

3. 2. 1 Introductién

S sttributions for the frequency of fires innac

nuclear power plant compartments are assessed in this
section. These distrxbutions will be used as inputs to
fire risk analysis which will analyze the effects of
these fires on the accident sequences that may lead to
core meltdbwn. |
The analysis is Bayesian [19, 20). The frequency
of fires is treated as an unknown quantity and its
distribution expresses our current state of knowledge
about the values of that frequency. An important
factor that shapes our state of knowledge ié the
observed frequencies in the past. Thué, a gsignificent
part of the work is to investigate the available
stat{stical experience and to decide what information
it contains. We then use Bayes' theorem to formally
incorporate this cxperienco in our body of knowledge.
Estimates of the frequency of firvs are also derived

using frequentist methods and the results are compared
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with those of the Bayesian methods.

The data is described in Section 3.2.2. That
section also gives the reasons benin¢ ouf choice of
compeitments. Annendices A endva give a detailed
account of the date used. Section 3.2.3 describes the
Bayesian calculations. The prior diseribution is gamma
and the likelihood is Poisson. Table 3.2 gives the |

::results. The uncertainties in the ftequencies are of

ez SRS ERRRSAEE S D

L?the state-of knowledge-type. Section 3.2.4 shows that
a lognormal prior has minimgl impact‘on_the final
tesuft. In Section 3.2.5, we find that, aftet_the-
‘Browns Ferry fire incident, the overall ftequeney'of
fires has increased. The £teqnentist (classical |

- énproaeh) neﬁhods for nncettainty analysie give con;'
patable'reSUIts in Section 3.2.6. The magnitude ofl
fires represented by the frequencies of Table 3.2 are
discussed in Section 3.2.7. Finally, in Section 3.2:8,
'vthe type of“uneettiinties.cbvered by the'dist;ibueions |
e:e clarified. | L

3.2.2 Data

Data on fires in Lighf Water ReaCtofs (LWRs) have
been analyzed in several studies [1,10.11;21,22,23].
Althougn they have been done independently, they have
some common aspects, e.g., some of the sources of data
are the same. For example, almost allrstndies haee used

data from the Nuclear Regulatory Commission. Some have
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also used data ftbm the insurance industry. All have
reported the overall frequency of fires within a small
range of 0.11 per reactor year. These studies give
tables of ‘data on various features of fire incidents,
eg., causes of fires, components involved, systems
affected, location of fires, etc. Reference 22 gives
the most detailed tabulation. Reference 10 has included
aa;a on the size, shape,-and duration ofAthe fires, and
i&galsqmdiscusseSTthe—methodsAuseé for detection‘aﬁdgﬁxﬁfiEL
extincgion. |
Théré are two kinds of Idiorhation needed: (1) the '
ndmber of fire incidents that have.occurred in specific
compartments during commercial operation; and (2) the 
namber of compartment years tha£ the nuclear power
industry has accumulated. A compartment year is defined
as 1 calendar year of use of a specific compartﬁent in
commercial operation. Reference 23 is our main source
for the first part. Most 6! its data comes from reports
of insurance inspectors to American Nuélésr Insurers
(ANI1), althouah other sources are also uséd, e.g.,.the
| U.S. Nuclear Regulatory Commission. While the NRC
requires the reporting of fires that, iniﬁome way,
affect the safety of the plant, ANl has more stringent
fequirements in the sense that all fire events must be
;eported [23). It is still not clear, however, whéther

all the potentially signif!éunt events are reported and
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what cnﬁstitues an insignificant fire. 1In Reference 23,
incidents in all nuclear facilities are classified in
several ways, e.g., according to the location of occur-
rence, the mode of suppressicn, the causerf fire, etc.

These tables do not provide data readily appli-
cable.to our model (see Section 5.2.3). This is
bécause tﬁosé tables fér.théAiﬁc;dents during commer-
qiaLyqug&;igg?ggggngl;_types49{ facilities includf:;
ing educaéional reactors, reprocessing plants, etc.
Furtherﬁone, the tables on speqif}c £aciiity types
cover all phases of plant life (1.e., construction,
opefation, etc). The number ofvincidents is derived by
comparing several tables. Appendix A gives a Jdetailed
account of this derivation. The results are given 15
the first column of Table 3.l.

The time périod covered by the AN]I data starts inA
January 1955 (which is essentiblly the beginning of the
nuélear powef industry in the U.S.) and ends on May 31,
1978. Thus the compartment years are compu;éé'by add-
ing the age of all compartments (within a certain cate-
gory of compartments) of units that were in commercial
operation by the end of May 1978. The age is defined
as the time between first commercial operation.and the
end of May 1978 (or date of decommissioning). |
Reference 24 and the Final Safe‘y Anplysis Reports

(FSARs) [25) are consulted for the dates of commercial
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=TABLE. 3.14-::.8tatistical Evidence of Fires in LWRs . . ...

(As of May 1978)

2

Number ‘ Number of

Area ' of Fires | Compartment Years
r T '
Control Room 1 288.5
Cable Spreading Room 2 _ 301.3
Diesel Genera:or , 10 593.0
Containment ) 337
Turbine Building 9 | . 295.3
Auxiliary Building 10 ' . 303.3




operation and‘the number of each compartment type per
unit. Appendix B giVes a detailed listing of the
number of compartment types in each plant and their
ages. The resul<%ing compartment years are givén in the
se-ond column of Table 3.1l. |

The choice of aifferent classes of compartments is

partly dlctated by the data available an‘ partly by how~

‘typical a given compartment is.. The latter is.an

important factor»because-power~plants do not have

similar layouts. This is particularly true when PWRs

and BWRs are compared. We bave identifiej six areas
typically found in nuclear power plants. These are:
the control room; the cable spreading room, the diesel
geherator, the containment, the turbine building and
the auxiliary building. éy diesel generator, we mean a
unit comprised of a diesel engine and an aitached
generator.

In most plants, the first three areas are single
compértments. Howev~er, the rémaining three are typi-
cally large buildings wﬁthin which are hany.compart~
ments. Table 3.1 gives ihe cumulative aée of these
areas. The differences in age are mainly due to the
fact that the units iﬁ some multiunit plaﬁts share some
of these cohpartments. The only area that the units do
not share is the containment; therefore, tﬁe contain-

ment years (i.e{, 337 years) are equal to the reactor



" years. The large experience years for the diesels is
expected vecause almost all plants have at least two
diesel generators.

3.2.3 Bayesian Calculations

We must now construct the distributions of the
frequency of fires in the various areas that we have
identified. The fundamental tool that éhables us to
incorporate the statigtica1~evidence that -we  have
‘assembled into our state of knowledge is Bayesf"-

theorem which W° wrlte as

' /E) ngg)LiE/l) (3.1)
faxn) (/2
v
where
m (A/E): probability density function of A given
evidence E {(posterior distribution)
IR : probability density function o2f XA orior to
having evidence E (prior distribution)
L(E/A) : probabilitv of the evxdence given A (like-

lihood functxon\
A model for the occurrence of fires is the Poisson
distribution (see Section 3.2.5), 1i.e., the likelihood

function is

r
L(E/A) = € AT _l%%l_ ' (3.2)
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where r and T are given in Table 3-1.

The prior distributions should reflect our state
of knowiedge prior to obtaining the evidence contained
in Table 3.1. That knowledge, we feel, is vague.
While we know that the frequency of fires in reactér
cbmpartments cannot be large, Say 10 per compartment
year, we are unaole to say with h;ghvcon§§dgngg what

_the values of'this.frequency.are,m{wbeteﬁore;thedpriorM

~ . distributions will -be -diffuse over~a wide range of

" possible values of A . At this point, there istno,
cempellingAreason for us to choose a particuiarﬁfamily
of prior distributions e :ept tha‘ we would iikevthem
to be of a standard type because they can be easily
visuélized via their parameters and they are less
complicated'to maniputate. Also, they should be skewed
to the left because, in nuclear power bdlants, the
quality of five protection is good. S

Lognormal and gamma families of distributions.
comply with our requirements. The former fits our state
of knowledge better because the bulk of the distribution
is around the median and, for given 95th and 50th per;
centiles, the Sth percentile is not unreasonably low
as in the case for yamma distribution. However, to
facilitate the cilculation of the integral in Bayes'
theorem, we choosé the gamma family of distributions

which is conjugate with respect to the Poisson
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distribution, i.e., the posterior distribution is also a
gamma distribution. 1In Section 3.2.4, we will see that
tiris choice does not have significant impact on the

posterior distribution. The gamma distribuiion is

a
ron = —P— ¥ lexp(-gn) - (3.3)
ra -

where @ and B8 are the tui parameters of the distri~

~-bution. A consequence of the conjugate property is

" that 7' (A/E) is also of the form of Fquatlon (3 3)
_w1th parameters

a' = a+r : f (3.4)
and

p+T. | (3.5)

g
The prior knowledge is represented by the pair
(a,f) and the evidence by (r,T). The greatest
possitle ignorance is represented by the values @ ; c
and 8= 0 [19) in which m(\) is proportional to A~!
(this is equivalent to saying that &n)is uniformly
distributed over the whole real line). For our
purposes, we feel that the distribution of complete
ignorance does not give appropriate weight to values of
A in the neiqhborhéod of 1 per compartment year; there-
fore, we will use slightly more conservptive prior dis-

tributions.

For the control and cable épreading rooms, we take
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@ = 0.182 and B8 = 0.96 which yield a gamma distribution

with characteristic values

A

0s = 5 % 1078; Ay = 1.5 x 1072 Agg = 1.0;

<O

fl

0.21 (mean value)

For the other areas, we wish togive more weight.
~to higher values of A and we choose @ = 0.32 and
B = 0.29. The prior distribhtion_hasncharaqtéﬁistic

values

Apg = 2.1:10‘4 i Agg = 0.30 ; Agg = 5; <A = 1;;1.

These distributions cover 8 wide range of values
for the frequency of fires, thus expressing our vague
prior knowledge.

We can now use Bayes' ﬁhéoren\to derive the pos;
terior distributions for each area using the evidence of
Table 3.1 and Equations (3.4) and (3.5). The resuits
are shown in Table 3.2. | |

Y'We observe,tﬁat the evidence reduces the disper-
sion of the prior disstributions significantly. For
example, even for thé‘weakeét evidence (CantrolhRoom,
r=1, T=288.5) the 90% int:rval of the posterior dis-
tribution is (3.1x1079, 1.2x1072) while that of the
priof distribution is (5 x 108, 1.0). Figures 3.2 and

3.3 show the prior and postericr distributions.

(N4
(A}

Reference 26 is @8 summary of this section. The resul
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TABLE 3.2 - Distribution

of the

Frequency of Fires (Events Per Room Vear)

A
i red a f \os lso 195 <>
Prior 0.182 | 0.9 Sx107° 1.5x1072 1.0 0.21
Coretro! Room - T 3 3 =3
Posterior 1,182 |[289.46 3.1x10 3.0x10 1.2x10 k. 1x10
= 7 —
Cable Spreading Prior 0.182 0.96 Sx10 1.5x10 - 1.0 0.21
Foom Posterior | - 2.182 |[102.26 reiod 1 oeaxod | vmie? | 720070
P ‘ :
oiesel femerator P70 0.32 0.29 2.1x10 0.30 ‘ 5.0 1
Posterior 10.32  {593.29 9.5x1070 | 1.7x10°% ‘2.7x1072 1.7x1072
5 X
ontslnment Prior 0.32 r.29 2.1x10” 0.30 5.0 1.1
Posterior 5.32 3: .29 6.2-:'0.J l.hxlo-z ' ;2,8x|0~2 1 6x10~2
\ v :
Turbine Building  °TiO" 0.32 0.29 2.1x10 0.30 5.0 t.1n
Posterior § % |295.59 ol | 36 672 | éS.OxIO-z 1.2x1072
: N - i
Buxitiary Bullding "7iO7 0.32 0.29 2.1x10 0.3v : 5.0 n
Posterfor | 10.32 |303.59 19x1072 | 330072 5.3x10°2 | 3.ux1072
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for diesels given in Table 3.2 have been modified since
the publication of that reference.

The special computer program MDGAMMA [27) was used
to calculate the percentiles of Table 3.2. There are
dalso approximate methods that can be used for the‘same
purpose. Depending on the values of a and 8, the
approach of Referencg 28, or chi-square distribution,

- can be used. | -
For a<3, Reference 28 "giveswtheAfollowing

equations:

Aos = ___];__ (3.6)
Byla)
y(@) = {0.05(a+1)] /%1 (3.7)
a+l
Agp = Ag5C(@,50) , (3.8)
Ags = AggC(@,95) | (3.9)

where C(a,1) is a function of @, the shape parameter
in the gamma dictribution and the percentile. It is

tabulated in Reference 28. [ ( a+l) is the gamma
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function which can be obtained from Sterling's asymp-~

totic series [28) for positive values greater than 1.0:

- 27 1 1 1 |
r\x)::xxex ..__{14- -+ - -
V * 12x © 588x%  51840x%°

: 571 + s e 00 0 lsx . Tormme (3‘10) :
2488320x : L -

Exah}le'- For the control room we have:
a= 1.182 and B=289.46 -
Both satisfy the above given conditions. From
Equations (3.10), (3.7); and (3.65 we obtain:
r2.182) = 1.091
y(1.182; = 11.254
Agg = 3.07 x 1074 ry~l,
By interpolating the datavgiven in Refeience 27,
we obtain: |
C(1.182, S0) = 10.011
and from Equation (3.8)
Agp = 3.07 x 1073 ry-1.
Similarly, .
© c(1.182, 95) = 38.808

and
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Ags = 1.19 x 1073 ry~l.
Note that these approximate percentiles are very
close to those in Table 3.2.

For a >3, the chi—squére approximation can bé Qsed.
A gamma distribution with a and B.paraheters'can be
approximated by a chi-square distribution [30] where
the random variable is x2=2)tﬁ and the number of
'degrees of freedom (V) is equal to the integer closest
:éo 2a o ”
Exﬁmple - For the auxiliary building we have

ais 10.32 and B = 303.59

The number of degrees of freedom is:

The chi-square percentiles with 21 degrees of freedom

are found in Reference [29):

2 .

Xp.05 (21) = 11.6
2

Xg.50 (21) = 20.3

Using 9
X3 ()

AI - -75“ (3111)

we find the percentiles of the frequency of fires to be
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Xog = 1.91 x-1072 ry~!
Agg = 3.34 x 1072 ry‘l
Agg = 5.35 x 10’2 ry '1,

Note that these approximate per&entiies are very close
to those in Table 3.2. A |

1f chi-squate tables are not avai;able,-?oisson
tables m?y’be used [30). The closest integers of @ and B
..are the number of events (k) and units oiytﬂme (r), and.fpr

the Ith percentile we héve
I=% e AIT()\IT)n . . ' (3.12)
n=k : L A

Reference 29 also tabulates this summation. The -
. mode, mean, and variance of a gamma distribution can be

found from:

Mode = “;1 for l1<a (3.13)
Mean - .; C(3.14)
variance = —gf— (3.15)

3.2.4 Sensitivity Analysis

"To test the effect of the particuvlar form of the
prior distribution that we have used on thé,posterior
distributions, we repeat the caiculationS'with log- o
normal prior distributions. The lognormal distribution

is
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2 ,
A-H
T = - .(_12_2__)_] (3.16)

—1 __ exp
>. Jzma 20

where i and 0 are its parameters.
For the cable spreading and control rooms, the new
prior distribution is lognormal with u= -4.2 and

0=2.55 having the following characteristic values:

Agg = 2.2 x 107%; Mgy = 2.5 ¥ 107%; Ay = 1.0
<A> = 0.39, | |
i.e., the distribution has the same 150 and Agg és
the original gamma prior distribution but it is less
dispersed. its shape is shown in Figufe 3.3.

The Bayesian calculations mustvnOW‘be carried out
numerically because the lognormal distribution.is not
conjugate»with respect to the Poisson distribution
which still serves as the likelihood function.

Table 3.3 combares the posteriof-distributions.

We observc that the.use of a lognormal prior dis-
tribution does not significantly affect the posterior:
distributions., This is to be exﬁected because both
prior distributions represent a fairly vague priér
knowledge, thhs the posterior distributions are domi-
nated by the statistical evidence.

For the other rooms, the lognormal prior
distribution is chosen with pArameters U= ;1.20 and

o= 1.71. Its characteristic values are:
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Table 3.3.

Comparison of Posterior Distributions

for Gamma and Lognormal Prior Distributions

A
rea XOS XSO xss <)\>

Gamma 3.1x10° %] 3.0x1073| 1.2x1072 | 4.3x1073
Contro! Room -4 -3 - -3

Lognormal! 5.2x10™ '] 3.3x1073| 2.3x10 h.3x10
Gamma 1.6x10"3] 6.2x1073} 1.7x1072 | 7.2x1073

Cable Spreading

Room -3 30 | exton -3

: Lognormat] 1.6x10 6.1x10 1.6x10 7.1x10
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-

Agg = 1.8x1072; Ay = 0.30

195 = 5.0; <M = 1.3.

Again, the posterior distributions are insensitive
to the new prior distribution.: For example, for the

turbire building we get
Agg = 1.7x1072;  xgy = 3.0x.07%;

Agg = 5.0xi072;  <A> = 3.2x1072,
3.2.5 The Choice of a Poisson Likelihood

The cho;ce of a Poisson likelihood function
implies that the frequency of fire occurrences is
constanrt in fime. It can Be- argued, however, that
earlier fire incidents have offered valuable lessons
and have resulited in ﬁajo: improvements in the safety of
the plants from the fire standpoint. This.is parti-
cularly true for the Browns Ferry inciaent (4) whichhis
considzred as one of the most significant safefy—related
incidents in the history of the nuclear industry. 1In
reaction to that, the NRC has enfdrCed a detailed plan
for fire protection evaluation and updating based on the
lessons learned {31). As a result, in many power |
plants, the fire protection provisions have been
upgraded which prompfs us to think that the frequencies
could be decreasing with time, an effect that would be
similar to the ®"burn-in® region of the bathtub curve.

A simple test is performed to check this notion.
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The time period is divided into two parts--one starts

on the first of January 1965 and ends on the end of
December 197%, the other starts on the first of Janvary
1976 and ends on end of May 1978. The distribution of
the frequency of fires for the overall plant is compﬁted
using Bayesian methods described in Section 3.2.2.
Noninformative'priof distributions (i.e., a.= g,

B = 0) and the Poisson i1ikelil.ood are used. The inci-
dence data comes from Reference 10 (see Section A.2 of
Appendi; A for more detail) and the containment years of
TaSle B.1 of Appendix B afe utilized as unit yeérs.- The
results are shown in Table 3.4.

Contrary to our expectations, we find that the
overall frequency has slightly increased in recent
years. We believe that this is due fo the fact that,
since the Browns Ferry incident, the fire repnrting
criteria have become more ﬁgringent. Cunsequently,
some of the fires that are being reported today would
naQe gone unroticed prior to that incident because
their impacts wete minimal. In any case, Table 3.4
shows that the increase in frequency is very small.

3.2.6 Comparison With Frequentist Results

We demonstrate here that, since our posterior
distributions are domi.-ated by the statistical evi-

dence, the methods ~{ frequentist statistics glve
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Table 3.4 The Number of Fires, the Reactor Years

. and the Fregquency of Fire

in the Overall Plant for Two

Incidents

Time Periods

Period 1768 - 12/75| 1/76 - 4/76 | 1/68 - 4/78
No. of ln?fdents 24 25 ks
No. of Reactor Yrs. 159.6 131.3 290.0
Frequency (per
resctor year
Sth Percentile 0.10k 0.132 0.13
Mode 0. 14k 0.183 0.165
Median 0.148 . 0.188 0.1€8
Mean - 0.150 0.190 0.16%
95th Percentile 0.204 0.257 0.210




results that are numerically close to those of the
Bayesian calculations. We use as examples the control
room (weakesg evidence) and the turbine building.

The maximum likelihood estimate of the frequency
of fires is

D r
A= =5 : (3.17)

[

and it is to be'comparedﬁwith'the mean value of the

posterior gamma distribution

Ad>= —%r = BFT (3.18)

Equation (3.18) shows thaL, when ﬁhe evidence (r,T)
dominates the prior knowHedge (a'ﬁ)ﬁ the two es£imates
of Eguations (3.17) and (5.18) are approximately the
same., Numericaily, we get

Control Room

1
288.5

1.18
289.46

1]

= 4.08x10°3

3= = 3.47x10‘3; <A> =

Turbine Building i

A ' '
3 3.05x10 ! 355 5 3.15 x .0
|

As expected, the’agteementiin the case of the t: cbine

it

0

i
building {stronger evid>nce) is better although, for
the purposes of risx analysis, the agreement of the

estimates in both areas is satisfactcry.

1
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We next compare confidence intervals. The classi-

cal 90% confidence interval for A is [32].

2 2 '
+2
X1/ (20) o <xl__I/z(zr ) S (.10
2T 2T

where ,%(Zr) is the loolthvpefcentile of a chi-square
distribution with 2r degrees of freedom. 1In the
present case, I=0.10 and we get.

Contrecl Room

X%.os (2) = 0.103, X2 g5 7 = 9.43;

4

1.8 x 10 %a<¢ 1.6 x 1072

Bayesian interval: 3.1 x 1074 - 1.2 x 1072

.Turbine Building

2 2 _
Xg.p5 (18) = 9.39, X5 gc (20) = 31.4

1.6 x 1072 <A< 5.3 x 1072,

Bayesian interval: 1.7.x 1072 - 5.0 x 10~2

The agreément is, again, better for the tdrbine
building. Even though the frequentist and Bayesian
intervals are approximﬁtely tie ccme, their interpreta-
tion are fundamentally diff :rent. In the Bayesian
approach, the value of the frequency A that will be
revealed after many years of experience is unkpown'and

the probability thet this value is in the stated



interval ié 0.90. 1In the frequentiait approach, A has
a fixed but unknown value, and the interval itself is
random. If we envision many'samples over the same
period T and calculate the confidence intervals, then
90% of these intervals will contain the unknown value
of A.

The reason why the two intervals are approximately
the same can be seen when we establish the relation
between the gamma distfibﬁtibn and the chi-squareb
distribution. It can be Shown (301 that, if ka'is.af
positive integ;r, then the variable 2*3'has a chi-
squice distribution with 2a' degrees of freedom. 1In
the case of the control room, . 2@'= 2.364x>2=2r and
B'= 290.26= f; iherefore, the Bayesian confidence

interval can be calculated by

2 .
(2r) x? (2r)
_llg < A <_l_lé£__ (3.20)

then v

1.8 x 1074 <A¢ 1.0 x 1072
which is the frequentist result (Equation 3.19), except
that the uprner bound here is evaluated for 2r degfees_
of freedom. The use of 2r + 2 degrees of freedom in
Equation 3.19 stems from the notion that an additional

fire incident may have occurred right at the termination
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ot the time period. This gives larger upper and lower
bounds. It is normal practice [32] to choose the widest
“interval, thus Equation (3.19) resulté. For the case of
smallest r (i.e.,r = 1) the difference is nol large
(1.0)(10"2 versus 1.6x10’2). For larger values,‘it would
be smaller. Of course, if the prior beiiefs Jere
significant, the parameters @ and B of the prior dis-
tribution would be comparablé tor and T, thus in&aliu
dating the approximati_on“s a'=r and ﬁ'r.— T . Iﬁ this case,
the Bayesian and frequentist results would be |
numerically different. |

3.2.7 Normnal Approximation

The normal distribution can be used as an approxi-
mation of the posterior distribution. It can be shown
[19] that, for strong evidence, the posterior distribu-
tion is approximately normal with mean equal to the

maximum likelihood estimate and variance given by

2 2 .
-2 8 1n _ a =AT (AT) T
BAZA- r 8’ il ¢
8T T
Thus, the variance is:
2 r : (3.22)

8

This must be compared with the varfiance of the gamma



" posterior distribution, i.e.,

var(a) = £155 (3.23)
: (p+'r) '

_ Similar to the mean value, Equation k3.18),
Equation (3.23) shows that when th: evidence (r,T)
dominates the priof knowledge (a,B8), the two estimates
i.e., Equations (3.21) and (3.23) afe.approximately

equal. Again, we use the control room and the turbine.

~building as numerical examples.

Control Room

T.ae mean and standard deviation (square root of

variance) are:
2 -1

_ 1
A>= 3gg5—
The percentiles are found using:

A ={A> + 2.8 . | ‘ (3:24)

where ZI is the Ith percentile of $tandafd normal
disnripution;
Ajs = 3.5 x 1073 - 1.645 x 3.5 x 10”3 = -2.23 x 1073
Ags = 3.5 x 1073 + 1.645 x 3.5 x 1073 = 9.1 x 1073

Bayesién interval: 3.1x10'4 - 1.2x1074

Turbine Building

A>= zgp— = 3.0 x 1072, p= Fed— = 1.02 x 107°

A

o5 * 3.0 x 1072 - 1.645 x 1.02 x 1072 = 1.37 x 1072

8} f s

A = 3.0 x°107¢ + 1.645 % 1.02 x 10672 = 4.70 x 10”2

3

=3.5x 10 “ry -, B= V1 = 3.5 x 10~



Bayesian Interval = 1.7 x 1072 - S;O x 10”2,

Obviously, the lower bound for the control roou is
unacceptable. This means that the evidence (one fire
incident) is not sufficiently strong and the shape of
this pcsterior carnot be approximated by this normul
distribution. On the other hand, for the turbine
buildiné, the evidence (nine fires in 195.3 years) is
rather strong~énd-the-approximate bounds are quite
close to the eiact values. ‘

3.2.8 Frequency-Magnitude Relationship g

%

Fire is a frequency-magnitude phenomenon like
earthquakes, tornadoes, etc. By this, we mean that, to
describe the events accurately, we need their frequency
of occurrence and a measure of their magnitude
(severi:y). For example, for earthquakés,'a well-
defined scale for the magnitude is the Richter scale.
Unfortunately, such a scale(has not yet been established
-£or fires. This lack of a measure for the magnitude of
fires necessarily inroduces a certain degree of
fuzziness into the Lnalysis. o

.The data covers a large spectrum Qf fires. Our
judgment is that there have been man* small fires that
have not had any significant impact, and consequently,
have not been reported. Thus, 8 lower bound should be
envisioned for fire severities represented by the-

frequencies of Section 3.2.3. The whereabeuts of this



bound (physically) cannot be easily determined. It will
be further discussed when these frequencies are applied.

3.2.9 \Uncertainties in the Frequency of Fires

Ideally, in this chapter, we should have assessed
the distribution o/ the annual rate of fire §ccurrence
at every point in a.given power plant. In the litera-
ture, we usually find that the frequency bf fires for
the overall plant is assessed using industry-wide data.
One such ftequency.is.giQen.in Table 3.; (the last
column). There, we have pooled the fire data on the
‘different plants into one piece of evidence (?,T)u
Ideally,‘the evidence should be in terms of (‘ij' Tij)
where i specifies the power plant and j specifies the
fire location. Obviously (r,T) are the sum'over all i
" and j of (rij' Tij). This pooling of evidence into one
implies that all nuclear power plants are believed to
have the same fire behavior.

The regﬁlting distribution‘depicts our state of
knowledge uncertainty and does not give any information
on the plant-to-plant or the vithin-the-plant vériabil—
ity. Note thit, for larger_(r,T),.the resulting dis-
tribution becomes narrower (compare Columns 1 and 2
with 3 in Table 3.4). This is consistent with our
interpretation beéause, with more evidehge, our
uncertainty about the exact value of the frequency

becomes smaller.
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In this study, we have broken down the mentioned
summation into specific locations, i.e., we have summed
over all i's only, and groups of j's that represent the
desired areas (e.g., turbine building). The same impli-
cations can be drawn here, i.e., all similar locations
in all power plants have the same fire behavior. The
fesults are _hown in Table 3.2. |

Again, the distributions depict our state-of-
knowledge uncertainty. They do not show the plant-to-
plant variability. That is, one cannot take the lower
portions of the distributions as represeéting the
better quality (from a fire hazard standpoint) power
plants. We interpret this distribution as representing

our uncertainty about the mean frequency of fires in

those compartments.

3.2.10 On the Extrapoiation of the Results to Other
Areas |

Orly a 1imited number of areas are studied in this
chapter. The extrapolation of the resﬁlts to coﬁpart-
ments not covered in Table 3.2 car be done uéihg jﬁdq-
ment. We illustrate this by two examples.

Example 1 - Auciiiary Electricai Equipment Room at

the Zion Station

The auxiliary electrical equipment (AEE) room

contains the logic circuits, small trensformers, ahd

relays for'automatic control systems, interlocks, and
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instrumeantation. These are installed in metal cabi-
nets. The room also contﬁins the battery chargers
and inverters. The cable trays are near the ceiling.
There are no power cables in the room..

This room is not typical of all nuclear plants.

. Consequently, data on fire‘incidents is not available.
The fire loading in fhe room is very low (5,300 1bs. of
qable insulation in the cable trays and 5,200 1bs. in
the cabinets and panels). Iﬁ is a controlled area in
that permission of the shift supervisor is required to
enter the room, whichthappens fairly often (oﬁ the
average once every 2 days). All cf the components
except for those which are battery-related are
typically installed in the control rooms. Thus, we
judge that the room is fairly similar to the control
room; therefore, we can use the‘distribution for the
frequency ofvfites in those rooms. s
Example 2 - Primary Auxiliary Building, Fan House,
and Control Building at the Indian
Point Station. ' ;

The primary auxiliary building, fan house and
control bujilding house equipment that is typically
found in the auxiliary building of other plants. Thus,
we can assign one distribution (that of the auxiliary

brildings) to‘the collection of these three buildings.

The fraction of auxiliary building fires that would
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occur in each area is estimated judgmentally based on
the following observations:

e Both portions of the cable tunnel have identi;
cal charactéris;ics except that,in one of them,
a sprinkler system is installed. '

e In the switchgear room, equipment with moving
parts (ai; cbmpressors) and breakers for elec-
tric power are installed.

e There are morevfhan 25 compartménts in these
three buildings that have chafactgt}stics
similar to tﬁese three fire zones. | |

e The most conservative situation is when all
auxiliary building fires are assigned to these
three fire zones.

We take the most conservative case as the upper
bound (the §5th percentile). We believe that fires are
more likely to occur in the switchgear'toom_thah the
cable tunhels. “Thus we chose 0.5 foi the'uppepround
for the switchgear room and 0.25 for each portion of
the tunnel. Note that their sum equa}s to 1.0.‘

For the lower bound we use

1 -

which implies that all compartments experience
fdentical fire occurrence rates. 1t may be conserva-
tive for the cable tunnels and optimistic for the
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switchgear room. 1In both cases, we believe that the
real fractions are closer to the lower bound than the
upper bound. Therefore, a lognormal distribution is
chosen to describe our étate of knowledge uncertainty
about these fraétions.:sFor the switchgear r;om, it has
the following characteristic values:

Qg5 = 0.04, Qgg = 0.14, Qg5 = 0.5

<@> = 0.19 | _

For each portion of the Cable Tunnel, it has the
following characteristic values: |

005 = 0.04, Qso = 0.10, 095 = 0,25

(Q>=0.12

3.3 Representative Cases for Fire Growth Analysis

Ideally, after the compdnents 6£ a scenario are
identified, we saould perform fire growth analysis for
alvl boints iﬁ the fire locaﬁion to see which fires
would lead to componeni failure. The results should
then be combined with the frequency distribution of
fires igniting at those points. Also, if there is more
than one set of components attributed.to the same
accident sequence, special precautions should be taken -
to avoid dquble-counting. Obviodsly, this would éhtail
lafqe amounts of computation. We suggeSt that it be
replaced by a bounding approach where only a few cases
are chosen,Asuch that the digtﬁnCe between fire loca-

tions anA component lncations is minimized. Ease of



fajivre of the components should be also considered.
For example, pipes are not as susceptible to fires as
cables or switchgear. Thus, their contribution to the
sequence can be dropped from the analeis. Our idea of
a bounding analysis may be better understood through
the following two examples.

Example 1. - Inhef and Outer Cable Sptéading_Rooms_

in the Zion Station.

Figure 3.4 Shqws the routing of some of the cables
relevant to the scenatios'described’in Section 2.3.2 and
Table 2.1. It does not show the vertical separation of
the cable trays. The desigﬁ criteria in the Zion sta-
tion [!8) requires that: (1) power, cortrol, and.
instrumentation cables be'placed'iu separate trays; and
(2) the redundant divisiohs be separated by at least
4 feet vertically and 3 feet horizontasly. The lafter
has not been followed in the cable spreading rooms.
There, the vertical seraration between two trays could
be smallet; However, as part of the separation cri-
teria, solid covers (or barriers) are provided for |
power cable trays wherever they run below a control or
instrumentation tray or the separation is less than
that stated above. A similar barrier is8 provided for
~control and instrumentation cables wherever the sepa-

ration of redundant channels becomes less than

18 inches.
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Ideélly, we should postulate fires at different
points in the cable sprea’  .ng rooms and study the fire
growth and, consequently, cable failures from that
poiht. As mentioned éaflier, we replace ﬁhis with a
bounding analysis. Obviously, areas where many cables
cross one anoﬁher are the prime candidates here. We
have identifiedTthteeﬁmajﬂﬁxéénes-(see the rectangles

in Figure 3.4 designated as X, Y, and 2). If a fire

occurs in area X, a small LOCA may cccur. HoweVer:'$“d$f‘ﬁ“4“ﬁ

most of the cables relevant toésmall LOCA mitigation
are faf from that fire zone. ”

If the fire occurs in areas Y or Z, a transient
initiating event is imminent. The power cables to both
chasging pumps and both motor-driven auxiliary feed-
water pumps can be affected. Also, the control cables
to all fan coolers and two containment spray pump
trains can be affected. The PORVs, safety 1hjection
pumps, turbine driven'auxiliarY'fegdwater pump, and one
containment spray pump may not be affected. The
unavailabiiity of this equipment may also incréase
significantly because we have not identified all tpe
control and instrumentation cables in the area. The
effect of these cables on the systems, especially via
the operator in the control room,'is not known to us,

| We see that many scenarios can be identified

within one ¢ire zone. The notion of scenario here is
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slightly different than that ot Cﬁapter 2. There, it
"included a list of components, their failure modes, and
the cadsés of the failures. In this section, we add
the time history of the fire growth as parﬁ of the
scenario. To simplify the mattei, we juddmentally
define a representative case for fire growth as:

1, Transient foels: ignitewand form a 12x12-inch

(base meafutements) "pilot fire on top of the

T A R SR 52

Sl

cablesuin a horizontal cable tray (Tray 1 6f°

Figuic 3.5).

2. There is another tray parallel to, and 4.feet

bove, the first one (see Figure 3.5).

3. The time for the ignition of the upper cables .

due to the fire growth is sssessed (for the
reason on this choice of growth time, see the

following sections).

4. When the cables of the upﬁet tray ignite, then
all the cables of the marked area (i.e., X, ¥
or Z of Pigure 3.4) are assumed to have
fajled. This is because tie fire is rather
large when the second cable tray ignites and
the additional time to a third tray o'r beyond

is very short.
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- Figure 3.5 Cable Tray Configuration in the Zion
' Cable Spreading Room
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Example 2. - Auxiliary Electrical Equipmesnt Room
in the Zion Station
In Section 3.2.10, we described the type of
equipment that gxists in the Auxiliary Electrical
Equipment (AEE) rozm. Figure 3.6 shoﬁﬁ‘the’position of
the metal cabinets and battery-telatéd equipment. Only
a partial iist of ‘the circuits-and their corresponding
cabinets is provided in that flgure. Refetenée 2
aesc«-:;:beﬂz 'l;owvf.;tes in the AE:E room may lead to
severe con?equences. It is toundithat fires in areas
A and B (circled in Figure 3.6) wéuld inflict‘the
most serious damage to the s@fe shutdown ptbcess by
failing the circuits inside the cabinets on the two
sides of the aisle.
Using judgment, we define the representative case
for fire growth as:
1. Transient fuel ignites in one of the noted
areas (the amount of burﬁing fuel is discusé:i
in Section 3.4.)
2. The fuel is on the floor.
3. The position of the center of thg fire is on
the centerline of the two ficing cabinets.
4. The position of the center of the fire is uni-
tornly distributed in the aisle portion and

the fire does not occur inside a cabinet.

85

s RS VRN Y L S



ve

- a

(- . T semve
- ) ey 150

PARTIAL LISY OF
CRCINTS A1) CABINE TS

33
H

o3 1340 20AKEE
omna

H l PRINLEVEY
Teavs Y : AND OHE CHANNEL
el <ot [ wone | wner | o | MW LT o0 nev 11y b OF ALLFOUNSG
e & NAARDN LEVEL
b :

L I o OAMMEL

. BT ONE CHANRCYL
29t Of ALt fOUR
e T 1 5 $C naRaOw

a2zt RanGE A%0
<

Pazn PoESSURE

i . CONT RO
wan » o com woan Loy pded N v

oe) ‘ U K10 O Crammel

of PazR
PATSSURE AsD
ONE CHanNEL OF
ALY POUR S
HanaOw A ANGE

' ; . o K826, ONE CranNG
o ] B A of suza

PALSSUBE -
9 nARROW
RanGE

Touve
Prr oviy
wonl

[{ <l
i
BICUNO
Awluive

10000, ONL CHaNNEL
OF Pazu LTviL

AND PR R

. TEWERATURE,

: . AND ALL cHavMELS
! 08 AL FOUA G
r90va wiDf RANCE

bt o es | I SANCOOLIN
CONTROY

O]
®
gt

CONTROL

YD 110 DOASE

d| = ==

08T CONTAINRIENTY
SPRAY CONTROL

. iCOM. CONTANMENT
e o1 ) e L- 224 SPmaY CUNTROL

S B - B

Figure 3.6 - Cabinet Positions in Auxiliary Electriéél Equipmfé;nt Room and a Partiél
List of the Contents i

I



5. The air temperature inside the far cabinet
(fatthest from the flames) is of interest. 1In
Section 3.5, we find that, for ﬁemperatures
higher than 260°F, circuit failure becomes very
iikely. We conser#atively assume that the
cabineg air temperature is the same as that of

the circuits.

3.4 Fire Growth Analysis -

There are three pétts to‘the problem of fire
growth: the fire growth itself, detecﬁjon, and éup-
pression. 1deally, these processes should be ana-
lyzed together because growth and suppression inter-

" act with one another very clésély. As a fire gtéws,
‘the chances for applying some extinguishing agent
beccme greater. As more suppressant is applied, the
fire would grow less vigorously and e%?ntually would
start to decrease in size. ]

A simple and conservative mode) is proposed in

this study. Fire growth analysis is performed sepa-
rately from the suppression, aﬁalysis (éee '
Section 3.4.1). We assume that fires are not affected
Ly the extinguishing agents until the time of success-
ful extinguishment. The goal of growth analysis is to
find‘the probability distribution of the growth period
which is defined by the representative cases of

Section 3.3. The result is combined with the time to
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complete suppression and the frequency of the scenario
(the fire related part) is obtained. The time tb
complete suppression is the sum of two time periods--
detection and suppression {(given detection). Some.
preliminary thoughts are given about the characteristics
of these two time periods (i.e., detection and suppres-
sion) in Sections 3.4.3 and 3.4.4 Statistical |

data is used in assecssing iﬁéiriédmZ”E

3.4.1 Growth Analysis =

The goal cf this part is to establish the proba-
bility distribution of the growth peri&d withopf con-
sidering the effects of suppression activities., A
physical model for fire growth i.as been developed in
Reference 33. The input to this model includes the fuel
type and its distribution within the room among other
compartment parameters. The output is a multitude of
-response surfaces which give the growth time as a func-
tion of input parameters and the'h'gat content of the
pilot fuels. The different curQés fepreéeﬁt our state
of knowledge uncertainty about the input parameters.
The pilot fuels, the fueis upoh which the fire burns
initially, are emphasized here because they are used to
model igrition as noted in Reference 33. The follow-
ing example illustrates the approach. 1It {s summarized

from that reference.



Example - Cable 3preading Room fires in the Zion
Stat:on |

In the first example of the previous section
(Section 3.3), we defined a representative case for fire
growth in the cable spreading rooms of the Zion sﬁation.
Figure 3.5 shows the cable tray configuration that is
anilyzed. As part of the representative.case, we
assume that a 12x12 inch oilot fire is established on
top of the cables 1n Tray 1. The objective is to
assess the time for;the fire to propagate go Trays 2
and 4. Figure 3.7 shows the result [33]. The proba-
ability is a measure of our state of knowledge uncer-
tainty about the input parameters and modeling of
fire prcnagation. Note'tﬁe large uncertainty band.

The distribution of pilot fuel heat contént (Qp

used in this example is as follows:

Qp B+u : Probability
400 0.10
2'000 00‘4
10,000 ' 0.44
40,000 | 0.02 )
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3.4.2 On Ignition and Pilot Fires

In Reference 33, the process leading to initial
fire is not modeled because the-ftequency of fires can
be estimated from the available data discussed in
Section 3.2. 1In that reference, it is assumed that a
small, established fire, which we call a pilot fire,
already exists in the area of interest. For example,
ii the cable spreading rooms of the Zion station, we
assumed 1t.tq_EEQQEWf?Eﬂﬂﬁ.EEé>99b1eS 1n'Tfay'1 of
Figure 3.5. Two piéces of 1nformatioh 5;;jn§éessary

here: (1) the type, and (2) the amount of }he com-

.bustibles in the pilot fires. From the Fire Protection

Reports [17), we c»1 find the ihstalled fuel contents
of a compartment. In addition to these, there might be
transient fuels whose quantities are subjectively esti-
mated because little statistical data exists about
them,

Before further discussion, we consider what types
of matétiai and what quantities cohstiﬁute the trans-
ient'fueis. He.cite the following quotaiibps from dif-
ferent sources. Vror-cable trays, Reference 34 men-
tions "a review of past cable tray fires indicates
thot trays are a collection place toi combustible waste
materials Juch as lunch wrappers or oily wiping |
clothe.” The heat contents of these items are esti-

nated_io be about 200 Btu and 5,000 Btu, respectively.
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In the Fire Proteétion Evaluation Reports (17},
the amount of transient fuels i{s also estimated. For
a general area in the plant, the Zion Fire Protection
Report [18]) states‘(page 2.1-2): "transient fire loads
are unidentified combustibles, defined as being equiva-
lent in Btu content to the fire load that would be
contributed by the combustion of a 55-gallon drum of
lubriéating oil or greater as defined in the fire area
analysis." 'However,-the analysis~be§§;;;fmore,specific N
when individu&l“ufééé'Sréﬂiﬁafyzed:m~For~éxamp1e, for
cable spreading rooms, it is stated that gp. 2.3-16):-
*transient loads are not considered in thié room,
since it is a controlled area.”

The Indian point Fire Protection Report [35]
defines three levels of transient fuel loading defined
in terms of type and amount of the fuels. For example,
Type 1 transient fuels include S5 pounds of wood,
2 pounds of paper, and 3 pounds of plastic with a total
heat content of 76,000 Btu. The most severe case is
called Type 3 which concains 15 pounds of wood,
8 pound. of paper, 8 pounds of plastic, 5 pounds of oil, . -
'and 10 pounds of grease; the total heat content is
433,000 Btu. It is interesting to note that, for the
cﬁble spreading room, it is judged that Type 3
transient fuel lozaing applies. The lubricatiﬁg oil

may be present because the motor-generator sets of the
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Reactor Protection System are installed in that area.
In both cases (Zion and Indian Point), the fire loading
is given for a compartment as a whéle argd its density
per unit floor area is not specified.

From this information, we judge that, in areas

where machinery with luoricating oil is installed, the

 F:edominant fuel for the piiot: fires is oil_.(e.g. the

diesel .generator areas or pump -areas). - In.other loca-

- tioas, the transient fuels afé 'theé main Gontributors to

the éjlot fires. Among such areas, we can mention the
cablééspreading rooms in Zion where the combustibles
(cables) are not readily flammable and tbe auxiliary
electrical equipment room in Zion which is kept very
clean and to which access is étrictly controlled.

For the models of Reference 33, tﬁe pilot fires

are expressed in terms of a probability distributior

of their heat content and the type of fuel. One

such distribution isgiven in the example of the pre-

vious section. The first two lowest valuéé (i.e.,

400 and 2,000 Btu) are judged to be fueléd‘by.ceilu-

losi~ materials such as rod and papér. The higher
values are ‘attrihuted to lubricating oil.

3.4.3 Detection Time

. The objective of this section it to assess the
time it takes after [1re ignition for the plant per-

sonnel to ~ecome aware of the fire. A fire can b2
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in areas where access is normally restricted, this

ted eitner by the jernonnigl or by automatic
svtection systems., .n keferences 10 and 1), we find
:nat about 75 percent of the fires that occurred during
the vperaticnal phase of the nuclear power plants wers
detected by humans. This is an average fraction and

specific cases could be quite uifferent. For example,

_ fraction may be much sma.ler. Upfoftgnatgi&;;thgudéfa‘

siamvasoAvailable to us is not classifiied:by-tfhe-combination of

detection mode and location.

The tiée for fire detection by humans would be
almost instantaneous in the incidents where they are
the cause of tﬁe fire or when the area has signiiicant
thrvugh-traffic. The detection time may be longer (if
they are not sterted by hpmans) for very small fires,
smclde-ing fires, or restricted areas such as the
cable spreading room;

The remaining 25 percent of the fires were

detected by automatic systems. There are many types of

‘fire detectors and detecting systems. These are

described 1h References 36 through 4. The detectors
commonly used in nuclear power plants are sensitive to
smoke. Reference 41 develops an eipression for heat
sensing devices, 1In ﬂppendxx C, rFome test results for
the response times of smoke and heat,detectorsAare

quoted. These teits were verformed in residential and
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hospital environments. Power plént environments could
be very different [40] because the compartments in
nuclear power plants are generally large and air flow
patterns are very different.

Frﬁm those tests, we can gee‘that there is a
finite 1likelihood that the detectors would not respond

_at_all. This, of coutze, depends on a'multitude of .

- parameters such as tihe air flow characteristics o€ .- oo

Q%ﬁé'tohpaitﬁént, the size of réf@é§é§v.'“'”xﬁf”“
de;ector-typg, and availability of the detector itself.
It should be’noted that, in about 50 cases which
References 10 and 11 have studied, all fires were

4détected before self-extinguishmert. Obviously, the,

frequency of such events would aléo depend on the

mégnitude of the fires. F large fire shculd have a

vanishingly small frequency of‘remaining»uﬁdetected.

Due to lack of data, there is no clear-cut
app:oach in assessing fire detéction'time.v~The infor-
mationgiven in this section and in Appendix C should
be used judgmentally for more specific cases.

Example - Cable Spreading Rooms in the Zion

| Station

The cable spreading rooms are coﬂtrolled access
areas where work is not done under normal operating
conditlons. The roo~s are provided with ionfzation-

type smoke astectors that annunciate in the control
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room. They are positioned in a square lattice that
measures about 20 feet on each side.

We judge (conservatively) that detection is s§1e1y
dependent on the automatic system and creéit is not
given tb human presence. It is very li&ely that the

fire would be detected within the first 5 minutes. We

vdq«not_quge with the large probabiliéy of no-response, . :i7

“"found in ‘Appendix C.” We believe that it 1 s“vanish-

%Eﬁgly small because fires relév;;éxiéathfé'§th5;wm\
(which means fires»of ratcher significaﬁt severity)

would event;ally fail some catles sucg that they would
disturb the indicators on the control boards in the
control room, thus prompting the operators who would be
searching for the éause of the dicturbance. we believe
that, within 60 minutes, it is extremely likely that the
fire would be detected. '

3.4.4 Suppression Time

The suppression time is loosely defined as the time
period between fire decection and totéi extipguishment.
Many parameters influcnce this time»period;~ For
example, the extinguishing agent and system, severity of
fire, nature of fire, accessibility of the fire zone,
etc. 51milar‘to detection, fires can be extinéuished
either manually or automatically.

In the data given in References 10 and 11, we find

<hat about 80% to 90% of the fires in nuclear power
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plants were ektingdished manually. It should be added
here also that suppression time is a function of fire
severity.

Very few sources have studied fire suppression _
time. Thus, in deriving the frecuency distribution for

suppression time, subjective judgment should be exten-

-sively employed. Appendix D provides information that .

can"héIp us to“assess these distributions.--In the
first part of that appendix, we»findwgggé eéstimates”
suppression fime.. The second part shows that the
uncertainties muél be very large, and in the last one,
failure to extinguish is discussed.

In Section D.1 of that appendix, we find two
distributions for the time between detection and
putting thé fire under control. One'distribution is
for the overéll plant and the other is for electricalb
fires. Both are based on data given én Reference 10 .
which are in most cases, estimates by qiperts. These
data did not spec.fy the tyre of extinguishfnq agent or
system used and, in all cases, the fire is eventually
extinguished.' |

The two longestlouppressibn times occurred at the
Browns Ferty power plant. The last one (zq;hour dura-
tion) is the charcoal adsorber fire incident of the
off gas system on July 18, 1977 (42). The other sup-.

pression.time (7 hours) belongs to the well-known cab.e
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spreading room fire [3]. In that incident, the main
reason for delay was the operator judgment about not
applying water to an electrical fire.

In Section D.2, fire suppression test results are
given. From the data of that section we conclude that:
(1) there should be a large variation in suppression

~ time; and (2) even in the cases of large fires, the

mﬁ?éé&ify‘aﬁailable.

Several sources [12,36,43-45] have studied the"
effectiveness of ihe extinguishment systemé. In all
cases, it has been expressed in terms of a fraction;
however, the definitions are not uniform. We interpret

"them as the complementary frequency of failure tc
extinguish. For sprinkler systems, a sufficiently largje
data base exists. The 6vera11 effectiveness of all
types of sprinkler systems and all types of conditions
varies between 88 percent (the Factory Mq;ual experi-
ience, see Reference 43) and 99 percent (the Australian
.expetience, see Reference 44),

For extinguishing systems other than sprinklers,
lower effectiveness fractions are generally reported and

| the data is very lkotchy.‘ Por cxamplé, for carbon
dioxide type extinguishers, the effectiveness fraction

is about 50 percent. In Reference 12, an extensive
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trea;ise on these t}pes of extinguishing systems and
agents is given. |
Example - Cable Spreading Rooms in the Zion
| Station
In the examples of the previouvs chapters and
sections,"we have analyzed some of the different

'f&Spectswqfwafﬁiggj1ncident in the inner and outer _cable... ...

ng. rooms of the Iion station. "Fire's

igi;;ggined here:
Portable extinguishers are located in these rooms.
A mariual hose stat*icn is in the outer cable s}preading
room and has access to tue inner room. A Halon primary
suppression system with a Co, backing is also
installed. |
In Section 3.3, we find that areas Y and Z (Y is in
the out~r voom and Z in the inncrt) of Figure 3.4 are
the most damaging locations for fires. Both are easily
" accessible becauée they are close.tq the entry doors
from the stairwell and cablgidénsitieg are rather low.
~In acable spreading room fire, the main b-urning fuel
wouid be the cables; therefore, the growth rate wouldl
be relatively slow. Thus, it is very likely that the
| o fire would not be large at the time the perscnnel would
attempt to extinguish it. Howe: sr, on the other hand,
due to.burning éables the fire would be producing

large amounts of smoke and impede the accessibility of

in fire area.
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3.4.5 Fire~Dura£ion

We define fire duration as the time between
ignition and conplete suppression. It is the sum of
two time periods, detection and suppression. 1Ideally,
we should define a third period in between these two
which would represent the time it takes after detection
to start applying.an extingufshing agent. For example, . & - ...

e this—-would-be-the-time-between fire alarms sounding in~

rol room ard operators applying the 0, ©

fire. In the previous section, suppression time is

é co

defined such that itécoveré‘this middle period also.
The suppressionlﬁime and detection time are not
independént'random variables. Thus, in deriving the
probability distribution of the fire duration, one
. should us§ the joint distributions of the two random

variables. In the following example, we use the
statistical_data given in Appendix D for this purpose.

Example -ICable Spreading Rooms, Zion §§qtion

In the examples of Section 3.4.3, and 3.4.4, we
describe the detection and suppression mechanisms in
cacse of a fire in the inner or outer cable spreading
rooms. In Section 3.4.3, we have £o§nd that the
majority of fires in nuclear power plant. are detected
manually and aiso, {f the detection is not manual, a
good majority of thcn’vould be detected automatically

within a few minutes (see Appendix C). 1In Table D.1 of
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Appendix D, we find that 54 percent of the fires that
‘have occhrred in nuclear power plants involving elec-
trical insulation were suppressed within'ia minutes.
Furthermore, in the example of Section 3.4.4, we have
found that the critical aieas of these cable spreading
rooms are easily accessible. Based on these arguments,
we chose 40 and 30'percent for the average fire dura- _ i

“"tion.of 5NanaL;§Lqihutéé.“teSPeétlvely. We believe

‘that tﬂgvfdtﬁgfnis'nofé likely than the latéz

there are good chances ghat the fires are caused by the

éersonnel themselves. t ‘ |
Ir Table D.1 of Appendix D, we'find that 29 percent

of fires involving electrical insulation took about

‘1/2 hour to bé brought under cohtrol and, similarly,
for 16 pércent'of those fires, it took more than 1 hour.
Thus, this table suggests a slowly decreasing upper tail
for.the distribution_of the fire duration. We believe
that, for the cable theading.rpoms of the Zion station,
4t‘(thé tail portion) decreaées rather rapidly because the
data base for Table D.1 includes the Browns Perry incident
[3]. The fire had stopped propagating in the eazlier‘
stages in that incident and further damage was not being
inflicted. Purthermore, we do not believe that s ~h a
long delay (7 hours) in suppression is likely to occur

. today in light of the lessons learned fron that incident,.

Therefore, we chose 20 percent Snd.lo percent for the
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average fire durations of 1/2 and 1 hour, respectively.
. This histogram is shown in Table 3.5. It gives obr
state-of-knowledge uncertainty about the average fire
duration. |

3.5 Component Failure Under Fire Conditions

3.5.1 1Introduction

The effects of fires on components typically found

in power plants areé discussed in this section.

ﬁ,Exposure ; eat is our main concern. Effects o&lsmgﬁsbm

or extinguishiﬁg agents are discussed for only some
limited cases. ; _
1n the following section, the failure of electrical
cables is discussed; their failnre mode. are identi-
fied (Section 3.5.2.1) and frequenéies of failure é:e
analyzed (Section 3.5.2.7 through 3.5.2.9).
In Section 2.5.3, the failures ofvother cémponents are
analyzed and, in the last two (Sectisns 3.5.4 and
3.5.5), the effects of"extingulshing agents and smoke
are discussed. |

3.5.2 Electrical Cables

3.5.2.1 Pailure Mod:s of Electrical Cables

Many different types of crbles are generally used
in a nuclear power plant. 1n most of the parts of a
plant, they are laid horizontally in cable trays and,
in some areas, they may be ronted through metal con-

duits. The power cables are usually of a single
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Tablé 3.5 Fire Duration in the Inner or Outer

Cable Spreadini Rooms in‘zion

Average
Fire Duration "Cumulative
(Minutes) Probability Probability
5 .4 0.4
15 .3 0.7
30 0.2 0.9
60 0.1 1.0
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.conductor-type with large core (the copper conductor)
to outer-diameter ratio. The control or instrumenta-

tion cables are generally smaller in diameter and may

have two or more conductors (wires). Fjgure 3.8 shows
several cable cross sections. Several-failure modes e
may occur dependihg on cable construction, circuit

design,_Qnd the adjacent cables. Two classes of failure :

“modes are iden

gd. The*first class (or failure

[ch we call 'open circuit' consists of

node) w

that lead to loss of functionability. That is, the
signal (or power)‘does noé reach its destination; for
example, & grounded power cable or a shorted control
cable. The second group, called "hot short,” consists
of failures that cause an inadvertent acﬁion; frr
example, the largevLOCA occurrence described in the
example of Section 2.1.2. Figure 3.9 is another
.example. Here, 1f wires A and B contact each other,
the solenoid valve would open and the air operated
valve would change position. These wires could be in
the same cable (see Pigure_ 3.8). -

N; believe tlat these two-failure modes {hot short
and open circuit) are fmportant in fire risk analysis.
Other fajilure modes lead to one or the other. For
example, circuit disjunction, when a condctor (wire)
experiences severe damage (e.g., melting) and its con-

tinuity is lost, is an open circuit. In the case of
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a grouﬁding, when a conductor contacts another grounded
conductor, the outcome is the same as circuit disjunc-
tion. When th not-grounded wires contact each otner,"
the outcome would depend on their positiorn in the
circuit., The possibility of secondary fires is a
different situation and may also be important. It is
discussed further in Chapter 4.

*Open Circ&it{mis,;hgwﬁoﬁgp;ﬁs'gailhre mode
- because all cohauétgfésWifl:éVéntUaily contact the -
grounded cable tray. The "Hot Short" cannoﬁ exist with
grounded wires. 'Theiefote, it will eventually lead to
"Open Circuit®™ as more insulationldecompose or melt
away. However, the outcome of a "hot short,"” (e.g.,
energization of the motor operator of é valve) may not
be revéz:ed because, some circuits are designed such
that the command signal 'is locked into the circuit and
another signal is necessary to reverse the action.

3.5.2.2 Cable Failure Freguency

Fire exposure can be translated as heat flux to
the cable by radiation and convection. Depénding on
its position with respect to thé fire, one or the other
becomes importan;. In both cases, some heat flux would
be 1mpin§ing on the cable surfale and its overall tem-
'perature would be rising from its pteacéident level,
Certainly, the temperaﬁure distribution within ihe

4 cable would not be uniform. The outer surface would be
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very hot and the inner section would be cooler because
the copper conductor wouléd conduct the heat away to the
cooler parts of the cable. Beyoud a certain tempera-
ture level, the materials will change state or decom-
pose chemically. Thus, as certainAsecLi;ns of the

cable reaci. this threshold temperature, they will

l

experieice drastxc phy51cal changes.w

R T e A e i A B

"able damage

L T e By o o

starts at th‘s po‘

" be delaygd dependxng on the shape and characteristics
of the cables. For example, the jacket mag;be dgmaged
but the insulator would still te in functional form.
The exact moaeling of thesg processes involves very
complex formulaﬁibns and its soiﬁtion coulad be
extremely time consuming if not impossible.

Sever«~ . parameters are very impprtant in these
processes; these are: impinging heat flux, heat
losses, threshclad temﬁerature for failure, materiels
behavior ¢t high temperatures, and time (to allow the
termp-rature %to rise due to therhégt flux). " The cable
"failure time is a function of these parameters and the
_direction of dependence is quite obvious. For example,
unde:r higher heat fluxes, time to failure should become
shorter. We call these parareters impact parameters.

In the preceding subsection, we identified two
failure modes--open circuit and hot short--and we

concluded that the lattet eventually leads to the
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concentrate on the first

former if the éables continue deteriofating; These

~arguments imply that there should be three frequencies:

(1) the fregquency of cable failure'given that it is
exposed to flames, (2) the fraction of these failures
that lead to a certain failure mode,'and’(3) the

duration of the failurg mode. 1In this subsection, we

ft?qdéhéjff-

Tr i Ty cef e aore

Many cab;gwgim

o TR R 3 ER

manufacturers, utilities, and regulatory bodies. -Theit.

e R

results are summarizedrin Appendik E. In almést'ali
tests, cable failure time is recorded and very few have
reported the impinging heat flux or cablevtempe}ature.
The cable failure time p#n be easily incorporatéd into
our model for fire growih and comﬁonent.failuie. The
follewing observations summar! .e our state of knowledge
about cable failure time: |
) Ih reported cable fire tests, the failure‘time
ranged from 1.0 to 20.0 minutes and, in some
cases, failure did not occur. -16 Appendix E,

we give further details on these test results.

e Most of the cables failed between 5 and

10 minutes.

e In many instances, different fire testd (not
necessarily cable fire tests) have resulted in

contradictory conclusions,
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e The cable.fire tests performed so far have only
modeled limited variations of fire incidence
cnaracteristics.

The last two observations imply that simple
statistical manipulations of the data may yield
incorrect results because, they may wéil be represent-
ting only a limited sei of fire. scenarios...Further-

‘more, the time td*failﬁre*&S”“"”

moment the cabiééﬁaéﬁﬁii. A héh;iaméé; How-
ever, in the case of a growing fire, a cable may

be partially deteriortgted due to ﬁhe inpSngiﬁg heat
fluxes before the flames have reached it. This
introduces a degree of furziness in the exac£ defini-
"tion of failure time beéause; ultimately, the'time
betveen cbmponent fajilure and fire ignitjion should be
obtained. Because of these two linitations, we choose
to use the growth period to represent”the time between
ignition and ~able faflure. The’result is certainly
conservative. '

3.5.2.3 Relative Prequencies of the Pailure Modes

"Hot shorts® are very specific failure modes
because they require very specific sets of evenis. For
example, we saw that, in Pigure 3.9, wires A and B should
contact each other to cause this type of failure.

Also, frequency of this event depends on their location

relative to each other. They could be in separate
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cables or in a multiconductor cable. The number of
Qires in the latter is important also (see Figuré 3.8).
For example, the relative'frequency should be large for
a two-conductor cable when compared to a seven-
conductor one because, for the latter, conductors from
other circuits may cause other effects.

Data on "hot sho:ts™ are very sketchy. In‘the

-Browns Ferry fire 1ncident {314 soneuaystems (mainly

| ECCS) started spuriously in “the" fitst'ﬂalf hour.
However, the fraction of cables that led to this is not
" known. Aﬂother source is the cable fire tests (see
Appen”ix E for a discussion on these tests). 1In some
bonfire tests, thé cables were hung over a burning
bucket of 0il (as compared to laying them on a cable
tray). Shorting of the conductors was observed
extensively; however, circuit disjointment rarely
occurred. This shows that there is a sijnificant fre-
quency (on the order of 0.1 or larger) that wires in

a multiconductor cable would confaét one‘inother before
 touching the grounded tray. Bowevef,.sincé‘oﬁly spe-
cific wires can form a "hot short,” then its frequency
must be lower and must deperd on the :elative position
of the wires concerned. For a multiconductor cable that
contains both of the wires, we judge that the frequency

is less than 0.2. We prrcés our state of knowledge
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sncertainty by a lognormal distribution with the 5th and
95th percentiles at 0.01 and 0.2.

The characteristic values are:

Qg5 = 0.01, g = 0.045, Qg5 = 0.20

m, = 0.068. |

The relative freqﬁency of.open circuit is the

complement of the frequercy of "hot short.” The

ﬂcharacteristxc valupt are: - -

Qo- = 0.80, QSO - 0 955:' 005
3.5.2.4 Duration of a Failure Mode

_ As mentioned garlier, "open cirguit' is the
dominant failure mo&e and, when occufred, would not
change (most probably) into other .failures. . However,
" further deterioration of the ‘insulating materials would
cause the hot shofts to become open circuits. In the
Browns Ferry incident, the spurious signals occurred
mainly in the first half hour. We believe that the
time for "hot short" leading to "open circ;it' is
disttibuted‘nornally with Sth and 95th percentiles at
5 and 35 minutes,

Example - rerninagion of Small LOCA

In Section 2.2.7, it is found that a small LOCA
may occur due to the spurious opening of two air-
operated valvcl. These valves are designed to fail

closed. This means that upon loss of air pres-sure,
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they transfer to the closed position. This is also the
deenergized position of the solenoid valve. The latter
would eventually occur due to "hot shorts' tufning into
" ®"open circuits.” Thus, the small LOCA will terminate
(almost certainly) within 40 minutes of its occurrerce.
No seéere conseguences can‘occur within this t;he
.petiod,~even'if all of the cooling sysiems become

unavallable.

3.5.3 Other Components;

Instrumentation and control circui*s.uspally
consist of electronic cémponents (such as amplifiers
and bistables), smqll tiansfotme;s, and relays. They
are grouped together because :hey are normally found in
,tbe same location inside metal cabinets. The behavior
of the electronic components changes with temperature.
Some circuits may be designed such that these changes
are compensated. Thus, the effeét of témpetature on
solid state devices d@pends on their components and
circuit design. The typical operating tomperatufe is
about 38°C.(100°P) and thyy can withstand a temperature
rise of up to about 125°C (26 (46). It has been |
observed that their fallure rate increaséa dramatically
with tcnpcrqtpre (17] and the instrumentation circuits
drift considerably, thus giving errbneous information
to the control room operators.

The effect of !ire'on this type of electrica.

113



ot

components can be modeled by co ponent temperature
lével. The time element of the heating process is not
included because, in Reference 33, it is found that, for
components inside a metal cabinet end a fire outside

the cabinet, the component temperaﬁure riées to an

equilibrium.

Unlike electrical cables, we do not have any fire

. test results for this type of electrical components. In

the first paragraph of this subsection, we have
summarized the availgble 1nfﬂfmation.

By electrical equipment we mean such items as
pumps and valves that need electrical power to perform
their function. Their failure mechanism is very
similar to cables because it involves insulation
deterioration. The power cables to this equipment are
its weakest part. These cables are usually run in
metal conduits when they leave a cable tray and meet
the component. The power cable would ffil beﬁore the

internals of the component because the conduit would

act like an oven and expedite the failure process.

Pipes are generally filled with water; therefore,

they would not fail due to a fire because of the large

‘ heat sink that water provides. Dry pipes are likely to

fail 1f they become exposed to flames for a long time.
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3.5.4 Effects of Extinguishing Agents on Component

Avajlability

The only extinguishing agent that may interfere
with the operation of a component is water. Its
electrical conductivity is the main source of ‘trouble.
Halon and CO, are in gas form and vpostnl-ikely would not
interfere with cgmponent operation except for such
equipment as the diesel generatcrs that need air for
normal operation. - | )

Application'of water on cable tireé has been dis-
cussed extensively in Reference 48. Based on the |
information given fn that source, we make the following

conservative judgments: ,

(1) If a cablé is affected by the flamés, then’
cable failure due to water application is a
certainty. |

- (2) The relative f;equency of experiencing a ;hot
short® or an "open circuit” is the same as that _
given in Section 3f5.2.3'. 4

(3) The duration of failure is infinite for both
failure modes. That is, "hot shorts” wou)d
not turn into "open circuits” beéause the

insulation would stop deteriorating after

axtinguishnent.
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(4) If a cable is intact (i.e., the flames have
not affected it yet), water would not have
any impact on its operation. Splices may be
susceptible to water but this failure mode
would not have a significant contribution
because only bad splices would fail. Usually,
theré are very few splices along a cable
tray.

Suscep;ibility of the electrical equipment to
water spray depends on its design.' Electrical motors
can fail; however, they could be encased in a mahner
such that water cannot reach them. ‘Transformers aré
similar to motors. Switchgear and motor control cen-
ters are highly susceptible to water. The cabinets
in which they are located usually have waterproof
features. | |

3.5.5 Smoke Damage

The extent of smoke damage dependé ;n-;he burning
material. Por example, burning PVC cables emiﬁ
chloride acid which is axtreﬁely corrosive. In one
fire incident (49], a cable fire caused extensive damage
to relays ind switchgear about 40 feet away from thg
combustion zone. We believe that the impact of smoke
would not fail components within the first few hoﬁfs
after the fire incident. Thus, they do not pose an

immediate threat tv plant safety. However, its impact
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on operator effectiveness is crucial and should be
addressed separately.

3.6 Frequency of a Sequence of Events

In this section, we propose formulations for the
frequency of severe consequences due to fires. A model
is suggested for evaluating the fraction of fires that
could propagate'and fail componenﬁﬁ.' Some parameters in
‘both models have not been quantified yet. We have
'iﬁciuded them for the sake of completeness'and to show
how theytfit into the overall pictuie., ' |

The ftequency of a sequence of events, ¢g, can be
written as thé product of three frequencies: the fre-
quency of fire occurrence, ép; the conditional fre-
quency of fires failing part of the sequence given
that a fire has occurred, ’S/F’ and the frequency of
occurrence of the remaining events of the sequence due
to other causes, ‘o' The mathematical expression would
be : ‘ |
& = o p ¢, - | . " g (3.26)

The quantifﬁcationbof the latter (i.e.,’c)),is extensively
diséussed in étudies such.as'References 13 and 14. The
first frequency (1.0.,‘1,) ‘'wag discussed in Section 3.2
and the second one (Lm..’s/?)is analyzed here. |

" Two competing phenomena detetm}ne'the traction

(frequenéy) of fires that would cause a sequence of
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events (or part of it). These are, on the one hand,
fire growth and component failure processes and, on the
other hand, fire detection and suppression. We call the
latter fire duration. 1If the first one occurs sooner
than the other one, then the sequence would’ﬁaterialize.
Thus, we model these processes iﬂ terms 6£ their
governing time periods, i.e., component failure period,
‘"detection period, etc. 1In the scenarios of Chapter 2,
- we found th‘at afire may cause some portion or the whole
sequence of events. ‘In the tesﬁ of this section, we
refer to both as "sequence of events® or 'sequenée.'_

we define the component failure time, Tép, as the
time after ignition when component i fails and Tgp as
the time after ignition that the sequence occurs. The
latter occurs when the last component of the sequence
féils. We can write: |

Ter = all czggonents i _(Tép) .(3'26)

of the sequence

Define Tp as the time to failure measured from the time
the tlanés reach the component. The growth_petiod is
given in terms of the time it takes for flames to reach

component 1§, Té, after ignition. Then Tép can be

written as:

i .
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The fire durétion,vTFD, is the time from ignition
“to final-extingulshméhtband is the sum of three time
periods: detection (Tp), application (T,), and
suppression (Tg) . Detection period isAthe time that it
takes for the personnel to bacﬁmevgwaré of the fire,
The application period is defined as the time between
detection and inception of'extin@uishment efforts. The
suppression periﬁd is obviously the time that it_;;kes
to put out the fire after exposing it to an. .

extinguishing agent. Thus, we can write:

Certainly, these are dependent random variables and
have the fire growth characteristics as the common
denomin#tor.

The sequence of events only exﬁsts when Tgp <Tpp-
Thus, the frequency that we are in:@résted in:

b/ p = fr sequence

Fire )= .. (3.29)
currence o

fr (TGF = Tpp <©).

To quantify this frequency, we need to have detailed
.infornation about each vari~ble. That is, their
statistical variations should be known. From the
avallabl? data in most parts, we get the mean values

for these time periods and we assume that the fire
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duration is distributed exponentially with mean Trp*
Thié implies that the frequency of extinguishing the
fire within the time period t' - t, given that it is’
not extinguished by the time t, is independent of t.
The available data (see Section 3.4.4) does not con-
tradict with this assumption.

The fraction of fires that propagate and lead to

the sequence is equal to the frequency of fire duration . .

exééedinq the time to sequenée‘oédﬁ;fggég; “b&?"thé'
latter, we use the mean time, TGF,’thus ignering thé
statistical variations in the COmponent failure and
fire growth processes. We can write:
TGF ' e

‘¢S/F = exp ( - —-;;B——> {3.30)

Equation (3.30) i= derived for compoﬁents such as
cables whose failure is modeled in terms of mean time
to failure. 1In tﬁé £olldwing gxample, we illustrate an
tpplication of a simplified version of the proposed
model.

Example - Inner and Outer Cable Spreadinc Rooms of

the Zion Station

In the example of Section 3.3, we found 1 repre-
resentative case for fire growth analysis. According
to that case, {f two cable trays in two certain ar&as
(areas Y and 2 bf Figure 3.4) within these rooms become

engulfed in a fire, a transient would occur and the
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power cables to botn.chafg§ng pumps, both motor-driven
auxiliary feedwater pumps,‘the'éontro; cables of:all'
cdntainment fan coolers, and two of the three
conta’ament spréy.pump trains would be affec;ed. iﬂ
Table 2.1, we find several scenario§ for the cable
spréading rooms. We can see that part of Scenario

No. 87agfees with thevabOQe‘list;. The turbine-driven
| auxiliary feedwate; pump,'the_PORVs,vth¢.SI pgmps, and
"6ﬁé cdﬁféiﬁmen; spray tfain»méy témain-unaffécted;*”’i"
However, operator action during the cbhrSe 6{Mlh;f |
transient is very important because the information on
the contfél bqard-may-become sevgrely affeéﬁed by the
4£ire; In our scenario anélysis; we 2id not lookiinto
the‘ins;rumentatibn and centrol ca?les Thgi; fajilure

' may.caﬁse'conflictiné or érroheops information oﬁ the
control board. We cénclude.that the unavailability of
3thesé'componénts, physically unaffected byfthe fire, .
may be dominated by human‘erior. The only exception
here is the turbine-driven auxiliaryvfeedwater pump
that would certainly start upon cable failuté; evén-it
the operators had interfered with its operation
originally. For this, we concluée that for core melr
to oécur the turbine-driven pump.should'be unévailéblé
during the fire incident. Ifythe unaffectedjqontain— |
ment spray pump truain remains available, then the

containment event tree entry state G wou1d tesu1t -

'

121



because all of the fan coolers would be failed by the

fire.. Then, ‘Equation 3.25 should be modified to

¢ " (3.31)

% = % %,r®ue® 1o

where

= the‘unavqilahility of the'unaffected

¢HE

” ::§§ﬁppnéht§j§pe to other causes, except-

fb; the tufbine-driyen auxiliary
feedwatci pump, |

¢rp = the unavailability of the turbine-driven

auxiliary feedwater _.ump due to all
causes.

Equation (3.30) should be used for !g/p. First,
we evaluSte TGF from Equation (3.27). Tiere is only
one growth period, 75, for all of the cables be ause of
the'way the representative case is d®ined. Then we |

define
i : o
= 7¢ - o L (3.32)
and its distribution is plotted in Figure 3.7.
Table 3.6 gives the histogram that has been derived

from this distribution. Por mean %ime to cable

failure, we conservatively assume that

=0, | for all i. (3.33)
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Table 3.6:,Bi$;ogr§m Derived from Figure 3.7

‘;ﬁdtfﬁﬁ?#???éﬁGrbﬁgﬁfpp"Second Division -

'tG'(Minutes) Probabiiity Cumulagiye-
| . Probability
10 0.235 0.235
30 0.207 0.442
50 . 0.168 0.610
70 0.095 0.705
90 0.069 - 0.774
110 0.062 0.836
130 0.048 0.884
! Y140 0.116 1.00
[ L

123




I e

res u lt of™

b3§6_to that equation.

Then,

ToF = Tg- (3.34)

‘The average fire duration (Tpp) is evaluated in the

example of Section 3.4.5 and it is presented in
Table 3.5.
Now we have all the information necessary for

Equation (3.30).;u$pe_p;§tquam of Table 3.7 is the

Tyin

wit dé%lcfs our uncertaiﬁz;m;Bogt
¢S/F! the fraction of fires that would cause a
transient and fail the power cables to both charging
punps, both motor-driven auxiliary feedwater pumps, the
control cables to all fan coolers, and two out of the
three containment spray pump trains.

The availability of the remaining mitigating
components due to human error (as a consequence to the
control board response to the cable fire) is judg-
mentally assessed. We believe that ¢, is log-

normally distributed with 2 medium of 10”2 and an

| error factor of 10. The unavailability of the turbine-

driven pump, éop, i8 found in Reference 2. It is also
lognormally distributed with a mean of 5.8 x 10~2 and
variance of 7.3 x 10°3. The frequency of cable
spreading room fires, ép, is given in Table 3.2. We
multiply these four histogr@ms in two steps. First, we

multiply the first three to get the conditional
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Tablem3,7:“Hiatogram £or the Frequency

due to Fxre in the Cable“Spreading Rooms - »» 3ﬁ
Frequency Probability Cumulaiive

“hﬂ? Probability"

< 1078 0.156 0.156
4.5x10°° 0.102 0.258
1.9x10°3 0.116 0.374
9.7x10"3 0.094 0.468
5.9%102 0.100 0.568
0.14 0.094 0.662
0.17 0.118 0.780
0.48 0.149 0.930
0.76 0.070 1.00
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frequency of sequence occurrence given that a fire has
occurred. The result is shown in Table 3.8. This is
then multipiied with the frequency of fires and the
unconditional frequency of sequencz occurrence is

cbtained. The result is presented by Table 3.9.

FA)
A
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Table 3.8 Histogram for the Conditional Frequency

of (Containment Event Tree) Entry State G

Given a Fire in the Cable Spreading Rooms

"Probability

Cumulative

2.3x10

Frequency
Probability

10”10 0.050 0.050
3.4x10710 0.103 0.153
5.6x10° 0.115 0.268
1.2x1076 0.101 0.369
7.8x10"° 0.119 0.488
2.8x10° 0.103 0.591
7.9x107- 0.107 0.698
1.8x1074 0.118 0.815
5.1x10™4 0.112 0.927
3 0.073 1.000
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Table 3.9 Histogram for the Frequency of State G

Due to a Fire in the Cable Spreading Rooms

Cumulativbjgaiz.fff*?

Frequency “57 |+ Probability
(ry’l) Probability

< 10710 0.160 0.160
4.3x10” 10 0.108 0.268
8.3x10™° 0.109 0.377
4.5x10"8 0.101 0.478
1.5x10" 7 0.2 0.589
4.6x10"’ 0.119 0.708
1.2x10"° 0.107 0.815
3.5x10”% 0.111 0.926
1.7x107° 0.074 1.09
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4. CONCLUDING REMARKS

A method for assessing thé frequency of radiof
nuclide release from nuclear power plants due to fires
is deScribed_in this repbtt; Special attention is
given to simplicity and expressing the uncertainties in
all parts of the methodology. Similar to all other
methodologies used in probabilistic risk assessment

studies, we first identify a list of accident
scenarigéuggéftggﬁ.;bﬁﬁ;ify them. X icenario in thisv
case includes the location of the fire, the time
history of the fire (i.e., growth, detection, and
suppression), the components that the iire can affect,
and other components such that their ¢imultaneous
failure would cause an initiating event and lead to
radionuclide release.

In SQCtion 1.2, we have lumnarizedxﬁhe methodology
in six steps and we have further expanded them in
Sections 2.3.1 and 3.1. The objective in defining
these steps was to show how the different parts-qf the‘
methodoiogy relate to each other. Certainly, not all
paths of interaction are identified. There is a
potential for improving on our suggested steps and
‘defining an algorithm of a more wechanistic nature. 1In
this chapter, we first present our conclulions'trom
this study and then give a general discussions about the

methodolojy. The factors leading to conservatisms and
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honconservatisms. and areas for future work are high-
lighted. '

‘The element of time is an important factor in
scveral parts of this methodology. In one example
where system failures were concidered, the recircula-
tion system is called upon several hours after fire
ignition. Thus, it is very likely that the firo would
be out by then al:n_d__ the systeam would be t»estoted (if i«
is affeg@gqibyitﬁéf;};?{%f%ih?the qg?ﬂtificdtion of
fire-induced failures, time is an i:iégfﬁl péft of the
model. The component failures and fire suppression are
two competing, time-dependent phenomena. If the sup-
pression time surpasses the failure time, then compo-
nent failure is imminent.

A fire risk study is extremely plant specific.

For example, in the cable sptéading room of the Zion
station, w¢ concentrated on the exact location of
certain cables (Pigure 3.4); This plant speci-

ficity can be partially atttibuted tofthe fact that a
fire risk study is a locatioh-aependent.ovéﬁt analysis.
Although there is a large sinilqtity among the same
type of plants (e.g., PWRs) there are still large
diffe;ences in plant layouts.

In the examples that we have discussed ‘- this
study, human error plays an inportant role. In some

sc=*narios, human actions at the component location are
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crucial andvin sbme other scenarios, some component
failures are attributed to human error from the<control
room due to inqécurate information on the control board
(caused by the fire). u“

In Chaptér‘z we have used simplifieg event trees
for event sequences and have'analyiéd the systems
related to each event in terms of their major cém-‘

ponents. This is in contrast with other parts of

[ I R

ptobabil;g;193:1@};;§§h§§ﬁ§ntfstud1§§*whete detailed
event ;rees and fault treés are used. sévéfal coméuterr-
codes ﬁavg been'developed to analyze'fault treesﬂiﬁ the
context of common cause events [50]. They stop short |
of identifying multiple common cause events and carry-
ing the results further into the event tree sequences.
A simple extrapolation of these_algorithms can give us
our desired results. However, the volume and time
necess&ry to carry out this task may become limiting
factors. We certainl& need the detailed event trees
and fault trees to ciearly understand the workings of
the power élant as avwhole and the individu&l qystems;'
However, the merits of directly using these trees in
the fire risk analysis needs examination.

In identifying the scenarios, we inspected each
compartment in the plant to see how a fire there couid-.
lead to radionuclide release. To limit the scope of

the tasy, we chose for inspection those compartments
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that contained safety-related items. The other areas
were not inspected based on the premise that components
necessing for safe shutdown.ate not affected. 1If tﬁis
‘assumption is not valid, it certainly would.introduce
nonconServafism to the results. This point needs
further investigation.

Another source of nonconservatism lies in the

definition of a compartment. Ne did not investlgate

the possibility of failing the barrxers that enclose a
compartment. These barriers are penetration seals,
walls, doors, etc.

There are several other sources of non-
conservatism related to fire incidents that we have
not included in this study. These.ate: smoke propa-
gation, exﬁremely largé fires, secondary fires, flood-
ing'due to water type fire extinguishing systems, and
fires due to earthquakes. The impact «f smoke on the
availability of equipment may not have short term
impact. uowever, it can certainly teduce the effec-
tiveness of the operators in fire fighting in
manipulating components locally and, more importantly,
in the control room. |

The only source for extremely large fires is oil
stored in large amounts. 1In most cases, the oil is
located in areas where safety-related items are not

installed. However, it may affect those ftems by

132



failing fire barriers, a subject that has not”been
Addressed here. Another source is an aircraft crash or
other large external fires. » |
The secondary fires may be caused by shorts in
electrical circuits. Por example, if £wo wires of a
circuit short across a load, then :he resulting high
current may cause overheating of the other loads in

other locations. Flooding can occur only due to water

. type suppression systems and inadequate drainage sys-

" tems. Earthquakes may cause fires through electrical

components or flammable liquid. This aspect of fire
analysis should be performed within the context of an
earthquake risk analysis. |

The quantification process of a scenario is

divided into three basic elements: the fteéuency of

fire occurrence in a compartment, the conditional
frequency of component failures given the fire, and the
frequency of component failure due to causes other than
the diéect impact of the fire. The first freéuency~has
been assessed, based on statistics on fire iﬁéidents,
independently from the other two conditional frequencies.
Furthermore, these frequencies of fire occurrence are
derived from evidence collected from all United States
nuciear power generating stations. They are average
frequencies and do not nocessari;y reflect the cpndi-

tions of a specific power plant. For example, it s
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debatable whether the inclusion of some actual fire
occurrences, e.g., the Browns Ferry fire, is appropriate
when the cable spreading room of a specific plant is
being ahalyzed.

The 16?k>0f a'quanti;ative measure for the magniQ
tude of fire is another 1 imit'ing'factot in any fire.
risk analysis. It has raised the most difficulties in
the development of the quantification parts of t.is
methodology. We have used qualitative arguments to
relay our understanding about the spectrum of fires
that are covered by the frequencies derived in
Section 3.2. If such a measure could be defined, the
exponential mbdel that was used in Section 3.6 could be
replaced with a more sophisticated model. Then, an
integral equation could be defined wherein the above
defined product of the three frequencies could be
integrated over all tire severities.

The evaluation of the conditional frequency of
component failures given_that a fire has occufred
involved fire propagation, detection, suppression, and
component failure. Our treatment of these factors is
very crude, We modeled them by their duration and
combined these time periods in an exponential distribu-
tion to obtain the desired conditional frequency. It
is not clear if the choice of an oxpohentlal distribu-~

tion is conservative in this case. ﬂbwever, we took
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However, we took other conservative measures such as
the assumption of cable failure upon ignition.

Certainly, further research is needed concerning all

. four factors (i.e., propagation, detection, etc.).

More information about the first three (i.e.,
propagation, detection, and suppression) wili allow us
to better model the interaction between propagation and
suppression.,

The failure mode< of some components maf_be differ-
ent when exposed *o fires than in nérmal usage. .For"‘
relays and switchgear, theif shsceptibility‘and failure
modes when exposed to f.res is not clear. 1In some casés
similar to cables, their failure mode may depend on
their specific applications and circuit configurafion.
We have found it very important to clearly define the
behaViqr of some of the components. Fer exampie, in

the cable spreading room fire, we assume that the cor-

trol board indicators misinform the 9perators~becadse

of cable failures. However, we do not elaborate on
exactly how this misinformatfon is produéed.‘

The examples used in this study have focusedfonly
on PWRs. There are differences among different facil-
ity types,. Hoﬁever, we believe that the methpdélogy

has general applicability.
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APPENDIX A ~- FiRE INCIDENCEVDATA

The details of the data used in different parts
this study Are éiven in this appendix, The two main
sources are References A.l1 and A.2 which are discussed
1ndividua11y ih the following sections. Both refer-
ences offer more 1nformation-than whaﬁ is discussed
here. In both cases, only the U.S. nuclear'experience

is collected.

"~ A.1 Data from American Nuclear Insurers

_ The American Nuclear Insurers (ANI), in conjunc-
tion with the Rensselaer Polytechnic Institute, have
organized a data file system where information about
fire incidents in nuclear power plants is stored. Mosﬁ
of their data come from reports of insurancé inspec-
tors which contain location, cause, combdstlbles; means
of detection, and extinguishment of fi:é. The finan-

cial loss and plant status are also reported. Theif

~other sources are the U.S. Nuclear Reghlatory Commisg-~

4sion and local government regulatory bodies. The

in?urance reports contain more information because they
also include less severe fires than the regulatory
records. » :

The period of 5anuary 1955 through May 19738 is
covered by the data. A totql of 214 incidents in all

types'of facilities (including nonpower generczting
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faciiities) are reported. df these, 158 occurred in
commercial nuclear power plants.

Our main interest is in fire incidents during
commerciél operation of light water reactors. Table 13
of reference A.l is Very close to what we ﬁeed. It
gives statistics on different aspe.ts of fire incidents
during the operational phases of all types of nuclear
facilities. Table A.2 shows one part of Table 13 of
that report. Table A.l provides thevnumber of firés
during different operational modes and facllity.typés,
The fi:qt column covers all facility types and comes
from Table 13 of the ANI report. The next three
columns come from Tables 14 and 15 of the same report.
In these tables (similar to Table 13), fire incident
statistics are given for the two types of LWRs, that
ié, pressurized water reactors and boiling w&tet
reactors. However, in both cases, ali phases of
plant life are covered. | -

The data mcy have some omissions. The quthors of
that report acknowledge this. We quote (pagé 8): "it
must be indicated that the data ... contains certain
errors or omissions.”

In the following discussion, the data used in
Section 3.2 s derivad from Table A.2. All facility -
types are included in that table whereas, in

Section 3.2, we present the results as though they are

/s
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Table A.l1 - Number of Fires and Plant Status

All Light Water Pressurized Boiling

Types Nuclear Water Water

of ‘Generating Reactors Reactors
Facilities Plants ‘ g

Normal ‘ : .
Operation 1 42 40 21 19
Hot Shutdown 2 2 2 . : 0
Cold Shutdownl 1 0 0 0

Refueling or

Extended
Outage 3 1 o R ¢
TOTAL - 48 43 23 20
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Table A.2 - Number of Fires and Location

of Fires in Nuclear Facilities of all Types

No. of Fires

‘Location
Containment 1
Reactor Building 6
Aixiliary Building 10
Turbine Building 9
Diesel Generator Room 10 _
:?uéonttol Room 1
::éable Sprea&ing Room
Relay Room , 2
inadwaste Building 1
Switch yard l
"Warehouses
Temporary Building
Yard 1
Outside Structure i
Offsite 4
TOTAL 51
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specific to LWRs. Our judgment is that this discrep-

ancy does not have a large impact:and, in all cases,

it results in larger frequencies which are conserva-
ﬁive. The following observations support this conclu-
sion: _ |
e The total number of fires in Table A.2 is 51
and in TableiA.l, we find that the total number
of LWR fires during the operationsl phasé 15.43._
fhus, the differehce is not large and most of ‘
the fires occurred at some LWR. _ |
e Other types of power plants (high témpe;ature
g?s-cooled reactors HTGRs aﬁd fast breeder
reactors, FBRs) have‘a small contribution to
the d@ta. Pér all phases of plant life, th;re
are two and four cases for HTGRs and ?BRS,
respectively. |
° Thé areas for which frequencies are computed
in Section 3.2 are typical of-power plants.
The number of fires usea in Seﬁtion_3.2_£g derived
here b& comparing those of Table A.2 witthables 14
through 20 of the ANI report. Note that the latter
tables cover all phases of plant life, that is, they
includé the construction phase.
Control Room - only one case is found in Table A.2.
There are ioro cases in all nonLWR facilities. There-

fore, this one case definitely occurred in an LWR.
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However, it is not clear which type of LWR it was
" because one is reported for each type.(BWR and PWR) in
Tables 14 and 15 of the ANI report. |

Cable Spreading Room - two cases are found in
Table A.2. Both occurred at L¥Rs because zero inci-
dents are reported for all) other facilities. One of o
the two occurred at a BWR. We believe ﬁhat this.one is
‘the Browns Ferry fire incident of March 1975. The
other occurred at a PWR.

Diesel Generator Room - fen cases arehfound in
Table A.2. There are zero cases in all nonLWR facili-
ties. Six cases occurred at BWRs and four cases at
PWRs. All LWR incidents are du;ing commercial opera-
tion. This is expected because most of the diesel
fires occur during testing [A.3) which is periodically
performed during commercial operation.

| Containment - Table A.2 gives one case in the
containment and s8ix cases in the reactor building. We
judge that both mean the same thing, which is an area
where the reactor and some equipment necessarf for core
heat removal dufing normal operation are located.
Thus, we conclude that tﬁere were seven incidents in
containments (or reactor buildings). Not all f them
occurred at LWRs. The following table shows thc.number

of incidents in different facility types at all phases

of plant life.
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NUMBER OF FIRES

Facility Total ~ Total ' éon- Reactor
Type All Commercial taxnment Bldg.
Phases Operation - .
Educational/
Research 27 - 0 2
BWR 62 20 4 7
PWR 96 23 10 10
HTGR 2 0 1 1
FBR 4 3 0 2
Other 23 - - -

For the educational or research facilities,

the

evidence is not conclusive because the number of fires
during the operational phase is not given. For the
HTGRs, we conclude that the two incidents did not occur
during commercial operation.
of the two had occurred during this phaso and there s
a good chance that the other one: was also during com-
mercial operation. 1In light of the uncertainties about
the two incidents in the educational fac;lities.and the
secondilncident.in the FBR, we judge that two of the
seven fires occurred in nonlWR plants. Thus, five
fires have occurred in containments of LWRs.

Turbine Building ~ Table A.2 gives nine cases in

the turbineubuildings. There were no fires reported in

For the FBR, at least one .-



facilities other than the LWRs, except for one case in
educational or research facilities. It is not clear at
which stage (constriction or operation) this fire
occurred. Therefore,'we use nine incidents in our
frequency calculations.

| Auxiliary Building - In Table A.2 we find ten
fires reported in auxiliary buildings. There are no
fires reported in auxiliary buildings at facilities
other than LWR:. Thus, we use ten incidents in our
" frequency calculations.

A.2 Data from the HTGR Study

In a study of the risk to the public from an HTGR,
General Atomic Company collected data on . fire incidents
in nuclear power plants and used it in asses'Sing the
contribution of these events to the overall risk. The
data came from Reference A.4 and is tabulated in
Reference A.2. We used their data in Section 3.2.5 to
check how the fire occurrence rate varies with time.

The data covers all LWR 1nc1dents-dur1ng commercial
operation, except for hydtogen.explosioné in the off-gas
systems., That is because these events are typical of
LWRs and would nat occur in the HTGRs. The time period
that is covered by this data ends in May 1978. The
beginning of this time period is not well defined in
Reference A.2. Ther® are no data points for the years
before 1968. We judge that it starts with the inception

of nuclear power production in the United States.
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APPENDIX B -~ CALCULATION OF COMPARTMENT YEARS

This appendix shows in deiail how we obtain tﬁe
number of years for the control rooms, the cable
spreading rooms, the diesel generatdfs,.the contain-
ments, the turbine buildings, and auxiliary buildings.
in the light water nuclear generating plants of the
United States that were operating commercially by the
end of May 1978. Thve number of compartment years is
defined as the time period between the first day"of‘
commercial operation and-the.end of May 1978 (or date
of decommissicning). Table &.1 gives a detailed .
accouf. of the compartment years a:d number of the
above listed areas or compartments for every power
plant. Reference B.l gives the daté of first com-
mercial operation. The number of compartmnent types
for e¢sch plant is found in its Final Safety Analysis
Report (FSARs--see Reference B.2).

The available inférmation is not complete. -
Therefore, the following assumpﬁiéns are'hsedlduring
the construction of Table B.l. -

e In Reference B.l1, the date of commercial
operation is given in terms. of the month and
the year; for example, 2/7% ({.e.,

February 1975). We assume that operatjon began
on the last day of that month. Thus, the

compartment years listed in Table B.1 are
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smaller than the actual ones. The final result
is slightly conservative because it increases
the computed frequency of fires, .

In almost all multiunit plants, the operating
time of the units is not the same. This is
simply because they start commercial operation
at different dates For shared facilities (e.g.,
control room, turbine bullding) the largest
number of years is aSsigned assuming that tne
facility was completed when the firs§MQnif‘went
into commercial pperation. ' '

Again, tbt multi.nit plan:s, the age of the
oldest unit is given to the first two diesel
generator rooms.

Only two plan:s, Indian Péint Unit 1 and

Humboldt Bay, were decommissicned before

- May 1878. In both cases, the date of decommis-

sioning is assumed to be the last day of the
last month in which they generated electricityt
Gray Books [B.3) were used for this purpose.
Plants otlier than LWRs are ﬁot included in the
list. Consequently, the Shipping Pért plant /a
light water breeder reactor) and Hanford-N (a
light water-cooled, graphite moderated reabtor)

are no. in Table B.l.
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e In cases of inadequate information, two diesel
generators are assigned to the single unit
plants.
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TABLE B.). OPERATING YEARS OR SOME AREAS OF COMPARTMENTS IN LIGHT WATER REACTORS IN THE UNITED STATES AT THE END OF MAY, 1978.

WUMBER AND OPERATII G YEARS OF THE AREAS
DATE OF | - CABLE .
PLANY NAME ¢ |COMMERC'L  CONTROL POOM | SPREADING DIESEL RENER. CONTAIMMENT | TURBINE BLDG. | AUXILIARY BLDG.
| uwtr womser [oPeran ROOM
2 logcon- | . ToremaTing | wo. |oPERATING | MO. | OPERATING no. joremaTing | No. |orEmaTing | w0, preraTING
% nission) YEARS YEARS YEARS YEARS YEARS . YEARS
p - %0 YR - MO YR - w0 YR - 0 L bR - MO
V|Reaver Valley 1 | &/77 ! 1-1 ] -1 2 - x(1-1) ! -1 1 1-1 ' 1-1
2|Big Rock Point |12/62 ] 15-§ 1 18-85 ] 2x(15-5) ' 15-5 ! 15-§ ' 15-5
3{Browns Ferry ¥ 8/7% ) 3-9 1 3-9 2 2x{3-9) ! 3-9 1 3-9 ) 3-9
Morouns Fary 2 | 375 | 1 | 32 L I T T T A S 5 TR 32 | 32 | 3-2
S{orowns Ferry 3 | /77 1 -2 ' 1-2 2 2 (1-2) A 12 | 1-2 1 1-2
68runswick 1 /17 |sheres| wri2 1 1-2 2 | mr-2) ) 1.2 |y 1-2 Bhared wiH2
7|8runswick 2 1775 ' 2-6 1 2-6 2 2x(2-6) 1 2-6 1 2-6 | 2-6
8icatvert C1iffs 1| 5775 v 3-0 ' 3-0 2 2x(3-0) 1| 3-0 1 3-0 ' 3-0
9fcarvert Crifts 2 /77 [anares| wii ) 1-) 1 1-1 | -1 fhoves w1 knared wn
10]cooper 20 v 3-10 1 110 |2 | 2x(3-10) v 3-10 | 3-10 |1 3-10
1 ]crystal River 3 | /77 ' 1-2 1 o2 2 2x(1-2) | 1-2 ' 1-2 1 1-2
12[Davis Beste nm " 0-6 ! 0-6 2 2x(0-6) 1 | o6 N 0-6 |1 0-6
13[oonatd C. Cook | 8/75 | 1- ]| 2-9 1 2-9 2 2x(2-9) 1 2-9 1 2-9 I ‘2-9
A iOresden | 8/60 ' 17-9. 1 17-9 b (1?7 9) B - 17-9 i 17-9 1 17-9
15{Dresden 2 8/70 1 7-9 ! 7-9 ? x(7-9) 1. 7-9 Vo179 ! 7-9
-",°'"‘"," 3 o/n shm;u w/02 P‘Q! w/12 1 6-7 1 6-7 fhowes|  w/#2 }hcus‘ w/i2
(Subtoral) - 63-10 o 66-) " 137-8 72-8 65-0 63-10
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TABLE 8.1 (CONTINUED)

-

L NUNBER AND OPERATING YEARS OF THE AREAS
ATE OF TASLE
.1 PLANT mAME & FOmeERC'L| CONTROL ROOM SPREADING DIESEL GENWER. COMTAINMENT TURBINE BLOG. | \UXILIARY 8LDG.
] UNIT NUMSER  [(DECON- . ROOM
5 M1SSION) Voo Topenating | wo. |oPERATING N0, |oPERATING no. loremating | no. | operating | wo. | oreraTING
< YEARS YEARS YEARS YEARS YEARS YEARS
. - YR - n0 YR - MO YR - KO YR - MO YR - MO YR - MO
17 |ovane Arnold S/IN N N-0 ) A-0 2 2x(4-0) 1 4-0 1 4-0 1 4-0
W ikdwin 1. Noteh |} Juns 1 2-5 1 2-8 2 m(2-5) ! 2-5 ! 2-5 ! 2-5
R |Fort Cathoun 1 | [N ]] v =11 2 2x(h-11) | -0 W1ty &-1
20 Maddem Mech 1768 1 10-4 1 10-4 2 2x(10-4) ' 10-4 ' 10~A 1 10-4
21 [Wmboldt Bey 3 kam l 12-1 A 12-11 2 wlt2x1)] 12-11 | 12-n | 1 12-11
22|indian Point § ZZ?’ 1 12-0 1 12-0 2 x(12-0) l 12-0 | 12-0 | 12-0
23| indian Point 2 %;:) ) 3-10 1 3-10 1 3-10 1 3-10 | 1 3-10 | 1 3-10
20 [indian Point 3 8/76 ] 1-9- ! 1-9 3 x(1-9) } 1-9 | 1-9 . ] 1-9
25]James Fivzpatrick | 7/78 ) 2-10 ] 2-10 21 2x(2-10) 1 2-10 | 1 2-19 | 1 2-10
26| Joseoh W, Fartev!ft2/77 ) 0- | 0-5 2 2x(0-5) | 0-5 | 0-$ 1 0-5
27 [Rewauree 8/ 70 ) 311 ) 3-1 2 2x(3-11) 1 -1 | -1 | 3-11
28)ta Crosse BWM 11769 ' 8-6. - 1] 8-6 2 2x(8-6) 1, 8-6 1 8-6 ) 8-6
29[4aine Yankee nm ' 5-3 ! 55 |2 | 2x(s-5) l 5.5 | 1 -5 | 1 5-5
30|nillstone ) 12/70 1 3-8 1 7-5 2 2x(7-5) . | 7-5 1 7-5 ! 7-5
31, Iistone 2 1275 praref . w/n ) 2-5  phere}. 0 ] 2-  pharet !y 1 2-§
32 L\nﬂccllo ”n ) 6-10 ' 6-10 2 2x(6-19) 1 6-10 | 1 6-10 | 1 6-10
{Sudbtotal) 87-6 89-11 172-11 89-11 87-6 83-1
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TABLE 8.1 (CONTINUED)

MUMBER AND OPERATING YEARS OF THE AREAS
: DATE OF TABLE

| Puant wang & [comnERc'L | CONTROL RoOW SPREADING "DIESEL GEWER, CONTAINMENT TURBINE BLDG. | AUXILIARY BLDG.
£ UNIT NomBER mm‘u w0, 10 i “ofoo:"mm 0. WLTWTE W0 T OPERATING | WO, | OPERATTNG |
; 1SSI10N) YEARS YEARS YEARS YEARS YEARS YEARS
;, YR - #0 YR - MO YR - M0 YR - M0 YR - MO YR - MO
33inine Mile Point 1]12/69 1 B-§ | 8-5 2 2x(8-5) ' 8- - | 8-% 1 8-5
I\ [Muciear One ) 12/7% | 3- ' 3-5 2 2x(3-5) 1 3-5 ) 3-5 ! 3-5
35 {oconee 1 ”n ) A-10 1 [T T ) 1 k10 {1 410 |1 4-10
36 [0conee 2 o keeres) war | 3-8 0 1 3-8 tu W s /i
17 |Oconee ) 12/7% 1 3-5 ! ‘3-5 0 , b 3-5 =) W/l 1 3-5 .
38i0yster Creeh V12769 ! 8-S ' 3-5 2 2x(8-5) 1 8-s |1 8-5 1 8-5
39|Patisades 12/71 ' 65 ' 6-5 2 2x(6-5) } 65 |1 6-5 |1 6-5
A0 [Peach Bottom 2 | 7/70 ] 3-10 1 [ 3-10 2 2x(3-10) ) 3-10 |1 3-10 |1 3-10
A [Peach Bottom 3 112/78 hhares] w/12 shares | w/#2 2 2x(3-5) ] 3-5 khaes|  w/)2 1 - 3-8
«lpitgrim " ' 5-8 0 5-5 ) 2x(5-5) ) s-5 |t 5-5 1 5-5
t3{Poine Beach 1 [12/70 ' 1-5 ' 1-5 2 w(7-8) | s | s |1 7-5
AU |Point Beach 2 [1O/T2 &Mres w/8 shares | w/# k’shu\s‘ w/n’ 1, §-7 Ehares) W/t Ehares w/k\
a5 fprairie 1s. b |12/73 1 b5 1 &-5 ) 2x(4-5) 1 8- 1 k-5 1 4-5
MlPrairie 15, 2 . 12/74 #-.nm w/h  shares | w/hi shares| w/fl 1 3-5  bhaws] w/n2 1 3-5
A7]quae - Citles ) | 8/72 ! 59 |1 5-9 Jz 2x(5-9) ! 5-9 ' 5-9 L 5-9

(Subtotal) 61-d 65-5 "13-10 77-10 58-4 68-7
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TABLE B.1 {CONTINUED)
' MUMNBER AND OPERATING YEARS OF THE AREAS
DATE OF g CABLE T

| PLANT mame & COMMERC'Y  CONTROL ROOM SPREAD ING DIESEL GENER, CONTAINMENT TURBINE BLDG. | AUXILIARY BLOG.
g UNIT NUMBER (DECOM- ROON 7

. MISSTON] o, Jopematinc | wo. [opematinc| wo. [opemating | wo. [opemaTing [wo. |operatinG {wo. [opERaTING
g VEARS YEARS YEARS YEARS YEARS YEARS
. YR - 00 YR - MO YR - MO YR - MO YR - MO YR - MO
AB[Quad - Citles 2 |10/72  lhgres] w/i? kharcs w/n sh.re* w/N ) 5-7 shared w/ft Eha w/#)
V3{Rancho Seco M3 ! -1 1 3-n 2 2x(3-11) 1 3-n- SRR R 3-11
S0[Rodert €. Ginna | 3/70 1 8-2 [ 8-2 2 2x(8-2) 1 8-2 1 R-2 1 8-2
St robinson 2 17211 t 7-2 ) 7-2 2 2x(7-2) ' 7-2 1 7-2 1 7-2
S2{Satem | 12776 [ 1-$ 1 1-5 2 2x(1-5) 1 1-§ i 1-5 1 1-5
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TABLE 8.1 . {COmMTINUED)

_ MUNBER AND OPERATING YEARS OF THE AREAS
st mang g| DATE OF , CABLE _
_ 61 ComErc'L | CONTROL ROOM SPREADING DIESEL GENER. CONTAINMENT | TURBINE BLDG. | AUXILIARY BLDG.
g URIT RUMBER (DEC™- ROOM
- mission) WO TOPERATING [~ 3. [OPERATINC WO. JOPERATING | WO. | OPERATIRG | WO. TING | NO. [ OPERATING |
3 YEARS YEARS YEARS YEARS YEARS YEARS
> YR - MO YA - MO YR - MO YR - MO YR - MO YR - MO
62| Yonkee 6/61 1 16-11 | 16-11 | 2 af(te-11)| 1 16-11 | 16-11 | 1 16-11
63| 2ion 1 /7 t [ Y | TR B 3x(h-11) | TN R b1l
6| Zion 2 12/7) }y..., w/# ' T3 2 2x(4-5) | ks | s | 4-5
(Sudtots?) 21-10 26-3 57-5 26-3 26-3 26-3
Vrom 63-10 66~ 137-8 72-8 65-0 63-10
previous 87-6 89-11 172-1 89-11 87-6 831
pages 61-4 65-5 113-10 77-10 58-4 68-7
Sh-§ Sh-5 1310 69-8 59-1 54-5
TOTAL 288-5 301-3 593-0 337 295-2 802-3



APPENDIX C - DATA ON DETECTION TIME FOR DIFFERENT FIRE
DETECTORS

C.1l Smoke Detectors

Three sources are used in this appendix for
deriving the probability distribution for the response
time of smoke detectors. These are Referenées C.1,
C.2, and C.3. We quote from the first one (page 46):
"Response time of the detectors under ... test con-
ditionshévevariedfromlStx»SSsecondsforioniza-
tion detectors, and 91 to 310 seconds fOt'photoelecttic
detectors.” The test conditions mentioned here simu-
lated a residential compartment.

In Reference C.2, we find response times for
different detectors of both heat and smoke-sensitive
types. An average-rize tesidential homé_was used in
their tests. The detectors came from different manu-
facturers. The test fires covered a large gamut of
severity. The results show that, in about 70 percent
of the cases, the detectors tespoﬁded w'thin the first
5 minutes, and in about 15 percent thqy‘;qsponded in
more than 15 minutes. In about lo-percent of the
cases, the detectors did not respond at all. We believe
that, because of low ceiling heights, these test
results are underertimates for nuclear power plant

compartment conditjions.
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Reference C.3 gives data on test fires in hospital
rooms. Also in these tests, in about 70 percent of the
cases, the detectors responded within S'minu;es.
However, most of the responses (about R0 percent) were
in the tirsﬁ 1l minute., In about 25 percent of cases,
the detectors did not respond at all. This shows that
compartment related parameters'have.sigﬁificant impact
on detector performance.

C.2 Heat Detectors

In the study of Reference é,z; heat sensing
devices were also used. The response times were.much
longer than those of smoke detectors. In about
30 percent of the cases, the heat detectors responded
within 15 ninutés; and in about 70 percent of the
cases, they di1d hot tesﬁond at ail,

In Reference C.1, we find 84 to 144 seconds as the
typical response times for the rate of r}se heat
detectors. These results correspond to-a_residential
compartment.

Reference C.4 reports on experiments with high
challenge fires. The gests simulated large fires in
large compartments such as warehouses and varied the
height of the ceiling and type 5¢ combustibles. One of
the main observations was that thg sprinkler heads (in
almost all cases) opened after the flames reached the

ceiling, The time for the first sprinkler head opening
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has been measured. It varies between 50 seconds to 10

‘minutes.

C.3 Nuclear Plant Experience

In the data given in the HTGR fire risk study [C.5],
a.column titled "Interval Prior to Deféctioh' is shown
where only five cases are given. These cases are
described below:

(1) Detection time 20 minutes; mode of detection
manual. An electrical insulation fire with
electrical origin had occurred in some cabi-
nets at Peach Bottom Unit 3, April 1975;

Fire was put under control in 6 minutes.

(2) Detection time 30 minutes; mode of detection
manual. If occurred on May 1976 in Browns
Ferry Unit 1 and combustible solids were
ignited. 1Inplant fire fighters put out

this fire in 20 minutes.

(3) Detection time 1 hour; detectioﬁ'nodevauto-
matic. Thi {8 the charcoal adsorber explo-
sion incident of July 1977 at Browns Ferry
Unit 3 [C.6). Fire was burning inside the
charcoal adsorber beds for 2 hours until {t

was self-extinguished.
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(4) Detection timelz hours; detection mode
manual. Electricai insulation caught fire
due to electrical causes in July 1972 at Quad
Cities uUnit 2. Fire self-extinguishgd‘in a

few minutes after discovery.

(5) Detection time 3 hours; detection mode
manual. Expansion joints caught fire at
Robinson unit 2 in April 1974.} Fire was
'extinguished in 15 minutes by the in plant
fire fighters.
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APPENDIX D DATA ON FIRE SUPPRESSION

There are very few sources that have investigated
the suppression time for fires. In most cases, the
overall effectiveneﬁs of the extinguishing system has
been questioned. In the followiny subsectiéns, we
discuss the data given by these few rgférehces.

D.1 Data from the HTGR Study

In Secticn A;z ofAAppendiqu,.we discusse? *he
fire data used in the HTGR Study by General"Atom{c
'Company (D.1}. The data includes a column eﬁti;led.
"Time to Bring Fire uUnder Control.® Based on the
numbers of that column, we have derived the two fre-
queﬁcy distributions of Table D.1; one uses all the
cases that occurred when under copmerci?l operation and
the other uses those cases that involved electrical
insulation (also under commercial operatioﬁ.) We
believe that the numbers in that column represent the
time between fire detection and fire growtﬁ inhibition.
It is after the detection time becéusq_the adjacent
column is entitled "Interval Prior to Detection" and, .
in some casas, it contains numbers larger than~the‘
previous‘column. Thus, the distributions of Table D.1
depict a period that is certainly smaller thar fire
duration., Also, it should be noted that the time
periods given in Refere6ce D.1 are, in most cases,
estimates by experts and not a result of actual time -

-measurements during the fire incident.
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TnBLE D.1 FREQUENCY DISTRIBUTION

OF "TIME TO BRING FIRE UNDER CONTRO."

_»FROM‘REFERENCE D.1 FOR THE COMMERCIAL OJPERATION PHASF

All Cases Cases Where -
Electrical Insulation
was Involved
Time Frequency Cumulative Frequency Cumulative
Frequency Frequenry
(2) (¥ &3] (%)
T ~0 10 10 12 12
3 min 8 18 24 36
6 min 25 43 12 LE
12 min 17 60 ;~6 54
16 min ] 69 e
30 min " 80 23 77
L2 min 4 84 83
1 hour b 88 6 89
1-3 hours 4 92 6 95
1-5 hours .2 94
2 hours 2 96
7 hours 2 98 5 100
24 hours 2 100




D.2 Fire Suppression Test Results

Refefence D.2 presents the results of geveral
tests that were conducted ih two small compartments to
measure the minimum water requirements fo? suppreésion.
They allowed the fire to reach flashover and attacked
it about 30 to 120 seconds after that, They concluded
that the amount of wgtet used st;ongiy depends on the
type of furnishings involved in the firé and the
techniﬁues used by the fire fighters. They have'tabq-.
lated the flow rate of the water, total water usec
to control the fire, and alsc total water used to
complete extinguishment. By complete‘extinguishﬁent,
they meant suppression of all visible flames'
(smoldering may still have been in progress); From
their‘dath, we have computed the time to bring the fire
under conttol,‘which varieé;from between 15 seconds to
2 minutes. Also, we have computed the “ime to total
ext}nguishment and this variés from between
1/2 to 4 minutes. The following observations "are ia
order: |

(1) Even though the tests were in a controlled

environmert Aand the variations ip the methods
used were limited, the suppression time has a
sigﬁificantly'la:ge variation (;bout~one

order of magnitude).
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(2) The time periods are short because adegquate
extinguishing equipment was available at all
times of the experiment.
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APPENDIX E DATA ON CABLE FAILURE TIME

E.1 Introduction

The data on failure time comes from sources that

.. have conducted cable fire tests. The conditions of

these tests in some instances have been quite differ-
ent. Therefore, we first discuss their history very

briefly (Sectiqﬁ‘E.Z) and then summarize the relevant

”tesults'(Sec;ion E.3).

+ 'E.2 Fire Tests

Many fire tests have been developed in recent
years by various organizations to measure the different

aspects of a fire incident. Most of these measure only

_one phenomenon, e.g., ignition temperature, flamnabil-

ity, fire spread, etc. Refetence E.l provides a review
of these tests and classifies them as those that test "
for: (a) ease cf ignition, (b) surface flame spread,
(c) héat release, (d)'fire endurance, (e) smoke evolu-
tion, and (f) combustion productz. Most of these tests
are designed for small samples. In.many instances, it -
has been proven that fuel geometry, quantity, aﬁd
ambient conditions have severe e¢ifects oﬁ the fire test
results [E.2, E.3)]. Full sca1; tests have been devised
also to observe these effects. Reference E.] lists
focilities that perform such tests. It has been found
that reproducing the same test result is very diffi-

cult. This {s =-ttributed to the large number ot
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parameters that have significant impact on the time
history of a fire. For example, the ignition process
is only partly controlled by the fuel area being
exposed to heat, uniformity of exposure, drafts in the
room, duration of exposure, ancd the heating rate.

The same types of problems exist in cable fire
tests. 1In recént years some tests have been
,specialized for cables only., The.nuclear industry has
been the main motive behind thes¢ developments.
Reference E.4 summarizes some of these tests. Bencﬂ-
type fire tests using shor; lengths of singlé cables
have been used to detetmine the flammability of the
cables. Also, large scale tests have been devised to
tetter simuiate real fire conditions and overcome the
erronenus conclusions stemming from the small scale
tests, |

Independent tests have been carried out by the
différent factionslof the fndustry: the manufac-
turers [E.5), the utilities [E.6], aﬁd thé regulatory
bodies [E.7). From these tests, standards have
emerged [E.4]). The most imporilant standard for cable
testing is the IEEE Std 383-1974 [E.8) where a vertical
set of cables is expnsed to a 70,000 Btu/hr heat source
with a flame temperature of 1500°F. Refefence E.4
describes the activities that helﬁed to develop this

1EEE standard.



By reviewing these tests, their results, and some

relevant literature, we have learned that:

(1)

(2)

(3)

(4)

(5)

Grouped cables pose a special fire hazard
(E.9,E.10].

The position of-the cables is impottani.
Cables in vertical trays pos~ a larger hazard

for propagation [E.1l1).

Tray construction plays a rble too. In
totally closed trays (top and bottom closed)
and conduits, circuit failure occurs sooner
than in cables in open-type trays. Althoudb
cable ignition is delayed, combustion is more

severe {E.4]. This is because the clased

‘tray or conduit acts like an oven.

‘The density of cables (number of cables per

unit width of tray) in horizontal, open
bottom trays affects their fiammability.

This has to do with volatile gases being able

.to pass through the trays and burn at upper

layers.

Deep seated fires may occur (E.12,E.13}.
These are.hard to put out. This is especi- -
ally true for nonwater extinguishing

agents {E.14]).
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(6) - The heat release-ra;e of the donor fire (the
ignition source) may make a difference.
Reference E.13 quotes ecxperiments where a
70,000 Btu/hr donor fire did not reproduce
the real incident of fire propagation,

whereas a 210,000 Btu/hr fire did So.

(7) Corrosion effects may also become important.
In a cable fire incident described in
Reference E.13, the corrosive gases given off
by the cable insulation or jacket'(occurs at
high temperature) corroded electrical

contacts and relays some 40 feet away.

(8) Finally, the currently existing standards and
test procedures stiil cannot accurately
determine the degree of fire retardancy of
the cables.

E.3 Data

in this section, we summarize the results avaijl-
able to us. Most of the tests.referencgd'hgre~are |
designed for investigating L;amm§bility; However, what
we are interested in is the time to cir:uit failure.
Fortunately, many experimenterg have recognized the
need for this'pieée of information and have recorded it
in addition to‘fIammability-xelated information. 1In

the main text, Section 3.5.2.2, the time to cable

170



failure is defined as the time between flames engulfing
the cable and its failure (the failure modes are dis-
cussed‘separately). In all the tests, the cables were
imhersed into flames. Also, all the coﬁductots were
subjected to voltage and circuit integrity,was'checkéd
with some light bulbs. Failure time was measured from
the ignition of the donor flames until the light

went out.,

The Boston Insulated Wire Company_has;tested its
own cables according to different standards and pro-
cedures [E.5). 1In Reference E.5, seven types of cables
are tested by exposing single cables to a Bunsen
burner for 5 minutes with a flame temperature of about:
1600°F. Two of the cables shorted in‘2 and 6 minutes;
the others.experlenced‘exténsive damage but did not
short out. 1In another test, oil-soaked burlap was
burned next to several runs of the sadz.cable on a

vertical tray. PVC insulated cables shorted in

' 3-1/2 and 4-1/4 minutes. Bostrad 7 (a brand name)

cable did not short for the 19-1/2 minutes that the
flames existed. Flame temperature is unknown. In
controlled bonfire tests, & bundle of cables is sus-
pended over a bonfire for S minutes. Cross linked,
polyethylene EPR nylon jacket and Bostrad 7 shorted in

1-1/2 to 3 minutes. Bostrad 7S (a brand name) di{d not
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short in these 5 minutes. Radiation effects are also
investigated in this reference.

Reference E.6 summarizes the results of the.testS‘
that were performed by Baltimore Gas and Electric Com-
pany to choose appropriate cables for their Calvert .
Cliffs Nuclear Power Plant. In their tests, the cable
trays were loaded with one layer of test cables,
allowing 1/2 diameter of space between cables; and
no more than 15 cables per trey. Transil oil in a
5 gallon can was burned for 5 minutes{'_Flame
temperature was about 1800°F. Forty-five types of
vcontfol cables and twelve types of power cables were
tested in this way. The majority of the cables shorted
after the ©11 can was removed. The results are shown

in terms of the following histocram:

Time to Short Fraction Cumulative
(Minutes) Percent Fraction
1-5 14 14
5-10 46 60
10-15 | - 26 ‘ - 86
15-20 3 89
> 20 - o1 : 100

From these teéts. it was concluded that silicon
rubber-insulated control cablers with glass-braid

fillers and asbestos-braid jackets have better flame
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retardance characteristics than the others. 8Six such
cables vere subjected to this test and only one failed
(at about 15 minutes). Also, two other control cables
did not fail in 20 minutes. Both were silicone
insulated and the jackets were of PVC (poly vinyl
chloride) and Neoprene,

Ckonite Company has performed a series of cable

fire tests that helped the development of the IEEE Std. .
383-1974 [E.8). They are discussed in Reference E.4.
Only cont;bl'cables were subjectgd.to those tests. |
Some of their results are given in the folloQinQ:

e Neoprene cables in a vertical tray are sub-
jected to burning burlap soaked in oil. It
burned for about 20 minutes. The flame

- temperature was abouﬁ 1200°F and shdrps

occurred between 7 and 16 minutes.

® The same neoprene cables in a -:ertical‘ tray are
subjected to butningvbropane g§8¢. They burned
the propane for 20 minutes. Thé¢flame tempera-
ture was about 1500°F and shorts occurred

between 6 and 8 minutes.

e Aset of control cables was subjected to two
levels of burner ﬁqat release rates
(70,000 Btu/hr and 210,000 Btu/hr). The cables

shorted between 10 and 21 minutes. For the
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second case (210,000 Btu/hr) they shorted

between 6 and 11 minutes.

e Similar to Rceference E.6, they found that
silicone insulated cables with glass braid
jacket do not short. Howevei, the jacket was
charred and the core damaged. They had applied
the flames for 20 minutes.

The scientists at the Sandia Laboratories have
conducted some cable fire tests to investigate the
effects of fire-rétardant coatings [E.15). These aréﬁ
special compounds thatAare sprayed (or applied by
trowels) on top of the cables. These tests are part of
a larger study entitled "Fire Protection Research
Program.® Five diffetent'coatings.wexe used on a
:single horizontal cable tray. Propane burners weré
instxlled underneath the tray. It was applied in
cycles of’ 10 minutes, S minute; on aﬂl;mﬁ 5 minutes off,
for six times. In seven out of ten t;sts, the cables
had not shorted at the end of the slxtﬁ cycle. 1In the
remaining three cases, they shorted betwéen 15 and
26 minuteg. In the same setup, they made three
additional tests without applying any coating. 1In two
cases the cables had passed the IEEE 383 test and
shorted in 5 and 9 minutes. In the third case, the

cable had not passed the IEEE test and shorted in

6 minutes.

174



References

E.l Hilado, C. J. "Flammability Tests, 1975: A

Review,” Fire Technology, 11, No. 4,

November 1975.

E.2 Smith, E. E., "Relation of Performance Tests to

Actual Fires,” Fire Technology 12, No. 1,

February 1976, Pp. 49-54.

E.3 Wilson W. J., "Large Scale Fire Tests,” J. Fire

and Flammability, 7, January 1976, PP. 112-124.709

E.4 McIlveen, E. E., "Fire Retariant Cable Systems,"

1EEE Transactions on Industry Applications,

‘Vol. IA-11, No. 3, May/June 197S.

E.S *"Flame and Radiation Resistant Cables for Nuclear
Power Plants,” Boston Insulated Wire and Cable

Company, Report B901, September 1969.

E.¢ Bhatia, P., "Silicone-Rubber-Insulated Cables for
Calvert Cliffs Nuclegr Power Plant,” Nuclear

Safety, 16, No. 6, 19755

E.?7 Klamerus, L. J., "Fire Protection Research
Program at Sandia Lavoratories,” CONF-800403/V-1,

Proceedings of American Nuclear Society, Knox-

ville, Tennessee, April 6-9, 1980.

175

-

ce



*Type Test of Class IE Electric Cables, Field

Splices,” IEEE Std. 383 (1974).

Hedlund, C. F., "Grouped Combustible wirés and

Cables," Fire Journal 60, March 1966.

Oldendorf, L. E., "The Group Eléctrical Cable
Fire Problem," Fire J. 65, November 1971,

PP. 42-45.

Baker,iﬂ E. and Shépheid,'R.E.,'Fire Testing

of Electrical Cables and the Benefits of Fire-

Retardant Paints,” Fire Teéhnology e

Nu. 4 1971.

Krause, F. K., "Burning Characteristics of
Horizontal Cable Trays," Seventh Water Reactor

Safety Research Information Meeting,
Gaithersburg, Maryland, November 9, 1979.

LaFetra, F. E. and McGowan, E. J. "Power- Control
and Instrumentaﬁion Cable for Nuclear Fueled

Power Plants,” IEEE Transactions on Nuclear

Science, Vol. NS21, No. 1, February 1974.

Cholin, R., "How Deep is Deep? Use of Halon 1301

on Deep-Seated Fires,” Fire Journal, March 1972.

176




{

'NRC FD._:\‘A—'J—JS

. U.S. NUCLEAR REGULATORY COMMISSION

BIBLIOGRAPHIC DATA SHEET

I. REPORT NUMBER (Mss:pne0 by DPC)
NUREG/CR-2258
UCLA-ENG-8102

4 TITLE AMD SUBTITLE (A90 Voiume No., if agc-oprate)

FIRE RISK ANALYSIS FCR NUCLEAR POWER PLANTS

2. (Leave dlank )}

3. RECIPIENT'S ACCESSION NO.

5. DATE REPORT COMPLETED

TOAUTH SRS
‘ MON TH [ vear
M. K:zarians and G. Apostolakis | May 1981
3. PERF GRMING ORGANIZATICY NAME AND AAILING <DDRESS (include Zip Code) DATE REPORT ISSUED
> 1 of Engi rin d Applied ient MONTH YEAR
Schocl of Engineering and Applied Science 'September 1981

Universicy of California
Los Argeles, CA 90024
i

6. (Leave blank)

8. (Lesave Dlonk)

[g—

{12. SPC1:SOR'NG ORGANIZATION NAME AND MA!'LING ADDRESS /fincivde Z:p Code)

Offize of Nuclear Regulatory Research
Divivion of Risk Analysis .

U.S. Nuclear Regulatory Commission
Washington, D.C. 20555

10. PROJECT/TASK/WORK UNIT NO.

11. CONTRACT NO

NRC FIN No. B6284

13. TYPL OF REPORT

Tec&nica1

PERIOD CO\ ERED (Inciusive Ontes)

10/1/80 - 5/1/81

15. SUPHLTMENTARY NOTES

14. (Leave Diank)

16. ABL.TRACT (200 words or less)

"

poweriiplants is presensed.
asseé%bs the frequency of occurrence of each.
In the first twc sceps,

Its

aimed at quantification.
In nuclear power plants usino Bayesian techniques.

The combined effects of fire
modeled.
Finally,
given.,

the accident scenarios are fdentified qualit
potential of fires to cause initiating events 1s investigated.
The trequency of “ires is obtaired for different compartments

@

- A methodoiogy for evaluating the frequency of severe consequences idue to fires in nuclear
The methodology produces a list of ac

jent scenarios ang,ther
fn in six steps

atively and the

The last four steps are

framework is giv

The results are compared with those

of classical methods and the variation of the frequencies with time fs also examined.
growth, detection, and suppression on compon2nt failure are
-The susceptibility of cables to fire and their failure modes are discussed.
the 1imitations cf the methodology and suggestions

for further research are -

117 KEY WORI.S AND DOCUMENT ANALYSIS

Fire Risk

Accident Scenarios
Fire Risk ..ialysis
Fire Growth Analysis

t7a DESCRIPTORS

TV IDENTIFIE RS'OPEN ENDED TERMS
3

e AVAILABILITY STATEMENT

Unlimited

19 SECURITY LLAS; IThn reportl |21 NO OF PAGES

} Unclassified 185
i (S FTTs A 1Y Rl K




