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ExecutiveSummary

This studywasthe resultof a coordinatedpublic-privateresearcheffort to gain insight into
theinteractionof sprinklers,roof ventsanddraft curtainsthroughfire experimentsandnumerical
modeling.Thework wasconductedoveraperiodof two years.

The InternationalFire Sprinkler, Smoke andHeatVent,Draft CurtainFire TestProjectorga-
nizedby theNationalFire ProtectionResearchFoundation(NFPRF)broughttogethera groupof
industrialsponsorsto supportandplanaseriesof largescaleteststo studytheinteractionof sprin-
klers,roof ventsanddraft curtainsof thetypefoundin largewarehouses,manufacturingfacilities,
andwarehouse-like retail stores.A TechnicalAdvisory Committeeconsistingof representatives
from thesponsoringorganizations,theNationalInstituteof StandardsandTechnology(NIST),and
otherinterestedpartiesplanned39largescalefire teststhatwereconductedin theLargeScaleFire
TestFacility at UnderwritersLaboratories(UL) in Northbrook,Illinois. The testsweredesigned
to addressrelatively large,open-areabuildingswith flat ceilings,sprinklersystems,androof vent-
ing with andwithout draft curtains. To simulatetheseconditionsin the 37 m by 37 m by 15 m
high (120 ft by 120 ft by 48 ft high) main testbay, the vents,draft curtainsandsprinklerswere
installedon a 30 m by 30 m (100 ft by 100 ft) adjustable-heightplatform, 7.6 m (25 ft) off the
floor. During thetests,smoke andhot gasesfilled thevolumeenclosedby thedraft curtains,and
theexcesssmoke flowedaroundtheedgesof theplatforminto a plenumspaceabove. Thesmoke
in theplenumspacedwascontinuallyexhaustedthroughasmokeabatementsystem.

Fundingfor the large scaletests,althoughsubstantial,permittedonly five high rack storage
commodityfire teststo be conducted.In orderto bestpreparefor thesetestsandto addto the
informationavailablefor modeldevelopmentandverification,34 easilyconductedandcontrolled
heptanesprayburnertestswerealsoperformed.Recognizingthat theresourcesin termsof fund-
ing and time were limited, the NFPRFTechnicalAdvisory Committeereducedthe numberof
parametersin thisstudyby selectingonecommodity, onerackconfigurationandignition source,a
singlesprinklersystemandonesprinklerdischargedensity, onecommercialventdesign,andone
vent/draftcurtainarrangement.

In parallelwith the largescalefire tests,a programwasconductedat NIST to developa nu-
mericalfield model,IndustrialFire Simulator(IFS), that incorporatedthephysicalphenomenaof
the experiments.A seriesof benchscaleexperimentswasconductedto developnecessaryinput
datafor themodel.Theseexperimentsgenerateddatadescribingtheburningrateandflamespread
behavior of thecartonedplasticcommodity, thermalresponseparametersandspraypatternof the
sprinkler, and the effect of the water sprayon the burning commodity. Simulationswere first
performedfor the heptanesprayburnertests,wherethey wereshown to be in goodquantitative
agreementin termsof bothpredictingsprinkleractivationtimesandnear-ceiling gastemperature
rise.Thesprinkleractivationtimeswerepredictedto within about15%of theexperimentsfor the
first ring,25%for thesecond.Thegastemperaturesneartheceilingwerepredictedto within about
15%.Next, simulationswereperformedandcomparedwith unsprinkleredcalorimetryburnsof the
cartonedplasticcommodity. Theheatreleaseratesof thegrowing fireswerepredictedto within
about20%. Simulationsof the5 cartonedplasticcommodityfire testswerethenperformed.The
goalof thesesimulationswasto beableto differentiatebetweenthoseexperimentsthatactivateda
largenumberof sprinklers,andthosethatactivateda smallnumber. This goalhasbeenmet. The
modelwasalsousedto provide valuableinsight into whatoccurredin theexperiments,andalso
whatwould have occurredin theeventof variouschangesof testparameters.Thereareplansto
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continuethedevelopmentandevaluationof theIFSmodelbeyondpublicationof this report.
Theoverallgoalof thetestingandmodelingprogramwasto investigatetheeffectof roof vents

anddraft curtainson the time, number, andlocationof sprinkleractivations;andalsothe effect
of sprinklersanddraft curtainson theactivationtime, number, anddischargeratesof roof vents.
Basedon theexperimentsandmodelsimulationsfor thechosentesthardwareandconfigurations,
themajorfindingsin thisstudywere:� The testsandmodelsimulationsshowed that whenthe fire wasnot ignited directly under

a roof vent,ventinghadno significanteffect on the sprinkleractivation times,the number
of activatedsprinklers,the near-ceiling gastemperatures,or the quantityof combustibles
consumed.� Thetestsandmodelsimulationsshowedthatwhenthefire wasigniteddirectlyundera roof
vent,automaticventactivationusuallyoccurredat aboutthesametime asthefirst sprinkler
activation,but the averageactivation time of the first ring of sprinklerswasdelayed.The
lengthof thedelaydependedon thedifferencein activationtimesbetweentheventandthe
first sprinkler.� Thetestsandmodelsimulationsshowedthatwhenthefire wasigniteddirectlyundera roof
vent thatactivatedeitherbeforeor at aboutthesametime asthefirst sprinkler, thenumber
of sprinkleractivationsdecreasedby asmuchas50%comparedto testsperformedwith the
ventclosed.� Thetestsandmodelsimulationsshowedthatwhendraft curtainswereinstalled,up to twice
asmany sprinklersactivatedcomparedto testsperformedwithoutcurtains.� In onerackstoragetestwheretheignition of thefire took placeneara draft curtainandthe
fuel arrayextendedunderneaththe curtain,disruptionof the sprinklersprayanddelay in
sprinkleroperationcausedby thedraft curtainled to a fire thatconsumedmorecommodity
comparedto theothertestswherethefireswereignitedaway from thedraft curtains.This
resultwasdemonstratedby themodelsimulation,aswell.� Thesignificantcoolingeffectof sprinklerspraysonthenear-ceilinggasflow oftenprevented
theautomaticoperationof vents.This conclusionis basedon thermocouplemeasurements
within the vent cavity, the presenceof drips of solderon the fusible links recoveredfrom
unopenedvents,andseveral testswhereventsremotefrom thefire andthesprinklerspray
activated.In onecartonedplasticcommodityexperiment,a ventdid not openwhenthefire
wasigniteddirectlybeneathit. Themodelsimulationscouldnotpredictthisphenomenon.� Modelsimulationsindicatedthatthecoolingeffectof sprinklerspraysreducedthetotalvent
dischargeratefrom thatassumedin designcalculationsfor unsprinkleredbuildings.� Model simulationsshowed how the activation timesof the the first andsecondsprinklers
hadasubstantialimpacton theoverallnumberof activationsin theplasticcommoditytests.
In thesimulationof onetest,it wasshown thata delayof approximatelyoneminutein the
activationof thesecondsprinklerled to theactivationof four timesasmany sprinklersasin
asimulationof atestwith nodelay. It hadbeensuggestedthatthesedifferentoutcomeswere
dueto thepresenceof draft curtainsin thetestswith thesprinklerdelay, but thesimulations
showed that the curtainshadno effect becausethey wereover 9 m (30 ft) away from the
ignition point.
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1 Intr oduction

Therehasbeena long-standingdebatein thefire protectioncommunityaboutthecombineduseof
roof vents,draft curtains(curtainboards)andsprinklers.Numerousstudieshave beenconducted
over thepastfew decades,yet many questionsremainabouttheinteractionof thesedevices.As a
result,a coordinatedpublic-privateresearcheffort wasorganized.A groupof industrialsponsors
wasbroughttogetherby theNationalFireProtectionResearchFoundation(NFPRF)to supportand
planaseriesof largescaleexperimentsusingbothaheptanesprayburnerandcartonedpolystyrene
cups(GroupA plastic)asfire sources.A TechnicalAdvisory Committee(TAC) madeup of rep-
resentativesof the sponsoringorganizations,the NationalInstituteof StandardsandTechnology
(NIST),andotherinvitedparticipantswascreatedby theNFPRFto guidethestudies.TheTAC se-
lectedatestfacility andasprinklersystem,roof vent,draftcurtaindesignfor installationin thetest
facility in orderto simulatefire protectionsystemsfound in warehouses,warehouseretail stores
andmanufacturingfacilities. In all, 39 testswerespecifiedby the TAC. Fire modelingandsup-
portinglaboratoryexperimentsprovidedby NIST aidedin theplanningof largescaleexperiments
andin theanalysisof thedata.

Therewerethreeobjectivesof thestudy. First, therewasa needto understandhow sprinklers,
ventsanddraft curtainsinteract.Second,therewasa needto developa numericalmodelcapable
of predictingmultiplesprinkleractivationsandtheheatreleaseratefrom aburningfuel arrayboth
beforeandaftersprinkleractivationwith sufficient accuracy to reliably differentiatebetweenfire
scenariosthat would producea large versussmall numberof sprinkleractivations. Third, there
wasa desireto look beyondcurrentbuilding practicesandgenerateexperimentaldata,alongwith
a numericalmodelingcapability, that could be usedto evaluateproposedchangesto codesand
standards.

All 39experimentsplannedby theTAC wereconductedin theLargeScaleFireTestFacility at
UnderwritersLaboratoriesin Northbrook,Illinois. Theexperimentsweredividedinto threeseries:
aninitial setof 22heptanesprayburnertests(HeptaneSeriesI) [1], 5 cartonedplasticcommodity
tests(PlasticSeries)[2], and12additionalheptanesprayburnertests(HeptaneSeriesII) [2]. Many
of thetestparametersdid not changethroughouttheentireproject.Theceilingheightsweresetat
either7.6m (25 ft) or 8.2m (27 ft), thestorageheightwasnominally6.1m (20 ft) in thecartoned
plastictests,thesprinklersystemconsistedof 0.64in orifice uprightsprinklersspaced3 m (10 ft)
apartdelivering a 0.34 L/(s � m� ) (0.50 gpm/ft� ) discharge density, and the 1.2 m by 2.4 m (4 ft
by 8 ft) ventsusedwereof the samedesign,from the samemanufacturer, andUL listed1. The
parametersthatdid changewerefire size,fire/ignitionposition,modeof ventoperation,anddraft
curtainplacement.

A large effort wasmadeto developnumericaltechniquesthat couldbe usedto interpretand
potentiallysupplementthephysicalexperiments.This work is a majorundertakingby NIST. The
LargeEddySimulation(LES)FireModel[3, 4] is acomputationalfluid dynamics(CFD)codethat
solvesthedifferentialequationsthatgovernthetransportof smokeandhot gasesfrom a fire. The
modelbeingdevelopedandappliedin this projectis referredto asthe IndustrialFire Simulator
(IFS). A seriesof benchscaleexperimentswasconductedby NIST to develop necessaryinput
datafor themodel.Theseexperimentsgenerateddatadescribingtheburningrateandflamespread

1Throughoutthis report,measuredquantitieswill bereportedwith unitsconformingto themodernmetricsystem
(SI) with traditionalunitsin parentheses.Theexceptionis wheretheunitsareessentialto thedescriptionof theobject,
apparatus,etc.
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behavior of thecartonedplasticcommodity, thermalresponseparametersandspraypatternof the
sprinkler, andtheeffectof thewatersprayon theburningcommodity. During its developmentthe
performanceof theIFSmodelwasassessedby comparingits resultsto thoseof theheptanespray
burnerexperimentsandcalorimetryburnsof thecartonedplasticcommodity. TheIFS modelwas
usedin planningexperimentsandalsoin the analysisto supplementthe resultsof the relatively
smallnumberof cartonedplasticcommodityteststhatwereconducted.
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2 Background

Roofvents(usuallyaccompaniedby draft curtains)andsprinklersaretwo hardwaresystemsused
in buildingsto providefire protectionfor rackstorageof materials.While sprinklersareintended
to suppressandcontrolthefire, roof ventsareintendedto aid thefire fighters.Accordingto NFPA
204M,Guidefor SmokeandHeatVenting[5], Paragraph1-1.2:

...largeundividedfloor areaspresentextremelydifficult fire fighting problems,since
thefire departmentmustentertheseareasin orderto combatfires in centralportions
of thebuilding. If thefire departmentis unableto enterbecauseof theaccumulation
of heatandsmoke,fire fighting efforts maybereducedto a futile applicationof hose
streamsto perimeterareaswhile fire consumestheinterior. Windowlessbuildingsalso
presentsimilar fire fighting problems.Onefire protectiontool thatmaybea valuable
assetfor fire fightingoperationsin suchbuildingsis smokeandheatventing.

Thedesignpracticefor sprinklersis givenin NFPA 231C,Standardfor RackStorageof Materi-
als [6]. Thedesignpracticefor roof ventsanddraft curtainsis given in NFPA 204M. Theseare
independentdocuments.Thereis no nationallyrecognizedstandardfor thecombinedinstallation
of sprinklersandroof vents.Indeed,NFPA 204M,Paragraph6-1states:

A broadlyacceptedequivalentdesignbasisfor usingbothsprinklersandventstogether
for hazardcontrol(e.g. propertyprotection,life safety, waterusage,obscuration,etc.)
hasnotbeenuniversallyrecognized.

Eventhoughthepracticeof installingventsin sprinkleredbuildingshasbeendebatedfor decades,
andin spiteof several projectsinvolving large scaletestsandnumericalmodeling,thereis still
disagreementabouthow roof ventsand draft curtainsaffect the time, numberand location of
sprinkleractivations;andhow sprinklersanddraft curtainsaffect theactivationtime,numberand
dischargeratesof roof vents.As a result,thereis a greatdisparityamongbuilding codesasto the
propertreatmentof thesefireprotectiondevices.Theissueisevenmoreimportanttodaybecauseof
thepopularityof largewarehouse-typeretail storesthatcombinethefunctionof salesandstorage.
Typically thesestoreswill containmerchandisestackedup to 6 m (20 ft), with ceilingsashigh as
9 m (30 ft), andin areasover10,000m� (100,000ft � ).

As part of the planningfor the experimentsdescribedin this report, pastexperimentsand
modelingefforts involving ventsanddraft curtains(with andwithoutsprinklers)wereconsidered:

Roof Ventilation Requirementsfor Industrial Plants (1954–1955)ArmourResearchFoundation
(formernameof IIT Research).Experimentalandmodelingstudyof unsprinklered,vented
facilities[7].

Underwriters Laboratories Roof Vent Testing(1964) Sprinkler/ventstudyin a60by60by16ft
space[8].

Thomasand Hinkley (1964) Experimentaland modelingstudiesat the Fire ResearchStation,
UK [9].

Portsmouth Fir eTest(1966) Colt Industries(UK). Full scalefire testsin VictoriaBarracks,Ports-
mouth[10].
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Rack Storageand Rubber Tir e Tests(late 1960’s,early 1970’s) FactoryMutualResearchCor-
poration(FMRC).Experimentalstudiesof sprinkleredfacility with perimeterventing[11].

FMRC Modeling Study (1974) 1:12.5scalemodelof largetestfacility built with vents[12].

IIT Research (1982) Fire Ventingof SprinkleredBuildings. Large scaleexperimentsof sprin-
kler performancein a ventedfacility. Includesa literaturereview of work doneup to that
date[13].

Ghent Fir eTests(1989) Colt IndustriesandFireResearchStation(UK). Thirty-threelargescale
testsof ventsandsprinklersin a50m by 20m by 10m facility with 40roof vents[14].

SPInteraction betweenSprinklers and Fir eVents(1992) SwedishNationalTestingandResearch
Institute(SP).A seriesof experimentsinvolving oneor two ventsandasinglesprinkler[15].
A summaryof the researchin Europeinvolving smoke andheatventscanbe found in a
technicalreportfrom SP[16].

Inter national Seminaron Sprinklers and Vents(1992) Fire ResearchStation(UK). A discus-
sionof pastwork in thearea,particularlytheexperimentsatGhent.Tentativeguidelinesare
put forwardto addresstheproblem.

Early work by ThomasandHinkley [9] in the1960’s on theperformanceof roof ventsled to
thetentative recommendationthatsprinklersshouldbeoperatedbeforeventsbecausethecooling
of the hot upperlayer gasesby the openingof ventscould delaysprinkleractivation. This rec-
ommendationfoundits way into many codesof practice.Sincethattime, therehave beenseveral
large scaleexperimentalandnumericalstudiesperformedto explore this issue. Notableamong
theseis theGhentfire testproject,which consistedof hexanefires in a 50 m by 20 m (164ft by
66 ft) facility with 40 roof vents,eachwith an areaof 1.64m� (18 ft � ). It hasbeenclaimedby
proponentsof ventingthatthesetestsshowedthatventingdoesnotappreciablyaffecttheactivation
of the first sprinkler, but doessignificantlyreduceboth the numberof sprinklersopeningwithin
60 s of the first aswell as the total numberof sprinklersoperating. However, in all the vented
fires, enoughsprinklersoperatedto wet the fire andits immediatesurroundings[17]. Hinkley’s
modelingwork [18] reachedsimilar conclusions,andhestatesthat “Ventingis unlikely to delay
the operationof sprinklersin a compartmentof sucha large areathat the hot gaseswould not
have reachedtheboundariesbeforesprinklersoperate”.He goeson to saythat for smallercom-
partments,slowly growing fires,and/orwhendraft curtainsareusedto build up thesmoke layer,
the ventscancausea small delay in sprinkleroperation,but that this is a “secondorder” effect
comparedto therateof fire growth andoperatingcharacteristicsof thesprinkler.

However, a positionpaperby N.E. Gustafssonof IndustrialMutual, Helsinki, interpretsthe
resultsof theGhenttestscompletelydifferently[19]. He arguesthatfor therapidlygrowing fires,
a significantdelayin sprinkleractivationwascausedby the presenceof vents. Even thoughthe
delay was about10 to 20 s in most cases,this allowed the fire to grow from 10.2 MW in the
unventedcaseto asmuchas14.2MW in oneof theventedcases.Healsocitestheinability of the
sprinklersystemto surroundthefire in theventedcases.

Rackstoragefire testsconductedat FactoryMutual in the late1960’s raisedthe issueof the
possibledetrimentaleffectsof smoke andheatventsin sprinkleredbuildings [11]. Theseexper-
imentshave beenanalyzedby a numberof researchers,andtheconclusionshave beencriticized
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basedmainly on the fact thatventilationwasfrom doorsandeave line windows ratherthanroof
vents,thusonly the potentialdisadvantageof venting(higheroxygencontent)wasmaintained.
Theseriesof fire testsconductedby IIT ResearchInstitutein 1982[13, 20] showedno increasein
oxygenin theair supplyingthefire. The issuewasnot addressedin themodelingstudies,nor in
theGhentor SPexperimentsdueto theuseof prescribedburningrates.

The experimentsperformedby IIT ResearchInstitute with both sprinklersand ventsrated
at 74 C (165 F) showed a slight reductionin waterdemandfor vent areasconsidered“large”,
but no changein waterdemandfor a morelimited vent area. The reportalsonotesmeasurable
reductionsin near-ceilinggastemperaturesawayfrom thefire. Thestudyconcludedthatroof vents
donot impair theperformanceof 74 C (165 F) standardresponsesprinklers,but they provideonly
marginal benefit. For 141 C (286 F) sprinklersin the presenceof propanefires, the benefitsof
reducedwaterdemandandnear-ceilinggastemperaturesweremorepronounced.

Draft curtainsareusuallyinstalledto aid roof ventsby creatinga deeperlayerof smoke and
hot gasesthanwould otherwisebe formedin large, openareabuildings. Recentexperimentsat
FactoryMutual [21] investigatedthe effect of draft curtainson a sprinklersystemwithout roof
vents. As part of a testprogramto evaluatethe effectivenessof varioussprinklerdesigns,two
pairsof highrackstoragecartonedplasticfire testswereconductedwith andwithoutdraftcurtains
installed.First, two testswereperformedwithoutcurtains.Thenthetestswererepeatedafterdraft
curtainshadbeeninstalled.Thefireswereignitedneartheintersectionof two draft curtains.With
thecurtainsinstalled,thefire openedmoresprinklersandcausedmoredamageto the fuel array,
apparentlydueto thedisruptionof thesprinklerdischargepatternandthelackof prewettingof the
commodity(FMRC StandardPlastictestcommodity).Thereportconcludedthat“...the presence
of draft curtainscloseto thefire origin will (1) resultin thedevelopmentof a moreseverefire and
(2) deleteriouslyaffectsprinklerprotection.”

Mostof thepastworkonsprinkler, vent,anddraftcurtaininteractionhasfocussedontheeffects
of ventsanddraft curtainson a sprinklersystem.Therehasbeenmuchlesswork examiningthe
effectsof sprinklersonvents.Thework doneatSP[15] includesexperimentsdesignedto measure
the effectsof a singlesprinkleron the temperatureandvelocity of gasesflowing througha 1 m
by 2 m (3.3 ft by 6.6 ft) ceiling vent centeredin a 7.5 m by 15 m by 6 m high (25 ft by 50 ft
by 20 ft high) test spacethat was openon two sides. The fire sourcewas a 1.5 MW propane
burner, located6 m from thecenterof thevent. A singlesprinklerwith a flow rateof either80 or
100L/min (21or 26gpm)wasinstalledatvariouslocationsupstreamanddownstreamof thevent.
Theconclusionsdrawn by SPwerethatwhenthesprinklerwasinstalledupstreamof thevent(i.e.
betweenthefire andthevent),it hada “significant” impacton thedischargerateof thevent,with
the impactgreatestwhenit wasneartheventanddecreasingwith distancefrom thevent. When
thesprinklerwasinstalleddownstreamof thevent,its influenceontheventdischargewasregarded
as“negligible”. No attemptwasmadein theSPstudyto examinetheeffectsof a sprinkleron the
activationof a thermally-responsiveautomaticvent.
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3 HeptaneSpray Burner Tests,SeriesI

In January, 1997,aseriesof 22heptanesprayburnerexperimentswasconductedattheLargeScale
Fire TestFacility at UnderwritersLaboratories(UL) in Northbrook,Illinois [1]. The objective
of the experimentswas to characterizethe temperatureand flow field for fire scenarioswith a
controlledheatreleaserate in the presenceof sprinklers,draft curtainsanda singlevent. The
resultsof theexperimentswereusedto evaluatethepredictivecapabilityof theIFSmodel,andalso
to provideguidanceasto theinteractionof ventsanddraftcurtainswith sprinklersfor planningthe
cartonedplasticcommodityfires.

3.1 Description

A numberof componentsof this first seriesof testswerecarriedover into the cartonedplastic
commoditytestsandthe secondseriesof heptanesprayburner tests. The sametestspacewas
usedfor all the testing,the samevent andsprinkler type, the samesprinklerconfiguration,and
almostthesameceiling height. Below is a descriptionof thefirst seriesof heptanesprayburner
tests.Changesto theseparametersin thesubsequenttestserieswill bediscussedin theappropriate
sections.TheReportof Testfrom UL maybefoundin Ref. [1].

3.1.1 TestFacility

TheLargeScaleFire TestFacility at UL containsa 37 m by 37 m (120ft by 120ft) mainfire test
cell, equippedwith a 30.5m by 30.5m (100 ft by 100 ft) adjustableheightceiling. The height
of theceiling maybeadjustedby four hydraulicramsup to a maximumheightof 14.6m (48 ft).
A flexible designsprinklerpiping systemwasavailableat the ceiling to permitany arrangement
of sprinkler spacingwith minimum pressurelosses. The sprinklerswere provided with water
from a 757kL (200,000gal) waterreservoir usingtwo 190L/s (3,000gpm)waterpumpsratedat
1.03kPa(150psi). Thewaterpumpswerecomputercontrolledto maintainaconstantpressureon
thesprinklers.

Theexhaustflow ratein thetestfacility couldbeadjustedupto amaximumof 28m� /s (60,000
ft � /min). Four1.5m (5 ft) diameterinlet ductsprovidedmakeupair andwerelocatedat thewalls
3 m (10 ft) above the test floor to minimize any induceddraftsduring the tests. The combus-
tion productsfrom the fire testwereexhaustedthrougha regenerative smoke abatementsystem.
During the heptanetests,the exhaustwas maintainedat a minimum operatingrate of 11 m� /s
(24,000ft � /min).

3.1.2 TestLayout

Thelayoutof thefirst seriesof heptanesprayburnertestsis shown in Fig. 1. One1.2m by 2.4m
(4 ft by 8 ft) vent was installedamong49 upright sprinklerson a 3 m by 3 m (10 ft by 10 ft)
spacing.Theceiling wasraisedto a heightof 7.6m (25 ft) andinstrumentedwith thermocouples
andothermeasurementdevices(seesectionon instrumentation).Theceiling wasconstructedof
0.6 m by 1.2 m by 1.6 cm (2 ft by 4 ft by 5/8 in) UL fire ratedArmstrongCeramaguard(Item
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Figure1: Plan view of heptanespray burner configuration, SeriesI. The sprinklers are indi-
catedby the solid circlesand arespaced3 m (10ft) apart. The number besideeachsprinkler
location indicatesthe channelnumber of the nearestthermocouple.The vent dimensionsare
4 ft by 8 ft. The boxedletters A, B, C and D indicate burner positions.Correspondingto each
burner position is a vertical array of thermocouples.Thermocouples1–9hang 7, 22,36,50,
64,78,92,106and 120in fr om the ceiling, respectively, abovePosition A. Thermocouples10
and 11 are positionedabove and below the ceiling tile dir ectly above Position B, followedby
12–20that hang at the samelevelsbelow the ceiling as1–9. The samepattern is followed at
PositionsC and D, with thermocouples21–31at C and 32–42at D.

7



602B)ceiling tiles2, suspendedfrom 3.8cm (1.5 in) wide steelanglebrackets.Themanufacturer
reportedthethermalpropertiesof thematerialto be: specificheat753J/kg� K, thermaldiffusivity�%$&���'���)(%*

m� /s,conductivity 0.0611W/m � K, anddensity313kg/m� .
Draft curtains1.8m (6 ft) deepwereinstalledfor 16of the22tests,enclosinganareaof about

450m� (4,800ft � ). Thecurtainswereconstructedof 1.4m (54 in) wide sheetsof 18 gaugesheet
metal.Theseamsin thedraft curtainswereconnectedwith aluminumtape.

3.1.3 Sprinkler Protection

The sprinklersusedin both seriesof heptanesprayburner testsplus the cartonedplasticcom-
modity testswereCentralELO-231(Extra Large Orifice) uprights. The orifice diameterof this
sprinkleris reportedby themanufacturerto benominally0.64in, thereferenceactuationtemper-
atureis reportedby the manufacturerto be 74 C (165 F). The RTI (ResponseTime Index) and
C-factor(Conductivity factor)werereportedby UL3 to be148(m � s)

+, (268(ft � s)
+, ) and0.7(m/s)

+,
(1.3(ft/s)

+, ), respectively [1]. Wheninstalled,thesprinklerdeflectorwaslocated8 cm(3 in) below
theceiling. The thermalelementof the sprinklerwaslocated11 cm (4.25in) below the ceiling.
Thesprinklerswereinstalledwith 3 m by 3 m (10 ft by 10 ft) spacingin a systemdesignedto de-
liveraconstant0.34L/(s � m� ) (0.50gpm/ft� ) dischargedensitywhensuppliedby a131kPa(19psi)
dischargepressure4.

Branchlineswerelocated3 m (10 ft) apart.Thebranchlineswere2 in Schedule40pipe.The
lineshada 6.032cm (2.375in) outerdiameterandweremountedwith a 22 cm (8.5 in) nominal
clearancefrom the centerlineof the pipe to the ceiling. Themanifoldsweremountedbelow the
branchlines andwereusedto plumb the waterto the branchlines. The manifoldswere6.4 cm
(2.5in) Schedule40pipewith anouterdiameterof 7.303cm(2.875in). They weremountedwith
a 1.04m (40.75in) nominalclearancefrom thecenterlineof thepipeto theceiling. Althoughnot
shown in Fig. 1, the branchlines ran from north to south. Thebranchlines andmanifoldswere
filled with waterduringall tests.

3.1.4 Smoke and Heat Vent

A singleUL listed doubleleaf fire vent with steelcoversandsteelcurb wasinstalledin the ad-
justableheightceiling in the positionshown in Fig. 1. This vent wasselectedin collaboration
with theNFPRFTechnicalAdvisory Committeewho sponsoredthelargescaletests.Thevent is
designedto openmanuallyor automatically. Theventdoorswererecessedinto theceiling about
0.3m (1 ft). A diagramof theventusedin shown in Fig. 2.

2Thementionof particularmanufacturer’sproductsdoesnot constituteendorsementby NIST, nordoesit indicate
thattheproductsarenecessarilythosebestsuitedfor theintendedpurpose.

3TheRTI andC-factorreportedherearebasedon theequationgoverningthethermalactivationof thefusiblelink
of thesprinkler -!.�/-103254 6

RTI

7 .�8:9;. /=< 9?>
RTI

7 . / 9;.A@ <
where

. /
is thelink temperature,

.�8
is thegastemperaturein theneighborhoodof the link,

.�@
is thetemperatureof

thesprinklermount,and 6 is thegasvelocity.
4The flow ratefrom a sprinkleris proportionalto the squareroot of the dischargepressure.The proportionality

constantis oftenreferredto astheK-factor, usuallyreportedin unitsof gallonsperminutedividedby thesquareroot
of poundspersquareinch. For thesprinklerusedin thesetests,theK-factorwasapproximately11.4gpm/(psi)BC .
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Figure 2: Diagram of the fire vent used in all the tests. Note that 12
� �
=0.3048m and 4

�
-

0
� �
=1.2192m.

Theventcouldbeoperatedmanuallyor automatically. In caseswheremanualoperationwas
performed,theopeningtimeswerechosensothattheventwouldeitherbeopenedabout25sprior
to thefirst sprinkleractivation,or 25 s afterthefirst sprinkleractivation. Preliminarycalculations
indicatedthatthefirst sprinklerin mostcaseswouldactivate60to 70safterignition. In testswhere
automaticoperationof theventswasdesired,UL listedfusiblelinks ratedat either74 C (165 F)
or 100 C (212 F) wereinstalled.In mosttests,the74 C link wasused.To determinethethermal
responsepropertiesof the fusible link, a plungetunnel test was performedon a representative
link assemblythatconsistedof a fusible link ratedat 74 C boltedto a steeltab thatwaswelded
to a steelsupportbar. The link wasspring-loadedwith a force of 12.2 N (2.75 lbf). The link
wasinstrumentedwith a thermocoupleattachedto the centerof its rearsurface. The tunnelair
temperaturewas134 C (273 F), thetunnelvelocitywas2.5m/s(8.2ft/s), theambienttemperature
was25 C(77 F).Wheninsertedinto thetunnelperpendicularto theflow direction,thelink reached
74 C after34 s andremainedat that temperatureuntil it fusedat 68 s. Whenparallelto theflow,
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the link reached74 C after35 s andremainedat this temperatureuntil it fusedat 63 s [22]. The
interval betweenthe time whenthe link reachedits activation temperatureandthe time whenit
fusedwassignificant,suggestingthata oneparametermodelof link activationmaynot suffice to
fully characterizethethermalresponseof thelink [23]. However, for thepresentstudy, aneffective
bulk RTI5. for the link assemblybasedon the fusing time wascalculatedto bebetween167and
180(m � s)

+, (302and326(ft � s)
+, ).

3.1.5 HeptaneSpray Burner

Theheptanesprayburnerconsistedof a1 m by 1 m (40in by 40in) squareof 1/2in pipesupported
by four cementblocks0.6 m (2 ft) off the floor (Fig. 3). Atomizing spraynozzleswereusedto
provide a freesprayof heptanethatwasthenignited. Thenumberandlocationsof theatomizing
nozzlesuseddependedon themaximumheptaneflow rateexpectedduringa test.Thetwo config-
urationsusedwerenozzlesin PositionsA, B, C andG for fireslessthanor equalto 5 MW, andA,
B, C, D, E, F andG for firesgreaterthan5 MW.

For all but oneof the tests,the total heatreleaseratefrom the fire wasmanuallyrampedup
following thecurve6 DEGF DEIHKJMLNPO �
where

DEQH�F ���
MW and N F � 


s ( N F ��
��
s wasusedin Test I-16). The fire growth rate

wasintendedto approximatethe estimatedgrowth rateof the cartonedplasticcommodityburns
conductedatFMRC[21]. Thefire growthcurvewasfolloweduntil aspecifiedfire sizewasreached
or thefirst sprinkleractivated.After eitherof theseevents,thefire sizewasmaintainedat thatlevel
until conditionsreachedroughly a steadystate,i.e. the temperaturesrecordednearthe ceilings
remainedsteadyandnomoresprinkleractivationsoccurred.

Theflow of heptaneto the burnerwasmanuallycontrolledusingtwo float typeflow meters.
Thetwo flow meterswereconnectedin parallel.Thefirst flow meterhada resolutionof 0.02gpm
and a rangeof 0.68 L/min (0.18 gpm) to 9.1 L/min (2.4 gpm). The secondflow meterhad a
resolutionof 1.1L/min (0.3gpm)andarangeof 0.91L/min (0.24gpm)to11L/min (3.0gpm).The
heatreleaseratefrom theburnerwasconfirmedby placingit underthe largeproductcalorimeter
at UL, rampingup theflow of heptanein thesamemannerasin thetests,andmeasuringthetotal
andconvectiveheatreleaserates.It wasfoundthattheconvectiveheatreleaseratewas0.65R 0.02
of thetotal.

3.1.6 Instrumentation

Theinstrumentationfor thetestsconsistedof thermocouples,gasanalysisequipment,andpressure
transducers.The locationsof the instrumentationarereferencedin the plan view of the facility

5Theterm“bulk RTI” indicatesthatthetemperatureof theobjectis assumedto begovernedby theequation-!. /-10S2 4 6
RTI T 7 .�8U9V. /=<

where
.�/

is thetemperatureof theobjectand
. 8

is thetemperatureof thegasstreamingpasttheobjectwith speed6 .
This definitionof RTI T doesnot explicitly accountfor conductive lossesfrom theobjectto surroundingobjects,and
shouldnotbeconfusedwith thedefinitionof RTI appliedto fusiblesprinklerlinks in this report.

6Becausetheflow rateof fuel wascontrolledmanually, thegrowth curvefor eachtestdifferedslightly.
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Figure3: Plan view of heptanespray burner.

(Fig. 1).
Temperaturemeasurementswererecordedat 104 locations. Type K 0.0625in diameterIn-

conel7 sheathedthermocoupleswerepositionedto measure(i) temperaturesnearthe ceiling, (ii)
temperaturesof theceiling jet, and(iii) temperaturesnearthevent. Thethermocouplesnumbered
50–65werepositionednearthesprinklers,10 cm (4 in) below the ceiling. Thesewereintended
to measurenear-sprinklergastemperaturesaswell asto detectsprinkleractivationwhenwetted.
Thermocouples66–104were placed5 cm (2 in) below the ceiling. Thermocouples43–49ran
down the centerlineof the vent at the level of the ceiling, andwerespaced0.3 m (1 ft) apart.
Thermocouples1–42weremountedon arrayshangingaboveeachfire location.Thepositionsare
notedin thecaptionto Fig. 1.

Oxygen,carbondioxide and carbonmonoxidesamplingprobeswere placedat the ground
(5 cm (3 in) from the floor, 2 m (6 ft) from the burner),andat the vent (15 cm (6 in) below the
ceiling,ventcenter).Theoxygenconcentrationsweremeasuredwith paramagneticanalyzerswith
a resolutionof 100ppm.Thecarbonmonoxideandcarbondioxideconcentrationsweremeasured
with nondispersive infrared(NDIR) analyzers.The CO metershada resolutionof 10 ppm, the
CO� meters100ppm.

Onedifferentialpressurewasmeasuredacrossthevent.Thestaticpressuretapsweremounted
0.15m (6 in) above the top of the vent and0.15m below the ceiling. Both pressuretapswere
mountedat thecenterof thevent.Thedifferentialpressurewasmeasuredwith a 0 to 133Pa (0 to
1 Torr) differentialpressuretransducer.

All thermocouple,pressuretransducerandgasspeciesdatawerecollectedelectronicallyat a
2 sscanrate.

7Inconelis aregisteredtradenameof INCO Alloys,Inc.,3800-TRiversideDrive,P.O.Box 1958,Huntington,West
Virginia,25705-1771.
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3.2
Y

Results

Thetestresultsaresummarizedin Table1. Sprinkleractivationtimesfor the22testscanbefound
in Figs.4–11.Thermocoupletemperaturesareincludedin AppendixA, alongwith a comparison
of theresultsof theexperimentswith thoseof thenumericalmodel.

HeptaneSpray Burner TestSeriesI
Test Burner Vent First No. of Draft HeatReleaseRate
No. Pos. Operation Sprinkler Sprinklers Curtains MW @ s

I-1 B Closed 1:05 11 Yes 4.4@ 50
I-2 B Manual(0:40) 1:06 12 Yes 4.4@ 50
I-3 B Manual(1:30) 1:04 12 Yes 4.4@ 50
I-4 C Closed 1:00 10 Yes 4.4@ 50
I-5 C Manual(0:40) 1:12 9 Yes 4.4@ 50
I-6 C Manual(1:30) 1:02 8 Yes 4.4@ 50
I-7 C 74 C link (DNO) 1:10 10 Yes 4.4@ 50
I-8 B 74 C link (9:26) 1:00 11 Yes 4.4@ 50
I-9 D 74 C link (DNO) 1:10 12 Yes 4.4@ 50
I-10 D Manual(0:40) 1:12 13 Yes 4.4@ 50
I-11 D 74 C link (4:48) N/A N/A Yes 4.4@ 50
I-12 A Closed 1:08 14 Yes 4.4@ 50
I-13 A 74 C link (1:04) 1:09 5 Yes 6.0@ 60
I-14 A Manual(0:40) 1:14 7 Yes 5.8@ 60
I-15 A Manual(1:30) 1:04 5 Yes 5.8@ 60
I-16 A 74 C link (1:46) 1:46 4 Yes 5.0@ 110

I-17 B 100 C link (DNO) 0:58 4 No 4.6@ 50
I-18 C 100 C link (DNO) 0:58 4 No 3.7@ 50
I-19 A 100 C link (10:00) 0:56 10 No 4.6@ 50
I-20 A 74 C link (1:20) 0:54 4 No 4.2@ 50
I-21 C 74 C link (7:00) 0:58 10 No 4.6@ 50
I-22 D 100 C link (DNO) 1:00 6 No 4.6@ 50

Table1: Resultsof the heptanespray burner SeriesI. Notethat DNO means“Did Not Open”.
Also note, the firesgrew at a rate proportional to the square of the time until a certain flow
rate of fuel wasachievedat which time the flow rate washeld steady. Thus, the “Heat Release
Rate” wasthe sizeof the fire at the time when the fuel supply waslevelledoff.
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4 HeptaneSpray Burner Tests,SeriesII

A seriesof additionalheptanesprayburnertestswasperformedduringathreedayperiodwhile the
ventsanddraftcurtainswereinstalledfor thecartonedplasticcommoditytests.Theobjectivewas
to generatelargerfiresthanthoseof thefirst seriesof heptaneburns,to providemoredatain areas
thoughtto be lacking in theprevious tests,andto performcontrolledtestsin a vented,curtained
areaconformingto currentmodelcodes[24].

4.1 Description

Twelve testswereperformed.Thevent,draftcurtainandburnerpositionsareshown in Fig. 12. In
eachtesttheheptanesprayburnerwasrampedup to 10 MW in 75 s following a L -squaredcurve.
After 75s theheatreleaseratewasheldconstant.Draft curtainswereinstalledat theceilingfor all
of the tests.Thesamesheetmetalcurtainsfrom thefirst seriesof heptanetestswereinstalledto
encloseanarea21m by 23m, 490m� (70 ft by 76 ft, 5,320ft � ) underthe8.2m (27 ft) adjustable
ceiling. Thesametypeof ventusedduring thefirst heptanesprayburnerserieswasusedagain.
Theventsweredesignedto operateindependently(asopposedto gangoperation)ata temperature
of 74 C (165 F), or manually. Theareaof thelargestquadrantin Fig. 12 wasselectedto provide
a larger vent to floor ratio (1:42) thancalledfor by the Uniform Fire Code(1:50 for up to 20 ft
of storageheightandlessthen6,000ft � of curtainedarea)[24]. Only the vent in the northwest
cornerof the curtainedareawasinstrumented,thusthe fires wereignitedat variouslocationsin
thenorthwestquarterof thecurtainedarea.

During each10 min test, the entire test facility wasexhaustedfrom the centerof the 15 m
(50 ft) high space(7.0 m (23 ft) above the adjustableceiling) at the minimum operatingrateof
11m� /s (24,000ft � /min).

Thermocoupleswere usedto measuregastemperaturesand “structural” steeltemperatures.
Two velocity probeswereusedto monitor the air flows, onein the instrumentedvent, the other
about3 m (10 ft) to thesouthand3 m to theeastof thevent,10 cm (4 in) below theceiling. The
velocitiesweremeasuredwith bi-directionalprobesconnectedto pressuretransducerswith arange
of R 133Pa (1.0 mm Hg). A thermocouplearraywasplaced3 m (10 ft) to thesouthand3 m to
theeastof the instrumentedvent,aswell asat a point 6 m (20 ft) southand6 m eastof thevent
(PositionD). A third thermocouplearraywasplacedin front of theventoutsideof thecurtained
area.Detailsaboutthethermocouplearraysmaybefoundin Ref. [2]. A thermocouplewasplaced
neareachsprinklerto recordtemperaturesandactivation times. Electronictiming circuits were
installedin theventsto determinewheneachopened.

Positionednearthefusiblelink installedwithin theventcavity werethreecalibratedbrassdisks
with differentthermalresponses,plusa0.0625in InconelsheathedtypeK thermocouple.Thebulk
RTI8 valuesof thedisksweredeterminedfrom plungetestsat UL [2]. Thevalueswerereported

8Theterm“bulk RTI” indicatesthatthetemperatureof theobjectis assumedto begovernedby theequation-!. /-10S2 4 6
RTI T 7 .�8U9V. /=<

where
.�/

is thetemperatureof theobjectand
. 8

is thetemperatureof thegasstreamingpasttheobjectwith speed6 .
This definitionof RTI T doesnot explicitly accountfor conductive lossesfrom theobjectto surroundingobjects,and
shouldnotbeconfusedwith thedefinitionof RTI appliedto fusiblesprinklerlinks in this report.
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to be32,164and287(m � s)
+, (58,297and519(ft � s)

+, ) for the“f ast”, “medium” and“slow” disks,
respectively [2]. Themeasurementsof eachrangedbetween-10%and+10%of thereportedvalue.

4.2 Results

Theresultsof thesecondseriesof heptanesprayburnertestsaresummarizedin Table2. Thesprin-
kler activationtimescanbefoundon thefollowing pages,wherethetimesof similarandrepeated
testscanbefoundon thesamediagramto emphasizedifferences.Thetemperaturehistoriesof all
100near-sprinklerthermocouplescanbefoundin AppendixB. Notethattheambienttemperature
within thefacility variedbetween15 C and20 C (59 F and68 F) for all thetests.

Figures19–21show the temperaturesrecordedby the thermocoupleandthe calibratedbrass
diskswithin thevent locatedat thenorthwestcornerof thecurtainedarea.Thebrassdiskswere
usedasa meansto assessthe thermalenvironmentof theventcavity by providing a measureof
temperaturemoreindicative of thatof thefusible link thantherelatively fast-respondingthermo-
couple.Noneof thediskscouldsimulatethebehavior of thefusiblelink exactly, however, because
thefusingof thelink involvesthemeltingof solder.

HeptaneSpray Burner TestSeriesII (10MW Fir es)
Test Burner Vent Sprinklers First Last Avg. PeakTemp.
No. Position Operation Opened Activation Activation  C  F
II-1 D 74 C link (DNO) 27 1:15 6:13 129.4 264.9
II-2 D All OpenatStart 28 1:05 5:53 128.8 263.8
II-3 A 74 C link (1:15) 12 1:08 4:00 101.8 215.2
II-4 B 74 C link (1:48) 16 1:03 5:54 108.8 227.8
II-5 D 74 C link (DNO) 28 1:10 7:07 130.0 266.0
II-6 D All OpenatStart 27 1:10 5:21 127.5 261.5
II-7 A Closed 18 1:09 4:11 117.2 243.0
II-8 B 74 C link (1:12) 13 1:10 3:34 107.7 225.9
II-9 E 74 C link (DNO) 23 1:07 3:28 115.8 240.4
II-10 F 74 C link (3:20) 19+ 1:14 3:01 108.4 227.1
II-11 C 74 C link (DNO) 23 1:02 3:56 123.4 254.1
II-12 C All OpenatStart 23 0:58 4:55 119.0 246.2

Table 2: Resultsof the heptanespray burner SeriesII. Note that all fireswere ramped up
to 10 MW in 75 s following a L -squared curve. Also, the plus sign appendedto a value in
the “Sprinklers Opened” column indicates that the area of sprinkler activation spread to
the edgeof the adjustableheight ceiling, thus more activations might have occurred had the
ceiling extendedfurther.
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Figure 12: Plan view of largescalefire test facility with the burner, vent and draft curtain
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Figure 13: Plan view of large scalefire test facility with the sprinkler activation times of
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Figure15: Plan view of largescalefire test facility with the sprinkler activation timesfor the
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TestII-8 (lower times), the vent link fusedat 1:12.

26



NorthWall

SouthWall

E

\
\
\
\
\
\
\
\
\
\

\
\
\
\
\
\
\
\
\
\

\
\
\
\
\
\
\
\
\
\

\
\
\
\
\
\
\
\
\
\

\
\
\
\
\
\
\
\
\
\

\
\
\
\
\
\
\
\
\
\

\
\
\
\
\
\
\
\
\
\

\
\
\
\
\
\
\
\
\
\

\
\
\
\
\
\
\
\
\
\

\
\
\
\
\
\
\
\
\
\

3:06

2:48

2:34

3:00

3:19

2:43

1:51

1:48

2:25

3:28

2:29

1:51

1:11

1:07

1:46

2:38

1:41

1:20

1:20

1:42

2:20

1:43

1:39

DNO DNO DNO

DNODNO

Figure 16: Plan view of large scalefire test facility with the sprinkler activation times for
TestII-9 of the secondheptanetest serieswhere the burner wasunder the north-south draft
curtain (Position E).
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Figure 17: Plan view of large scalefire test facility with the sprinkler activation times for
Test II-10 of the secondheptanetest serieswhere the burner was under the intersection of
the draft curtains (Position F).
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Figure18: Plan view of largescalefire test facility with the sprinkler activation timesfor the
secondheptaneseriesTestsII-11 and II-12 where the burner wasat Position C.
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Figure19: Northwest vent cavity temperaturesfor TestsII-1, II-2, II-5 and II-6 of the second
heptanespray burner test series.The curveson the left display temperaturesof the thermo-
couplenear the fusible vent link. The curveson the right display temperaturesof the brass
disks. The straight horizontal lines indicate the link’ s activation temperature (74 C, 165 F).
In eachof the tests,the burner waslocatedat Position D. In TestII-1 the vent did not open;
in Test II-2 the vent wasopenfr om the start, in Test II-5 the vent did not open; in Test II-6
the vent wasopenfr om the start.
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Figure20: Northwest vent cavity temperaturesfor TestsII-3, II-4, II-7 and II-8 of the second
heptanespray burner test series.The curveson the left display temperaturesof the thermo-
couplenear the fusible vent link. The curveson the right display temperaturesof the brass
disks. The straight horizontal lines indicate the link’ s activation temperature (74 C, 165 F),
and the vertical lines indicate timesof vent openings.In TestII-7 the vent washeld closed.
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Figure21: Northwest vent cavity temperaturesfor TestsII-9–12 of the secondheptanespray
burner test series. The curves on the left display temperatures of the thermocouple near
the fusible vent link. The curveson the right display temperaturesof the brassdisks. The
straight horizontal lines indicate the link’ s activation temperature (74 C, 165 F), and the
vertical lines indicate timesof vent openings.In TestII-9 the vent did not open; in TestII-10
the vent outsidethe draft curtains opened;in Test II-11 the vent did not open; in Test II-12
the vent wasopenfr om the start.
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5 Cartoned PlasticCommodity Fir eTests

Following the analysisof the resultsof the first seriesof heptanesprayburnertests,a seriesof
high rackstoragecartonedplasticcommodityfire experimentswasperformedat theLargeScale
Fire Test facility at UL, the samespacethat wasusedfor the heptaneburnertestsdescribedin
Sections3 and4. In planningtheseexperiments,the TechnicalAdvisory Committeeconsidered
a numberof factors,includingthe resultsof theheptanesprayburnertests,numericalmodeling,
similar experimentsperformedby FactoryMutual, andcurrentfire protectionpractices.In order
to develop testspecificationsthat representeda realisticsituation,a numberof documentswere
reviewed, including the 1994edition of the Uniform Fire Code[24]; the 1991edition of NFPA
231C,Standardfor RackStorageof Materials[6]; the 1991edition of NFPA 204M, Guide for
SmokeandHeatVenting[5]; andselectedFactoryMutualdatasheets[25, 26,27]. In addition,an
attemptwasmadeto maintainconsistency betweenthesetestsandtherecentwork completedby
FMRCon“Extra LargeOrifice” sprinklersfor rackstoragewithoutvents[21, 28].

5.1 Description

Much of the descriptionfor the cartonedplasticcommoditytestscarriesover from the heptane
sprayburnertests,includingthetestfacility, sprinklertype,venttypeandinstrumentation.Differ-
encesaredescribedbelow. TheReportof Testfrom UL maybefoundin Ref. [2]. TheUL report
containsacompletedescriptionof theinstrumentationandthemeasurements.

5.1.1 Fuel Package

TheFactoryMutual ResearchCorporation(FMRC) StandardPlastictestcommodity, a Cartoned
GroupA UnexpandedPlastic,servedasthefuel for this testseries[21]. Thiscommodityhasbeen
usedextensively for testingsince1971[29]. Thecompletefuel packageconsistsof acombination
of thecartonedplasticcommodityandClassII commodity.

Thecartonedplasticcommodityconsistsof rigid crystallinepolystyrenecups(empty, 0.47L
(16 fl oz) size)packagedin compartmented,single-wall, corrugatedpapercartons.Thecupsare
arrangedopenenddown in five layers,25 per layerfor a total of 125percarton.Eachcarton,or
box, is a cube0.53m (21 in) on a side. Eight boxescomprisea pallet load. Two-way, 1.06m by
1.06m by 0.13m (42in by 42 in by 5 in) slatteddeckhardwoodpalletssupporttheloads.A pallet
loadweighsapproximately80 kg (170lb), of which about36%is plastic,35%is woodand29%
is corrugatedpaper[21].

A ClassII commoditywasusedin the target arrays. Typically, the commoditywas located
beyondtheexpectedareaof thefire spread.Thiscommodityconsistsof doubletri-wall corrugated
papercartonswith five-sidedsteelstiffenersinsertedfor stability. The two cartonsplus the liner
form asingle1.06m (42 in) cubehaving acombinednominalwall thicknessof 2.5cm(1 in). The
singlecubewassupportedon thesametypeof palletsupportingthecartonedplasticcommodity.

5.1.2 StorageMethod

A commoditystorageheightof 6 m (20 ft) with a ceilingheightof 8.2m (27 ft) representsoneof
the mostseverearrangementsallowableunderNFPA 231Cwithout requiringin-rack sprinklers.
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Under the Uniform Fire Code,storageof the test commodityis requiredto be protectedusing
sprinklers,ventsanddraft curtainswhenthe sizeof the high piled storageareaexceeds230 m�
(2,500ft � ).

The testarray(Fig. 22) wasdesignedto createa challengingstoragesituation. Eachstorage
arrayconsistedof a main(ignition) double-row rackat thecenter, flankedon two sidesby single
row target racks.Therows wereseparatedby 8 ft wide aisles.Eachof thetwo rows of themain
arrayconsistedof four 2.4m (8 ft) longbays;a0.15m (6 in) flueseparatedtherows. Longitudinal
fluesof 0.2m (7.5in) wereusedto separatethepalletswithin arow. Theoverall loadedareaof the
double-row rackmeasuredapproximately2.3m (7.5ft) wideby 10m (33ft) long. Therackswere
dividedvertically into 4 tiers;theoverall loadedheightwas5.8m (19 ft). A similar configuration
wasusedin aseriesof FMRCburnsdocumentedin Ref. [21].

The fire was ignited with 2 standardigniterswhich consistedof 8 cm (3 in) long by 8 cm
diametercylindersof rolledcottonmaterial,eachsoakedin 120mL (4 oz)of gasolineandenclosed
in a polyethylenebag.Therolls wereplacedagainstthecartonsurfacesin thefirst tier, just above
thepallet(Fig. 22). Theigniterswerelit with aflamingpropanetorchat thestartof eachtest.

5.1.3 Sprinkler Protection

Thesprinklersusedin all of the testswereCentralELO-231(ExtraLargeOrifice) uprights.The
sprinklers,flow ratesandactivation temperatureswerethe sameasin the first seriesof heptane
sprayburnertests.EventhoughUL listing andFM approval of thissprinklerwith this typeof stor-
agearrangementarebasedonaminimumdensityrequirementof 0.6gpm/ft� , thelowerdensityof
0.5gpm/ft� wasusedto allow for morechallenging,but still controllable,firesandmoresprinkler
activations.

5.1.4 TestLayout

Draft curtainswereinstalledat theceiling for threeof thefive tests.Thesamesheetmetalcurtains
from the heptanetestswereinstalledto enclosean area21 m by 23 m, 490 m� (70 ft by 76 ft,
5,320ft � ) undertheadjustableceiling(Fig. 23). Fiveventswereinstalledin theadjustableceiling,
following thelayoutshown in Figure23. This sametypeof ventwasusedduringthefirst heptane
sprayburnerseries.Theventsweredesignedto operateindependently(asopposedto gangoper-
ation)at a temperatureof 74 C (165 F), or manually. Theareaof the largestquadrantin Fig. 29
wasselectedto providea largerventto floor ratio (1:42)thancalledfor by theUniform FireCode
(1:50 for up to 20 ft of storageandlessthen6,000ft � of curtainedarea)[24]. Only the vent in
thenorthwestcornerof thecurtainedareawasinstrumented,thusthefireswereignitedat various
locationsin thenorthwestquarterof thecurtainedarea.

The layoutof eachof thefive testsis shown on thefollowing pages,alongwith thesprinkler
activationtimes.In designingthelayouts,therewereseveralrulesthatwerefolloweddueto both
thegeometryof thetestfacility andadesireto maintainconsistency from testto test:(1) thelonger
dimensionof the1.2m by 2.4m (4 by 8 ft) ventshadto runnorth-southbecauseof thearrangement
of thestructuralelementsin theadjustableceiling; (2) theventshadto beplacedbetweenbranch
lines,which alsorun north-south;(3) theventshadto beplacedbetweentwo sprinklers,roughly
at thequarterpointsof themaintestquadrant;(4) thedraftcurtainshadto beplacedbetweenrows
of sprinklerssoasto maintaina 1.5m (5 ft) spacingbetweenthecurtainsandsprinklers;and(5)
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Figure 22: Configuration of the cartoned plastic commodity rack storage. Note that the
palletswithout perpendicular linesindicateClassII targets.The ignition location is indicated
by two small rectanglesin the center transverseflue of the Plan View.
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therackshadto bearrangedperpendicularlyto thebranchlinesto eliminate“shadowing” effects.
Threeignition locationswerechosen:thefirst farthestfrom thevents,theseconddirectly undera
vent,andthethird neartheintersectionof thedraft curtains.

During each30 min test, the entire test facility wasexhaustedfrom the centerof the 15 m
(50 ft) highspace(7.5m (25 ft) above theadjustableceiling)ata rateof 28m� /s (60,000ft � /min),
themaximumcapacity.

5.1.5 Instrumentation

Visualobservationsof testeventswererecordedandassessmentsmadeof theamountof commod-
ity consumedby thefire (fire damage).Photographicdocumentationincludedvideotapeandcolor
slides.In addition,infraredvideowasusedto recordeachtestfor analysis,andalsoto aid thefire
fighterswhoextinguishedtheresidualfire following each30min test.

Thermocoupleswere usedto measuregastemperaturesand “structural” steeltemperatures.
Two velocity probeswereusedto monitor the air flows, onein the instrumentedvent, the other
about3 m (10 ft) to the southand3 m to the eastof the vent, 10 cm (4 in) below the ceiling.
Thevelocitiesweremeasuredwith bi-directionalprobesconnectedto pressuretransducerswith a
rangeof R 133 Pa (1.0 mm Hg). A thermocouplearraywasplaced3 m (10 ft) to the southand
3 m to the eastof the instrumentedvent,aswell asat a point 6 m (20 ft) southand6 m eastof
the vent, above the ignition point for TestP-1. A third thermocouplearraywasplacedin front
of theventoutsideof thecurtainedarea.Detailsaboutthe thermocouplearraysmaybefoundin
Ref. [2]. A thermocouplewasplacedneareachsprinkler to recordtemperaturesandactivation
times. Electronictiming circuits wereinstalledin the ventsto determinewheneachopened.In
addition,a thermocoupleandthreecalibratedbrassdiskswereplacedin oneof theventcavities to
measuretheair temperatureandto simulatethethermalresponseof thefusiblelink. Thesesame
diskswereinstalledduringthesecondseriesof heptanesprayburnertests.

Sprinklerwaterflow andpressurewerecontinuouslymonitored. Oxygen,carbonmonoxide
andcarbondioxide concentrationswererecordednearthe ignition point. Threeoptical sensors
consistingof a white light sourceseparatedfrom a photocellby 1 m werepositioned1 m above
theadjustableceiling,1.8m (6 ft) below theceilingand1.5m (5 ft) abovethefloor at thelocation
indicatedin theplanviewsshown below.
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5.2 Results

Fivecartonedplasticcommoditytestswereconductedover thecourseof amonth(October1997).
Theresultsof thefivetestsaresummarizedin Table3. In four of thetests,theventswereequipped
with a fusiblelink, ratedat74 C (165 F). In onetest(TestP-5)theventsweremanuallyoperated.
Furtherdetailsof eachtestcanbefoundon thefollowing pages.

Cartoned PlasticCommodity TestSeries
TestNumber P-1 P-2 P-3 P-4 P-5

TestDate Sept.30 Oct.2 Oct.16 Oct.21 Oct.28
IndoorTemperature(  C/ F) 20/68 18/65 19/67 17/63 18/64

OutdoorTemperature(  C/ F) 14/57 11/52 10/50 10/50 8/46
RelativeHumidity (%) 51 51 48 30 43

CommodityMoistureContent(%) 9 9 8 6 8
Draft Curtains No No Yes Yes Yes

FirePos.rel. to vent 20
�
E,20

�
S Under 10

�
N 20

�
E,20

�
S 20

�
E,20

�
S

No. VentOpenings 0 1 1 0 4 (manual)
VentOpeningTime DNO 6:04 4:11 DNO 1:14

FirstSprinklerActivation 1:16 1:40 1:07 1:33 1:14
LastSprinklerActivation 13:41 5:37 16:06 2:40 5:04

Activationsin the1st6 min 4 23+ 8 5 7
TotalSprinklersActivated 20 23+ 19+ 5 7

EstimatedBoxesConsumed 117 127 184 103 81

Table 3: Resultsof the cartoned plastic commodity test series. Note that position of fire is
in relation to the vent in the northwest corner of the curtained area. The vent that operated
in TestP-2 wasnot the vent dir ectly above the ignition source. The plus sign appendedto a
valuein the “ Activations in the 1st6 min” or the “Total Sprinklers Activated” rows indicates
that the areaof sprinkler activation spreadto the edgeof the adjustable height ceiling, thus
moreactivationsmight haveoccurred had the ceiling extendedfurther.
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5.2.1 TestP-1

Thefire wasignitedin a transverseflue,at thepointwheretwo boxeson thesamepalletabut. The
two ignitorsweresituatedabout12cm (5 in) off thefloor. Theflamesreachedthetop of thethird
tier about54 s afterignition; thefourth tier about60 s. At this time, theflamescouldjust beseen
emerging from thearrayon thesouthfaceandenteringthe longitudinalflue separatingthe rows
within thearray. Thefirst sprinkleractivated76safterignition, knockingtheflamesbelow thetop
of thefourth tier. Theflamesre-emergedfrom thelongitudinalflueat about1:53,followedby the
secondsprinkleractivationat2:14ontheoppositesideof theignition flue. The58sdelaybetween
the first andsecondsprinkleractivationallowed the fire to spreadmorerapidly towardsthe east
endof thearray, ultimatelyopeningup moresprinklerson theeasternsideof thenorth-southline
of symmetry. Although 20 sprinklersopenedby about15 min, only 4 hadopenedafter 8 min.
Examiningthethermocoupledataneareachunactivatedsprinkler, it appearsthat thenear-ceiling
temperaturesoutsideof thefirst ring of sprinklerssteadilygrew following thefirst few activations,
but eventuallydecreasedfollowing the11activationsthatoccurredbetween8 and13min.

By about10min afterignition thesmoke layerthroughoutthetestfacility wasat theheightof
thethird tier. Up to thispoint in time,muchmoresmokewasobservedin thenorthaisle,reducing
visibility to only a few meters.Thesouthaisleremainedrelatively clearof smoke duringthefirst
10min.

Thefire damagewaslimited to thebayssurroundingtheignition point, bothon thesouthand
northsideof themainarray(Fig. 25). Most of thefire damagewasfound in the bayeastof the
ignition flue on tiers1 through3 dueto theasymmetricalsprinkleractivationpattern.Thefourth
tier wasprotectedfrom fire damageby thesprinklerspray.
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Figure 23: Plan view of Lar geScaleFir e TestFacility with the sprinkler activation times for
PlasticTestP-1. The circled “S” denotesthe location of the optical densitymetersor “smoke
eyes”.
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Figure24: Temperatureprofilesfr om all 100near-sprinkler thermocouplesfr om PlasticTest
P-1. The arrangementof the plots mimics that of Fig. 23.
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View of Main Array from theSouth

View of Main Array from theNorth

Figure25: Fir edamagefr om PlasticTestP-1.
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5.2.2 TestP-2

TestP-2wasintendedto presentanextremesituationasfar asventingis concerned.Theignition
pointwasputdirectlyunderavent.Theobjectivewasto seehow ventactivationsoonafterignition
couldaffect sprinklerresponse.In the experiment,flamesreachedthe top of thecentralarrayat
about65sandtheventcavity atabout70s. Thefirst sprinkleractivatedat100s,followed8 s later
by thesprinkleron theoppositesideof thevent. Theventabove the ignition point did not open
at any time duringthe30 min test.However, thevent6 m (20 ft) to thewestof theignition point
did openat6:04.UnlikeTestP-1,in TestP-2all 23sprinkleractivationsoccurredwithin 6 min of
ignition.

By about10min afterignition thesmoke layerthroughoutthetestfacility wasat theheightof
thethird tier. Up to this point in time, therewasno observabledifferencein theamountof smoke
in thenorthandsouthaisles.Thefire damagein TestP-2wassimilar to thatof TestP-1,with more
damageobservedin thefourth tier (Fig. 28).
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Figure 26: Plan view of Lar geScaleFir e TestFacility with the sprinkler activation times for
PlasticTestP-2.
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Figure27: Temperatureprofilesfr om all 100near-sprinkler thermocouplesfr om PlasticTest
P-2. The arrangementof the plots mimics that of Fig. 26.
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View of Main Array from theSouth

View of Main Array from theNorth

Figure28: Fir edamagefr om PlasticTestP-2.
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5.2.3 TestP-3

Test P-3 was designedto be similar to a test performedduring the high rack storagecartoned
plasticsseriesat Factory Mutual wherethe fire was ignited near the intersectionof two draft
curtains[21]. However, the testperformedat FactoryMutual involvedslattedwood shelving,a
slightly differentrackconfiguration,anddifferentsprinklerspacingandflow rate.

The first sprinkleractivation occurredafter 67 s at the positionclosestto the curtain inter-
section,followedcloselyby the secondat 72 s. Thedraft curtainschanneledthesmoke andhot
gasestowardstheeastandsouth,openingmoresprinklersin theserows thanwouldbeexpectedif
thecurtainswerenot there. Theventdid automaticallyactivateat 4:11,but by that time the two
sprinklersoneachsideof it hadalreadyactivated.

Thedraftcurtainsdid delayby 3 to 4 min theactivationof thesprinklersto thenorthof thefirst
two thatactivated,andblockedthewaterfrom wettingthenorthfaceof thecenterarray. Thefire
wasableto spreadbothto thenorthandto thewestunderneaththedraft curtains,but activations
within theadjacentquadrantswereableto controlthespread.Thesprinkleractivationswentto the
northedgeof theadjustableheightceiling.

By about10min afterignition thesmoke layerthroughoutthetestfacility wasat theheightof
thethird tier. Up to this point in time thenorthaisleremainedrelatively clearof smoke, thesouth
aislefilled with smoke within thefirst 5 min. Thefire damagefrom this fire wasmoreextensive
thanthatof TestsP-1andP-2,goingbeyondthecentraltwo baysin tiers2, 3 and4 (Fig. 31).
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Figure30: Temperatureprofilesfr om all 100near-sprinkler thermocouplesfr om PlasticTest
P-3. The arrangementof the plots mimics that of Fig. 29.
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View of Main Array from theSouth

View of Main Array from theNorth

Figure31: Fir edamagefr om PlasticTestP-3.
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5.2.4 TestP-4

TestP-4wasintendedto beareplicateof TestP-1with theonly exceptionbeingthepresenceof the
draft curtains.As in all thetestsprior to this one,theflamesemergedfrom thetop tier afterabout
60s. Thefirst sprinkleropenedafter93sfollowed1 slaterby thesecond.Thisactivationtimewas
about10to 15slongerthanin previoustestsunderaflat ceiling,but it appearedto thoseobserving
the testthat thequick successionof activationscontainedthefire to a volumeroughly two pallet
loadswide, threepalletshigh, and onepallet deep. The temperaturesat all of the unactivated
sprinklersdecreasedrelatively quickly following theinitial activations.Therewasno build-up of
thefire following thefirst activationthatwasobservedin TestP-1.

Thesmoke layerdescendedto theheightof thethird tier afterabout15 min. Up to this point
in time thesouthaislewasmoreheavily smoke loggedthanthenorth. Thefire damagefrom this
testwaslessextensivethanthatfrom thefirst threetests(Fig. 34).
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Figure 32: Plan view of Lar geScaleFir e TestFacility with the sprinkler activation times for
PlasticTestP-4.
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Figure33: Temperatureprofilesfr om all 100near-sprinkler thermocouplesfr om PlasticTest
P-4. The arrangementof the plots mimics that of Fig. 32.
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View of Main Array from theSouth

View of Main Array from theNorth

Figure34: Fir edamagefr om PlasticTestP-4.
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5.2.5 TestP-5

Giventhedifferencein sprinkleractivity betweenTestP-1(20 activations)andTestP-4(5 activa-
tions),it wasdecidedto repeatTestP-4,only now theventswereto bemanuallyopenedfollowing
the first sprinkleractivation. It hadbecomeclearby this time in the projectthat the ventswere
unlikely to openwhenthefire wasignitedmorethanabout4.6m (15 ft) away.

Theresultsof TestP-5weresimilar to thoseof TestP-4.Again,thefirst two sprinklersopened
within 1 sof eachother, but about20ssoonerthanthosein TestP-4.No changein testconditions
could explain why the sprinklersactivatedsooner, thusit wasattributedto the variability in the
initial rateof heatrelease.Sevensprinklersopenedin all, comparedwith 5 in TestP-4. Thefire
damagewasslightly lessextensivein this testthanin TestP-4,possiblydueto theearliersprinkler
activation.

Thesmoke layerdescendedto theheightof thethird tier afterabout15 min. Up to this point
in time thenorthaislewasmoreheavily smoke loggedthanthesouth.Thefire damagefrom this
testwassimilar to thatof TestP-4.
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Figure36: Temperatureprofilesfr om all 100near-sprinkler thermocouplesfr om PlasticTest
P-5. The arrangementof the plots mimics that of Fig. 35.
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View of Main Array from theSouth

View of Main Array from theNorth

Figure37: Fir edamagefr om PlasticTestP-5.
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5.2.6 Obscuration

Threeoptical sensorsconsistingof a white light sourceseparatedfrom a photocellby 1 m were
positioned1 m above theadjustableceiling,1.8m (6 ft) below theceiling and1.5m (5 ft) above
thefloor at thelocationindicatedin theplanviews of eachtest.Thesmoke eyeswerenot moved
from test to test, even thoughthe rackswere. Figure 38 presentsthe datafrom all five tests.
Becauseduringevery test,theexhaustfanabove theplenumspacewasdrawing smoke from the
testspaceat a constantrateof 28 m� /s (60,000ft � /min), the optical densitydata(averagedover
time to eliminatelocal smoke loggingeffects)canbeusedasan indirect indicatorof therelative
sizeof thefire. TestsP-1,P-2andP-3werebiggerfiresthanTestsP-4andP-5asindicatedby the
increasedobscurationof thetestfacility andtheamountof commodityconsumed.Unfortunately,
what the optical densitydatadoesnot reveal is the effect of openingthe smoke andheatvents
becausethereis no way to separatelyaccountfor the smoke flowing throughthe ventsandthe
smokeflowing aroundtheadjustableceiling andup throughthe3 m (10 ft) wide gapbetweenthe
ceilingandthewall of thefacility. In effect,all thetestswereventedat theperimeter.
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Figure38: Local optical densitymeasurementsfor the Plastic tests,averagedover a minute.
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6 Discussionof Experimental Results

As in studiesprecedingthis one,a seriesof largescaletestswasusedto gatherinformationabout
the interactionof sprinklers,ventsanddraft curtains. In this study, engineeringanalysisusing
fire modelingtechniqueswill provide additionalinsight into the behavior of thesesystems.To
emphasizethecontrastprovided,it is instructiveto pausehereanddiscusswhatcanbedetermined
from thelargescaletestsalone.Later, additionalinformationfrom fire modelingwill helpbolster
theconfidencein theseconclusionsandprovideadditionalinsight.

Thusfar theresultsof 39full-scalefire experimentshavebeenpresented.In thissection,these
resultswill be discussedwith an emphasison how roof ventsanddraft curtainsaffect the time,
numberandlocationof sprinkleractivations;andhow sprinklersanddraftcurtainsaffect thetime,
numberanddischargeratesof roof vents.To facilitatethediscussion,a summaryof the39 large
scaleexperimentsis presentedin Table4.

6.1 Effect of Ventsand Draft Curtains on Sprinkler Activation Times

For all threeseriesof tests,whenthefire wasnot igniteddirectlyunderneatha vent,theactivation
timesof thenearestsprinklersto thefire werenot affectedby theopeningof ventseitherprior to
or after thefirst sprinkleractivation. Whenthefire wasignited3 m (10 ft) from theventcenter,
the only discernibleaffect of the vent openingon sprinkler activation was for thosesprinklers
immediatelydownstreamof the vent. For example,considerthe sprinkler activation times for
TestsI-4, I-5, I-6 andI-7 (Fig. 6). The two sprinklersto the westof the vent did not activatein
TestsI-5 andI-6 whentheventwasmanuallyoperatedat 40 and90 s. However, in TestI-7 when
theventdid notopen,bothsprinklersactivated,andin TestI-4 whentheventwasheldclosed,one
of thetwo sprinklersactivated.Considerthepeakgastemperaturesnearthetwo sprinklersin Tests
I-4 andI-7 comparedwith thosein TestsI-5 andI-6 (Figs. 88-91). Comparedto the unopened
tests,thetemperatureswere25 C (45 F) lower whentheventwasopenedat 40 s, and5 C (9 F)
lower whentheventwasopenedat 90 s. Whenexaminingthe temperaturesandactivationtimes
for TestsI-1, I-2, I-3 andI-8 wherethefire wasin theB position(3 m (10 ft) to thenorthof the
vent), the effect of openingthe vent is not asclearbecausethe shorterdimensionof the vent is
facingthefire.

In testswherethefire wasigniteddirectlybeneathavent,ventopeningsprior to theactivation
of thenearestsprinklershadaneffect on thesprinkleractivationtimes.Theearliertheventopen-
ing, themorenoticeabletheeffect. For example,in TestsI-12, I-13, I-14 andI-15 wherethefire
waspositioneddirectly undertheventandthedraft curtainswereinstalled,theaveragesprinkler
activationtime of thenearestfour sprinklerswas1:13whentheventwasheldclosed(TestI-12),
1:29whentheventopenedautomaticallyat1:04(TestI-13), 1:58whentheventwasopenedman-
ually at 0:40(TestI-14), and1:08whentheventwasopenedmanuallyat 1:30 (TestI-15). This
datasuggeststhat theearliertheventactivation,thelongerthedelayin activationof thefirst ring
of sprinklers.

TestI-16 wasperformedwith a differentfire growth curve, andcannotbedirectly compared
with any othertest. In that test,thefirst sprinkleractivatedat thesametime that theventopened
(1:46),followedby thenext two sprinklersat2:06and2:08.Oneof thefour sprinklersnearestthe
fire did notactivateatall. Thetemperaturenearthissprinklerwas140 C (284 F) at thetimeof the
ventopening,but it decreasedto about80 C (176 F) over thenext few minutes.A similar effect
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wasseenin TestI-20 (Fig. 8). Following a ventopeningat1:20,oneof thefour sprinklersnearest
thefire did notopenuntil 3:16.Thefirst sprinkleractivationwasat0:54.

During the secondseriesof heptanesprayburner tests,two testswere performedwith the
burnerdirectly undera vent (Fig. 14). In TestII-7, wherethe ventwasheld closed,the average
activationtimesof thenearesttwo sprinklerswas1:14andthenearestsix 1:24.In TestII-3, where
theventopenedautomaticallyat 1:15,theaverageof thenearesttwo sprinklerswas1:17andthe
nearestsix 1:32.

Draft curtainsalsohadaneffectonsprinkleractivationtimes.Giventwo sprinklersequidistant
from a fire, theonenearerto acurtainshoweda tendency to activatesooner. For example,in tests
wherethefire wasplacedatPositionB in thefirst seriesof heptanetests,activationatsprinkler52
(1 m from eastcurtain,6 m from northcurtain)occurredabout20 s on averagebeforeactivation
at sprinkler64 (10m from eastcurtain,6 m from northcurtain).ThePositionB experimentswith
curtains(TestsI-1, I-2, I-3, I-8) alsoshowedactivationat sprinkler90 in TestsI-2 andI-3. This
sprinklerwasover 7.6m (25 ft) from theburner, thefarthestdistanceof any activationin thetest
series.Basedon anexaminationof thermocoupledata,activationat this sprinklerwasbelievedto
bedueto thechannelingof thesmokeandhotgasesby thenorthdraft curtain.

6.2 Effect of Ventsand Draft Curtains on Number of Sprinkler Activations

In general,draft curtainsincreasedthenumberof sprinkleractivations.Inspectionof Table4 indi-
catesthat in TestsI-1 andI-8 therewere11 activationswhenthedraft curtainswereinstalledand
theventwasclosed,andin TestI-17 therewere4 activationswhenthecurtainswerenot installed
andtheventwasclosed.TestsI-4 andI-7 bothhad10 activationswith thecurtainsinstalledand
the vent closed,TestsI-18 andI-21 had4 and10 activationswith the curtainsremoved. Tests
I-9 andI-10 had12 and13 activationswith curtainsinstalled,TestI-22 had6 activationswith the
curtainsremoved.Thisdataindicatesthatin testsperformedwith draftcurtainswherethefire was
notdirectlybeneathavent,therewereup to twiceasmany sprinkleractivationscomparedto tests
performedwithoutdraft curtains.

The reasonfor the increasednumberof activationsis that draft curtainsleadto an increase
of the near-ceiling gastemperatures.Consider, for example,the peakgastemperaturesnearthe
secondring sprinklersin TestI-1 (Fig.85)comparedto thoseof TestI-17 (Fig.101).Thetempera-
tureswerebetween20 C and30 C (36 F and54 F) lower in TestI-17. Similardifferencescanbe
seenwhencomparingtemperaturesin TestsI-1 throughI-16 with thosein TestsI-17 throughI-22.
The differencebetweentemperaturesin the curtainedanduncurtainedtestscanbe explainedby
consideringafire plumeimpingingonawell-developed,1.8m (6 ft) deepsmokelayerasopposed
to athinnerlayer. In thelattercase,theplumecanentrainmorecoolair beforeit reachestheceiling
layer, andthereforethesmoke is coolerby thetime it reachestheceiling. Plus,thedeepersmoke
layerformedby thedraft curtainsinsulatesthesprinklersfrom coolerair below thelayer, leading
to moreactivations.

Whateffectdid theventshaveonthenumberof activations?Whenthefire wasigniteddirectly
underavent(PositionA), thenumberof activationswasreduced.ConsiderTestI-12 versusTests
I-13, I-14, I-15 andI-16. Thenumberof activationswasroughlyhalveddueto theopeningof the
ventdirectly above the fire. TestsII-3 andII-7 show the numberof activationsreducedfrom 18
to 12. However, whenthefire wasnot ignitedundera vent, therewaseithera smalldecreaseor
no decreaseat all in the numberof sprinkleractivations. TestsI-1 andI-8 comparedwith Tests
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I-2 andI-3 showednoreductionin thenumberof activationswhenthefire wasignited3 m (10 ft)
northof thevent. TestsI-4 andI-7 comparedto TestsI-5 andI-6 showeda reductionof 1 and2
sprinklersfrom 10. TestsII-11 andII-12 showedno reductionat all. TestsI-9 andI-10, aswell
asTestsII-1, II-5, II-2 andII-6 showedno reductioneither. Thus,unlessthe ignition took place
underor very neara vent,therewasno evidencein this datasetthatventingreducedthenumber
of sprinkleractivations.

To seewhy ventshadlittle effect on thenumberof sprinkleractivations,considertheaverage
peaktemperaturesin the curtainedareain TestsII-1, II-2, II-5, II-6, II-11 and II-12. In Tests
II-1 and II-5 wherethe fire was locatedat PositionD andno ventsoperated,the averagepeak
temperatureswere129.4 C and130.0 C, respectively. In TestsII-2 andII-6 wherethefireswere
at PositionD but all theventswereopenedat thestartof thetests,theaveragepeaktemperatures
were128.8 C and127.5 C, respectively. Similarly, in TestII-11 wherethefire wasat PositionC
andthe vent did not operate,the averagepeaktemperaturewas123.4 C, whereasin Test II-12,
whereall theventswereopenedat thestart,thetemperaturewas119.0 C.

6.3 Effect of Ventsand Draft Curtains on Sprinkler DischargePattern

In the cartonedplastic commodityTestP-3, the draft curtain to the north of the ignition point
delayedtheoperationof sprinklersfurthernorthandblockedthesprayof sprinklersoneitherside
of it. In this test, the fuel arrayextendedbeneaththe north andwestcurtains. The fire spread
to the northsideof themainarraybecausethecommoditytherewasunwetteddueto a delayin
sprinkleractivationon thenorthsideof thecurtainandblockageof the sprinklersprayfrom the
southside.Theresultsof TestP-3reinforcedevidenceprovidedby two similar9 testsperformedby
FactoryMutual [21]. In theFMRC tests,thefiresspreadunderneaththecurtains,resultingin the
developmentof a moreseverefire, a greaternumberof sprinkleroperations,anatypicalsprinkler
openingpattern,distortedsprinklerdischarge patternswhich affectedprewetting of commodity,
andmoresmokeproduction.Althoughthefire damageandnumberof sprinkleractivationsin Test
P-3werenotasgreatasthatseenin thetestsperformedatFMRC,thefire damagewassubstantially
higherin this testthanin any othertestperformedin theseries,eventhoughthefirst two sprinkler
activationswererelatively early (67 and72 s). This early activation wasmost likely dueto the
closeproximity of thefire to theintersectionof thedraft curtains.However, theearlyjumpon the
fire did not leadto arapiddecreasein temperaturesor sprinkleractivationsaswasthecasein Tests
P-4 andP-5, the othertwo testsperformedwith draft curtainsinstalled. Instead,the fire spread
to the unprotectednorth faceof the centralarray; andeven thoughit waseventuallycontrolled
by sprinklerson thenorthsideof theeast-westcurtain,it ultimatelyconsumedapproximately184
boxes,nearlytwice asmuchasTestsP-4andP-5. A ventdid automaticallyactivateat 4:11,but
by that time thetwo sprinklerson eachsideof it hadalreadyactivated.Basedon anexamination
of the thesprinkleractivationpatternandthe thermocoupledata,theopeningof theventhadno
influenceon thetestresults.

9ThetestsperformedatFMRCinvolvedslattedwoodshelving,aslightly differentrackconfiguration,anddifferent
sprinklerspacingandflow rate.
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6.4
i

Effect of Sprinklers on the Number and Time of Vent Activations

Basedon the testdatacollectedin this study, it is difficult to assesshow, in general,sprinklers
affect theactivationof ventsbecause(1) thereis little informationabouthow theventswouldhave
operatedin anunsprinkleredfacility becauseonly onetestwasperformedwithout sprinklers,and
(2) only oneventdesignwasusedin the testprogram.However, it appearsfrom thedatabelow
thatthesprinklersprayinfluencedthethermalresponsecharacteristicsof this particularvent,and
it is believedthatsprinklerscouldhaveasimilar influenceonsimilarventdesigns.

In the oneunsprinkleredtestof the study(Test I-11), the vent openedat 4:48. The heptane
sprayburnerwas8.6 m (28 ft) from theventcenter. Six othertestswereperformedwith thefire
at thisdistancefrom theventwhentheventwasequippedwith a fusiblelink, andin noneof these
testsdid the vent open. In the unsprinkleredTestI-11, the temperaturenearthe vent wasabout
170 C (338 F), whereasin TestI-10, with thefire at thesamelocation,the temperaturenearthe
ventwasabout90 C (194 F) after thesprinklershadactivatedaroundthefire (Figs.94 and95).
Examinationof thenear-ceilingtemperaturesfrom all thetestsindicatesthatsprinklersof thistype
have a significantcooling effect, and this will certainlyhave an effect on thermally-responsive,
independently-controlledvents.

To betterunderstandthethermalenvironmentin thevicinity of thevent’s fusiblelink, a ther-
mocoupleand threecalibratedbrassdisks were placednearthe link of the vent locatedat the
northwestcornerof thecurtainedareaduringthecartonedplasticandthesecondseriesof heptane
sprayburnertests(seeSection4.1 for a descriptionof the instrumentation).Figures19–21show
the temperaturesrecordedby the thermocoupleandthebrassdiskswithin theventcavity during
theheptanetests.In TestsII-3 andII-4, whentheventopenedautomatically, thetemperatureof the
“medium” and“slow” disksroseabovetheratedtemperatureof thelink (74 C,165 F) ataboutthe
sametime thattheventopened.In TestII-8, theventopenedabout10sbeforethe“medium” disk
temperaturereached74 C, and30sbeforethe“slow” disktemperaturereached74 C. In TestsII-9
andII-11, wherethe vent did not open,the temperaturesrecordedby the “medium” and“slow”
diskswerecomparableto thoserecordedby thedisksin TestsII-3, II-4 andII-8.

In PlasticTestP-2,thefire wasigniteddirectlyunderavent. In theexperiment,flamesreached
the top of the centralarrayat about65 s andthe vent cavity at about70 s. The first sprinkler
activatedat 100s. Theventdid not openat any time duringthe30 min testeventhoughanother
vent6 m (20 ft) to thewestof theunopenedventopenedat 6:04. Thetemperaturehistoryof the
brassdiskswithin thecavity of theunopenedvent is givenby Fig. 39. After the test,the fusible
link wasexamined,andit wasobserved that the solderholding the two stripsof metal together
hadbegunto melt. This observationhadbeenmadewhenexaminingthelinks afterseveralof the
heptanesprayburnertests,aswell.

This data,alongwith theplungetunnelmeasurementsreportedin Section3.1.4,suggeststhat
thefusiblelink reachedits activationtemperaturebeforeor at aboutthesametime asthethefirst
sprinkleractivated,but the link did not fuse. It is not clearwhetherthe link did not fusebecause
it wascooleddirectlyby waterdrawn upwardsinto theventcavity, or whetherthesprinklerspray
simply cooledtherising smoke plumeenoughto prevent the link from fusing. In any event,this
phenomenondeservesfurtherstudy.
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Figure 39: Temperatures inside the instrumented vent cavity during Plastic Test P-2. The
curve on the left displays the temperature of the thermocouple near the fusible link. The
curveon the right displaysthe temperature of the brassdisks. The horizontal line on the left
plot indicatesthe rated temperature of the fusible link.

6.5 Effect of Sprinklers on the DischargeRateof Vents

The cooling of the near-ceiling gasesdue to the operationof sprinklerswill affect the rate of
discharge througha vent. To measurethe flow of gasesthrougha vent, a velocity probeand
thermocoupleswerepositionedin theventnearestthefire locationin thesecondseriesof heptane
burnertestsandthecartonedplasticcommoditytests.Unfortunately, thevelocitydatawasdeemed
unreliable,thustherewasno meansto directly measurethedischargerate. Thenumericalmodel
to bedescribedin thenext sectionwill beusedto examinetheeffectof sprinklerson thedischarge
rateof vents.

An indirecteffectof sprinklersonventperformanceis thatsprinklerspraysentrainsmokeand
hotgases,coolthem,andtransportthemtowardsthefloor. No measurementsweremadeduringthe
teststo quantify this phenomenon,but visualobservationsweremadeto determinewhatareasof
thetestspacefilled with smokeduringthefirst 5 or 10minutesof thecartonedplasticcommodity
tests.In TestP-1,earlierandmorefrequentsprinkleractivationoccurredto thenorthof theignition
point, leadingto heavier observedsmokeloggingin thenorthaisle.In TestP-2it waslessobvious
which aislewasmoreheavily smoke logged.In TestP-3,thesouthaislewasmoresmoke logged
becausesprinklersto thenorthof theignition pointweredelayedby thedraftcurtains.Thecurtains
alsoblockedthesmokefrom thenorthaisle,at leastinitially. In TestP-4,thesouthaislewasmore
heavily smokelogged;in TestP-5,thenorthaisle.Thesprinkleractivationpatternin TestsP-4and
P-5wasconsistentwith theseobservations.
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7 Numerical Modeling

Thenumericalmodelusedto simulatethephysicalexperimentsis basedon techniquescommon
to thecomputationalfluid dynamics(CFD) community. Oftenthesetypesof modelsarereferred
to as“field models”by thefire researchcommunity, to distinguishthemfrom “zonemodels”.The
basicideabehindmostCFD modelsis to divide thespaceof interestinto small controlvolumes
or computationalcells,andin eachcell computethe density, velocity, temperature,pressureand
speciesconcentrationbasedon conservationlaws of mass,momentumandenergy. Theaccuracy
of theresultsoftendependson thenumberof cellsusedto discretizethevolumeof interest.The
techniquebeing appliedin this project is referredto as large eddy simulation(LES). The idea
behindthisapproachis to dividethetestspaceinto asmany cellsaspossible(in thiscase,hundreds
of thousandsto over a million) to resolve as much of the convective motion of the gases(air,
smoke) aspossible.In this way, muchof themixing of thehot gasesfrom thefire with thecool
surroundingair canbe captureddirectly, reducingthe dependenceon empiricalentrainmentor
turbulenceparametersthatareoftensubjectto muchdebateanduncertainty.

7.1 Model Description

Theheartof thenumericalmodelis analgorithmthatsolvesthesetof partialdifferentialequations
describingthe transportof smoke andhot gasesfrom thefire andits subsequentmixing with the
surroundingair. This is often referredto as the hydrodynamicmodel. The driving forces,like
thefire andthesprinklerspray, arerepresentedby sourcetermsin thegoverningequations.The
physicalboundariesandtheirpropertiesprovide theboundaryconditionsfor theequations.In the
sectionsto follow, themajorequationsandtheassumptionsbehindthemareput forward.

7.1.1 Hydrodynamics

Considera thermallyexpandableidealgasdrivenby a prescribedheatsource.Theequationsof
motiongoverningthefluid flow arewritten in a form suitablefor low Machnumberapplications
[30]. Sometimes,this form of the equationsis referredto as“weakly compressible”.The most
importantfeatureof theseequationsis that in theenergy conservationequationandtheequation
of statethe spatiallyandtemporallyvarying pressureis replacedby an averagepressurej H

that
dependsonly on time. This is doneto filter out acousticwaves. Theefficiency of the numerical
solutionof theequationsis dramaticallyincreasedby thisapproximation.

In the equationsto follow, all symbolshave their usualfluid dynamicalmeaning: k is the
density, l thevelocityvector, m F5n � l thevorticity, j thepressure,o thegravity vector, prq the
constant-pressurespecificheat, s the temperature,t the thermalconductivity, L the time,

Du � � �
the

prescribedvolumetricheatreleaserate, v thegasconstantequalto thedifferenceof thespecific
heatsv F prqxwyp{z , | theexternalforceterm(in thiscasethesprinklerspray),and } thestandard
stresstensorfor compressiblefluids.

Conservationof Mass ~ k~ LV� n ��k�l F �
(1)
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Conservationof Momentumk�� ~ l~ L���� l3� n�� l�� � n j�w�kAo F | � n ��} (2)

Conservationof Energy k�p�q�� ~ s~ L � l�� n s��'wG� j H� L F Du � � � � n ��t n s (3)

Equationof State j H � L ��F k�v�s (4)

Thedivergenceof theflow
n �!l is avery importantquantityin theanalysisto follow, andit is

readilyfoundby combiningEqs.(1) and(3), usingtheequationof state(4)j H�n ��l � �� � j H� L F � w �� � Du � n ��t n s �
(5)

where � F p�q���p�z . IntegratingEq. (5) over theentiredomain � yieldsa consistency conditionfor
thebackgroundpressurej H � L �j H����{� l�� �`� ��� � � j H� L F � w �� J���� Du � � � ���{� t n s�� �`� O (6)

where � is thevolumeof theenclosure.Thebackgroundpressurecanbeexpressedin termsof a
backgroundtemperatures H � L � anddensityk H � L �j H�F v�k H s H

(7)

Thesespatiallyaveragedquantitiesplaythesamerolethatambientconditionsdoin theBoussinesq
approximation.Perturbationsto eacharerepresentedby therelationss F s H � L � � � � �s � ¡ k F k H � L � � � � �k �

(8)

Theperturbationvaluesarethussimply related� � �¢�s � � � � �k �£F �
(9)

Defining s H
and k H

throughtheadiabaticprocessk Hk�¤ F � j Hj¥¤ ��¦¨§¨© (10)

allows the energy equationto be expressedin termsof the perturbationtemperature�s and the
divergence

~ �s~ L � l�� n �s F � � �?�s �«ª¬n ��l � �� j H � j H� L® (11)
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Thebackgroundpressureis foundfrom Eq.(6).
Walls andothersolid surfacesthat form the boundaryof the flow domainareheatedby the

surroundinggases.Heatis conductedinto thesolidaccordingto theequationk�¯%p!¯ ~ s°¯~ L F ~~²± tA¯ ~ s³¯~²±
(12)

where k�¯ is the densityof thesolid, p!¯ the specificheat, s°¯ the temperature,tA¯ the conductivity,
and

±
the normaldirectioncoordinate.Heat is transferredto solidsby convectionandthermal

radiation.Moredetailon theseprocessesis includedbelow.
Thepressureis composedof threecomponents,the backgroundj H � L � , the hydrostatic,anda

perturbationto thehydrostatic�j j �µ´·¶ L ��F j H � L � w�k H � L �¹¸%º � �j �¬´·¶ L � (13)

where´ is thepositionvector �µ»¼¶¾½�¶ ºA�
and

º
is theverticalcoordinate.Subtractingoff thehydro-

staticpressuregradientfrom themomentumequation(2), andthendividing by thedensityyields~ l~ L�� �� n�¿ l ¿ � w�l � m � �k n �jÀw kIw�k Hk o F �k n ��} (14)

Notetheuseof thevectoridentity: � lS� nÀ� l FÁ¿ l ¿ � � � w�l � m . To simplify thisequationfurther,
thedensityin thepressuretermis assumedambient,andthentheterm

¿ l ¿ � � �
is combinedwith the

perturbationpressure�jÂ��k H
andwrittenasatotalpressure,Ã . Thisapproximationassumesthatthe

buoyancy generatedvorticity dominatesthebarocliniccontributioncausedby thenon-alignmentof
perturbationpressureanddensitygradients.This is not a goodapproximationat thesmallscales
wherethe actualcombustionheatreleasetakesplace. However, at the resolvablescalesthis is
nothingmorethantheassumptionthatthesearebuoyancy dominatedflows.

Thereare numerousways of handlingthe viscoustermsin the momentumequation– the
simplestis to simply prescribea constantviscouscoefficient in caseswherethe grid resolution
is fine enoughto capturethe mixing processesat all relevant scales. More often one is forced
dueto lack of adequategrid resolutionto usea sub-gridscalemodel. For theproblemof smoke
movementin a warehouse,the latter conditionapplies. The treatmentof sub-gridscalemixing
followsvery closelytheanalysisof Smagorinsky [31]. Thestresstensor} in Eq.(14) is replaced
by theReynoldsstresstensorÄ whosecomponentsarewritten in theformN1ÅÇÆ F � k �¨È ¯)É � � ¿ËÊÌ¿ÍÊ ÅÇÆ ¡ Ê ÅÇÆ F �� � ~²Î Å~ » Æ �

~²Î Æ~ » Å � (15)

whereÈ ¯ is takenas0.21, É F �¨Ï�»�Ï�½ÐÏ ºA� +Ñ , Ï�» , Ï�½ and Ï º
arethegrid cell dimensions,and

¿ÇÊÌ¿�FÒ � Ê ÅÇÆ Ê ÅÇÆ . Therehavebeennumerousrefinementsof theoriginalSmagorinsky model[32, 33,34],
but it is difficult to assessthe improvementsofferedby thesenewer schemesfor the problemof
smokemovement.Therearetwo reasonsfor this. First, thestructureof thefire plumeis sodomi-
natedby thelargescale,resolvableeddiesthatevena constanteddyviscositygivesresultsalmost
identicalwith thoseobtainedwith theSmagorinsky scheme[4]. Second,the lack of precisionin
mostlargescalefire datamakesit difficult to sortout thesubtletiesassociatedwith thesemodels.
For thetimebeing,theSmagorinsky modelwith thegiven È ¯ producessatisfactoryresultsfor most
largescaleapplicationswhereboundarylayersarenot importantor arenot resolvable.
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To obtainthepressureperturbation,we take thedivergenceof themomentumequation~ l~ L �ÔÓÕ� n Ã F �
(16)

whereall theconvective anddiffusive termshave beenincorporatedin theterm Ó . Theresulting
equationfor thetotalpressureÃ is anelliptic partialdifferentialequationn � Ã F w ~ � n ��l �~ L w n � Ó (17)

The linear algebraicsystemarisingfrom the discretizationof Eq. (17) hasconstantcoefficients
andcanbesolvedto machineaccuracy by a fast,direct(i.e. non-iterative)methodthatutilizesfast
Fouriertransforms.No-flux boundaryconditionsarespecifiedby assertingthat~ Ã~²± F w«Ö:× (18)

at solid walls, where Ö¼× is the normalcomponentof Ó at the wall. This equationassertsthat
the normal componentof velocity at the wall doesnot changewith time, and indeedremains
zeroassumingthe flow velocity is initially zero. At openexternalboundariesit is assumedthat
the perturbationpressureis zero,a reasonableassumptionas long as the fire is well within the
numericaldomain.

Direct Poissonsolversaremostefficient if thedomainis a rectangularregion, althoughother
geometriessuchascylindersandspherescanbehandledalmostaseasily. For thesesolvers,theno-
flux condition(18)is simpletoprescribeatexternalboundaries.However, many practicalproblems
involve morecomplicatedgeometries.For building fires,doorsandwindows within multi-room
enclosuresarevery importantfeaturesof thesimulations.Theseelementsmaybeincludedin the
overalldomainasmaskedgrid cells,but theno-fluxcondition(18)cannotbedirectlyprescribedat
theboundariesof theseblockedcellsdueto consistency issues.However, it is possibleto exploit
the relatively small changesin thepressurefrom onetime stepto thenext to enforcetheno-flux
condition. At the start of a time step, the componentsof the convection/diffusion term Ó are
computedatall cell facesthatdonot correspondto walls. Then,at thosecell facesthatdo,setÖ¼× F w ~ Ã~²±�Ø �ÚÙ Î × (19)

where Ö:× is the normalcomponentof Ó at the wall, and Ù is a relaxationfactorempiricallyde-
terminedto beabout0.8dividedby thetime step.Theasteriskindicatesthemostrecentvalueof
the pressure.Obviously, the pressureat this particulartime stepis not known until the Poisson
equationis solved.Equation(19)assertsthatfollowing thesolutionof thePoissonequationfor the
pressure,thenormalcomponentof velocity

Î × will bedrivencloserto zeroaccordingto~²Î ×~ LÜÛ w Ù Î × (20)

This is approximatebecausethetruevalueof thevelocity time derivativedependson thesolution
of thepressureequation,but sincethemostrecentestimateof pressureis used,theapproximation
is very good. Also, even thoughtherearesmall errorsin normalvelocity at solid surfaces,the
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divergenceof eachblockedcell remainsexactly zerofor the durationof the calculation,andthe
consistency condition(6) ensuresglobalmassconservation. In otherwords,the total flux into a
givenobstacleis alwaysidenticallyzero,andtheerrorin normalvelocity is usuallyat least3 or 4
ordersof magnitudesmallerthanthecharacteristicflow velocity. Whenimplementedaspartof a
predictor-correctorupdatingscheme,theno-fluxconditionat solidsurfacesis well maintained.

7.1.2 The Fir e

The fire is representedby a large numberof Lagrangianelements(particlesthat move with the
flow) that releaseheatasthey aretransportedby the thermally-inducedmotion. Sincethe fluid
motiondetermineswheretheheatis actuallyreleased,andtheheatreleasedeterminesthemotion,
the large scalefeaturesof the coupling betweenthe fire and the smoke transportare retained.
The heatreleaserateper unit massof burning fuel is determinedfrom experiment. The spread
of thefire throughthe fuel arrayis predictedby thecalculation.Smoke is simulatedby tracking
the convectedelementsafter the fuel burnout is completed. A specifiedpercentageof the fuel
consumedis assumedto be convertedto smoke particulate. Thus, a knowledgeof the spatial
distribution of the Lagrangianelementsis equivalentto a specificationof the smoke particulate
densityat any instantof time. This “thermal element”model,which representsthe combustion
heatreleaseasa largenumberof point sourcesconvectedby theresolvableflow field, is in facta
simplecombustionmodelin its own right. It is consistentwith moredetailedcombustiontheories
currentlyin use,andit permitsthe useof experimentaldatafrom fire experimentsin a way that
doesnot violatetheconsequencesof thosetheories.A moredetaileddiscussionof this modelcan
befoundin Ref. [35].

The volumetricheatreleaserate term in the energy conservation equation(3) is essentially
thesumof theheatreleasedfrom thethermalelementsthat representthefire. Thermalelements
originateat solid (burning) surfaces. In the caseof boxed polystyrenecups,the cardboardbox
heatsup dueto both convective andradiative heattransferfrom the surroundinggas. Whenthe
surfaceheatsupto its measuredignition temperature,thermalelementsareejectedfrom thesurface
andburnedat a prescribedrate(an input heatreleaserateperunit area).Thesurfaceis assumed
to bethermally-thin.This assumptionis technicallynot correct,but a moredetailedtreatmentof
the heattransferpropertiesof cardboardwould complicateanalreadycomplicatedsituation. As
with all the assumptionsmadein the model,future refinementswill be madeif warranted.The
assumedthermally-thincardboardheatsup accordingto its givendensity k�¯ , specificheat p1¯ and
characteristicthicknessÏ � s°¯� L F Du � �Ý � Du � �Þ w Du � �ßk�¯àp1¯ Ï (21)

where
Du � �Ý ,

Du � �Þ and
Du � �ß representheatfluxesdueto convection,radiative absorption,andradiative

emission.Theindividualvaluesof theparametersk�¯ , p1¯ and Ï arenotrelevanthere;ratherit is their
productthat is determinedexperimentally, andthis productis referredto asthe lumpedthermal
capacitanceof thefuel. For averticalcardboardsampleof thecartonedplasticcommodityusedin
thetests,k�¯Íp1¯ Ï wasdeterminedfrom theLIFT (LateralIgnition andFlamespreadTest)apparatus
at NIST to be 1.5R 0.4 kJ/m� � K [36]. Note that the dataanalysiswasbasedon a thermally-thin
assumption,following the methodoutlinedby Ohlemiller [37]. The ignition temperatureof the
samplewasdeterminedto be(370 C, 700 F).
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Theconvectiveheatflux to thesurface
Du � �Ý is estimatedfrom acorrelationof theformDu � �Ý F È É�s +Ñ É�s W/m� (22)

where É�s is thedifferencebetweenthewall andgastemperature,and È is anempiricalconstant
of value1.43for a horizontalsurfaceand0.95for averticalsurface[38].

Theradiativeheatflux to thesurface,
Du � �Þ , is calculatedbasedontheassumptionthataprescribed

fractionof theheatreleasedfrom a thermalelementis radiatedaway, andthis energy is absorbed
by thesurroundingsurfaceswithout attenuationby thesurroundinggas. Usually, the fractionof
energy radiatedaway from the fire is obtainedby comparingthe total heatreleaseratewith the
convectiveheatreleaserate.For agivenpoint ´ ¯ onawall or surface,theradiativeflux is givenasDu � �Þ F�áÅãâ ¦;äWå�æ �¨ç Å � è Þ Du Å��é ¿ ´ Å w ´ ¯ ¿ � (23)

where´ Å is thepositionof the ê th thermalelement,è Þ is thefractionof theheatreleaserateof theê th element,
Du Å , convertedinto radiative energy, and ç Å is the angleformedby the normalto the

surfaceandthe vector ´ qVw ´ ¯ . Sincetherearehundredsof thousandsof thermalelementsin a
typicalcalculation,theabovesummationis madeoverasamplingof theelements.

As thecardboardheatsup,energy is lost to radiationaccordingtoDu � �ß Fìë³í � s�î¯ wÕs�î¤ �
(24)

where
ë

is theStefan-Boltzmannconstant
ëÚF 
)$a� � �Ô���)()ï

W/m� /K î , and
í

is theemissivity of
thesurface.In thiscase,theemissivity wasassumedto be0.8.

Oncethe cardboardreachesits ignition temperature,Lagrangianparticlesrepresentingpy-
rolyzedfuelareejectedatarateof

D± � �
particlesperunit timeperunitarea(about1,000particles/m� � s)

with asmallnormalvelocity ( Û 0.20m/s)into theflow domain.Theheatreleaseratefor thefire at
agiventime L is thenexpressedby summingoverall of thethermalelementsin theflow fieldDu � L ��F á Du � �D± � � �N � L w L H«ð N �

(25)

wherethe
Du � �

is aprescribedrateof heatreleaseperunit area,N is acharacteristicelementburn-out
time,andL H is thetimethatagivenparticleleavesasolidsurface.Theheatreleaserateperunit areaDu � �

is determinedfrom smallscaleconecalorimetermeasurements[39]. Figure40displaystheheat
releaserateperunit areafor a small samplecompartmentconsistingof a singlepolystyrenecup
surroundedby cardboard[40]. Theburn-outtime is obtainedfrom theplumecorrelationof Baum
andMcCaffrey [41]. In theflameregion, theverticalcenterlinevelocity is givenas ñ F �%$=��_)ò ¸%º
for

� ðóºôð ��$&	A�·õ Ø
, where

õ Ø F � DE ��p�q�k�¤Ìs°¤ ò ¸`� � §÷ö is the characteristicdiameterof a fire
whosetotalheatreleaserateis

DE
. Theburn-outtime is thetime it takesa thermalelementto reach

thetopof theflameregion N Û � ¦¹ø � ��ù¼úH � º�%$=��_�ò ¸%º F ��%$=��_:û ��$&	A�·õ Ø¸ (26)

andis usuallya few tenthsof asecond.
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Figure 40: Heat releaserate per unit area of the FMRC Standard Plastic test commodity
obtained fr om a conecalorimeter measurement. The conewas in a vertical configuration,
and the peak radiati veflux on the object was75kW/m � .

Oxygentransportandconsumptionis includedin the calculation,and the burn-out time of
any thermalelementwill varybasedon theconcentrationof oxygenin thegassurroundingit. It is
assumedthat1 kg of oxygenis consumedfor every13,100kJof energy released.Whentheoxygen
massfraction üÂý , falls to a certainprescribedlower limit (about12%),combustionis assumedto
stop,and the unburnedfuel associatedwith the thermalelementsremainsunburneduntil more
oxygencanbefound.

Another useful input parameterassociatedwith the given solid fuel is the total amountof
potentialenergy containedwithin a unit volumeof the unburnedfuel. The computationalcell
representinga pieceof the fuel will disappearoncethe energy containedwithin that volumeis
consumed.This parameteris referredto as the Energy Per Unit Volume, and is expressedin
units of kJ/m� . If prescribed,this parameterpermitsfire spreadthroughthe solid fuel, asin the
combustionof aboxedcommodityor a crib.

7.1.3 Sprinkler Activation

Thetemperatureof thesensingelementof anautomaticsprinkleris estimatedfrom thedifferential
equationpresentedby HeskestadandBill [42, 43]� s°þ� L F ò Î

RTI � sÂÿÐw s°þ � w È
RTI � s�þ`w s � �

(27)

where s°þ is the link temperature,sÂÿ is the gastemperaturein the neighborhoodof the link, s �
is the temperatureof the sprinklermount,and

Î
is the gasvelocity. The thermalsensitivity of
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the detectoris indicatedby the valueof RTI10. The heatlost to the mountdueto conductionis
characterizedby the“C-factor”, È . A heatedwind tunnel(plungetest)is usedto determineboth
of theseparametersby creatingan environmentin which the air velocity andtemperature,plus
themounttemperature,areheldat constantvalues.TheC-factoris measuredfirst. Therearetwo
methodsof performingthetests[44], bothof which aredesignedto pinpointcombinationsof air
temperatureandvelocityat whichanenergy balanceis establishedfor theheatgainedandlostby
thesensingelement.For thesecombinationsof air temperatureandvelocity, theright handsideof
Eq.(27) is zero,andconsequently

È F � sÂÿ�wÕs �s�þ�� � Ý�� w's � w � � ò Î
(28)

Following thedeterminationof theC-factor, theRTI is determinedfrom thesolutionof Eq. (27)
(assumingthevaluesof s�ÿ , s � , and

Î
areconstant)s°þ � L ��F s � � sÂÿÐw's �� �ÔÈ � ò Î ª � w��
	���� w � � �ÔÈ � ò Î � ò Î

RTI
L �  (29)

Theformulafor theRTI is givenby

RTI
F w L � Ý�� � � �ÚÈ � ò Î � ò Î
���� � w�������� ����� ( ���! �� ¦#"%$`§'& (  �
) ( ��� * (30)

wheres°þ+� � Ý,� is themeanliquid bathoperatingtemperatureof thesprinkler, and L � Ý�� is theactivation
time following theintroductionof thesprinklerinto theheatedwind tunnel.

7.1.4 Sprinkler Droplet SizeDistribution

Onceasprinklerhasactivated,thesizes,temperaturesandtrajectoriesof arepresentativesampleof
thewaterdropletsarecomputed.Theinitial conditionsarededucedfrom measurementsof droplet
sizesanddensitypatternsof spraysnot subjectedto a fire plume.Notethattrackingeverydroplet
is prohibitively expensive,andunnecessary. Thesamplingof dropletshasbeenreferredto asthe
“superdrop”concept[45]. It is directlyanalogousto thethermalelementconceptdiscussedabove,
andindeedtrackingwaterdropletsdoesnot introduceany new machineryinto thenumericalcode.
In thecalculationsthatwill bediscussedbelow, typically five to tenthousanddropletsfrom each
active sprinkler interactwith the gasat any given time. This numberof dropletsensuresthat a
sufficientdistributionof thewateris obtained.

In orderto computethedroplettrajectories,the initial sizeandvelocity of eachdropletmust
beprescribed.This is donein termsof randomdistributions.Theinitial dropletsizedistributionof
thesprinklersprayis expressedin termsof its CumulativeVolumeFraction(CVF), a functionthat
relatesthe fractionof thewatervolumetransportedby dropletslessthana givendiameter. Typi-
cally, this function is representedvery well by a combinationof log-normalandRosin-Rammler

10Often the thermalresponseof a sprinkleris characterizedby a singleparameter, alsocalledtheResponseTime
Index or RTI. This parameterlumpstogethertheRTI asusedin Eq. 27 andtheC-factor. WhenreportinganRTI, it
shouldbemadeclearwhatform of thegoverningequationis beingsolved. In this report,whenonly anRTI valueis
usedto characterizethethermalresponseof anobject,it is referredto ana “bulk” RTI.
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distributions[46] Ö � � �·F -./ .0 ¦& �21 ��3H ¦4%576 (98 : ;=<?>A@�B �DC�E ,,GF , � Ï � �IH � � �� w 6 ( H ø J'K � � BB � �'L � � � ð � � (31)

where � � is the mediandropletdiameter(i.e. half themassis carriedby droplets� � or smaller
in diameter),and � and

ë
areempiricalconstantsequalto about2.4 and0.58,respectively. The

mediandiametervariesfrom sprinklerto sprinkler, andit alsovarieswith thepressureapplied.It
appearsthat � is lesssensitive to changesin sprinklerdesignandoperatingconditions.

In thenumericalalgorithm,the sizeof thesprinklerdropletsarechosento mimic theRosin-
Rammler/log-normaldistribution. A ProbabilityDensityFunction(PDF)for thedropletdiameter
is defined M � � �·F Ö � � � �� � N � ¤H Ö � �¨Ï �Ï � � Ï (32)

Notethat Ö � � � �
denotesthefirst derivativeof thefunction Ö � � �

. Dropletdiametersarerandomly
selectedby equatingtheCumulativeNumberFractionof thedropletdistributionwith auniformly
distributedrandomvariable O O � � �·F5� 3H M �¨Ï � � Ï (33)

Figure41 displaystypical Cumulative VolumeFractionandCumulative NumberFractionfunc-
tions. Of course,every droplet from a given sprinkler is not tracked. Instead,a sampledsetof
thedropletsis tracked. Typically, 1,000particlespersprinklerpersecondarereleased.Thetotal
numberof dropletsrepresentedby eachcomputeddropletis givenby

DPRQ � � D± P 3 � , where
DPRQ is

themassflow rateof waterfrom a singlesprinkler,
D±

is thenumberof dropletstrackedpersprin-
kler per second,and P 3 is the averagemassof a droplet. The averagemassof a dropletcanbe
expressedin termsof thePDF

P 3 F � 	 é k Q � ¤H M � Ï � � Ï � � � � Ï (34)

wherek Q is thedensityof water.

7.1.5 Sprinkler Spray Dynamics

Theinfluenceof thewatersprayis introducedinto thegoverningequationsof fluid motionthrough
theforceterm | in Eq.(2). Thistermrepresentsthemomentumtransferredfromthewaterdroplets
to thegas,andit is computedby summingtheforcefrom eachdropletin acontrolvolume| F ��TS k�p 3VUW3 � l 3 wyl¼ÿ ��¿ l 3 w�l�ÿ ¿

� Ý z (35)

where p 3 is a drag coefficient, UW3 is an effective crosssectionalareaof the particle, l�ÿ is the
velocity of the surroundinggas, l 3 is the velocity of the droplet,and � Ý z is the volumeof the
controlvolume.Thetrajectoryof anindividualdropletis governedby theequation�� L � P 3 l 3 �·F P 3 o�w �� k p 3XUW3 � l�ÿ�wyl 3 ��¿ l¼ÿ wyl 3 ¿ (36)
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Figure 41: Cumulative Volume Fraction and Cumulative Number Fraction functions of the
droplet sizedistribution fr om a typical industrial fire sprinkler. The median diameter � � is
1 mm,

ë3F �`$a
�_
and � F �%$&��	

.

where P 3 is themassof thedroplet.Theinitial dropletvelocity anddirectionareestimatedfrom
measurementsof the waterflux nearthe floor througha trial anderror sequenceof calculations.
Typically, theinitial directionis chosenrandomlyfrom arangeof anglesfrom theverticalthrough
which thedropletexits thesprinklerdeflector.

Thesprinklerspraydroplettemperatures 3 andradius Y 3 aregovernedby thefollowing equa-
tions � s 3� L F[Z �]\ BÝ,^�Þ B`_=B � s�ÿ wÕs 3 � s 3 ð sÂz� s 3 F sÂz (37)� Y 3� L F[Z � s 3 ð sÂzw \ B\Va _bB � sÂÿ wÕs 3 � s 3 F sÂz (38)

wherep Q is thespecificheatof water, k 3 is thedensityof thedroplet,sÂÿ is thegastemperature,s�z
is thevaporizationtemperatureof water(100 C), c`z is theheatof vaporizationof water, c 3 is the
heattransfercoefficientbetweenair andthewaterdroplet,givenby

c 3 F Nu td�� Y 3
Nu is theNusseltnumbergivenby

Nu
F � � �`$a�

Re
+, Pr

+Ñ
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TheReynoldsnumberis basedon thevelocity of thedroplet,its diameterandtheviscosityof air
atambienttemperature.ThePrandtlnumberis about0.7,and te� is thethermalconductivity of air.
Thechangein gastemperaturedueto thepresenceof thewaterdropletsis givenby� sÂÿ� L F á J PRQP � O � p Qp�q � 	 c 3p Q Y 3 k 3 � s 3 wÕs�ÿ � (39)

wherePRQ andP � denotethemassof waterandair in thecontrolvolumeoverwhichthesummation
is beingperformed.

7.1.6 Sprinkler Spray Interaction with Burning Commodity

Whena waterdroplethits a solid horizontalsurface,it is assigneda randomhorizontaldirection
andmovesat a fixedvelocity until it reachestheedge,at which point it dropsstraightdown at a
constantspeed.This terminalvelocity wasdeterminedby injecting a coloreddye into a stream
of waterthat cascadeddown the sideof a carton. It wasroughly 0.55m/s. Both the heatingof
unburnedsurfacesandthe heatreleaseratesfrom burning surfacesareaffectedby the droplets.
The heattransfercoefficient betweenthe surfaceand the water film is calculatedbasedon an
empiricalcorrelationfor forcedflow pastaflat plate[47]

Nu
F cgfiht Q F �`$a�����

Re
+, Pr

+Ñ Û ��
��
for waterflowing at0.55m/s (40)

Thecharacteristiclength h is assumedto bethesizeof thefuel package.For computationalcon-
venience,thewatercontinuesto betrackedin theform of droplets,but theheattransfercoefficient
betweenthewaterdropletsandtheirsurroundingsis writtenin termsof anequivalentheattransfer
coefficientbetweenthethin film of waterandthesurface.By doingthis, thesamethermodynamic
formulaemaybeappliedto the dropletwhetherit is airborneor not. This is a numericalconve-
niencebecausethe transportof wateris mucheasierto describein termsof Lagrangiandroplets
ratherthansheetsof liquid. If thewaterformedathin sheet,its temperatures Q wouldbegoverned
by � s Q� L F cgf � s³¯Uw's Q �p QjP � �Q (41)

On theotherhand,asadropletthewatertemperatures 3 wouldbegovernedby� s 3� L F 	 c 3p Q Y 3 k 3 � sÂÿ�wÕs 3 � (42)

Equating� s Q � � L with � s 3 � � L andtaking s�ÿ F s°¯ , aneffectiveheattransfercoefficient is derived

c 3 F cgfkY 3 k 3P � �Q (43)

Here, Y 3 is anarbitrarilychosendropletradius,and P � �Q is themassof waterperunit area.
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7.1.7 Extinguishment

Extinguishmentof thefire is thesinglemostdifficult componentof thenumericalmodel.To date,
mostof thework in this areahasbeenperformedat FactoryMutual. An importantpaperon the
subjectis by Yu et al. [48]. Their analysisyieldsanexpressionfor thetotal heatreleaseratefrom
arackstoragefire aftersprinkleractivationDEGF DEQH 6 (ml � � (n��o  (44)

where
DEIH

is the total heatreleaserate at the time of application L H , and t is a fuel-dependent
constantthatfor theFMRCStandardPlastictestcommodityis givenast F �`$=� � � DP � �Q w �`$a�%��	`�

s
( ¦ (45)

Thequantity
DP � �Q is theflow rateof waterimpingingontheboxtops,dividedby theareaof exposed

surface(topandsides).It is expressedin unitsof kg/m� /s.
Unfortunately, this analysisis basedon globalwaterfluxesandburningrates.Thenumerical

model requiresmore detail aboutthe burning rate as a function of the local water flux. Until
bettermodelscanbe developed,the presentextinguishmentmodelconsistsof an empiricalrule
thatdecreasesthelocalheatreleaserateasmorewateris appliedDu � � Fqpr � w � P � �QP � �Q o � �tsu Du � �H

(46)

Thecritical waterdensityP � �Q o is estimatedfrom smallscalecalorimeterburnsof thecommodity.

7.1.8 Numerical Methodology

In summary, theequationsthataresolvednumericallyaretheenergy equation(11), themomen-
tum equation(14), anda Poissonequationfor the total pressure(17). Thebackgroundpressure,
temperatureanddensityarefoundfrom Eqs.(6), (7) and(10). Eachof theconservationequations
emphasizethe importanceof thedivergenceandvorticity fields,aswell asthecloserelationship
betweenthe thermallyexpandablefluid equations[30] andthe Boussinesqequationsfor which
theauthorshavedevelopedhighly efficientsolutionprocedures[49, 3]. Theseareapplieddirectly
to the equationspresentedherewith minor modificationsandno lossin performance.The only
changesfrom earliermethodologyarea returnto a uniform rectangulargrid with blocksof cells
maskedto simulateinternalboundaries;andtheuseof a secondorderRunge-Kuttaschemeto ad-
vancethevelocityandtemperaturefieldsin time. Thespeedandaccuracy of this techniqueenable
calculationson currentgenerationworkstationsthat involve over a million computationalcells,
yielding thespatialrangeof two ordersof magnitudefor a three-dimensionalcalculation.

Table5 providesa summaryof the input parametersrequiredto performthe simulationsof
theexperiments.As anexample,Figs.42 and43 show a photographof PlasticTestP-5andthe
correspondingnumericalsimulation. The geometryof the simulationconsistsof the individual
pallet loadsof the cartonedplasticcommodity, the ventsanddraft curtains.Thewoodenpallets
areaccountedfor by modifying theburningcharacteristicsof thebottomof thesimulatedboxes.
Thesupportingracksarenot includedin thecalculation.
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Input Parametersfor an Industrial Fir eSimulation
Category Parameter Value

Building Facility UL LargeScaleFireTestFacility
Regionof Simulation Below adjustableceiling+ 1 m above
SimulationDimensions 30.5m v 30.5m v 8.2m (100ft v 100ft v 27 ft)

Numerical Grid Dimensions 144 v 144 v 40
Cell Size 0.21m v 0.21m v 0.21m (8 in v 8 in v 8 in)
LateralBoundaryConditions AmbientPressure
CeilingBoundaryConditions ThermallyThick
FloorBoundaryConditions Adiabatic

Ceiling ProductName ArmstrongCeramaguard(Item602B)
SpecificHeat, wyx (Eq.12) 753J/kgzK
Conductivity, { x (Eq.12) 0.0611W/m zK
Density, |}x (Eq.12) 313kg/m~

Fuel Type Rackedcartonedplasticcommodity
Boxes+ PalletDimensions 1.1m v 1.1m v 1.2m (42 in v 42 in v 47 in)
Ignition Temperature 370� C
LumpedThermalCapacitance,| x w x'� (Eq.21) 1.5kJ/(m��zK)
HeatReleaseRatePerUnit Area, ���� � (Eq.25) 500kW/m�
Energy ContentPerUnit Volume 500MJ/m~
RadiativeFraction,��� (Eq.23) 0.50
Emissivity, � (Eq.24) 0.8
Critical WaterDensity, � � ��`� (Eq.46) 0.125kg/m�

Ignitor PeakHeatReleaseRate 25kW
Sprinkler ResponseTimeIndex, RTI (Eq.27) 148(m z s) BC (268(ft z s) BC )

C-factor(Eq.(27)) 0.7(m/s) BC (2.3(ft/s) BC )
ActivationTemperature,

.�/+� �=�G�
(Eq.28) 74� C (165� F)

Flow Rate 189l/min (50gpm)
SprayAngle,(Eq.36) 5� – 80�
Initial DropletVelocity, (Eq.36) 8 m/s(26 ft/s)
MedianDropletDiameter,

-W@
(Eq.31) 1 mm(0.04in)

SprinklerSpacing 3 m v 3 m (10 ft v 10 ft)
Distancebelow ceiling 8 cm (3 in)

Vent Dimensions 1.2m v 2.4m (4 ft v 8 ft)
Bulk ResponseTimeIndex, RTI 175(m z s) BC (317(ft z s) BC )
ActivationTemperature 74� C (165� F)

Table 5: Input parametersusedfor the cartoned plastic fire simulations. Note that the grid
dimensionsvaried fr om caseto case,but the cell sizedid not. The dimensionslisted above
representthe largestcalculationsperformed.
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7.2 Model Results

Thefirst seriesof heptanesprayburnertestsprovideda rich setof datawith which to validatethe
hydrodynamicsandsprinklersprayalgorithmof themodel.Then,theflamespreadandfire growth
algorithmswereusedto predict the resultsof the calorimetryburnsconductedat UL. The em-
pirical extinction algorithm(Eq. 46) wascheckedagainstcommodityclassificationdatareported
in Ref. [48]. Finally, the model,asdevelopedandverified,wasusedin the analysisof the car-
tonedplasticcommodityfiresto verify thatcertainphenomenaobservedduringthetestswerenot
anomalies,andalsoto explorevarious“what ifs” thatcouldnot bestudiedexperimentally.

7.2.1 HeptaneSpray Burner TestSeriesI

Numericalsimulationsof thefirst seriesof heptanesprayburnerexperimentswereperformedto
checkthe accuracy of the hydrodynamicandsprinklerspraymodels.For TestsI-1–16 in which
the draft curtainswere installed,the computationaldomainextendedfrom the floor to a height
2 m (7 ft) above theceiling, andencompassedthe areaenclosedby the draft curtains.For Tests
I-17–22,the domainwasextendedbeyondwherethe draft curtainswerein the previous teststo
accountfor theextraceiling area.Thenumericalgrid in all casesconsistedof 186,624cells,with
dimensions72 by 72 by 36, with the grid cellsstretchedin theverticaldirectionto clustermore
cellsneartheceiling. Thewidth of eachcell wasabout0.3m (1 ft), theheightvariedfrom about
0.15m to 0.45m (0.5 ft to 1.5 ft). Calculationsperformedwith densergridsdid not changethe
resultssignificantly.

Heatlossesto theceilingwerecomputedby solvinga one-dimensionalheatconductionequa-
tion for the internaltemperatureof the insulatingtile. Becausethis is an insulatingmaterial,the
heatlossesto theceiling werenot significantcomparedwith theenergy absorbedby thesprinkler
sprays.Over thefire theenergy lost to theceilingwasontheorderof 2 to 4 kW/m� , andit dropped
off rapidly in theradialdirection.

Theconvectiveheatreleaseratefor theheptanesprayburnerwasmeasuredusingthelargehood
atUL. For thesizesof firesusedin thetests,about65%of thetotalheatreleaseratewasconvective.
This wasthenumberusedby themodelto definetheheatoutputof thefire. Theradiative energy
did not play a role in the numericalsimulationof a singlegasburner. The calculationsof the
cartonedplasticcommodityfiresdiscussedin thefollowing sectionsdid notneglectradiationheat
transferbecauseit wasanimportantcomponentof theflamespreadalgorithm.

Themostobviouscheckof thenumericalmodelis how well it predictedsprinkleractivation
times. Examinationof theactivationtimesof nearbysprinklerswasalsoimportant,especiallyin
caseswhereseveral sprinklerswereat equaldistancesfrom the fire and, in theory, shouldhave
activatedat thesametime. Table6 presentsa summaryof thenumericalsimulations,comparing
thenumberandtime of sprinkleractivationsandtheaveragepeaktemperaturesnearthefire. Ap-
pendixA.1 containsthe completesprinkleractivation history for all 22 tests,both experimental
andnumerical.AppendixA.2 containsthermocoupledataat sprinklersnearthe fire, alongwith
thenumericalpredictions.

In mostof the tests,the numericalmodelpredictedthe activation of the first four sprinklers
surroundingthe fire to within about5 or 10 s. For the next ring of sprinklers,the modelunder-
predictedtheactivationtimesby 15 to 30 s, on average.This differenceprobablywasdueto the
uncertaintyin thedropletsizedistribution. Work is still underway to moreaccuratelymeasurethe
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dropletsizedistribution. A sensitivity analysiswasperformedto determinewhatparametershad
themostimpactontheresultsof thecalculations,anddropletsizewasshown to beoneof themore
important.Thereasonfor this is becausetheheattransferbetweenthehot gasesandthedroplet
is directly proportionalto thesurfaceareaof the droplet. Thusdoublingthe sizeof the droplets
reducesthenumberof dropletsby a factorof 8 andreducestheheattransferredfrom thegasby a
factorof 4.

7.2.2 Fir eGrowth Validation

Experimentalburnsof thecartonedplasticcommoditywereperformedatUL. Two, threeandfour
tier configurationsweretested.The ignition methodwasthe sameasthe largescalecommodity
burns.Figure44plotsthetotal11 heatreleaseratesversustime for thethreeexperimentsup to the
point wherewaterwasapplied.Figure45 shows theconvective12 heatreleaseratesfor thesame
experimentscomparedwith thosecomputedin thenumericalmodel.Figure46showswhatoneof
thesecalculationslookslike. For theperiodof time beforewaterapplication,thesimulationheat
releaserateis within 20%of theexperiment.

Figure44: Total heatreleaseratesfor the two, threeand four tier cartonedplastic commodity
calorimetry burns. Water wasapplied to the fire at 130s in the two tier test, and at 95 s in
the threetier test.

11Basedonoxygenconsumptioncalorimetry.
12Basedonmeasurementof thetemperatureandvelocityof theexhaustgasesthroughthehood.
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Figure 45: Comparison of experimental and simulated convective heat releaserates for the
two, threeand four tier cartonedplastic calorimetry burns. Water wasapplied to the fire at
130s in the two tier test,and 95s in the threetier test. The simulationswereperformed with
no water application.

SimilarcalorimetryexperimentshavebeenperformedatFactoryMutual. Therearetwo differ-
encesbetweenthetestsperformedatFM andthoseatUL. Thefirst is thatthefirst palletin theFM
testsis raised23cm(9 in) off thefloor whereasthefirst tier atUL is on thefloor. Second,theFM
burnsarecentrallyignitedwith four half-ignitorsarrangedin apinwheelpatternat theintersection
of the four pallets,whereastheUL burnsareignited in thecenterof oneof the lateralflueswith
two half-ignitors,oneon eachsideof theflue. As a result,thefire growth with theFM configu-
ration is morerapidbecauseof thefire hasaccessto morefreshair from all four fluesandfrom
beneath.Figures47 and48 presenttheresultsof theFM burns,comparedwith thecorresponding
simulations.

Thefire growth of the2, 3 and4 tier UL burnswasalsomeasuredby tapingbare-beadther-
mocouplesto the sidesof the boxesin orderto determineat what time the fire hadreachedthat
particularplace.Smallscaleexperimentsin theLIFT apparatusat NIST indicateda pilotedigni-
tion temperaturefor thecardboardto beabout370� C (700� F) [36, 37]. Usingthis temperatureas
an indicatorof ignition, the simulationandexperimentcould be compared.Tables7 and8 give
thelocationsandignition timesfor the2 and4 tier experimentsandsimulations.Thecomparison
betweenthe two setsof datashows somelargedifferencesin ignition times,especiallyfor loca-
tionsoutsideof the ignition flue andfar from theignition point. This is to beexpected,giventhe
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Figure 47: Comparison of experimental and simulated heat releaserates for the ���������
and ��������� cartonedplastic calorimetry burnsconductedat Factory Mutual. The ignition
point was centrally located and the first tier pallet was raised 23 cm (9 in) off the ground.
The actual experimentswereextinguishedwith a largeamount of water. The simulationsdid
not include a water spray.

simplisticcombustionsub-models.Nevertheless,theagreementwith theheatreleaseratedatais
encouraging.It providesvalidationfor themethodologyfor at leasta few minutesof simulation,
during which time mostof the importantinteractionsaretaking place. The modelin its present
form canbeusedto analyzethecartonedplasticcommodityexperimentsfor thefirst few minutes.
For longertimes,abettercharacterizationof theburningandextinguishmentprocessesneedto be
developedandincorporatedinto themodel.
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Figure 48: Comparison of experimental and simulated heat releaserates for the ���������
and ��������� cartonedplastic calorimetry burnsconductedat Factory Mutual. The ignition
point was centrally located and the first tier pallet was raised 23 cm (9 in) off the ground.
The actual experimentswereextinguishedwith a largeamount of water. The simulationsdid
not include a water spray.
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Two Tier Cartoned PlasticCalorimetry Burn
TC coordinates(m) Ignition Times(s)�   ¡ Exp. Sim. Diff.

-0.69 0.08 2.27 69 69 0
-0.76 0.08 1.19 99 80 -19
-0.69 0.08 1.12 93 71 -22
-0.76 0.00 2.64 82 78 -4
-0.76 0.00 1.12 100 86 -14
-0.46 0.08 1.19 72 68 -4
-0.28 0.08 1.19 60 55 -5
-0.08 0.08 1.19 53 50 -3
0.08 0.08 1.19 60 50 -10
0.28 0.08 1.19 72 68 -4
0.46 0.08 1.19 84 75 -9
0.27 0.00 1.12 58 57 -1
-0.46 0.00 2.11 50 56 +6
-0.08 0.00 2.11 38 45 +7
0.08 0.00 2.11 47 45 -2
0.46 0.00 2.11 67 67 0
-0.46 0.00 2.64 48 59 +11
-0.28 0.00 2.64 39 49 +10
-0.08 0.00 2.64 38 49 +11
0.08 0.00 2.64 48 49 +1
0.28 0.00 2.64 55 58 +3
0.46 0.00 2.64 62 69 +7

Table7: Location of thermocouplesrelative to the ignition point and the ignition timesof the
experiment and the numerical simulation for the two tier high cartoned plastic commodity
burn. The � coordinate indicatesthe distancealongthe ignition flue, with the negativedir ec-
tion being towards the center of the array, the   coordinate indicatesthe distancedown the
non-ignition flue, and the ¡ coordinate indicatesthe height off the floor. All dimensionsare
in meters.
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ThreeTier Cartoned PlasticCalorimetry Burn
TC coordinates(m) Ignition Times(s)�   ¡ Exp. Sim. Diff.

-1.50 0.00 4.95 86 89 +3
-0.95 0.00 4.95 72 74 +2
-0.69 0.80 4.95 78 90 +12
-0.69 0.27 4.95 69 69 0
-0.27 0.00 4.95 42 56 +14
0.00 0.00 5.25 42 60 +18
-1.50 0.00 3.50 98 95 -3
-0.95 0.00 3.50 83 75 -8
-0.69 0.27 3.50 71 67 -4
-0.69 0.80 3.50 81 92 +11
-0.27 0.00 3.50 41 44 +3
0.00 0.00 3.75 38 48 +10
-1.50 0.00 1.95 93 104 +11
-0.95 0.00 1.95 93 73 -20
-0.69 0.27 1.95 71 68 -3
-0.69 0.80 1.95 81 90 +9
-0.27 0.00 1.95 38 29 -9
0.00 0.00 2.20 31 31 0
0.27 0.00 1.95 33 35 +2
-0.27 1.07 1.95 81 – –

Table8: Location of thermocouplesrelative to the ignition point and the ignition timesof the
experiment and the numerical simulation for the four tier high cartoned plastic commodity
burn. The � coordinate indicatesthe distancealongthe ignition flue, with the negativedir ec-
tion being towards the center of the array, the   coordinate indicatesthe distancedown the
non-ignition flue, and the ¡ coordinate indicatesthe height off the floor. All dimensionsare
in meters.
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7.2.3 Cartoned PlasticCommodity Fir e Simulations

A very usefulapplicationof the numericalmodelhasbeento simulatethe five cartonedplastic
commoditytestsdiscussedin Section5 in orderto explain andevaluatetheresultsof theexperi-
ments.Thebenefitof thenumericalmodelin thisapplicationis thatit providesaconsistentmeans
of varying testparameters.In otherwords,if two calculationsareperformedin which only one
input parameteris different,thenthedifferencein theresultsof thetwo calculationscansafelybe
attributedto the differencein the input parameter. A drawbackof large scaletestingis that this
typeof sensitivity analysisusuallyrequiresmoreteststhancanbeafforded.If asufficientnumber
of replicatescannotbeperformed,thentheoutcomesof theexperimentsareoftensubjectto debate
asto whetherdifferencesin testresultsweredueto changesin testparametersor dueto random
variations.

Consider, for example,thedifferentoutcomesof TestsP-1andP-4in whichtheonly difference
in testparameterswasthatdraft curtainswereinstalledfor TestP-4,but not for TestP-1. Twenty
sprinklersactivatedin TestP-1, five in TestP-4. Wasthis resultdueto the draft curtains?One
wouldexpectthatthedraftcurtainswould haveincreasedthenumberof activations,notdecreased
them, basedon the resultsof the first heptanesprayburner series. To gain someinsight, the
numericalmodelwas run to simulatethe experiments. Test P-1 was run two ways. First, the
simulationwasrun with no manipulationof thesprinkleractivationtimes(Fig. 49). Second,the
calculationwasrepeated,but with the secondsprinklerintentionallydelayeda minuteto mimic
what actuallyoccurredduring the experiment(Fig. 50). The reasonfor modifying the sprinkler
activationpatternwasto seehow thedelaycouldhave led to thedifferentoutcomesobserved in
the tests. TestsP-4 andP-5 weresimulatedwithout any modificationof the sprinkleractivation
times(Figs.51and52). In thesimulationsof TestP-4andTestP-1withoutany imposedsprinkler
delay, 4 sprinklersactivated. In thesimulationof TestP-1with thesprinklerdelay, 17 sprinklers
activatedwithin the first 5 min. In the actualTestP-1, 20 sprinklersactivated,but over about
15 min. The modeldemonstratedthe effect of delayingthe secondsprinkler. The differencein
outcomesof TestsP-1andP-4of thecartonedplastictestserieswasnot dueto thedraft curtains,
but ratherto thesprinklerdelayin TestP-1.

Figure 53 presentsthe heatreleaseratesfor the simulationsof Test P-1 (with and without
sprinklerdelay)andTestP-4. Theactivationtimesfor thefirst sprinklerin all caseswasbetween
69 and71 s. In the casewherethe secondsprinkleris delayedfrom openingfor 58 s (TestP-1,
delay),the heatreleaserateis substantiallygreaterthanthe caseswhereboth sprinklersactivate
nearlyat thesametime(TestP-1,nodelayandTestP-4).

If the increasednumberof sprinkleractivationsof TestP-1over TestP-4canbeattributedto
thedelayof thesecondnearestsprinkler, did thedraft curtainshave any effect at all? Comparing
thesimulationof TestP-4with the‘no delay’ simulationof TestP-1,thereis not muchdifference
in heatreleaserates.Theoverall temperaturesneartheceilingareslightly higherin TestP-4,most
likely dueto thecontainmentof thehot gasesby thecurtains.This wasseenin theanalysisof the
first seriesof heptanesprayburnertests.

Anotherinterestingcaseto examinewith thenumericalmodelis TestP-2,wheretheignition
point wasdirectly underthe vent,but the vent did not open. What if it had? A calculationwas
performedwheretheventwassetto openautomaticallywith afusiblelink, andanothercalculation
wasdonewith theventheldclosed.In thefirst calculation,theventopenedafter83 s, followeda
half secondlaterby thefirst sprinklerand3 s laterby thesecondsprinkler. In thecalculationwith
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Figure 53: Heat releaserates fr om the numerical simulations of TestsP-1 and P-4 of the
Plastic series. The term ‘delay’ meansthat the secondsprinkler was intentionally opened
58safter the first in order to mimic the actual experiment.

theventclosed,thefirst sprinkleropenedafter83s, followed1.4s laterby thesecond.Figures54
and55presenttheresultsof thesimulations.In thesimulationwheretheventopened,14sprinklers
activatedin thefirst 7 min following ignition. In the simulationwheretheventwasnot allowed
to open,19 sprinklersactivatedin the first 7 min. This latter simulationwascomparableto the
actualexperimentwhere23sprinklersopenedin thefirst 6 min. Theopeningof theventin thefirst
simulationreducedthe numberof sprinkleractivationsby exhaustingheatfrom the fire directly
underneath.Thereis certainlyplenty of evidencefrom the heptanesprayburnertestsindicating
that when the fire was placeddirectly beneathan openedvent, the numberof activationswas
significantlyreduced.

Lessclear, however, is why somany sprinklersactivatedin TestP-2. Thesimulationof Test
P-1with no manipulationof thesprinkleractivationtimesproducedonly 4 activations.Whatwas
thedifferencebetweenthesimulationof TestP-1andTestP-2?Only thepresenceof a 1.2 m by
2.4 m by 0.3 m deep(4 ft by 8 ft by 1 ft deep)cavity in the ceiling formedby the vent in Test
P-2. This cavity led to a 14 s delayin thefirst sprinkleractivation in thesimulationof TestP-2.
Thesignificanceof this delayis shown in Fig. 56, in which theheatreleaseratehistoriesfor the
simulationsof thetwo versionsof TestP-2areplottedon thesamegraphastheheatreleaserate
curvesfor the2 by 2 by 4 tier cartonedplasticcalorimetryexperimentandthesimulationof Test
P-1with nosecondsprinklerdelay. Thegrowth of thefire duringthetimeperiod60 to 100s after
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ignition wasvery fast,andit wasdemonstratedthatevena14s delayin sprinkleractivationcould
significantlyalterthenumberof sprinkleractivations.

Figure56: Heat releaserates fr om the numerical simulationsof TestP-2of the Plasticseries,
plus the 2 by 2 by 4 tier calorimetry burn of cartonedplastic commodity and the simulation
of TestP-1with no secondsprinkler delay.

The cartonedplastic burn that causedthe most fire damagewas Test P-3. In this test, the
ignition point wasplacedcloseto the intersectionof two draft curtains(Fig. 29). An estimated
184boxeswereconsumedduringthetest,comparedto 103and81 in TestsP-4andP-5,theother
two Plastictestsconductedwith draft curtainsin place. Figures57 and 58 presentthe results
of the simulationsof TestsP-3 andP-4. The vent nearestthe ignition point in TestP-3 opened
at 4:11, and no ventsopenedin Test P-4, thus ventingdid not have any impacton the results
in eithercase,at leastfor the first 4 min. Figure59 shows the convective heatreleaseratesfor
the two simulations.Clearly, thedraft curtainshadaneffect on theperformanceof thesprinkler
system.Thedraft curtainsdelayedtheopeningof thetwo sprinklersdirectlynorthof thefirst two
sprinklersto activate.Lessobvious,thedraftcurtainschangedthenear-ceilingflow patternof both
thesprinklersprayandthefire plume. Regardlessof thesub-modelusedto simulatetheburning
of the cartonedplasticcommodity, the calculationshowedthat lesswaterreachedthe north side
of thecentralarraywhenthedraft curtainswereinstalled.Figure60 shows a snapshotof thetwo
simulationsafter5 min. In TestP-3,thefire hasspreadto thenorth faceof thearray, whereasin
TestP-4thesprinklersin thenorthaislepreventthespreadto thenorthface.
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Figure 59: Heat releaserates fr om the numerical simulations of TestsP-3 and P-4 of the
cartonedplastic series.

7.2.4 MassFlow Ratesthrough Vents

Onefinal useof themodelwasto simulatecertainexperimentsin which importantmeasurements
could not bemade. Attemptsweremadeto measurethe velocity throughan openedvent to de-
terminethemassflow rate,but thebi-directionalprobesproducederroneousresults.Thesemea-
surementsof massflow ratewould have beenimportantbecausetheopenedventsdid not have a
significanteffecton thenumberof activatedsprinklersor thenear-ceilinggastemperaturesduring
thesecondseriesof heptanesprayburnertests(exceptin caseswherethefire wasdirectly under-
neatha vent). Theheptanetestdataseemsat oddswith someexperimentsperformedin thepast,
notablytheGhentexperimentsof 1989[14]. Thediscrepancy is mostlikely dueto differentventto
floor ratiosandsprinklerflow rates.Theseparameterswould directly affect thenear-ceiling tem-
peraturesandthemassflow ratesthroughthevents.Hinkley pointsoutin theSFPEHandbook[50]
thatfor temperatureriseslessthanabout75� C (167� F) thereis aseriousdecreasein themassflow
ratethrougha vent. This assessmentis basedon theexpressionfor massflow ratethrougha vent
dueto buoyancy ¢£¥¤§¦�¨ª©D«n¬� �¯®±°n²�³�³ ¬³ ¬µ´ ²�³ (47)

where ¦ is anorifice coefficient equalto about0.6, ¨ª© is theareaof thevent, «n¬ is thedensity
of air, ® is theaccelerationof gravity, ° is thedepthof the layerof hot gases,²�³ is theaverage
temperaturerise in the layer, and ³ ¬ is the (absolute)ambienttemperature.Figure61 displays
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LES Simulation of NFPRF Sprinkler/Vent/Draft Curtain
       Group A Plastic Tests 4 (top) and 3 (bottom)

Ignition point near center of curtained area

Ignition point near intersection of draft curtains

Figure60: Snapshotsof the simulationsof PlasticTestsP-3and P-4after 5 min.
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Figure 61: Massflow rate through a singlevent asa function of ceiling layer temperature.
The solid line representsthe massflow predicted by Eq. 47 for a 1.2 m by 2.4 m (4 ft by
8 ft) vent and a ceiling layer depth of 1.8 m (6 ft). The points representthe averagemass
flow through the vent nearest the fire over the time period between2 and 5 min for three
numerical simulations.

theidealizedmassflow rateasa functionof temperaturerise(solid curve). In AppendixA of the
1991edition of NFPA 204M, Guidefor Smoke andHeatVenting,the derivation of the venting
relationshipscontainedin that documentis explained[5]. Equation47 is usedto estimatethe
massflow througha vent, andthe vent to floor ratiosrecommendedin the documentarebased
on equatingthemassflow of theair entrainedinto thefire plumewith thatexhaustedthroughthe
vents. An importantassumptionmadeis that the temperaturerise ²�³ in Eq. 47 is equalto the
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ambienttemperatureon theKelvin (Rankine)scale.Thus,if theambienttemperaturewere20� C
(68� F), thenthe temperaturerise ²¶³ nearthe vent would be assumedto be 293� C (559� F). At
this temperature,themassflow throughtheventwould bevery nearits theoreticalmaximum.Of
course,thisanalysisdoesnot take into accounttheeffectof sprinklerspraysbecauseit is statedin
Chapter6-1of the1991editionof 204Mthatthedocument“...representsthestateof technologyof
ventdesignin theabsenceof sprinklers.” Indeed,thetestdataandthemodelpredictionsreported
hereindicatethat the temperatureincreaseover ambientin the vicinity of an openedvent in a
sprinkleredfacility wouldbefar lessthan293� C.

The numericalmodelwasusedto estimatethe massflow ratesthroughthe vent nearestthe
fire. Figure61 presentsthe ratesof threetypical calculationscomparedto the ratepredictedby
Eq.47. Themassflow ratesfor TestI-10 andP-5arerelatively low comparedwith thetheoretical
maximumbecausethe near-ceiling gastemperaturesaregreatlyreducedby the sprinklers. The
flow ratefor TestII-2 is muchhigherbecausetheceilinglayertemperaturesaresignificantlyhigher
for the10 MW fire. Thesimulationof TestII-2 wasrerunwith thedraft curtainsremoved. The
computedmassflow from thenumericalsimulationdroppedinto a rangeof 1.5 kg/s to 2.0 kg/s.
In termsof Eq. (47), this reductionin massflow rate is dueto the decreasein the smoke layer
depth,· , but anothercontribution is thechangein ceiling jet dynamicscausedby thedraft curtain
removal. This lattereffect is not accountedfor in Eq.(47),but it is in thenumericalmodel.
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8 Conclusions

Thirty-ninelargescalefire testswereconductedat theUnderwritersLaboratoriesLargeScaleFire
TestFacility in Northbrook,Illinois, to investigatewhateffectroof ventsanddraftcurtainshaveon
thetime,numberandlocationof sprinkleractivations;andwhateffectsprinklersanddraftcurtains
haveonthetime,numberanddischargeratesof roof ventsin awarehouseor warehouse-likeretail
store.In addition,acomputationalfluid dynamicsmodelwasusedasaplanningandanalysistool.
Thetestsiteandexperimentaltestparameterswerechosenby anindustry-ledTechnicalAdvisory
Committeeto addressrelatively large,open-areabuildingswith smooth,unobstructed(exceptfor
draft curtains)horizontalceilings,adequatesprinklersystemsandindependently-controlled(i.e.
not grouped)automaticroof vents. Becausethe smoke was ventedinto a large plenumspace
and not the atmosphere,wind effects were not consideredand the effect of venting on smoke
obscurationcouldnotbequantified.

Themajor findingsrelative to the interactionof sprinklers,draft curtainsandventsbasedon
theexperimentsandmodelsimulationsin thisstudywere:¸ The testsandmodelsimulationsshowed that whenthe fire wasnot ignited directly under

a roof vent,ventinghadno significanteffect on the sprinkleractivation times,the number
of activatedsprinklers,the near-ceiling gastemperatures,or the quantityof combustibles
consumed.¸ Thetestsandmodelsimulationsshowedthatwhenthefire wasigniteddirectlyundera roof
vent,automaticventactivationusuallyoccurredat aboutthesametime asthefirst sprinkler
activation,but the averageactivation time of the first ring of sprinklerswasdelayed.The
lengthof thedelaydependedon thedifferencein activationtimesbetweentheventandthe
first sprinkler.¸ Thetestsandmodelsimulationsshowedthatwhenthefire wasigniteddirectlyundera roof
vent thatactivatedeitherbeforeor at aboutthesametime asthefirst sprinkler, thenumber
of sprinkleractivationsdecreasedby asmuchas50%comparedto testsperformedwith the
ventclosed.¸ Thetestsandmodelsimulationsshowedthatwhendraft curtainswereinstalled,up to twice
asmany sprinklersactivatedcomparedto testsperformedwithoutcurtains.¸ In onerackstoragetestwheretheignition of thefire took placeneara draft curtainandthe
fuel arrayextendedunderneaththe curtain,disruptionof the sprinklersprayanddelay in
sprinkleroperationcausedby thedraft curtainled to a fire thatconsumedmorecommodity
comparedto theothertestswherethefireswereignitedaway from thedraft curtains.This
resultwasdemonstratedby themodelsimulation,aswell.¸ Thesignificantcoolingeffectof sprinklerspraysonthenear-ceilinggasflow oftenprevented
theautomaticoperationof vents.This conclusionis basedon thermocouplemeasurements
within the vent cavity, the presenceof drips of solderon the fusible links recoveredfrom
unopenedvents,andseveral testswhereventsremotefrom thefire andthesprinklerspray
activated.In onecartonedplasticcommodityexperiment,a ventdid not openwhenthefire
wasigniteddirectlybeneathit. Themodelsimulationscouldnotpredictthisphenomenon.
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¸ Modelsimulationsindicatedthatthecoolingeffectof sprinklerspraysreducedthetotalvent
dischargeratefrom thatassumedin designcalculationsfor unsprinkleredbuildings.¸ Model simulationsshowed how the activation timesof the the first andsecondsprinklers
hadasubstantialimpacton theoverallnumberof activationsin theplasticcommoditytests.
In thesimulationof onetest,it wasshown thata delayof approximatelyoneminutein the
activationof thesecondsprinklerled to theactivationof four timesasmany sprinklersasin
asimulationof atestwith nodelay. It hadbeensuggestedthatthesedifferentoutcomeswere
dueto thepresenceof draft curtainsin thetestswith thesprinklerdelay, but thesimulations
showed that the curtainshadno effect becausethey wereover 9 m (30 ft) away from the
ignition point.

TheIndustrialFireSimulator(IFS)developedin conjunctionwith thetestprogramwasshown
to bein goodquantitativeagreementwith theheptanesprayburnertestsin termsof bothpredicting
sprinkleractivationtimesandnear-ceiling gastemperatures.Thesprinkleractivationtimeswere
predictedto within about15%of theexperimentsfor thefirst ring, 25%for thesecond.Thegas
temperaturesnearthe ceiling werepredictedto within about15%. Simulationswereperformed
andcomparedwith unsprinkleredcalorimetryburnsof thecartonedplasticcommodity. Theheat
releaseratesof thegrowing fireswerepredictedto within about20%.Simulationsof the5 cartoned
plasticcommodityfire testswerethenperformed.The goal of thesesimulationswasto be able
to differentiatebetweenthoseexperimentsthatactivateda large numberof sprinklers,andthose
thatactivateda smallnumber. This goalhasbeenmet. Themodelalsoprovidedvaluableinsight
into whatoccurredin theexperiments,andalsowhatwould have occurredin theeventof various
changesof testparameters.Thereareplansto continuethedevelopmentof theIFS modelbeyond
publicationof this report.

102



References

[1] D.T. Sheppardand D.R. Steppan. Sprinkler, Heat & Smoke Vent, Draft Curtain Project
– Phase1 ScopingTests. Technicalreport, UnderwritersLaboratories,Inc., Northbrook,
Illinois, May 1997.

[2] D.T. Sheppard.InternationalFire Sprinkler, Heat& Smoke Vent, Draft CurtainFire Test
Project– TestReport.Technicalreport,UnderwritersLaboratories,Inc.,Northbrook,Illinois,
1998.NC987-96NK37863.

[3] H.R. Baum,O.A. Ezekoye, K.B. McGrattan,andR.G.Rehm. MathematicalModelingand
ComputerSimulationof FirePhenomenon.TheoreticalandComputationalFluid Dynamics,
6:125–139,1994.

[4] K.B. McGrattan,H.R.Baum,andR.G.Rehm.LargeEddySimulationsof SmokeMovement.
FireSafetyJournal, 30:161–178,1998.

[5] NationalFire ProtectionAssociation,Quincy, Massachusetts.Guide for Smoke and Heat
Venting, 1991.NFPA 204M.

[6] NationalFire ProtectionAssociation,Quincy, Massachusetts.Standard for Rack Storage of
Materials, 1995.NFPA 231C.

[7] A.L. BusbyandG.L. Pigman.Roof VentilationRequirementsfor IndustrialPlants.Techni-
cal report,Armour ResearchFoundation(now IIT Research),Chicago,1955. Final Report
ProjectNumberL-565.

[8] M.R. Suchomel.A PreliminaryStudyof FactorsInfluencingtheUseof Ventswith Ordinary-
DegreeSprinklers. Technicalreport,Underwriters’Laboratoriesfor the NationalBoardof
FireUnderwriters,File NC449,Assignment63K4340,July1964.

[9] P.H. ThomasandP.L. Hinkley. TheDesignof RoofVentingSystemsfor Single-Storey Build-
ings. TechnicalReportNo. 10,HMSO,London,FireResearchStation,1964.

[10] PortsmouthFireTest.Colt HeatingandVentilationLtd. InternalReport,1966.

[11] FactoryMutualResearchCorporation,Norwood,Massachusetts.FireTestsof Palletizedand
RackedTireStorage, July1970.SerialNo. 19037.

[12] G. Heskestad.ModelStudyof AutomaticSmokeandHeatVentPerformancein Sprinklered
Fires.TechnicalReportFMRCSerialNo. 21933RC74-T-29,FactoryMutualResearchCor-
poration,September1974.

[13] T.E. Waterman,C.E.Foxx, K.R. Mniszewski, andD.L. Eacret.Fire Ventingof Sprinklered
Buildings. TechnicalReport IITRI ProjectJ08385,IIT ResearchInstitute, 10 West 35th
Street,Chicago,Illinois 60616,July 1982. Preparedfor theFire VentingResearchCommit-
tee.

103



[14] P.L. Hinkley, G.O.Hansell,N.R. Marshall,andR. Harrison. Experimentsat theMultifunc-
tioneelTrainingcentrum,Ghent,on the interactionbetweensprinklersandsmoke venting.
Technicalreport,Building ResearchEstablishment,Fire ResearchStation,Borehamwood,
Herts,WD6 2BL, UK, 1992.

[15] H. IngasonandS. Olsson.InteractionbetweenSprinklersandFire Vents. Technicalreport,
SwedishNationalTestingandResearchInstitute(SP),1992.SPReport1992:11.

[16] B. PerssonandH. Ingason. Modelling of InteractionbetweenSprinklersandFire Vents–
Presentknowledge.Technicalreport,SwedishNationalTestingandResearchInstitute(SP),
1996.SPReport1996:32.

[17] P.L. Hinkley, G.O.Hansell,N.R.Marshall,andR.Harrison.SprinklersandVentsInteraction
– ExperimentsatGhent.FireSurveyor, pages18–23,October1992.

[18] P.L. Hinkley. TheEffectof VentsontheOpeningof theFirstSprinklers.FireSafetyJournal,
11:211–225,1986.

[19] N.E. Gustafsson.A Sprinkler Specialist’s View. Positionpaperpresentedat the Smoke
VentilationandSprinklersSeminar, Fire ResearchStation,Borehamwood, UK, November
1992.

[20] T.E.Waterman.FireVentingof SprinkleredBuildings. FireJournal, 78(2),March1984.

[21] J.M.A Troup. Large-ScaleFire Testsof Rack StoredGroup A Plasticsin Retail Opera-
tion ScenariosProtectedby ExtraLargeOrifice (ELO) Sprinklers.TechnicalReportFMRC
J.I. 0X1R0.RR,FactoryMutualResearchCorporation,Norwood,Massachusetts,November
1994.Preparedfor GroupA PlasticsCommittee,Lansdale,Pennsylvania.

[22] L.Y. Cooper. Simulatingthe Openingof Thermally-ActuatedFire Vents. TechnicalRe-
port NIST InternalReport(in preparation),NationalInstituteof StandardsandTechnology,
Gaithersburg, Maryland20899,1998.

[23] D.D. EvansandD. Madrzykowski. Characterizingthe ThermalResponseof Fusible-Link
Sprinklers.TechnicalReportNBSIR 81-2329,NationalInstituteof StandardsandTechnol-
ogy, Gaithersburg, Maryland,August1981.

[24] InternationalConferenceof Building Officials, Whittier, California. Uniform Fire Code,
1994.

[25] FactoryMutual ResearchCorporation,Norwood,Massachusetts.FactoryMutual Engineer-
ing CorporationLossPreventionDataSheet8-0, March1977.

[26] FactoryMutual ResearchCorporation,Norwood,Massachusetts.FactoryMutual Engineer-
ing CorporationLossPreventionDataSheet8-0S, January1994.

[27] FactoryMutual ResearchCorporation,Norwood,Massachusetts.FactoryMutual Engineer-
ing CorporationLossPreventionDataSheet8-9, September1993.

104



[28] J.M.A.Troup.Large-ScaleFireTestsof RackStorageof PlasticsProtectedby CentralModel
ELO-231Sprinklers.TechnicalReportFMRCJ.I.0X0R4.RR,FactoryMutualResearchCor-
poration,Norwood,Massachusetts,June1993. Preparedfor CentralSprinklerCorporation,
Lansdale,Pennsylvania.

[29] R.K. Dean. StoredPlasticsTest Program. TechnicalReportFMRC J.I. 202069,Factory
MutualResearchCorporation,Norwood,Massachusetts,June1975.

[30] R.G.RehmandH.R.Baum.TheEquationsof Motion for ThermallyDriven,BuoyantFlows.
Journalof Research of theNBS, 83:297–308,1978.

[31] J.Smagorinsky. GeneralCirculationExperimentswith thePrimitiveEquations.I. TheBasic
Experiment.MonthlyWeatherReview, 91:99–164,1963.

[32] J.W. Deardorff. NumericalInvestigationof NeutralandUnstablePlanetaryBoundaryLayers.
Journalof AtmosphericSciences, 29:91–115,1972.

[33] M. Germano,U. Piomelli, P. Moin, andW.H. Cabot. A DynamicSubgrid-ScaleEddyVis-
cosityModel. Physicsof FluidsA, 3:1760–1765,1991.

[34] D.K. Lilly . A ProposedModificationof theGermanoSubgrid-ScaleClosureMethod.Physics
of FluidsA, 4:633–635,1992.

[35] H.R.Baum,K.B. McGrattan,andR.G.Rehm.LargeEddySimulationsof SmokeMovement
in ThreeDimensions. In Proceedingsof the SeventhInternational Interflam Conference,
pages189–198.InterscienceCommunications,London,1996.

[36] AmericanNationalStandardsInstitute. ASTME-1321,Lateral Ignition and FlameSpread
Test, 1994.

[37] T.J. Ohlemiller andK.M. Villa. Material FlammabilityTestAssessmentfor SpaceStation
Freedom.TechnicalReportNISTIR 4591,NationalInstituteof StandardsandTechnology,
Gaithersburg, Maryland,June1991.

[38] J.P. Holman.HeatTransfer. McGraw-Hill, New York, 5thedition,1989.

[39] American National StandardsInstitute. ASTM E-1354, Standard Test Method for Heat
andVisible Smoke ReleaseRatesfor MaterialsandProductsUsingan OxygenCombustion
Calorimeter, 1994.

[40] S.J.DiGiovanni. An Investigationof the Effect of WaterSpraySuppressionon the Heat
ReleaseRateof theFMRC StandardPlasticWarehouseCommodity. Technicalreport,Uni-
versityof Maryland,1998.

[41] H.R. Baumand B.J. McCaffrey. Fire InducedFlow Field – Theoryand Experiment. In
Fire SafetyScience– Proceedingsof theSecondInternationalSymposium, pages129–148.
InternationalAssociationfor FireSafetyScience,1989.

[42] G. HeskestadandR.G.Bill. ConductionHeatLossEffectson ThermalResponseof Auto-
maticSprinklers.Technicalreport,FactoryMutualResearchCorporation,September1987.

105



[43] G. HeskestadandR.G.Bill. Quantificationof ThermalResponsivenessof AutomaticSprin-
klersIncludingConductionEffects.FireSafetyJournal, 14:113–125,1988.

[44] InternationalOrganizationfor Standardization(ISO), Geneva, Switzerland.Fire Protection
– AutomaticSprinklerSystems– Part 1: Requirementsandtestmethodsfor sprinklers, ISO
6182-1, 1993.

[45] S.Kumar, G.M. Heywood,S.K. Liew, andW.S.Atkins. JASMINE SprinklerModel - Some
ValidationStudies.In Proceedingsof theFirstEuropeanSymposiumonFireSafetyScience,
1995.ETH, Zurich.

[46] T.S.Chan.Measurementsof WaterDensityandDropletSizeDistributionsof SelectedESFR
Sprinklers.Journalof FireProtectionEngineering, 6(2):79–87,1994.

[47] F.P. IncroperaandD.P. De Witt. Fundamentalsof HeatandMassTransfer. JohnWiley and
Sons,New York, 3rdedition,1990.

[48] H.Z.Yu,J.L.Lee,andH.C.Kung.Suppressionof Rack-StorageFiresbyWater.In FireSafety
Science– Proceedingsof theFourth InternationalSymposium,InternationalAssociationFor
FireSafetyScience, pages901–912,1994.

[49] K.B. McGrattan,R.G.Rehm,andH.R. Baum. Fire-DrivenFlows in Enclosures.Journal of
ComputationalPhysics, 110(2):285–292,1994.

[50] P.L. Hinkley. SFPEHandbook, chapterSmoke andHeatVenting. NationalFire Protection
Association,Quincy, Massachusetts,2ndedition,1995.

106



A HeptaneSpray Burner TestResults(SeriesI)

Theexperimentaldataandnumericalmodelresultspresentedin this sectionrepresenta subsetof
boththeactualdatacollectedby UL andtheresultsof themodel.

A.1 Sprinkler Activation History

Thefiguresonthefollowing pagespresentthesprinkleractivationhistoryof the22heptaneburner
tests(SeriesI), plus the modelpredictions. In eachfigure, the sprinkleractivation times from
thesimulation(“S”) andtheexperiment(“E”) arelistedat the locationof theactivatedsprinkler.
Thetemperaturecontoursareinstantaneoussnapshotsfrom thesimulation,showing thepredicted
temperaturesnearthe ceiling at somearbitrary time during the simulation. Highlightedwith a
cross-hatchedfilling is thecontourinterval from 75� C to 100� C. Contoursarespacedat intervals
of 25� C. Theactivationtemperaturefor theCentralELO-231uprightsprinklersusedin the tests
is 74� C. Thehighlightedcontourinterval separatestheareaof almostcertainactivationfrom the
areaof almostno activation. It wasobservedduring the teststhat following theactivationof the
4 sprinklersnearestthe fire after about65 s, the sprinklersin the next ring would activateif the
surroundinggastemperaturewasat least100� C. Thus,the75–100� C interval representsanarea
of lessthanlikely activation. Thecontoursalsoshow theeffect of openinga vent. Thermocouple
dataalongwith thatof thesimulationsis includedin AppendixA.2.

Figure62: Sprinkler activations for TestI-1. Figure63: Sprinkler activations for TestI-2.
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Figure64: Sprinkler activations for TestI-3. Figure65: Sprinkler activations for TestI-4.

Figure66: Sprinkler activations for TestI-5. Figure67: Sprinkler activations for TestI-6.
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Figure68: Sprinkler activations for TestI-7. Figure69: Sprinkler activations for TestI-8.

Figure70: Sprinkler activations for TestI-9. Figure71: Sprinkler activationsfor TestI-10.
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Figure 72: Near-ceiling gas temperatures
fr om the simulation of Test I-11. There were
no sprinklers deployed in the experiment.

Figure73: Sprinkler activationsfor TestI-12.

Figure74: Sprinkler activationsfor TestI-13. Figure75: Sprinkler activationsfor TestI-14.
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Figure76: Sprinkler activationsfor TestI-15. Figure77: Sprinkler activationsfor TestI-16.

Figure78: Sprinkler activationsfor TestI-17. Figure79: Sprinkler activationsfor TestI-18.
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Figure80: Sprinkler activationsfor TestI-19. Figure81: Sprinkler activationsfor TestI-20.

Figure82: Sprinkler activationsfor TestI-21. Figure83: Sprinkler activationsfor TestI-22.
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A.2
¹

Experimental and SimulatedTemperatures

Theplotsin Figs.85–106on thefollowing pagescomparetheexperimentalthermocoupletemper-
atureswith thoseof themodel.For eachof the22 tests,104thermocoupleswereplacednearthe
ceiling. Their locationsareshown in Figure84. Only the 16 thermocouplesnearestthe fire are
shown for eachteston the following pages.For fire locationsA, B andC, thesethermocouples
(channels50–65)werepositionedverycloseto thesprinkler. For fire locationD, 4 of the16 ther-
mocouples(58, 59, 62, 63) werepositionednext to thesprinkler, therestwereplaced2 in below
theceilingdirectlyabovethesprinklerdeflector. Followingsprinkleractivation,thetemperatureof
thecorrespondingthermocoupledecreasessharply. Theexperimentalandsimulatedtemperatures
arenotexpectedto agreefollowing activationbecausetheactualthermocoupleis wet,whereasthe
simulatedthermocouplecontinuesto recordthegastemperature.
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Figure 84: Plan view of heptanespray burner configuration, SeriesI. The sprinklers are
indicated by the solid circlesand are spaced10 ft apart. The number besideeachsprinkler
location indicatesthe channelnumber of the nearestthermocouple.The vent dimensionsare
4 ft by 8 ft. The boxedletters A, B, C and D indicate burner positions.Correspondingto each
burner position is a vertical array of thermocouples.Thermocouples1–9hang 7, 22,36,50,
64,78,92,106and 120in fr om the ceiling, respectively, abovePosition A. Thermocouples10
and 11 are positionedabove and below the tile dir ectly above Position B, followed by 12–20
that hangat the samelevelsbelow the ceilingas1–9.Thesamepattern is followedat Positions
C and D, with thermocouples21–31at C and 32–42at D.

114



Figure 85: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-1 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure 86: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-2 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure 87: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-3 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.

117



Figure 88: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-4 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure 89: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-5 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure 90: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-6 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure 91: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-7 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure 92: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-8 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure 93: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-9 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure 94: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-10 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure 95: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-11 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure 96: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-12 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure 97: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-13 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure 98: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-14 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure 99: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-15 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure100: Comparisonof experimental(dashedcurve)and simulated(solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-16 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure101: Comparisonof experimental(dashedcurve)and simulated(solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-17 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure102: Comparisonof experimental(dashedcurve)and simulated(solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-18 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure103: Comparisonof experimental(dashedcurve)and simulated(solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-19 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure104: Comparisonof experimental(dashedcurve)and simulated(solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-20 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure105: Comparisonof experimental(dashedcurve)and simulated(solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-21 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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Figure106: Comparisonof experimental(dashedcurve)and simulated(solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test I-22 of the first seriesof heptanespray
burner tests. The activation temperature of the sprinkler (74� C, 165� F) is denotedwith a
short dashedline. SeeFig. 1 for the location of the sprinklers.
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B HeptaneSpray Burner TestResults,SeriesII

Figures107–118onthefollowing pagesarethetemperaturesfor eachof the12testsof thesecond
heptanesprayburnerseries.

Figure 107: Temperature histories for the 100 near-sprinkler thermocouplesfor Test II-1,
HeptaneSeriesII.
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Figure 108: Temperature histories for the 100 near-sprinkler thermocouplesfor Test II-2,
HeptaneSeriesII.
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Figure 109: Temperature histories for the 100 near-sprinkler thermocouplesfor Test II-3,
HeptaneSeriesII.
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Figure 110: Temperature histories for the 100 near-sprinkler thermocouplesfor Test II-4,
HeptaneSeriesII.

140



Figure 111: Temperature histories for the 100 near-sprinkler thermocouplesfor Test II-5,
HeptaneSeriesII.
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Figure 112: Temperature histories for the 100 near-sprinkler thermocouplesfor Test II-6,
HeptaneSeriesII.
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Figure 113: Temperature histories for the 100 near-sprinkler thermocouplesfor Test II-7,
HeptaneSeriesII.
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Figure 114: Temperature histories for the 100 near-sprinkler thermocouplesfor Test II-8,
HeptaneSeriesII.
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Figure 115: Temperature histories for the 100 near-sprinkler thermocouplesfor Test II-9,
HeptaneSeriesII.
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Figure 116: Temperature histories for the 100near-sprinkler thermocouplesfor Test II-10,
HeptaneSeriesII.
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Figure 117: Temperature histories for the 100near-sprinkler thermocouplesfor Test II-11,
HeptaneSeriesII.
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Figure 118: Temperature histories for the 100near-sprinkler thermocouplesfor Test II-12,
HeptaneSeriesII.
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