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would immediately increase. Tlic assumpti~in is made that the tempevature 
change takes place instmtaneously, so the transient time to Fill the a r m  is 
ignored. In reality, there is a delay as the hot  gases travcl down the corritloi-. 

This paper proposes a simple procedure for accounting for  the Snrmation 
delay or an upper layer in a long corridor by using correlations developed 
I'roin numerical experiments generated with the three-dimensional Largc 
Eddy Simulation (LES3D) licld model [3]. Ta.o paraineters related to 
corridor flow are then estimated, the time t, requircd for a ceiling jet to  
travel in  a corridor and the temperature distribution down the corridor. 

As soon as the ceiling jet reaches the end or the corricloi-, C'FAST reverts 
hack to the two-layer assumption. i.e., the model uses the amount of  energy 
and inass in the upper layer to calculate a n  xveragc temperatiire. I3y 
clcfinition. thc a~niosphere at all locations nithin the upper laycr is a t  this 
averagc temperature. In  other words. the new suhniodel allows foi- ii niore 
devailed depictinti n f the  tempcrature distribution a t  the ceiling le\cl <>illy i t >  

the ceiling jet is traveling the length of the corridor. 
Although the new submodel contains features \vliicli arc not  restricked tu 

These additional features. which d a t e  to how the wiling jet xl'fects 
compartments adj:icent io  the corridor compartment, will t in t  he discussed. 
This validation Socuses on the ceiling jct llow \\rithin the corridnr 
compartment and compares expcriiiiciital results atid model predictions 
Sor the curridor compxtmcnt only. 

the corridor compartment [3], they u'ill not bc caplored in this valid. 'I t '  1011. 

'1'1 IEOKI 

This section outlincs the ptmcedure used fnr  estimating ;I ceiling jet's 
temperature decay. depth, velocity and, IIL'II~L'. arrival time at each point 111 ii 

corridor. A field model. LtS3L) [?I, is used tn niudel corridor llow Cor :I range 
of inlet ceiling jet temperntiires atid dcpthb. Inlet velocities are derived from 
the inkt  temperatures and depths. For cach modcl run, thc avcrage ceiling jet 
temperatitre and velocity arc calculatcd :IS a function of distance duwo the 
corridor. The temperatiire and velocity down the corridor are then correl;itcd. 
CFAST uses these correlations to estimate conditiotis in the corridor. 

Assumptions 

Thc assumptions matie in  order to develop the correlations 3re: 

The time scale (if interest is the time required for a ceiling jet to traverse 
the length of the corridor. For example. Tor a 100m corridor with I ni;s 
flow, the characteristic time period woold he 100 s. 
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0 <:ooliiig of  tlie ceiling jet due to mining wi th  adj:iceiit cool air is large 
compared IO cooling duu to heat l o ss  to walls. 111 addition. w'e assume 
thnt wails ai-e adiabatic. This assuinption is coiiservative. hi ;idiabntic 
corridor inodcl predicts more severe conditions dowtistre:itii in ;I coi-ridor 
than a model that accounts t'or heat transfcr t o  wall -iiice coolci- ceiiing 
jets travel slower and not as far. 
We do  not eccoiint ror the I'xt h i t  cciliiig jets that arc sufficiently cooled 
will stagticrte. Sitn i lar  to the prcvious assumption. this assumption is 
conservativc and  result5 in over prcdictions or conditions in compart- 
ments connected to corridors (since the mode l  predicts that ii cciling jel 
m a y  arrive at a c~)tnpartmciit when i n  fact i t  may have stagicit&l bcforc 
rc:iching i t ) .  
Cciliiig jet flow is buoyancy drivel? and behavcs like :I gravity current. 
The  i n l c t  velocity of tile ceiling jet is related to its tcniper;iturc and depth. 

e Ceiling jet flow k i s t  to coiiipai-tiiicnts ad jacnt  t o  the corridor is not 
consiili.rcd ulien estiiiiating cciling jet tciiipir:itures :ind depths. 
Similarly, a ceiling .jet i n  a coi-ridoi- is assiinied t o  h a w  onl)! onc soul-ce. 

0 The temperature and vclocity :!t the coi.ridor iiilet arc cons tnn t  i n  tiiiic. 
0 The coi-ridor hcisht ;itid width do not ;Ifkc1 a ceiling jet's c1i:iractcrirtics. 

Two ceiling jcts ~ i t h  tlie same inlet temperature. d 
bc1i:ivc tlie saiiis whc i i  Ilowing in corridors with d 
heights a s  Ion2 as  rhe inls t  widths are tlic same  fr:iction o f the  coi-ridor 
v. id t h. 
Flun enters the corridw a t  01- near the ceiling. 'The i t i l d  ccil ins ,jet 
wlocity is red ticcd thiin the vent  iiilet velocity by a Inctor id ivV,.,,,!i!.,,%,>,,, 
where i t  and ivIYOlii :IK the \\ i d t l i s  01' tlie wilt and ruoiii .  respect id)  

Ceiling .let Characteristics 

~ . . ~ ) t i i j i ~ i ~ t i } i ~ , t i t . \  i i . i i l i  Lorg//i io  flvjglit 
R<rrio.s X c t i v  Oirc :Tornid Ronnn 

In ;I iiommal compartn~ctit wliere thc length to height ratio i, iiear otic. 
ceiling .jet \,elocilies cii t i  be cst i i i ia ted froin correlations [4.5], or by solving 
the horiziintal inontenturn equation in adlditim LO the mass and encrgy 
coiiscrv;iti(m cqoat io i is .  

Siiioke flow in :I i io rnd  r m n i  is qualit;itivcly different jrrum smoke flow 
iii a corridor i n  ot ic  important I-espect. Corridor sinoke spreads main ly  i n  
one dimension. along the length of t he  covr-idol-. Sniokc sprcads i n  :I normal 
room. on  the other hand.  i n  t w i  dimensi<ins. In addition. assuniiny no 
friction or heat triindci- to boundaries. ceiling jet vclocities i n  cot-ridors will 
bc essentioll? cOll5l~illt while ceiling jet wlocities in tioi-iniii rooiiis will be 
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approximately proportional to I / r  (where r = distance from the centerline of 
the plume). This arises since the surface area a t  the exterior boundary is 
proportional to r .  then the velocity must he propurtionnl t u  lir so that the 
mass  tlow out remains equal to the mass Ilow ill. A s  a result, these 
correlations are not valid tor estimating cciling jel velocities in corridors. 

IT the length to height ratio ol the room of firc origin is near one. Lhw 
ceiling jet traversal times may be estimated i~ising the velocity correliilion for 
ii steady statz fire. 

found in Kefcrence [4] wlierc ff is the ceiling height (m), Q is the total energy 
release rate of  the lire (kW), r is the distance from the plume centerlinc (mj 
and u is the velocity (inis). CFAST [I] estimates ceiling jet temperatures atid 
velocities using a correlation derived by Cooper_ givcii in Ret'e~ciicc IS]. 

The time, f ( r ) .  rcquired for the jet to ti-iibel it distance r from tlic sourcc 
can theii hc obtained froin the velocity by integrating the quantit) dr;ir(i . j .  
llsing the correlation given in Rcfrt-ci~ce [.I] we obtain 

\\here. s =  ~/(o.Is 10 :tnd q = (Q,'f/,''',f~. ?'lie time r ( i )  corresponJing to 
Ckwpcr's velocity corrtlatiun inust he integrated numerii-ally. Tlierc is no 
analytic forniu1:i for t ( r )  since the calculation dcpcnds on a con-clation tli;it 
is ohtaineil numerically. The ;irri\fitl time is approxiin;itely proportional to 
r2 .  the distance squared, lor ,s > I .  I t  will he shown later cinpirically that i n  i i  

corridor the arrival time is proportional to the distancz, i'. 

Compirr~nzcrrt., ivith Lorre Lcniyh io f lcighf 
Rirtios Corridors 

'The corrclations delincd by tqnations ( I )  and ( 2 )  are not appropriatc 
i n  corridors. Cciling jet flow in ;I corridor can he charactcrized as :I 
one-dinionsional gravity current. To :L lirst approximation, tlic vclocity U S  
thc currcnt depends on t l ic difference in density bctwecn tlw gas located 
at thc leading cdge of the current and the gas in  the adjxeiit  ambient ail-. 



Formulas of  tiit I~mii ol' Ilquniion ( 5 )  lcatl otic to coticlude that i l t c  
(.h. Ittrtitesislics ., . 
rc1;ttivs !cmperaturc d rcnce. hT'Tzt,,,i,. Therelure. ;IS t l icJel  cools, it  slow^ 
dowi, duc to the fx to r  AT;7;,,,,l,. If  no heat (ratisler occurs hciweeli the 
ceiling jet xnd the surrounding ~ i I 1 . i .  thcn tlic only tncclianisin k)t-  cooling is 
mixing with siirroundiiig coo1 air. 

Nmcrical Experiments 

Qzidifo[fw .Vuri~erii.rr/ (brriiloi. F/<iw I ~ . ~ p ~ ~ i i ~ i e i i / . ~  

Figiircs 1-4 are pi-csentcd to  illustrate hou  various boundary conditions 
(adiolutic walls. cold wdls ,  CW.) affcct qualitative ceiling .jet clinr:ictcristics. 
Tlicse simulations w r I :  pesftmncd using LES3D. As ciin be scen lrotn Figures 
I and 2. ;I cciliiig j c t  modclzd i i i  :in eiiclosure n i th  adiabatic  ills travels 

0 1  ;I ceiling jct itt a corridot- dcpcnd oii i t s  depth. 11,). and 
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Tempcratute, deg C 

Figure 1. Shaded temperature  contour^ along the corridor centerline for two temperatwe 
boundary conditions. The inlet flow has a depth of 0.6m. a velocity of l.Om/s and a 
temperafurs rise of 300 C above ambient. A no-slip boundary condftion is imposed at all wall 
surfaces. 

c c 

D . 0  1 2  3 4 5 6 7 8 9 I O  ir 
Corridor Ilistance. m 

0 n.2 0.4 O.G 0.8 1.0 1.2  1.4 1 .6  1 . 8  2.0 
Velocity, m/s 

Figure 2. Shaded velocity contours along the corridor centerline for two different boundary 
conditions. The inlet flow has a depth of 0.6m. a veiocity of I.Omis and a temperature rise of 
3OO.C above ambient. 
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Figure 3. Shaded temperature contours along the corridor centerline at two different times 
during the simulation. The inlet flow has a depth of 0.6m. a velocity of l.Om/s and a 
remDeraiure rise of 300 'C above ambient. 

0 " 

j 0 I 2  3 4 5 6 7 8 9 IO 
Corritlur Distance, m 

.- - 
0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 

Velocity, m/r 

Fioure 4. Shaded velocfw coiifouis dona the corndor centerline at two different b!nes ~~ ~ 

diring the simulation. The inlel flow has"a depth of 0.6m, a velocity of 1.Om:s and a 
temperature rise of 312 C above ambient. 
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puther and faster than a ceiling jet modeled with  cold ~ v a l l s .  Figure 3 shows 
shaded temperature contours in a vcrtical planc along the centerline of a 10 m 
corridor at 10 and 20s. The temperature distribution at these two timcs is 
about the samc. Even though a n  individual portion of  smoke has tuoved up to 
lorn, the peak temperature (edge 0 1  darkest coiitoiir) has only shifted by 
about 1 m. from 5 to 4111. Similarly, Figurc 4 s h o ~ ~ s  shaded velocity contours 
in a wrtical plane along the centerline of a I0 ni corridor a t  20 and 40 s. Thc 
velocity distribution does not change appreciahly betw-ecn thc two limes. 
Because of  this. wc assume that the walls d o  not heat up iind that Ihe 
tcmperature atid velocity distributions quickly rcach steady stale. 

Tirr Pfl,.rrl?irlcr SlUlfI.. 
In ordcr to better understaiict the eft'ects of thc inlct ceilins jet tcinpcrature 

and depth on its characteristics downstreiim in a corridor. a numhcr (if 
numerical experiments were performed itsing the field model LES31). 
Twenty CJSCS were ruii mith fiw difticrciit inlet depths ;tnd four dilfcrait inlct 
tcmpcl.;itures. 

The inlct ceiling jet depths, do. used in the paranicter study are (1.15. 0.30. 
0.45.0.00 ;ind 0.75 in. The inlet ceiling jet temperature rises. A7". used in the 
piirxneter study are 100, 200, 300 ond 400- C.  Velocities using Eyiialim ( 5 )  
cori-csponding to thesc i n l e t  depths and temperature inct-case are g iwn  i i i  

.Tahlc 1. 
Fur each case. a nonslip velocity bountlu~-y condition was imposcd iit all  

solid boundaries. Adi;ibatic thermal boundary conditions wcrc iniposcd a t  
the ~valls to simuliitc no heat transfer tu \ v d l  surfiiccs. A vertical s>iiirnctry 
planc along the centerline of the corridor nas used lo reduce thc iiuiiiher or 
grids. thereby improving the resolution. An open boundary condition WI\ 

imposed a t  the Car end of the corridur. 
The siiniilated corridor had dimensions or IO ni x 2.4 m x 2.1 t i l .  Each $rid 

cell bad dimensiuns of approximatcly IOcm x 5cni  x 2.Scnt. ~ i i c r c  tlic 

Table 1. lnlet velocity (mls) as a function of inlet 
temperature and depth. 

Temperature Excess ( C)  

Depth (m) 3- 100 ? 200 L. 300 1.400 
-__. 

0.15 0.50 0.71 0.87 1 .no 
0.30 0.71 I .no 1.22 1.41 
0.45 0.87 1.22 1 s o  1.73 
0.60 1 .oo 1.41 1.73 2.00 
0.75 1.12 1.58 1.94 2.24 
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longest grid diiiiensicn occurred ;ilong the lmgtlr of  t h e  corridor. 
Approximately 220,000 grid cells were iised to  inodcl the con-id(ir. 24 
iicross the width of tlic corridor and 96 along hotii thc height and length 01' 
Ihc corridor. For fii(ist~;ises. a Reynolds number 019,200 (approxitnately'I6~) 
wiis used to rcsolve thc small-rcalc flow katiircs. A coarser grid with 
dimensions IOcm x 5cin x 5cm was used initiiilly. It was  lound th;it thc 
vertical grid tiiniension o f 5  cnr w a s  not sufficiently siniill t i 1  resolve tlic thin, 
0.151~1 ceiling jet cases. 

The computation:il Huid djntiinic o r  field metlel, LliS3 L), calculates 
tetxiperaturrs. presrurcs and vrlocitics a t  m i n y  points in  tlrc tliree- 
dimensional rectangular grid. Thcse daca w e  rcduced to  a more m:lnagt.:lhlc 
size by iioting that the inlet liigli-tenipcrature ceiling .jet flou stratifies the 
corridor gases inki two reghis .  air uppcr region 01' hot> f:isi flowing air :ind 
a lower region of reliitivcly c o d  quiescenl ail-. For each vertical plane d u n g  
thc length o f  a cwridor. ii la iiiicrlacc hi.ight is estimated by iising (he 
disl;incc :ibovc the I loor  wlicre the knipcrniiire pi-adient i s  greatest. An 
uppcr layer tenrpcrsturc T,,(i) i s  celculatcd hq averaging id1 tciirpcratwes i n  
the slice zihovc tbc tshnacsd layer liciglit. 

Summary of Results 

C d l l l ~  .It?/ 7 ? l l l ~ l ~ ~ r ~ i / i m ~  5 

Tlie uppcr layer temperature risc a h o w  ambient for each slice is gixcti hy 
&,7 ' [ iJ= 'f,.i;)-7',,:,,lq. - l h s c  tcinperature rises iirc scalcd I q  t he  inlct 
teinpzrature rise. AT',,. a n d  transformed using log(AT'A7;J The restilting 
data :ire prcsentcd i t i  Figure 5.  Notc  t l i i i l  ench plot is nearly linenr ;Ind 1h:it 
;ill plots (cxccpt for  tlic ( / , ) = & I  5 i n  g o u p )  lit. within a single group. 'Tl1i.c 
implies that t b  rc ln t iw tcniperaturc falld'l  is iiidependcnt of tlic inlet 
tcniper:iturc rise and depth (assinning t h a t  the inlct depth i h  sufficiently 
thick). Thc tenrpct-ature ciirvcs prcjcnted in Figure 3 were approximated by 
rcraight hits using a linciir lenrt squares ciirve fitting procedure. This lit is 
givcn in thc fbriii of 
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Figure 5. Log,, of the relative temperature excess downstream In a corridor using ai, 
adiabatic temperature boundafy condition tor Several mlef depths and inlet temperame rises 

where C, = IW'and / iL .2=  - log(2)ih. 'The pmnie ter  i l l  2 in Fqiwtioii ( 7 )  has 
a physical intrrprctaiion. I t  is the tlist;rncs down the corridur whcre the 
tcinpcrahirr rise, AT,  falls ofl' to 50% til' its original value o r  equivaleiltly. 
A T(/zl!J = 0.5 A 7;. 

The half-distance. hl ,2 .  can be :ipprouimakd by /?I 2 = log(7).O.OlY r 16.7. 
wlierc b= - 0.018 is given in Figurc 5 ,  Siniilarly. t h e  cocflicieiit C ,  is 
approxiniatcd by C, = IO"= IO".""' % I u~licrc ( I  is ~ I S O  gilcii i i i  tisurc 5 .  
Thzrcforc. the ternpcraturc rise. AT,  mx). bc q)proxiinaisd by 

CrJiiirig Jei Arrival 7litiw.s 
Nuiiierical thcni?ocouples were placed 0. I S  i n  below the ceiling every 

O.5111 along the ccnterlinr of thc corridor Cor all cases excepi lor  lie 
= 0.15 ni cases. where they were piaced 0 .0751~  below thc cciling. Cciling 

jet arrival times were rccordcd by noting when the tanpcraturcs rose 1 '  C. 
The arrival time for cach cine was scaled by the ceiling jct velocity. Lrl,. 211 ihe 
entry vent. Thew reduced d a h  are displayed in Fiprr: 6. hoic that most 
arrival liiiie c~irves lic within approximatcly the sillme 1-egion. A group of 
curves. corrcsponding to the iiilct deptli o fdo=  0.15 171. itre separatc from thc 
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Figure 6. Ceiling jet arrivai time as a function of distance down the corridor scaled by the 
initiai ceiling jet velocib U,. for several initial inlet deplhs and temperature rises. The wails are 
adiabatic. The inlet velocik U,, is given by Equation 151. The arrival time of the ceilino iet is 
measured by noting when its temperature rises 1°C above ambient at a given d&nce 
downstream from the inlet. 

main group. 'This is hrc;iuse thc 0.15111 ceiling jets ;ire ~ e a k e r  than the 
rcmninder. They Iosc ihzir driving potential. rcsulting i n  lower velocities and 
hcnce greater aurivd times. The arrival rime ol' the wiling j c t  head may he 
appi-oximatzd by r= . y ; l ' , ,  [or all d ,  uxccpt f o r  do=0.15 in. 

Exwwvws~r smwrrox 

'The cxpci-intent th:it w x  selrctcd to validare the iien suhmodcl \ w s  part 
o l thc  hXX'SHADWEL1. test series [hj. The ohjcctivc ol'this test series w a s  to 
devclop. test, ;ind validate improved wntilalinn doctrine Tor subm;~rinc 
fircs. Tliesc cupel-imcnts Were not designed 10  providc daia  {or 3 ~ n o t l d  
validation. Conseqocntly, the expcriiiicntal data bverc inspecicd. prior l o  
beginning thc model vniid~tion. t o  \,criTy th;11 suli'icicnt dnta existed tv 
provide a iiicaningf~il comparison with niodel predictions. &io% ledge of the 
uxpcri~~irotal i - r s i i I Ls  was never used LO :1dJ11zt tlic ~iiodcl inpui unless 
explicitly slated in this validatioii rcpori. 

A section ol' llic port wing & a l l  o n  ex-USS SlL4DWELL. [7J vias 
conligured 10 represent llie l'c)rward ccmmparlnieiit of mi SSN h8S Cl;~ss 



suhin;irine. The tcst area was comprised of 14 compiirtrnents, l o c a t e d  011 

four levels. The conipartincnts were coiiiiected with various hntchcs, 
walertight doors. and a mechanical ventilation system. The experimciits 
consisted essentially of igniting a pan lire in one of tlic con~purtnicnts and 
then inanipuiating variables l o  observe the efiect 011 the smoke flow witliin 
the test area. 

~rhere \vas only one colnparlment within the tcst area. Lhc I.nundry 
Room. which contained a corridor. Both exhausl and supply lei-minds wei-e 
located near the ceilin!: in the corridor of this compartment. The Corridor 
Flow Submodcl does not take into account any cffccts of forced ventilation 
on the flow of the ceiling jet. Therefore, a i l  experiment which employed the 
mechanical ventilation system would no1 be suitable Cor corny Jllsoll .’ to 
model predictions. Standard experinientnl procedure callcd for- utiliring the 
incclianical ventilation system for  at least the lirst niinute after ignition or 
the pan fire. There was one experiment in which the mechanic:~l \cntiiatioii 

tem was secured and the supply and cuheusi tcrrnini~ls were blocked off. 
This experiment. denoted as 4-10, occurred on Janiiary 29, 1996, a n d  
was iised for validution purp 

CONFIGURATION 

Tbe Laundry Room W ~ I S  locatd 011 thc third levcl, b e t ~ e e n  Framc 8 I :inti 
Frame 88. The port side was boniided hy the liull  imd tire Well 1)cc.k 
bounded the starboard side. The compartment was actually divided in to t \ w  
siibcompartnicnts (Figure 7) .  The subcompartmcnt \vhich contained thc lirc 
will be referred to as the Fire Cornparimcnt and the rem;iining 
subcornpartmciit will he refcrrd to iis the Pa ~gewiiy. The L;l i l i>Jr~ 

Roo111 was 8.51 in long, 2.57112 high, a n d  varied i n  widtli li-om 3.Xhm on o i ~ c  
ciid (at Fraine 88) to 4.11 ni on thc o ihcr  (:at F~-;une S I ) .  -rhe Firc 
Compartment >%as 6.10 m long and 1.75 in widc. ‘The I’assagcw;~y consistcd 
of the remainder of the Laundry R o o m  Its di tnensio~~s will he discussed 
later tinder the section entitled “Model Input.” 

There was a door. 0.6hm wide and 1.93m high. uhich connccted tlic f:i~.c 
Room to the Passageway. This door did not have a sill, hut i t  did havc 21 

0.67111 soflit. There were two open watertight d w r s .  unc in the bulkllcad at 
F r m e  81 and one  in t l ~ c  hulkhead at Fr;ime 88 connecting thr: Paasagewa\ 
t o  the compartinents o n  either sidc. Thehe doors \\ere O.hhiii ividc i ~ ~ i d  

1.68111 high. \vi l l i  O X n i  sills and 0.68111 sorfits. Therc was a lso a hatch. 
0.01 m x 0 . 7 6 1 ~  in the Pass;ipv;iy overhead to llic couipartmcnt abolc. 
Stringers r:in uthwartship a1 I .?? m h e r i a l s  f r o m  Frame X I  lo t:r;ime 8X. 
These protruded from thc overhcod by approximately 22 cm. 
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lm 
Figure 7. Pian View of Laundry Room drawn to scdle, subdivided into Fire Compartment 
and Passageway 

J h r  partiiion which dividcd thc I,aundrq- Kuom \vas 0.3 18 ctii thick steel. 
Kcfzrring to Figure 7, the in-board Laundry Room hrllkhend. bclwcct~ 
Frame S I  and t.'ramc XX. which coiiipriscd oiic' sidc o f  t he  k-irc 
Conipclrtnienl. wiis  1 .17cm thick steel. The opIxxilc bulk l lead  WIIS 

1.59cm th i ck  stccl. up 1.8 III froin t l ie  deck. 'Tho rest of thc hulklicad. u p  
to t h c  overlicacl. uas  I .Y I cni thick slccl. The bulkheads ai Framc X I  m d  
Framc XX. ils \\ell tis the dcck and overhead, wcsc all constr-ucted or steel 
(1.95 cin thick. 

l ' l i c  Firc C'omp:rrti~ieiit contained a 1.05 ni  di;iiiieler l u c l  pan.  0.  I c) 111 

above the deck. The pan  wiis f i l led Lo zrpprmiiiiately 9 cni with diesel l'ucl. 
1innicdi:itcly prior 10 ignition. :in u~iki~o\vn.  hut I iii\,c.Iy small,  a111<111iit <if 

hcpt;inc i m s  added t o  f i icil it; i le ignition of tlic dicscl 

Rl!hZENT,YlIOU 

.The discitssioii licrc wi l l  he limited to lhc i i i ~ t r ~ ~ i i i e ~ l t i t t i ~ ~ ~ ~  tli;it w a s  uscd 
for validation pur-poses. 

The Fire C'utmpaItiiie~~t cot i ta incd :I iher-niocouplc string wit11 six 
theriiiocouples. Tliesc \vex loca~cd noniitially a t  2.5. 2.0. I .5. 1.0, 0.5 ;itid 
0.05 111 above tlic deck. 'Thc tree WLLS I .75 in aft of k'r:i~ilr HI and 1.28 m port  
0 1  the l \ Jc l l  Dcck bulklicad. Thc  Pa geway coiitaiticd ;L siinilar 
tlicrniocoupk string positionod :it Location 4 in l'igurc 7. The hatci~ ill 
tlic I'assiigcway owrhcad. inwtiuncd iihuvc. w w  itis~rtirne~iled with it 

hi-llow prnhc and thcrmocouplc. The positi<m is clc i~oted ils L.ocaticrn B in 
Figure 7 .  The Ihcrtiiucauplcs ucre 'Tlpc K ,  inconel-slicathcd. T11c gas i i ihidc 



Ihc Fire Compartment \viis r;itiiplcd tit a point approxitnately 2.49 m abox 
the deck. 4.90 m a l t  of Frame X I  and 1.27 ni port or the Well Deck bulkhead. 
The computer sys lem otibowd ex-IJSS SHADWCLL collects and rocords 
d. &I I Irom ' the iiistrunicnts once pcr sccond. 

Tlie ;muracy of a model's predictions is, of course, heavily dcpendent 
upon the accuracy of the informition givcn as input. 'There are two 
instmces where accuracy must he compromised. One instance occurs whcn 
the iiiforniatioii is ?imply not knocl.11. An cstiniatc must then be made 111 

order for a puediction to result. Thc other occurs \chen the modcl caiinoi 
handlc the actual conliguration ol' ihc experimcut. .Again. :In est im~~tt .  m ~ s t  
he provided to the model. This section will discuss the estiiiiaies used :IS 
i npu t  to ('FAST for the validation of  the Corridor F low Suhmodcl. 

The niuss loss rate is oirc of the key input parameters that tlic user ~ii i ist  

provide to  CFAST. Although ii load cell \vas used to t i icas~~re thc tii;iss li 
of fuel with time :is the dicscl burned. the riorntal rariability of the load cell 
&,Ita WBS 1ar.g compared to the iiniount o f  fuel burncd during the tinrc of 
interest. Thercforc, the information frotu this device could not he uscd 
caiculatc a mass loss rate. This illput had to he estimated based o n  111~' 
tcmprrature data from inside the Fire Cotiipartmcrit. CFAST predict? an 
upper and lo~ver laqcr temperature fix e x h  compartment. I)iSfercili ini~ss 
loss rate estimates were used ;is input until the upper kiyx te~npcrxnrc i n  
the Fire Cornparttimi. as przdicled b y  C:F:AST; matchcd t h u  uppcr laycr 
teinper;itiirc calculated fson~ experin16nial d;ito 

Tlierc are !2~~rious ~iietliods to transiatc the cxperiinunt:il tenipcr;iture 
re:idings, ~neasul-ed $11 distinct Incatlions, IO the ovcrall zone tcniperaturc. 
Somct imcs  the c.tperimcntal dar:i show a relati\-ely iarge difl'ercncc hctu.ecIt 
two acI,jacetit t h e r ~ ~ i o ~ o u p l c  rcaditigs which denotes ii layet- interftrcc. I n  thij 
cxspcriment. iis t ime  progressed. the readings f~-ot i i  the top S o t u  tlicrnio- 
couplcs deviatcd From thc hottoin two therniocouplcs. I h e  :ivcragi. of t l ~ c  
t q  foiir thermocouple rcadings was iiltet-pretcd to reflcct the itppcr l;~yer 
tentpcraturc. nnd the awrage of the bottom two tlterinocouplc rc' 1 '  ings WIS 

interpreted to reflect the lower layer temperature. An  altcrt~;itc ii~ctl~oii 
involvcs assigning the thciniiocutipl~s to  cither. Lhc llpper oi  lower layer 
dcpctiding on their relatioil lo the iiiterface Ihcight prcdictcd b y  CFAS'I. !\t 
cuch second. the thermocouples located above the model-predicted interface 
Iicigbi werc avcraged and i w d  to rcprescnt rhc cuperimental upper L.rycr 
tetnpcruturc. Both rnetliods resultzd in e~sent i ;~l ly  the siitne cxpsritnent;il 
upixr layer tempcraturc. An cslitniitc for ihc niilss IOSS rate \&':IS made by 
using different tii:tss loss mte e~tiinatcs tis i n p ~ ~ t  ltncil the u p p ~  1n)er 
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temperature i n  the Fire Compartment. as prcdicled by CFAST, Imtchcd 
this experimental upper layer tetnperature. 

CFAST can only niodcl cornpartinents which ;Lr< rectangular parallelr- 
pipeds. As iiicntiaiicd prwiously, Lhe Laundry Room contained :I partition 
wliicli divided ii into two suhcompa~-tmcnts. ?lie Firs C'otnpar~nient wi~s 
il rectangu1:rr pnrallclepiped. but tlic P;rssiigu".;iy was a n  I--shaped 
compartment. The Pa g w t y  1i:id to hc approximatcd a s  an equivalent 
i-cct;itigular pafiiilclepiped so its dimensions could he intcrpreied hq 
C'I'AST. For the purposcs of the following discussion. the Pa 
\ m s  divided into lour scctions shown in Figure 8 .  The scp:\r:itioii bctween 
Sections I kind 2 wiis deiined hy thc midpoint of the door i o  t h e  Fire 
Compartinent. A11 h u r  sections had the saiiic height it\ rhe Laundrq 
Room, 2.57111. l'lic remaining diiiiznsions or the four sections are ;I> 

l'ollon-s: Section I -0.95 m x 2.3')m. Scclioii 2~ 0.80 ni x 2.39 ni, Section 
3 - 2. I I m x 2.39 in. Section 4 . 6. IO ni x 2.24 111. Thcsc diincnsiow arc thc 
measuremeii(s or the conipiirtiiient a t  t h e  wcrliei~d Levcl. One \ w l l  of 
Scclions 3 ;uid 1. ~ \ h i c h  corresponds IO thc hull of the ship. tapers oui 
slightly. ?be dimensions stetcd a h o w  were ilic avrragc width of these t n o  
sections. 

When the D1:TEC'I k rywi rd  is titilizcil :ilong with t he  Corridor Flow 
Suhmudd. the coiifipuration must hc inollil'ied so that the cditig j c ~  s1;irts at 
o n e  end (it' the compartnicnr sei-ving :IS the corridor. T l ~ c r d w c .  the 

igcwa) had lo  he I-edetincli ;IS consisti~ig o l  Sections 2W. The ceilitig j c i  
ed i l i c  Pass;igcway :is i c  r'lo\\cd under ihc soffit ol' the Fi t -c  

Conipartnicnl (I<JW. The ceilin2 jet llicn contiiiued down tlw Pa 
toward Location i\ aiid ari iund 1 . 1 1 ~  corncr. piissing Ihcation R. m t t l  ii 
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l r n  
Figure 8. Plan view ofLaundry Room, drawn to scale: Passageway divided into four sections. 
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Figure 9. Initial Laundry Room configuration approximated for model input and rewifing 
path of ceiling jel flow 

rcached the end of the Passageway. Initially, thc most reatnnahle niethod of  
tratisforniing the L-shaped Passage\+~:iy i n lo  a rect:ingular piiT;illcIcpipcd 
appeared to be to simply ‘xraighteo” it out. i.e.. align Sections 2~ 4. Thc 
length would be the s u n  total 01‘ Sections 2 4: 0 . 8 0 m + 2 . I I t n +  
6. lorn =9.01 ni. Uyitig this approximation. the cciling j e t  ~vould flow a11 
the way through Section 3 before it started toward Location I3 as shown by 
ihc arrows in Figure 9 .  This appears to  be approprialc for modcling tlic tlow 
t u  Location A. but not to Locatioii R. 

An dterimte approximation was devised. Thc di3idiiig liiic hctwccii 
Sections 3 and 4 was aligned w i l l  the dividing linc between Sections 2 and 3 
(Figure 10). Section 3 is now itnbrdded within Section 4. The ceiling jet lieads 
toward Location A at the same t ~ m e  it f l o w s  around the corncr and hcads 
toward Location U .  Thib appears to bc :I more rcalislic app rox ima t im i  ;ind 
was used Toi- the model validation. The  final dimensions used as model input 
were: hcight=2.57rn.  l eng th-O.X~~i i i+6 . l0m=6.~) t~ i i i .  width=.2.2hm. 
Note. the widih was calculated using tlir actual overhoncl surlacc i r z a s  
and the i~.ng!lhs of Sections 2 and 4 

.4 coiiitneiit on the usc of the Corridor. Flow Submudcl is in order at 
t h i s  point. In gencral. the iictu:iI coiiipartnicnt diinensions should hc 
wed for model input. In this casc. the Passageway diinensions hnd LO he 
modified to accommodate the limitations of the suhrnudcl (ceiling j c t  
entcring a t  ii point other thut i  the ciid ill’ the corridor and tlic presence ol 
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Figure 10. Aiternate Laundry Room configuration approximated for model input and 
resulting pall; of ceiling jet fiow 

a corner). Since the Corridor Flow Suhrnodel is only in cffect u h k  the 
cciling jet is traveling doun the corridor. these adjusted dimcnsions are no 
longer needcd once [he ceiliiiy ~ j c t  reaches the end of the Passageway. 
Ho\wver. even if the actual dimensions were suhstituted ;it this point. 
subsequent iiiiidel predictions wiiuld still he afkcted by the priw usc 01' thc 
adjusted dimensions. Therefore. model predictic)iis wci-e generated. froni 
time ~ c r o .  using hoth the actual and adjusted compartment dimensions. 
The prcdictions resulting from the use of the acI.jiistcd dimc~isions \vert 

u\ed while the ceiling j e t  wlas traveling d o m  the I'a igeway. For the times 
artcr the cciliny j e t  reaciied t h e  end 01' thc sageway. tlir inodcl 
predictions resulting I'roni [he w e  of the actu;il din;ensioiib from t i m e  x i - o  
were used. 

CFAST models the six surl;ices o i  :I rcctangolai- pni-alklepipetl ;is thrce 
separats cntities: a ceiling, a fluor. aiid tlic four \\ails. Each entity is a l l o w d  
to cimsist ol' :I distinct m:iterial wit11 a distinct thick11 
ceiling is ;rssuined tu  he ti(mogenous. iis are the other two entities. Note. 
that  in this experimcnt. this assumpt ion holds for decks (floors) a n d  
overheads (ceilings) in  hoth the Fire Compa~-tmcnt : l i d  I'assngeway. hut not 
for tlic f iwr hulkheads (~vvalisi 01' either suhcoiiipartnicnt. T h e  x t u a i  
niaterial propertics and thichnesscs 0 1  the o v c i - k i d s  and dechs  ere uscd as 
iiiodel inpiit for the validation, i.e.. 0515cni thic,k stecl. The thicknesseb of 
[lie bulklic,ids werc apprmit ixwd as surface- arc:^ \&cightcd averages. The 
estimiited thicknesxs [or t h e  steel bulkheads i n  the F i r e  Conipartment and 
1'. .,. ~i~sagew~i!, \vere 0.76 crn ant1 0.SO cm; respectively. 
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As previously noted, there was only one %as sample point within the Fire 
Compai-tment. The gas was continuously siictioned 11-om this point and 
traveled through tubing to the front of  the ship where the oxygen, cni-hon 
dioxide, and carbon monoxide analyzers were localed. There was a delay in 
the analyzer response time due to this travel time. The i ictual delay time is 
unknown. It \vas estimated, howevcr. by determining thc diflireirce bctwccn 
the initial analyzer response to the fire and that of the nearest therinocouple. 
The analyzer data were then normalized using preignition ambient 
concentrations and the carbon monoxide to carbon diuxide nr:tss ratio 
was calculated. A polynomial curve. fitted to the cxpcrimental data, w : ~  
used to generate the model input for CO (thc ratio of the niiiss uf c;rrhon 
moiioxide to carbon dioxide produced by the oxidation of the fuucl). 

1'. nominal value of 0.06 WJS used fo r  the OD parnmetcr [ X I .  Ths 01) 
parameter is the ratio of the mass o f  curhon to carbon dioxide produced by 
the oxidatiun of the fuel. 

RESULTS 

The experiment t o  be modeled began \villi ignition of ii diesel pan lire at  
time zci-0. The combustion products from the fii-c rose to thc top of thc tire 
compartnicnt until the depth of the upper layer was sufficient for thc hot 
gases to I l m  under the sorfit of the Fire C'omp:irtnicnt duor into the 
Passageway. The ceiling jet. consisting of these hot gases. traveled down 
the Passageway toward the thermocouple string at Location A. Some of the 
ceiling jet veered around the corner. heading t u w i r d  the thermocouple 
next t o  the hi-flow prohe in thc overhead hatch a t  Location K. There are 
five events from the RIJWC scenario highlighted in Figure 1 I .  l'hesc w c :  
(1) time o f  pun firc ignition. ( 2 )  tinie ;it which comhustion products 
flowed into the Passageway through thc Fire Compartment dour, (3) time : i t  

which ceiling jet 1-cached Location A ,  (4) time at which ceiling j c t  I-cached 
Location B, and ( 5 )  tiinc at which ceiling jet rc;iched thc enJ 01 
the Passageway. Experinient:il times Tor Events I .  3, and 4 c:in hc obt;~ined 
Tram thermocouple readings. These occurrences were at 0. 27. and 12 s. 
respectively. 

CFAST Vcrsion 4.0.1 wds used to p n c r a k  niodel predictions for this 
validation. The Corridor Flow Submodel is :in option that can be invokcd 
by using the HALL kcqword i n  the input file_ along with the apprupriate 
compartment a s  the corresponding p:irameter [3] .  I n  the following 
discussion, the original model will refer t o  CI'AST 4.0.1 without the 
Corridor Flo\v Suhniodcl invoked, :md thc eiihanced niodel will refcr to 
CFAST 4.0. I with the Corridor 1 . 1 0 ~  Suhmodel invoked. Tlic siniulalion 
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Figure 11. Comparison between modelpredicted and experimentally defermined ceiling ief 
progression. 

with the original mudcl s ~ a s  tlunc using the actual Passrigeway dimc~isioiis 
(Scctii ins 1 3) .  Tlic enhanc-ed niodel siinul~tion utilized the modified 
tlinicnsiriiis a s  prcviously discussed (,Sections 2 and 4) tip until tlic t i m c  the 
ceiling jc t  rcached tlic end  of the Passageway. The actual Pussagcu.~y 
diincnsions w r c  uszd Tor the rcmainder of tlic simulat ion.  The model- 
predicted times lor tlic iiw events described ahuvc art. bltmvn i n  Figure 1 I 
Time zero w a s  011ce apain the t ime of p a n  lire ignition. Both thc origirial 
modcl ;ind the eitiianced model predicted tha t  the hot gases from tlie Firc 
C:ompartmetit \vould enter thc I’assagcwny at I S  s. This i s  to be cxpcctcd 
siiicc the dilferences between tltc models occur a f i e r  this point. The originnl 
model predicted that. 15 s from ignit ion time. the hot pases would also rcacl~ 
both Locations A and H. as wcll it\  the end of the p;i ige~vay.  As prebiijusly 
tlescrihed. the original iiiodel assunics a hot E;\S laycr forms thc instant t h i ~ t  
the hot gases pass iitider thc Fire Cunipartment door soffit. The enhanccd 
iiiodcl predicted that Events 3 and 4 occui-red ;it 29 and 40s-  respectivcly. 
The enhanced model provides a morc rcalistic prcdictioii 0 1  t l te delay t11:li 
occui-s as  the cciling jet travels down the Passagewi). 

lu  addition to predicting the time :it which the ccilinz jet rcachcb spccilic 
loc;it~o~is \\ itliiit ;I curridur. tlie Corridor fi+w Subinodcl predicts the 
tenipci-aturss at t h e  locations. The temperature predictions ;ire i>btaincd 
by using t he  DLTECT k c p o r d  i n  tlic input tile to place dckctors at  speeiric 
locatioiis. The tcntpei-aturo o f  the ;itiiiosphere :it the locatioti of the detector 
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Figure 12. Comparison between modcl-predk3ed and experimentally determined tempera- 
ture at Location A. 

is rcported in thc output liom CFAST. Figure 12 shows thc tcinpcrature 
recorded b y  the top thermocouple in the string at Location A .  The readings 
arc nornializcd to 11 'C  (the aiiabiciit tcinpcraturc), using tlicrmocouplz data 
recorded prior to ignition. This figure also shows thc tcniperaturcs that both 
the original and enhanced model prcdicted would occur at this locatioii. Tlic 
curve predicted using thc original model shows a gradu:il, smooth 
temperature increase with tinic. This is the averagc temperature o f  tlic 
upper gas layer. The curve predicted by the enhaticcd inodcl is very close to  
this original curve unt i l  the cciling jet reaches Location A. There is a sharp 
increase in temperature as t he  ceiling j e t  hits the location where the detector 
was placed. Thc predictcd rmpcrature agrecs remarkably wel l  with the 
cxperinientally dctcrniined temperature iinfi l  the ceiling jet rcaches the end 
of the corridor. 48 s froin ignition. For times after 48 s, the model  
predictions. generatcd using the actual I'assageway dimensions from time 
zcro. are used. 

Figure 13 shows tlie ~ a n i e  infot-mation lor Location B. I'hc cxperiliizntal 
data are from the thermocouple locnted ill thc owxhead hatch. Again. thesc 
readings wcrc nornializcd to 11°C using temperature data rccordcd prior 
to ignition. The teinpcraturcs predicted by tlie original model i n  Figures 12 
and 13 are exact11 the siinie. Recall tha t  thc original model. with its two 
layer assumption, predicts that temperaturt-s at all uppcr laycr locations 
along thc Passageway arc' thc sanae ;it ;my given time. The enhaoccd iiiodcl 



shows 411 increase 40s after ignition. The curve ftnerated by t l ~ c  enhanccil 
iiiodei does nor IOliow thc experinientol data as well as it did a t  L.oc:ttion A. 
It is. however. rnuch closer tliari the curve generated by the original lnocicl. 
Once thc ceiling ja 1-cachcs the end of the l'assageway. a t  48 s. thc 
temperature prediction5 I'runi thc enhanced model fall haclt dinvn t(1 

coilicide with t l ioe Li-om tlic original modcl. 

'Tlie predictioiih or tbc Corridor Flow Submodel d c p e ~ ~ t l  011 the width 
01. thc corridor. or the I'assagcw~ay in this case. Since tlrc 1'ass;igewly 
actually varied in width along its lengh, aver;lges were used a s  niodel 
input for the predictions discussed above. To determine thc sensitivity of 
thc  model to th i s  piirticulnr input par;tnicter. tbc cnh:inccd model \VAS 

ucriui using llie siiiaIles1 (2.1 1111) and t l ic Inrgc.;t w id ths  (2.39 i n ) .  ?hc 
tiiodel-predictc[i tiiiics f o r  Events 3 and 4 were withil l  tenths or :I seckind of 
the original pucdictiuns. Teiiiperatiirc  prediction^ rcmaiucd iiic mnc .  Tlic 
cnhanccd model w a  also I-C~LUI witli the ililrrowest (0.3 18 ~111)  and widest 
(L .01  cmi bulklicad thickness. 'These changes had 110 e l l k t  on the luodcl 
predictions. 
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Correlations were dcrivcd by pei-fom!ing iiumcrical cxperirnenis using i h e  
coiiipiitatiorial field model. i.ES3D. to cstiinatc cciliiig jet iirrival liiiies and 
tmpcrature fail-off rxtes for cases with viirioiis specified inlet ceiling jct 
tenipcratures and depth,. Thesc correl:itions were then uscd tu dcvclop ;I 

Corridor Flow Suhniodel which i y i i s  recciitly added tu the Consolidated 
Fire atid Smoke Trunsport (CFASI') zoiic firc model, developed h! N I S T  
Prior to the addition of the new suhrnodel. CFI\ST did 1101 propel-I! account 
for the time it took a ceiling jet, entering u t  one end of :i corridor, to t r a v d  
down to  the other end. Previously. CF.4ST nssumed :in uppcr layer. 
covering the cntire ceiling area. MOUICI form instantaiieoiisl~ whcn the h i i t  

gases entered the corridor. All 1oc;itions n ithiri ihis u p p e i -  kiyer. i i i i~3  

consequently, along the entire length of the corridor. \<auld be ;it ihc siiiiic 
tcmperature. The new submodel enables CFAST to predict the tlow of tlie 
ceiling j e t  down the corridor with t ime.  C:I;AST also calcula ta .  at ;iny $5 cii 
timc. the temperature distributioii of the gascs i ns ide  t l ic  ceiliiig jct. 

Thc enhanced vei-sion i if  CFAST \$:is uscd t c i  iiiodcl ii i-wl-sc;ilc 
experiment from the 68X:SHAI3\VELI. test series. .The Laundry Iioiim in 
tlie hX8;SHADWL~LL test series wits pnrlitioned into two subcornpar-tiiicnts. 
One contained a pan iire and the other formed ;I corridor. Mot conibusiimi 
products from the firc room entered tlie corridor aiid tloa~etl a h ;  its 
length. Thzr~nocouple reiidingh were used to detect the mo\ ciiient :ind 
temperature of the ceiling Jet aluog the corridor. CFAST. Version 4.0. I 
provides tlie Corridor Flow Suhmodcl a s  an opt ion Whcn thi, optioii is 
invoked. CFAST predicts mere realistic temperature distribiitiws i n  the 
L:iundi-y Kooni corridoi-. Ruth the time del,iy iis the ceiling j c t  r l .ai~clcJ d o ~ . i i  
tlic corridor :md thc tciiiperutui-c predictioiii at t i 5 0  iliiti:ict corridor 
1oc:ttions \veri: conipnrahlc t o  those observed experimcntall! 

Even thougli the use ol' L E S i I )  ser rcd  as i t  g o d  tnol t o  design a 
coi-ridor flow sub-model. furthcr comixii-i\oiir still iiccd t c i  IY i i i i i i k  

betwcm ire:il-scale expet-iiiientb and l i ic  miir iire iiiodel pi-edictions. Such 
comparisons will  ;illow foi- arsesrin:r the \alidity of ths niodeling 
assumptions, determining t h e  ;iccuracy of the predictions. aiid gxiiiing 
hettei- confidence in the iisc UC t h i s  model. 
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