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ABSTRACT

Mathematicamodelsof thecorvectivetransporinduced
by large fires arepresented.The modelsare choseno
illustratetherole of scalinglaws in the mathematicatle-
velopmentandcomputelimplementatiorof simulations.
The basicequationsgoverning large fire dynamicsare
presentedn a form suitablefor thesestudies. Therole
of vorticity andheatreleasds emphasizeéh thisformu-
lation. Two differentfire scenariosare examined;each
with a unique analysisaimed at the phenomenaf in-
terest. First, a “kinematic” approachto fire plume dy-
namicsis usedto relatevorticity andheatreleasedistri-
butionsobtainedirom plumecorrelationgo fire induced
winds. The utility of this approachis illustratedby ap-
pealbothto experimentnindividuallaboratoryplumes
and simulationsof massfires. The interactionof fire
plumeswith atmospheriavindsis illustratedby a smole
dispersiommodelthatcouplesa simplified descriptionof
the stratifiedatmospherevith a CFD basedsimulation
of the large scalefire inducedmotions. Simulationsof
crudeoil fire plumescomparedwith large scaleexperi-
mentsare shavn to demonstratehe useof this model.
A brief discussionof additionalfactorsinvolvedin the
analysisof largefiresis outlined.

INTRODUCTION

Largefirescanbe characterizethy the natureof theirin-

teractiorwith thelocalervironment. Theenvironmentas
definedhereconsistof adescriptiorof thegeometryand
burning characteristicef the fuel bed, the propertiesof

the ambientatmosphereandthe geographyof the natu-
ral terrainandbuildingsin the spatialdomainof interest.
Thephysicalprocessethatcontrolthesenteractionsde-
terminethe variouslengthscaleghat definethe dynam-
ics of agivenfire scenarioOneof the mostobviousfea-
turesof ary fire is the enormougangeof active length
scalesrangingfrom the sub-millimeterthicknessof an
individual flameto the kilometersizedcorvective trans-
portscaledn largesmole plumes.Sinceit is notfeasible
to developapproximatanodelsthatincludesucha wide
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rangeof phenomenaa plausiblewayto trucatethislarge
dynamicrangeis required.

An isolatedfire in a quiescentaboratoryernvironment
canbedescribedn termsof a singlemacroscopi@lume
lengthscaleD*, definedin moredetailbelow. All com-
bustionreactions diffusion, and local turbulent mixing
occuron scalessmallcomparedvith D*. Thus,thefire
is describedn termsof anoverallheatreleaseatewhich
determined*. Thiscanbeaccomplishedy makinguse
of empirical correlationswhich have the consequences
of thesmallerscaledynamicsbuilt into them. Largefires
then,possesadditionallength scalesthat are compara-
bleto or largerthantheplumelengthscale.Thesescales
ariseeitherbecausef the natureof thefire scenarioas
in masdfires,or becaus¢hephysicalprocessethatmust
beconsidereaccuratatmospheridynamicsscales Ex-
amplesof eachof thesewill begivenbelow.

The paperis organizedasfollows: The“low Machnum-
ber comhustion” equationsgoverning the dynamicsof
fire plumesare presentedn the next section. The fluid
mechanicalpropertiesof theseequationsare explored,
with particularemphasin the mechanismsf vorticity
creationandvolumetricexpansion.Theremaindeof the
paperconsistof two sectiondhatdescribanathematical
modelsof differentfire scenarios Eachof thesemodels
is chosenbecausehe role of scalinglaws is of critical
importancein both formulating the modelsandin ob-
taining solutions.Thefirst is basedn a “kinematic” ap-
proachusingthefactthatthesource®f vorticity andex-
pansionin fire plumescanbereadilyinferredfrom stan-
dardplumecaorrelations Thefire inducedflow is thendi-
rectlyrelatedto the strengthof thesesourcesTheresults
shav thattheconcepof entrainments readilyexplained
in termsof buoyang inducedvorticity. Moreover, this
simplemodelcanbe usedto predictsomecomplex flow
phenomenabsenedin largefires.

The secondmodel introducesa simplified description
of the interactionof a buoyant plume with a stratified
atmospherionvind. The Boussinescppproximationto-
getherwith the assumptiorthat the componentof the
fluid velocity in thedirectionof the atmospheriavind is



undisturbedy the presencef thefire permitsthedevel-

opmentof a high resolutionplume dynamicscomputer
code. The code hasbeenusedto calculatethe three-
dimensionatlispersiorof comhustionproductsn the at-

mospherédasedn thefundamentaéquationsvith min-

imal computeresources.

Thesemodelscanbethoughtof asrepresentingwo lim-
iting scenario®f interestin the studyof largefires. The
kinematicmodelis aninherently“nearfield” description
of anidealizedurbanmassfire. The dimensionsf the
fire bed are much larger than ary individual fire. The
collective behaior of thetotality of firesis the primeob-
ject of interestin this context. The wind blown plume
modelis a “far field description”. The dynamicsof the
fire bedis completelylostin thisanalysis.Althoughboth
areidealizationsof amuchmorecomplicatedeality, the
resultsoutlinedbelow indicatethateventhesesimplified
analysesapturea wide variety of obsenedphenomena.

FUNDAMENTALS

The startingpoint is the equationsof motionfor a com-
pressibleflow in the low Mach number approxima-
tion. However, the equationsas originally developed
[RehmandBaum,1978 mustbe modifiedto allow for

anambientpressureP, (z), temperaturdy(z) andden-
sity po(2z) thatvarywith heightz in theatmospherén the
absencef thefire. Their equationsassumehatthefire

inducedpressurds a small perturbationaboutthe time

dependenspatial averageof the pressurein an enclo-
sure. For the presentapplication,the fire inducedpres-
surep is asmall perturbatiorabout P, (z). The ambient
densityandtemperaturarerelatedto Py (z) by theequa-
tion of stateandtheassumptiorof hydrostatidbalancen

the ambientatmosphere.The equationsexpressingthe
consenation of mass,momentumandenegy thentake

theform:
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Here,p is thedensity @ the velocity, 7' thetemperature,
andp thefire inducedpressurén thegas.Theunresohed
momentumflux and viscousstresstensorsare lumped
togetheranddenotedby 7. The quantity&@ is the fluid
vorticity. The vertical componenbf the velocity is de-
notedby w in equation(3) andthe hydrostaticrelation
betweenF, and py hasbeenusedin equation(2). The
specificheatis denotedoy C,,. Similarly, the unresohed

adwectedeneny flux, the conductionheatflux, andthe
radiantenegy flux aredenotedby ¢, while thechemical
heatreleasgperunit volumeis Q..

The enegy andmomentumequationscanbe thoughtof
asadwancingthetime evolution of T and# respectiely.
However the pressurgerturbationdoesnot obey anex-
plicit time evolution equation. Instead,it is the solu-
tion of anelliptic equationdeterminedy thedivergence
of the velocity field. The instantaneousesponsef the
pressurdield implied by the above equationss a con-
sequencef thelow Mach numberassumption.n real-
ity, pressurehangesrecarriedthroughthe atmosphere
at the speedof sound. However, the soundspeedis as-
sumedo besomuchhigherthanthelocalambientwinds
or fire inducedflows that the transittime for the sound
wave canbeignored.

Theequationgpresente@dbove alsorequirerecipedor r,
¢, andthe heatreleaserom thefire. In principle,there
is no difficulty writing down thewell known expressions
leadingto theNavier-Stokesequationandtheassociated
enegy andspeciesonsenration equations.Using these
expressionsthereare no unresohed fluxesor stresses.
If it were possibleto solve the resulting equationsfor
the problemsof interestno further discussiorwould be
neededHowever, therangeof dynamicallyactive length
andtime scalesin almostary fire scenarios muchtoo
largeto beamenabléo computation.Thus,approximate
forms of theseequationshave to be employedif ary re-
sultsareto be obtained. The approximateequationsn-
evitably containassumptionsboutthe natureand im-
portanceof the unresohed stressesnd fluxes. Before
consideringsuchmodels,however, it is usefulto extract
somebasicinformation from the most generalform of
theequations.

Firstconsidethedecompositiorof thevelocityfield into

its irrotationalandsolenoidatomponentsThemassand
enegy consenrationequationgogethemwith theequation
of statecanbe combinedto yield:
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Here, p, is a referencepressuran the ambientatmo-
spherefar from the fire, and+y is the specificheatratio.
Equation(4) determineghe divergenceof the velocity
field (or morepreciselya “pseudo-elocity” ) in terms
of thecomtustionheatreleaseateandthefluxesof sen-
sibleandradiantenegy.

Justas equation(4) describesthe sourcesof the irro-
tational componentof the velocity, the sourceof the



solenoidalfield is the fluid vorticity &. The evolution
of the vorticity field canbe relatedto the plumedynam-
ics using Kelvins Theorem. Let T" be the circulation
aboutany closedcircuit moving with the fluid. Then,

[Goldstein,196Q:
Dr -
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Here,d is thelocal acceleratiorof thefluid andtheinte-
gralis aroundthe closedcircuit. Usingequation(2):
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Theunit vectori is normalto the surfaceS boundedby
the closedcircuit usedto definethe circulation. Thus,
equation(7) is an integral relation betweenthe rate of
vorticity creationandtheforceson thefluid.

The above resultscanbe exploited by explicitly decom-
posingthevelocity field asfollows:

i=Ve+7 9)

Then,¢ andv satisfyscalarandvectorPoissorequations
respectiely. Thisis particularlyclearif the stratification
of theambientatmosphereanbeignored.Theequations
thenbecome:
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Equations(10) and (11) demonstratexplicitly thatthe
heat flux and heat releaseare the sourcesof the po-
tential field and that the vorticity is the sourceof the
solenoidalfield. Moreover, equation(7) shows thatin
general,there are three sourcesof vorticity. The first
termon theright handsideof this equationcorresponds
to thenon-tuoyantbaroclinicvorticity generatiorcaused
by the misalignmentof pressureand densitygradients.
Outsidethefire plumeit vanishesandaway from theac-
tive comhustionzonethis termis small. However, where
mostof the heatreleasaakesplace,this is a significant
contributor to the vorticity [Mell etal.,1996. The sec-
ondtermis the contribution of thebuoyangy. It alsovan-
ishesoutsidethe plume, but is penasive everywherein
the plume. Becauseof this, it is the dominantsourceof
thesolenoidatomponentf thevelocity field almostev-
erywhere. The lastterm in equation(7) representshe
effectsof viscosityon vorticity creation.For almostary

fire of interest,this mechanismoperatesat suchsmall
scaleghatits effectsareunimportant.

The sourcesof the potentialflow alsorequirea distinc-
tion betweerlargeandsmallscalephenomenaThe heat
flux vectorg canbedecomposethto conductionandra-
diative componentasfollows:

J=—-kVT + qr (12)

The thermalconductvity k(T') is small enoughto en-
surethat the conductionflux is highly localizedin the
fire plume. The radiatve flux ¢r, on the otherhandis
significantatthe largestscales.Thus,if thevelocity po-
tentialis decomposeth ananalogousvay, alargescale
expansiorfield ® canbedefinedas:
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The temperaturel', is a referencetemperaturen the
ambientatmosphere Note that the conductioninduced
velocityis ahighly localizedflow directedup thetemper

aturegradient,while the large scalepotentialfield is the
solutionof a Poissonequationwith an essentiallyposi-
tive right handside. This is true evenif the comhustion
enegy releaseis containedin a large numberof indi-

vidual flames,eachof which is much smallerthanary

macroscopi@lumelengthscale.

FIRE INDUCED FLOWS

The entrainmenbf air into a fire plumeis a neccesary
conditionfor thefire to be sustained However, thereis
no precisedefinition of this concept,and measurement
of the “entrainmentrate” hasproved both difficult and
controversial. The problemarisesbecausé¢hetypical ap-
proachto determiningheincreaseof masdn anisolated
fire plumewith heightabove thefire restson measuring
or inferring aninflow velocity at the edgeof the plume.
However, unlike thetemperaturdield, the velocity does
notundegoary sharptransitionattheedgeof theplume.
Indeed theflow quantitymostlik e thetemperaturés the
vorticity. Moreover, if theflow quantityto bedetermined
is choserto bethefire inducedflow field ratherthanthe
“entrainment”thenboth the measuremerandthe mod-
eling problembecomeractable.

The startingpoint is the decompositiorof the velocity
field asrepresentetly equationg11)and(14). Notethat
theright handsidesof theseequationsarenon-vanishing
only in the fire plume. Moreover, they arelinearin the
relationsbetweenboth the solenoidalvelocity and the



vorticity andthe potentialfield andthe heatreleaserate.
Thus,if time averagedexperimentaldatadescribingthe
structureof the vorticity and heatreleasefields inside
the plume are available, then the time averagedveloc-
ity fields both inside and outsidethe plume canbe de-
termined. Similarly, if time resoled datais available,
the correspondingelocitiescanbe calculated.This ob-
senationis the basisfor a “kinematic” approactto fire
inducedflows [BaumandMcCaffrey, 1989.

First consideranisolatedlaboratoryscalefire. Thetime
averagedplumeis axially symmetric,andthe net inte-
gratedradiative flux emitted from the fire is assumed
to be a fraction xy of the comhustion heatreleaserate
Q.. Defining (r, z) asradialandvertical cylindrical co-
ordinatesmeasuredrom the centerof the fire, the cor-
respondingvelocity components:,. andu, canbe ex-
pressedn termsof ®(r, z) andavectorpotential¥ (r, z)
asfollows:

9% 19¥ 9% 10V
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Similarly, the vorticity vector reducesto an azimuthal
componentug(r, z). Now let Qo be the total comtus-
tion heatreleaserate generatedy the fire. Then,it is
possibleto definea naturalplumelengthscaleD* as:

(15)
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The independentvariables can now be made non-

(16)

dimensionalby introducing (r, z) = D*(r*,z*). The
dependentariablesarethenscaledn theform:
(uryus) = (gD*)V2 {u (r*,2%), 0* (", 2%} (17)

(@, %) = D*(gD")*/2 {@* (", 2*), T*(r",2")} (18)
Finally thevorticity andheatreleaseatewhichactasthe
sourcef the vectorandscalarpotentialsarewrittenin
theform:

we = (g/D)N?w* Q. =[Qo/(D*)’]Q* (19)

This choice of dimensionlessvariablesis not arbi-
trary. The plume correlationsdeveloped by McCaf-
frey [McCaffrey, 1983 canbe compactlyexpressedn
thisform [BaumandMcCafirey, 1988. Moreover, if the
temperaturés madedimensionlessvith respectto 7,
and the fire inducedpressurep is normalizedwith re-
spectto p..gD*, thenall the explicitly resohedtermsin
the dimensionles$orm of the fundamentatonseration
equationg1), (2), and(3) dependnly onthefractionof
the comlustion enegy releaseemittedas radiation ..

Finally the vector and scalarpotentialssatisfy the fol-
lowing equationsyhich exhibit the sameparametride-
pendence:
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Equationg20)and(21) mustbesupplementetly bound-
ary conditionsatthegroundz* = 0 andfarfrom thefire.
Sincetherecanbeno flow throughtheground:

0P*
o0z*

The far field boundaryconditionsare muchmoreinter-

esting.Sincethe heatreleaseegionis boundedn space,
the potentialfield far from the fire correspondgo the
pointsourcesolution.

\I’*<7‘*, 0) = (T*v 0) =0 (22)
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73 (23)

The asymptoticsolenoidalvelocity mustbe that associ-
atedwith a point sourceplume. Sincethe velocity field
decaysproportionato (z) /3 in theplume thevorticity
andstreamfunction musttake thefollowing form:

5/3
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Here,f is thepolaranglein asphericapolarcoordinates
measuredrom the plume centerline. The plume struc-

ture function F' vanishesat§ = 0 andd = =/2, and

satisfiegheequation
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The structureof the vorticity function Q(u) is deter
mined from the assumedsaussiarform of the vertical
velocity profile in the plume, with the width obtained
from McCaffreys correlation. The resultscan be ex-
pressedn termsof a sphericalradial componenbf the
velocity field V,* and polar anglecomponent/;* which
take theform:

V* — (T*Z _1_2*2)*1/3 Vp(e)

p; 27)

VG* — (T*z 4 Z*Z)—1/3 ‘/0(9) (28)

ThefunctionsV, andVj areplottedin Fig. 1. Notethat
negative valuesof V nearthe plume centerlined = 0
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FIGURE 1. ANGULAR DEPENDENCE OF NOR-
MALIZED RADIAL (V,) AND TANGENTIAL (V)
VELOCITIES FOR POINT SOURCE PLUME.
[Baum and McCaffrey, 1988]

andV, nearthe groundplanef = x/2 correspondo
inflowsinto theplumewhich arebalancedy thevertical
outflow throughthe plumecarriedoy V,, neard = 0. The
flow patternoutsidea point sourceplumewasstudiedby
Taylor [Taylor, 1958 who replacedthe entire plumeby
aline sink. His resultis equivalentto thatobtainedhere

away from theplume,but becomesingularastheplume
is approached.

Using the above resultsas boundaryconditions,equa-
tions (20) and (21) can be solved in a cylindrical do-
main for U* and ®* using fastdirect elliptic equation
solvers. Theright handsidesof the equationsareagain
determinedrom McCaffreys correlation.Detailscanbe
foundin [BaumandMcCaffrey, 198§. Fig. 2 shavsthe
groundlevel radialvelocity, togethewith thecomponent
terms.Notethatthesolenoidalelocityis responsibldor
the entrainmentyhile the expansiorflow is actuallydi-
rectedoutward. The expansionflow is quite significant
for distancesrom the plume comparableo the flame
height(z* = 1.3 in the presenunits). However, thevor-
ticity inducedflow dominateseverywhereelse. More-
over, the buoyang/ inducedcomponenbf the vorticity,

which is all that survivesin the far field, is by far the
mostimportantsourceof thevorticity.

Sincethe computationgiescribedabore areeasyto per
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FIGURE 2. CALCULATED GROUND LEVEL
RADIAL VELOCITY SHOWING

EXPAN-
SION (DASHED) AND VORTICITY INDUCED

(DOTTED) CONTRIBUTION TO  FLOW.
[Baum and M cCaffrey, 1988]

form (the discretizecelliptic equationscanbe solvedin
lessthana secondon atwentythousandointgrid using
ary currentgeneratiorworkstation),this model can be
usedto calculatethe flows inducedby massfires. Al-
most ary suchfire is actually a collection of discrete
fires, dueto eitherthe discretenatureof the “fuel” (in-
dividual buildings, say)or becauséhe oxygensupplyto
anindividual fuel parcelis consumedy adjacenfires.
If attentionis focusedon flows at or neargroundlevel,
thenthe plumesassociateavith eachfire will bedistinct.
Sinceequationg21) and(20) arelinearandthe vorticity
fieldsassociateavith eachplumeareseparatedhenthe
flows inducedby eachfire canbe addedvectorially The
combinedasymptoticandnumericakolutionsfor ®* and
U* thenconstitutea“computationaklement’thatcanbe
scaledappropriatelyfor ary sizefire with a givenradia-
tive fraction. Using this techniqueit is not difficult to
simulatethe neargroundflows inducedby hundredso

thousand®f individual fires. Suchfireswerein factthe
motivationfor this work.

The modelhasbeentestedexperimentallyagainstiarge
controlled burns by Quintiere and his collaborators
[Quintiere, 1990, [Quintiere,1993. Thesefield exper
iments, conductedin Canadain 1989, included wind
tower measurementat five separatdocationsof veloc-
ities inducedby fires whoseultimate strengthreached
severalGW. Infraredphotographsvereusedto discretize
thefire into over 40 individual fires whosestrengthwas
estimatedrom separat@analyse®f the vegetationin the
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loggedfieldsthatconstitutedhefuel Despitethefactthat
the terrain consistedof low rolling hills, and numerous
uncertaintiesn the fuel characterizationthe agreement
betweenthe calculatedand measuredorizontal veloc-
ity fieldswasquite encouragingThe comparisonsvere
performedat severaldifferenttimesandthewind towers
wereseveralhundredmetersapart,but the discrepancies
betweentheory and experimentwere almostall below
twentypercenbf themeasuredaluesn bothmagnitude
anddirection.

Perhapshe mostinterestingapplication,however, is a
studyof the19910aklandHills fire by TrellesandPagni
[TrellesandPagni,1997. This fire destryed over two
thousanduildings andaffectedan areaof 600 hectares.
Theinitial fire spreadwvasstronglyinfluencedby thedry
10 m/s ambientwinds. However, betweenl11:45 AM
and 12:00 noon the obsened rate of spreadof the fire
slowed dramatically Trellesand Pagni usedthe model
describedabore to estimatethe relative importanceof
thefire inducedandambientwinds. They usedestimates
of theambientwind field andtheenepgy releaseatesas-
sociatedwith singleandmultiple unit dwellingstogether
with the obsened burning patternsat the two timesin
guestion. At 11:45 AM they assumedhat the 38 ob-
senedfireseachhada50 MW heatreleaseate. Thefire
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ING 259 FIRES BURNING AT 12:00 PM.
[Trellesand Pagni, 1997]

inducedwind fields, shavn in Fig. 3, area small per

turbationon the ambientwinds. However, by noon259

fires were burning at ratesestimatedio be between50

MW and330MW each.Thecombinedeffectof all these
firesgeneratedvindsup to 13 m/sin places.The com-

putedflow patternsareshavn in Fig. 4. Thesevelocities
arecomparablédo thosein the ambientwind. Moreover,

they are primarily directedtowardsthe mostintensely
burningregionsof thefire. Thus,they impedethespread
of the fire on the downwind side of the burning region.

This statemenis valid whetherthe spreadmechanisms

corvective andradiative heattransferfrom the flamesor

(aswaswidely obsened)spottingby burningleavesand
shinglescarriedaloft by thewinds.

Comparisorof thismodelwith largescalefield measure-
mentsandobsenationshasyieldedencouragingesults.
However, it is importantthatthe modelbe testedagainst
laboratoryexperiments,where sourcesof error canbe
morepreciselydefined.Goreandhis collaboratorshave
performeda seriesof experimentsand analysesalong
theselines [Goreetal.,1996, [ZhouandGore,199§.
In their mostdetailedexperiments,measurementsere
madeof thevorticity andheatreleaseatedistributionsin
a 7.1 cm naturalgasdiffusion burnerdesignedo mimic



the hydrodynamicpropertiesof a small pool fire. The
vorticity was obtainedfrom particleimagingvelocime-
try (PIV) measurementsf the velocity field. Time av-
eragesof the velocity were then differencedto obtain
the vorticity. The sourcesof the expansionfield were
obtainedby relating themto the local mixture fraction
field [Baum,etal.,1990. The mixture fractionwasde-
terminedfrom measurementsf the major speciescon-
centrations.Figure5 shows a comparisorbetweenPlV
measuremenisf theverticalvelocity componenandthe
calculatedvelocitiesusingthe measuredources.Zhou
andGorenote,in describingtheir closelyrelatedFig. 4
[ZhouandGore,1999:

“The agreemenbetweenthe predictionsand

the measuremeris excellent. The predictions
arenotonly closeto thedatain absolutevalue,

butalsocatchthesaddleshapeof theradialdis-

tribution of axial velocitiesat locationsclose
to the burnersurface.This agreemensupports
the presentmethod of estimatingthe source
term?

WIND BLOWN PLUMES

Thereis considerablénterestin the ervironmentalcon-
sequecesf largefires, sincethetransporiof comlustion
productsby a wind-blown fire plume candistribute po-
tentially hazardousnaterialsover a large area. Poolsof
burning oil andotherpetroleumproductsare of particu-
lar concerrdueto thevastflow of thesamaterialghrough
theglobaleconomyandbecausef thefragility of theen-
vironmentin mary regionswhereaoil is extracted trans-
ported, or stored. Buoyant wind-blown plumeshave
beenstudiedsince the 1960, and an extensie liter-
ature has beendevelped. Summariesof recentwork
have beengiven by Turner [Turner, 198§ and Wilson
[Wilson,1993. Virtually all the modelsdescribedin
thesereviews are integral models,wherethe profiles of
physicalquantitiesin cross-sectiongblanesperpendicu-
lar to the wind are assumedtogetherwith simple laws
relatingplumeentrainmento macroscopideaturesused
to describeits evolution. Many of the modelsin usefor
air quality assessmerdimply use Gaussiarprofiles of
pollutantdensity Unfortunatelythe plumestructuresac-
tually obsenedaretoo complex to bedescribedn terms
of afew simpleparameters.

Most of theassumptionsequiredby integral modelscan
be removed by taking advantageof the enormousad-
vancesin computationalfluid dynamicsthat have oc-
curredsincethesemodelswere developed. This is es-
pecially trueif it is assumedhat the componenbf the
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FIGURE 5 COMPARISON OF VERTICAL
COMPONENT OF VELOCITY WITH PREDIC-
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fluid velocity in the directionof the ambientwind is lit-
erally thewind speed.The neglectof streamwisegertur
bationsto theambientwind is anold ideain aerodynam-
ics, whereit hasbeenusedto studyaircraftwakessince
the 1930’ [Batchelor 1967. Oncethis approximation
is madethe plume canbe studiedasa two-dimensional
time dependenentity. The large scalestructureof the
plume can then be determinedin detail at moderate
computationakost. The small-scal€‘sub-grid” mixing
anddissipationis representedvith a constanteddyvis-
cosity. This permitsthe mathematicaktructureof the
Navier-Stokes equationsto be retained. The effective
Reynoldsnumber definedby the buoyangy inducedve-
locity, plumeheight,andeddyviscosity is chosernto be
well above 10%. This permitsatleasttwo ordersof mag-



nitude of dynamically active length scalesin all coor
dinatedirectionsto be simulated. Thus, the model de-
scribedhereis a simplified form of large eddy simula-
tion.

The plume is describedin terms of steady-statecon-

vective transportby a uniform ambientwind of heated
gasesand particulate matter introducedinto a stably
stratified atmosphereby a continuously burning fire

[Baum,etal., 1994, [McGrattanetal.,199§. Sincethe
firebeditself is notthe objectunderstudy only theover

all heatreleaserateandthefractionof thefuel corverted
to particulatematterneedbe specified. The simulation
beginsseveralfire diameterglownwind of thefire, where
the plumeis characterizedy relatively small tempera-
ture perturbationsand minimal radiationeffects. In this

region the plume gasesascendo an altitude of neutral
buoyangy, and then graduallydisperse. The trajectory
of the plumeis governedby the ambientwind, the at-

mosphericstratificationand the buoyang/ inducedcon-

vection. It is assumedhatthe ambienttemperaturgro-

file asa function of heightis available. The modelhas
beenextendedto allow for multiple interactingplumes
[Trellesetal., 19994 andthe presenceof a wind shear
[Trellesetal., 1999. However, only the basicform of

themodelwill bediscussedn detailhere.

Assumingthatthe perturbationgo the backgroundem-

peratureTy(z) and pressurePy(z) are small beyond a

few diametersdownwind of the firebed, the expansion
componenbf the velocity field canbe ignoredandthe

equationglescribinghesteady-statplumereduceto the

Boussinesapproximation. The uniform ambientwind

speedU is takento be constant.For mathematicaton-

sisteny, U is much larger than the buoyang/ induced
crosswindvelocity componentsandthe ratesof change
of physicalquantitiesn thewindwarddirectionaremuch

slowerthanthosein the crosswindplane. Theseassump-
tions are quite realistic several flamelengthsdownwind

of thefirebed.SinceU doesnotchangethereis noneed
for awindward componenbdbf the momentunmequations.
The detailsof thefirebedarenot beingsimulated sothe

only information aboutthe fire requiredis the overall

corvective heatreleasaate Qo andtheparticulatemass
flux. Theinitial temperaturedistribution in the plume
crosssectionis assumedo be Gaussiarand satisfythe

following integral

(o] o -
/ / pocpyUT dzdy = Qo
—o00 J0

The quantity 7' is the fire inducedtemperaturepertur
bation. The particulatematter(or any non-reactingzom-

(29)

bustionproduct)is trackedthroughtheuseof Lagrangian
particleswhich are adwectedwith the overall flow. The
initial particulatedistribution mimics theinitial temper
aturedistribution. If either more detailedexperimental
dataor the resultsof a local simulationof the fire bed
dynamicss available,thenthesecouldbeusedin lieu of
the Gaussiarprofile.

The equationsof motion are madenon-dimensionaso
asto maximizethe amountof informationwhich canbe
extractedfrom eachrun. First, the windward spatialco-
ordinateis replacediy atemporalcoordinate

v,
UL

wherethe plumeheight is givenin termsof the poten-
tial temperaturef theundisturbedaitmospher®(z).

*

(30)
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QO 1/3 /
L=(—%2 _ L 0(2) = =
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(31)
The potentialtemperaturés relatedto the actualtemper
aturethroughtherelation

Py "(2) To(z) = Fo(0) " O(2) (32)

wherex = R/C), andR is the gasconstantor dry air.
The characteristizelocity of thefluid is givenby

V:( Qoyg )
CpTOpOUL

z=0

(33)

The characteristiclength L and velocity V' scalethe
crosswindspatial coordinates(y, z) = L(y*,z*) and
velocities (v, w) = V(v*,w*). The quantity ®’(z) is
scaledby its valueat the ground. The temperaturger
turbation?' is madenondimensionaby the expression

Qo
CppoUL2

Finally, the turbulentReynoldsand Prandtinumbersare
defined

T= T* (34)

Re = —pOVL ;0 Pr= ,u_C'p
7 k

Theviscosityandthermalconductvity areto beregarded
as“eddy” coeficientswhoseprimaryrole is to provide
sinksof kinetic andthermalenegy thatareactuallythe
resultof sub-gridscaledissipatve processedn practice,
they areusedto setthe dynamicrangeof lengthscales
employedin the simulation,whichis typically five to fif-
teenmeters. This rangeis neededo capturethe large-
scalefire-inducededdy motions. This requirementjo-
gethemwith theknowledgethatthedissipatve effectsop-
erateatascaleRe ~? timessmallerthantheoverallgeo-
metricscale(thestabilizationheightof theplumefor this

(35)



FIGURE 6: TWO INTERACTING 500 MW FIRE PLUMES GENERATED BY OFFSET FIRES 500 M

APART. [Trelleset al., 19994]

problem),translatesnto Reynoldsnumbersof the order
10*. Thermalconductvity is treatedin a similar manner
to viscosity; thus the Prandtinumberremainsof order
unity.

The dimensionlessorm of the model equationsis re-
markablysimple

ov*  ow*

— 4+ —=0 36
oy | 02 (36)
D*v*  Op* 1 [0%v*  0%*
= (— +=— 37
D*t* ' dy*  Re (ay*2 N 82*2) 37)
D*w* = Op* . 1 [(0Pw*  O*w*
D ol T Re (ay*z toer) ¥
D*T* .. ., . 1 9*T* 92T
D*t* +® (Z) w = Re Pr (ay*Q + 62*2)
(39)
subjectto theinitial condition
//T*(y*,z*)dy* dz" =1 (40)

The crosswindvelocity components* andw* areas-
sumedto be zeroinitially, althoughthis assumptiorcan

berelaxedif moredetailedinformationis available.No-

flux, free-slipboundaryconditionsare prescribedat the
ground, consistentwith the assumediniformity of the
prevailing wind and the resolutionlimits of the calcu-
lation. At the outer and upperedgesof the computa-
tionaldomain theperturbatiortemperatureperturbation
pressureandwindwardcomponenbf vorticity aresetto

zero.

Figure 6 shows the resultsof a sampletwo plumesimu-
lation. The plumeis visualizedby interpolatingthe par
ticle locationsonto the computationalrid, andplotting
theisosuriiceon which the particulatedensityis a cho-
senvalue. Two large countefrotating vortices are as-
sociatedwith eachplume. Thesevorticesare respon-
sible for much of the entrainmentmixing and cooling
the comhustion gases. Thesevortices are readily ob-
senedin actuallarge-scalesxperiments;seeFig. 3 of
[McGrattanetal., 1996. The complexity of evenasin-
gle plumestructureis clearly nothinglike thatassumed
in Gaussiarplume models. The computationakost of
this simulationis quite modest. A 512 cell (horizon-
tal) by 128 cell (vertical) grid using 15,000Lagrangian
elementsto representhe smole particulatematter re-
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quireslessthan5 minuteson a currentgenerationper

sonalcomputerto advancethe approximately350 time

stepsneededo completethe calculation. In fact, over
onethousandwo plumesimulationswereperformedto

explorethelargeparametespacedefinedby the multiple

plumegeneralizatiorof this model. All the simulations
wereperformedn the courseof afew weeks.Otherex-

amplescanbefoundin [Trellesetal., 19993.

In thesesimulations,the particlesdo not simply follow

the large scalevelocity field. The backgroundatmo-
sphericmotion plays an equally critical role in deter

mining how rapidly the comtustion productsdisperse.
Atmosphericturbulenceaffects mixing on a wide range
of scales,extendingto scaleswhich are smallerthan
the resolutionof the calculationsperformedhere. The

“eddy” viscosityandthermalconductvity attemptto ac-
countfor this sub-gridturbulence but do notaccountfor

larger scale,backgroundatmospherianotion. For the
presenpurposesthis motionmay be expressedn terms



of variationsof the prevailing wind over time scalesof
minutesto hours. Thesedeviations can be measured,
andareintroducedinto the modelthroughrandomper
turbationsto the trajectoriesof the Lagrangianparticles
which representhe particulatematter Thus, the mo-
tion of eachparticleis governedby the fire-inducedve-
locity field found by solving the conserationequations
above,plusaperturbatiorvelocityfield (0, v’, w’) which
representshe randomtemporalandspatialvariationsof
the ambientwind. Details of the computationof the
randomvelocity field and a descriptionof the numeri-
cal methodsemployedin the simulationcanbe foundin
[McGrattanetal., 1994.

The smole dispersionpredictedby this modelhasbeen
testedin a variety of large scalefield experiments. In
early Septembefl 994, Alaska Clean Seasconductecat
their Fire TrainingGroundin PrudhoeBay, Alaska,three
mesoscaldurnsto determinethe feasibility of burning
emulsifiedoil. Eachburn consistedof burning an oil
mixture within the confinesof a fire-resistantcircular
boomwhich floatedin a pit filled with water The boom
diameterwasroughly 9 m, andthe rectangulampit was
roughly 20 m by 30 m. The first and third burns con-
sumedemulsionsof salt water and 17.4% evaporated
AlaskanNorth Slope (ANS) crude. Emulsionbrealers
were appliedto thesemixtures. The secondburn con-
sumedfreshANS crude.Heatreleaseratesfor thethree
burnswereestimatedo be 55, 186 and98 MW, respec-
tively. Themasdlux of particulatevasbasednasmole
yield for ANS crudeof 11.6%.

Figure 7 summarizesthe results of the experiments,
shaving the model predictionof groundlevel particu-

late concentratiorversusthe actualmeasurementsiade

in thefield. Thefield measurementsereaveragecover

the time of the burn. Exceptfor a few straypoints, the

agreemenbetweerthetime-averagednodelpredictions
andfield measurements quite good, shaving particu-

late concentrationgangingfrom 0 to 80 g m—3 along

the narrov pathover which the plumeis lofted. In ad-

dition to groundlevel instrumentsa small airplanewas

hiredto fly in thevicinity of the plumeandrecordplume

positionsat varioustimes, aswell asto photographthe

burn site andthe plume. Accordingto flight track data,

the plume from the first burn roseto a heightof about

550m andtheplumefrom thesecondourn roseto about

400m. Thesemeasurement@rein very goodagreement
with model predictions,basedon atmospherigrofiles

obtainedwith a heliumblimp anda helicopter In fact,

the model predictionswere consideredaccurateenough
to useasaplanningtool for thesiting of thegroundbased
instrumentsisedto recordthedatashonnin Figure?.

11

DISCUSSION

Themodelsdiscussedboverepresentwo limiting cases
of large fire scenarios.The kinematicmodelasapplied
to the studyof massfiresis a casewherethe overallfire

encompassése entiredomainof interest.Here,thede-

tails of the distribution of individual fires areall impor-

tant, while the dynamicsof the interactionof the fires

with the atmospherds ignored. If the individual fires

are intenseenoughand persistfor a relatively long pe-

riod of time (tensof minutes,say),thenthe nearground
windswill bedominatecby thefire inducedflow, andthe

modelis internally consistent. The wind blown plume
model,ontheotherhand,addressea scenariovherethe

actualcomhustionzoneof thefire is very muchsmaller
thanthe spatialdomainaffectedby the dispersabf com-

bustion products. Here, the natureof the interactionof

the plumewith theatmospherandwith otherplumesis

critical.

In thefirst casethelargestlengthscaleis determinedyy
the geometryof the fire bed, while the individual fire
scale D* controlsthe local fire dynamics. In the lat-
ter scenariotheinteractionof the plumewith the atmo-
spheresetsthe largestscale L, while the fire bedis typ-
ically of negligible dimensions.Any plumeinteractions
typically occuron the L scale. Clearly, eachof these
limiting casesrepresents considerabladealizationof
ary largefire scenario.Atmosphericwinds usuallycan-
not beignoredevenin large urbanfires. Theimmediate
vicinity of the firebedassociatedavith oil spill firesusu-
ally is soheavily smole ladenthattheabsorptiorof ther
malradiation(andhenceanabsorptioriengthscale)is a
significantfactorin determiningplume dynamics. The
geographyassociatedavith the naturalandbuilt erviron-
mentis typically a major factorin mostlargefires. All
theseimply morelengthscalesandhencemoredimen-
sionlessparametersvhoseinfluencemustbe studied,if
thedynamicsof largefiresis to beunderstood.
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