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Phy51cal models whlch predlct the thermal ha7ards (1nc1ud1ng tempera-

"tures and heat fluxes) durlng -a compartment fire as funct:ons of space

General models are constructed for the periods of flre growth and
fully developed burnlng These models are used in sample analysee ‘to
estlmate the flre hazard 1n partlcular compartments.

VThe everall nwthodology requlres the synthe51s of a determinlSCAC'
phy51ca1 model - from 1nformat10n available in the llteraturc Uncertaln-

4 ft*e% in- ehe ‘input parameterslrequlred by the determlnlstlc model are

assessed and are 1ncorporated wnth the uncertainties in the model it-

elf; to” form state of knowledge distributions for the thermal hazards.
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- ‘Chapter 1
' INTRODUCTION AND SUMMARY
Fire f;an, represent a threat to the safe operation of nuclear power

plants, not only because it can damage machinery in the ihmediate'vicin-

ity of-the.flé@es; but also because it can damage control ahdapowg: ca-

bles paésing nearby.. Since powér plants rely heavily upon these- cables

to link-their various systems, a fire can cause the failure of many com-

_ponents:well:removed from the blaze.

In order go proceed with a quantitative analysis of the-fire risk to
npclear éo@er plants, the‘freéuency that & given component wili fail due’
to fire is néededu The determination of this frequency'in-turh requires
modelé'for the freduency of fire occurrence within a power plant, the
distribution of the magnitude of fire severity given that a fire occurs,
énd'théfﬁrobability of.component failure upon exposure to fire 6f»avéiQ4
en severity.

In this work, we concentrate on developing the second model of thesg

three, i.e. the probabilistic model for the time-dependent thermal ha-

zard a component is exposed to during a nuclear power plant compartment

fire. Our approach requires the construction of a physical model for
the fire scenario of interest. We call this model our deterministic re-
ference model (DRM). The uncertainties in the input parameters used by

the DRM are propagated through the DRM, and are then combined with 'a

probability distribution quantifying our uncertainty in the accuracy of




he parameter and mof'

'.fandrso snbjecf;'

tive jﬁdgment'iswdn'importent;lnput in this-proeess.“

- To asslst the~ f1re hazard analy51s, we . develop general ‘models for:two

dlfferent phases of'e compartment flre.v the flre growth perlod and Lhef’"’

;perlod of fully developed burnlng

In Chapter‘Z,:we.outIrne the.time“history oflqn‘enelosure fire, and

rev1ew some of the models avallable in the llterature. We observe'thét_

o the maJorlty of work on. compartment flre models has been devoted to the‘,

V‘_perlod of fully developed burnxng, where the f1re essentlally 1nvolves

the entire compartmenL and-that.there are few models‘available to de-

3

'scribe'the'period of”fire,growth preceding fully-developed burning. We
“further note that.the methods ofvepproach used are generally determinis- | ’ i
tic.

.ln‘Chapter-3; we'l argue that any analy51s of a freely burning fire

musc deal with large uncertalntles and that a prOb&blllSth approach is
appropriate for this problem. We'identify the various classes of uncer-

_tainties which varise 'in; .our models,‘;and formulate the, methodology

(brlefly outllned above) employed to handle them

In Chapter 4, ‘we applv our general.approach to the PeflOd of flfe
growth. - The rererence model is synthesized~from a number of separate
correlatrons and models;ror individual fire phenomena. The uncertain-
ties in the reference model's predictions are discussed, and the model
is used to simulate & number of experiments documented in the litera-

ture, in order to test its validity.




Unless the fuel geometry is,pdrticulariy simple, & large amount of
bookeeping is required during the fire growth computations. Th» refer-
ence model, therefpfe, is in the form of a computer program, called
COMPBRN, and is described in more detail inAReferenCé (0.

"In Chapter 5, ve gonsider fire hazards ih‘two specific cases. The
first scenario concerns the ekposure of an electricﬁl component housed
in a metal cabinet to high temperatures induced by an external firz. We
construct a simple model fé predict the air temperature within the cabi-
net, and show that moderately sized oil-fueled fires may be of some con-
cern. In the second case, we utilize our complete probabilistic metho-
dology in assessing the frequency that two cable trays in the cable
spreading room, each in & different electrical division, are involved in
a fire.. We incorporate models not only for the growth of fire but also
for the elapsed time before suppression.

Although a great deal of emphasis has been placed on the modeling of
the fully-developed period in the compartment fire literature; we do not
consider it to be of as great importance to nuclear power plant fires,
not only due to the relatively low concenfrations of highly flammable
material in the power plants and the large size of the rooms, but also
because many accident sequences may be initiated and well in progress
during the growth period. We treat the fully-developed burning period
model in Chapter 6, and conduct an analysis of a hypothetical fire in
the cable spreading room which has reached the fully-developed stage.

We remark that our models are primarily thermal in nature, that fluid
flow and chemical kinetics effects have been either neglected or treated

extremely roughly. Our approach appears to be reasonable during the

St T i Ve e N
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fu11y~developed burning,}called flashover, other than a simple thermal

e&rly,pbrtioﬁ of fire growth and duting the fhllyedeveloped burning per-

iod, but 1s considerably weaker 1n between these two teglmes. A'ﬁbthble

deficiency is our lack of a model for the transition between growth andt

model 1nvolv1ng a p051t1ve feedback term in the equatlons for fuel burn-

ing rates.




_Chaptor 2_":

'compartmen must therefore predlct the amount of heat the component'ab
,sorbs whlch ‘in- turn requ1res knowledge of the amount of heat the compo-
. nent is exposéd;toﬁ In thls work we concentrate on the latter quantlty,

'~componen*s are modeled crudely, although more - detalled models can be de

‘,veloped for Spec1f1c problems

'The two;?riméryvmddesﬂof heat transfer considered are convettionuand s

radiatéon.»'The‘convective heat flux to the object is given by

_‘qg;g = ,h [ Te - Td )

va the radlatlve heat flux 1mp1ng1ng on the ObJeCt is q 'the ghédfhéd_ﬁ

heat flux is given by
gy RGN

If the heat_ﬁiux'gt‘the source is é;, we can re—write'.EQuatipn;(ZlZ)

as

£ FO_S qg “-(2.3)

F represents the. fractional solid angle of the object's surroundings
o-5 T o :

that the source occupies. We note that the object also re~radiates a

heat f1 1" i b
ux q’  given by




"= o1 (2.4
&7, to Ty | _ (2.4)

In keeping -with 6u: simple modeling, “we generally fix To at rocm

‘tempera;ufgé;gdng atvunity. Thus, our ﬁbdei§ calculate the "cold wall .

heat fluxes" to black bodies; the-ieSultiné\Qnanti*ies are conservative
estimatesrof the &ctual valves.

' The models in the literature which estimate &: , the sum of &: . and
S : R

ég’;, pah_}é diyided into two catego;ies: thgtstatic models and the dy-
namic modgls; ‘A1thbugh‘we‘describe thé static models in the following
sectioﬁ, fhe‘femainder of this work shall concentrate on the dynamic mo-
.déls, since thése form a more general set which includes the static mo-

deis.

2.1 STATIC MODELS
The static modgis for predicting the thermal hazard from a fire are gen-
erally dérived for fires-in the open, or at least where enclosure et-
fgcts are negljgible. A representative example is presented in Refer-
ence (2), Qhére a fire over a fixed diameter pool of fuel is assumed,
and the thermal hazard as a function of disgance is calculated. Since
convection is - only important in regions of elevated temperature (i.e.
in or above the flames), only radiative heat fluxes are calculated.
Other similar analyses are presented in References (3) and (&4).

In eacn case, the source heat flux é; and the shape factor F;_S,
which contains the problem geometry, must be calculated. Typically, an

average flame temperature Tgy is assumed. If we further assume black-

body behavior, there results

6'.'5 = 0T (2.5)

S 2 DR [N SRS

A oot




.Thomas.‘flémemheight-'

nolther the source‘term'q.

'S cogétqnt;ahyflonger. Futthermore, 1f the flre

sobrcer as:itime progresses’.

f

;Fhe room of 1nterest., If the prlmary fuel bed is- cable: 1nsu1at10n,
Wthh 1s gennrally dlfflcult to .ignite, additional pllot fuels such as
-2P32?21u0i1{~C1eanihg.flgiq,,§r3plastic'foam may be important. The last:-

“fuel-was a.major ‘contributor.to the initiation of the Browns Ferry Fire
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' In the following: period ‘of fire“growth, -thé fire -spreads over thé.

bprt_bfiburdihg-fdel- spread by flrebrands belng a, good example of thex

ilattersprctes5{3 The growlng flre also heats ‘up the compartment wallséx,

and celllng, and creates : layer of hot gases ne\t to the celllng

These bodles in turn act as heat sources whlch radlate and reflect heat'

.;backutd“both.the_bdrning}an_aog-burning pqrtidnsrof thewfuel bed, in-

,crea51ng the volat

zatron of,the fuel 'nd-thu5<increasing'the rateﬂof

.fuel feed w1th1n’the flames.and enhanc1ng the ease of 1gn1tlon of the;

eads to an accel= :

vfuel'outside“the flamesyw.Ihis:pbsitive'feedbackildgﬁlﬂ

.erating;firejgrowth rate, which-may become so large that the entirereom—

partment becomes involvedVin”the fire during .an almost instantanenus.
perlod called flashover. ';

The perlod of fully developed burnlng whlch follows flashover if it

{oecurs at all is characterlzed ﬁy burn1ng rates whch ‘are llmlted only
._by the avallablevVeatilation er free'fuel sdrface area.v During this
period, the te@perature aﬁd heat flux levels-tend to be fairly uniformu_
This can be contrasted wlth the behav1or durlng the perrod of flre

growtn, where the heat flux and temperature levels &% ‘e strongly peaked o

near the fire.

The period of fire decay occurs when the majority -of combustible fuel

within the room_has‘been'consumed. During this period, the intensity of .
the fire dies down ‘and the fuel often smolders rather than burms in an

open flame.




It should be noted that the progress of a compartment fire can be

slowgd down and halted at any moment by suppression efforts.. Further-
more, even if such efforts are delayed or‘tptally lacking, the achieve-
ment of fully-developed butningiis not’ éssqréd, since a fife over a
small fuel bed may not generate enough ﬁeat to ignite distant fuel ele-
ments. A crude suppression model is describéd in the application of our

mcdel to a nuclear power plant cable tray fire in Chapter 5.’

2.2.2 Fully-Developed Burning Period Models

Of all the work done on compartment fires, the greatest amount has been
done on fires which ha#e.reached the fully-developed stage of burning.
This emphasis is due to the relative simplicity of the analysis, and the
fully-developed burning regime's great importance to general fire safety
engineering.

A fully-developed compartment fire is a fire which is burning all
available fuel in the room and is limited only by the total amount of
fuel surface area or by the total amount of ventilating air flowing into
the room. There is essentially no concern with the spatial growth of
the fire within the enclosure since at least most of the fuel is already
involved in the blaze. Furthermore, strong turbulent mixing of the hot
room gases and relatively uniform fuel distribution allow the analyst to
at least initially ignore spatial variations in the temperature and heat
flux fields. The room can thus be modeled as a point in space, and the
complex set of equations which guvern the fire reduces to a simple heat

balance equating the heat generated to the heat lost to the environment.

- 10 -
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"f-fAit'hough a de;éi.led"formulat(ilbh: of this modél is provided in Chapter

%:the general scheme 1s as, fOllOWS

“;‘ All of the fuelfln the room 1s assumed to- burn at a- rate (in:. kllo‘

grams per‘second) determ1ned by the amount of avallable fresh alr—

or.fuel»surfacevarea. The rate of heat llberatlon w1th1n the com-

'fparthént'1§~airécily prqpo%tibnalstb‘thiS‘méss burningf:a;eg.ﬂ

. Heat 15 lost from the compartment by radxatlon and convectxon to

the room walls, by radlatxon out the room w1ndows and doors, -and bV,‘
the phy51ca1 removal of hot gases by ‘the room ventllatlon.hHThe

heat loss to the walls is. a functlon of the wall temperatuLe which.

~is obtaxned by solvxng the. tran51ent heat conductlon equatlon for

the wall
'ff“The,heétggginéd'by the compé#tﬁen;.air is equated'to~the heat los%,

and the,aif,temperature is -solved for. Time is incrementéd_and

Steps '1-3 are repeated until.most of the fuel (typically 70% of the

is consumed-

)

. original mas

The solution resulting from this procedure can be expressed as a plot of

the average room'temperature as a function of time. The maximum tempera-

ture’ achleved and the time 1t>15 reached are only. functions.of the fuel
loadlng, the fuel ‘type,: the‘fuél'surfa;e ares, and the ventl}atlon;leVel“of,
;theECOmparﬁméﬁf;'the fuél-Ioadihg Beinggthe'umount of fuéllper ghit area of.
;ompartment..
This is the b351c approach -adopted by  a fair number of researchers in-
cluding Odeen:[9), Xawagoe ‘and Sekine [10], Harmathy [11], and Tsuchiya and’
“Sumi [12}, .although each researcher incorporates varying cdegrees of sop-

histication 'into his model. Some time-temperature curves from Reference



- aré shown-in.Figure 2:2, -as well“as:actual data .from the fires simu-

emperature .

for. the most widely récognized. design’.codes’ {13]%

In fact, many nations employ some form of a. standardized time-temperature

icurve to determine. the ‘stress.a material’ should'be 'exposed to:during flam- -

-mabilityftests vThis curve is tonsidered'to ehgracterize,a~standard expo

sure flre and leads to descrlptlons of f re severlty 1n terms of.the equx-f;

'valent duratlon of" the standard flre -For'instance a fire of relatlvely

’

.-low severitj;whichﬁburns'for'threé-hours maysbeudeseribed asfbeing-eQuiva¥‘

.1ow1ng the" standard tlme temperature curve for _one hour

ThlS equxvalence can be related to the concept of a critical amount of ab—;'

sorbed heat 1 adlng to womponent- damage and to the integration»of Equation

(2 1) over tlme.. The time-tempnrature curves for these two fires are shown' -

in Figure 213;

2,2.3' Flre Growth Models

'Durlng the perlod of fire. growth the ~heat fluxes §p . and &) _ are
‘ : > y
highly nonfuniform functions of space. 'é; ¢ is essentially zero except
» N t

for obJects 1n.the immediate v1c1n1ty ‘of the flames, the hect gas -plume

_above the flames or: the ‘hot gas layer near the ceiling. As for o" ,

o,

Fo_g 1s a purely geometrlc faetor and w111 vary strongly with 1ocat10n
The predlct1on of fire. growth w1th t1me is'thus extremely important,
since this goVerns the behavior of o" (r t) and q (?,t)-

A reasonable method for handling growth perlod fires is to use a qua-

sistatic,approach,'an approach based on the static calculations dis-




f, = 0.06 m”

A, /A= 0,06

ky =116 W/m°K

F, =.0.09 /m"

A,/A.=0.07
=058 W/mK -

-
90
L ST R 00027 mt
- - A /A.=0.03
l;: ]'.Alb W/mOK.
; - L — i T
0 .. 30 60 90
- o t (min)

Fig..2.2 ~ Experimental Verification of Model [10]
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uel “element ignition:

ncremented, .and the process repeat-

-ged¢,IFurxhér mOdelS  are aispirequired,to_accbunt for the presence of;

compartment boundarles_ 51nce the above statlc calculatlons are ‘conf.i

growth analy51s but.alsoaptesentsfa simplevmodel.fo%_a fire sp;eéding

.contlnuously over the ‘1oor ‘of a8 room

The essentlal dlfferences in behav10r betweﬁn a fire -in.an enclosufe N

‘and a f1re in the open are caused by the restr1ct10n ot aiv. flow about

the f1re as well as the phys1cal presence of the room boundarles.fvThis

“nOC‘only llmxts the a'ount of fresh a1r whlch ‘can’ ‘each the;

f1re but also 1nh1b1ts the mcvement of ho* gases away - from the flames.
’A-layer-of,these'gaSeg accumu]ates in the cbmpartment and adds its radi-

ative heat fluxes to the heat reflcct1ng from the room boundarles back

to" the burnlng and unburnt port1ons of the fuel bed. Undef thé;influ-

>enc9 of‘thls;feedback theﬁfuélib§d7ieléases volatile gasés’ﬁbré fapid—

}y;‘hence the burnlng zates 1ﬁcfease and - the unburnt fuel- 1gn1tes more.

feadlly : o ' »
Thg'refinéﬁents suggé§£éd'by thntiere'are~simply relations néeded to

- determine the airflow into the compartment, the size and temperature of




room walls and‘ceiling. : Quintiere ddes. not advance- his

HmodglibéjoﬁdftHeJéé.ef sééveifét pﬁé $imé1%w§PF¢ad

“model mehtibﬁbd

Vﬂdleé};podétqbiants‘wherg

be. considered. " -

"characteristic, parameters,

“(e.g. _the Hééfﬁfl x-as. é‘funétioﬁ of.:

"Aﬁ

cpﬁbosit{oﬁiéfﬁth fug};bédl Sincejfﬁé§é;bﬁfhing fa?esﬁa:e difficuiflfs'
.moael'fér all 5u£>ghe»m65£fgimpi;fied-éfffﬁgl.beds, subjectiVe probabil-
ity-distribgtidnsaérejgmbldyedf |

A majpr.Qrégb;ck:of'nge(sLmodey;i§i;hg'ﬁeglet§:Qf bdrniﬁg raté'éﬁ;

‘hancement dug;tovh at fégdbéck_;qkthefburning{fue};bed:(Quintiere pgfgr:

ences experimeh¢a1'i?sultélwhich'showﬂin;reasesfin'the burning rate .of
‘up to 60 per Céﬂtafbfvﬁdod cribs and 300 per.cent for plastic slabs due
to ;hié effect). We also.néte’that their model is not completely proba-

- bilistic, since no uncertainties other than those in the burning rates

are explicitly éddreSSed}'




or: example,. Glassman, -

>C1early, alt~f

51mllar to that-

cc1dent analyses w1th the frequenc1es of vbarri';

er failuré

to be de 1ved from the heat transfer con51deratlons

For 1nstance suppo§e4there are- three fuel packets 1n the compartment{

of interest, wﬁi§h2if burning; can only transmit - heat to each other byf

convection or radlatlon (thlS defines a "

fuel packé;").‘ Assumé in.our




packéf 3 does.

‘nitesior it will

sidétatidns;‘ v;milérly;ufhgLfréquéhéy%fhat;the fire propégéféstrgm

5' SR iﬁ-.paCRétLZ'to.packet 3_g§nﬂbe?fquna,_and‘sb tﬁéiffedﬁéhéjﬁof tqtaiarbom

‘ involvement 'can’ be‘ computéd. -~ An event-tree: for -this'scenario is ‘shown ..

in"Figure 2.4. . & - °

An”imporfaht:adyahppge:bffthis précéduie:is FHacSthe‘eXCéedingly com-

plicated problém of;f%}e,gfé@;ﬁftan bgf}ééolyédaintb”§mali9r and simpler

of :a:fire is-strongly de-.

. .- . calculations. -However, sincethe” growth rate

- pendent on ‘the current size and shape of the fire, as will -be discusséd

"in greater detailﬁin CHaptgf'Q;‘thé barfie: failutlefequéncies are

bfpﬁbtidhs.of the firé;éénfiguration.- If_ihé fobm‘bontéiﬁs four fuel
- packets, the freéde@gy-offﬁfépégafion:from péciétTI:té packet 2 will de-
pend on whetheripacket;},_packep'A,.neither; quboth are already burn-

ing. Thus the numberfbf'bérrléi;failuteffféquénbies?which-must be com-

puted inCreaseé geomeﬁriéailyzﬁgth the nﬁmbervqf,fuéi bgﬁkets;‘ Adding'
to these difficulties;‘the failure:'fréquenciES 'also.dépend on time,
s;ncg tﬁe:temperature-and.é¥§ént of the'5Qp:gas,Jayéf as wéil.as-pﬂe
fuel burning rates incgéé£e=és9£he firé confiﬁue§:t8 burn;
Thﬁs,‘althoﬁgh the'éxpliciﬁ ééparakionbéf the ﬁrobéb{listic framework
from the heat transferfCélcﬁiafibns in Fitzggréla}s'hodéi showS promise,
its advantages,ovér théisyhtﬁésié approach‘séem’smaii.ﬁhen analfzingb

"-complex fire configurations.-
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- GENERAL METHODOLOGY

A complete model of the thermal hazards caused by a compartment -fire in

.a nncleaffpowér'plant:shouldlinébrporate*sections tb'handlereaqh*

fonraphaséén(initiaridn, gro@tﬁ;'fully developed burnlng,

tion);in-agfire's histéry. We note that the’ flrst is 1mportant prlmarl-

ly because it - determlnps the frequency at Wthh components wrll be ex-;

posed to"fires 'of' any magnrtude CIn thlS. report How ver, wef‘ShallfL

neglect both the- perlod of l°nlt10n and that of extinction. The perlodv-"

of 1gn1t10n shall be 1gnored b°cause Lhe results of resParcherS [19,20]'

1nd1cate that the frequency of fires within nuclear power @lants,canlbe

westimatgd,to.a good degree from the available data. 1In the remainder of -
the repért;lt*shall be assumed that-a small.fire already exists:lnfthe

7qom§arfmént{of7intérest;.

'Aé for the.égtincrlénipériod -ite éan be séenlf
that - the heac 1nduced ‘'stresses .on any nomponent durlng lee decay w1lll
be at_most“eqnal to che stresses experienced during growch and fully-de—
ve]opéd burning.~ Furthermore, a flre in a nuclear power plant compart-

. ment” probably w1ll noL be allowed to burn to completlon suppre551on ef-:

forts are eXpected to be f1nrshed before all of the avallable fuel is

consumedn"Sinceftheré are a number of simple models in the literature ) ‘"ﬂ

which will give reasonable order-of-magnitude estimates for stress level

decéy as a function of -time {9,107, we. shall not emphasize analysis of

this phase either.




ary. auxiliary -equations modeling, for' example,

1ﬁmpfi@éi§¥€ aés§r15€ fuIifN

tions. Its governing equations are sufficiently -numerous and-irvolved =

that analytical r'nﬁmfriéal”splgtiohs.argupresentlyfihpés"ib}e.tc,find_-

simplified..configurations.
room walls

description of- the.progress of:- a compartment fire presently. cannot be’

detived_puteiyf'i_:j‘ rst: principles.

CWing:f6=fhéLiéék df'é‘rigbibﬁé overall mbdél°fofvfireg mﬁChﬁinfhe.ﬂ‘

information. incorporated in our fire model is empirical.  This informa-




tion may be in the form of correlations of experimental data, using cor-

relaﬁing variables obtained from dimensional analysis of the governing
equéfions; it'may'be ia the form of unqozréiated data obtained frém
highly specific te#ts,'or it may be in the form of engineering judgment
and experience. Such knowledge can tell us how the burning rate of a
given wood crib in a given experimental enclosure will vary with stick
spacing, or if a given electrical cable on a given tray and exposed to a
given heat flux will ignite, ét least within certain degrees of accura-
cy. However, it is not immediately clear how accurate this information
is if the test conditions are changed slightly, and more importantly how
useful it is in the field where conditions are anything but standard-
ized. An ‘interesting picture of our empi;ical state of knowledge is
given by Emmons [21}, who looks at the flammability ratings of twenty-
four different wall materials. The results of standardized flammability
tests for six European countries are shown in Figure 3.1, and the corre-
lation of the results is rather weak. As an extreme example, one mater-
ial was rated the least flammable by one country's test, and the most
flammable in another's.

The uncertainties in our knowledge of fire which contribute to the
confusion mentioned above can be broadly classified into one of two

types: statistical uncertainties due to the random nature of fire, and

state-of-knowledge uncertainties in our modeling cf fire.
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: 3; 1 . 1' Statlstlcal Uncertamtles

F1re 1S a random phenomenon. The behavior of a flame at a g1ven time is

strongly dependent on the surrounding env;ronment as’ well as itS OWHV"

current confignration. Random fluctuat1ons in the air flow field around

the f1re and 1n the fuel bed beneath 1t act as randomly varylng boundary»
conditions for the flame. Since the burn1ng rate of a fire is partially
'dependent on the heat flux from the flame back to the fuel bed, and this
feedback depcnds on the flame s current shape, these fluctuations can
-lead to diffurent burning and growth patterns for nominally idcntical
rooms. |

The behavior of the heat fluxes and temperatures 1nka cornpartment are
direct functions of the fire's bnhaV1or~ it therefore follows that these
fire-induced stresses are also random variables. This variation caused
by the randomness of fire is termed statistical uncertainty; if we per-
formea:particular experiment a large number of times under "identical
conditions and measure a specific variable, e.g., the temperature at a

particular point in ébace, we will obtain a frequency distribution for

that variable,

3.1.2 State of Knowledge Uncertainties

The statistical uncertainties deserlbed above are inherent in the nature
of fire. Evon’ 1f our knowledge of fire were to increase dramatically,
we would not be able to reduce these uncertainties significantly. Such
an increase in knowledge, however, woule markedly reduce ouf modeling
uncertainties,

These uncertainties arise when we attempt to predict the

freqﬁency distribution for the parameter of interest, applying a '"sim-




- Iﬁé}gfpwth P riod:m¢¢el1i$‘§1$Ythésiégdgm

-in’the"literature: whic

“'ventilation, flame height as a function:of burning rate,.r

”ffluxia§:a}fu c 1qﬂﬁbf;flam¢vheight;_eté ‘ In;g§nerd1,~eécH.inéhééeimg

'dels!QaéVdéYglépédfindépendénflyf“ Our;uhcgrtéiqtfﬂin the'médéliﬁgvb

thé,basic physics

"~ in-how' goo

veloped forj:but-dlso fO’oufvdh¢é%téiht§‘ih‘fhé,syhfhésié'bf these"inde-

.pendent "'modéls. "-One..of our. primary concerns. is -whether -or-not

nqménéﬁhaVe'beén-mbdeiéd):

ThéfggégﬁAmtyp§“>6f h;délinéiﬁgt;ffaiﬁt;"é;isgﬁ;gécaJSe'Qé?usua}-f
canﬁot;implémept:ﬁhe}syn;heSiéed:gﬁowthlpe;i§AQm§délfﬂiréctly}ﬁ?Ahaiyfi;
cal'fofmﬁiéé‘éaﬁ §nly'§é Qgédffor the sihblesﬁ éé;f}gﬁiations;:fd%ahéfe
genefdliéasegkhﬁé mist resort to theicé%?uter.' Thé.translation.ofngﬁf

'model-into.é‘WOfking computer code ;eqﬁires additional modeling of the

}
i
{
4

[



f ﬁéllef;Sepaxa
i,arbi;rarilyugrighyeq;Object,para)le) tq39hg,Qf,;hé,r09m boundaries, and

:ﬁhefmbdéfiqgfbfﬁg:thréé4dimgnéibﬁa1'fhél:éiément:éS"d*ﬁWb‘diménSionalf

" “slab.”  The uncertainties due’ to fuel’ bed discretization are discussed in.

‘gﬁeétéf d?tail_iﬁ'bhapter’a,f'Whilé‘this}additional’mddéling'isxgenérhl-

1y not" required from a theoretical standpoint, it-is useful practically

speaking, it S”()i-‘l,':;-xt_lonv_:iv.i:_‘ to be obtained thhlnreasonabletlme and :‘exl-
binis. 1inits. o
finaiiy,fwé‘néte that we'éaungt spgcify‘tbefdimeﬁsiohs, fhefﬁédyngmié
:;h&fécterisﬁics;;éﬁd”geométry"of a fuel béd,wifﬁin an érbitréryﬂéompért‘
‘ment " to the‘dégrég‘bf détail required by 6ﬁr‘quéls: A-single slab éf
byood-may hayg_Stroﬁg ﬁqn-uniformities»in-dehgity;'water content;:and
iStructure;‘al}"of:théh ?ii} leaéito‘Qa;i;tignslin;thé'bﬁfﬁinéﬂrdfefﬁf_
r?he‘slab; ’Ih tﬂé”applicétion’of’our quel'tolg5fire»in a nuéiear.perr
1plant compartmenﬁ fﬁereforeJ wé‘can only specify representative but not
;exaét fﬁel bed chéréc;eristics. If we'ére describéng a fire in a;class
f:of.rodms (e;é:;“¢éb1é sprea@jné ;ooms),»gh;.fﬁéi Béd‘charéetérigtics
 wi1I be e;en’mbre.uncértéin,»dué to plént-téfﬁlaht.variabilityL;-The
“variations of‘ﬁhé paramatersvSpécified from thqse'which actually de-
‘scribe the room under consideration clearly lead to additional uﬂcer-

tainties in-our modeling.




FR’EQ}JENCYMA’CN-WUDE RE| ATION ‘FOR' :FIRE SEVERITY

LA Statlstncal Approach

In‘pfincxplegra frequencyadlstrlbutlon for. the flre severlty could be

constructed dlrectly from examxnatlon of data from fltes in experlments

and 1n"the_fleld_

[23],-._

,Such an approach 15 used by'Flemlng et'al

Y - . L . 3

utlllze data estlmates from flre in both nuclear and non- nuclear ins-

tallacions.' An importanftfeatpfefof:theif_analysisiis;;heirfuse of .the

”‘Vplhme_ofithe foom directly inVOIVed,in‘the burningfaS'a'measufe of-fire

,;seVefichu Slnce they assume that the. burnlng volume may be roughly

'characterlzed ‘as. a cyllnder whose height is the helght of the compart~

ment, thelr measure*of severlty reduces to the ef fective diameter of

‘;that cylxnder.a A plot . of the data and thexr flttEd regre551on “line is’

j-shoWn in'Figure- 3.2; a ffequency;distribution for -the actual fire sev-

1erityfandhthe sp§p;ession,time can be easily derived.

.dhwhile this measure:for.f;ie:severity_has some advantages, being cer-

_ tainiy related to the maximum severity of the fire, and be;ng easily
kr;measUraoie-after extlngulshment >we recognlze that a component may’ be
;.damaged even if 1t is not dlrectxy 1nv01ved in the flames Although the
"volumegof involvement" can be redefined to include areas damaged but
not necessariiv burnt, a ~more direct approach is to use additiOnal mea;
snfés.of:seVerity more.fdndamental to the physics of the -fire, namely
.cthe:spatially dependencatemeperatu;g-and heat fluX:distributipns. Un-
fortunacely,‘there‘is little'data for the cemnerature and heac flux lev-
eis achieved during compartment'fires, either from experiments or from

‘real fires.




"Cable Spre ding Room

' »»%ime'To'P\;) Ouvi w‘_'Fir; v ohr :
U7 Righ 3.2 Data for Compartmerit Fire Severi.t_ym:.[zgj"'-
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“experimental’ data,’
us.with:prédictions .&f ifire severit

i

':serfjthat.ourwsgate?chknoﬁledge1ﬁnéefpaihties. thé'béhaYior_bfafi:e

- aré. much larger than‘the ‘The result of -this:

istribution: - U

‘the -randomness of fire en-

. any.measure of thermal

hazard-we consider ,fréQﬁeﬁcy*ﬁiétiibpﬁié ¢ Thus, ‘in general

wermust predict ‘not:a:single®value of fire.stréss" (at any particular




ively assess the likelihood “(i.e:

;?ropabiii;y)-tha;:eaqh_estimatof.i"the’true.dis;ributiéhx‘ Inﬁfi89f¢ '

1ty plb the central curve is the act al dxsfr1but10n w1th probab111ty p2

etc.

‘ :ThéQgeﬁeréff"probabi ity?ofzfféQﬁgnéy“:mepﬁodology1[24;251-odﬁlined

-able;ié $imp1ified3if Quf‘éfatéidffkhdﬁlédge is relativeiy Qeak (see

:fighféxl3.§).f in”thi$>éés€,fthe stat15t1ca1 uncertalntles (1nd1cat ed. by
-the Wldth of the‘three frequency d15tr1but10n<).ara overwhelmed. by the
;‘state of kﬁbwledge-ﬁnceffaintié§ (indicated by the distancé be;Wéen the
cgryes){_evgn;i%:the'stafigyifal uncerﬁéinties are not»small'in.ép'abSOf
-Eiﬁte:SéﬁSg. ’WQ“tﬁé?efc%;%;§§}ﬁ;eéiitﬁé f%eqpéncy diét;ibugiqh§ a§vhigh4
‘iy'ﬁégked cuseé lqcafea éiiﬁbﬁe‘rééfegentaCiv; pagééété;3oficént:él
-téndenﬁy (i.e.ﬂ the méén, hédian;‘of moée), and so our p;oblem reduces

to the task of predicting this . parameter, rather than thg;enti:e_ffe-

- quency distribution.

" To make our following discussion of the reference model. approach con-
crete, let us assume that.we wish to predict T _; .the temperature of the
air surrounding the component 6f ‘inferest. From the above discussion,

-.we ‘decide to construct a probability distribution for the median T, of

the frequency‘distribution for Te' The distribution of Té will ‘be com-




Fig. 3.3 - Uncertainty in Frequency
Distribution of X

Fig. 3.4 - Uncertainty in Frequency
Distribution of X (small
statistical uncertainty)
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accuracy ‘of the DRY

222 The ~Det‘t.é‘r_'mihis_t:i.’é :R'éfér:eng:e-.: Mq'del’ '

Thg'dgtefmfnistic,réfergn;e moderfigva mod¢1 whith:eXﬁIiéitl jintorpor

pred1ct10n as” ant expert's oplnlon"iwhéﬂ{wé;iatbr:
'_quantlfy the unccrtalhtles_ln the DRM we aré expréssiﬁg16uffbeliéf iﬁ,
the credxbxllty of the. expert 1ﬁ>a splrlt Slmllaf to. thc approach u;ed
w,by Apostolakls and Mosleh t26] and Apostolakls et al. [27]
 1; shou]d be noted that tbe DRM doe< not ’necessarllyv prov1dé a
-"best-estimatéq dutpqp;:although gffo;£s:are ﬁsuallyfmadéﬁp0f§n§ﬁré th¢£
fit~a$é§j ifiﬁhefe:éréitqﬁéétihg ;6aé1é1$¢aiiablg; simﬁiiﬁit; ané:hsabil-
ftyjérg élso;impor£§ﬂg:f;ct§rs‘in‘the éhoice of the:reference model. A
good example éfvthis last poin;‘is iilusttaﬁed by the.qhoi;é of flame
héight models. '
The model for the flame he‘ght above a horlzontal pool used in thls

work 1is that g1ven by Thomas [7] His semi-empirical corrglatioh is

2. =42 Dg [ 0"/p,VED, ] "¢ P IS

»Howevér, a 'bettef corrélat;on for flame heights is: giveh:by} Steward

[28]3
10810(22f1/pf) =" O.20;1ogldqco + 1.21
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myrlad of varletles,o

results ‘are qulte adequate z

fueled. and. moderatel

inputfpaiéméﬁefs

prQbagatédfthrgqghAEhe DRM E§ ob alﬁ dlstrxbutlons for the output

ttT"'
1elds a. SLngle estimate *Tpoy

LIS we 1nput




Co p;'i;‘i:s'c')‘n{df: Thomas ' "and Stéwar-d._-'.s:"vFlvaméHeifght P

Corréelations.




. teéchnique), |

here{t e 1nput vectors are propagaLed through’the actual re—'

ference model

htlon costs ca‘ﬁbe prohlbltlve

A 51m11ar but sllght

. more. reflned approach utlllzes response sur- -

f_aces [30 31].*’

The maln dlfference between “hls method and the Monte

.Carlo approach-ls thac in the former the referenee model 1s replaced by

f,a response surfage an approx1mat1ng functlon for the model Slnce thle

»;ebbhse,;urfaée‘ vtyplcally a sum of polynomlals of . each of the 1nput




" REFERENCE . -
MODEL "

Fig. 3.6

- Schematic for P_.I.'voip

‘the-Reference Model’

é_gayi.('?‘lx qf': Uncertainties




" number néeded for a‘Monte Carlo simulation of comparable accurdcy.

' 3.:2.2’.4 . lncorporatmg Uncertalntles in the DRM

fThe'two remalnxng tYPes of modellng uncertalnty to be Handled are” the: o

uncertalntv in the ba51c ph)Slcal modellng and the’ uncertalnty in- the

"numericéli mplementatlon of the physxcal modellng Although they comel"

'from somewhat dlfferent sources, we' con51der both collectlvely

We recall that we W1Sh to construct our probablllty dlstrlbutlon fox

the medlan external temperature T ,. and that so ‘far we'possesska?pfoba4

b111tv dlstr1but10n for T Rﬁ'which incorporétes OUr'unceftaintiesﬁiﬁvthe

problem’parameters. We now define an error functidn E, such that

Te = Er Tpry. B R € P S
ET-may be'thought'of as a factor which measures our confidence_in the
prediction of the DRM.

Since even if we were absolutely certain of the actual values of the

problem parameters, we would:not know the exact factor by which the
DRM's prediction varies from the actual value of Te , we must.construct

T which incorporates our state of knowledge uncer-

a distribution for E
tainties. A distribution weighted to the right of the point E . equals

unity indicates that we believe that our DRM tends to underpredict the




" 'the absence.of strong data

‘éhéosé‘ the. upper éhd Jower Séunds: for the thistég;am."

© . These ‘are the absolute..values “above. and below.which the.
_assessor-does not-realistically expect to see-any occur-

réhgeﬁngVeﬁ hi§_présentistatéfof'kﬁdwledgeL “Any such

‘occurrence - would- be classified as. an extremely rare

:f 2i¥'§b§ghly5§néptify fheﬂdegrge;foxﬁh;chxihe model 6?ér§}eat,:

T-icts: the actual stress. . This percentage will show what

tion of. the histogram ‘ared.is - to the left .of the

p01ntET= 1.0.
3. ‘Fbughly §uahtify tﬁé accuracy pf‘the‘reference quel; dg—
/cidéﬂﬁqw;offen'the,tea1j§glhégQ§iljbg witﬁin'a §§r;é;ny
féétdrfog‘tha éreéictgd.valug. ‘fhis wiil‘indicété £he
péakedﬁess Qf:the_diSCributioh about the point ET = 1.6.
4. égiectAhistogram divisions.-- These diQisions shoula be-
”:ée}ééfed‘ip such a way thét:they‘afé"meaningfui to-tﬁe_
‘assessor... Thus -the probabiiify- tha£ the error factor
wi}l’be bé;ween.1/3 and 2/3ﬁis easier to understand apd
.j;dée than ghe'probagiiity that it is between 0.42 and .
:0.71) for example. The number fof} histogram divisions
should be low enough that the assiénment of probabilipie;

to ‘each histogram block in step 5 need not be extremely

precise.




subject

e sséssed'probabilltiés{shduld_’

';va1ges generallygdp

uncértainties! [ Finally,. the. sun

should éleé{iy éqﬁél unify.

Check‘thé‘résulfiﬁgfhi§;dgram‘andpédeStﬁiffnéééésa;yffpr

c6hsispehcy}1 Thé_?nélyst should;énsu’e&thaﬁfﬁhé histo-

. gram-not’ only complies with.the -above -Testrictions. but

- also thét.hé.égrées:with'thé,statémehts:ﬁééé'by the  his-

togram.- A good test of the histég}amffs:tb?CaIcﬁiate_its‘

various percentiles. and verify if these values do agree

with the assessor's beliefs. - - U

7.. The analyst:may néé;bne of a number of tééhnidues to fit

a continuous distribution to the histogram. In this

‘case, he should check and see if the percentiles of the

;fitted;disﬁ£%§ution é6nfo:m:with Hi#;?éliefs.}

':in é;seésing’£he hiétogféﬁ-bl&q# probabilitiés,lé ;é£ie£§ of different

-~ forms of- evidence may'bg'uséa. Thus, we méy cénsider not only data from
gxpéfiﬁents and rea1 firés_but a1so predictions of théir_referencg mo-

“dels -predictions. by experts in the field, qualitative information from

~ the literature and critical assessments. of -the- . limitations and.assump-
tions in the DRM used. Even.if data is available, ip'should be men-
tioned that a subjective weighting:of_the applicability of the data to

“the fire situation coﬁsidered must often be made.
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compartment flre is derlved in Sect1on 4 1 from the phy51cal'con51dera?

In Sectlon 4 4 we brlefly

out:lne some DR1 51mu1at10ns of actual experlments and 1n Chapter 3, we

thAs Qas seen- earller in Chapter 2, the£é currentiy 1$.no overall mode 1
k capable of deallng w1thvthe dynamlc process of flre growth ~ While pro-:
%gress has been made towards detalled modellng of a grow1ng compartment'
‘flre starglng from flrst prlﬁClples [32], the practlcaJ appllcatlon ofA

’ such a model to real flre 51tuat10ns ~may not be p0551b1e for some time.




 round1ngs by radlatlon and to ‘the, accumulat1ng layer of ‘hot gases:n

the’ ceiling,by,convection{

;Upon,determiﬁihgfthe avérage.témpera:ure and”
- thickness of the ‘ceiling gas layér, the heat fluxes to any non-burning
fuel eleméntvin the robmgare éaqulated;Qand>the'a]ement is‘considered

:1gn1ted 1f varlous 1gn1t10n crlterla are met. The size and.intensity of

’ the fire are thereby updated and the pro»ess conclnues marthing fdrward
in time; A flow dlagram for the b351c computatlonal ‘scheme. 1s shown in
Flgure 431,

~Ini;he,fpllcwiﬁg referéngétmodéiﬁiit;w1113be“assumed that the primary

-mode;of_heatatrgnsfer &rpm the flaﬁe'to,qn-bbject,will be,th#rmél-radia-

tion. Radiation is important during ;he_grdw;h period for_é number of.
reasohé,_theymoét important -being that the hot gases from the fire are
initially restricted to the buoyant plume immediately above the fire and

‘a thin’layer”next t0'the céi1ing,.1eaving most of the .room eésentially

at ambient temperature where convective 'heat transfer is small. These
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-4, 14._‘1 Heat Release Rate

‘J}The heaL rel

”whether}ihside'orﬂoutside?anlenélosu}e,

tlon of the flre s behaV1or

nThe'totai rate_of heat released is-giyen by

the burn1ng rate,

o, depends.on¥tﬁe available ventilatién;‘snrfafe:afea

and the nature of . the fuel - A fire is termeda”ventilationﬁ

.of the tfuel

cqntrelled" if*the rate~of;burning‘is 11m1ted by the amount of oxygen.

avallable one CUblC meter of”’ alr belng capable of combust1ng approx1t?" "

mately 113 Btu of organlc fuel [33]1 If the fire is nqt<ventilation




* . *n

qfl r e qext qloés‘

45
v‘qlo s)/H ampsl,
:Qleérly, afl r ahd'51055 qaﬁ vafy f£6m fire:fotfire. fWe iﬁti6duté a

,c0nstant m0 to model this heat balance, but 1‘ experxmental evxdence is

‘a varlety of materlals, Flgure 4.2, provxdes emp1r1c31 ver1f1cat10n of

'Equatlon (4 33, Flgure 423 dlsplays the behavxor of mO for llqu1d pool

;flres, and Flgures 4.4 and A 5 respectlvely provxde correlat;ons for mO

:for flres over ‘wood* crxbs (assembl1es of wood stlcks or beams stacked 1n

-'evenly spaced 1ayers of alternatlng directlons) and llquld pools.




* Small-scale’ ex

-~ Gasoline
“..~.Butane .

“ ,C5ble Ihsula

‘Reference -

—Hgtﬁanol,; 
Fir =~ -

PMMA

P?rimeﬂts.at-highjpreésure

- 45 -
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Fig. 4.4 - Burning Rate Correlation for Wood Cribs [37)
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"ipartment‘fire_may play-a. significant part in_thé‘gfbd h rate

. In order to characterize this layer, we need |to - know ‘both

ts‘averageutemperature._-Although some work~has'been,done on the

“gas layer created by a small frre under a hlgh celllng [39], we adopt a -

slmpler}model employed by Pape et al [16], whlch allows for more gener-

al;situations.

In thlS approach we perform a gross heat balance on the gas layer in

-a- manner very sxmllar “to that used for the ent1re room:in tne fully de-

veloped burnlng perlod ana1y51s descrlbed dn Chapter 6.

The gas layer galns SQNSIble heat by the transport of ' hot gases from

tthe varlous f1re plumes in the. room; it loses heat by the-flow of hot

gases‘out of theioompartment (either by the forced,ventilation.system or

by. flow through any doors or w1ndows) and by convection to the celllng

‘Although radlatlon exchange wlth :the - remalnder of the. compartment also

.occurs, the net;effect of this meéchanism on the heat content of'the 'gas

layer is fairly small-during much of the growth_period,fahd shall be ne-
gleotéd.b | '

houating the heat losses to the'heat-gains'in,a manner consistent
withiour-Quasi~static,approach to,the:growth problem, we obtaih (assum-

ing.a single fire for simplicity)

(1-y) Q




 In the fully-developed birnin

(.wout ;s‘Qéry 51mple. NWhenith_ hot;gQSeéigathe:
“fFlgﬁre 4 6 thé computat10ﬂ$‘are.serwhat more dlf
"Assuming: that the. stratlflcatlon befween thé:hot pper layer and the'
'cold 1ower layer 1s strong, the rate’of gas floonut of the compartment

openipg‘is givgn”by.[1§]

.67 Cy Ay pA./? B(TA/TG)(l TA/TG)P(i:; zé/g)’”

C'Ut
Ve L e

and the rate f;eSh aiffflqwsfiﬁi _théiéompaftmentiié, neglecting fric-

.tion losses within the room,

7
6 CO Ay

x (Z_/B+USZA/BIT 4 Mg, 6.7y

‘/2gB(}3:’TA/TC) (2 /B - 24/B)

If the fuel -mass burn1ng rate is much smaller than elther of these mass-
flow rates, as is usually the case a‘maSS balanée on the entire com-

parthent yields

(T /T (B =2 "= (2 -2 (2, + 5297 . - (4.8)

To find another- relation between T., Z , and.Zy, we note that the fire’

punips hot gases into pheguppér layer at a rate given by

(;1w (B d—‘O + 1_]5/3 + ;n (1 - W)

D;/2

wpl
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2 = height of flame base above floor . (m)

"B~ 1.0

7 -rQ:~‘Q;S};;€ 

The vélués?df:ﬁfﬁhd.wiére soméwha§¢de§Eﬁdeﬂt5on the particular fﬁéLL 
burnt.

Performing a masévbalance.on the hot gas’ layer,

W, = W

pl out
and so .
.. Zd—Z : . .
‘mw[B— 2 +1]¥ + m(l-w) =
"D /2 : o
. . — 3 " ‘
,.67q0AopA JQgB(TA/TG)(; TA/TG?(I Zn/g) + va (4.10)

Equations (4.5), (4.8), and (4.10) forqu coupled system of non-linear
algebraic equhtions vhich can be solved 1teratively for Tb, Z , and Zd’
Aners b n

using a variety of approaches (e.g. a Newton-Raphson iteration scheme).

4.1.3 Heat Transfer to Fuel Elements
For the medium to large fires of interest to safety engineers, radiation
and convection are the dominant mechanisms for transferring the heat re-

leased by combustion from the flame to the surroundings.

4.1.3.1 - Radiative Heat Transfer from »vFvlar'ne

It has been shown experimentally that the ﬁotal amount of heat radiated
away by a fire of moderate to large size (greater than 20 cm in diame-
ter) is a constant fraction of the total heat released by the fire
40,41,42], although there is some disagreement as to the actual value

of this fraction. There is presently no model derived from theory which
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accounts:

ﬁfﬁéé;éﬁr?blécﬁlbodilrédiativg outputiof -

" élemenit is proportional- to’ the- local T* (product.

lame . temperature in;pra¢tic¢-fis.usqally--aépom‘?-'

measiring-‘the;  radiative oﬁtpu;

f1’

Lééltplatihg‘f§rfT "iTﬁefefore,,;here-éeehs~t6fbg*liﬁf1e'§racfiéélﬁad?

 ”;3h£égé,fof:fhi§ iaftef‘ébproachﬁover the"ohefadbpgéd?

Oﬁéé,fhefahpﬁht df”hgat“radiated AQay f&omééifiéme i§fkhowﬁ, the am-
“ount received by any object in.the flame's vicinity ‘can 'be calculated:

-using,fhéistahdard'méthpds pf radiation heqt Qranéfer:analysis, 05}“8 

}7[EQﬁaﬁiéﬁjw(2135, .andurassﬁmiﬂg'iallﬁ incoming frédiéﬁipn' is ~cbsorbed -

(¢ ='1.0), we have
(i"k - F B Q/A . B v . (4.13) .

o,r o-f1 r fl

4.1.3.2 _Rédiatiyé;Héat'Tranéfer from -Hot vGa'SjLaye;r e ;

To ¢alculate thé radiative transfer from the hot gas -layer to an object
outside the layer, we assume that the layer acts as a uniform source at-
the ceiling height. In ‘a manner analogous to our computation for radia-

tive heat transfer from a flame, we then have

®n — F

-.90,ceil "o-ceil 9ceil - ' _ (4.14)
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In other words, the objeet.isvsubjectéd to éh'avérage heatfflﬁx level

w1th1n the flame, where attenuatlon is: 1gnored

4‘1 340 Convectlve Heat T’

“‘The ebhvectlve heat transfer to an. obJect is governed by Equatlon (2 1)
%, P ETe T, L Gan

For the fire scenario postulaﬁed, where the hot gaées released by the

fire 'stratify near the'ceiling, we generally neglect convective heat




feflgé;ionstcahégheﬁ_béffqhﬁd‘ﬁsing

gular.Shffacenﬁo~a'differen?iélféurfacg;v

.the ' emi siona§f heat'§pom t walls, the wéilhtémpérapure§iéte

lﬁgehefaiiy~{qwleﬁo§gh.fﬁa;'thig;éfféct:ban be ‘neglected; ééileaéf‘uﬂtil~"

iré,becomeslqﬁitéflargéli“




history df'tﬁe,heapéinput intd thelfﬁel; nd rate of heat 1osses to the

" fuel and enyirénméht. We shall”dlscuss the uncertalntles resultlng from

this simplistiC'modellinta'latef pdrtidf of.tﬁisfghapter;

Eor_addi;;gﬁql.§imp1ificéﬁ;oﬁ}gwéffur;hét“mqgei éllgfﬁel]eleménts'éé

"Semi-infinite slaBS)jand neglect heat losses to the env1ronment via ra-

dlatlon and convectlon., The solutlon of the heat conductlon equatlon,
assuming a constant. input heét‘flux q; a;=thé slqb’sﬁrface, ther’yields

an ighition: time: *.given*by.

= (1/4a) [k('?-'-r’ T )/'"1’ N (4:19)
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:lihited‘numher 6f~them§ The.parameters con51dered ‘are those whlch go-

. Ci"those whxch guvern the heat release per unit fuel VOlatlllzed i.e.

,“Hf,'and Z and the plloted and spontaneous lgnltlon tempera ures, T
e : , ' p
) ahd T?.respectlvely,,whxch govern the spread rate of the flre l The re-

ma1n1ng pa;ameters are assumed elther to be we.‘-known or have a lesser

'1mpact on the calculatlon' Ythe trea*ment can be- generallzed to 1nc1ude

these,addicioﬁél factors with’litple difficulty.

4.2.1 Burnfng'Rate Parameters

The .parameters Cy, m", . and Cs are 1mpOICant because they determlne the
rate at whi¢h flammeble vapors are’ made avallahle for combustlon Oof

the three, CS has perhaps the 1east uncertainty, be1ng essentlally the
inverse of the fuel's heat of vaporlzaC1on Figure74.2~shows that C _,

the slope of the burhing rate lines, varies little for a number of

different plastics.




s

The remaining two factors exhibit a greater degree. of variability be-

_cause’ we. are modeling; the complex burning process with constants..

lziéﬁéfi'ﬁz(é?z):vwe’Pfoposéfd;di¥¢¢t proportionality“between

- rate and:th "invuives

" compartment ventilaﬁiohrrate,'althdugh'the former

ﬂdetailed{phenehené'atrthe;fuel_bed surface and the latte} is-a result of

grosser fiuid movements at- the compartment ‘level. "In Figure'b;fx;we

pfesent'a frequenbj diagram for CV obtained from Gross and Robertson's

experi@entsiwi;h sca}ed_down:wqu4fueled'enclosﬁge fires [43]. ~To 'allow -

for fires which burniother fuels, we can argue that_gince-the combustion-

of enough fuel to release 113 Btu. requires approximately.llcﬁbie fooﬁ of

éir, regarﬂless bfithe actual amount of fuel vaporized, thatjthe'bufnjgg‘

vrate should be inversely proportiocnal to the fuel heating value, i.e. .

m = Cy Wi, | Hf,wood/Hf,other}, . . (4.20)

As for m"

‘O.‘we'have already discussed reasons for its variability from

fire to fire, and cerrelations haye'been presented in Figures 4 4 and
4.5@ The'largest ehqertaint.es in ﬁa arise.Qhen Qe COnsider:cable;insu-
}etion fires, there being little experimental data for this quantity.
in facg; for fire-resistant insulation, it may be argued that h% may be
negative, since in some cases it-has been observed that an external heat
flux mustbbe applied before the cable will burn, and that if the exter-

nal heat source is removed, these insulation fires will self-extinguish.

In.fi

‘the burning’ ..
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fﬂfﬁelsuinléhg.fpé

611 specified, ’ s.will beinegligible

423 Ignition Temperatures
Thé,ignitionﬁtéméeratgrg

éfature=pf'phéTfuél sdgh.that

we postpone a.detailed: . .
.disc':ussibh' hr;ftil th’e;“ne: s ci 1on, :'weva.lr}‘o'te that the :valﬁ'l_és ’_-'Qljlot.ed in the o

7 ‘literature.for bothipiloted.and. spontaneousigr

‘$jgnifican;;yariétibﬁsg(SéegTéﬁleiﬁlﬁ)2 .Further -incertainties result if,

“the fuel bed is not well-specified (e.g. ‘an uncértain mixture of cable -
finsulatidns)f fWe-chque'thy to.incorporate ‘this:latter source of usé-

ertainty -at the parameter.level, leaving.the uncertainty in the ignition.
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: temperature for each partlcular material to be treated with the remain-

ing. mode11ng uncerta1nt1es. : SR -

4 3 MODELING UNCERTAINTIES

-We distxnguish two bas1c classes of modeling uncertalntzes- uncertain-

‘ties in our bas1c phy51c31 modeling, and uncertalntles in the numerical

1mp1ementat1on of our tefetence model

4'3 ‘1 Uncertalnties in Basac Modelmg

_Our uncertaxnt1es in the determ1n1st1c model for fire growth result pri-

mar1ly from uncertaxnt1es in the various component models used to con-
struct’ the DRM (see Section 4.1), although there is some uncertainty in
the synthesls of the conponent models. As dxscussed in Chapter 3, we
treat all mode11ng uncertainties with a sxngle error factor E; in actual
simulations‘ however, we could easily define error factors for each com-
ponent model and propagate these uncertaxnt;es through the DRM in a man-

ner 1dent1cal to that used to propagate patameter ‘uncertainties.

4.3.1.1 Heat Release Rate’Mode'lihg Uncertainties

The burning rate equations (4.2) and (4.3) are tie most important sourc;

es of uncertainty in our heat generation model. Equation (4.3) is of

speciai1ipterest, since it introduces non-linearities into the aealysis.
Although the forms of both equations are'appropriate in a variety of

situations (see Appendix E for two tests of Equation (4.3)), we are not

certain that they are accurate for the wide spectrum of fires which may

be observed in nuclear power plant compartments.
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developed for the combustlon of

An iﬁiensitfrand?eiteﬁfﬁfﬁe]}

If the fuel bed 1s of low flammablllty, as 1s typlcally the: case when

cable 1nsu1at10n is. the main’ substrate, our modellng of the burnlng pro-

‘cess/ must be examlned more carefully

“As’ an example, we - con51der ar cable 1nsulated hlth polyv1nylchlor1de

'(pvc)_i The ”decomposltion ’df“ ?YQ is. aiihighly endothermlc reactlon

hw‘Further’ HCl forms nearlv 60w of'the;prodﬁcts of'decomposition HCl be-'M

ing afﬁon-éo¢bustible gas’ The result is® that PVC is extremely dlffl'

cult toAburnj as 'soc. as the external source of beat used -to pllot ‘the

flaﬁé»igsfemoved the fl*e tends to self extlngUJSh On the other'hand,

for strengthtrand' rigidity 'tonsideratibnsl PVC is usually impregnated

with varidusﬁother'polymersibeforefit isiused as insulation. These

.plast1c1zers often 1ncrease the flammabllxty of the insulating materlal

ln order to acdurately model the burning of. the cable, we must determine

the heat required to decompose the PVC4p1asticizer mixture, the composi-

.tioﬁ}ofithe”resulting vapors (aAqomposition which usually changes as a

function of}tehpefaﬁure»and heating ‘rates), and the heat released by the

burning of the combustible. fraction of 'these vapors. Such a-detailed
model "involving the fuel cheﬁistry is ‘well beyond the  scope of. this
work,” but we -must recognize the uncertainty resulting from 6ur,simplls-

tic modeling of the problem. ;.. o :




ten alters the*behaviorvof :he,fire,ibe;aUSe this movement carries. heat-

_awéy_ff@m]the=fipéf,ySiﬁce,heétAldsse:;dedtéase]the rate. of burning, -

this neglect clearly: is~ onse vatlve

4.3.1.2 Ceﬂlng Gas Layer Modehng Uncertmntms

-Our uncertainty;in thé*mbdel for ;he celllﬁg gas layer is a direct .re-.’

sult of the crudeness of the analy51s used Noré speCifically; we Havg
assumed that the - 1ayer w111 ‘be: strongly separated from- the bolder air

below. While such aifIOW,configuration is|then observed, espec1a11y

for smaller fires"alterna*lve flow patterns are alSO pOSSlble as de-

monstrated by the detalled numerlcal calculat1ons presented in Reference
(32). Another’qf;oﬁf asdélipgféssumptions 1eading to ugcértaintiés~is
our assumption sf‘a’ﬁaiform gas temperature thfoughout the 1aysr; “In
his work on Céili“é gas temperature profiles, Alpert - {39) reports not
only variations as a function of radial distancé»from yhe’plumé axis- but
also with distance from the ceilng. In fact;3the correlation given in
Appendix C is astualiy QGfiVEd-for thgfmax%mum gas temperature-iﬁ»the
layer at .a particular radius. .Alpert asntioﬁs shaslthe axial tempe;a-
ture profile falls fromvthiS'maximum (uSuélly a few inches away from the
céiling)-to ésseniially roqm temperature within a distance of 5.5 to
12.5% of the ceiling.héight. While strong mixing and plume interactions

may tend to reduce these variationms, nevertheless, our counstant tempera-
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T materlals wlth low thermal dxffusxvxtles %uch aqm"’

‘certalnty 1n our._‘

ss ot thermal d“comp051tlon (whxchh

The proce

well below the le‘

'fally beglns at temperrtures

a;thermal decomp051t' n curve for polystyr-'

T.f;bustlon“,

tures around 250 C and

tacual‘y producxng combustlble vapors at’ tcmpera

hese gases only IQQULIES oxygen an ,a'sultable

.above. Combustlonfof t
'leely at blgher surface

Thus hlle 1gn1t10n ‘is far more

_neat source.’
lower'levels We cunfspo that

not be ruled out - at

’jtemperatures,‘it,tan

the fuel.surfaée reaches a"cér?éin:%

- the crucial issueiisfﬁqt=whether







[P

3t £ Aba v e o A s 7 i

Withitﬁe?fuelféurféee'andapilors~the,ﬁlame;'indieétes thafftﬁe ignitioﬁ

_temperature is-a function of”the:énvironment

Uncertamtles m Numemcal lmplementahon of DRM

In Sectlon 4.1, a determlnlstlc reference model for estlmatlng the pro—w“

gress of as compartment fire was outllned For reallst1c problem co—

nf1guratlons, the caIculatlonal scheme needed to 1mplement the DRM re-

.quires a - large number fof.:eomputétions; : In order to arriveo at a
reasonable .computer code which reguires. limited storage area arnd execu-

tion times, further simplifications and approximations (over those al-

ready made in -the formulation .of the reference model) are required,

sometimes aﬁ‘thé expcnse{of thelphysics of t':rpreblem. In the_fol\ow-'

_ing.sub-sections, we discuss, the uncertainties arising fromfthree.pf‘the

more important approximations.

4.3.2.17 %ue‘lﬁ Bed "Discr'eti'zation

The Aivision of a continbus‘fuel_beg“into:aeSet:of adjacent ber:diScrete
fuel elements directly affeete our;mode}ing pf fire groeth,tsrnce it af-
fects‘the calculations for the .mass burnihg rate and those-fer';he heat

radi-ted to other objects.




~a-relatively, symmetrical,

“also affected by

since_ in.general,:

the ileft*hand side fep;esénts the ‘actual radiative heat flux to

ect’ whilé'the.rigﬁt- aﬁd3side~réprésenps the radiative heat}flug

ed'afiér-the f1ame:Ha§'béen_subdiyided.f»If'i$ n6t clear how this

_' 4v . 32 2' Raidia"cbivve: H eat f Flu x;' )\f’éen gati_pn ,-

A§kié discus§ed'in‘RéférencgZ(S),fphe'heat fluxes passing throﬁgh a lay-

1e'erf.'Ahot'gd;ﬁ; or'Smoke'étpeﬁﬁaté%eSsentially exponentially with dis-

1

ect’theiédmbuﬁéd'ﬁeat.flpx‘.n;génerél sithafidhs}'




the heat fluxes from a'f_'flame.’t'oi’ a .
‘Ignition of Fuel:

The-~é’xact ‘ sélut'ibn'bff-t,he ‘heat -66ndu_<:’t’ioh équ_étio'n" in; a’ s"’eﬁxi-finfinite
-homogeneous medlum w:th .a t1me varyxng heat flux at the surface ylelds
the followuxg 4‘1mp11clt relatlon for. the .1gn1tlon time t¥ as‘a functlon
'This equation reduces to-Equation; (4.19) only if the input heat flux is
constant. -In ‘our model, we’ ghjif»ine' an .average square of the input heat
" flux:as :

(ap*




REFERE'NCE MODEL VER!FICATION

.Slnce our dlscu551on in’ the prev1ous-sect10ns 1nd1cates a large nimber

TS

of un ertalntles in our’ growt _peribdﬁfeferencefmbdel e WlSh to- test

'the model to demonstrate tha oes reasonably predlct the behavxor of .

"fireL ‘Iﬁ'thisxséttién . we use ‘the DRM constructed to 51mulate a. number

‘of experlments décumented 1n‘the llteratureb
'4.‘4 1 Wood Crtb Flre
{Thé fxrst calculatxon 1; a'51mu1§t10n of one of.a serles of wood C?lh
flre experlment% conducted by'Delxchat51os [37] ~The specifica;ioné of
the partiéular cr1b studled are’glven in Table 4 . 5 and é Qiéw of ;he
_cribkis,provided in Figufe‘b.lli o |

<fW6 Alternative:models aré;d§051§bedﬁt° hahéle the complex fuel bed

geometry. " In each.case), weAcpmputefthe;mass burning rate as. .a function
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Variatiofis of ExXperifm
tion Times [33].

Wood Crib-Used in [37]




verage “flame ‘spread velo

us of the square-cri

hosen to mé@clfthe,cfib i
fbié#k‘of wooﬁ,.divided”into'25 funl:cé11si”:§e€EUSé our “model”
“tﬁigé:éiméhgionﬁiiwo¢655tiéﬁsidffthe:cfib,asipwégdiﬁéhs néizﬁhéi gléb?,

-)the'fgél?éiabséu:féﬁé’aféa7iﬂ the model is’eﬁhanqéq_ﬁyfgf'pcyqsi@yiféé-

Afhei‘éﬁffacé'

Pq,vfjAfuei.baSE’

’%be‘éxamgié,f;efgf}iﬂg”;o.figu;g 4;l13 the area 6f'§heifqe1i5a$e_i§ ap-’
-3§r6£ihé£éi§ i’l"sinééfthe aétﬁdl‘shrface area bfﬁfuglravailabiéffdf
}bﬁ;ﬁiﬁg.isyéboht 3Nb#; where N is the total number ‘of sticks; and where

'*ﬂﬁézhéve discounted the bottom face and ends of each stick from the total

'aréa;,fhelpdrosity factor.iS'3Nbl/i2, or about 13:A’fo;.;he-éfib.éqnsidéj

”Thé‘sec§ndi¢6nfigurétidn_modgls"each individual'gpib,;tigki$§ avsepé;
rate two-éimensionél.sléﬁ of length £ and width bp_'iﬁé pofdsitﬁ'factor
'fb fgrféagh §1a5 is;taken §o be 3.0 (w~ once more distbunt‘therbotgom
‘fg;é‘ofAeéchkstiggj..

~‘béiicﬁa£;io;”dbésiﬂbf give any specific i:fo#ﬁéfibn‘coﬁcgrning the
iencloéure surrounaing his_g*periments, and we assumegxhat the enclosure
‘éf%ects are small.
 ;  »%he?fesu1tS of theugimulgt;ons are shown in Figuféfh:12. . For each
configuraticn, two trial§ are made. The first inclvdes a non-zero feed- -

back coefficient CS for the specific burning rate, while the second does




Siad No
(44} ]
Cnd Yes 0.2

Criv

|l e®»DoO

Eapetimental 0.8

®Yop tLoyer Oniy

- Reference Model Predictions for Burning Rate of Wood

Fig. 4.12
Cribs Versus Experimental Data [37]
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evel .in"the ‘room is assumed

it is exposed td'thefé5595£iallyﬁpnlimited”quanpities'bfifresh air, whi-

le“thénreméining iayers.are COnsidéred~to havé-limitedaaccess to air,

':and so their burnlng ratessmay not be: enhanced

Although the agreement between experlment and 51mulat10n is encourag-

‘ing, we must rémember_thatjtheimodcls we have uscd in our synthesis have

Jgénerally.beéhfaevelcﬁéd‘fcf wood-fueled fires. In particular, the va-

lue -of 0.0062ckg/m2$:Selected'fof ﬁBIiS‘é'valpé‘QeriVed from wood crib

,,data;as:a‘best-estimaﬁé,fcr'surface cop;rolled fires [1il]. Thus, thg

“accuracy of the steady-state burning rate prediction of our simple slab

mpdel without feedback is not téb surpfising; we have preserved toth the

“burning rate per unit area (58)~hnd the actual surface area of the crib

“(via the pqrosity“factor f.‘

A less expected result is the accuracy of our s1mu1at10n s handling

of ‘the transient burnlng perlod of the cr1b The predlcted burning rate
as a function of tiMe'and the.average velocity of the flame front over
the top of the crib agree well with the experimental values, giving us

confidence ‘in our simple heat transfer .and fuel ignition models.




i
f
&
s
2

& BRI e i vty

.Iburningvrate,'and that the model used deals:»

Vertlcal PMMA_ Slab Flre

The 51mu1atlon descrlbed above prov1des : test for our reference model

.To. check the valldlty‘i

“of the'ﬁodel’wheﬁ tbe*fuel.is a;idng;‘vertlealwstrlp; hejrefer to'the

.fexperiﬁenf'ofJOrlef%fet/éi:([51],Mwhere a. 1 57 x 0. 41 x 0. 10 o slab of:

PMMA was burned We note that sour dlacu551on of ‘a- vertlcal PWNA f1re in

prpendlx E s for ver1f1catlon of the llnear feedback model used for ‘the .

vlth the fuel as a continu-.

i ous entity; In‘thie‘segtion,‘we dlscretlze~the fuel bed 1nto flfteen

separate "but. contigous fuel tells, in~order'tobapply our reference mo-

' del. C e - ~;.i .

Comparison.of our predictions-with the'experimen;al yalues for the
flame propagation velocity ‘up. .the slab and-the steady-state burning
rates (see-Figuré,h,l3)g$ho§$'that as ;h the previous simulation, our

reference model seems to'beiquite adequate.

© 4.4.3  Vertical Cable Tray Fires

In bbth the.Qood crib and PMMA Slab'burbing experiments, we are dealing
with.quite flammable fuels. Since we also wish to apbly our model to
cable tray fires, where :be fuel 1is generally much more difficult to
burn, we would like to Cheék the accuracy of our' reference model under
these different conditions.

In these calculations;, we refer to  Przybyla and ‘Christian's test
burnings of 40% filled eable trays, detailed in tSZ]. The cables burnt

were 0.515 inches in diameter, had a G.050 inch thick PVC cable jacket,

a 0.006 inch nylon conductor jacket, and a 0.22 inch thick PVC insula-
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160

i 'Fig. 4.13 - Reference -:M'o'déi Predictions of- Burﬁing Rate omedA
. . ‘ Vertical Slab Versus Experimental Data:’ {51)"




1ng character1st1cs of the maln fuel These effectsia'

In part1cu1ar,'the value for m0 is nop»known. ThlS quantlty may 3e:
p051t1ve or negatlve, deeﬂdlng on the flammablllty of'the plast1c12ers_
added to the BVC. 'Since we are only interested in a "rea's"ona‘blé_, ié,ﬁe'r"—

‘ence model 51mu1at10n of the cable tray experlment weiasSume‘thét.the-

k3

*thtéshbld=takéS'on'a“few diffeﬁent yalue§,,and thén'éphpéfé‘v

iné‘préAiétibhg with the expérimentél dafa;

| wé plot tﬂe measured heat flux profile along the tray dﬁe %§'the Bur-

-ner- oﬁly (no cables are burnlng) in. Figure 4.15, to dete:miﬁégﬁhé aécu-

raéy.of ou1 p.zdlctlon of the external heat.‘lux 1mp1;g1ng’on,the ca-

hles,\ahd also compare the p:é&ictéd averaga flame front froéaggtion

velqcity up.the tray with ithe actﬁallrange of values in TéSléré.i.‘
Qe~n9te that in our model, the entire portion of cable tfqy abcyg the

pilot flame eventually becomes invoived in the fire. Or +he other hand,




on of heat released-as




b (stlck thlckness)-
l (st1ck 1ength)

N.(no. © f,layérs)
“h. (helght of' cnb)
s (spaflng between stlcks)

(mass of crlb)

=79 -

236 m o
4 (top 6 1ayers)

T2 (bottom 2 1ayers)
8.
'30 cm
5 1 &m (top 6 layers)
6:35-kg*
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cluding. fuel. ‘mass bhrhing-fafes, heat.fiuXes; and f1re plume tempera-

tatcsfas

quant1t1es are comparcd to the data in’ Flgures 4. 16, 4. 175 and 4}18!

The observed.dlffe

-odel for fhe

1t is composed of 25 fuel cells whose surface areas are: enhanced by 4&

por051ty factor fp tq accodht for'thevactualnarea»available'fof burn-

.partial feedback modellng employed earller and sd no.feedbackfto the

ﬁ_fuel,bed is;allowed.

release rates are somewhat lower than expected ’Another result of our

‘use of relatlvely few fuel cells is that fuel burn up can only be mo-

deled»rather crudely.~ We thus observe our mOdel's predictién of a cons-

vt e % e e i

f datavfrdmghis,expetjmen;s,'inFﬁ
Our reference model predlctlons of_theSe]

nces 1n behav1or of our reference model pred1c4

tlons and the experlmental data can be largely attrlbuted to. the coarse-ﬁ

ab 51m11ar in

type to the slab used in- the 51mulat10n dlscussed in Sectlon 4 4 1, i;e.v

‘ihg. Thls dlscretlzatlon of the fuel bed 1s too coarse to allou the

sConsequently, our,predicted burhinghrates ahd'heac
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RIC:CABINET-FIRE - .

Steelcab1netsareoften used nnuclearpowerplantsto h’é’l\fdf.rél';?y_s and ‘
'.‘Z.él'gg':t:"x;ir‘:_.éi'lf :t;bmp‘c_)n‘e:;nt'fé:, é;éf'génexj:a_l}ll'y,’._qﬁ'i;é: .sévn‘;i_’t-j,\?e"‘ to'r the X;empefatufe' N R
' ' ‘ ertamam‘ ;
r‘dne‘.q'ues’ti'dn_-‘-ih zls"r‘mc?ll.evar -pé@.é‘r :pjént fisk a‘n‘a-
1swhat size fire' 1s r_eéu»ib"réd‘_"vto '_g:ause' : thlS _ t'ev.:mp‘enratpre rise.’ In

R f."g‘t_:_}.;is-}éé.q'tiqh.,;‘wé :sha.l-ll con”struc P é;_udé"ﬁhys‘icaﬂl 'rhéii'ev'.l:"foi tf;é' ..ex>pos;;re -
TR - A:v,’fli'rlg’»,tand:.~»» foﬂri the. _s}t@élf.;égﬁinéf;?s‘ héfMél ‘lf'esp‘Qr'lSjg.‘.: Qe cannot.. ésg our
._g’_'rgw‘tth:‘.ég%iod fle.fe;renc‘e_-m‘odel _(d:ire‘g:t"iy, since our: ggncér-n_rilies pri‘n?ar'ily .
j/’:_w-iiv:'h""d"e"termining a-"xﬁespoﬁse to a th‘é:rﬁalv stress, 'Vl'vathAer r:hap' wlth .the_
! R stress:.tself HoweVe}'J;;‘t‘hévc'ounkst':ructiop.of .the’ cébinét.mbdel will p-;r:/v;
] o v:iae- a simple illustlratiph oft‘*c ‘.proce.ssv used m’;o _cgnétruct “the more



He' fire

The’ £lame heightiof 't

‘nation (3.1);

.
1

wheére :m" is ‘replaced by mp

sources -in tierscenario, and .

face controlled: s We madel ‘the flame

:~" = Ll . N ;. X I’ - l
ey fig He (1 440 /D0)

and the hkat’ fiux impinging on the cabiict:face is piven by

S = g AL .. (5.3
eap T Fegbery SE1 (>-3)
ti We conservatively assume that the‘heap”f]ux received by a diﬁ(érential

surface lying on the flame-cabinet -axis .and.a distance ZE up from the
floor is reprnsentative of the averzge heat flux received by the entire

cabinet face, and so Foan-f1 can be calenlated esing ‘Equaticn - (A.6).
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Fig. 5.1 - Eiposurc Fire for Cabinet
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wall of helght L is [SAJ

1497

=
C
T xd

‘where

convectlon correlatlons.

+ 0.0182a " (L

"Hy i( HW

" .
) 4 co(T Tcw)]

- T ) + ec(T

For example one

_1585
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formulation for.a

(W/m?%K)

verticali




3Téblg:5i2 ﬁ*Cabineg.Air Téﬁperatﬁre (°F)

Time (sec

40

99
115
156

)
60

99
118
162




(Sié) are”

) hirougi

" contain

_time.derivatives. Thls iss due o the'IO"mass ghd,hence/smaylf

capigetAwalIS.

We have also neglected the temp-

2 erature

1drop across the cablnet walls s ﬁce,theyware_;hih'ahd‘thcif

thefﬁéi conduct1v1ty is hxgh

A 51mp1u numexiqal.séheme to solve this sep’of nonlinear equations:

beglns by assumlng ‘an- 1n1t1al cablnet air temperature T , which is about

100°F. -We. solve for 'I‘Hw and Tgy. i‘_n‘.v".E'qua_tié‘ ) (;.’4) and (55), and use

7thesevnew

nluﬁdated, Aa-flnlte'dlfféféncejfor?.

A o : .
‘mulation of'Equaticn 15.6). The r*sults of thlS solutlon scheme, When

the exposure flres are those llsted in Table S 1, are given in Table

572. Some Lelevant problem parameters are glven in Table 5.3.

It can be seen that ih one calculatlon .théacabinet air temperature

‘féétually dropS:;\This‘non;physical result is d;euto the neglectlo('the

" heat g‘cvnérat"ed,_w'i‘thin-. the cabin’.étvduri;lg’_nofmal' oi).crution, heat which
causes the. 1n1t1al cablnet temperature to be 100 F. Ve note.thal.cﬂlcu; ; f"JQ
1at10ns whlch roughly account for the heat 51nk effect of the Lomponent

w1th1n the . cablnet indicate that the componcnts can usually be neglect-

ed.

OSSO UL S
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ire. from o

»sions, 'serious

'fA typlcal arrangement of cable?trays wlthln the‘cable spreadlng room is

fThe three cable trays

éhown in Flgure 5 3 h}eagh;hqrizonpaL-layerﬂ"

',carry the cablés or one d1v1510n-'tbus there are four d1v151ons passxng;

on’ (not a]l .are safety related) The traYsAare,lZ

inches wide,‘andﬁare §qpara§éd from'fheirunéighborS‘by 2 inches horizon-

tally and 4 feétvertically. "Th~ trays are open and are presumed to be

- filled to capacity with cables.

,Preliminary ‘calculations: indicate - thia - for the "fire to "

'-spread from the, 1y burning tray'lo-thg tt‘y-immediatelj above’

- dlffors from ;he time"tb spread to a horizonﬁéliy‘adjacent tray by a - - o

~small-amount;',Furthe;, once.the firé has spread to another tray, the

Aspread to the remalnlng trays is’ very. rapld -wégtherefére'COnCentrate’

on predlctlng the spread from the 1n1t1at1ngntray to. the next: higher
tray, where the 1ower tray 'is called tray 1 and the uppcr tray. :is called

. tray 2. We denote the characteristicvtime.ﬁor fire spread between the

trays by 1.




A Ao - g

Fig. 5.3 - Cable Tray Fire Set-up
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:thh input sulted to model the:

important f1xed parameters and.

Some comments pertain to our modelxng ‘of the f;re.

v;f"’ ; . "71 ':_ﬁmThe cable trays are 5 - fqet long, and are dzvided 1nto 5"
dxscrete fuel cells, each belng 1 foot square.

‘9-The fxte starts-on the widdle fuel cell of tray 1, and ad-

d1tiona1 pxlot1n5 fupl (e: g. oil trash) may be presunt in

‘{:this;ccll The pllOt fuel xs‘discussed in the next sec-
tion. The remaining fuel is cable insulation (4.66 kg/
tray). ‘

. Thé porbsity;factor fp for each ;iay is 3.14 (i.e. the ac-
tuai‘ surface area available for burning, per unit tray
length, is 3.14 ft?/ft).

* No ;red;t is given to the shielding effect from the bottom
of tray 2; the flames on tray 1 are assumed to transmit

Vheat directly to the fuel in ttay 2 with no_attenuation by ‘ S

:the intervening material. This, of course, is a conserva-
tive assumption.

* Enclosure effects are neglected. The fire is considered to
be too small to cause a significant hot gas layer near the
ceiling.: We note that this neglect may Le non-conservative
when the trays are near the room walls, since reflection

from the walls may be important.
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-S k)
) 1 86 x 107 kg/J
L 0.40 °

'fractlon of heat réd1ated




arameter Uncertaintles -

. The. parameters which are’ varied in our calculation of tc are n', .-T*.

and the pilot fuel type. The first three parameters were discussed in

'Chapter 6; The oilot fuels -are sed to model the inxtia] condltions of':

_ the fire, and require further .'g_xplanapiqn;
As has been noted ﬁreviously, CaBiewinsulation is genérally a diffi-

cult material to burn. The type and;amoun;‘of,pilot fuel involved in

the initial fire is thus an iﬁp@fﬁ@qt;féétpr'in determininthhe rate of

‘fire growth. If tﬁere iS»ﬂ’largﬁ &hbﬁﬂt'bfidil;.tAbid growth is.ﬁéarly
assured. If negligible amounts‘ of adaitioﬁal fuel are present, fire o
growth may not. occur at all. We hoéel the pilot fuels with a single
parameter QP,:the amount of heat released when the pilet fuel is con-

sumed: o .

= M .8
op Np pr (5.8)

The use of this single parametet; while crude, is not entirely unreason-
able, since the ignition of a fuel element is governmed by the total am-
ount of heat absorbed. A more sophisticated analysis may take the
different burning rates of the pilot fuels into account, since the more
intense fires, e.g. oil fires, have high flames, and thus transfer
gr;ater amounts of heat to the taiget cablg.

Before we propagate the uncertainties in these parameters through the
DRM to determine the resulting uncertainty in our prediction of g we
construct a response surface for the DRM to lower computational costs.

The Latin Hypercube Sampling (LHS) method described in Appendix B re-

quires us to first select upper and lower bounds for our continuous par-

3
4
i
f
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. Ins our. LHS® simu étlohs;utherefbtégfwé randomly -

">2 000 Bty roughly corresponds‘to wood chlps or paper, 10 000 Btu can be'

5t1ty of 011 (approxlmately one quart) burnlng for two m1nutes

To'gbtfefaté"thé!COMPERprtédfctidnS’ Ié, qé éan\définefa:cﬁégac;'

_teristic time'befbretself-éxtinguishhent Iée; as
‘ f- c . . : R O o :

|IA

Of-',:

and a charécteristit:ignitionrtime I as (cee Eq. 4. 19)




‘-’Téb1§ 5.6 - Bﬁrnihg Parameters for Pilot Fuels

w (ke/n's) | He (/kg)

4.67 ©0.81
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»from:.tray. 17to ‘tray 2 ‘elljtqrtelataduby~%'

”becomes lnflhlt? even for 1e1at1vely moderate.

TVﬁihgsaof'é' The physxcal 51tuat10n is that the flames on- tray 1-are.

,(the port1on closest to the 1n1t1a1 fire lOCBthn and- the rec1p1ent of

the greatest amount of heat B has not absorbed enough heat to 1gn1te be-
fore the’ flames on: tray 1. leave the center. of that tray As a result

the fxre on tray 1 exhausts all its  fuel and selfrextiqguishes before

lttawa*can'igﬁité."

' We'define: a further parameter j

C A
(T* = T,) o
LY He
T* - 298
S

= 2610
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we must constvuct dlstrlbutlons

for these parameters._ We use the follow1ng subJectlve dlstrlbutlons

g 2]

.lognormally distributed wi;h;h;:_-é;él, c.= 0.865

my = a .
" (median = 0.001 kg/m’s;“erxqr,factbr = A)' R
He= uniformlyvd:strlbuted between 1 85 % 107 J/Kg and
2.7 x 107 Jrkg
T* = uniformly. distributed between 800°K ‘and 850°K :
and

Pr(q, = 400 Btu) = 0.10

Pr(Qp = 2,000 Btu) -= -0.44

'Pr(Qp' = 10,000 Btu). = 0.44

Pt(Qp.? 40,000 Btu) = .0.02

The histogram fgrvgp should be interPreﬁéd as' follows. If we examine
a large.numbgr_of fizg; iﬁvolving the configuration studied; we will re-
veal a freqyency distribution for the heat-released by <he pilot fuel.
We éonsider q) to be a characteriétic pafaﬁeter {(e.g. the mean) of this

frequency distribution and ocur uncertdinty jn the piliot fuel is modeled
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4choosem§o-coﬁservatively inédrpOraté”this 1nformatlon u51ng a smcoth
Tflnlce taxl nOCLng chat elther treatment (iﬁe. 1ncorporatlon or ne-
glect) ‘will make 11tt1e dlfference when suppresion effects are included

in the analysis.

'5.2:3  Modeling Uncertainties:

Our dlstrlbutlon for, E¢; -the érrdf:facfor-fér»fhe spread’
‘constchte& not only fromlthe qualltatxve information: o?esented in Chap- -
ter 4 concerning- the’ dxfferent sources of uncertalrty in the DRM, but
also from some-rough-cbmparisdns of predicted flame spread velocities
‘with published values.

There currently is‘noédgtaiiédadata available*fbf?théﬁfirevspread
times between non-cpntigugus cable trays. _However; we-do .possess infor-
mation on the average flamé spread,veiocity V over a singlé cable tray.

Lf we define 1 to be a characteristic-spread time, such that

Vexgeriment - TDRM- " 1
- E

T .
VORM »experlwent
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" this” dverage ve ocit

"On the(basis 6f‘this4éVidence as well ‘as -our crltlcal asse°sment of the

T e R oot i s A e oS g b s o

in our simulations,

Whete»ﬁo'addifidﬁalvéii

The

mean ofu

Y.dlstrlbutlon is O 06 cm/s Aand the medlan s 0 04 fj

consorvatlsm of the varlous phy51caT modols used in our- reference model

code - CONPBRN we constxuct ‘a- 10gnormal dlStrlbutlon for E wlth thc fol-
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i
4
3
M

L P T A s 24 2 o e

Median = 1.8 .

E 1,.95 =4.0

0.8

Eq,.05.

It is important to note that this quantification of our uncertainty in

v

the predictions of the growth period DRM reduces the conservatism of our

analysis.

5.2.4 Combined Probability Distribution for Spread Time
The average time required for fire spread from the initially burning

tray to the tray immediately above, 1t is given by

c!

tG = ET IDRM (5.10)

The first factor on the right-hand side.is .an error factor representing
our modeling uncertainty, while the second factor is a prediction of our
DRM which also incorporates input parameter uncertainties. Both factors
have associated probability distributions.

In order to determine the distribution for T we choose to discre-
tize thé'distribution for E;, and Eombine the two right-hand side dis-
tributions using the discrete probability distribution arithmetic de-

scribed in Reference (55). In essence, if E represents the ith block

1,1

in the ET histogram (i=1l,...,n), represents the jth block in the

"DRM, 3
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o’ propagate

to tray 2.; ThlS reflects our uncerta1nty thdt the cables are. not flam-3 

'kmable enough Qo allou such propagatlon

»5..3'~ FIRE S3PREAD FREQUENCY INCLUDING SU.PPRESS|ON

The dlStrlbUthﬂ for T der:ved~in che last Qe(tlon is a pxobab111ty
. . "G - .

'distributionffbruthe;event Mfire spreads to’ second d1v151on 1n t ml-“

‘nutes,' .given an initial fire on tray 1 ahd ighoring Sdppression.ef=

,forgsfvvélnyo#depitoacompdte‘the:condxtlonal frequencf fhat two cabie*}u::-
chéys; each 1n a dlfferent division,: are‘lnvolved in a: f1re (glven a
.flre in the cable spreadlng room),lwe must 1nclude a modei for fire sup-
pression. |

éxaﬁ1nat10n of the data reported by Flemlng‘et al: (23) leads to the;-
ifollowlng distribution" for Tg tbebmean tlme between fire 1gn1tion aﬁa’
‘suppressionrv We note that the ‘suppression times fdr-fires:occurring.

‘during.plant const:uction have not been included in the distribution.

Pr(IS = 5 min) 0.40

Pr(ts 15 min) = 0.30
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nutes. «Fxnallg;'therevwerg;twq,fire _that:wéré'extinguishéd after. 60
minutes (bunfbefd:QIBi_h;nutés). ’Of'éohtse,'these.estimate515ré‘not

.stdtkéfic;i agﬁq; Je:jﬁdg;'ﬁhht §g;:d;§§:e£¢ méaéi is fairly éoqsisfeﬁt
'Qith the givgnﬂinfo;mation. .Rufthérmore, it éoﬁférms with bur beiiéf”'.
that it‘is Qery !ikély théiihg§t;ofwthé fireg in the cable spreading
room will be'oxpinguisﬁnq {a?riy qﬂickiy'by the perscnnel wﬂo.startgd
them: -Itnisvimpdrtant tovnote-thét.thé,dist;ibution does:nqt‘inc1u6e
the Bfownsterry1céple gpreading f§om.fi%e és p%r; of the:dq;a:base.
The_seyén‘hou; dh;étion-of_tﬁatl¥irefwas?1é;gely due to the hesitati&n:;m
of plant perSénﬁel Lo'aphly wateﬁ‘to tﬂe,flamcs, a procedure which has
been much addressca since that incidént. The neglgct of this data point
may be an important non;conscrvatjs@‘inﬂth? apalysisv

Lét ﬁs‘denoteztﬁe conditioﬁalffreéuéncy'éf'fire spread ta'a second

tray; given-a fire, by f . £ s ‘given by

£ .= exp(-1,/%g) L (5.12)




'befﬁéeﬁ:thé‘ uppression

vplyihguh-fgrge_fé);l¢,3ifﬁ,é i'.:~-' . “f,»i, S e

The distribution for 'f obtained is listed in Table's.9. -

5.4 'COMMENTS ON' ANALYSIS
;'ReffnemeﬁFs:Of thg_pfdpq;ed‘médel are certainly possib}e»apd ﬂe$ifab]g:‘

" For 'example, it:may be necessary to determine the distribution of-.the-’

‘ffeqhencY'ofﬂfiré.Spfééd“té trayé.qﬁbe; than th

ﬁes'immeaiégely adja-

‘cent to the ini;ially'bufﬁiﬁg_;;ay} to_give_sttchger‘infofmation for .the

loss of two electrical divisions. Another concern is and“the neglect of "

fiame-fronf slowihgrdowplcéuséd 5y7suppression efforts.
Iﬂjéui'g;éiysis:qufipe gfégth éﬁd suppféssién,;n0"§rgditlhas”béen‘
r@takén'fo;-thg_ighi?;éiﬁg»g{fectsJsuppression effortsfhéve;on‘the'gréwthu—i,~"
of. fire. ,Agentsisuchfés_Halén{vC%', and wape; can markédly slow down
the fate of_grbwth. indeéd, tﬁe flame front speed duriﬁg'much of the

‘Browns Ferry fire-was~reiative1§ low 155]: rdughymoqglingfbf'the'porf

tion of the Browns Ferry fire -in the Reactor Building indicates veloci
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tional Frequency:of Fir
ray, Given a Fire

4.4 x 107 : I Y T o
1.4 x 107 5 0.10

3.0 x 107} . oo
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The:inifialefxté:assgméd'in{thi;'analyéfé'ig moderately sized: (1 foot-

. B‘, £0 ewe‘utlllze . apy- f-_ife ffequencydxstnbunon, ‘we. mist..
dééiéé if 'th5ﬁffdi§€fibuc}on:'rgﬁresénpé thg. fréquenb& 6f‘;fire$ whiéh'
féaéh a comparagfergiZé'f;na1thus are considerea‘to be Sériousj, or if
Sit élso-include§ftﬁe §otentiai1y lafge number of smél] fires which eith-
‘ér'éeif-extingﬁiéﬁ‘é#'éré:buﬁ out immediately. We néte that prior to
vthe:ﬁfowﬁﬁ Fe?%&vfi;é,'émnumﬁer of small fires wer; initiated by the
same {eak tes;:pfpégddre'wﬁich céuséd the largéAfiré;Ebut néng of these

‘were incorporated into the fire frequency data because they were small

.and were pr”:ptly extinguished [8].
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FULLY-DEVELOPED  BURNING. PERIOD. MODE
-7 UDESCRIPTION =~ -

During -the: period of fully-developed burning, the spatial distribution

of the comﬁaftment air temperature is assumed to bé uniform, and’ so the

_analysis of this pericd, which folloys. that!

Qagoe and:SEkine-[XO]..is therefore bdmpﬁtatiqnally ‘much éimplé: than
theupé;ibd‘aéaiysis. |

I£v;hou1aibe'mentioned that the likelihood of fully-developed burning
within most of the compartments in a nuclear powervplant is consideréd
to be small.’ Oné of the inhibi£ing‘factors is the large size of ghe av-
e;age-room;-largér rooms being bet;er heat sinks. Anothér factor is the
low combustibility of cable insulation, which forms a major poftioﬁ of

the fuel bed in many rooms. The slow burning rate means a low rate of

heat:;elease'inté-the cbmpartment, a'§1ow fire growth rate, and thus a
higher likelihood of firé suppression before fully-developed burning oc-
curs. 'Finally, we note the low overall amounf of fuel in most compart-
ments; .even if'suppressiop effortsvare not initiatéd, the loéal fuel
bed ﬁay bé.ékhéﬁsted during the growth peribd, preventing further bufﬁ-

ing.
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-’;ompértmént‘aif;vrﬂéat balancés~for:gé§hrﬁpdé yield the governing edua;

tions_for the compartment air temperature

5§)T6°mp§rt@ent Wdlli(éf ﬁhiékness L)ﬁ

T r
at - %%7 (6.1)

Initial Condition: T(x,0) = T,

L. el Boundary' Conditfonsi”

‘ ‘wm;(t) - T*(0,t)] + h[Tg(t) - T(O,t)] = -kg—: x=0
_ P

RIT(L,t) - T,] = -k 51

The radiative term in the boundary condition at x equals 0 is generally
neglecfed'in most analyses.

b) Compartment Air

nl;\Hf = APITG(0)-T,] + &.cp(rc(z)-'rAl

+ gwe‘q['r;;(t)-'r‘(o,t)] + b4, [T, (£)-T(0,1)] (6.2)
As opposed to our cabinet air model, the time derivative term is carried
in the compartment wall heat balance, rather than that for the air mass.
This is because the concrete walls have large heat capacity and low
thermal conductivity (i.e. a low thermal diffusivity), and so the ther-
mal wave penetrates the wall very slowly. As a result, the wall's tran-
sient Behavior is important. On the other hand, the température rise in
the room is expected to be slow enough that the time derivative term can

be neglected with respect tc L.e uviuer teiws.

R Yo e ¢ e a e

‘the ‘compartment walls and the’

et aim e e

B

JRFIDUNIBPPRN TIPS




balances at the boundar-"

;tion'for'slab °eometry, wrth appropriate he

- ies. Examining Equatxon (6 2), the left hand side represents the heat

repr'se ts the heat losses. The first ) Lk

- 'source, while the right hand sid

term on the RHS represents radiatxve losses out of the room openlngs

f(w1ndows or’ doors), while the second represents "the  gross movement of

hot gases out of the openings. The third and fourth terms represent the

.radiative and conveétive losses, respectively,:to’the room walls. .

To put the compartment air heat balance into a more conventlonal

form we d1v1de both s1des of Equat1on (6 2) by AW There results

+

| 3 (Mg - (T 'r,mAw A—gu T - T

e ofTg - T*(0,t)] + h[T T(0,t)) (6.3)

As we saw in Chapter 4, the mass burningirate may be either fuel sur-

o g

face controlled or ventilation controlled. If we assume that the room
ventilation is the limiting factor (as is usually the case), Equation

(4.2) shows that

g 1o sk

m = C, Win (kg/s) » (6.4)

If there is no forced ventilation, Reference (11) states that

i = 0.145 ‘
; Yin 145 0, VB A VT (ke/s) (6.5)
= 0.54 Ao/z_o

; Thus,

i .

. |

4 —K‘; = 0.54 Cy (Ag Y2o/A)  (kg/m?s) (6.6)

and the geometry of the compartment is contained in the ratios (E/QJ)

and (AD/AW)' The grouping (AOJZE/AW) is frequently called the ventila-
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A'ventilation factor f such that

@®) 6.7

_(6f8)

;One‘poss1b1e numerical solutioﬁ‘scheme would be to solve Equat1on {6.3)
for T (t), with T(0,t) fixed at its inltt&l value, use this new value of
1& to solve Equatlon (6 1) f;r T(x t), 1ncrement t1me, and repeat this
process unt11 a set fraction of the fuel is consumed.

As discussed in Chaptéer; thé results qf these calcﬁlations are typ-
ically presented in the form of time-temperature curves. Since it turns

out that varying the‘ratio'(Ao/Aw) has little effect on the calcula-

tions, one curve is calculated for each value of F;.

6.2 PARAMETER UNCERTAINTIES
For a fire in a given nuclear power plant room, the only parameters pos-
.sibly subject to significant vhriations are the combustion efficiency n,
thé fuel heating value Hf, and the bﬁrning rate constant CV‘ The room
geometry,'the physical'prbbérfies of the concrete wéiis, and the heat
transfer coefficients are either known or, in the last case, can be cal-
culated with reasonable accuracy.

The corbustion eificiuncy is actuaily somewha* of an urknown for ful-

ly-developed compartment fires. Investigators often use this term as an
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- tive ‘heating.

.sure inﬂflamgs.wh@ch!extend_out'of-the comparpment_windows,.ahgg§ofsome .

energy:is lost from the room -[11].

.wood, i.e. 1.85 x 107 J/kg, and model our uncertainty in its value us-

greeméﬁﬁVwith1éxpefiméntél;déta. Kawagoe ' and Sékiﬁe useé’ an"

fqr:wdqd whi h~i§‘60%‘

for wood (i.e. m = .60) in- deriving the' theoretical fimertemperéthfe

curves seen. in Figure '2.2." One reason for -the .adjustment :is that “in

some enclosure fires, combustion gases are burnt’ outside of the enclo-

for most fuels.

The heating valué'Hfrls:génerally'weil-known As in

the growth period modeling, our uncertainty in this factor arises pri-

marily from our uncertainty in the actual mixture of fuel types within

T,

the room. Since n and Af do not appear individuaily in'Equatidn (6.3)

but rather as a product, we choose to fix Hf at its nominal value for

ing a modified efficiency factor n', where

Hf wood
nt o= o (6.9)

Hf,fuel,

As for CV’ we have presented a frequency distribution for this factor

(derived from wood-fueled fire data) in Figure 4.7. We adopt this dis-

tribution directly. as our probability distribution for CV’ because of

the large amount of data used to construct the distribution and because

best-estimates of CV from other sources [10,11,57] are generally- clus-

tered around the mode, median, and mean of this distribution. However,

we note that the experimentally derived frequency distribution and the

ideniically shaped probability distribution for CV represent two diffe-

rent notions. The first distribution presents the measured values of C
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II-;

fire

IES:

{ING.UNCERTAIN®

" The. two primary.sources o1 uncertainties in

. as$umption.of -spatial - uniformity éffghérmél stfésses and’the burﬁiﬁéw

;rate‘}elépion Equation (6.4)1

”tfh‘hoﬁpﬁfihéf;hevstrésSiexpériéﬁéed.by}a_iqﬁbbﬂéﬁt,'ft

" “the component will not vary the heat’ it absorbs: While the assumption

of a uniform air temperature may bqueasppgﬁle, the’iadiativeghéatfflux

3 L. T

will sti£l Véfy with position, unlgss the firefsvfiémeé-occﬁpg1thé en-
tire cémpafgmgnt. This latter condition wili;pot hold.if-fﬁe firg:is
-strongly 1imi£ed by the available véntilation. |
Sqmewhét‘mbré impertantly, the dirécf proportionality of the burning
rate m and’the-ventilatjon rate W, in équat;ont(G.g) is‘an obsefved re-
lationship fp; ventilation\controlled'fifes bu;ning invwood-fuelqd_rooms
’wgfh ﬁdderé:e ventilation. However, this é;opoftionali£y‘mayAp5t Hold
for fiies-Witﬁ very low.levels of ventiiatibn. If.the amount of. fresh
air available is too low to suppor- open combustion, . smolcering of the
fuel may occur instead, with the Eonsequent'release of toxic gﬂ;gs_and
unburnt fuel vapors. Thomas [13] notes sources whicﬁ state that- fires
burning inuéémpartments with very low levels of ventilation may oscil-
late iﬁ size and intensity (as opposed to tﬁe monofoniéally increaéing
fire severity p?edigted). One nan even visualize explosions within the.

compartment resulting from the sudden availability ¢f fresh air, perhaps




However’,

-the flres 51mu1atedv1n that flgure are’ wood fueled and are Te-

"hlatlvely well- ventllated " and thus are. more representatlve of re51den-

:tlal flres than they are of nuclear power plant - flres

The ventllatlon factor for a resxdentlal flre is typlcally about 0.1

nﬂh’?whlle Flgure 6 1 presents a hlstogram for F

for rooms in two nu-

*clear powertplants,A It should be noted that these latter values are es-

.

tlmated on the ba51s of the rated volumetrxc flow rate of the forced

'ventllatlon systems “for each room, that the effects of doors have not

'been'accounted for.

h,To check. the accuracy,of‘the'simple reference model approach used for

flres Wlth low ventllatlon levels, .Wwe consider Gross and. Robertson s ex-

perlments on fires in scaled-down compartments

The time- averaged com-

partment air temperatures measured for a given value of F

typically ex-

fhibit.a fairly wide range of values. Figure 6.2 shows a plot of -the

upper and lower values measured for a ventilation factor" of 0.0022 m‘fz
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we; consider7a

burning per10d_mode1

”open),,and has a fuel loadxng con51st1ng of cable Lnsulatzon

The two parameters varled becausé of state of kao'ledge uncertalntxes.‘
:ar§'Cv“and~“i; The d1str1bucxan for Cy is'as'showna}n‘Figuré 4.7,
i.a;’cv‘ is7;iognorma1ly 'distributéd‘ with W =4?2;i2 and o'= 0.37.’ we
chbése.n' to*be'UﬁifOfle‘d5§§fibutgd bethea'l.Oiana 1;&6, which. cor-
-;egpogd§;to a édmbastion'effiaiehcy.of‘lho% aad a hgaaiqg value'Hf rang-

ing. from 1;86'x 107’J/kg“to 2.7 x 107 J/kg.

The response surface fltted to the tlme temperature curves computed

uslng the DRM in’ a 20. tr1a1 Latln Hypercube Sampllng scheme is-

Togm (8) = :A_f_Bc (°C) : (6.10)

where t is meéasured in minutes, and the coefficients are given by

A = 142 + 83%C - 29 s+
S 29007 821n ¢,
(6.11)
B = 0.480 + 0.153G, --o;1gac; + 0,039an'cv

The time-averaged temperature after one hour is given by




door-to-wall-area ratio¥
" gas emissivity.

 .gé$'$§§c1ffFfﬁé§§*{

ambienc‘temperqtuie"

wall emissivity
wall surface heat transfer
coefficient '

_@all thermal conductivity

wall mesh thickness

fuel heaiing value

“* does not»include-floor area

af,};‘;f1o'w/m19xv
1.16 W/m°K

0.0l m

..1.86 x 107 J/kg




He rematk that this reponse surface s predictxons vary from the solu-

ftions of'E"uationsl(G 1) and

/ﬂ,The largest errors (typically around 10°C) occur at the beg1nning of the

'ifire, when the flre is gtowxng'rapidly, and the assumptxon of fully ~de-
veloped burning is not necessarily a good one.
Sihce the‘tempeiature rise iS'ﬁuite Iinear'and fairly slow, we con-

'as'the repre-

e oS e T s s,

sentatlve measure of fxre severity in th;s analysxs.

The propagation of the uncertaincies in C; and n through the given
brespénsevéurfeee leads Ee‘fhelhisfqgrem in Figure 6.3. The lognormal
distribution superimposed on this'hietogram has the following character-

istics:

5.81

o =.0.]57
Mean = 338 °C
Median = 334 °C

ToRy, 957 432 °C
Tpry,.05™ 258 °C
Vith regard to the modeling uncertainties in Equations (é.1) and
(6.3), it is felt that the DRM is somewhat conservative in its neglect
of heat transfer to the compartment floor and contents. Furthermore,
conservative values were generally used for the constant input parameter

values used in the response surface construction. On the other hand,

Figure 6.2 seems to indicate that the DRM may be rather non-conserva-
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‘lies to ‘the leftlbf'ﬁnity;'indicat;ng;oui;

Beliéf‘intthe”poné rvatism . of the.m§dgl.z Howéye:; a substantial tail

lies:to.phe right of this point,Laliowing_fof‘fhégpossiblé'nonégonse;yé4 h:

1ognormal our'flnal state of knowledge dxﬁtr1butlon for T thg a&efage

compartment air temperature after one: hour s durat1on of fully developed[

:burniﬁgiinlphg;givén_;boh; isAélso'lognofmal;:éna,hAS'the follqwing‘parﬁ,j‘




T
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‘Mean =
Median

T1,0.95

-T1,0.05°

“309 °C
= 289 °C
=530.°C

=157 °C
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SHAPE FACTORS

~In;’general, ithe radiative] hest transfer ‘from a source to a receiver can

".be separated into two¥fatﬁofs/1bp¢”r¢pfgsents»the{s;péhgth of”1he;source

i

. and thé .other-represents’ the fraction of the sour

~."source to the féceiVer;“TThﬁs;vithhe.Sourégﬂsf;ength?is QS-wétts,‘the

" receiver sees Qp watts, where

Qg = FopQs W)

vawendefine+an‘éverage‘sdurce heat flux ag as-

ag = Qg/ag G BN

. hE TR ! e .
and an average receiver heat flux qp in a similar manner, then -

A9 T AgFe gl o

A = (AgFg p/Ag) ag (4/m®) - (A.3)

This ié the ba;;c‘equat;oﬁ needed to cal;ulate’phévheat.flux imping-"""
ing on an object's surface, given.a heat flux source of strength'ég. We
sée that the modification ferm is purely.ggometry dependent (wevare'
glecting any attenuationfothhe ;adia;ion‘betweenithe source énd the

‘ceiver).




“'shaped and oriented surfaces, we must. perform a quaarupié'intéétéiidh,ﬁ,

LB
3
4
B
&
¥
4

Kt i, 1 &

1y

cosd, cosd, dA,. dA

r s

"Clearly, if we wish to compute ‘the shape factor betweed'ﬁrbifrafily

cos¢l cosg

F. = - dA; - dA - - (A.4)
- 2 .
1-2 Al 1 el
A
Al 2
Analytical solutions of the above integral are few. .Moreover,.in the

context of our problem, we rarely deal with transfer between exactly de-

fined surfaces. In order to reduce the complexity of our problem, we-

.assume: that our receiver can be adequately characterized by a strategi-

caily located differential surface element, that the heat flux received

by this element is the average heat flux reccived by the receiver over

its entire surface. We now have
3" = (AF. /dA ) q". ' | -
G T A /M) 9 _ -

Employing the reciprocity theorem for shape factors,

A

2|
M
1
(=
il
[
a
ot
(e
|
-
~
>
wr
[

(=

we obtain
1

| = (dARFdR_S/dAR) agq

Fires 95
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integration,
earlier case

Some representative‘fotmulae for transfer from

of two f1n1te surfaces.

a cylinder to aAsutfacéfelemént and ttahsfgr from a.rectangle to a sur-

face element are as follows [5,6].

1. uTraﬁsfér.from.é;;ylinder to‘a'éuffaceAélement pafallel to the

cylinder axis (sée Fig. A.2):

: . . : o X beA=2Y . -1 JAQ(Y=LY o) e
TR VR T Ve (A.6)
Y/AB '
where
x-_— alfl
Y =1c/b
A = (1+4Y)? + X2
B = (1-Y)% + X?

=y . 2. Transfer from a cylinder to a surface element perpendicular to

the cylinder axis (see Fig. A.3):

e 1|l fBR AL /R
dR-S T Xk B X+R (A.7)

oy . where
X =c/a
R = b/a
A=1+X*-R?

B=1+X?+ R?
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ures,

ing integrals): = e I T

- where

If the receiving object. is mot. con eniently alignéd‘aS‘in'chemfig%;.

. ’

we apply anbthéf¢§habegfactotligiétibn“Cde}iVable from' the ééfih?“

For example, if we héve the~$ituéiipn $hoyh,in'?iéure!A.6, '
A g Faann-2 AT YA F e

“and so




i

Fig. A.4 - Transfer Between a Rectangle and a Parallel Surface

Fig. A.5 - Transfer Between a Rectangle and a Perpendicular Surface
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-Transfer Between: Combinations ‘of Surfaces’.




O




ane'sucéessfuL scheme for, 'sélecting ~

“points-.must- be. carefullychosen.

_the Latin Hypercube. Sampling (LHS) technique,. described

".in: Reference

'-*'Té’ilfﬁStfétg'theuLHS'épproaCH-fwé consider a simple éxémple;}-Let.us:'

‘assume that our - physical model only requires three input parameters;

i.e.:

f: (xlf‘.,:.<25,'><3v~) .

"-and that we wish. to construct our response surface from. only’ five . data

‘points. In . ord to seléct "the data points, we proceed as follows (see

‘

_Figure B.i)f

1. Define the highest and lowest values of each parametér expected

in the .problem, i.e. find'x; and x* such that . o . f

x° <X <wpo, o E1,2,3 S (B

o i
2,.’Divide each of the parameter ranges so defined into fiye sections . :
‘(since we desirg five data points). The widths of the intervals

need not be equal, but often are.’ . . . :




PCELSE E.

Fig. B.1 - Illustration of Example Latianyp_étcube'
Sampling Scheme - s




“that’ the selection: pr

ocess ‘need not be ‘tased on a uniform distri-

‘bution over the interval.” Repeat the process- for  the remaining

@iﬁpépva1536f parameter 1, andlfo}'ali of ﬁhe:intervélé-éfw

ﬁérgaZﬂanag3.-'By?féllokingrtﬁis.prdcgdufé;iwé:généfétéffibé va-

lﬁ8¢~0ﬁ-ya1ues

lues of each parameter which'represent the entire_
for-that. parameter. " Moreover, each of.che:fivelvalﬁes}haﬁmah{as_
- sociated ranking, derived. in’ step 3 above.. Thus, gla_has a-rank

“ofa;h}ée;nxie'haé"anranqufxfoh;, etc.
:;Form‘theafirstfinputhec:or‘by -grouping the value Qﬁ'parametér 1

‘whose rank~is one with the values of ‘parameters 2 and. 2 whos<e -

rarks also are one. In.Figure. B.1, this vector is.the triplet

(

xld’XZd'x3b)' Next, form the second‘inbui vegtor from“tﬁe par-

‘ameter values whose ranks are two, and :so forth. ‘The inset table

-in Figure B.1 shows the ‘five input vectors generated. in this sim-

Aplé example.
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Ambng the'nany advantages‘of‘the Lﬂs;rone of the most‘inportantionés isf

that the full range of each parameter is rapresented in the sample, and

so extrapolatron of the response surface constructed from the sample 1s:
not necessary. This can be contrasred wrth ‘an ordinary random sampling o
technique where sample parameter values are randomly selected from the

entire parameter range, and so certain ranges of the parameter values

may*be over-represented, while others may be under-represented 4in the

. construction ‘of the reSponse surface. -i L _H,:;;:-Aftr T

6nce the input vectors have been selected, we can calculate. the res-’
ponse of the physical model to these inputs. We next fit an appropriate
approximating function to the results of these¢ calculations, typically
using least-squares regression, and our response surface is complete.

Conceptually, the above procedure is not difficult. In practice,
however, the situation may be different, since the determination of an
appropriate functional form for the response surface's dependence on the

input parameters is often a non-trivial problem.




are assumed to be “non- zero only when Ehé:bbJeq::isuwithin'the;£ife's

two cases, we need mode]s for tho temperature of the hot gases and “for
‘ithe heat transfer coeff1c1enc between the gases ard the obJect S. sur-

f%faté, since "

~C.1 = HOT GAS: TEMPERATURE
A number of researchers have studied the characterlstxcs of ‘the plume
Tcaﬁéed.by turbuiéht flémes,-and—have arrived at similax'correlations for

the temperature pfofilef' The correlation we shall use is reported by

Alpert [3%1}:

.2
Q /3

c
0.169 75/3

(1 ~.%)Q (W)

axial distance from flame base (m)

e et i B e T e e



udiﬁﬁtigluﬁév:
Stuctly -s._p‘eaki:n'g‘,~v'--:t:fié,;. ab:\)é 7' co;r,e-la"t'_.ign 1sgood pniy:?when thé If"i‘r'e'
li;féméil'¢;§paredf¢;{tﬁé:rppm;éiméhgiéys;énd i§ fa; a&ay ffom.épy‘QéIisL‘
Hd@éver, iflthe'fire'isvv§f§fclo§e td'afwall or 'is in a corné; of the

fsgh};Alﬁefiwélaims‘£Hét[fﬁe,t;fré1$f§6nf§150 works wéll if chis>dou?

i blﬁé.d;;orf qué‘?rﬁplési_;;;fes‘.'Pé,c?i__izYéﬁU

..A; for the‘témher;turélyiyﬁi@ the ceili;g hot gég layer,véécfion-
4.1.2 descripes alsiﬁplg mddél for.this quantity. If a small fire. under

‘a high ceiiing is.;onsidéged,aEquation\(C.Z) can also be used, where z

is replaced by the height of the ceiling above the flame base.

Cc.2 HEAT TRANSFER. COEFFICIENTS
The cénvecﬁive heat transfef also depends on the surfgce heat transfer
éoefficient h. TFor object sprfaces parallél to the plume flow, this
,pArametef‘ does .not vary ‘§£fongly. Expefimenta}ly derived values for
‘heat transfer within a flame are of the order of 23 W/m?°K [60], and
this value can be used conservatively for transfer within the buoyant
plume and in the ceiling gas 1ayér.

When tlie objecf is pe;penaiculér to the plure flow and is large with

respect to the plume radius,'Veldman et al. [61] give

0.01(r/z)7°+® < h' < 0.02(x/2)~°-7 , (r/z) > 0.1 (C.3)
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CIf R isJthé;oﬁjéctfs éff¢ctiVe€fédiﬁs‘}we tomppfe the average - heat

R
Jo M) (1500
S

0.64 (éc/z)' f~’w1m?°k, (R/z) > .18 L
h = _ ’ T (C)
2.06 .(Q,/2) - W/mOK, (R/z) < .18

if Equation (C.2) is-used for T 1(r)u
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vlﬁ thé,fé lowi g défivqiion of:the.éXprésSidnufofftHé~héav flyx;f:Qm'thé

:défélied'dé4

Cwer follow ‘8 more general an

:fé¢§ip;ion*fouha in Ref.\fﬁ))

ﬁéiassuhe‘tﬁét;thefgag iaye;.éan be_mbdeléd gsﬂankinfiﬁife slab’

aflz_ingandfa VaCCﬁm:boﬁhdaryvat'z =D’ (see Flg D. 1) o :,f

Con51der ‘a: sllce of the gas layer of thlckness dz The wavelength

N
\

dependent em1551on “of the slab per unit solid angle : per unit surface

area is
. , T
ay = absorption coefficient
e$1v= blé;kbody emissive power

The subscript ) denotes the wavelength dependencies of the guanti-
ties. The emission per unit solid angle per unit surface area in the

direction of the angle dependent flux is

aAebA(z)dz

T cosH
The attenuation of the rays passing through the element is

BAIA<Z)dz

cosB
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Fig. D.1 - Model of Ceiling Hot Gas Layer

Fig. D.2 - Model of Ceiling
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I (T, 1)

IA(TD,u)e D: | - +

Integrating over all )\, and noting thdt”_

v

-(T'—t)/ug£ 0 <y<1
y
;T

(T

- [0 iy (e
I(Ty,We © D o S oT" (t)e dt , =l<p<o0

M

PRQESIECGRILE )

Integrating over the ranges 0 < p < 1 and -1 < u < 0, and defining




s LT T )
there obtains

-l

@ = | rowe ™ M+ 2

T .
OT*(t)Ey(1-t)dt , 0 < u < 1
o v :

o

and

- S S
- -(z,~0)/u b .
q (t) = 2n I(TD,u)e D " Tudp + 2 oT (t)Ez(t—T)dt, -l1<nu<o
0 s R 4 :
To find 1(0,u), 0 < u <1, we assume that. the ceiling is an isotropic
reflectof and emitter of radiation; Thus, as shown in Fig. D.2,
= pllE 3 q
I(0,p) = [e 0T + pq (O)]/ﬁ! 0<p<i

where

= ceiling emissivity

o
(]
I

ft

ce/ling reflectivity

-
]

ceiling surface temperature.
To find I(TD,u), -1 <y < 0, we further assume that any incoming radia-

tion at the vacuum boundary is isotropic, i.e.

I(rD,v) ?‘-'qD/ﬂ -1 <yuy<o
Thus
1 .
2n I(o v)e—Tluudv = 2{e. 0T + p.q (0)]E (1)
0 : =k *x 3
and
- (1 -1}/
-(r . -1) /v = -
2u . I(tD,u)e D udyp 2qD£3(rD L9
where
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e
'zﬁj(?n)[§c°?b.f;2?C3D§3§30)u

o . T
. . : D .
et (e)E, (tyael 2| oT!(0E, (1m0 dt SR

,If.the?gasvte@perépﬁfé.is_uhif¢fmuahd eQQai;tb'Téi;hroughout the- entire

nt is indeperident Bf”zﬁ(f'=,§§);: h

and’ ifthe absorption.coefficie

q"(aD) = 2600TE3(aD) #+ [2E(aD)1%pcap T
oo ab - ab
T [ y : ( - L -
20T¢, (2 E (aD) E,(t)dt + Ez(ap t)dt]

We now approximate . the exponential integrals Z_(t) and E,{t) by

3

equating the zeroth and: first central moments with.those of the function

) A egp(-ét) (a good’épbroximation'ih most cases), a.i it turns out that :
}*:j_‘ . ‘ _,H_}«EB(c) 2 0.50 exp(-1.5t) ' |
| ”Ez(c) 2 0.75 exp(-1.5¢)
.,Finally,”the outgding'heat flux at the vacuum boundary is
ey =T
. ’ :=%de+,T%x?foQ(yp(H%X}
where o ‘ :
‘X = exp(-1.5aD) . - " ’ tfif




N

‘pans arranged ‘in’a- hexagon

ihg,a»cenﬁralbpan.of'cyciéheiénéﬁ(llsd"burgihg)‘aé a;fﬁnptibh 6f.péh"v

;diameter and separation (see Fig E'I).iAThe’fuellpa:ametéthéluﬁs as-’ "

sumed’ in-our.’simulation.are-giveni.in Table E.1. =
_1f- the feedback to the.fuel from the flames wrrZ nct important, we

would expect -to see. little-change ‘in m"

with -changes in. pan separation. :

 Asfseen iﬁﬁrigﬁ Eiﬁvﬁohéyg; >

~brought. closer together-

- Our reference model prédictionsi’are. also, shown in Eig.

,ché'ég;gehéﬁt,wigﬁ ekbérimentg¥;d§ta éslﬁﬁtvéutstanding;-eSéediéiiy;for )
the’smailer sepa?gtgén distéh;éé (Qﬁ;}g4f1ame intgréctioh éffécts:sgch

~-as mergin become ihpsrtant))‘nEyEfgﬁélgés;fﬁe éfediCtidnsrafe’géésgnébiy
close in_magniiﬁde,'consideripg”the éimplé nature of‘£he.model;’f v

‘The second simulation. is’ of eroff; Modak, and Alpert's experiment,

where a<3.56 x-0.914 % 0.066 m Slab}offpblymethylmethacryla;é"(PH&A)‘was




B

V .~ Table E.2 - Parémetérs'Used’iV PMMA Simulation .
ﬁ-“,“.  3 i-i' ) : B -~ 1190 kg/m? -"_ . A :
| ¢ 2090 J/kg°K
gl Sk | - 0.27 wW/m°K
e He 2.67 x 107 J/kg

636°K

743°K

P o »; 0,006 kg/ms

1 Cg 6.21 x 1077 kg/J

<
o
w
0

i ‘
: .

H

i

.

B




Fig. [.1 - Model of Experiment {62]

10,10 -

Burning Rote ,.?g/ m?s
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~much “gredter” than the flame width'W. . In order to detrmine’ the -heat

flﬁngrdm thé f1aﬁe to a partiéulé;~différential élementAétgheighf Z.on

'théffueljﬁéd; Qg‘modél the flame as-a>ré¢£angularjslab 6f height 2f1+2,

",thickness‘d; The flame:height Zg is given_by'Thomasf cor-

‘relation for.a line source fire. [7]:

fl

m'oE bﬁrnfngwrate per unit length ‘of line source (kg/mjs)

= [ atzdz!
0

Cfl'='29'7 m_sbsm/kgm for flames adjacent to walls.

. . N t » . . - El I
‘For our problem, we assume that m'" is -oughly constant, and so

m' zm'"(z) (kg/m s)

7 .= Cfl(m') ) v - (E.1) .
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'Fig_- E‘d4 . Transfer Between a'fDiffeierit"iél‘:VOhi'rﬁe'
o .. .and a:Differential Surface: cele e
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Fig. E.S - Comparison of. Predicted Results With Experimental
Duta [63] . '
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at flux. to. t

‘:gygnfwﬁen ﬁh;skéSSQmﬁtipn.ié notfgoéa;fi ;
. The;hgétvflux received by a differential surface eiémentfisz(as§ﬁﬁingn-”
19 %:qombuépipq‘efgibiency)
E ©eqy
- Fas-£1 961

" " For thé‘problem'ap“hahd, whe:efthe fadiétivefeichahge

differential gds volume and a surface (see Fig. E.4),

- . dV(a cos¢ T(r)/mr?] - o '(é.z)

. FdS—-fl . »
where. ' . o S Yfl, ' . PR | -

“t(r) = transmissivity of gas
; Yy &

éxp(—ar) for constant property gas.

"a = attenuation constant for flame gases (m7').

Ifaﬁﬁéréifferential suffédé-is located aloﬁg the centefline‘of.the

flame (W/2,y,0), it turns out that

: ’ AN i+1 L
;as—fl =1 - 2E3(aD) - ;Ei/— dB[E3(api) - E3(a¢d!+§¥)]
i
- 1Yy

i
where
Py ZO/COS(H/Z + 8) : 9] = -n/2
- — -1y _ : )
pz = W/2cos8 » 82 = tan " ( 2ZO/W)
py = (L+Zy-Z )/cos(n/2 - B) 0, = can”(?fL+Zfl-zo)/w]
ea = '!3/2
- 159 -




2(L+Zf1)
0. 39 [40] and . mo 0:006" kg/m s [35]. the predictxous of

Assumipg ¥

this model are compared with the experimental results in Fig. E.5.
Aga1n, the prédictiéns are reasonably close in magnitude to the experi-

mental data.
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