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Abstract

This paper proposes i t  couceptual t iamcwork tbr developing a l i rc protectiou program at nuclear power plants
based on probabil ist ic r isk analysis (PRA) of l i rc hazarcls, and modeling thc clynarnics of l i rc cl l 'ects. The proccss lbr
catcgorizing t. tuclcl tr  pou'cr plunt l i rc arcas based ou r isk is clcscribccl.  fbl lowecl by a discussion of f i rc sal-ety design
methocls that can bc usecl tbr di l l 'ercnt arcas of the plant, depending on the degrcc of thrcat to plant safety f i 'orn the
fire hazarcl.  This altcrnativc fratnework has thc potcntial to make pl 'ograms more cost-cffcct ive. and comprchcnsi l 'e.
since i t  wi l l  l l low a lnore systematic und broadcr cxamination ol ' l i le r isk. and providc a mcalls to dist inguish betrveen
high and low l isk l i rc contr ibutors. (t tr  1999 Elscvicr Science S.A. Al l  r ights reservccl.

l. Introduction

Nuclear power plant f ire protection programs
adopted since the early 1980s in the United States
and most other countries were fbrmulated based
on a prescriptive and deterministic f}amework
before PRA rnethods or fire tnodels that can
provide insights and inforrnaticln regarding risk

This paper was preparecl by an er.nployee of tl.re Unitecl
States Nuclear Regulatory Commission.  l t  presents intorma-
tlorl that does not currently rcpreselit an aglecd-upon stalT
posi t ion.  NRC has nei ther approved nor t l isapproved i ts  tech-
nioal content.

+  Te l . :  *  l - 301 -41564 .+3 ,
E-tnui| (dclress: mkdfalynls.gq1' (M.K. Dey)

0029-5.{91 99,S ,stc f ront  mal ter  aO 1999 Elser. ier  Scicnce S.A

P l l :  S U 0 l 9 ' . 5 4 9 3 (  9 9  r t l 0 0 9 ' 1 -  1

(in probabil istic terms), and on the dynamics of
the fire haza.rd were available (Dey, 1998; Dey et
a l . ,  1998).  Since the ear ly  1980s.  s igni f ic t rnt  devel -
opments huve occurred in the fields of probabil is-
tic risk analysis o1'r.ruclear power plant satbty, and
fire dynamics. The commercial building industries
in manv natiolts have adopted or are moving
toward performance-based fire safety design
l.uethods (Society of Fire Protection Engrneers,
199Ea .b  t .

Nuclear power programs in many developed
nations have become costly and, in some cases are
no longer competitive with other power sources
and are being prematurely decommissioned. A
significant increase in cost for nuclear power gen-

All rights lescrved.
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eration in advnncecl countries ciln be attributed to
the public demand and expectation for a high
level of safety from the potential hazards of nu-
clear power. Nuclear power sal'ety has received a
higher level of attention and a larget' amount of
resourccs than safety from most other incir-rstri ir l
hazarcls. In order to meet thc degree of excellence
in nuclear safcty expected by the public, ancl i l t
the same titnc to allow nucleal' power be econotn-
ically feasiblc. it is necessary to establish and
r.r.raintain cost-cf'f 'ective safety programs that focus
on provicling plotection where the risk is the tntlst
significant. Basecl on available sal-cty clesign meth-
ods. this papcl ploposes a cost-ellbctive l iarlrc-
wolk lbr fbrrnulating or moclifying nuclear plant

fire protectiou progralns lbr uew or operatl l lg
p lants.

2. Conceptual framervork

Fire PRA utrc l  o thet '  r t te thot lo logrcs hare i r lher-
cnt ly  in  thcnr  serr -cninq proccsscs nhich cau pro-
gressi rc l l  d is t inguish betuectr  h igh ancl  low r isk
lirc areas. Thc scrccnitrg rnethods employecl in fire
PRAs.  aucl  other  r .nethods such as FIVE (E, lect r tc

I)ower Rescarch Institute, 1992). can be usecl to-
walcl formulating a risk-graclccl f ire protectiotr
progfam by identilying ancl l ircusing tttt crit ical
ancl  iurpor tunt  l i re  arcas.  F ig.  I  is  a schemal ic  o l
thc proposecl couccl-ltuit l f l-arttework lbr lbrrrulat-
ing a f i re  protect iou progratr .  AIr  cxper t  par lc l .

consisting ol' plarrl f ire plrttectiou perstttrttcl atrcl
PRA analysts.  should use the resul ts  o l 'a  f i re  PRA
towarcl establishing catcgories or gntcles for f ire
areas in nuclear powcr plants based on risk sig-
nificarrce, supplementing the inlbrmittion with en-
gineering ,juclgment wherc uecessary. A higher
levcl of f ire protection should be extcncled to firc
areas that contribute significantly to plant f ire
risk. This approach would be in contrast to a
prescriptive l iarnervork that specily that all struc-
tures, systelns. and components (SSCs) o1' one
shutdown train be protected frorn fires by the
same measures regardless ol the extent of vulnera-
bil i ty of those SSCs to a fire or impact on plant
risk if they are damagecl. Once tl.re i ire risk cate-
gories are established. dif l-erent levels of sophisti-

catior.r for analyzirtg the hazard anc'l determintng
appropriate protection I 'eatures can be adopted.
For crit ical areas, the t.nost sophisticated (and

costly) tools could be used" wheleas qualitr lt ive

analysis would suffice itr nou-crit ical ttr inlportaut
areas where it is determined tl.rat a nonrinal

lmount o1' protecticttt is adequate.

2.1.  F i rc  PRA

A centerpiece of the proposed ll 'amework lbr
lbrmulating a ftre proteetiott pltrgt'rrtrl is a (ire

PRA. Fire PRAs typically lbllorv a trvo-phasc
approach.  In  phase l ,  a  screct . t ing analys is  is
perfonnecl to iclenti ly the crit ical or importitut {ire

locations ancl screct.t ottt those areas that are not

r isk s igni l icant .  In  phase 2.  a c leta i lec l  analys is  is
perfbrmecl lbr the itnportirnt f ire scettarios. The

rcsults o1' a fire PRA arc usually obtaittccl f iclrn
the logic trees ancl trttclels clevclopetl lbr internal
cve 'nt  PRAs.  For  thc f i rc  PRA, the inptr l  probabi l -

it ies to thc I 'RA mociels arc determined liorn an

cr  a luat iou o l -  the f i le  scet t i t r ic ' rs  (propagat i t r r t ,

clatnitge. aucl suppression) lrncl an aualysis ol ' f ire

Opcrational Data Iraci  l i ty
Clonligu[ation

E;r..."*---'l
I roor' I
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frequencies. The perfomance evaluation models
used in fire PRAs are based on reliabil i ty and./or
state-transition lnodels fbr suppression, and are
partially based on deterministic phenomenologi-
cal modeis (e.g. COMPBRN (Electric Power Re-
search Institutc. l99l )) lbr f ire growth.
Procedures for conducting l ire PRAs itre avail-
able (e.g.  NRC. 1983a,  1985.  1990a).  and there
nre several eramples of conprehensive firc
PRAs (e.g.  Indian Poir - r t  2  PRA (Consol idatcd
Ecl ison.  l99 l ) .  L imer ick PRA (NUS Corpora-
t i on .  1983 ) .  LaSa l l c  PRA (NURECiCR-4832 ) .
and thc Peitch Bottt 'rrn ancl Sr"rrry PRAs (NRC,
l990b .c ) .

The screenins process in a fire PRA inclucles
an in i t ia l  qLur l i ta t ive screening process that  typ i -
ca l ly  e nta i ls  ic lent i l ,v ing f i re  areas:  ( l )  that  c lo
not cor.rt iun sal'e-sltutclown cquipn.rent; ancl (2) in
which a l l rc  u i l l  not  ac lversely  i rn; lact  saf 'e-shut-
clown ec1ui1-lnrcnl in otl.rer f ire areas or cause a
plant  t r ip  or  shutdctwn.  These f i re  areas are
eliminatecl l l 'on.r crlnsicleration. A seconcl qurnti-
tatrve screentng stage typically sets the Iire oc-
currcnce liequcncy lbr all remaitring firc areas
to 1.0 ancl  assuutcs that  a l l  equipn,ent  in  the l i rc
area is disablecl bt, the firc. A truncitt ion proba-
brlity of I E-04 (ccprivalcnt to I E,-08 for int-cr'-
nal events) is t1 pically usecl l irr screening ancl
determining ir.r.rportant or crit ical I ire areas.

2.2. (ut<'gori:utitttr ol / irc urcu.s

The results of the sercenrng pt'()eess in a l irc
PRA (or  othel  methocls such as FIVE) can be
tusecl to categorize flrc aleas in a nuclear power
plant basecl on risk sigr.rif icance. The liamework
for the categories ancl screenins criteria wil l be
depencl on mAnv lactors. it icluding judgment on
the degree of protectiou ltecessary based on the
risk of a fire haztrrd rn dil l 'erent areas ol' the
plant. Therefore. the cletails of a categorizatron
scheme should be der eloped by' each f acil i t i ' .
For the purposes of i l lustratior.r. a specific cate-
gorization scheme is presented l-rere:
1. crit ical areas: f ire areas that cor.rtribute to the

majority of f ire risk (typicall.v three or fbur
areas) would be included in a crit ical catecorv:

2. important areas: other {ire areas that l lre not
quantitatively screened using a I E-04 trunca-
tion probabii ity described above could be in-
cluded in a second in-rportant category; lrncl

3. general i lreas: a general categol'y could be
developed for the rernaining areas that are not
screened using qualitalive criteria such us
those cited above.

11 is widely acknowleclgecl thnt l ire PRAs havc
uncertainties associated with thetn. The specil ic
uncer ta int ies and l imi tat ions wi l l  depend on lac-
tors such as avai labi l i ty  o l -  operat ional  c lata,  as-
sunrpt ions rnade.  and the qr . ra l i ty  o1-  thc analys is .
Typical  sources o l 'uncer t i i in ty  that  wi l l  be assocl -
atecl with the propr'rsccl categorizaticrn scherne irre:
( l )  f i re  ign i t ion l - rcqucnc.v.  (2)  f i rc  mocle ls ;  (3)
rcliabil i ty ancl el ' l 'cctivcness of f lrc cJetection and
suppression;  (4)  threshol t i  lbr  thcrmal  equipment
c lamagei  (5)  e l ' l 'ect  o1-srnokc on equiprncnt :  tnc l
(6)  operator  act ic ' r r . rs .  A cr i t ica l  e le l rent  o l ' thc
categorizatic' lt process shoulcl be thc work of' ar.t
expert panel. consisting ol' plant I ' ire protectittn
personnel and PRA analysts, that shor-rlcl use thc
t'csults of a fire PRA toward cstublishing thc
categories. suppler.ner.rt ing thc infbrmation with
engineering judgment where nccessary. Thc uucer-
ta int ies associatcc l  wi th the resul ts  of  the PRA ancl
the scrccning process should be exarninerl. ancl
.judgrrcnts r.nacle to acidress ancl cr'rrnpensate lbr
these uncertainties in the categolizatirtn process.

The results of' thc screening analysis ol ' thc
Surry f i re  PRA (NUREG/CR-4550.  Vol .  3)  is
usecl here to i l lustrate the ar.ralvtical part of a
cutegorization process. uncl thc possible rrakeup
o1-f i re protect ion program catcgor ies.  In  the Surry
f ire PRA. the screcning itr.raly sis iclentif iecl f ire
areas containir.rg ecluipnteut or cables irssociated
witl-r sat'etv-relatccl svsterns which mitigate the e1'-
1'ects of the unscreenecl f ire-inducecl 'oll--normal'

p lant  s tates (Table 1) .  This  set  of  l i re  areas could
be categorizecl as important f ire areas. The set of
fire areas fbr the important category using this
method u'ould be conservative and contnin rnore
areas thnn if a quantitative criteria set at I E-04
*'as i lsed.

The overall f ire-induced core damage frequency
(CDF) lbr Surry Unit I was calculated to be 1.13
E-05 per reactor year. The dominant contributing
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Table I

Sr"rrry lire al'eas contaillil lg vitirl safety related componeuts

Fire arca

Cablc vault/tuunel 1

Enorgency switchgear 3

IOOIn

Main control roonr 5

Ernergency diesel gencrator 6.

I  O O m S

Pl imary containment 15

Ar.rx i l iary bui ld ing 17

Safeguards arca 19

Turbine Bui ld ing 3l

Mechanical  cquipment 45

roorn # 3

Clharging pump service 54

watcr pulrp roolll

A categorization process conducted by a lacil i t l '

wil l  require an in-depth understanding of the fire

PRA screening process, and this knowledge wil l

then need to be supplemented with engineering
judgment to compensate for the limitations and

uncertainties of the fire PRA. The above example

il lustrates the general makeup of the categories

for a fire protection program that would result

utilizing the proposed l}amework. Such a liame-

work will provide a more comprehensive and

systematic basis for a fire protectlon program

benefiting from insights that a fire PRA can

provide about the specific vulnerabilities of a

plant to fires.

Number Physical dcscriPtton

o*.id" .ol1.,ln-"n. n.n.,l.".inn var-rlt; Cable tunnel; Service builcling cable vault

Contains switchgear. area. 2 battcry rooms. rclay room. and auxiliary shutdown panel

Itr set'vicc buildittg

7.8 Room # I  lbr  Uni t  l .  Room # ? for  Uni t  2,  and Room # 3 as backr-rp fo l  Uni t  I

o r 2
Mult i lovel  st ructure wi th pelsonnel  a i r lock access hatch to auxi l iary bui ld ing

lncludes auxiliary building. flel building, and dccontamination building locatecl

adiacent to each another

Consists of main steurn valve housc. containmcnt spray pump house, ancl safegtlards

a reil
C .o t r s i s t so f3e leva t i o l r s ; b l Lse tnc . l l t ' | ] 1L -ZZ l l l ] i t ' l c . a t r t l t u rb i t r edeck
Itt scrvicc br"rikliug

on lcvcl adiaccnt to main turbino building aud mccl.ratrical equipmcut room # 3

plant irreas are l isted in Table 2 and cornprise 99'X, 2.3. Designitrg.fire prolt ' tt ion.l i 'utu|L',t '  ha";t 'd ttn

o1 the total fire risk. ln the case of the emergency unul.t"\c'\ of thc clvnamit's o./ ftre ef/t'cts

switchgear roolr. cable vault 'tunnel. i lnd auxil iary

buildrng, a reactor coolant pump seal loss-of- Once the categories are established' a higher

coolant accident (LOCA) lea<Js to core damage. level of f ire protection should be extencled to l ire

For the control room. A generirl transient with a areas that colttribute significantly to plant f ire

subsequent stuck-open power-operated relief risk. Differeltt levels oi ' sophistication for analyz-

valve leads to a small LOCA ancl failure to con- ing the hazard luld determining appropriate pro-

trol the plalt fr-om the auxil iary shut<1own panel tectiolt teatttres can be adopted depending on the

results in core damage. These dominant cont;ibut- risk significance of the area. For crit ical areas. the

ing plant areas could be cattegorized as crit ical. All tnost sophisticated (and costly) tools would be

other areas thirt plss the qualitativc screenir.rg usecl. uhereas qualitative analysis would suf{ice in

criteri. described nbove. and that are not i l t the nou-crit ieal or itnportant areas where it is deter-

crit ical or lmportatltt categor),. r.r 'oulcl t ir l l  into a rnir.red that a nominal amount ol ' protection is

general  category.  adequi t te '

2.3.1 . Crit icul ureas
ln orcler to cletermine a comprehensive, but

cost-effective degree of protection in these vital

areas. the state of the art methods lbr modeling

the dynamics of fire effects should be employed'

ln general. the most cost-effective solution wil l be

to use fire computer codes or worksheets based on

zone models, however, in some instances an eval-

uation using field models may be useful to verify

and confirm some specific aspects of the problem'

Fire computer codes or worksheets using zone

models are based on plume correlations, ceil ing.let



1,1 .K.  Dct  .  Nut lcur  l ln t iucrr i r ry urul  Dc.r isrr  193 (1999) l t5 1()6 I {t9

Table 2
Dorninant  Surr l

F i re Alea

f i t e  , t t e r t  i ( r l l f t l ) t t t t ' r \  t r )  (  l  ) l

L t t t ' c t 'gc t tc ' '  , ' l  i l c i t -gc l r r  I  o t ) r t )

( ' o t t i t i r i  I  , t . t t t

( ' : r b l c  r u u l t  l i r n r r c l

Aux i l i l r ' - v  bu i l c l in l
' I  

o t i r l

( 'Dlr  rR Y

Vlcu n

5 .091 i - 6

I S l i L - ( r
1 . 4 9 1 ; - ( r
l .  i l rL-6
I  I  i l r -5

phenorrcna.  und hot  aud colc l  layer  developnlcnt
a l rd can prcdic t  thc tcmperalure <t l '  targc ls  cx-
poscci to [i |es. cletectr)l 'and sLrppressiolt systel. l l
i rc tuat i ( )n.  r rnc l  sn lokc lcvc l  ancl  t ransport  dt r r ing
l i res.  In  thc LIS.  COMPBRN I l le  und thc u ' t r t 'k -
shects in  thc t j lV[ r  urcthod() l ( )gy are avai l i lb lc .
J ' l rcse n. roc le ls  c l i r , ic le  thc-  c t rurpal tnrcr) [  in t ( )  i r l  least
two z()ncs (an uppcl ' l i l1 ,c t ' t t l 'h t t t  g i ts  i lnc l  a  l ( )wer
layer) .  Dcpcncl ing ou l l ic  nroc lc l .  the [ i re  unc]  i ts
plru)-lc rray bc scpilfatc zoncs ()r mity be i ltclr-rclccl
in  t l rc  upper zone.  The gas layers i l rc  assumed to
bc wcl l  mixed.  Other  zone mocle ls  (c .g.  ( - ITAST

(Pcucock et  a l . .  1993.  l9 t )7))  thal  arc bc i r lg  usecl  to
suppof t  non- l luc leal '  p lant  appl icat ions (e.g.  l i re
regLr lat iou o1-  bui lc l ings)  cr is t  and,  ( lepcl t ( l ing on
the application. huve rl if l 'erent strengths und
weakllcsscs.

A number o1' ' f ielcl '  n.roclels lor applicatiott 1cr
firc probler.ns a[e currer.rt l l '  unclcr developntcltt.
Thc I ie ld mocle l  is  a complex l lLr id  mechanics
lnoclel of turbulent f low clenvccl l l 'om c:lassicit l
11uicl clynarlics theory. This t1';re of urodcl solves
the firndarnental equatious ol' t.nass. l l()rt lcntum.
ancl  e l lergy.  ln  orc ler  to  luc i l i ta tc  the solut ion o1 '
thc cquations. the space being analyzecl is cliviclccl
ir.rto a thrcc-din.rensionul grid of small cells. Itr ielcl
r.nodels typrcally Lrsc hLlnclrccls to tholisitttcls ttf
ce l ls  or  zones:  zor)e r rodels usc t lvo or  thrcc.  The
lielcl moclel calculates the ;l l i1'sicll cottclit irrtts
( t e t n p c f l t t u r c .  g i t :  \ c l ( ) e i l r .  s 1 1 1 1  i g s  ( ' ( ) l l L c l l l l i l l i ( ' l l I

in  each cel l "  as a 1 'unct ion ot '  1nne.  f  l ie  s ize o i '  1hc
space can range liom all i trell r i i thin a rooll l t() i l
large por t ion of  the oLl t ( loors (  Stroup.  1993"
1995).  F ie ld models are being used to iura lvze a
number ol ' l ire protection issues such as the place-
ment of heat and srnoke detectors. and the lnter-

N4 ctLlr n

.r. I 5Lr.-6

.1. ( i f l  I i -7
6 .991 : -7
I  .59 t i -6
t . . I I t -6

act ion c l l 'sDf ink lers.  \ 'cnts.  i tnc l  c l raf i  cur t r t i t ts .
'fhcse 

codes harie not as yet been uscd in the US
n ucleiu' inclust rr '.

CON{l 'BRt l -  I l lc  is  a c letermin is t ic  f i re  hazarc i
c()nlputer cocle designccl to be usecl iu a proba-
bi l rs t rc  i rnalys is  of  f i rc  growth iu  i t  contpar tn lent .
I ts  pr inrary appl icat iou to datc has been thc as-
scssu-)eut of f ire risk in the tJS lluclcar powcr
rndustry .  COMPBI{N l l le  l i r lkrws a quasi -s tat ic
rrpproirch to simulatc the ltrocess ()l '  f ire growth
cluring the pre-flashover period in att enclosure.
Ph-vs ical  r ro( le ls ,  which quanl i ly  thc therr la l  haz-
arcl (inclLrcling tcllrpcrature ancl hcat f luxes) clurir.rg
ir c()rlrpal't lrcut I ife, ir le clcvcloped. The clittreu-
sions o1-thc cot.t.tpartrneut. location. qLlaltt ity ot'
l 'uc l ,  iayout  of  cables,  local ions aud s izcs of  c loor-
wuys.  and vcnt i la t ion r i t les through vent i la t ion
ports are Llse r speci{icd.

I 'oss ib le outputs o l '  COMPBRN l l le  inc luc le
the totu l  heat  re lease ot ' the [ i lc .  t l te  avcntge
lc l rperature lnc i  th ickness o l -  1hc I1o1 g i ts  l t tye l '
lbrrnecl near the coll lpartlrent ccil ing. thc nrass
burning rirte lbr incliviclual f 'uel clctreuts (alI 'ccted

by t l ien.n i r l  radiat ion l l 'onr  thc cc i l ing layer)"  ancl
thc surfjrce telnpenrlr. lre of nott-burtting elements.
Thc l ime unt i l  the t i r rgct  (e.9.  cable t ray)  reaches
i ts  c l lunage ternper i t ture rs  the t i r .ne avai lable lbr
f i le su1-lplession. Fire suppression data can be
rrser l  to  c lete lminc a probabi l i ty  d is t r ibut ion for '
the tir.r.re to sLrl 'rpression. ancl the probabil ity t l-rat a
li le rs not suppressed belirre it propagates can be
cleterminecl using such il curve. Siu and Aposto-
lakis ( l9tt6) give more detail on how fire detection
and suppression can be rnodeled in a fire PRA"

Experimental data l iom the UL,/SNL senes
(NRC, 1983b) have been used (E, lect r ic  Power

i ' i i  l ' c l c c n t t l c

r  , i  t i  - ( )

l - i i i ' l
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Fig.  2.  l l lustr -at iot t  of  cr i t ic l t l  cablc krcat ions in thc t -cptcscnta-

t ivc cnrcrgcncy srv i tc l tgc l t r  r i lo t l .

Research Inst i tu te.  199 l )  to  val ic la te the calcr- r l i r -

t ion ol- I low through a dtlot'way (clriven by thc

buoyancy of  the hot  gas) .  the gas temperature ln

thc hot layer, and heltt trausler frorn the lrt lt layer

to cables in  t raYs.
A stucly wits conciuctecl (Dey et al.. 1998) tcl

evaluate the capabil ity ol ' thrce fire nToclcls lt lr

c lcveloping ins ights regarc l ing the c lynamics o l ' f i re

efi 'ects: (l) FIVE a colrpilatiorl ol ' l lre ct'rt ' t-ela-

tions in worksheets f ot' ttsc it l  screcniti lr l lre areas;

(2)  COMPBRN t l lc  r t  l i t 'c 'cotupt t tcr  cocle c levc l -

opecl fbr l i tst cornptrtl l t iorls f ir l '  trsc in l ire PRAs;

400

and (3) CFAST a fire cornprtter coclc cleveloped

rlainly for use in trodeling flres in builcl ings- The

case study examitted the l0-1i sale-separtit ion re-

quirement in the US. A represetlt itt ive pressurizetl

water retrctor (PWR) ell lercellc\ srritchgeltr rootn

(ESGR) was usecl  1ol  thc st r - rc l r  (F ig.  2) .  A

rnoclif iecl versiot.t of the CFAST coclc. lr"hich ac-

counts lor  rac l ia t ion heat  t r l t t ts lc l '  to  l t  t i l rset .  was

util izecl lbr this cvaluatiotl. The CF-AST code

requircs inpr-rt o1- the hcat-r'cleilse rate l i lr the fire

soul 'ce.  Valucs t t f  1 .2 anci  J  MW rv i t l . r  a  l inear

gro*. th tukrr tg 1.  2 ancl  3 min.  respect ive ly ,  lor  the

hcat releusccl ratc wcre usccl l irr thlce cases. The

liot lurer telnperaturc, the racJiativc attci cottvec-

tive heat tratisl 'cr calcr-rlatecl by CiFAST. was used

in u tritnsieut cttrtclttction r.noclel lbr a thin slab to

cst iu l i r tc  the targel  s l t r l t tce le t .npcrature.  F ig.3

shou:  th. -  hot  layer  ancl  cable sur l i tcc te lnpera-

tu lcs l i r r  a  3-MW I i re as i t  l i r t lc t iou o l ' t i r l rc .

Considc'rrrtg the crit ical clanlitgc tclnpcl' l l tt lrt- ol '

64 i  K  r l t t d  t he  e r t rapo la t i c l t l  o1 ' t hc  r csL r l t s  o l ' t hc

l . I  an t l  . r  \ l \ \ ' cases .  i t  was  couc luded  tha t  a  l i r e

o1'r.t.ttrt 'c thrtn I MW is rcquircd tt l clamltge thc

t i r rget  cr tb lcs l t  r i  l0- l i  scpl t r i t t ion in  less than I  h '

ant l  a  t i r . '  ier .  thr t t l  I  \ l  \ \  r i  i l l  l to t  c l i t t lage

rcc lunt l l tn t  c . t i ' r lc  t r l t r  \  c \  c l l  i1 '  thc l  l t re  scpl t t ' iL ted

bv  l ess  t h i u r  ( r . l  n i  ( 10  l i ) .  e .g .  b1  l 5  l i .

- }  HOTLAYERTEMPERATURE *TARGETTEMPERATURE

+
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Fig. 3. CFAST pr-ct l ict iot. t  o1'3-MW source tal 'gct
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PWR ESGR 2GFT SEPARATION STUDY

COMPBRN AND CFAST COMPARISON - CASE 2

8.0
TIME (min)

8
10.0

Fis .  .1 .  C 'on tDur - ison  o l ' ( ' l iAST Ind  ( 'OMI 'B l {N pr -cd ic t ion  o l ' I to t  gas  l i l yc l ' t c l l l pc r l l t t l r cs

Fig. 4 shows a colnparisoll t. l1- the rcsttlts l l-orr

thc CIFAST ant l  COMPBRN cocles '  In  th is  cr tse.

the hcat l"cleitsc rate clue to fi lc prcclictecl by

COMPBRN is  prov ic lcc l  as input  to  the CFAST

coclc lbr thc colnpafisoll analysis. After the

COMPIIRN-precl ic tcc l  ign i t ion o1 '  Tray C2 at  5

rn in and Tray B ( the target  t fay)  at  l0  min,  I r ig .4

shows that t l.re l.rot gas la.vcr telnperlltLlrc pre-

c l ic ted by C'OMPBRN is  luuch h ighcr  than that

precl ic ted by CFAST. This may be c lue to the

conservative assulrptiolls regarding heat losses

tiom tl.rc hot lay'er in the COMPBRN coclc, how-

evcr, thc l 'eitsotl lbr this large cli l l 'crellcc in hot

layer tempet'ature was uot exattl ined further.

Based on the results ol- t l.re case study. lt was

concluclecl that if the tnrL.rit lrtttn clt lstcr ol ' source

cablcs results in a heal-release rate less than about

2 MW (this corresponds to a lri lxi l l lLl l. l l  clLlster of

three cable trays), then redr'rnciant cable tral 's nil l

not be dttmaged, even il ' t l-re1,' are scparitted bi less

than 20 f i  (e .g.  by l5  i t ) .  The dor l inatr t  f i tc tot ' lor

all the fire models for predicting clarnage to cables

is the ellective intensity of the fire source, not the

total con-rbustible loading in the fire area' Uncer-

ta int ics in  thc f i re  in tensi ly  wi l l  c lominate other

unccrtaiulics irt calculatir.rg thc thermal etlvtrou-

rnent f irr preclictions o1'cable clamagc.
The stutly i l lustrated thc capabil ity of f irc com-

putct'cocles ar.rcl workshcets bascd oll zolle models

to analyze and provide insights that arc usef'ul lbr

clesigning fire protcctit l t l  leatures. such as sal'e

separation clistaucc.

2.3.2. Itrrporlunl ur(u,\
In rt-rost citses 'ct.tgitreering tools' should bc ap-

propriate to clcte rtl i tte pt'r 'rtectitrtr felttures itt areas

tl.rat are ir.r"tportaut. but not crit ical, without the

costs associutccl with computer code analysis. ln

solre cases. zone models rnay be uselul to inresti-

gate particular parameters if tnore detailed infor-

maticlu is ttecessary. These 'engineering tools' are

based ou the principles of thermodynamics' f1r'r icl

mechirnics, heat transf-er and combustion and are

uselul lbr analysis of unwauted fire growth ancl

spread (fire dynamics). These trnaiyses can be

nostly conducted by hand without a comptlter

program, or sometimes with simple computer rou-

tines ol f ire correlations. 'Engineering tools' are
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avail i lble lor calculating an equivalent f ire sever-
ity, acliabatic f lame temperature of' the luel in
conrparison 1tl the darnage lemperature o1' the
target, l ire spread rate. pre-l1asl.tover upper layer
gas temperature. vent f lows" heat release rate
neecJed for l lasi.rover'. venti latiolt ltmtted burnittg,
ancl post-l lashover upper l iu'er gas telrperature.
These tools  can be usecl  to  cstabl ish the basis  for
l ire barrier ratings, sal'c sepuration distauce, irncl
[eecl for f ire detectors and suppressl()n systems.

In many cases. configurations with low lire
loacl ings ( inc luding t ransic t r t  cornbust ib les)  can be
distinguished lrorn high risk areas thror-rgh the use
of 'enginccring tools' thitt citn proviclc intbrrr-ra-
tion about the dynarnics ol' f ire efl 'ects in a gross

manner.  The lb l lowing is  an i l lust r l r t i t tn  c l [ '  how
sirnple tools cun somctiures be sull icient tcl prcdict

the de-cree o1'threat f}om fires und dcterrntne the
protectior.r nceded. A cablc sprcaclirrg r()ol. lt ln i l
nuclcar  power p lunt  tourecl  b i  t l te  i tu th() r  is  t tsec l
as nn examplc.

The  room i s  abou t  ( r ' l  n r  ( 10  l i ) :  ( r ' l  l n  '  - i  l
m (17 f i )  h igh.  The u1-rper  hal l  o f  thc rootr i  i :
ct 'orvcletl witl i  cablc tra1s. ertch ol ul.rich hits ittt
arra1, ol-cables. There is t.to obserr,itble l 'uel below'
the lowest  cable t ray whic l r  is  abor-r t  - l . l  rn  (10 l i )
above the floor. Somc cable trays clo clescend tc'r
I loor mountecl cabinets, but there itrc only termt-
nal strips rn thcse crabinets, not electrical eqr-rip-
rr-rent that coulcl lail and cause a fire. The cables
are steel jackctcd u,tth no l lammablc insrtl l tttott
outsicle the jacket. Although a persisteut sottrce t 't l
heat c:oulcl clegrade the insulatiotr arottttd indirrcl-
r - ra l  conductors in  the cables.  i t  is  unl ike l r  that
they can be ignitecl since air cilnnol get to the
l' lammable wire insulation.

Since there is nothing combustible in thc lou'er
half ' o1' the room. a fire can only occur r, l ' i th a
'transient' f irel, such as spil led cleanrng lluid. As-
suming zl worst case situation irr which the l iquid
fuel pool is t lrectlv beiorv the lowest cable trav. a
plume correlutiolr rn FPETOOI- (a compilalton o1'
correlations 1'or l ire protectron calculatrons (Deal,

1995)) can be usecl to cstimate the temperature o1'
the plume at the -l. l-m herght of the tray lbr a
series of l ire sizes. lf i t is assumed that the tvrre
insulation wrll start to degrade at 200"C. and the
f'uel would burn long enough lbr the rnsulatiort to
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reach the plume temperature, the corresponding
fire size i iom the correlation rs 400 KW. If the
fuel is gasoline (most solvents used lbr cieatning
have a signii icantly lower burning rate than gaso-
line, e.g. rnethyl alcohol burns at l i4 the rate of'
gasoline), one cAn use correlatior.rs developed lbr
hydrocarbon pool l ires in the 'Society ol ' Fire
Protection Engineers (SFPE) Hancibook ol' F-ire
Protection Engineering' (SFPL,. 1995) to cleter-
mine that  the pool  rvould be about  l . l  m (3. -5 l t )
in diarneter and tl.re l iquid surlace woulcl burn at
about  4.5 mm,lmin (7.5 '  l0  '  rn  s)  ( f ionr  F igs.
3 - 1 1 . 2  a n d  3 - 1 1 . 3  i n  t h e  S F P E  H a n d b o o k ) .  T h e
volumc ol' the l 'uel can be detcrr.nined fiom the
lollowing correlation lbr thc maxirnum pool di-
ameter  (Equat ion I  l .  p .  3-203 in SF PE
Handbook) .

, , , ,  - .  l [ l ' r o l  
'  
l  

] ]  r  s

rihcre q is thc cl-l l 'ctive acccleratiou tlue to grav-
r t r  -  i )  S nr  s  l  is  the l 'uc l  burn ing rate (m/s)

S r r l \ l n g  l i r r  l ' .  t ' -  1 . 9  x  l ( )  +  r u ' - 0 . 2  I
l l o r i c r c r .  t h i s  poo l .  abou t  1 .5  mnr  t h i ck .  w i l l

on l l '  bum lbr  i ibout  4 s  which is  ins igni t icant
cornparcd to the tlme that rvoulcl bc rcquirecl to
l icat  the lowest  cable t ray to ncar  the p lumc
te mperature. Tl.rese bor-rrrcling calculutions citn
provide uscful inforn.ration towarcl plant clecisions
in tcnns of' thc dcgrce ol f ire protection nc-cessilry
lbr c' l i l lcrent conligurations and thermal kracls.
The tools allow using sclrle iulirrnration represent-
ing the f i re  dynamics o l ' thc p loblern,  ancl  can be
ruseci to prevent over-cmphtrsis (clr uuder-crnphit-
s is)  thut  can occur  when such consic ler i t t i t lns Are '
ornitterl irnri lhe hazarcl f l 'om all l ire areus arc
cc lual l l  t re i r tec l ,

). -1. -i. 1; r ',tr 'r,r I ureu.r
Fife protr-ction tirr the remaining general l ire

irreas. that are categorlzecl as requiring nomtnai
protectror.r. can be prol' idecl with cluulitative anal-
ys is  ant l  c le ta i led invest igat ions o l ' the t i re  dynant '
ics should generally t iot be uecessafy.

2.1. l-t'adhut'k o.f operuting expe'rient'<:

A fire protection program lbrmulated with the
fiamework nresented above wril be based on a trrc



NI.K.  Dt ' r .  Nut lcur  Enginecr ing und Dcsigt t  193 (1999) 185 196 1 9 3

PRA ilhich inclucies operating data tbr l ire event
lrequencies. and reliabil i ty data for t ire suppres-
sicln and detection systenrs. As plant operational
experience is generated. the fire PRA should be
periodicali-v updated. and tl.re basis lbr the fire
protection progl'aln shoulci be re-cxarnined to cle-
termine r,r ' lrcther ir.rr.rdif icaticlns to tlre prograur arc
l-iece ssar) .

3. i\lethods to examine and modif-'" eristing
pr0grams

For many opcrat ing luc i l i t ies,  i t  may t to t  be
icirsibic or econt'rmical to invest in the resources
that rl ' i l l  be reclr-rirecl to completely rcvise their f irc

l l l 'otectiou programs based on the l iarlework clc-
scribecl above. The analytical rnethods ftrr exatn-
irring the clynarnics of' l lre ellects described abovc
can alsc'r be usecl to examine issues and rnaking
rnoclif ications in operating l itci l i t ics by providing
insights abor.rt kcy' patanletcrs associated with the
rnoci i l icat ions.  F i re PRA rnet l rods c l tn  a lso be
used to calcnlate the change in core darnugc l re-
qucncy (c le l ta  CI)F )  l i t r  r r l te  rn i r t i re  upproacl tcs t t r
l i re  protcct ion.  i t ic luc l ing e la luat ing thc ro le o1 '
oper i r tors lbr  recore rv  act ions.  These r le thods at 'e
r" rselu l  l i r r  cvaluat ino thc cxtent  to  uhich reprr i rs
are appropr iatc  to maintu iu onc t r i t in  o l '  systetns
to achieve ancl  nra intarn shutc lown concl i t ions,
ancl t l ie usc o1- tton-stlrrtclarcl s.vsl.cms lirr shtrt-
down (Dev et  i r l . .  l99 l i  ) .  The nrethods catr  a lso be
r- rscd to cvaluatc and cor lpare a l ternate means o l
p lov id ing l i rc  protect i t tn  (bv cotnbin ing separ i r -
t ion.  l i rc  barr iers.  and detect ion ar ld suppl 'ess ion)
to sat 'e-shutdo\ \ 'n  s \s tems.

In r . i rc ier  to  l inr i t  the anlount  of  rcpai rs  to
equipnrent tbr achier ing sal'e shutdown in the
event of a frre. current l ire regulations in the US
require that a plant hal'e tl ie capabil ity to reach
cold shutdou'n concl i t ions rv i th in 72 h (US NRC,
1980).  The fb l lo* ing i l lust rates a method to eval -
uate aherr.ratives to meet the intent of this
requlfement.

The LaSal le  f i re  PRA analys is  (US NRC, 1993)
fbr the fire area tbr the cable shaft room adjacent
to the Unit 2, Divisior.r 2. essential switchgear
roofi l was used lbr the purpose of this i l lustration.

It w:rs postulatedr that the fire area cot.ttaius
equiprnent associated wrth both trains ol' the
Residual  I {eat  Removal  (R^FlR) System, and lhat
the fire damnge is extensivc and it r,vi l l  take ruore
tharr  72 h to resto le one RIJR t ra in.  fh is  s tudy
adopls the LaSal le  PRz\  iLssurnpl tot i  i l ta t  a smal l
f ire arrywhcre in the firc sulr. jecl arerr wil l cause tite
rapid lbrr rat ion of  a hot  gas layer  t l ra t  causes a l l
cr i t ica l  cabl ing to f iL i l .  I ) rescr ipt ive cotrp l ta t lce
wi lh t l re  72-h rcqui rement  would t rccessi tate t i i t t t
one RilR train be rct.noveci l l 'orn the l ire arca, ttr

[hat  r t  be protected.  An a l lernat tve i tpproach ts
postirlatcd to ir.rclucle re-establishing the con-
denser (Power C'onversion S,r,slclrr (PCIS)) lbr
long-ten.n dccay hcat rctnoval to allttw sr.rff ic:ient
t iuTe lbr  t l re  repai r  of  one t ra in o1 '  RHR shutdown
cooling. This approach rvoulcl take ttore than 72
h to reach cold shutdown.

The LaSalle fire PRA usecl cottscrvative as-

sumptions iud ercluded creclit fbr operator re-

cover ac:tions l irr nrocleling the subject f ire area
since i t  was a non-dotn in l t t t t  cor t t r ibutor  tc l  the
fire-in<luceci CDF. Therefrlrc lt rnorc detailecl
e\enl  l ree (sho*t . t  in  F ig.  5)  ' " l ,as developecl  fbr  th is
eranrple u h ich inc ludecl  tn t t t . t t t i t l  act ions to t 'e-

cover PCS anti RllR. The prcscriptive ctltnpliancc
case asslLmes one RHR trairt is rctnovecl l l 'om thc

lirc area crr otherwise protcctcd. Thercfbre, a lail-

ure ol- the cotrtaint.nent heal rct.t ' tt 'rvit l (CHR) func-

t iou requi re s ac1<Ji t ional  R HR randor l  l i r i lures.
Thc  es t ima tec l  unava i l ab i l i t y  i s  C IHR -  l . l  E -1 .
The alternative case cloes t.tot protec:t the RI{R
system. All contairtrnent heltt retroval is assltttred
Iost  due to the f i re ,  and CHR -  I  0 .  CJnerator

irctions to re-estirblish the cttnclenser atlt l  to re-
cover  one t ra in o1-  RFiR are cr i t ica l  issues in  th is

lnnlysis. Detailed plarrt-specific httntalt rehabriity

runalysis rvould be reqr"rired to accut"ately represent
importanl  operator  act ious ar td potcr . r t i i t l  t ls tems
interact ious.  For  i l lust r i l t ive purposes.  u() l lscrvA-
tive lailure estimates were used fbr these restora-
tions lbr this study. The four sequences leaclirtg to

core damage are qtrantif ied for both the presclip-

I  I1 wls f tcccssaL) to tssume sonre chi tngcs to t l r j  c(rnf i i l t l i ; - l -

t ion of  th is f i r 'e  a lca in order to u l lou '  < i r t ta l iom the L;rSal lc

lire PRA to be used lbr this illr.rstration. Thct'elbre, this

analysis docs uot  nrodel  t l . re LarSal le p lant .
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I i r r  the 7l -h cusc stLuly

which key issucs,
Llncertainticsl cilt ' l

assumpt ions.  sc l ls i t iv i t ies i rnd
be ident i l ied and exarnined.

l i ig .  5.  Quant i t icd er ,cnt  l rcc

t ive and a l ternat ive approaches.  The l lnu l  resul t  is
given at t l.re bolton.r ol 'the [rig. 5; it is ACDF :
8.0E-7.

The above cx iunple i l lust l i r tes the PRA ulc thocl
and the leasib i l i ty  o l 'us ing ACDt:  i rs  a tool  torvarc l
evaluat ing the safbt r  cc lu iva lencc o l '  an a l tcrnrr t i r  e
approach to a prcscr ipt ivc |ec lu i rement .  As is  thc
case lbr  th is  exan.rp lc .  a l tent i t te  iLpprorrches c lLn be
expected to rcquire re-eratnintrtitrn trl '  r 'rotr-dor.r-ri-
nant  sequences,  and use of  i t  l incr  lcr  c l  o l 'n t t lde l in ! I
resolut ion to credi t  cer t i l i l t  opeI l t r ) t '  te(o\e l ' \ '  ac-
t ions.  The purpose o l -  th is  exantp le \ \ 'as uot  to  onlv
determine a bot ton,- l ine ACDF ( in  unl  case t l t is
analys is  is  not  based on a real  p lant  conl igurat io l r
or  condi t ions)  but  to  show that  a probabi l is t ic
approach provides a systematic trarne$ ork in

r  The resul ls  o l  thc unccrta inty analysis lbr  th is cxanrplc is
not  presented hcre" bLrt  showed that  the uncerta inn t t t  t l r is
analysis is  dominatcd by thc uncerta inty associatcd l r , i th con-
tinuccl injection after containmcnt failr.rre.

,1. ' lechnical 
cducation and trainin:r

This paper has prcscntcc l  tcchnical  nrethods that
rurr ' r r r r r i i i rb le l i r r  l i r rn tu iut ing or  modi fy ing a f i re
protect ior . l  pr ( )gram at  a nuclear  p lant .  The
tc 'ehnierL l  rnethocls  inc l r . rc ie,  probabi l is t ic  r isk
a\5essrnelrts Of the threat t iom fires, 'er.rgineering

tools ' .  and f i re  computer  codes.  Nuclcar  p lant  s ta l l '
that  r . r i l l  Lrse the above technical  methods wi l l  need
to har,e an adequate level ol 'education and training
in these f ie lds.  Since l i re  protect ion prograrns have
historically been based ou a prescriptive and
deterministic l i i tmework. f ire protection staff may
currently lack the necessary education and skil ls
that are required fbr accurate and ef-fective use ol-
these methods. Education in the f unda-

F I R E
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mentals of f i1'e dynarnics (that rnainly includes
applications of thermodynamics and heat transfer
to fire problenrs) is necessary to develop the cnpa-
br l i t i  to  ef fect ive ly  use the 'e l tg ineer ing tools '  and
firc cotrputer codes, and drawing usef ul and accu-
rate cclr.rclusions fiorn such anirlyses. This fielcl of
stucll has only recently been developcd, and there
are onlv a l 'cw colleges at present that of'f 'cr a
curr icLr lLrm that  would prov ide the neccssary cdu-
cat ion.  Thc knowlecige and capabi l i ty  to  ccxtc luct
or  unclc ls tancl  l i re  PRAs is  a lso nonxal ly  not
possessecl by' f ire protection stafl-. Training in
PRA techniqr , rcs.  inc luc l ing the basics o l '  probabi l -
i t r  i rnd stut is t ics.  wi l l  be ncccssary in  order  to use
[)RA lesul ts  lbr  lbn lu lat i r . rg c t r  nroc l i ty ing l i re
prc)lcctro n pro-!Iri l  rns.

5. Concluding remarks

frire pmtectiou pro{rarns that have been lbr-
r r r - r la tcc l  s ince the cur ly  1980s have nrost ly  bccn
basecl on a prcscriptivc irnd cletenninistic f iar.ne-
work.  Aclc l i t ional  analyt ica l  methocls lbr  exurnin-
ing thc c luant i ta t ivc l isk f iorn l i res.  ancl  the
dynurnics o l '  f i re  ef fects i l re  l tow avai lable.  These
n.tcthocls can proviclc an alternative fiantework lbr
a l i re  pmtect ion prognrnr  which has thc potent ia l
to be more cosl-cl ' leclive und comprchensivc sinee
i t  wi l l  a l lo$,  u l r lorc systemat ic  ancl  broadcr  cxarr -
inat ion o l ' f i rc  r isk.  ancl  prov ic le a lneiu ls  to c l is t in-
guish belween h igh ancl  low r isk f i re  contr ibutors.
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