NISTIR 6196-1

Sprinkler, Smoke & Heat Vent, Draft Curtain
| nteraction -- Large Scale Experimentsand M odel
Development

Kevin B. McGrattan
Anthony Hamins
David Stroup

N H United States Department of Commerce
National Institute of Standards and Technology



NISTIR 6196-1

Sprinkler, Smoke & Heat Vent, Draft Curtain
| nteraction -- Large Scale Experimentsand M odel
Development

Kevin B. McGrattan
Anthony Hamins
David Stroup

September 1998

U.S. Department of Commer ce

William M. Daley, Secretary

Technology Administration

Gary R. Bachula, Acting Under Secretary for Technology
National Institute of Standards and Technology

Raymond G. Kammer, Director



Executive Summary

This studywasthe resultof a coordinatedoublic-private researcteffort to gain insightinto
theinteractionof sprinklers roof ventsanddraft curtainsthroughfire experimentsandnumerical
modeling. Thework wasconductedver a periodof two years.

The InternationalFire Sprinkler Smole andHeatVent, Draft CurtainFire TestProjectorga-
nizedby the NationalFire ProtectionResearchoundation(NFPRF)broughttogethera group of
industrialsponsorgo supportandplanaseriesof large scaleteststo studytheinteractionof sprin-
klers,roof ventsanddraft curtainsof thetypefoundin largewarehousespanufcturingfacilities,
andwarehouse-lik retail stores. A TechnicalAdvisory Committeeconsistingof representaes
from thesponsoringprganizationsthe Nationallnstituteof StandardandTechnologyNIST), and
otherinterestegartiesplanned39 large scalefire teststhatwereconductedn theLarge ScaleFire
TestFacility at UnderwritersLaboratorieUL) in Northbrook,lllinois. The testsweredesigned
to addresselatively large,open-areduildingswith flat ceilings,sprinklersystemsandroof vent-
ing with andwithout draft curtains. To simulatetheseconditionsin the 37 m by 37 m by 15m
high (120ft by 120ft by 48 ft high) maintestbay the vents,draft curtainsand sprinklerswere
installedon a 30 m by 30 m (100ft by 100 ft) adjustable-heighplatform, 7.6 m (25 ft) off the
floor. During thetests,smole andhot gasedilled the volumeenclosedy the draft curtains,and
the excesssmole flowedaroundthe edgesof the platforminto a plenumspaceabove. Thesmole
in the plenumspacedvascontinuallyexhaustedhrougha smole abatemensystem.

Fundingfor the large scaletests,althoughsubstantialpermittedonly five high rack storage
commodityfire teststo be conducted.In orderto bestpreparefor thesetestsandto addto the
informationavailablefor modeldevelopmeniandverification,34 easilyconductecandcontrolled
heptanesprayburnertestswerealsoperformed.Recognizinghatthe resourcesn termsof fund-
ing andtime were limited, the NFPRF TechnicalAdvisory Committeereducedthe numberof
parameters this studyby selectingpnecommaodity onerackconfiguratiorandignition sourcea
singlesprinklersystemandonesprinklerdischage density onecommerciaventdesign,andone
vent/draftcurtainarrangement.

In parallelwith the large scalefire tests,a programwas conductedat NIST to develop a nu-
mericalfield model,IndustrialFire Simulator(IFS), thatincorporatedhe physicalphenomenaf
the experiments.A seriesof benchscaleexperimentsvas conductedo develop necessarynput
datafor themodel. Theseexperimentgeneratedatadescribingheburningrateandflamespread
behaior of the cartonedplasticcommodity thermalresponsgarameterandspraypatternof the
sprinkler and the effect of the water sprayon the burning commodity Simulationswere first
performedfor the heptanesprayburnertests,wherethey wereshown to be in good quantitative
agreemenin termsof both predictingsprinkleractvationtimesandnearceiling gastemperature
rise. Thesprinkleractivationtimeswerepredictedto within about15% of the experimentdor the
firstring, 25%for thesecond.Thegastemperatureseartheceilingwerepredictedo within about
15%. Next, simulationsvereperformedandcomparedvith unsprinkleredalorimetryburnsof the
cartonedplasticcommodity The heatreleaseatesof the growing fireswere predictedto within
about20%. Simulationsof the 5 cartonedplasticcommodityfire testswerethenperformed.The
goalof thesesimulationswvasto be ableto differentiatebetweerthoseexperimentshatactvateda
large numberof sprinklers,andthosethatactivateda smallnumber This goalhasbeenmet. The
modelwasalsousedto provide valuableinsightinto whatoccurredin the experimentsandalso
whatwould have occurredin the eventof variouschangef testparametersThereareplansto



continuethe developmentandevaluationof the IFS modelbeyondpublicationof thisreport.

Theoverallgoalof thetestingandmodelingprogramwasto investigatehe effect of roof vents
anddraft curtainson the time, number andlocationof sprinkleractivations;andalsothe effect
of sprinklersanddraft curtainson the activationtime, numbey anddischage ratesof roof vents.
Basedon the experimentsandmodelsimulationsfor the chosenesthardwareandconfigurations,
themajorfindingsin this studywere:

The testsand modelsimulationsshoved that whenthe fire was not ignited directly under
a roof vent, ventinghadno significanteffect on the sprinkleractivationtimes, the number
of activatedsprinklers,the nearceiling gastemperaturesor the quantity of comlustibles
consumed.

Thetestsandmodelsimulationsshovedthatwhenthefire wasigniteddirectly underaroof
vent,automaticventactivationusuallyoccurredat aboutthe sametime asthefirst sprinkler
activation, but the averageactivation time of the first ring of sprinklerswasdelayed. The
lengthof the delaydependedn the differencein actvationtimesbetweerthe ventandthe
first sprinkler

Thetestsandmodelsimulationsshovedthatwhenthefire wasigniteddirectly underaroof

ventthatactivatedeitherbeforeor at aboutthe sametime asthefirst sprinkler the number
of sprinkleractvationsdecreasetly asmuchas50% comparedo testsperformedwith the

ventclosed.

Thetestsandmodelsimulationsshovedthatwhendraft curtainswereinstalled,up to twice
asmary sprinklersactvatedcomparedo testsperformedwithout curtains.

In onerack storagetestwheretheignition of thefire took placeneara draft curtainandthe
fuel array extendedunderneattthe curtain, disruptionof the sprinkler sprayand delayin

sprinkleroperationcausedy the draft curtainled to a fire thatconsumednorecommaodity
comparedo the othertestswherethe fireswereignited awvay from the draft curtains. This
resultwasdemonstratetly the modelsimulation,aswell.

Thesignificantcoolingeffectof sprinklerspraysonthenearceiling gasflow oftenprevented
the automaticoperationof vents. This conclusionis basedon thermocouplaneasurements
within the vent cavity, the presencef drips of solderon the fusible links recoveredfrom
unopenedrents,andseveraltestswhereventsremotefrom the fire andthe sprinklerspray
activated.In onecartonedolasticcommodityexperiment,a ventdid not openwhenthefire
wasigniteddirectly beneatht. Themodelsimulationscouldnot predictthis phenomenon.

Modelsimulationgndicatedthatthe coolingeffect of sprinklersprayseducedhetotal vent
dischageratefrom thatassumedh designcalculationgor unsprinklereduildings.

Model simulationsshaved how the activation times of the the first and secondsprinklers
hada substantiaimpacton the overall numberof activationsin the plasticcommoditytests.
In the simulationof onetest,it wasshown thata delayof approximatelyoneminutein the
activationof thesecondsprinklerled to theactivationof four timesasmary sprinklersasin

asimulationof atestwith nodelay It hadbeensuggestethatthesedifferentoutcomesvere
dueto the presencef draft curtainsin thetestswith the sprinklerdelay but the simulations
shaved that the curtainshad no effect becausehey wereover 9 m (30 ft) away from the
ignition point.
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1 Intr oduction

Therehasbeenalong-standinglebatdn thefire protectioncommunityaboutthe combineduseof
roof vents,draft curtains(curtainboards)andsprinklers.Numerousstudieshave beenconducted
overthe pastfew decadesyet mary questiongemainabouttheinteractionof thesedevices.As a
result,a coordinatedoublic-privateresearcleffort wasorganized.A groupof industrialsponsors
wasbroughttogethetby theNationalFire ProtectiorResearckoundationNFPRF)to supportand
planaseriesf large scaleexperimentaisingbotha heptanesprayburnerandcartonegolystyrene
cups(GroupA plastic)asfire sources A TechnicalAdvisory Committee(TAC) madeup of rep-
resentatiesof the sponsoringorganizationsthe NationallInstitute of Standardsnd Technology
(NIST), andotherinvited participantavascreatedy the NFPRFto guidethestudies. The TAC se-
lectedatestfacility anda sprinklersystemyoof vent,draft curtaindesignfor installationin thetest
facility in orderto simulatefire protectionsystemdound in warehousesyarehouseetail stores
andmanugcturingfacilities. In all, 39 testswere specifiedby the TAC. Fire modelingandsup-
portinglaboratoryexperimentgprovidedby NIST aidedin the planningof large scaleexperiments
andin theanalysisof thedata.

Therewerethreeobjectvesof thestudy First,therewasa needto understandhow sprinklers,
ventsanddraft curtainsinteract. Secondtherewasa needto developa numericalmodelcapable
of predictingmultiple sprinkleractvationsandthe heatreleaseatefrom a burningfuel arrayboth
beforeandafter sprinkleractvationwith sufficientaccurag to reliably differentiatebetweerfire
scenarioghat would producea large versussmall numberof sprinkleractivations. Third, there
wasa desireto look beyond currentbuilding practicesandgeneratexperimentaldata,alongwith
a numericalmodelingcapability that could be usedto evaluateproposedchangedo codesand
standards.

All 39 experimentplannedby the TAC wereconductedn theLarge ScaleFire TestFacility at
Underwriterd_aboratoriesn Northbrooklllinois. Theexperimentaveredividedinto threeseries:
aninitial setof 22 heptanesprayburnertests(HeptaneSeried) [1], 5 cartonedplasticcommodity
testg(PlasticSeries)2], and12 additionalheptanesprayburnertests(HeptaneSeriedl) [2]. Many
of thetestparameterslid not changethroughouthe entireproject. The ceiling heightsweresetat
either7.6m (25ft) or 8.2m (27 ft), the storageheightwasnominally6.1 m (20ft) in thecartoned
plastictests the sprinklersystemconsistedf 0.64in orifice uprightsprinklersspaced m (10 ft)
apartdeliveringa 0.34 L/(s-m?) (0.50 gpm/ft?) dischage density andthe 1.2 m by 2.4 m (4 ft
by 8 ft) ventsusedwere of the samedesign,from the samemanufcturey andUL listedt. The
parametershatdid changewerefire size,fire/ignition position,modeof ventoperationanddraft
curtainplacement.

A large effort wasmadeto develop numericaltechniqueghat could be usedto interpretand
potentiallysupplementhe physicalexperiments.This work is a majorundertakingoy NIST. The
LargeEddySimulation(LES) Fire Model[3, 4] is acomputationafluid dynamicqCFD) codethat
solvesthedifferentialequationghatgovernthetransportof smole andhot gasedrom afire. The
modelbeingdevelopedandappliedin this projectis referredto asthe Industrial Fire Simulator
(IFS). A seriesof benchscaleexperimentswas conductedoy NIST to develop necessarynput
datafor themodel. Theseexperimentgeneratedatadescribinghe burningrateandflamespread

1Throughouthis report,measuredjuantitieswill be reportedwith units conformingto the modernmetricsystem
(SI) with traditionalunitsin parentheses heexceptionis wheretheunitsareessentiato the descriptiorof theobject,
apparatusetc.



behaior of the cartonedplasticcommodity thermalresponsg@arameterandspraypatternof the
sprinkler andthe effect of the watersprayon the burningcommaodity Duringits developmenthe
performancef the IFS modelwasassesseldy comparingts resultsto thoseof the heptanespray
burnerexperimentsandcalorimetryburnsof the cartonedolasticcommodity The IFS modelwas
usedin planningexperimentsandalsoin the analysisto supplementhe resultsof the relatively
smallnumberof cartonedlasticcommodityteststhatwereconducted.



2 Background

Roof vents(usuallyaccompaniedby draft curtains)andsprinklersaretwo hardwaresystemsised
in buildingsto provide fire protectionfor rack storageof materials.While sprinklersareintended
to suppressndcontrolthefire, roof ventsareintendedo aid thefire fighters.Accordingto NFPA
204M, Guidefor Smole andHeatVenting[5], ParagraphL-1.2:

...large undivided floor areagpresentextremelydifficult fire fighting problems since
thefire departmentnustentertheseareasn orderto combatfiresin centralportions
of thebuilding. If thefire departmentis unableto enterbecausef the accumulation
of heatandsmole, fire fighting efforts may be reducedo a futile applicationof hose
streamdo perimeterareaswvhile fire consumesheinterior. Windowlessbuildingsalso
presensimilar fire fighting problems.Onefire protectiontool thatmaybe a valuable
assefor fire fighting operationsn suchbuildingsis smolke andheatventing.

The designpracticefor sprinklersis givenin NFPA 231C,Standardor Rack Storageof Materi-
als[6]. Thedesignpracticefor roof ventsanddraft curtainsis givenin NFFA 204M. Theseare
independentocumentsThereis no nationallyrecognizedstandardor the combinednstallation
of sprinklersandroof vents.Indeed NFFA 204M, Paragrapl6-1 states:

A broadlyaccepte@quialentdesignbasisfor usingbothsprinklersandventstogether
for hazardcontrol(e.g. propertyprotection Jife safety waterusagepbscurationetc)
hasnotbeenuniversallyrecognized.

Eventhoughthe practiceof installingventsin sprinkleredbuildingshasbeendebatedor decades,
andin spite of several projectsinvolving large scaletestsand numericalmodeling,thereis still
disagreemenabouthow roof ventsand draft curtainsaffect the time, numberand location of
sprinkleractivations;andhow sprinklersanddraft curtainsaffect the activationtime, numberand
dischageratesof roof vents.As aresult,thereis a greatdisparityamongbuilding codesasto the
propertreatmenbf thesdire protectiondevices. Theissuas evenmoreimportantodaybecausef
the popularityof largewarehouse-typeetail storeshatcombinethe functionof salesandstorage.
Typically thesestoreswill containmerchandisstaclkedupto 6 m (20 ft), with ceilingsashighas
9 m (30ft), andin areasover 10,000m? (100,000ft?).

As part of the planningfor the experimentsdescribedn this report, pastexperimentsand
modelingefforts involving ventsanddraft curtains(with andwithout sprinklers)wereconsidered:

Roof Ventilation Requirementsfor Industrial Plants (1954—-1955)ArmourResearciroundation
(formernameof [IT Research)Experimentabndmodelingstudyof unsprinkleredyented
facilities[7].

Underwriters Laboratories Roof Vent Testing(1964) Sprinklerhentstudyin a60by 60by 161t
spacq8].

Thomasand Hinkley (1964) Experimentaland modeling studiesat the Fire Researclttation,
UK [9].

Portsmouth Fire Test(1966) Colt IndustrieqUK). Full scal€fire testan VictoriaBarracksPorts-
mouth[10].



Rack Storageand Rubber Tire Tests(late 19605, early 19705) FactoryMutual ResearclCor
poration(FMRC). Experimentabtudiesof sprinkleredfacility with perimetewenting[11].

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

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

Ghent Fire Tests(1989) Colt IndustriesandFire Researclstation(UK). Thirty-threelarge scale
testsof ventsandsprinklersin a50 m by 20 m by 10 m facility with 40 roof vents[14].

SPInteraction betweenSprinklers and Fir e Vents(1992) SwedishNationalTestingandResearch
Institute(SP).A seriesof experimentsnvolving oneor two ventsanda singlesprinkler[15].
A summaryof the researchin Europeinvolving smole and heatventscanbe foundin a
technicalreportfrom SP[16].

Inter national Seminaron Sprinklers and Vents(1992) Fire ResearclStation(UK). A discus-
sionof pastwork in thearea particularlythe experimentsat Ghent. Tentatve guidelinesare
putforwardto addresshe problem.

Early work by ThomasandHinkley [9] in the 1960% on the performanceof roof ventsled to
thetentatve recommendatiothatsprinklersshouldbe operateeforeventsbecausehe cooling
of the hot upperlayer gasedy the openingof ventscould delay sprinkleractivation. This rec-
ommendatiorfoundits way into mary codesof practice.Sincethattime, therehave beensereral
large scaleexperimentaland numericalstudiesperformedto explore this issue. Notableamong
theseis the Ghentfire testproject,which consistedf hexanefiresin a 50 m by 20 m (164 ft by
66 ft) facility with 40 roof vents,eachwith an areaof 1.64m? (18 ft2). It hasbeenclaimedby
proponent®f ventingthattheseestsshovedthatventingdoesnotappreciablhaffecttheactivation
of thefirst sprinkler but doessignificantlyreduceboth the numberof sprinklersopeningwithin
60 s of the first aswell asthe total numberof sprinklersoperating. However, in all the vented
fires, enoughsprinklersoperatedo wet the fire andits immediatesurroundingg17]. Hinkley’'s
modelingwork [18] reachedsimilar conclusionsandhe stateshat“Ventingis unlikely to delay
the operationof sprinklersin a compartmenof sucha large areathat the hot gaseswvould not
have reachedhe boundariedbeforesprinklersoperate”.He goeson to saythatfor smallercom-
partmentsslowly growing fires,and/orwhendraft curtainsareusedto build up the smole layer,
the ventscan causea small delayin sprinkleroperation,but thatthis is a “secondorder” effect
comparedo therateof fire growth andoperatingcharacteristicsf the sprinkler

However, a position paperby N.E. Gustafssorof Industrial Mutual, Helsinki, interpretsthe
resultsof the Ghenttestscompletelydifferently[19]. He arguesthatfor therapidly growing fires,
a significantdelayin sprinkleractivation wascausedy the presencef vents. Eventhoughthe
delaywas about10 to 20 s in mostcasesthis allowed the fire to grow from 10.2 MW in the
urventedcaseto asmuchas14.2MW in oneof theventedcasesHe alsocitestheinability of the
sprinklersystento surroundhefire in theventedcases.

Rackstoragefire testsconductedat Factory Mutual in the late 19605 raisedthe issueof the
possibledetrimentaleffects of smole andheatventsin sprinkleredbuildings[11]. Theseexper
imentshave beenanalyzedby a numberof researchersandthe conclusionshave beencriticized



basedmainly on the factthatventilationwasfrom doorsandeave line windows ratherthanroof
vents,thusonly the potentialdisadwantageof venting (higher oxygencontent)was maintained.
Theseriesof fire testsconductedy [IT Researchnstitutein 1982[13, 20] shavednoincreasan
oxygenin the air supplyingthefire. Theissuewasnot addresseth the modelingstudies,norin
the Ghentor SPexperimentgdueto the useof prescribedurningrates.

The experimentsperformedby IIT Researchnstitute with both sprinklersand ventsrated
at 74°C (165F) showved a slight reductionin water demandfor vent areasconsideredlarge”,
but no changein waterdemandfor a morelimited ventarea. The reportalsonotesmeasurable
reductionsn nearceiling gastemperatureaway from thefire. Thestudyconcludedhatroof vents
donotimpairtheperformancef 74°C (165°F) standardesponseaprinklers but they provide only
maiginal benefit. For 141°C (286°F) sprinklersin the presenceof propanefires, the benefitsof
reducedvaterdemandandnearceiling gastemperaturesveremorepronounced.

Draft curtainsare usuallyinstalledto aid roof ventsby creatinga deeperdayer of smoke and
hot gaseghanwould otherwisebe formedin large, openareabuildings. Recentexperimentsat
Factory Mutual [21] investigatedhe effect of draft curtainson a sprinkler systemwithout roof
vents. As part of a testprogramto evaluatethe effectivenessof varioussprinklerdesigns,two
pairsof highrackstoragecartonedlasticfire testswereconductedvith andwithoutdraft curtains
installed.First, two testswereperformedwithout curtains.Thenthetestswererepeateafterdraft
curtainshadbeeninstalled. Thefireswereignited neartheintersectiorof two draft curtains.With
the curtainsinstalled,the fire openedmore sprinklersand causednoredamageo the fuel array
apparentlydueto thedisruptionof thesprinklerdischage patternandthelack of prewettingof the
commodity(FMRC StandardPlastictestcommaodity). The reportconcludedhat®...the presence
of draft curtainscloseto thefire origin will (1) resultin the developmenbf a moreseverefire and
(2) deleteriouslyaffect sprinklerprotection.

Mostof thepastwork onsprinkler vent,anddraftcurtaininteractiorhasfocusseantheeffects
of ventsanddraft curtainson a sprinklersystem.Therehasbeenmuchlesswork examiningthe
effectsof sprinklersonvents.Thework doneat SP[15] includesexperimentgdesignedo measure
the effects of a single sprinkleron the temperatureand velocity of gasedlowing througha 1 m
by 2 m (3.3 ft by 6.6 ft) ceiling ventcenteredn 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 sourcewasa 1.5 MW propane
burner locatedé m from the centerof the vent. A singlesprinklerwith a flow rateof either80 or
100L/min (21 or 26 gpm)wasinstalledat variouslocationsupstreanmanddownstreanof thevent.
Theconclusionglravn by SPwerethatwhenthe sprinklerwasinstalledupstreanof thevent(i.e.
betweerthefire andthevent),it hada “significant” impacton the dischagerateof the vent, with
theimpactgreatesivhenit wasnearthe ventanddecreasingvith distancefrom the vent. When
thesprinklerwasinstalleddownstreanof thevent,its influenceontheventdischagewasregarded
as“negligible”. No attemptwasmadein the SPstudyto examinethe effectsof a sprinkleron the
activationof athermally-response automatiovent.



3 HeptaneSpray Burner Tests,Seriesl

In January1997,aseriesnf 22 heptanesprayburnerexperimentsvasconductedctthelLargeScale
Fire TestFacility at UnderwritersLaboratoriegUL) in Northbrook, lllinois [1]. The objectve
of the experimentswasto characterizéhe temperatureand flow field for fire scenarioswith a
controlledheatreleaseratein the presenceof sprinklers,draft curtainsand a singlevent. The
resultsof theexperimentsvereusedo evaluatethe predictive capabilityof theIFS model,andalso
to provide guidanceasto theinteractionof ventsanddraft curtainswith sprinklersfor planningthe
cartonedplasticcommaodityfires.

3.1 Description

A numberof component®f this first seriesof testswere carriedover into the cartonedplastic

commoditytestsandthe secondseriesof heptanesprayburnertests. The sametestspacewas

usedfor all the testing,the samevent and sprinklertype, the samesprinkler configuration,and

almostthe sameceiling height. Below is a descriptionof the first seriesof heptanesprayburner

tests.Changeso thesegparameters thesubsequertestserieswill bediscussedh theappropriate
sections.The Reportof Testfrom UL maybefoundin Ref.[1].

3.1.1 TestFacility

TheLarge ScaleFire TestFacility at UL containsa 37 m by 37 m (120ft by 120ft) mainfire test
cell, equippedwith a 30.5m by 30.5m (100ft by 100 ft) adjustableheightceiling. The height
of the ceiling may be adjustedoy four hydraulicramsup to a maximumheightof 14.6m (48 ft).
A flexible designsprinklerpiping systemwasavailable at the ceiling to permitary arrangement
of sprinkler spacingwith minimum pressurdosses. The sprinklerswere provided with water
from a 757kL (200,000gal) waterreserwir usingtwo 190L/s (3,000gpm)waterpumpsratedat
1.03kPa(150psi). Thewaterpumpswerecomputercontrolledto maintaina constanpressuren
thesprinklers.

Theexhaustflow ratein thetestfacility couldbeadjustedup to amaximumof 28 m3/s (60,000
ft3/min). Four 1.5m (5 ft) diameteiinlet ductsprovided make up air andwerelocatedat thewalls
3 m (10 ft) above the testfloor to minimize ary induceddrafts during the tests. The comhus-
tion productsfrom the fire testwere exhaustedhrougha regeneratre smole abatemensystem.
During the heptanetests,the exhaustwas maintainedat a minimum operatingrate of 11 m?/s
(24,000ft3/min).

3.1.2 TestLayout

Thelayoutof thefirst seriesof heptanesprayburnertestsis shavnin Fig. 1. Onel.2mby 2.4m
(4 ft by 8 ft) ventwasinstalledamong49 upright sprinklerson a 3 m by 3 m (10 ft by 10 ft)
spacing.The ceiling wasraisedto a heightof 7.6 m (25 ft) andinstrumentedvith thermocouples
andothermeasuremerdevices(seesectionon instrumentation).The ceiling was constructedf
0.6mby1.2mby 1.6cm (2 ft by 4 ft by 5/8in) UL fire rated ArmstrongCeramaguardltem
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Figure 1: Plan view of heptanespray burner configuration, Seriesl. The sprinklers are indi-

catedby the solid circlesand are spaced3 m (10ft) apart. The number besideeachsprinkler

location indicatesthe channelnumber of the nearestthermocouple. The vent dimensionsare
41t by 8ft. The boxedletters A, B, C and D indicate burner positions. Corr espondingto each
burner position is a vertical array of thermocouples.Thermocouplesl-9hang7, 22, 36, 50,
64,78,92,106and 120in from the ceiling, respectvely, above Position A. Thermocouples10
and 11 are positionedabove and below the ceiling tile dir ectly above Position B, followed by
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.



602B) ceiling tiles?, suspendedtom 3.8 cm (1.5in) wide steelanglebraclets. The manuficturer
reportedthe thermalpropertiesof the materialto be: specificheat753 J/kgK, thermaldiffusivity
2.6 x 10~ m?/s, conductvity 0.0611W/m-K, anddensity313kg/m?.

Draft curtainsl.8 m (6 ft) deepwereinstalledfor 16 of the 22 testsenclosinganareaof about
450m? (4,800ft2). Thecurtainswereconstructedf 1.4 m (54 in) wide sheetof 18 gaugesheet
metal. The seamsn thedraft curtainswereconnectedvith aluminumtape.

3.1.3 Sprinkler Protection

The sprinklersusedin both seriesof heptanesprayburnertestsplus the cartonedplastic com-
modity testswere CentralELO-231 (Extra Large Orifice) uprights. The orifice diameterof this
sprinkleris reportedoy the manufcturerto be nominally 0.64in, the referenceactuationtemper
atureis reportedby the manufcturerto be 74°C (165°F). The RTI (Responsd&ime Index) and
C-factor(Conductvity factor)werereportecby UL® to be 148 (m-s)% (268(ft-s)%) and0.7 (m/s)%
(1.3(ft/s)%), respectrely [1]. Wheninstalled thesprinklerdeflectowaslocatedd cm (3in) belov
the ceiling. Thethermalelementof the sprinklerwaslocated11 cm (4.25in) below the ceiling.
Thesprinklerswereinstalledwith 3 m by 3 m (10 ft by 10 ft) spacingn a systemdesignedo de-
liveraconstan0.34L/(s-m?) (0.50gpm/ft) dischagedensitywhensuppliedby a131kPa (19 psi)
dischagepressuré.

Branchlineswerelocated3 m (10 ft) apart.Thebranchlineswere2 in ScheduletO pipe. The
lineshada 6.032cm (2.375in) outerdiameterandwere mountedwith a 22 cm (8.5in) nominal
clearancdrom the centerlineof the pipe to the ceiling. The manifoldsweremountedbelon the
branchlines andwere usedto plumb the waterto the branchlines. The manifoldswere6.4 cm
(2.5in) Schedulet0 pipewith anouterdiameterof 7.303cm (2.875in). They weremountedwith
a1.04m (40.75in) nominalclearancdrom the centerlineof the pipeto the ceiling. Althoughnot
shawvn in Fig. 1, the branchlinesran from northto south. The branchlines and manifoldswere
filled with waterduringall tests.

3.1.4 Smoke and Heat Vent

A singleUL listed doubleleaf fire ventwith steelcoversandsteelcurb wasinstalledin the ad-
justableheightceiling in the positionshavn in Fig. 1. This ventwas selectedn collaboration
with the NFPRFTechnicalAdvisory Committeewho sponsoredhe large scaletests. The ventis
designedo openmanuallyor automatically The ventdoorswererecessedhto the ceiling about
0.3m (1 ft). A diagramof theventusedin shovn in Fig. 2.

2The mentionof particularmanufcturers productsdoesnot constituteendorsemertty NIST, nor doesit indicate
thatthe productsarenecessarilyhosebestsuitedfor theintendedpurpose.
3The RTI andC-factorreportecherearebasedn the equationgoverningthethermalactivation of the fusiblelink
of thesprinkler
dT; U
g, -m) - ST
whereT; is thelink temperature], is the gastemperaturén the neighborhooaf thelink, T, is thetemperaturef
thesprinklermount,andu is the gasvelocity.
4The flow ratefrom a sprinkleris proportionalto the squareroot of the dischage pressure.The proportionality
constants oftenreferredto asthe K-factor usuallyreportedn unitsof gallonsperminutedividedby the squareroot
of poundspersquaranch. For the sprinklerusedin thesetests the K-factorwasapproximatelyll.4gpm/(psi)§.
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Figure 2: Diagram of the fire vent usedin all the tests. Note that 12'=0.3048m and 4'-
0"=1.2192m.

Theventcould be operatedmanuallyor automatically In casesvheremanualoperationwas
performedtheopeningtimeswerechosersothatthe ventwould eitherbe openedabout25 s prior
to thefirst sprinkleractivation, or 25 s afterthefirst sprinkleractivation. Preliminarycalculations
indicatedthatthefirst sprinklerin mostcasesvould activate60to 70safterignition. In testswhere
automaticoperationof the ventswasdesired UL listedfusiblelinks ratedat either74°C (165°F)
or 100°C (212F) wereinstalled.In mosttests,the 74°C link wasused.To determineghethermal
responsepropertiesof the fusible link, a plungetunneltestwas performedon a representate
link assemblythat consistebf a fusiblelink ratedat 74°C boltedto a steeltab thatwaswelded
to a steelsupportbar. The link was spring-loadedvith a force of 12.2N (2.751bf). The link
was instrumentedvith a thermocoupleattachedo the centerof its rear surface. The tunnelair
temperaturevas134C (273F), thetunnelvelocitywas2.5m/s(8.2ft/s), theambientemperature
was25°C (77°F). Wheninsertednto thetunnelperpendiculato theflow direction thelink reached
74°C after 34 sandremainedat thattemperatureuntil it fusedat 68 s. Whenparallelto the flow,



thelink reached’4°C after 35 s andremainedat this temperatureauntil it fusedat 63 s[22]. The
internval betweenthe time whenthe link reachedts activation temperaturendthe time whenit
fusedwassignificant,suggestinghata oneparametemodelof link activationmay not suffice to
fully characterizéhethermalresponsef thelink [23]. However, for the presenstudy aneffective
bulk RTI®. for the link assemblybasedon the fusing time wascalculatedo be betweenl67 and
180(m-s)z (302and326 (ft-s)z).

3.1.5 HeptaneSpray Burner

Theheptanesprayburnerconsistedfal mby 1 m (40in by 40in) squareof 1/2in pipesupported
by four cementblocks0.6 m (2 ft) off thefloor (Fig. 3). Atomizing spraynozzleswereusedto
provide afree sprayof heptanghatwasthenignited. The numberandlocationsof the atomizing
nozzlesuseddependean the maximumheptandlow rateexpectedduringatest. Thetwo config-
urationsusedwerenozzlesn PositionsA, B, C andG for fireslessthanor equalto 5 MW, andA,
B, C, D, E, F andG for firesgreatethan5 MW.

For all but oneof the tests,the total heatreleaserate from the fire was manuallyrampedup

following the curve®
. . £\2
Q=@ ()

T

where@Q, = 10 MW andr = 75 s (r = 150 s wasusedin Testl-16). The fire growth rate
wasintendedto approximatehe estimatedyrowth rate of the cartonedplasticcommodityburns
conductecdtFMRC|[21]. Thefire growth curve wasfolloweduntil aspecifiedire sizewasreached
or thefirst sprinkleractivated.After eitherof theseevents thefire sizewasmaintainecatthatlevel

until conditionsreachedroughly a steadystate,i.e. the temperaturesecordednearthe ceilings
remainedsteadyandno moresprinkleractivationsoccurred.

Theflow of heptango the burnerwas manuallycontrolledusingtwo float type flow meters.
Thetwo flow meterswereconnectedn parallel. Thefirst flow meterhada resolutionof 0.02gpm
anda 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)to 11 L/min (3.0gpm). The
heatreleaseaatefrom the burnerwasconfirmedby placingit underthe large productcalorimeter
atUL, rampingup the flow of heptanan the samemannerasin thetests,andmeasuringhetotal
andcorvective heatreleaseates.It wasfoundthatthe corvective heatreleaseatewas0.65+0.02
of thetotal.

3.1.6 Instrumentation

Theinstrumentatioriior thetestsconsistef thermocouplegjasanalysissquipmentandpressure
transducers.The locationsof the instrumentatiorare referencedn the plan view of the facility

STheterm“bulk RTI” indicategthatthe temperatur@f the objectis assumedo be governedby the equation

dT; Vu

— =X (T, -T
@~ rm, Lo~ T

whereT; is thetemperaturef the objectandT}, is thetemperaturef the gasstreamingpastthe objectwith speedu.

This definition of RTI, doesnot explicitly accountfor conductve lossesfrom the objectto surroundingobjects,and

shouldnot be confusedwith thedefinitionof RTI appliedto fusible sprinklerlinks in this report.

5Becauseheflow rateof fuel wascontrolledmanually the growth curve for eachtestdifferedslightly.
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Figure 3: Plan view of heptanespray burner.

(Fig. 1).

Temperaturaneasurementaere recordedat 104 locations. Type K 0.0625in diameterin-
conel sheathedhermocouplesvere positionedto measurdi) temperaturesearthe ceiling, (ii)
temperaturesf the ceiling jet, and(iii) temperaturesearthevent. Thethermocouplesumbered
50—-65werepositionednearthe sprinklers,10 cm (4 in) below the ceiling. Thesewereintended
to measurenearsprinklergastemperatureaswell asto detectsprinkleractivation whenwetted.
Thermocouple$6—-104were placed5 cm (2 in) belowv the ceiling. Thermocouplegt3—49ran
down the centerlineof the vent at the level of the ceiling, and were spaced).3 m (1 ft) apart.
Thermocoupled—42weremountedon arrayshangingabove eachfire location. The positionsare
notedin thecaptionto Fig. 1.

Oxygen, carbondioxide and carbonmonoxidesamplingprobeswere placedat the ground
(5 cm (3in) from thefloor, 2 m (6 ft) from the burner),andat the vent (15 cm (6 in) belowv the
ceiling,ventcenter).Theoxygenconcentrationgsreremeasuredvith paramagnetianalyzersvith
aresolutionof 100ppm. The carbonmonoxideandcarbondioxide concentrationsveremeasured
with nondispersie infrared (NDIR) analyzers.The CO metershad a resolutionof 10 ppm, the
CO, meterslO0ppm.

Onedifferentialpressuravasmeasure@dcrosshevent. Thestaticpressuréapsweremounted
0.15m (6 in) above the top of the ventand0.15m below the ceiling. Both pressurdapswere
mountedat the centerof thevent. Thedifferentialpressuravasmeasuredvith a0 to 133Pa (0 to
1 Torr) differentialpressurgransducer

All thermocouplepressurdransduceandgasspecieslatawere collectedelectronicallyat a
2 sscanrate.

“Inconelis aregisteredradenamef INCO Alloys, Inc., 3800-TRiversideDrive, PO. Box 1958, Huntington West
Virginia, 25705-1771.

11



3.2 Results

Thetestresultsaresummarizedn Tablel. Sprinkleractivationtimesfor the 22 testscanbefound
in Figs.4—-11. Thermocoupleéemperatureareincludedin AppendixA, alongwith acomparison
of theresultsof the experimentswith thoseof the numericalmodel.

| Heptane Spray Burner TestSeriesl |

Test || Burner Vent First No. of Draft | HeatReleasdrate
No. Pos. Operation Sprinkler | Sprinklers| Curtains MW @ s
-1 B Closed 1:05 11 Yes 4.4@50
-2 B Manual(0:40) 1:06 12 Yes 4.4@ 50
-3 B Manual(1:30) 1:04 12 Yes 4.4@ 50
I-4 C Closed 1:00 10 Yes 4.4@50
-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
-7 C 74 Clink (DNO) 1:10 10 Yes 4.4@50
1-8 B 74Clink (9:26) 1:00 11 Yes 4.4@50
1-9 D 74Clink (DNO) 1:10 12 Yes 4.4@50
[-10 D Manual(0:40) 1:12 13 Yes 4.4@ 50
-11 D 74°Clink (4:48) N/A N/A Yes 4.4@ 50
[-12 A Closed 1:08 14 Yes 4.4@50
[-13 A 74Clink (1:04) 1:09 5 Yes 6.0@ 60
[-14 A Manual(0:40) 1:14 7 Yes 5.8@ 60
[-15 A Manual(1:30) 1:04 5 Yes 5.8@ 60
I-16 A 74Clink (1:46) 1:46 4 Yes 50@110
[-17 B 100°C link (DNO) 0:58 4 No 4.6 @50
[-18 C 100°C link (DNO) 0:58 4 No 3.7@50
I-19 A 10C°Clink (10:00)| 0:56 10 No 46@50
120 A 74Clink (1:20) 0:54 4 No 42@50
[-21 C 74°Clink (7:00) 0:58 10 No 46@50
[-22 D 100°C link (DNO) 1:00 6 No 46@50

Table 1: Resultsof the heptanespray burner Seriesl. 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 fir e at the time whenthe fuel supply waslevelled off.
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Figure 4: Plan view of Large ScaleFire Test Facility with the results of Heptane Seriesl
curtained testswhere the fireswere at location A. The activations times are from Testsl-
12,1-13, I-14, 1-15 and I-16, respectvely. Note that an asterisk besidea vent openingtime
indicatesmanual operation.
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Figure5: Plan view of heptanespray burner test (Seriesl) with the resultsof curtained tests
where the fireswere at location B. The activation times are from Testsl-1, I-2, I-3 and I-8,
respectvely. Note that an asterisk besidea vent openingtime indicatesmanual operation.
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Figure 6: Plan view of heptanespray burner configuration with the resultsof curtained tests
where the fireswere at location C. The activation times are from Testsl-4, I-5, I-6 and I-7,
respectvely. Note that an asterisk besidea vent openingtime indicatesmanual operation.
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Figure 7: Plan view of heptane spray burner configuration with the results of curtained
testswhere the fireswere at location D. The activation times are from TestsI-9 and I-10,
respectvely. Note that an asterisk besidea vent openingtime indicatesmanual operation.
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Figure 8: Plan view of heptanespray burner configuration with the resultsof uncurtained
testswhere the fireswere at location A. The activation times are from TestsI-19 and I-20,
respectvely. Notethat the vent openingtime of 10:00in Testl-19 is approximate becausehe
electronic timing circuit malfunctioned.
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Figure 9: Plan view of heptanespray burner configuration with the resultsof uncurtained
test(Testl-17) where the fire wasat location B.
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Figure 10: Plan view of heptanespray burner configuration with the resultsof uncurtained
testswhere the fireswere at location C. The activation times are from Tests|-18 and I-21,
respectvely.
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Figure 11: Plan view of heptanespray burner configuration with the resultsof uncurtained
test(Testl-22) where the fire wasat location D.
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4 HeptaneSpray Burner Tests,Seriesl|

A seriesf additionalheptanesprayburnertestswasperformedduringathreedayperiodwhile the

ventsanddraft curtainswereinstalledfor the cartonedlasticcommoditytests.The objectve was

to generatdargerfiresthanthoseof thefirst seriesof heptandourns,to provide moredatain areas
thoughtto be lacking in the previoustests,andto performcontrolledtestsin a vented,curtained
areaconformingto currentmodelcodeg24].

4.1 Description

Twelve testswereperformed.Thevent,draft curtainandburnerpositionsareshavn in Fig. 12. In
eachtestthe heptanesprayburnerwasrampedup to 10 MW in 75 s following a t-squarectune.
After 75 stheheatreleasaatewasheldconstantDraft curtainswereinstalledat theceiling for all
of the tests. The samesheetmetal curtainsfrom the first seriesof heptandgestswereinstalledto
encloseanarea21 m by 23m, 490m? (70ft by 76 ft, 5,320ft?) underthe8.2m (27 ft) adjustable
ceiling. The sametype of ventusedduring thefirst heptanesprayburnerserieswasusedagain.
Theventsweredesignedo operateéndependentlyasopposedo gangoperation)atatemperature
of 74°C (165°F), or manually Theareaof thelargestquadranin Fig. 12 wasselectedo provide
a larger ventto 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 ventin the northwest
cornerof the curtainedareawasinstrumentedthusthe fires wereignited at variouslocationsin
the northwesiquarterof the curtainedarea.

During each10 min test, the entire testfacility was exhaustedrom the centerof the 15 m
(50 ft) high space(7.0 m (23 ft) above the adjustableceiling) at the minimum operatingrate of
11 m3/s (24,000ft3/min).

Thermocouplesvere usedto measuregastemperaturesnd “structural” steeltemperatures.
Two velocity probeswere usedto monitor the air flows, onein the instrumentedrent, the other
about3 m (10 ft) to the southand3 m to the eastof thevent,10 cm (4 in) below theceiling. The
velocitiesweremeasuredavith bi-directionalprobesconnectedo pressurdéransducersvith arange
of +133Pa (1.0 mm Hg). A thermocouplearraywasplaced3 m (10 ft) to the southand3 m to
the eastof the instrumentedrent,aswell asat a point 6 m (20 ft) southand6 m eastof the vent
(PositionD). A third thermocouplearraywasplacedin front of the ventoutsideof the curtained
area.Detailsaboutthethermocouplarraysmaybefoundin Ref.[2]. A thermocouplevasplaced
neareachsprinklerto recordtemperatureand activationtimes. Electronictiming circuits were
installedin the ventsto determinevheneachopened.

Positionedhearthefusiblelink installedwithin theventcavity werethreecalibratedorasslisks
with differentthermalresponsegqlusa0.0625in InconelsheathedypeK thermocoupleThebulk
RTI® valuesof the disksweredeterminedrom plungetestsat UL [2]. Thevalueswerereported

8Theterm“bulk RTI” indicategthatthe temperatur@f the objectis assumedo be governedoy the equation

dli  u
L _ N T,
dt RTIb(g 1)

whereT; is thetemperaturef the objectandT}, is thetemperaturef the gasstreamingpastthe objectwith speedu.
This definition of RTI, doesnot explicitly accountfor conductive lossesfrom the objectto surroundingobjects,and
shouldnotbe confusedwith thedefinitionof RTI appliedto fusible sprinklerlinks in this report.
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to be32,164and287(m-s): (58,297and519(ft-s)2) for the“fast”, “medium” and“slow” disks,
respectrely [2]. Themeasurementsf eachrangedbetween10%and+10%of thereportedvalue.

4.2 Results

Theresultsof thesecondseriesof heptanesprayburnertestsaresummarizedn Table2. Thesprin-
kler activationtimescanbefoundonthefollowing pageswherethetimesof similarandrepeated
testscanbefoundon the samediagramto emphasizealifferencesThetemperaturdiistoriesof all
100nearsprinklerthermocouplesanbefoundin AppendixB. Notethattheambienttemperature
within thefacility variedbetweernl5C and20°C (59°F and68°F) for all thetests.

Figures19-21show the temperaturesecordedby the thermocoupleandthe calibratedbrass
diskswithin the ventlocatedat the northwestcornerof the curtainedarea. The brassdiskswere
usedasa meangto assesshe thermalervironmentof the ventcavity by providing a measureof
temperaturenoreindicative of thatof the fusiblelink thanthe relatively fast-respondinghermo-
couple.Noneof thediskscouldsimulatethebehaior of thefusiblelink exactly, however, because
thefusingof thelink involvesthe meltingof solder

\ Heptane Spray Burner TestSeriesll (10 MW Fires) \

Test | Burner Vent Sprinklers First Last Avg. PeakTemp.
No. || Position Operation Opened | Activation | Activation| °C \ °F
-1 D 74 Clink (DNO) 27 1:15 6:13 129.4| 264.9
-2 D All Openat Start 28 1:05 5:53 128.8| 263.8
-3 A 74Clink (1:15) 12 1:08 4:00 101.8| 215.2
-4 B 74°Clink (1:48) 16 1.03 5:54 108.8| 227.8
-5 D 74°C link (DNO) 28 1:10 7:07 130.0f 266.0
11-6 D All Openat Start 27 1:10 5:21 127.5| 261.5
-7 A Closed 18 1:09 4:11 117.2| 243.0
-8 B 74Clink (1:12) 13 1:10 3:34 107.7| 225.9
-9 E 74 Clink (DNO) 23 1:07 3:28 115.8| 2404
11-10 F 74Clink (3:20) 19+ 1:14 3:01 108.4| 227.1
-11 C 74°C link (DNO) 23 1.02 3:56 123.4| 254.1
11-12 C All Openat Start 23 0:58 4:55 119.0| 246.2

Table 2: Resultsof the heptanespray burner Seriesll. Note that all fireswere ramped up
to 10 MW in 75 s following a ¢-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 adjustable height ceiling, thus more activations might have occurred had the
ceiling extendedfurther.
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Figure 12: Plan view of large scalefir e test facility with the burner, vent and draft curtain
positionsfor the secondseriesof heptaneburner tests. The sprinklers are indicated by the
solid circlesand are spaced10ft apart. The branch linesrun north to south. The ventsare 4
ft by 8 ft.
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Figure 13: Plan view of large scalefire test facility with the sprinkler activation times of
(from top to bottom) TestsllI-5, 1I-1, 1I-2 and II-6 of the secondheptanetest series. Tests
[I-5 and 1 were performed with the ventscontrolled by fusible links. Testsll-2 and II-6 were
performed with the ventsopenfrom the start.
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Figure 14: Plan view of large scalefir e test facility with the sprinkler activation times for
the secondheptanetest serieswhere the burner wasdir ectly under the northwest ventin the
curtained area(Position A). In Testll-3 (upper times),the ventlink fusedat 1:15,whereasin
Testll-7 (lower times)the vent washeld closed.
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Figure 15: Plan view of largescalefir e testfacility with the sprinkler activation timesfor the
secondheptanetest serieswhere the burner wasten feet north of the northwest ventin the
curtained area(Position B). In Testll-4 (upper times),the ventlink fusedat 1:48, whereasin
Testll-8 (lower times),the ventlink fusedat 1:12.
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Figure 16: Plan view of large scalefir e test facility with the sprinkler activation times for
Testll-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 scalefir e test facility with the sprinkler activation times for
Testll-10 of the secondheptanetest serieswhere the burner was under the intersection of
the draft curtains (Position F).
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Figure 18: Plan view of largescalefir e testfacility with the sprinkler activation timesfor the
secondheptaneseriesTestsll-11 and II-12 where the burner wasat Position C.
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Figure 19: Northwest vent cavity temperaturesfor Testsll-1, 1I-2, 1I-5 and1l-6 of the second
heptanespray burner testseries.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 linesindicate the link’ s activation temperature (74°C, 165°F).

In eachof the tests,the burner waslocatedat Position D. In Testll-1 the vent did not open;
in Testll-2 the vent wasopenfrom the start, in Testll-5 the vent did not open;in Testll-6

the vent wasopenfrom the start.
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Figure 20: Northwest vent cavity temperaturesfor TestslI-3, 1I-4, 1I-7 and1l-8 of the second
heptanespray burner testseries.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 linesindicate the link’ s activation temperature (74°C, 165°F),
and the vertical linesindicate times of vent openings.In Testll-7 the vent washeld closed.
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Figure 21: Northwest vent cavity temperaturesfor Testsll-9—12 of the secondheptanespray
burner test series. The curveson 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 linesindicate times of vent openings.In Testll-9 the ventdid not open;in Testll-10
the vent outside the draft curtains opened;in Testll-11 the vent did not open;in Testll-12
the vent wasopenfrom the start.
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5 Cartoned Plastic Commodity Fire Tests

Following the analysisof the resultsof the first seriesof heptanesprayburnertests,a seriesof
high rack storagecartonedplasticcommodityfire experimentsvas performedat the Large Scale
Fire Testfacility at UL, the samespacethat was usedfor the heptaneburnertestsdescribedn
Sections3 and4. In planningtheseexperimentsthe TechnicalAdvisory Committeeconsidered
a numberof factors,including the resultsof the heptanesprayburnertests,numericalmodeling,
similar experimentsperformedby FactoryMutual, andcurrentfire protectionpractices.In order
to develop testspecificationghat representea realistic situation,a numberof documentsvere
reviewed, including the 1994 edition of the Uniform Fire Code[24]; the 1991 edition of NFFA
231C, Standardor Rack Storageof Materials[6]; the 1991 edition of NFPA 204M, Guide for
Smole andHeatVenting[5]; andselected-actoryMutual datasheetg25, 26, 27]. In addition,an
attemptwasmadeto maintainconsisteng betweerthesetestsandthe recentwork completedoy
FMRC on“Extra Large Orifice” sprinklersfor rack storagewithout vents[21, 28].

5.1 Description

Much of the descriptionfor the cartonedplasticcommoditytestscarriesover from the heptane
sprayburnertests,includingthetestfacility, sprinklertype,venttypeandinstrumentationDiffer-
encesaredescribedelon. The Reportof Testfrom UL maybefoundin Ref.[2]. The UL report
containsa completedescriptionof theinstrumentatiorandthe measurements.

5.1.1 Fuel Package

The FactoryMutual ResearctCorporation(FMRC) StandardPlastictestcommodity a Cartoned
GroupA UnexpandedPlastic,senedasthefuel for thistestserieg21]. Thiscommodityhasbeen
usedextensvely for testingsincel971[29]. Thecompletefuel packageconsistof acombination
of the cartonedplasticcommodityandClassll commodity

The cartonedplasticcommodityconsistsof rigid crystallinepolystyrenecups(empty 0.47L
(161l oz) size)packagedn compartmentedsingle-wall, corrugatedpapercartons.The cupsare
arrangedpenenddown in five layers,25 perlayerfor atotal of 125 percarton. Eachcarton,or
box, is acube0.53m (21 in) on a side. Eight boxescomprisea palletload. Two-way, 1.06 m by
1.06mby 0.13m (42in by 42in by 5 in) slatteddeckhardwoodpalletssupportheloads.A pallet
loadweighsapproximately80 kg (1701b), of which about36%is plastic,35%is wood and29%
is corrugategpaper21].

A Classll commoditywas usedin the taiget arrays. Typically, the commoditywas located
beyondtheexpectedareaof thefire spread.This commodityconsistf doubletri-wall corrugated
papercartonswith five-sidedsteelstiffenersinsertedfor stability. The two cartonsplusthe liner
form asingle1.06m (42in) cubehaving acombinedhominalwall thicknessof 2.5cm (1 in). The
singlecubewassupportedn the sametype of palletsupportinghe cartonedolasticcommodity

5.1.2 StorageMethod

A commoditystorageheightof 6 m (20 ft) with a ceiling heightof 8.2m (27 ft) representsneof
the mostseverearrangementallowableunderNFPA 231Cwithout requiringin-rack sprinklers.
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Underthe Uniform Fire Code, storageof the testcommaodityis requiredto be protectedusing
sprinklers,ventsanddraft curtainswhenthe size of the high piled storageareaexceeds230 m?
(2,500ft?).

Thetestarray (Fig. 22) wasdesignedo createa challengingstoragesituation. Eachstorage
arrayconsistedf a main (ignition) double-rav rack at the center flanked on two sidesby single
row targetracks. Therows wereseparatedby 8 ft wide aisles.Eachof the two rows of the main
arrayconsistedf four 2.4 m (8 ft) longbays;a0.15m (6 in) flue separatetherows. Longitudinal
fluesof 0.2m (7.5in) wereusedto separatéhepalletswithin arow. Theoverallloadedareaof the
double-rav rackmeasure@pproximately2.3m (7.5ft) wide by 10 m (33 ft) long. Therackswere
dividedvertically into 4 tiers;the overall loadedheightwas5.8 m (19 ft). A similar configuration
wasusedin aseriesof FMRC burnsdocumenteadh Ref.[21].

The fire wasignited with 2 standardgniterswhich consistedof 8 cm (3 in) long by 8 cm
diametercylindersof rolled cottonmaterial eachsoaledin 120mL (4 0z) of gasolineandenclosed
in apolyethylenebag. Therolls wereplacedagainsthe cartonsurfacesn thefirst tier, justabove
thepallet(Fig. 22). Theigniterswerelit with aflamingpropaneorchatthe startof eachtest.

5.1.3 Sprinkler Protection

The sprinklersusedin all of thetestswereCentralELO-231(ExtraLarge Orifice) uprights. The
sprinklers,flow ratesand actvation temperaturesverethe sameasin the first seriesof heptane
sprayburnertests.EventhoughUL listing andFM approval of this sprinklerwith this type of stor
agearrangemerdrebasecn a minimumdensityrequiremenbf 0.6 gpm/ft2, thelower densityof
0.5 gpm/ftt wasusedto allow for morechallengingbut still controllable firesandmoresprinkler
actiations.

5.1.4 TestLayout

Draft curtainswereinstalledatthe ceiling for threeof thefive tests.The samesheetimetalcurtains
from the heptanaestswereinstalledto enclosean area21 m by 23 m, 490 m? (70 ft by 76 ft,
5,320ft2) undertheadjustableseiling (Fig. 23). Five ventswereinstalledin theadjustableeiling,
following thelayoutshowvn in Figure23. This sametype of ventwasusedduringthefirst heptane
sprayburnerseries.Theventsweredesignedo operatandependenthfasopposedo gangoper
ation) at atemperaturef 74°C (165°F), or manually The areaof the largestquadranin Fig. 29
wasselectedo provide alargerventto floor ratio (1:42)thancalledfor by the Uniform Fire Code
(1:50for up to 20 ft of storageandlessthen6,000ft? of curtainedarea)[24]. Only the ventin
the northwestcornerof the curtainedareawasinstrumentedthusthe fireswereignited at various
locationsin the northwestquarterof the curtainedarea.

The layoutof eachof thefive testsis shavn on the following pagesalongwith the sprinkler
activationtimes. In designingthe layouts,therewereseveralrulesthatwerefolloweddueto both
thegeometryof thetestfacility andadesireto maintainconsisteng from testto test: (1) thelonger
dimensiorof thel.2m by 2.4m (4 by 8 ft) ventshadto run north-souttbecausef thearrangement
of the structuralelementsn the adjustableceiling; (2) the ventshadto be placedbetweerbranch
lines, which alsorun north-southy3) the ventshadto be placedbetweerntwo sprinklers,roughly
atthequarterpointsof the maintestquadrant(4) thedraft curtainshadto beplacedbetweerrows
of sprinklerssoasto maintaina 1.5m (5 ft) spacingbetweerthe curtainsandsprinklers;and(5)
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Figure 22: Configuration of the cartoned plastic commodity rack storage. Note that the
palletswithout perpendicular linesindicate Classll targets.The ignition locationisindicated
by two small rectanglesn the centertransverseflue of the Plan View.
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therackshadto bearrangederpendicularlyto the branchlinesto eliminate“shadaving” effects.
Threeignition locationswerechosenthefirst farthestfrom the vents,the secondlirectly undera
vent,andthethird neartheintersectiorof thedraft curtains.

During each30 min test, the entire testfacility was exhaustedrom the centerof the 15 m
(50ft) highspacg7.5m (25 ft) above theadjustableceiling) atarateof 28 m?/s (60,000ft3/min),
the maximumcapacity

5.1.5 Instrumentation

Visualobsenationsof testeventswererecordedandassessmentaadeof theamountof commod-
ity consumedby thefire (fire damage)Photographiclocumentatiomcludedvideotapeandcolor
slides.In addition,infraredvideowasusedto recordeachtestfor analysisandalsoto aid thefire
fighterswho extinguisheaheresidualfire following each30 min test.

Thermocouplesvere usedto measuregastemperaturegand “structural” steeltemperatures.
Two velocity probeswere usedto monitor the air flows, onein the instrumentedrent, the other
about3 m (10 ft) to the southand 3 m to the eastof the vent, 10 cm (4 in) below the ceiling.
Thevelocitiesweremeasuredvith bi-directionalprobesconnectedo pressurdransducersvith a
rangeof +133 Pa (1.0 mm Hg). A thermocouplerraywasplaced3 m (10 ft) to the southand
3 m to the eastof the instrumentedrent, aswell asat a point 6 m (20 ft) southand6 m eastof
the vent, above the ignition point for TestP-1. A third thermocouplerraywas placedin front
of the ventoutsideof the curtainedarea. Detailsaboutthe thermocouplearraysmay be foundin
Ref.[2]. A thermocouplevas placedneareachsprinklerto recordtemperaturesnd activation
times. Electronictiming circuits wereinstalledin the ventsto determinewheneachopened.In
addition,athermocouplandthreecalibratedorassdiskswereplacedin oneof theventcavitiesto
measurahe air temperatureandto simulatethe thermalresponsef thefusiblelink. Thesesame
diskswereinstalledduringthe secondseriesof heptanesprayburnertests.

Sprinklerwaterflow and pressurevere continuouslymonitored. Oxygen,carbonmonoxide
and carbondioxide concentrationsvere recordednearthe ignition point. Threeoptical sensors
consistingof a white light sourceseparatedrom a photocellby 1 m were positionedl m above
theadjustableceiling, 1.8 m (6 ft) below the ceilingand1.5m (5 ft) above thefloor atthelocation
indicatedin the planviews shavn below.
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5.2 Results

Five cartonedolasticcommoditytestswereconductedverthe courseof amonth(Octoberl997).
Theresultsof thefivetestsaresummarizedn Table3. In four of thetests theventswereequipped
with afusiblelink, ratedat 74°C (165°F). In onetest(TestP-5)theventsweremanuallyoperated.
Furtherdetailsof eachtestcanbefoundonthefollowing pages.

| Cartoned Plastic Commodity TestSeries |

TestNumber P-1 P-2 P-3 P-4 P-5
TestDate Sept.30 | Oct.2 | Oct.16 | Oct.21 Oct.28
Indoor Temperaturé°C/°F) 20/68 | 18/65| 19/67 17/63 18/64
OutdoorTemperaturé°C/°F) 14/57 | 11/52 | 10/50 10/50 8/46
Relatve Humidity (%) 51 51 48 30 43
CommodityMoistureContent(%) 9 9 8 6 8
Draft Curtains No No Yes Yes Yes
Fire Pos.rel. to vent 20E,20S | Under| 10N | 20E,20S| 20E,20S
No. VentOpenings 0 1 1 0 4 (manual)
VentOpeningTime DNO 6:04 4:11 DNO 1:14
First SprinklerActivation 1:16 1:40 1:07 1:33 1:14
LastSprinklerActivation 13:41 5:37 | 16:06 2:40 5:04
Activationsin the 1st6 min 4 23+ 8 5 7
Total SprinklersActivated 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 ventin the northwest corner of the curtained area. The vent that operated
in TestP-2wasnot the vent dir ectly above the ignition source. The plus sign appendedto a
valuein the “Activationsin the 1st6 min” or the “T otal Sprinklers Activated” rows indicates
that the areaof sprinkler activation spreadto the edgeof the adjustable height ceiling, thus
more activations might have occurred had the ceiling extendedfurther.
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5.2.1 TestP-1

Thefire wasignitedin atrans\erseflue, atthe pointwheretwo boxeson thesamepalletalut. The
two ignitorsweresituatedabout12 cm (5 in) off thefloor. The flamesreachedhetop of thethird
tier about54 s afterignition; thefourth tier about60 s. At thistime, theflamescouldjustbe seen
emeqging from the array on the southfaceandenteringthe longitudinalflue separatinghe rows
within thearray Thefirst sprinkleractivated76 s afterignition, knockingtheflamesbelov thetop
of thefourthtier. Theflamesre-emegedfrom thelongitudinalflue ataboutl:53,followedby the
secondsprinkleractivationat2:14ontheoppositesideof theignition flue. The58 s delaybetween
the first and secondsprinkleractivation allowed the fire to spreadmorerapidly towardsthe east
endof the array ultimately openingup moresprinklerson the easterrsideof the north-soutHine
of symmetry Although 20 sprinklersopenedby aboutl15 min, only 4 had openedafter 8 min.
Examiningthe thermocouplelataneareachunactvatedsprinklet it appearghatthe nearceiling
temperaturesutsideof thefirst ring of sprinklerssteadilygrew following thefirst few activations,
but eventuallydecreasetbllowing the 11 activationsthatoccurredoetweer8 and13 min.

By about10 min afterignition the smole layerthroughouthetestfacility wasat the heightof
thethird tier. Up to this pointin time, muchmoresmole wasobsenedin thenorthaisle,reducing
visibility to only afew meters.The southaisleremainedelatvely clearof smole duringthefirst
10 min.

Thefire damagewvaslimited to the bayssurroundinghe ignition point, both on the southand
north sideof the mainarray (Fig. 25). Most of the fire damagew~vasfoundin the bay eastof the
ignition flue ontiers 1 through3 dueto the asymmetricabprinkleractivation pattern. The fourth
tier wasprotectedrom fire damageby the sprinklerspray
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Figure 23: Plan view of Lar ge ScaleFir e TestFacility with the sprinkler activation timesfor
Plastic TestP-1. The circled“S” denotesthe location of the optical density metersor “smoke
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Figure 24: Temperature profilesfrom all 100near-sprinkler thermocouplesfr om Plastic Test
P-1. The arrangementof the plots mimics that of Fig. 23.
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View of Main Array from the South

View of Main Array from the North

Figure 25: Fire damagefrom Plastic TestP-1.
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5.2.2 TestP-2

TestP-2wasintendedio presentan extremesituationasfar asventingis concernedTheignition
pointwasputdirectlyunderavent. Theobjectve wasto seehow ventactivationsoonafterignition
could affect sprinklerresponseln the experiment,flamesreachedhetop of the centralarrayat
about65 sandtheventcavity atabout70s. Thefirst sprinkleractivatedat 100s, followed8 s later
by the sprinkleron the oppositeside of the vent. The ventabove the ignition point did not open
atary time duringthe 30 min test. However, thevent6 m (20 ft) to the westof theignition point
did openat 6:04. Unlike TestP-1,in TestP-2all 23 sprinkleractivationsoccurredwithin 6 min of
ignition.

By about10 min afterignition the smole layerthroughouthetestfacility wasat the heightof
thethird tier. Up to this pointin time, therewasno obsenrabledifferencen theamountof smole
in thenorthandsouthaisles.Thefire damagen TestP-2wassimilarto thatof TestP-1,with more
damageobsenedin thefourthtier (Fig. 28).
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Figure 27: Temperature profilesfrom all 100near-sprinkler thermocouplesfr om Plastic Test
P-2. The arrangement of the plots mimics that of Fig. 26.
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View of Main Array from the South

View of Main Array from the North

Figure 28: Fire damagefrom Plastic TestP-2.
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5.2.3 TestP-3

TestP-3 was designedo be similar to a test performedduring the high rack storagecartoned
plasticsseriesat Factory Mutual wherethe fire was ignited nearthe intersectionof two draft
curtains[21]. However, the testperformedat Factory Mutual involved slattedwood shelving,a
slightly differentrack configurationanddifferentsprinklerspacingandflow rate.

The first sprinkler activation occurredafter 67 s at the position closestto the curtaininter-
section,followed closelyby the secondat 72 s. The draft curtainschanneledhe smole andhot
gasesowardsthe eastandsouth,openingmoresprinklersin theserows thanwould be expectedf
the curtainswerenot there. The ventdid automaticallyactvateat 4:11, but by thattime the two
sprinklerson eachsideof it hadalreadyactivated.

Thedraftcurtainsdid delayby 3 to 4 min theactivationof thesprinklersto thenorthof thefirst
two thatactivated,andblockedthe waterfrom wettingthe northfaceof the centerarray Thefire
wasableto spreadbothto the northandto the westunderneattthe draft curtains,but activations
within theadjacentjuadrantsvereableto controlthespread.Thesprinkleractivationswentto the
northedgeof the adjustabléneightceiling.

By about10 min afterignition the smole layerthroughouthetestfacility wasatthe heightof
thethird tier. Up to this pointin time the northaisleremainedelatively clearof smole, the south
aislefilled with smole within thefirst 5 min. The fire damagerom this fire wasmoreextensve
thanthatof TestsP-1andP-2,goingbeyondthecentraltwo baysin tiers2, 3 and4 (Fig. 31).

46



North Wall

WM
------------ %%ﬁEﬂﬁﬁﬁﬁ_
o R 1@ @gﬁ%@}ﬁ}@s 492 7 o .«
. . Dﬁ@%@n Z%Dﬁl 1027 . o |ono| o i
C i

SouthWall

Figure 29: Plan view of Lar ge ScaleFir e TestFacility with the sprinkler activation timesfor
Plastic TestP-3.
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Figure 30: Temperature profilesfrom all 100near-sprinkler thermocouplesfrom Plastic Test
P-3. The arrangement of the plots mimics that of Fig. 29.



View of Main Array from the South

View of Main Array from the North

Figure 31: Fire damagefrom Plastic TestP-3.
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5.2.4 TestP-4

TestP-4wasintendedo beareplicateof TestP-1with theonly exceptionbeingthepresencef the
draft curtains.As in all thetestsprior to this one,theflamesemepgedfrom thetop tier afterabout
60s. Thefirst sprinkleropenedafter93 sfollowed1 slaterby thesecond This activationtimewas
aboutl0to 15slongerthanin previoustestsunderaflat ceiling, but it appearedo thoseobserving
the testthatthe quick successiomf activationscontainedhe fire to a volumeroughly two pallet
loadswide, three palletshigh, and one pallet deep. The temperaturest all of the unactvated
sprinklersdecreasedelatively quickly following theinitial activations. Therewasno build-up of
thefire following thefirst activationthatwasobsenedin TestP-1.

The smole layerdescendetb the heightof thethird tier afterabout15 min. Up to this point
in time the southaislewasmoreheavily smole loggedthanthe north. The fire damagdrom this
testwaslessextensve thanthatfrom thefirst threetests(Fig. 34).

50



North Wall

| (BB ] |

B sasasssssszss |

. . S @E@EE@HEE . .

- ©® |

E A = = 22 == I A
Southwall

Figure 32: Plan view of Lar ge ScaleFir e TestFacility with the sprinkler activation timesfor
Plastic TestP-4.
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Figure 33: Temperature profilesfrom all 100near-sprinkler thermocouplesfr om Plastic Test
P-4. The arrangementof the plots mimics that of Fig. 32.
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View of Main Array from the South

View of Main Array from the North

Figure 34: Fire damagefrom Plastic TestP-4.
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5.2.5 TestP-5

Giventhedifferencen sprinkleractvity betweenlestP-1(20 activations)andTestP-4 (5 actva-
tions),it wasdecidedo repeafTestP-4,only now theventswereto bemanuallyopenedollowing
the first sprinkleractivation. It hadbecomeclearby this time in the projectthat the ventswere
unlikely to openwhenthefire wasignitedmorethanabout4.6 m (15 ft) away.

Theresultsof TestP-5weresimilarto thoseof TestP-4. Again, thefirst two sprinklersopened
within 1 s of eachother but about20 s sooneithanthosein TestP-4. No changan testconditions
could explain why the sprinklersactivatedsooney thusit was attributedto the variability in the
initial rateof heatrelease.Sesen sprinklersopenedn all, comparedwith 5 in TestP-4. Thefire
damagewvasslightly lessextensvein thistestthanin TestP-4,possiblydueto theearliersprinkler
activation.

The smole layerdescendetb the heightof the third tier afterabout15 min. Up to this point
in time the northaislewasmoreheaiily smole loggedthanthe south. The fire damagdrom this
testwassimilar to thatof TestP-4.
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Figure 35: Plan view of Lar ge ScaleFir e TestFacility with the sprinkler activation timesfor
Plastic TestP-5. The ventsin the curtained areawere openedmanually following the first
sprinkler activation.
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Figure 36: Temperature profilesfrom all 100near-sprinkler thermocouplesfr om Plastic Test
P-5. The arrangement of the plots mimics that of Fig. 35.
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View of Main Array from the South

View of Main Array from the North

Figure 37: Firedamagefrom Plastic TestP-5.
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5.2.6 Obscuration

Threeoptical sensorsonsistingof a white light sourceseparatedrom a photocellby 1 m were
positionedl m above the adjustableceiling, 1.8 m (6 ft) below the ceilingand1.5m (5 ft) above
thefloor atthelocationindicatedin the planviews of eachtest. The smole eyeswerenot moved
from testto test, even thoughthe rackswere. Figure 38 presentghe datafrom all five tests.
Becausealuring every test, the exhaustfan above the plenumspacewasdraving smolke from the
testspaceat a constantrate of 28 m3/s (60,000ft3/min), the optical densitydata(averagedover
time to eliminatelocal smole logging effects)canbe usedasanindirectindicatorof therelative
sizeof thefire. TestsP-1,P-2andP-3werebiggerfiresthanTestsP-4andP-5asindicatedby the
increasedbscuratiorof thetestfacility andthe amountof commodityconsumedUnfortunately
what the optical densitydatadoesnot reveal is the effect of openingthe smole and heatvents
becausdhereis no way to separatelyaccountfor the smole flowing throughthe ventsandthe
smole flowing aroundthe adjustableceiling andup throughthe 3 m (10 ft) wide gapbetweerthe
ceilingandthewall of thefacility. In effect, all thetestswereventedat the perimeter
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Figure 38: Local optical density measuementsfor the Plastictests,averagedover a minute.
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6 Discussionof Experimental Results

As in studiesprecedinghis one,a seriesof large scaletestswasusedto gathernformationabout
the interactionof sprinklers,ventsand draft curtains. In this study engineeringanalysisusing
fire modelingtechniqueswill provide additionalinsightinto the behaior of thesesystems. To
emphasizéhecontrastprovided,it is instructve to pausenereanddiscussvhatcanbedetermined
from thelarge scaletestsalone.Later, additionalinformationfrom fire modelingwill helpbolster
the confidencen theseconclusionsandprovide additionalinsight.

Thusfartheresultsof 39full-scalefire experimentshave beenpresentedin this sectionthese
resultswill be discussedvith an emphasioon how roof ventsanddraft curtainsaffect the time,
numberandlocationof sprinkleractivations;andhow sprinklersanddraft curtainsaffectthetime,
numberanddischage ratesof roof vents. To facilitatethe discussiona summaryof the 39 large
scaleexperimentds presentedh Table4.

6.1 Effect of Ventsand Draft Curtains on Sprinkler Activation Times

For all threeseriesof tests whenthefire wasnotigniteddirectly underneatta vent,the activation
timesof the nearessprinklersto the fire werenot affectedby the openingof ventseitherprior to
or afterthefirst sprinkleractivation. Whenthe fire wasignited 3 m (10 ft) from the ventcenter
the only discernibleaffect of the vent openingon sprinkler activation was for thosesprinklers
immediatelydownstreamof the vent. For example, considerthe sprinkler activation times for
Testsl-4, I-5, 1-6 and|-7 (Fig. 6). Thetwo sprinklersto the westof the ventdid not activatein
Testsl-5 andI-6 whenthe ventwasmanuallyoperatecat 40 and90 s. However, in Testl-7 when
theventdid notopen,bothsprinklersactivated,andin Testl-4 whentheventwasheldclosed,one
of thetwo sprinklersactvated.Considethepeakgastemperaturesearthetwo sprinklersin Tests
I-4 and|-7 comparedwith thosein Testsl-5 andI-6 (Figs.88-91). Comparedo the unopened
teststhetemperaturesvere 25°C (45°F) lower whenthe ventwasopenedat 40 s, and5°C (9°F)
lower whenthe ventwasopenedat 90 s. Whenexaminingthe temperatureandactivationtimes
for Testsl-1, I-2, 1-3 andI-8 wherethe fire wasin the B position(3 m (10 ft) to the north of the
vent), the effect of openingthe ventis not asclearbecausehe shorterdimensionof the ventis
facingthefire.

In testswherethefire wasigniteddirectly beneatta vent,ventopeninggrior to the activation
of thenearessprinklershadan effect on the sprinkleractivationtimes. The earlierthe ventopen-
ing, the morenoticeablethe effect. For example,in Testsl-12, I-13, I-14 andI-15 wherethefire
waspositioneddirectly underthe ventandthe draft curtainswereinstalled,the averagesprinkler
activationtime of the nearestour sprinklerswas1:13whenthe ventwasheld closed(Testl-12),
1:29whentheventopenedautomaticallyat 1:04 (Testl-13), 1:58 whentheventwasopenednan-
ually at 0:40(Testl-14), and 1:08 whenthe ventwasopenedmanuallyat 1:30 (Testl-15). This
datasuggestshatthe earlierthe ventactiation, thelongerthe delayin activationof thefirst ring
of sprinklers.

Testl-16 wasperformedwith a differentfire growth curve, andcannotbe directly compared
with ary othertest. In thattest,thefirst sprinkleractvatedat the sametime thatthe ventopened
(1:46),followedby the next two sprinklersat 2:06and2:08. Oneof thefour sprinklersnearesthe
fire did notactivateatall. Thetemperatur@earthis sprinklerwas140°C (284 F) atthetime of the
ventopening,but it decreasedb about8(*C (176°F) over the next few minutes.A similar effect
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wasseenn Testl-20 (Fig. 8). Following a ventopeningat 1:20,oneof thefour sprinklersnearest
thefire did notopenuntil 3:16. Thefirst sprinkleractvationwasat 0:54.

During the secondseriesof heptanespray burner tests,two testswere performedwith the
burnerdirectly undera vent (Fig. 14). In Testll-7, wherethe ventwasheld closed,the average
activationtimesof thenearestwo sprinklerswas1:14andthenearessix 1:24.1n Testll-3, where
theventopenedautomaticallyat 1:15, the averageof the nearestwo sprinklerswas1:17 andthe
nearessix 1:32.

Draft curtainsalsohadaneffecton sprinkleractivationtimes. Giventwo sprinklersequidistant
from afire, theoneneareito a curtainshovedatendeng to actvatesooner For example,in tests
wherethefire wasplacedat PositionB in thefirst seriesof heptandests activationat sprinkler52
(1 m from eastcurtain,6 m from north curtain)occurredabout20 s on averagebeforeactivation
atsprinkler64 (10 m from eastcurtain,6 m from northcurtain). The PositionB experimentswith
curtains(Testsl-1, 1-2, -3, 1-8) alsoshaved activation at sprinkler90 in Testsl-2 andI-3. This
sprinklerwasover 7.6 m (25 ft) from the burner the farthestdistanceof any activationin thetest
series.Basedon anexaminationof thermocouplelata,activationat this sprinklerwasbelievedto
bedueto the channelingpf the smole andhot gasedy the northdraft curtain.

6.2 Effect of Ventsand Draft Curtains on Number of Sprinkler Activations

In generaldraft curtainsincreasedhe numberof sprinkleractivations.Inspectionof Table4 indi-
catesthatin Testsl-1 andl-8 therewere 11 activationswhenthedraft curtainswereinstalledand
theventwasclosed,andin Testl-17 therewere4 activationswhenthe curtainswerenotinstalled
andthe ventwasclosed. Testsl-4 andl-7 both had 10 activationswith the curtainsinstalledand
the vent closed, Testsl-18 and|-21 had 4 and 10 actvationswith the curtainsremoved. Tests
[-9 andI-10 had12 and13 activationswith curtainsinstalled, Testl-22 had6 activationswith the
curtainsremoved. This dataindicateghatin testsperformedwith draft curtainswherethefire was
notdirectly beneatha vent,therewereup to twice asmary sprinkleractivationscomparedo tests
performedwithoutdraft curtains.

The reasonfor the increasechumberof actvationsis that draft curtainsleadto an increase
of the nearceiling gastemperaturesConsidey for example,the peakgastemperaturesearthe
seconding sprinklersin Testl-1 (Fig. 85) comparedo thoseof Testl-17 (Fig. 101). Thetempera-
tureswerebetweer2(*C and30°C (36°F and54°F) lowerin Testl-17. Similar differencesanbe
seenwhencomparingemperatures Testsl-1 throughl-16 with thosein Testsl-17 throughl-22.
The differencebetweentemperatures the curtainedanduncurtainedestscanbe explainedby
consideringafire plumeimpingingon awell-developed,1.8 m (6 ft) deepsmole layerasopposed
to athinnerlayer In thelattercasetheplumecanentrainmorecoolair beforeit reachesheceiling
layer, andthereforethe smole is coolerby thetime it reachegheceiling. Plus,the deepersmole
layerformedby the draft curtainsinsulateghe sprinklersfrom coolerair below thelayer, leading
to moreactvations.

Whateffectdid theventshave onthenumberof activationsAVhenthefire wasigniteddirectly
underavent(PositionA), the numberof actvationswasreduced.ConsidefTestl-12 versusTests
[-13, 1-14, 1-15 andI-16. The numberof activationswasroughly halveddueto the openingof the
ventdirectly above thefire. Testsll-3 andlI-7 shov the numberof activationsreducedrom 18
to 12. However, whenthefire wasnotignited undera vent, therewaseithera small decreaser
no decreaseat all in the numberof sprinkleractivations. Testsl-1 andI-8 comparedwith Tests
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I-2 andI-3 shavednoreductionin the numberof actvationswhenthefire wasignited3 m (10 ft)
north of thevent. Testsl-4 andl-7 comparedo Testsl-5 andI-6 shavedareductionof 1 and2
sprinklersfrom 10. Testsll-11 andll-12 shoved no reductionat all. Testsl-9 andI-10, aswell
asTestsll-1, 1I-5, 1I-2 andll-6 shaved no reductioneither Thus,unlesstheignition took place
underor very neara vent,therewasno evidencein this datasetthatventingreducedhe number
of sprinkleractivations.

To seewhy ventshadlittle effect onthe numberof sprinkleractivations,considerthe average
peaktemperaturesn the curtainedareain Testsll-1, 11-2, 1I-5, 1I-6, 11-11 and1l-12. In Tests
lI-1 and1l-5 wherethe fire waslocatedat PositionD and no ventsoperatedthe averagepeak
temperaturesvere129.4C and130.0C, respectrely. In Testsll-2 andll-6 wherethe fireswere
at PositionD but all the ventswereopenedat the startof the tests,the averagepeaktemperatures
werel128.8C and127.5C, respectrely. Similarly, in Testll-11 wherethefire wasat PositionC
andthe ventdid not operate the averagepeaktemperaturavas 123.4C, whereasn Testll-12,
whereall theventswereopenedat the start,thetemperaturevas119.0C.

6.3 Effect of Ventsand Draft Curtains on Sprinkler Discharge Pattern

In the cartonedplasticcommodity Test P-3, the draft curtainto the north of the ignition point
delayedhe operationof sprinklersfurthernorthandblockedthe sprayof sprinklerson eitherside
of it. In this test, the fuel array extendedbeneaththe north andwest curtains. The fire spread
to the north side of the main array becaus¢he commoditytherewasunwetteddueto a delayin
sprinkleractivation on the north side of the curtainandblockageof the sprinklersprayfrom the
southside. Theresultsof TestP-3reinforcedevidenceprovidedby two similar® testsperformedby
FactoryMutual [21]. In the FMRC tests the fires spreadunderneatithe curtains,resultingin the
developmenif a moreseverefire, a greatemumberof sprinkleroperationsanatypicalsprinkler
openingpattern,distortedsprinkler dischage patternswhich affected prewetting of commodity
andmoresmole production.Althoughthefire damagendnumberof sprinkleractivationsin Test
P-3werenotasgreatasthatseenn thetestsperformecat FMRC, thefire damageavassubstantially
higherin thistestthanin ary othertestperformedn the seriesgventhoughthefirst two sprinkler
activationswererelatively early (67 and 72 s). This early activationwas mostlikely dueto the
closeproximity of thefire to theintersectiorof the draft curtains.However, theearlyjump onthe
fire did notleadto arapiddecreasen temperaturesr sprinkleractivationsaswasthecasean Tests
P-4 and P-5, the othertwo testsperformedwith draft curtainsinstalled. Instead the fire spread
to the unprotectechorth faceof the centralarray; and even thoughit was eventually controlled
by sprinklerson the northsideof theeast-westurtain,it ultimatelyconsumeapproximatelyl84
boxes,nearlytwice asmuchasTestsP-4andP-5. A ventdid automaticallyactvateat4:11, but
by thattime the two sprinklerson eachsideof it hadalreadyactivated.Basedon an examination
of the the sprinkleractivation patternandthe thermocouplalata,the openingof the venthadno
influenceon thetestresults.

9Thetestsperformecdat FMRCinvolvedslattedwoodshelving aslightly differentrackconfigurationanddifferent
sprinklerspacingandflow rate.
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6.4 Effect of Sprinklers onthe Number and Time of Vent Activations

Basedon the testdatacollectedin this study it is difficult to asses$iow, in general,sprinklers
affecttheactwvationof ventsbecausé€l) thereis little informationabouthow theventswould have
operatedn anunsprinkleredacility becaus@nly onetestwasperformedwithout sprinklers,and
(2) only oneventdesignwasusedin the testprogram. However, it appeardgrom the databelow
thatthe sprinklersprayinfluencedthe thermalresponseharacteristicef this particularvent,and
it is believedthatsprinklerscould have a similarinfluenceon similar ventdesigns.

In the one unsprinkleredestof the study (Testl-11), the ventopenedat 4:48. The heptane
sprayburnerwas8.6 m (28 ft) from the ventcenter Six othertestswere performedwith the fire
atthis distancedrom theventwhentheventwasequippedvith afusiblelink, andin noneof these
testsdid the vent open. In the unsprinkleredlestl-11, the temperaturanearthe ventwas about
170°C (338F), whereasn Testl-10, with thefire at the samelocation,the temperatureearthe
ventwasabout9(’C (194°F) afterthe sprinklershadactivatedaroundthe fire (Figs. 94 and95).
Examinatiorof thenearceilingtemperaturefom all thetestsindicateghatsprinklersof thistype
have a significantcooling effect, andthis will certainly have an effect on thermally-response,
independently-controlledents.

To betterunderstandhe thermalervironmentin thevicinity of thevent’s fusiblelink, ather
mocoupleand three calibratedbrassdisks were placednearthe link of the vent locatedat the
northwestcornerof the curtainedareaduringthe cartonedlasticandthe secondseriesof heptane
sprayburnertests(seeSection4.1 for a descriptionof theinstrumentation) Figures19-21shav
thetemperaturesecordedby the thermocoupleandthe brassdiskswithin the ventcavity during
theheptandests.In Testsll-3 andll-4, whentheventopenedautomaticallythetemperaturef the
“medium” and“slow” disksroseaboretheratedtemperaturef thelink (74°C, 165°F) ataboutthe
sametime thattheventopenedIn Testll-8, theventopenedaboutl0 s beforethe“medium” disk
temperatureeached@4°C, and30sbeforethe“slow” disktemperatureeached@4°C. In TestslI-9
andll-11, wherethe ventdid not open,the temperaturesecordedby the “medium” and“slow”
diskswerecomparabléo thoserecordedoy thedisksin TestslI-3, 11-4 andll-8.

In PlasticTestP-2,thefire wasigniteddirectly underavent. In theexperimentflamesreached
the top of the centralarray at about65 s andthe vent cavity at about70 s. The first sprinkler
activatedat 100s. Theventdid not openat ary time duringthe 30 min testeventhoughanother
vent6 m (20 ft) to the westof the unopenedrientopenedat 6:04. The temperaturdnistory of the
brassdiskswithin the cavity of the unopenedientis givenby Fig. 39. After thetest,the fusible
link was examined,andit was obsered that the solderholding the two strips of metaltogether
hadbegunto melt. This obserationhadbeenmadewhenexaminingthelinks afterseveral of the
heptanesprayburnertests,aswell.

This data,alongwith the plungetunnelmeasurementeportedn Section3.1.4,suggestshat
thefusiblelink reachedts activationtemperaturdeforeor at aboutthe sametime asthethefirst
sprinkleractvated,but thelink did not fuse. It is not clearwhetherthelink did not fusebecause
it wascooleddirectly by waterdravn upwardsinto theventcavity, or whetherthe sprinklerspray
simply cooledtherising smoke plumeenoughto preventthelink from fusing. In ary event, this
phenomenoneseresfurtherstudy
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Figure 39: Temperaturesinside the instrumented vent cavity during Plastic TestP-2. The
curve on the left displaysthe temperature of the thermocouple near the fusible link. The
curve on theright 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 Discharge Rate of Vents

The cooling of the nearceiling gasesdue to the operationof sprinklerswill affect the rate of
dischage througha vent. To measurethe flow of gasesthrougha vent, a velocity probeand
thermocouplesverepositionedn theventnearesthefire locationin the secondseriesof heptane
burnertestsandthecartonecplasticcommoditytests.Unfortunatelythevelocity datawasdeemed
unreliable thustherewasno meando directly measureghe dischage rate. The numericalmodel
to bedescribedn thenext sectionwill beusedto examinetheeffectof sprinklersonthedischage
rateof vents.

An indirecteffect of sprinklersonventperformances thatsprinklerspraysentrainsmole and
hotgases¢oolthem,andtransporthemtowardsthefloor. No measurementseremadeduringthe
teststo quantify this phenomenonbhut visual obsenationsweremadeto determinewvhatareasof
thetestspacdilled with smole duringthefirst 5 or 10 minutesof the cartonedlasticcommodity
tests.In TestP-1,earlierandmorefrequentsprinkleractivationoccurredo thenorthof theignition
point,leadingto heavier obsenedsmole loggingin thenorthaisle.In TestP-2it waslessobvious
which aislewasmorehearily smole logged.In TestP-3,the southaislewasmoresmole logged
becaussprinklersto thenorthof theignition pointweredelayedoy thedraftcurtains.Thecurtains
alsoblockedthesmole from thenorthaisle,atleastinitially. In TestP-4,the southaislewasmore
hearily smolelogged;in TestP-5,thenorthaisle. Thesprinkleractivationpatternin TestsP-4and
P-5wasconsistentvith theseobsenations.
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7 Numerical Modeling

The numericalmodelusedto simulatethe physicalexperimentss basedon techniguesommon
to the computationafluid dynamics(CFD) community Oftenthesetypesof modelsarereferred
to as“field models”by thefire researclitommunity to distinguishthemfrom “zonemodels”. The
basicideabehindmostCFD modelsis to divide the spaceof interestinto small controlvolumes
or computationatells,andin eachcell computethe density velocity, temperaturepressureand
speciexoncentratiorbasedon conserationlaws of massmomentumandenegy. The accurag
of theresultsoften dependsn the numberof cells usedto discretizethe volumeof interest. The
techniquebeing appliedin this projectis referredto aslarge eddy simulation(LES). The idea
behindthisapproachs to divide thetestspacento asmary cellsaspossiblg(in thiscasehundreds
of thousanddo over a million) to resole as much of the corvective motion of the gased(air,
smolke) aspossible.In this way, muchof the mixing of the hot gasedrom the fire with the cool
surroundingair can be captureddirectly, reducingthe dependencen empirical entrainmentor
turbulenceparameterthatareoften subjectto muchdebateanduncertainty

7.1 Model Description

Theheartof thenumericalmodelis analgorithmthatsolvesthe setof partialdifferentialequations
describingthe transportof smolke andhot gasedrom the fire andits subsequentixing with the
surroundingair. This is often referredto asthe hydrodynamicmodel. The driving forces, like
the fire andthe sprinklerspray arerepresentethy sourcetermsin the governingequations.The
physicalboundariesndtheir propertieprovide the boundaryconditionsfor the equationsin the
sectiondo follow, the majorequationsandthe assumptionbehindthemareput forward.

7.1.1 Hydrodynamics

Considera thermally expandabledeal gasdriven by a prescribecheatsource. The equationsof
motiongoverningthe fluid flow arewritten in a form suitablefor low Mach numberapplications
[30]. Sometimesthis form of the equationss referredto as“weakly compressible”.The most
importantfeatureof theseequationgs thatin the enegy conseration equationandthe equation
of statethe spatiallyandtemporallyvarying pressuras replacedoy an averagepressurep, that
dependnly ontime. Thisis doneto filter out acousticwaves. The efficiency of the numerical
solutionof the equationss dramaticallyincreasedy this approximation.

In the equationsto follow, all symbolshave their usualfluid dynamicalmeaning: p is the
density u thevelocity vector w = V x u thevorticity, p the pressureg thegravity vector c, the
constant-pressurgpecificheat,T” the temperaturek the thermalconductvity, ¢ thetime, ¢ the
prescribedsolumetricheatreleaseaate, R the gasconstaniqualto the differenceof the specific
heatsk = ¢, — ¢,, F theexternalforceterm(in this casethe sprinklerspray),andeo the standard
stresgensorfor compressibldéuids.

Conserationof Mass

Op

Cou = 1
5 V=0 (1)

66



Conserationof Momentum

p(%—?—i—(u-V)u)—i-Vp—pg:f—i-V-a’ (2)
Conserationof Enegy
pcp<%—f+u-VT>—%=cj'"+V-kVT (3)
Equationof State
po(t) = pRT (4)

Thedivergenceof theflow V - u is averyimportantquantityin theanalysigo follow, andit is
readilyfoundby combiningEgs.(1) and(3), usingthe equationof state(4)

1d -1
poVout+ -2 =T 4V kVT) (5)

v dt Y

wherey = ¢,/c,. IntegratingEq. (5) over the entiredomains2 yields a consisteng conditionfor
the backgroundressure, (t)

Vv dpo

. ___7_—1< : : )
po/mu R /quV-i—/mkVT ds (6)

whereV is thevolumeof the enclosure The backgroungressureanbe expressedn termsof a
backgroundemperaturdy(t) anddensitypy(t)

Po = RpoTp (7)

Thesespatiallyaveragedjuantitiegplay thesamerole thatambientconditionsdoin theBoussinesq
approximationPerturbationso eacharerepresentedly therelations

T=Tt)(1+T) ; p=pt)(1+p) 8)
Theperturbatiorvaluesarethussimply related
1+T)(1+p) =1 )
DefiningT, andp, throughthe adiabatigprocess
P (&)1/7 (10)
Poo Po

allows the enegy equationto be expressedn termsof the perturbationtemperaturé’ andthe
divergence

%—Z-i—u-VT:(l-I—T) [V-u-i—i@

(11)
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Thebackgroungressures foundfrom Eq. (6).
Walls and othersolid surfacesthat form the boundaryof the flow domainare heatedby the
surroundinggasesHeatis conductednto the solid accordingo theequation
aT, 0, 0T
Ps Cs ot a—nksa—n (12)
wherep, is the densityof the solid, ¢, the specificheat,T, thetemperaturek, the conductvity,
andn the normaldirectioncoordinate. Heatis transferredo solidsby cornvectionandthermal
radiation.More detailontheseprocessess includedbelow.
The pressurds composedf threecomponentsthe backgroundy, (¢), the hydrostaticanda
perturbatiorto the hydrostaticp

p(x,t) = po(t) = po(t)gz + p(x, 1) (13)

wherex is the positionvector(z, y, z) andz is theverticalcoordinate Subtractingoff the hydro-
staticpressurgradientfrom the momentunmequation(2), andthendividing by thedensityyields

ou

1 1 — 1
_+§V\u\2—uxw+;Vﬁ—p Po

g=-V-o (14)
p

ot

Notethe useof thevectoridentity: (u - V)u = |u|?/2 — u x w. To simplify this equatiorfurther,
thedensityin thepressurgermis assume@mbientandthentheterm|ul|? /2 is combinedwith the
perturbatiorpressure/ p, andwritten asatotal pressure?{. Thisapproximatiorassumeshatthe
buoyangy generatedorticity dominateshebarocliniccontributioncausedy thenon-alignmenof
perturbatiorpressureanddensitygradients.This is not a goodapproximatiorat the small scales
wherethe actualcomhustion heatreleasetakes place. However, at the resohable scalesthis is
nothingmorethantheassumptiorthatthesearebuoyang/ dominatedlows.

There are numerousways of handlingthe viscoustermsin the momentumequation— the
simplestis to simply prescribea constantviscouscoeficient in caseswvherethe grid resolution
is fine enoughto capturethe mixing processest all relevant scales. More often oneis forced
dueto lack of adequatayrid resolutionto usea sub-gridscalemodel. For the problemof smole
movementin a warehousethe latter conditionapplies. The treatmentof sub-gridscalemixing
follows very closelythe analysisof Smagorinsk [31]. Thestresgensore in Eq.(14)is replaced
by the Reynoldsstresdensorr whosecomponentsrewrittenin theform

8u,~ 4 8uj
8$j aIZ

Tz'j = 2P(Cs A)2 ‘S| Sz'j 3 Sij = % < (15)
whereC; is takenas0.21,A = (§z 6y 6z)3, 6z, 5y anddz arethegrid cell dimensionsand|S| =

25i;5:;. Therehave beennumerousefinement®f theoriginal Smagorinsi model[32, 33, 34],
but it is difficult to assesshe improvementsofferedby thesenewer schemedor the problemof
smole movement.Therearetwo reasondor this. First, the structureof thefire plumeis sodomi-
natedby thelarge scale resohableeddieshatevena constaneddyviscositygivesresultsalmost
identicalwith thoseobtainedwith the Smagorinsik schemd4]. Secondthe lack of precisionin
mostlarge scalefire datamakesit difficult to sortout the subtletiesassociateavith thesemodels.
For thetime being,theSmagorinsit modelwith thegivenC; producesatishictoryresultsfor most
large scaleapplicationsvhereboundarylayersarenotimportantor arenotresohable.
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To obtainthe pressurgerturbationyve take the divergenceof themomentumequation

0
B FLVH=0 (16)
ot

whereall the corvective anddiffusive termshave beenincorporatedn thetermF. Theresulting

equatiorfor thetotal pressureH is anelliptic partialdifferentialequation

o(V -u)
ot
The linear algebraicsystemarising from the discretizationof Eq. (17) hasconstantcoeficients

andcanbesolvedto machineaccurag by afast,direct(i.e. non-iteratve) methodthatutilizesfast
Fouriertransforms No-flux boundaryconditionsarespecifiedoy assertinghat

VH = — ~V-F (17)

oH

on
at solid walls, where F;, is the normalcomponenf F at the wall. This equationassertghat
the normal componentof velocity at the wall doesnot changewith time, and indeedremains
zeroassuminghe flow velocity is initially zero. At openexternalboundariest is assumedhat
the perturbationpressurds zero, a reasonablessumptioraslong asthe fire is well within the
numericaldomain.

Direct Poissorsolversaremostefficient if the domainis arectangularegion, althoughother
geometriesuchascylindersandsphereganbehandledalmostaseasily For thesesolvers,theno-
flux condition(18)is simpleto prescribetexternalboundariesHowever, mary practicalproblems
involve more complicatedgeometries.For building fires, doorsandwindows within multi-room
enclosuresrevery importantfeaturesof the simulations. Theseelementsnay be includedin the
overalldomainasmasledgrid cells,but the no-flux condition(18) cannotbedirectly prescribedat
theboundarie®f theseblocked cellsdueto consisteng issues.However, it is possibleto exploit
therelatively smallchangesn the pressurdrom onetime stepto the next to enforcethe no-flux
condition. At the startof a time step,the componentsf the cornvection/difusionterm F are
computedat all cell faceshatdo not correspondo walls. Then,atthosecell faceshatdo, set

on
whereF,, is the normalcomponenof F at thewall, and 3 is a relaxationfactorempirically de-
terminedto be about0.8 divided by the time step. The asteriskindicatesthe mostrecentvalue of
the pressure.Obviously, the pressureat this particulartime stepis not known until the Poisson
equationis solved. Equation(19) assertshatfollowing the solutionof the Poissorequatiorfor the
pressurethenormalcomponenof velocity u,, will bedrivencloserto zeroaccordingo

ou, N
ot
Thisis approximatéecausehetrue valueof the velocity time derivative depend®n the solution

of the pressureequationput sincethe mostrecentestimateof pressures used the approximation
is very good. Also, eventhoughthereare small errorsin normalvelocity at solid surfaces,the

— B (20)
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divergenceof eachblocked cell remainsexactly zerofor the durationof the calculation,andthe
consisteng condition(6) ensureglobal massconseration. In otherwords,the total flux into a
givenobstacldas alwaysidenticallyzero,andthe errorin normalvelocity is usuallyat least3 or 4
ordersof magnitudesmallerthanthe characteristi¢low velocity. Whenimplementedaspartof a
predictorcorrectorupdatingschemethe no-flux conditionat solid surfacess well maintained.

7.1.2 TheFire

Thefire is representedby a large numberof Lagrangianelementgparticlesthat move with the
flow) thatreleaseneatasthey aretransportedy the thermally-inducednotion. Sincethe fluid

motiondeterminesvheretheheatis actuallyreleasedandthe heatreleasadetermineshe motion,
the large scalefeaturesof the coupling betweenthe fire and the smole transportare retained.
The heatreleaserate per unit massof burning fuel is determinedrom experiment. The spread
of the fire throughthe fuel arrayis predictedby the calculation. Smole is simulatedby tracking
the corvectedelementsafter the fuel burnoutis completed. A specifiedpercentagef the fuel

consumeds assumedo be corvertedto smole particulate. Thus, a knowledgeof the spatial
distribution of the Lagrangianelementds equialentto a specificationof the smole particulate
densityat ary instantof time. This “thermal element’model,which representshe comhustion
heatreleaseasa large numberof point sourcescorvectedby the resohableflow field, is in facta

simplecomhustionmodelin its own right. It is consistentvith moredetailedcomhustiontheories
currentlyin use,andit permitsthe useof experimentaldatafrom fire experimentsn a way that
doesnotviolatethe consequenced thosetheories.A moredetaileddiscussiorof this modelcan
befoundin Ref.[35].

The volumetric heatreleaserate term in the enegy conseration equation(3) is essentially
the sumof the heatreleasedrom the thermalelementghatrepresenthe fire. Thermalelements
originateat solid (burning) surfaces. In the caseof boxed polystyrenecups,the cardboardoox
heatsup dueto both corvective andradiatve heattransferfrom the surroundinggas. Whenthe
surfaceheatauptoits measuredgnition temperatureghermalelementsreejectedrom thesurface
andburnedat a prescribedate (aninput heatreleaseate per unit area). The surfaceis assumed
to bethermally-thin. This assumptions technicallynot correct,but a moredetailedtreatmenif
the heattransferpropertiesof cardboardvould complicatean alreadycomplicatedsituation. As
with all the assumptiongnadein the model, future refinementswill be madeif warranted.The
assumedhermally-thincardboarcheatsup accordingto its givendensityp,, specificheatc, and
characteristithicknessy . e

s _ Qe+ —Ge (21)
dt PsCs0

wheregd!, ¢/ and g representeatfluxesdueto corvection, radiatve absorption,andradiatve
emission.Theindividualvaluesof theparameterg;, ¢, andé arenotrelevanthere;ratherit is their
productthatis determinedexperimentally andthis productis referredto asthe lumpedthermal
capacitancef thefuel. For averticalcardboardampleof the cartonedlasticcommodityusedin
thetests,p,c,6 wasdeterminedrom theLIFT (Laterallgnition andFlamespreadTest)apparatus
at NIST to be 1.5+0.4 kJ/n?-K [36]. Note thatthe dataanalysiswasbasedon a thermally-thin
assumptionfollowing the methodoutlinedby Ohlemiller [37]. Theignition temperatureof the

samplewasdeterminedo be (370°C, 700°F).
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Thecorvective heatflux to thesurfaceg! is estimatedrom a correlationof theform
{' = CAT: AT Wim® (22)

whereAT is thedifferencebetweerthe wall andgastemperatureandC is anempiricalconstant
of valuel.43for ahorizontalsuriaceand0.95for a verticalsurface[38].

Theradiatve heatflux to thesurface g/, is calculatecbasedntheassumptionhataprescribed
fractionof the heatreleasedrom a thermalelements radiatedaway, andthis enegy is absorbed
by the surroundingsurfaceswithout attenuatiorby the surroundinggas. Usually, the fraction of
enegy radiatedaway from the fire is obtainedby comparingthe total heatreleaserate with the
convective heatreleaseaate.For agivenpointx, onawall or surface theradiatve flux is givenas

@ =3 cos(d)— b (23)

= A |x; — X2

wherex; is the positionof theith thermalelement,y, is thefractionof the heatreleaseateof the
ith element,g;, corvertedinto radiatve enepgy, and ¢; is the angleformedby the normalto the
surfaceandthe vectorx, — x,. Sincethereare hundredof thousand®f thermalelementdan a
typical calculation the abore summations madeover a samplingof theelements.

As thecardboardeatsup, enepy is lostto radiationaccordingo

ge = oe (I — Ty,) (24)

whereo is the Stefan-Boltzmanrconstanty = 5.67 x 108 W/m?/K#, ande is the emissvity of
thesurface.In this casethe emissvity wasassumedo be0.8.

Oncethe cardboardreachests ignition temperaturelagrangianparticlesrepresentingpy-
rolyzedfuel areejectecatarateof n” particlegperunittime perunitarea@boutl,000particles/m-s)
with asmallnormalvelocity (=0.20m/s)into theflow domain.The heatreleaseatefor thefire at
agiventimet is thenexpressedy summingover all of thethermalelementsn theflow field

q'll 1

i(t)=3-7- (t=t<7) (25)
wheretheq” is aprescribedateof heatreleasgerunit area,r is acharacteristielementburn-out
time,andt, is thetimethatagivenparticleleavesasolid surface.Theheatreleaseateperunitarea
¢" is determinedrom smallscaleconecalorimetemeasuremen{89]. Figure40displaystheheat
releaseaate per unit areafor a small samplecompartmentonsistingof a single polystyrenecup
surroundedy cardboard40]. The burn-outtime is obtainedfrom the plumecorrelationof Baum
andMcCaffrey [41]. In theflameregion, the verticalcenterlinevelocityis givenasw = 2.18, /gz
for 0 < z < 1.32D*, whereD* = (Q/cpposTror/9)¥? is the characteristidiameterof a fire

whosetotal heatreleaseaateis Q. Theburn-outtimeis thetime it takesathermalelemento reach

thetop of theflameregion
1.32 D* d 2 1.32 D*
| L & (26)
0 2.18.,/9z  2.18 g

andis usuallyafew tenthsof a second.
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Figure 40: Heat releaserate per unit areaof the FMRC Standard Plastic test commodity
obtained from a cone calorimeter measuement. The conewasin a vertical configuration,
and the peak radiati ve flux on the object was 75 kW/m?2.

Oxygentransportand consumptionis includedin the calculation,and the burn-outtime of
ary thermalelemenwill vary basedntheconcentratiorof oxygenin thegassurroundingt. It is
assumedhatl kg of oxygenis consumedor every 13,100kJ of enegy releasedWhentheoxygen
massfraction Yy, falls to a certainprescribedower limit (about12%),comlustionis assumedo
stop, and the unturnedfuel associatedvith the thermalelementsemainsunburneduntil more
oxygencanbefound.

Another useful input parameterassociatedvith the given solid fuel is the total amountof
potentialenegy containedwithin a unit volume of the unburnedfuel. The computationakell
representinga pieceof the fuel will disappeaoncethe enegy containedwithin that volumeis
consumed. This parameteiis referredto asthe Enegy Per Unit Volume, and is expressedn
units of kJ/m?. If prescribedthis parametepermitsfire spreadthroughthe solid fuel, asin the
comhustionof aboxed commodityor acrib.

7.1.3 Sprinkler Activation

Thetemperaturef the sensingelemeniof anautomaticsprinkleris estimatedrom thedifferential
equationpresentedby HeslestadandBill [42, 43]

W, 1) - - T @7

whereT; is the link temperature], is the gastemperaturen the neighborhoodf the link, 7,
is the temperatureof the sprinklermount,andu is the gasvelocity. The thermalsensitvity of
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the detectoris indicatedby the value of RTI*C. The heatlost to the mountdueto conductionis
characterizedy the “C-factor”, C. A heatedwind tunnel(plungetest)is usedto determineboth
of theseparameterdy creatingan environmentin which the air velocity andtemperatureplus
themounttemperatureareheld at constanwalues.The C-factoris measuredirst. Therearetwo
methodsof performingthe tests[44], both of which aredesignedo pinpointcombinationof air
temperatur@andvelocity at which anenegy balancds establishedor the heatgainedandlost by
thesensingelement.For thesecombinationf air temperatur@andvelocity, theright handsideof
Eq.(27)is zero,andconsequently

le act — Tm

- (L —Tn _ 1) Vi (28)

Following the determinatiorof the C-factor the RTI is determinedrom the solutionof Eq. (27)
(assuminghevaluesof T, T,,,, andu areconstant)

T,— T, —(1+4C//u)u
T,(t) =T, S - 2
) =Tnt 7 0 l P ( RTI t (29)
Theformulafor theRTI is givenby
—taet (1 + C/y/u) Vu
RTI = (30)
]n (1 _ (ﬂ,act_T;nj;in+C/\/a))

whereT .. is themeanliquid bathoperatingemperaturef thesprinkler andt,; is theactivation
time following theintroductionof the sprinklerinto the heatedvind tunnel.

7.1.4 Sprinkler Droplet SizeDistrib ution

Onceasprinklerhasactivated thesizestemperatureandtrajectorief arepresentate sampleof
thewaterdropletsarecomputedTheinitial conditionsarededucedrom measurementf droplet
sizesanddensitypatternsof spraysnot subjectedo a fire plume. Notethattrackingevery droplet
is prohibitively expensve, andunnecessaryl he samplingof dropletshasbeenreferredto asthe
“superdrop’concep{45]. It is directlyanalogouso thethermalelementconcepdiscusse@bove,
andindeedtrackingwaterdropletsdoesnotintroduceany new machineryinto thenumericalcode.
In the calculationghatwill be discussedbelow, typically five to tenthousandiropletsfrom each
active sprinklerinteractwith the gasat ary giventime. This numberof dropletsensureghata
sufficientdistribution of thewateris obtained.

In orderto computethe droplettrajectoriestheinitial sizeandvelocity of eachdropletmust
beprescribedThisis donein termsof randomdistributions. Theinitial dropletsizedistribution of
thesprinklersprayis expressedn termsof its Cumulatve VolumeFraction(CVF), afunctionthat
relatesthe fraction of the watervolumetransportedy dropletslessthana givendiameter Typi-
cally, this functionis representedery well by a combinationof log-normaland Rosin-Rammler

100ftenthe thermalresponsef a sprinkleris characterizedy a single parameteralsocalledthe Responsdime
Index or RTI. This parametetumpstogetherthe RTI asusedin Eq. 27 andthe C-factor Whenreportingan RT], it
shouldbe madeclearwhatform of the governingequationis beingsolved. In this report,whenonly anRTI valueis
usedto characterizéhethermalrespons®f anobject,it is referredto ana“bulk” RTI.
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distributions[46]

L[4 _DnG/dm)?
F(d) = Ty 7 H A (@< dn (31)
1 — ¢ 0693(z%)" (dy < d)

whered,, is the mediandropletdiameter(i.e. half the massis carriedby dropletsd,,, or smaller
in diameter),and~y ando areempiricalconstantequalto about2.4 and0.58, respectrely. The
mediandiametervariesfrom sprinklerto sprinkler andit alsovarieswith the pressureapplied. It
appearshat~ is lesssensitve to changesn sprinklerdesignandoperatingconditions.

In the numericalalgorithm,the size of the sprinklerdropletsare chosernto mimic the Rosin-
Rammler/log-normadlistribution. A ProbabilityDensityFunction(PDF)for thedropletdiameter

is defined Fa) 16)
d) = / do 32
ra="0 75 2)
Notethat F'(d) denoteghefirst derivative of thefunction F'(d). Dropletdiametersarerandomly
selectedy equatinghe Cumulatve NumberFractionof the dropletdistribution with a uniformly
distributedrandomvariableU

U= [ 56)ds (33)

Figure 41 displaystypical Cumulatve Volume Fractionand Cumulatve NumberFractionfunc-
tions. Of course,every dropletfrom a given sprinkleris not tracked. Instead,a sampledsetof
thedropletsis tracked. Typically, 1,000particlespersprinklerpersecondarereleased.Thetotal
numberof dropletsrepresentetby eachcomputeddropletis givenby ., /(nmg), whererm,, is
the massflow rateof waterfrom a singlesprinkler »n is the numberof dropletstracked per sprin-
kler per secondandmy is the averagemassof a droplet. The averagemassof a dropletcanbe
expressedn termsof thePDF

00 3
mi=3mon [ 10) (3) @ (34

wherep,, is thedensityof water

7.1.5 Sprinkler Spray Dynamics

Theinfluenceof thewatersprayis introducednto thegoverningequationf fluid motionthrough
theforcetermF in Eq.(2). Thistermrepresentthemomentuniransferredrom thewaterdroplets
to thegas,andit is computedoy summingtheforce from eachdropletin a controlvolume

F = %Epchd(ud‘; ug)|ud B ug‘ (35)

wherec, is a drag coeficient, A, is an effective crosssectionalareaof the particle, u, is the
velocity of the surroundinggas,u, is the velocity of the droplet,andV,, is the volume of the
controlvolume. Thetrajectoryof anindividual dropletis governedby the equation

d

1
g(mdud) =mag — 5pCaAa (uy — ug)|uy — ug| (36)
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Figure 41: Cumulative Volume Fraction and Cumulative Number Fraction functions of the
droplet sizedistrib ution from a typical industrial fire sprinkler. The median diameter d,, is
1 mm, o = 0.58 andy = 2.43.

wherem, is the massof thedroplet. Theinitial dropletvelocity anddirectionareestimatedrom
measurementsf the waterflux nearthe floor througha trial anderror sequencef calculations.
Typically, theinitial directionis choserrandomlyfrom arangeof anglesrom theverticalthrough
whichthedropletexits the sprinklerdeflector

Thesprinklerspraydroplettemperaturd; andradiusr; aregovernedby thefollowing equa-
tions

% — Cw3r}:dpd (Tg — Td) T, < T, (37)
dt 0 Td — T'u

dat 38
di { (T, =Ty) Ty=T, (38)

wherec,, is thespecificheatof water p, is thedensityof thedroplet, T is thegastemperatureT,
is thevaporizationtemperaturef water(100°C), A, is the heatof vaporizationof water A, is the
heattransfercoeficientbetweerair andthewaterdroplet,givenby

NU,
hy = -

27”d
Nu is the Nusseltnumbergivenby

Nu=2+0.6 Re: Prs
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The Reynoldsnumberis basedon the velocity of thedroplet,its diameterandthe viscosityof air
atambientemperatureThe Prandtinumberis about0.7,andk, is thethermalconductvity of air.
Thechangean gastemperaturelueto the presencef thewaterdropletsis givenby

L _ 5 (o) (iw) a1, ,) (39)

Mg Cp ) CuwTdpPd

wherem,, andm, denotehemassof 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 fixed velocity until it reacheghe edge,at which pointit dropsstraightdown ata
constantspeed. This terminal velocity was determinedoy injecting a coloreddye into a stream
of waterthat cascadedlown the side of a carton. It wasroughly 0.55m/s. Both the heatingof

unkurnedsurfacesandthe heatreleaseratesfrom burning surfacesare affectedby the droplets.
The heattransfercoeficient betweenthe surface and the waterfilm is calculatedbasedon an

empiricalcorrelationfor forcedflow pastaflat plate[47]

b L

= 0.664 Rez Prs = 450 for waterflowing at0.55m/s (40)

Nu

Thecharacteristidength L is assumedo bethe sizeof the fuel package For computationaton-
veniencethewatercontinuedo betrackedin theform of droplets put the heattransfercoeficient
betweerthewaterdropletsandtheir surroundingss writtenin termsof anequivalentheattransfer
coeficientbetweerthethin film of waterandthe surface.By doingthis, the samethermodynamic
formulaemay be appliedto the dropletwhetherit is airborneor not. Thisis a numericalcorve-
niencebecausehe transportof wateris mucheasierto describein termsof Lagrangiandroplets
ratherthansheetf liquid. If thewaterformedathin sheetjts temperaturd’,, would begoverned

by

dT,  hp, (T, —T,)

41
dt Coy MU (41)
Ontheotherhand,asadropletthewatertemperaturd, would be governedby
dTy 3 hqg
—=—(T,-T, 42

EquatingdT,,/dt with dT,/dt andtakingT, = T, aneffective heattransfercoeficientis derived

_ hi7d pa

"
my,

ha (43)

Here,r, is anarbitrarily choserdropletradius,andm, is the massof waterperunit area.
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7.1.7 Extinguishment

Extinguishmenof thefire is the singlemostdifficult componenbdf the numericalmodel. To date,
mostof the work in this areahasbeenperformedat FactoryMutual. An importantpaperon the
subjectis by Yu etal. [48]. Theiranalysisyieldsanexpressiorfor thetotal heatreleasaatefrom
arackstoragdire aftersprinkleractivation

Q = Qe Fit) (44)

whereQ, is the total heatreleaserate at the time of applicationt,, and & is a fuel-dependent
constanthatfor the FMRC StandardPlastictestcommaodityis givenas

k=0.176m. —0.0131 s (45)

Thequantitym! is theflow rateof waterimpingingontheboxtops,dividedby theareaof exposed
surface(top andsides).It is expressedn unitsof kg/m?/s.

Unfortunately this analysisis basedon globalwaterfluxesandburning rates. The numerical
model requiresmore detail aboutthe burning rate as a function of the local water flux. Until
bettermodelscanbe developed,the presentextinguishmenimodel consistsof an empiricalrule
thatdecreasethelocal heatreleasgateasmorewateris applied

m! 2
r=(1- (2] ) & (46)
wo

Thecritical waterdensitym,,,  is estimatedrom smallscalecalorimeterburnsof the commaodity

7.1.8 Numerical Methodology

In summarythe equationghatare solved numericallyarethe enegy equation(11), the momen-
tum equation(14), anda Poissornequationfor the total pressurg17). The backgroundoressure,
temperatur@anddensityarefoundfrom Eqgs.(6), (7) and(10). Eachof theconserationequations
emphasizehe importanceof the divergenceandvorticity fields, aswell asthe closerelationship
betweenthe thermally expandabldluid equationd30] andthe Boussinesagquationsgor which
theauthorshave developedhighly efficient solutionprocedure$49, 3]. Theseareapplieddirectly
to the equationgresentederewith minor modificationsandno lossin performance.The only
changedrom earliermethodologyarea returnto a uniform rectangulagrid with blocksof cells
maslkedto simulateinternalboundariesandthe useof a secondrderRunge-Kittaschemeo ad-
vancethevelocity andtemperaturdieldsin time. Thespeedandaccurayg of thistechniqueenable
calculationson currentgenerationvorkstationsthat involve over a million computationakells,
yielding the spatialrangeof two ordersof magnitudefor athree-dimensionaialculation.

Table 5 providesa summaryof the input parametersequiredto performthe simulationsof
the experiments.As an example,Figs. 42 and43 shav a photograplof PlasticTestP-5andthe
correspondingiumericalsimulation. The geometryof the simulationconsistsof the individual
palletloadsof the cartonedplasticcommodity the ventsanddraft curtains. The woodenpallets
areaccountedor by modifying the burning characteristicef the bottomof the simulatedboxes.
Thesupportingracksarenotincludedin the calculation.
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| Input Parametersfor an Industrial Fire Simulation |

| Catggory || Parameter | Value |
Building Facility UL LargeScaleFire TestFacility
Region of Simulation Below adjustableceiling+ 1 m above
SimulationDimensions 30.5m x 30.5m x 8.2m (100ft x 100ft x 27 ft)
Numerical || Grid Dimensions 144 x 144 x 40
Cell Size 0.21m x 0.21m x 0.21m(8in x 8in x 8in)
LateralBoundaryConditions AmbientPressure
Ceiling BoundaryConditions ThermallyThick
Floor BoundaryConditions Adiabatic
Ceiling ProductName ArmstrongCeramaguar@tem 602B)
SpecificHeat,c; (EQ.12) 753J/kgK
Conductvity, ks (Eg.12) 0.0611W/m-K
Density p, (Eq.12) 313kg/m®
Fuel Type Racledcartonedlasticcommodity
Boxes+ Pallet Dimensions 1.lmx 1.1mx 1.2m(42in x 42in x 47in)
Ignition Temperature 37¢°C

LumpedThermalCapacitanceg,c,d (Eq.21) | 1.5kJ/(n?-K)
HeatReleasdRatePerUnit Area,¢” (Eq.25) | 500kW/m?

Enegy ContentPerUnit Volume 500MJ/m?
Radiatve Fraction,y.. (Eq.23) 0.50
Emissvity, e (Eq.24) 0.8
Critical WaterDensity m’,  (Eq.46) 0.125kg/m?

Ignitor PeakHeatReleasdrate 25kW

Sprinkler || Responsd&ime Index, RTI (Eq.27) 148(m-s)z (268(ft-s)z)
C-factor(Eq. (27)) 0.7(m/s)z (2.3(ft/s)2)
Activation Temperature]; ,.; (Eq.28) 74°C (165°F)
Flow Rate 1891/min (50 gpm)
SprayAngle, (Eg. 36) 5° —80°
Initial DropletVelocity, (Eq. 36) 8 m/s(26ft/s)
MedianDropletDiameterd,, (Eq.31) 1 mm (0.04in)
SprinklerSpacing 3m x 3m (10ft x 10ft)
Distancebelow ceiling 8cm(3in)

Vent Dimensions 1.2mx 2.4m(4ft x 8ft)
Bulk Responsdime Index, RTI 175(m-s)z (317(ft-s)z)
Activation Temperature 74°C (165°F)

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

Thefirst seriesof heptanesprayburnertestsprovidedarich setof datawith which to validatethe
hydrodynamicandsprinklersprayalgorithmof themodel. Then,theflamespreadandfire growth
algorithmswere usedto predictthe resultsof the calorimetryburns conductedat UL. The em-
pirical extinction algorithm (Eq. 46) waschecled againstcommodityclassificatiordatareported
in Ref. [48]. Finally, the model,asdevelopedand verified, wasusedin the analysisof the car
tonedplasticcommodityfiresto verify thatcertainphenomenabsenedduringthetestswerenot
anomaliesandalsoto explorevarious‘whatifs” thatcould not be studiedexperimentally

7.2.1 HeptaneSpray Burner TestSeriesl

Numericalsimulationsof thefirst seriesof heptanesprayburnerexperimentswvere performedto
checkthe accurag of the hydrodynamicandsprinklerspraymodels. For Testsl-1-16in which
the draft curtainswere installed, the computationadomainextendedfrom the floor to a height
2 m (7 ft) above the ceiling, andencompassethe areaenclosedy the draft curtains. For Tests
I-17—22,the domainwas extendedbeyond wherethe draft curtainswerein the previous teststo
accounfor theextra ceiling area.The numericalgrid in all casesonsistedf 186,624cells, with
dimensions/2 by 72 by 36, with the grid cells stretchedn the vertical directionto clustermore
cellsnearthe ceiling. Thewidth of eachcell wasabout0.3m (1 ft), the heightvariedfrom about
0.15mto 0.45m (0.5ft to 1.5ft). Calculationgperformedwith densergrids did not changethe
resultssignificantly

Heatlossedo the ceiling werecomputedoy solvinga one-dimensionaheatconductionequa-
tion for the internaltemperaturef the insulatingtile. Becausehis is aninsulatingmaterial,the
heatlossedo the ceiling werenot significantcomparedvith the enegy absorbedy the sprinkler
sprays.Overthefire theenepy lostto theceilingwasontheorderof 2 to 4 kw/m?, andit dropped
off rapidlyin theradialdirection.

Thecorvective heatreleaseatefor theheptanesprayburnerwasmeasuredsingthelargehood
atUL. Forthesizesof firesusedn thetestsabout65%o0f thetotal heatreleaseatewascornvective.
This wasthe numberusedby the modelto definethe heatoutputof thefire. Theradiatve enegy
did not play a role in the numericalsimulationof a single gasburner The calculationsof the
cartonedplasticcommaodityfiresdiscussedh thefollowing sectiongdid not neglectradiationheat
transferbecausdé wasanimportantcomponenbf theflamespreadalgorithm.

The mostobvious checkof the numericalmodelis how well it predictedsprinkleractivation
times. Examinationof the activationtimesof nearbysprinklerswasalsoimportant,especiallyin
caseswvhereseveral sprinklerswere at equaldistancedrom the fire and, in theory shouldhave
activatedat the sametime. Table6 presentsa summaryof the numericalsimulationscomparing
thenumberandtime of sprinkleractivationsandthe averagepeaktemperaturesearthefire. Ap-
pendixA.1 containsthe completesprinkleractiation history for all 22 tests,both experimental
andnumerical. AppendixA.2 containsthermocouplelataat 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
predictedthe activationtimesby 15to 30 s, on average.This differenceprobablywasdueto the
uncertaintyin thedropletsizedistribution. Work is still underway to moreaccuratelyneasurehe
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dropletsizedistribution. A sensitvity analysiswasperformedto determinewhatparametersad
themostimpactontheresultsof thecalculationsanddropletsizewasshovn to beoneof themore
important. The reasorfor this is becauseéhe heattransferbetweerthe hot gasesandthe droplet
is directly proportionalto the surfaceareaof the droplet. Thusdoublingthe size of the droplets
reduceghe numberof dropletsby afactorof 8 andreduceshe heattransferredrom the gasby a
factorof 4.

7.2.2 Fire Growth Validation

Experimentaburnsof the cartonedlasticcommoditywereperformedat UL. Two, threeandfour

tier configurationsveretested. The ignition methodwasthe sameasthe large scalecommodity
burns. Figure44 plotsthetotal! heatreleasaatesversugime for thethreeexperimentsup to the

point wherewaterwasapplied. Figure 45 shows the convective'? heatreleaseatesfor the same
experimentcomparedvith thosecomputedn thenumericaimodel. Figure46 shavs whatoneof

thesecalculationdookslike. For the periodof time beforewaterapplication the simulationheat
releaseateis within 20%of the experiment.

45000 C T T T T T T T T T T T T T T T T T ]
C — 2400
40000 [ T
N v \/ - 2200
[ 2. UL 2x2x2 Cartoned Plastic b i~
35000 | 3. UL 2x2x3 Cartoned Plastic - 2000 é
—~ [ 4. UL 2x2x4 Cartoned Plastic - ;
i - -1 1800
~—
- 30000 C - o
= - 41600 8
o : _ N
¢ 25000 - - 1400 £
< B <
L - ) 4 o
i B ~1200
* 20000 - i 2
o - - 1000
T C | o
= 15000 - >
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o r T
= 3 v i =
10000 |- 7 600 %
L i o
- =
C A - 400
5000 + 3 h
C ) - 200
B 2 B 4
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Figure44: Total heatreleaseaatesfor the two, threeandfour tier cartonedplastic commodity
calorimetry burns. Water was applied to the fire at 130sin the two tier test,and at 95sin
the threetier test.

11Basedon oxygenconsumptiorcalorimetry
12Basedon measuremerdf thetemperatur@ndvelocity of the exhaustgaseghroughthe hood.
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Figure 45: Comparison of experimental and simulated convective heat releaserates for the
two, threeand four tier cartoned plastic calorimetry burns. Water wasapplied to the fire at
130sin the two tier test,and 95sin the threetier test. The simulations were performed with
no water application.

Similar calorimetryexperimenthave beenperformedat FactoryMutual. Therearetwo differ-
encedetweerthetestsperformedat FM andthoseat UL. Thefirstis thatthefirst palletin the FM
testsis raised23 cm (9 in) off thefloor whereaghefirst tier at UL is onthefloor. Secondthe FM
burnsarecentrallyignitedwith four half-ignitorsarrangedn a pinwheelpatternattheintersection
of the four pallets,whereaghe UL burnsareignitedin the centerof oneof the lateralflueswith
two half-ignitors,oneon eachside of the flue. As a result,the fire growth with the FM configu-
rationis morerapid becausef the fire hasaccesso morefreshair from all four fluesandfrom
beneathFigures47 and48 presentheresultsof the FM burns,comparedvith the corresponding
simulations.

Thefire growth of the 2, 3 and4 tier UL burnswasalsomeasuredy tapingbare-beadher
mocoupledo the sidesof the boxesin orderto determineat whattime the fire hadreachedhat
particularplace. Small scaleexperimentdn the LIFT apparatust NIST indicateda pilotedigni-
tion temperaturdor the cardboardo be about370°C (700°F) [36, 37]. Usingthis temperatures
anindicatorof ignition, the simulationand experimentcould be compared.Tables7 and8 give
thelocationsandignition timesfor the 2 and4 tier experimentsaandsimulations.The comparison
betweenthe two setsof datashavs somelarge differencesn ignition times, especiallyfor loca-
tions outsideof theignition flue andfar from theignition point. Thisis to be expected giventhe
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Figure 47: Comparison of experimental and simulated heat releaserates for the 2 x 2 x 2
and 2 x 2 x 4 cartoned plastic calorimetry burnsconductedat Factory Mutual. The ignition
point was centrally located and the first tier pallet wasraised 23 cm (9 in) off the ground.
The actual experimentswere extinguishedwith alargeamount of water. The simulationsdid
not include a water spray.

simplisticcomhlustionsub-models Neverthelessthe agreementith the heatreleaseatedatais
encouraginglt providesvalidationfor the methodologyfor at leasta few minutesof simulation,
during which time mostof the importantinteractionsaretaking place. The modelin its present
form canbeusedto analyzethe cartonedplasticcommodityexperimentdor thefirst few minutes.
For longertimes,a bettercharacterizationf the burningandextinguishmenprocessegneedto be
developedandincorporatednto the model.
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Figure 48: Comparison of experimental and simulated heat releaserates for the 2 x 2 x 3
and 2 x 2 x 5 cartoned plastic calorimetry burnsconductedat Factory Mutual. The ignition
point was centrally located and the first tier pallet wasraised 23 cm (9 in) off the ground.
The actual experimentswere extinguishedwith alargeamount of water. The simulationsdid
not include a water spray.

87



| Two Tier Cartoned Plastic Calorimetry Burn |

TC coordinategm) Ignition Times(s)
¢ | y | 2z |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
0.280.08| 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

Table 7: Location of thermocouplesrelative to the ignition point and the ignition times of the
experiment and the numerical simulation for the two tier high cartoned plastic commaodity
burn. The x coordinate indicatesthe distancealongthe ignition flue, with the negative direc-
tion being towards the center of the array, the y coordinate indicatesthe distancedown the
non-ignition flue, and the z coordinate indicatesthe height off the floor. All dimensionsare
in meters.
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| ThreeTier Cartoned Plastic Calorimetry Burn |

TC coordinategm) Ignition Times(s)
T ‘ Y ‘ z EXp.‘Sim.‘ Diff.
-1.50| 0.00| 4.95| 86 89 +3
-0.95| 0.00| 495| 72 74 +2
-0.69| 0.80| 495| 78 90 +12
-0.69| 0.27| 495| 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 1 0.00| 1.95| 33 35 +2
-0.27] 1.07| 1.95| 81 - -

Table 8: Location of thermocouplesrelative to the ignition point and the ignition times of the
experimentand the numerical simulation for the four tier high cartoned plastic commaodity
burn. The x coordinate indicatesthe distancealongthe ignition flue, with the negative direc-
tion being towards the center of the array, the y coordinate indicatesthe distancedown the
non-ignition flue, and the z coordinate indicatesthe height off the floor. All dimensionsare
in meters.
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7.2.3 Cartoned Plastic Commaodity Fir e Simulations

A very useful applicationof the numericalmodelhasbeento simulatethe five cartonedplastic
commoditytestsdiscussedn Section5 in orderto explain andevaluatethe resultsof the experi-
ments.Thebenefitof thenumericaimodelin this applicationis thatit providesa consistentneans
of varyingtestparametersin otherwords,if two calculationsare performedin which only one
input parameters different,thenthe differencein theresultsof thetwo calculationansafelybe
attributedto the differencein the input parameter A dravbackof large scaletestingis that this
type of sensitvity analysisusuallyrequiresmoreteststhancanbeafforded.If a sufiicientnumber
of replicatecannotbe performedthentheoutcomef theexperimentsareoftensubjecto debate
asto whetherdifferencesn testresultsweredueto changesn testparametersr dueto random
variations.

Considerfor example thedifferentoutcome®f TestsP-1andP-4in whichtheonly difference
in testparametersvasthatdraft curtainswereinstalledfor TestP-4,but not for TestP-1. Twenty
sprinklersactvatedin TestP-1, five in TestP-4. Wasthis resultdueto the draft curtains?One
would expectthatthedraftcurtainswould haveincreasedhenumberof activations,notdecreased
them, basedon the resultsof the first heptanesprayburner series. To gain someinsight, the
numericalmodelwas run to simulatethe experiments. Test P-1 wasrun two ways. First, the
simulationwasrun with no manipulationof the sprinkleractivationtimes(Fig. 49). Secondthe
calculationwasrepeatedput with the secondsprinklerintentionally delayeda minuteto mimic
what actually occurredduring the experiment(Fig. 50). The reasonfor modifying the sprinkler
activation patternwasto seehow the delaycould have led to the differentoutcomesbseredin
the tests. TestsP-4 and P-5 were simulatedwithout any modificationof the sprinkleractivation
times(Figs.51and52). In thesimulationsof TestP-4andTestP-1withoutarny imposedsprinkler
delay 4 sprinklersactivated. In the simulationof TestP-1with the sprinklerdelay 17 sprinklers
activatedwithin the first 5 min. In the actualTestP-1, 20 sprinklersactivated, but over about
15 min. The modeldemonstratedhe effect of delayingthe secondsprinkler The differencein
outcomef TestsP-1andP-4 of the cartonedplastictestserieswasnot dueto the draft curtains,
but ratherto the sprinklerdelayin TestP-1.

Figure 53 presentghe heatreleaseratesfor the simulationsof TestP-1 (with and without
sprinklerdelay)and TestP-4. The activationtimesfor thefirst sprinklerin all casesvasbetween
69 and71s. In the casewherethe secondsprinkleris delayedfrom openingfor 58 s (TestP-1,
delay),the heatreleasaateis substantiallygreaterthanthe casesvhereboth sprinklersactivate
nearlyatthesametime (TestP-1,nodelayandTestP-4).

If theincreasedhumberof sprinkleractivationsof TestP-1over TestP-4 canbe attributedto
thedelayof the secondhearessprinkler did the draft curtainshave ary effectatall? Comparing
the simulationof TestP-4with the‘no delay’ simulationof TestP-1,thereis not muchdifference
in heatreleaseaates.Theoveralltemperatureseartheceiling areslightly higherin TestP-4,most
likely dueto the containmenbf the hot gasedy the curtains.Thiswasseenn theanalysisof the
first seriesof heptanesprayburnertests.

Anotherinterestingcaseto examinewith the numericalmodelis TestP-2, wherethe ignition
point wasdirectly underthe vent, but the ventdid not open. Whatif it had? A calculationwas
performedvheretheventwassetto openautomaticallywith afusiblelink, andanotheicalculation
wasdonewith theventheldclosed.In thefirst calculation the ventopenedafter83s, followeda
half secondaterby thefirst sprinklerand3 s laterby the secondsprinkler In the calculationwith
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Figure 53: Heat releaserates from the numerical simulations of TestsP-1 and P-4 of the
Plastic series. The term ‘delay’ meansthat the secondsprinkler was intentionally opened
58 safter the first in order to mimic the actual experiment.

theventclosedthefirst sprinkleropenedafter83s, followed 1.4 s laterby the second Figuress4
and55 presentheresultsof thesimulations In thesimulationwheretheventopenedl14 sprinklers
activatedin thefirst 7 min following ignition. In the simulationwherethe ventwasnot allowed
to open, 19 sprinklersactivatedin the first 7 min. This latter simulationwas comparablego the
actualexperimentwhere23sprinklersopenedn thefirst 6 min. Theopeningof theventin thefirst
simulationreducedthe numberof sprinkleractivationsby exhaustingheatfrom the fire directly
underneath.Thereis certainly plenty of evidencefrom the heptanesprayburnertestsindicating
that when the fire was placeddirectly beneathan openedvent, the numberof activationswas
significantlyreduced.

Lessclear however, is why so mary sprinklersactivatedin TestP-2. The simulationof Test
P-1with no manipulationof the sprinkleractivationtimesproducednly 4 activations.Whatwas
the differencebetweenrnthe simulationof TestP-1andTestP-2? Only the presencef a1.2m by
2.4m by 0.3 m deep(4 ft by 8 ft by 1 ft deep)cavity in the ceiling formedby the ventin Test
P-2. This cavity led to a 14 s delayin thefirst sprinkleractivationin the simulationof TestP-2.
The significanceof this delayis shavn in Fig. 56, in which the heatreleaserate historiesfor the
simulationsof the two versionsof TestP-2 areplottedon the samegraphasthe heatreleaseate
curvesfor the 2 by 2 by 4 tier cartonedplasticcalorimetryexperimentandthe simulationof Test
P-1with no secondsprinklerdelay Thegrowth of thefire duringthetime period60to 100s after
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ignition wasvery fast,andit wasdemonstratethatevena 14 s delayin sprinkleractivationcould
significantlyalterthe numberof sprinkleractivations.
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Figure 56: Heatreleaserates fr om the numerical simulations of TestP-2 of the Plastic series,
plus the 2 by 2 by 4 tier calorimetry burn of cartoned plastic commodity and the simulation
of TestP-1with no secondsprinkler delay.

The cartonedplastic burn that causedthe most fire damagewas TestP-3. In this test, the
ignition point was placedcloseto the intersectionof two draft curtains(Fig. 29). An estimated
184 boxeswereconsumediuringthetest,comparedo 103and81 in TestsP-4andP-5,theother
two Plastictestsconductedwith draft curtainsin place. Figures57 and 58 presentthe results
of the simulationsof TestsP-3andP-4. The ventnearesthe ignition pointin TestP-3 opened
at 4:11, and no ventsopenedin Test P-4, thus ventingdid not have ary impacton the results
in eithercase,at leastfor the first 4 min. Figure 59 shaws the corvective heatreleaseatesfor
thetwo simulations.Clearly, the draft curtainshadan effect on the performanceof the sprinkler
system.Thedraft curtainsdelayedhe openingof thetwo sprinklersdirectly northof thefirst two
sprinklersto activate.Lessobvious,thedraft curtainschangedhenearceiling flow patternof both
the sprinklersprayandthefire plume. Regardlesof the sub-modelsedto simulatethe burning
of the cartonedplasticcommodity the calculationshaved thatlesswaterreachedhe north side
of the centralarraywhenthe draft curtainswereinstalled. Figure60 shavs a snapshobf the two
simulationsafter5 min. In TestP-3,thefire hasspreado the northfaceof the array whereasn
TestP-4thesprinklersin thenorthaislepreventthe spreado thenorthface.
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Figure 59: Heat releaserates from the numerical simulations of TestsP-3 and P-4 of the
cartoned plastic series.

7.2.4 MassFlow RatesthroughVents

Onefinal useof the modelwasto simulatecertainexperimentsn which importantmeasurements
could not be made. Attemptswere madeto measurehe velocity throughan openedventto de-
terminethe massflow rate,but the bi-directionalprobesproducederroneousesults. Thesemea-
surement®f massflow ratewould have beenimportantbecausehe openedventsdid not have a
significanteffect on the numberof activatedsprinklersor the nearceiling gastemperatureduring
the secondseriesof heptanesprayburnertests(exceptin caseswherethefire wasdirectly under
neatha vent). The heptandestdataseemsat oddswith someexperimentperformedin the past,
notablythe Ghentexperimentsof 1989[14]. Thediscrepangis mostlik ely dueto differentventto
floor ratiosandsprinklerflow rates. Theseparametersvould directly affect the nearceiling tem-
peraturesndthemasdlow ratesthroughthevents.Hinkley pointsoutin the SFPEHandbooK50]
thatfor temperatureiseslessthanabout75°C (16 7F) thereis a seriousdecreasé the massflow
ratethrougha vent. This assessmens$ basedon the expressiorfor massflow ratethrougha vent

dueto buoyancgy
. CA,pou29dATT,,
m= T + AT
whereC' is an orifice coeficient equalto about0.6, A, is the areaof the vent, p., is the density
of air, g is the acceleratiorof gravity, d is the depthof the layer of hot gasesAT is the average
temperaturgise in the layer, and 7, is the (absolute)ambienttemperature.Figure 61 displays

(47)
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Figure 60: Snapshotsof the simulations of Plastic TestsP-3and P-4 after 5 min.
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Figure 61: Massflow rate through a single vent as a function of ceiling layer temperature.
The solid line representsthe massflow predicted by Eq. 47 for a 1.2m by 2.4 m (4 ft by
8 ft) vent and a ceiling layer depth of 1.8 m (6 ft). The points representthe average mass
flow through the vent nearest the fire over the time period between2 and 5 min for three
numerical simulations.

theidealizedmassflow rateasa function of temperatureise (solid curwe). In AppendixA of the
1991 edition of NFFA 204M, Guidefor Smole and HeatVenting, the derivation of the venting
relationshipscontainedin that documentis explained[5]. Equation47 is usedto estimatethe
massflow througha vent, andthe ventto floor ratiosrecommendedh the documentare based
on equatingthe massflow of the air entrainednto thefire plumewith thatexhaustedhroughthe
vents. An importantassumptiormadeis thatthe temperatureise AT in Eq. 47 is equalto the
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ambienttemperaturen the Kelvin (Rankine)scale. Thus,if the ambienttemperaturevere20°C
(68°F), thenthe temperaturgise AT nearthe ventwould be assumedo be 293 C (559F). At
this temperaturethe massflow throughthe ventwould be very nearits theoreticaimaximum. Of
coursethis analysisdoesnottake into accounthe effect of sprinklerspraysbecausd is statedn
Chaptei6-1 of the1991editionof 204Mthatthedocument...representthe stateof technologyof
ventdesignin theabsenc®f sprinklers. Indeedthetestdataandthe modelpredictionsreported
hereindicatethat the temperaturancreaseover ambientin the vicinity of an openedventin a
sprinkleredacility would befarlessthan293°C.

The numericalmodelwas usedto estimatethe massflow ratesthroughthe vent nearesthe
fire. Figure61 presentdhe ratesof threetypical calculationscomparedo the rate predictedby
Eqg.47. Themassflow ratesfor Testl-10 andP-5arerelatively low comparedvith thetheoretical
maximumbecausehe nearceiling gastemperaturesre greatly reducedby the sprinklers. The
flow ratefor Testll-2 is muchhigherbecauséheceilinglayertemperaturearesignificantlyhigher
for the 10 MW fire. The simulationof TestlI-2 wasrerunwith the draft curtainsremoved. The
computedmassflow from the numericalsimulationdroppedinto a rangeof 1.5kg/sto 2.0 kg/s.
In termsof Eq. (47), this reductionin massflow rateis dueto the decreasen the smole layer
depth,d, but anothercontritutionis the changdn ceiling jet dynamicscausedy thedraft curtain
removal. This lattereffectis notaccountedor in Eq.(47),butit is in thenumericalmodel.
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8 Conclusions

Thirty-ninelarge scalefire testswereconductedtthe Underwriterd_aboratoried arge ScaleFire
TestFacility in Northbrook lllinois, to investigatevhateffectroof ventsanddraft curtainshave on
thetime, numberandlocationof sprinkleractivations;andwhateffect sprinklersanddraft curtains
have onthetime,numberanddischageratesof roof ventsin awarehous®r warehouse-ligretail
store.In addition,acomputationafluid dynamicamodelwasusedasa planningandanalysigool.
Thetestsiteandexperimentatestparametersverechoserby anindustry-ledTechnicalAdvisory
Committeeto addresselatively large, open-areduildingswith smooth,unobstructedexceptfor
draft curtains)horizontalceilings, adequatesprinkler systemsand independently-controlled.e.
not grouped)automaticroof vents. Becausehe smole was ventedinto a large plenumspace
and not the atmospherewind effects were not consideredand the effect of ventingon smole
obscuratiorcouldnot be quantified.

The majorfindingsrelative to the interactionof sprinklers,draft curtainsandventsbasedon
theexperimentsandmodelsimulationdn this studywere:

e Thetestsand modelsimulationsshoved thatwhenthe fire was not ignited directly under
a roof vent, ventinghadno significanteffect on the sprinkleractivationtimes, the number
of activatedsprinklers,the nearceiling gastemperaturespr the quantity of comtustibles
consumed.

e Thetestsandmodelsimulationsshavedthatwhenthefire wasigniteddirectly underaroof
vent,automaticventactivationusuallyoccurredat aboutthe sametime asthefirst sprinkler
activation, but the averageactiation time of thefirst ring of sprinklerswasdelayed. The
lengthof the delaydependedn the differencein actvationtimesbetweerthe ventandthe
first sprinkler

e Thetestsandmodelsimulationsshavedthatwhenthefire wasigniteddirectly underaroof
ventthatactivatedeitherbeforeor at aboutthe sametime asthefirst sprinkler the number
of sprinkleractvationsdecreasetly asmuchas50% comparedo testsperformedwith the
ventclosed.

e Thetestsandmodelsimulationsshavedthatwhendraft curtainswereinstalled,up to twice
asmary sprinklersactivatedcomparedo testsperformedwithout curtains.

e In onerackstorageestwheretheignition of thefire took placeneara draft curtainandthe
fuel array extendedunderneattthe curtain, disruptionof the sprinkler sprayand delayin
sprinkleroperationcausedy thedraft curtainled to afire thatconsumednorecommaodity
comparedo the othertestswherethe fireswereignited awvay from the draft curtains. This
resultwasdemonstratetly the modelsimulation,aswell.

e Thesignificantcoolingeffectof sprinklerspraysonthenearceiling gasflow oftenprevented
the automaticoperationof vents. This conclusionis basedon thermocouplaneasurements
within the vent cavity, the presencef drips of solderon the fusible links recoreredfrom
unopenedrents,andseveraltestswhereventsremotefrom the fire andthe sprinklerspray
activated.In onecartonedolasticcommodityexperiment,a ventdid not openwhenthefire
wasigniteddirectly beneatht. Themodelsimulationscouldnot predictthis phenomenon.
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e Modelsimulationgndicatedthatthe coolingeffect of sprinklersprayseducedhetotal vent
dischageratefrom thatassumedh designcalculationgor unsprinklereduildings.

e Model simulationsshaved how the activation times of the the first and secondsprinklers
hada substantiaimpacton the overall numberof activationsin the plasticcommoditytests.
In the simulationof onetest,it wasshown thata delayof approximatelyoneminutein the
activationof thesecondsprinklerled to the activationof four timesasmary sprinklersasin
asimulationof atestwith nodelay It hadbeensuggestethatthesedifferentoutcomesvere
dueto the presencef draft curtainsin thetestswith the sprinklerdelay but the simulations
shaved that the curtainshad no effect becausehey wereover 9 m (30 ft) away from the
ignition point.

ThelndustrialFire Simulator(IFS) developedn conjunctionwith thetestprogramwasshown
to bein goodquantitativeagreementvith theheptanesprayburnertestsin termsof bothpredicting
sprinkleractivationtimesandnearceiling gastemperaturesThe sprinkleractivationtimeswere
predictedto within about15% of the experimentdor thefirst ring, 25% for the second.The gas
temperaturesearthe ceiling were predictedto within about15%. Simulationswere performed
andcomparedvith unsprinklerectalorimetryburnsof the cartonedplasticcommodity The heat
releaseatesof thegrowing fireswerepredictedo within about20%.Simulationsf the5 cartoned
plasticcommodityfire testswerethenperformed. The goal of thesesimulationswasto be able
to differentiatebetweenthoseexperimentshat activateda large numberof sprinklers,andthose
thatactivateda smallnumber This goalhasbeenmet. The modelalsoprovidedvaluableinsight
into whatoccurredn the experimentsandalsowhatwould have occurredn the eventof various
change®f testparametersThereareplansto continuethe developmentf the IFS modelbeyond
publicationof thisreport.
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A HeptaneSpray Burner TestResults(Seriesl)

The experimentaldataandnumericalmodelresultspresentedh this sectionrepresent subsebf
boththe actualdatacollectedby UL andtheresultsof themodel.

A.1 Sprinkler Activation History

Thefiguresonthefollowing pagegresenthesprinkleractivationhistoryof the22 heptandurner
tests(Seriesl), plus the model predictions. In eachfigure, the sprinkler activation times from
the simulation(*S”) andthe experiment(“E”) arelisted at thelocationof the activatedsprinklet
Thetemperatureontoursareinstantaneousnapshotfrom the simulation,shaving the predicted
temperaturesearthe ceiling at somearbitrary time during the simulation. Highlightedwith a
cross-hatchedlling is the contourinterval from 75°C to 100°C. Contoursarespacedat intervals
of 25°C. The activationtemperaturdor the CentralELO-231upright sprinklersusedin the tests
is 74°C. The highlightedcontourinterval separatethe areaof almostcertainactivationfrom the
areaof almostno activation. It wasobsered duringthe teststhat following the activation of the
4 sprinklersnearesthe fire after about65 s, the sprinklersin the next ring would actvateif the
surroundinggastemperaturevasat least100°C. Thus,the 75-100C interval representain area
of lessthanlik ely activation. The contoursalsoshaow the effect of openinga vent. Thermocouple
dataalongwith thatof the simulationss includedin AppendixA.2.
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TEST 4 (VENT CLOSED, 4.44 MW FIRE, DRAFT CURTAINS)

TEST 3 (VENT OPENS AT 1:30, 4.44 MW FIRE, DRAFT CURTAINS)
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TEST 6 (VENT OPENS AT 1:30, 4.44 MW FIRE, DRAFT CURTAINS)

TEST 5 (VENT OPEN AT 0:40, 4.44 MW FIRE, DRAFT CURTAINS)
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TEST 11 (NO SPRINKLERS, VENT OPENS AT 2:48, FAST FIRE, DRAFT CURTAINS)
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Figure 72: Near-ceiling gas temperatures Figure73: Sprinkler activationsfor Testl-12.
from the simulation of Testl-11. There were
no sprinklers deployedin the experiment.

TEST 13 (VENT OPENS AT 1:04, 6 MW FIRE, DRAFT CURTAINS)

TEST 14 (VENT OPENS AT 0:40, 5.8~MW FIRE, DRAFT CURTAINS)
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Figure74: Sprinkler activationsfor Testl-13. Figure75: Sprinkler activationsfor Testl-14.
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TEST 15 (VENT OPENS AT 1:30, 5.8 MW FIRE, DRAFT CURTAINS)

TEST 16 (VENT OPENS AT 1:46, 4.99 MW FIRE, DRAFT CURTAINS)
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TEST 17 (VENT DNO, 3.97 MW FIRE, NO DRAFT CURTAINS)
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Figure 76: Sprinkler activationsfor Testl-15. Figure77: Sprinkler activationsfor Testl-16.

TEST 18 (VENT DNO, 3.66 MW FIRE, NO DRAFT CURTAINS)
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NEAR-CEILING TEMPERATURE (C) AFTER 5 MINUTES

Figure 78: Sprinkler activationsfor Testl-17. Figure79: Sprinkler activationsfor Testl-18.



TEST 19 (VENT OPEN AT 10:00?, 4.62 MW FIRE, NO DRAFT CURTAINS)

TEST 20 (VENT OPEN AT 1:20, 4.20 MW FIRE, NO DRAFT CURTAINS)
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Figure 80: Sprinkler activationsfor Testl-19. Figure81: Sprinkler activationsfor Testl-20.

TEST 21 (VENT OPENS AT 7:00, 4.62 MW FIRE, NO DRAFT CURTAINS)

TEST 22 (VENT DNO, 4.62 MW FIRE, NO DRAFT CURTAINS)
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Figure 82: Sprinkler activationsfor Testl-21.

NEAR-CEILING TEMPERATURE (C) AFTER 5 MINUTES

Figure 83: Sprinkler activationsfor Testl-22.
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A.2 Experimental and Simulated Temperatures

Theplotsin Figs.85-1060n thefollowing pagessompardhe experimentathermocoupleéemper
atureswith thoseof the model. For eachof the 22 tests, 104 thermocouplesvereplacednearthe
ceiling. Their locationsareshavn in Figure84. Only the 16 thermocouplesmearesthefire are
shawvn for eachteston the following pages.For fire locationsA, B and C, thesethermocouples
(channel&b0-65)werepositionedvery closeto the sprinkler For fire locationD, 4 of the 16 ther
mocoupleq58, 59, 62, 63) were positionednext to the sprinklet the restwereplaced2 in below
theceilingdirectly above thesprinklerdeflector Following sprinkleractivation,thetemperaturef
the correspondinghermocouplalecreasesharply The experimentalndsimulatedtemperatures
arenotexpectedo agreefollowing activationbecause¢he actualthermocouplées wet, whereaghe
simulatedhermocoupleontinuedo recordthe gastemperature.
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Figure 84: Plan view of heptane spray burner configuration, Seriesl. The sprinklers are
indicated by the solid circlesand are spaced10 ft apart. The number besideeachsprinkler
location indicatesthe channelnumber of the nearestthermocouple. The vent dimensionsare
41t by 8ft. The boxedletters A, B, C and D indicate burner positions. Corr espondingto each
burner position is a vertical array of thermocouples.Thermocouplesl-9hang7, 22, 36, 50,
64,78,92,106and 120in from the ceiling, respectvely, above Position A. Thermocouples10
and 11 are positionedabove and below the tile directly above Position B, followed by 12—-20
that hangat the samelevelsbelow the ceiling as1-9. The samepattern is followedat Positions
C and D, with thermocouples21-31at C and 32—42at D.

114



Test 1, Channel 65 ""Test 1, Channel 61 " Test 1, Channel 57 " Test 1, Channel 531 ;oo

1320
i
1280%
&
{2405
12002
&
1160
[
1120 %
80
40
360
1320
1280%
g
j2408
1200 g
&
{1608
1120+
80
40
360
1320
I
1280
[
j2408
1200 g
&
j1e0g
1120+
80

40
Test 1, Channel 62 Test 1, Channel 58 Test 1, Channel 54 360

/ LWMMV“‘ o g Y

20 = l —

Test 1, Channel 64 Test 1, Channel 56

|
|
|

ANl 0
/ by i ot A A VA o

—_— e~

Test 1, Channel 63 "Test 1, Channel 59 "Test 1, Channel 55

1320
{280
&
{2405
1200
&
1160 &
L
1120 %
80
40

0 60 120 180 240 300 60 120 180 240 300 60 120 180 240 300 60 120 180 240 300
TIME (S) TIME (S) TIME (S) TIME (S)

Figure 85: Comparison of experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Testl-1 of the first seriesof heptane spray
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: Comparison of experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor TestI-2 of the first seriesof heptane spray
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: Comparison of experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test|-3 of the first seriesof heptane spray
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 88: Comparison of experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor TestI-4 of the first seriesof heptane spray
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: Comparison of experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor TestI-5 of the first seriesof heptane spray
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: Comparison of experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Testl-6 of the first seriesof heptane spray
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.

120



Test 7, Channel 65 " Test 7, Channel 61 " "Test 7, Channel 57 " "Test 7, Channel 53 1 360

1320
i
1280%
&
{2405
12002
&
1160
[
1120 %
80
40
360
1320
1280%
g
j2408
1200 g
&
{1608
1120+
80
40
360
1320
I
1280
[
j2408
12003
&
j1e0g
120 =
80
40
360
1320
{280
[
{2405
1200
&
160
1120 %
80
40

[ e e

M 4]

Test 7, Channel 51 ]

Test 7, Channel 63

L

Test 7, Channel 62 " Test 7, Channel 58

—

0 60 120 180 240 300 60 120 180 240 300 60 120 180 240 300 60 120 180 240 300
TIME (S) TIME (S) TIME (S) TIME (S)

Figure 91: Comparison of experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor TestI-7 of the first seriesof heptane spray
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: Comparison of experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Test|-8 of the first seriesof heptane spray
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: Comparison of experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor TestI-9 of the first seriesof heptane spray
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: Comparison of experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Testl-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: Comparison of experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Testl-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: Comparison of experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Testl-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: Comparison of experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Testl-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: Comparison of experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Testl-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: Comparison of experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Testl-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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Figure 100: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Testl-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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Figure 101: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Testl-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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Figure 102: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Testl-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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Figure 103: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor TestlI-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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Figure 104: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor TestI-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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Figure 105: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Testl-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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Figure 106: Comparisonof experimental (dashedcurve) and simulated (solid curve) temper-
aturesof the near-sprinkler thermocouplesfor Testl-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,Seriesl|

Figures1l07-118onthefollowing pagesarethetemperatureor eachof the 12 testsof thesecond
heptanesprayburnerseries.
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Figure 107: Temperature histories for the 100 near-sprinkler thermocouplesfor Testll-1,
Heptane Seriesll.
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Figure 108: Temperature histories for the 100 near-sprinkler thermocouplesfor Testll-2,
Heptane Seriesill.
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Figure 109: Temperature histories for the 100 near-sprinkler thermocouplesfor Testl-3,
Heptane Seriesill.
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Figure 110: Temperature histories for the 100 near-sprinkler thermocouplesfor Testl-4,
Heptane Seriesill.

140



200
160
120
80
40
200
160
120
80
40
200
160
120
80
40
200
160
120
80
40
200
160
120
80
40
200
160
120
80
40
200
160
120
80
40
200
160
120
80
40
200
160
120
80
40
200
160
120
80
40

TEMPERATURE (C)

Ty = 26 C Tux = 26 C Tox = 26 C Tu = 32 C Ty = 33 C Tux = 34 C T = 32 C Tux = 34 C Ty = 35 C Tux = 34 C
NO ACTIVATION NO' ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION
P | ] | | |
Tum = 25 C Tum = 25 C Toox = 26 C Tuw = 34 C Tuw = 35 C Tum = 40 C Too = 35 C Tuw = 39 C Tuw = 38 C Tum = 38 C
NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
Tux = 34 Tosx = 35 Tax = 42 C Tu =112 C Tux =124 Tux =122 C Towx =133 C Tuw =124 C Tu =122 C Tusx =12 C
NO ACTIVATION NO' ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION
Tux= 32 C Tux = 31 C T = 34 C Ty =121 C Tux =137 C Toux =134 C Tox =146 C Ty =138 C Tux =124 C Tuax =10 C
NO ACTIVATION NO' ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO' ACTIVATION
1, 318 6, 2:12 5, 2:03 7, 2:31
P— |
Ty = 32 C Tux = 34 C Tox = 36 C Ty =129 C Ty =169 C Tax =149 C To =157 C Ty =141 C Ty =123 C Tuax =109 C
NO ACTIVATION NO' ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO' ACTIVATION
2, 4:01 5, 1:30 5, 1:30 11, 1:54 19, 2:50
Tam = 31 C Tum = 32 C Too = 35 C T =134 C T =143 € T =191 C Tox =175 C Ty =136 C T =119 C Tuax =108 €
NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION
24, 5:19 7. 1:47 2, 113 1, 110 14, 2:01 26, 5:28
Tux= 32 C Tosx = 34 C T = 38 C Tuw =123 C Ty =146 C Tusx =175 C T =178 C Tu =142 C Ty =115 C Tusx =104 C
NO ACTIVATION NO' ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO' ACTIVATION
25, 5:24 9, 1:51 3, 1:25 3, 125 9, 151 28, 7:07
Tux = 34 C Tox = 35 C Tax = 37 C Ty =112 C Tux =129 C Tux =146 C Towe =161 C Ty =130 C Tux =N13 C Tux =102 €
NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO' ACTIVATION
. 2:50 1, 1:54 1, 1:54 . 2:47
Ty = 33 C Tux = 33 C Tox = 36 C Ty =109 C Ty =125 C Tux =137 € To =139 C Ty =124 C Ty =3 C Tux =102 C
NO ACTIVATION NO' ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION
3, 4:06 7, 5:35
P —m— |
Tum = 32 Tox = 33 To = 34 C Tum =112 C T =116 C Tuax =125 € Toux =126 C Tum =110 C Tam =117 C Tuax =106 C
NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
0 2 4 6 8 2 4 6 B 2 4 6 6 2 4 6 8 2 4 &6 8 2 4 6 8

TIME (min)

350
250
150

50
350

250
150

50
350

250
150

50
350

250
150

50
350

250
150

50
350

250
150

50
350

250
150

50
350

250
150

50
350

250
150

50
350

250
150

50

TEMPERATURE (F)

Figure 111: Temperature histories for the 100 near-sprinkler thermocouplesfor Testll-5,
Heptane Seriesill.
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NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
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Figure 112: Temperature histories for the 100 near-sprinkler thermocouplesfor Testl-6,
Heptane Seriesill.
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Ty = 29 C Tux = 29 C T = 33 C Ty = 53 C Ty = 45 C Tux = 45 C T = 47 C Tu = 42 C Ty = 37 C Tux = 35 C
NO ACTIVATION NO' ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION
Tum = 29 C Tum = 30 C Tox = 33 C Tuw = 59 C Tu = 47 C T = 56 C Toox = 48 C Tuw = 40 C Tuw = 39 C Tum = 36 C
NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
Tu = 45 Tosx = 51 T = 54 C Tu =179 C Tu =174 C Tusx =161 C Tox =147 C Ty =136 C Tux =125 C Tusx =12 C
NO ACTIVATION NO' ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION
6, 1:32 5, 1:30 6, 1:32 13, 2:34

Tux = 43 C Tox = 45 C T = 46 C Tu =179 C Tux =171 C Tox =129 € Tow =124 C Ty =116 C Ty =116 C Tyux =106 C

NO ACTIVATION NO' ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION
2, 119 1, 1:09 15, 3:08 1, 2:16

Ty = 40 C Tux = 41 C Tox = 45 C Ty =167 C Ty =165 C Tax =149 C To =126 C Ty =115 C Ty =106 C Tox = 98 C

NO ACTIVATION NO' ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION
3, 1:24 4, 1:27 8, 1:47 12, 2:26

Tom = 34 C Tum = 37 C To = 37 C T =154 C T =143 € Tuax =123 € T =115 C T =107 C T =102 C Tuax =100 €

NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
9, 1:48 9, 1:48 14, 2:37

Ty = 35 C Tosx = 36 C T = 38 C Ty =119 C Ty =130 C Tusx =115 C Tox =104 C Ty =100 C Tux = 94 C Tusx = 91 C

NO ACTIVATION NO' ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION NO' ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION
16, 3:47 17, 4:08

Tux = 34 C Tox = 35 C T = 39 C Ty =108 C Tux =10 C Toax =113 C T =101 C Tu = 93 C Tux = 89 Tox = 90 C

NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION NO ACTIVATION NO' ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION
18, 4:f1

Ty = 34 C Tux = 35 C T = 39 C Ty =105 C Ty =106 C Tuax =109 C To =103 C Tux = 92 C Ty = 84 C Tox = B8 C

NO ACTIVATION NO' ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION

f o—————— T
Tum = 33 Tox = 35 Too = 38 C T =107 C T =107 € Tox = 99 Tux =100 C Tam = 91C Tuw = 88 Tum = 86 C
NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
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Figure 113: Temperature histories for the 100 near-sprinkler thermocouplesfor Testll-7,
Heptane Seriesill.
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200

Ty = 40 C Tax = 40 C Tax = 38 C Tuwx = 82 C T = 68 C Tax = 56 C Tux = 57 C T = 54 C Ty = 40 C T = 38 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
120 250
8oL - L _
150
40 f—" L — [ —
200 50
T = 37 C T = 41 C T = 41 C Ty =17 C Ty = 96 C Toae = B3 C Tuax = 65 C Ty = 50 C T = 41 C Toae = 39 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
120 250
80 b o | L L ) A
150
o0t | | JW\AM | e | e | e
200 50
T = 49 C T = 54 C Tus = 59 C T =176 C T =187 C Toax =162 C T =148 C T =128 C o =117 C Toax =103 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION
120 2, 117 1, 110 5, 7, 1:50 11, 3:04 250
80bL | L e _
150
40 A/N\N, JM jJ\«/‘\
200 50
Tux = 48 C T = 53 C T = 55 C T =178 C Toax =163 C Toax =145 C T =137 C T =123 C Toax =108 C T = 95 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
3, 1:24 4, 1:27 6, 1:43 8, 2:25
120 250
80bL |- L L A _
150
O p——" | T -
200 50
Ty = 44 C Tux = 47 C T = 52 C Ty =129 C Tyx =140 C Tuax =128 C Tow =19 C Ty =118 C Ty =106 C Tux = 95 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
13, 3:34 12, 3:28 10, 2:31
120 250
8oL | _ N I Y D -
150
W01 o T T
3200 — S0
N T = 40 C Toa = 44 C T = 47 C T =117 C Ty =126 C Ty =114 C Tuax =107 C T =103 C T = 99 C T = 95 C 350 =
w 160 NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION (]
14 . o
S 120 9. 2:29 250 5
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80 [ - s L pSe — - — —
o o
@ 150 &
g 40 s
& 200 50 &
= T = 39 C Tam = 43 C Tue = 45 C Tus = 95 C T =113 C Tusx =116 C T =104 C Tu = 97 C Tux = 89 C T = B85 C 350 7
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
120 250
80bL |- (et IR A L _ L -
150
0 | | s
200 50
T = 36 C T = 35 C T = 39 C T = 88 C T = 93 C Tusx =105 C T = 98 C Tum = 93 C T = 89 C T = B5 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
120 250
8oL |- L R IRy AN RIS L _ L - L -
150
ao0f | |
200 50
T = 34 C T = 34 C T = 39 C Tuw = 81 C Ty = 84 C Tuax =100 C T = 97 C Tuwx = 87 C Ty = B4 C Tax = B4 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
120 250
8oL | L L - Lp _ L - L o
150
40
L~ L~ [~
200 50
T = 33 C Toax = 34 Twax = 38 C Tu = 79 C Ty = BO C T = 77 T = 87 C Tu = 73 C T = 79 T = 79 C 350
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Figure 114: Temperature histories for the 100 near-sprinkler thermocouplesfor Testl-8,
Heptane Seriesill.
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Ty = 29 C Tux = 29 C T = 29 C Tux = 37 C Ty = 39 C Tux = 40 C T = 39 C Ty = 38 C Ty = 38 C Toax = 36 C
NO ACTIVATION NO' ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION
P — | | T T e
Tum = 29 C Tum = 29 C Tox = 28 C T = 41 C Tuw = 43 C Tum = 42 C Toox = 40 C Tum = 42 C T = 41 C Tum = 39 C
NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
Tux =122 C Tusx =127 C Tox =137 C Tuw =128 © Ty =118 C Tusx =119 C T =114 C Ty =108 C Ty =103 C Tox = 97
NO ACTIVATION NO' ACTIVATION NO ACTIVATION ACTIVATION NO ACTIVATION NO' ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION
17, 2:38
Tux =128 C Tuax =130 C Tow =155 C Tu =143 C Tux =133 C Tox =123 € T =11 C Ty =106 C Tux = 99 C Tox = 94 C
NO ACTIVATION NO' ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION
ﬁs, 1:39 9, 1:46 {4, 2:25 20, 3:00
Ty =126 C Tux =162 C Tow =199 C Ty =180 C Ty =139 C Tyax =140 C T =17 C Ty =10 C Ty = 98 C Tux = 93 C
NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION
5, 1:39 3, 1:20 1, 1:07 10, 1:48 , 2:34
Tux =122 C Tusx =158 C Tox =202 C Ty =169 C Ty =145 C Tusx =125 € T =116 C Tum =110 C Tum = 98 C Tum = 93 C
NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
8, 1:43 3, 1:20 2, 1M 1, 1:51 19, 2:48

Ty =115 C Tusx =127 C T =172 C
NO ACTIVATION ACTIVATION ACTIVATION
13, 2:20 PARR

Tu =128 C
ACTIVATION
M, 1:51

Ty =118 C
ACTIVATION
18, 2:43

Tusx =116 C
ACTIVATION
21, 3:06

Towx =105 C
NO ACTIVATION

Tu = 96 C
NO ACTIVATION

i
I

Tux = 92 C
NO ACTIVATION

Twx = B9 C
NO ACTIVATION

T =102 C Tom =106 C T =145 C Tow =128 C T =117 © Tom =103 C Tue = 99 C Tuw = 97 C T = 90 C T = 85 C

NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
15, 2:29 22, 3116

Ty = 97 C Tuw = 92 C Tux =125 C Ty =116 € Ty =105 C Ty =103 C Tux = 96 C Ty = 91 C Tuw = 89 C T = 85 C

NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
23, 3:28

T = 93 T = 80 T =102 C e =110 C Tow =100 C T = 98 Tum= 95 C Tue = 89 C T = 89 T = B3

NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
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Figure 115: Temperature histories for the 100 near-sprinkler thermocouplesfor Testl-9,
Heptane Seriesill.
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T =121 € Tow =131 € Tux =172 C Ty =136 C T =119 € Ty =104 C Tux = 88 C Ty = 80 C Ty = 69 C T = 59 €
ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO' ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
15, 2:23 13, 2:01 8, 10, 1:54
T =152 C Tum =153 C Tox =191 C T =170 C T =143 C T =115 C Tu= 97 C Tuee = 80 C T = 66 C Tum = 57 C
ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
1, 1:55 7, 3, 121 2, 116 12, 1:57
T =128 € Tom =180 C Tox =187 © T =174 C T =124 C Tom =106 C Tu = 93 C T = 81 T = 72 T = 62
ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
18, 2:50 9, 1:44 3, 121 1, 114 17, 2:44
T =131 C Tom =142 C T =202 © T =137 C Ton =106 C T = 95 C Tow = 88 C Tuw = 78 C T = 68 C T = 58 C
ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
19, 3:01 16, 2:32 6, 1:37 5, 1:33
T =113 € Tow =131 € T =149 C Ty =102 C Ty = 90 C Tum = 87 C Tux = 83 C Ty = 77 C Tuw = 67 C T = 59 €
NO ACTIVATION NO ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
T =104 C T =107 C T =125 C Tum = 88 C T = 90 C T = 82 C Tux= 75 C Tum = 68 C T = 62 C T = 59 C
NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
Tuw = 88 C Tum =100 C T =105 © Tuw = 79 C Tuw = 78 C Tum = 82 C Tu = 73 C Tuee = 65 C T = 60 C T = 56 C
NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
T = 81 C Tom = 78 C Toe = 91 C T = 68 C T = 66 C T = 75 C Toe = 71 C T = 64 C T = 58 C T = 54 C
NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
Ty = 74 C Tuw= 71 C Tux = 82 C Tyw = 62 C T = 63 C T = 69 C Tux = 69 C Tyw = 62 C Ty = 56 C T = 50 €
NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
T = 72 T = 61 Tux= 73 C Tum = 59 C T = 58 Tuax = 58 Tuex= 60 C Tum = 54 C T = 54 T = 48
NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
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Figure 116: Temperature histories for the 100 near-sprinkler thermocouplesfor TestlI-10,
Heptane Seriesll.
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200

T = 24 C T = 25 C T = 25 C Tuwx = 35 C T = 36 C T = 35 C Tx = 33 C T = 35 C Ty = 33 C T = 32 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
120 250
8oL - -
150
40
e [ — B e [0 e T o [l I
200 50
Tox= 24 C T = 24 C Tx = 25 C T = 37 C T = 39 C T = 44 C Tax = 39 C T = 39 C Tox = 35 C Toax = 34 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
120 250
sob -
150
40 | e
200 50
T = 36 C T = 38 C T = 42 C T =143 C T =177 C T =172 C T =153 C T =145 C Toax =135 C Toax =124 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION
3, 3:56 10, 1 , 1 T N B
120 36 9, 1:33 14, 1:52 0, 3:19 250
80bL | Lo - Lo [
150
0 | |
200 50
T = 36 C T = 37 C T = 39 C T =172 C T =152 C Tuax =150 C T =157 C T =136 C Toax =125 C Tosx =116 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION
13, 1:50 4, 117 3, 114 6, 1:28 2:21
120 250
80bL |- Y (RN IV ISR I Y ) () I
150
0F | e | e
200 50
T = 32 C T = 35 C T = 39 C Toax =166 C Ty =148 C Toax =145 C Tix =142 C T =128 C Ty =118 C Tyax =108 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION
7, 1:29 2, 1:06 1, 1:02 1, 1:42 19, 2:46
120 250
80
150
40
5 200 50
N T = 33 C Toax = 35 C Toax = 36 C Toax =151 C Toax =149 C Toax =148 C T =128 C Toa =T12 C Toax =104 C Toa =112 C 350 =
w 160 NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION (]
4 12, 1:46 H : : f 23
S 120 5, 1:22 8, 1:30 5, 2:10 22, 3:38 250 >
< <
8o b o |-y L
o o
@ 150 &
g 40 L =
o | | e
& 200 50 &
= T = 32 C T = 34 C T = 42 C T =136 C Toax =126 C Toax =129 C Tue =117 © T =103 C Tox =102 C Tusx =101 C 350 7
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
21, 3:23 17, ;. N :
120 2:24 1 2:32 250
80 L[>
150
40
200 50
T = 32 C T = 34 C T = 38 C T =116 C T =113 C Tusx =110 C T =110 C T =101 C Toax =100 C T = 99 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
120 250
8oL |- L/l LN N
150
40
200 50
Ty = 32 C Tux = 34 C T = 38 C Ty =114 C Ty =109 C Tuax =109 C To =104 C Ty = 99 C Ty = 98 C Tox = 98 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
120 250
8oL | LN LN [IYERN L — L o
150
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P [N
200 50
Tox = 32 C T = 34 C Toax = 35 C Toa =113 C Ty =109 C T =101 C T =102 C T = 92 C Toax = 92 T = 91 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
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Figure 117: Temperature histories for the 100 near-sprinkler thermocouplesfor TestlI-11,
Heptane Seriesll.
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200

T = 27 C T = 27 C T = 27 C T = 36 C T = 36 C T = 36 C Tx = 33 C T = 34 C Ty = 33 C T = 32 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
120 250
8oL - -
150
40
200 — 50
T = 27 C T = 26 C Tax= 28 C T = 35 C T = 39 C T = 52 C Tiax = 34 C T = 37 C T = 34 C Toax = 34 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
120 250
sob -
150
40 |
200 — — 50
T = 31 C Toax = 32 T = 36 C T =133 C Toax =160 C Toax =157 C T =147 C T =133 C Toax =126 Tosx =116 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION
21, 341 1 , 1 3 q N B
120 10, 1:34 8, 1:33 14, 2:02 22, 3:49 250
80bL | Y L L[ _
150
40
[~ |
200 - - 50
T = 33 C T = 31 C T = 37 C T =130 C Toax =167 C Toax =125 C T =155 C T =131 C Toax =120 C Toax =102 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION
19, 3:00 3, 1:09 4, 1M 1, 1:36 7, 2:31
120 250
80bL |- [ U I 7 I g A [ V2 W -
150
40
fooom— | |
200 50
T = 33 C T = 36 C Tx = 46 C Ty =149 C Ty =143 C Tuax =153 C Tix =152 C T =125 C Ty =111 C T = 99 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION
7, 1:3 1, 0:58 1, 0:58 8, 1:33 17, 2:31
120 250
80 L ___
150
40
3200 50
N T = 30 C Tom = 32 C T = 40 C Tua =146 C Ty =146 C Ty =150 C Tuax =134 C T =116 C Toax =105 C T = 98 C 350 =
w 160 NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION (]
4 h2, 1:57 H : : 23
S 120 5, 1:24 6, 1:27 13, 2:01 250 >
< <
80 b o | L/ L L ——
o o
@ 150 &
g 40 L s
b | e |
& 200 50 &
= T = 31 C Tam = 33 C Too = 34 C T =129 C Toax =133 C Toax =133 C T =114 C Tus =110 C Toax =100 C T = 91 C 350 7
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION ACTIVATION ACTIVATION ACTIVATION ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
0, 3:29 15, 8 ) 8 ) H
120 2:14 6, 2:18 23, 4:55 250
80bL |- L ——
150
40
b | | i
200 50
T = 31 C T = 33 C T = 35 C T =121 C T =114 C Tosx =114 C T =108 C T =101 C T = 95 T = B9 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
120 250
80 L[ L e L __
150
40
200 50
T = 30 C T = 31 C T = 33 C Ty =114 C Ty =104 C Tyax =108 C Tix =106 C Tuwx = 96 C Ty = 93 C Tuax = 88 C 350
160 NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION NO ACTIVATION
120 250
80 N L L L _
150
40
200 50
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Figure 118: Temperature histories for the 100 near-sprinkler thermocouplesfor TestlI-12,
Heptane Seriesll.
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