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MODEL RESULTS

6.2 Turnout Coat Sim ulation

A turnoutcoatassemblywith materialcharacteristicéistedin Table 1 wassubjectedo thermalradiation
from a gas-firedradiationpanelasdiscussedn Sec.2. Thetotal radiative flux on the shell of the turnout
coatwasq, = 0.25W/cn?. This flux is characterstiof the pre-flasheer fire ervironmentin which struc-
tural fire fighterstypically work [21]. Thermocouplesf type K andsize10 mil (0.254mm) weresevn on
thefront surfaceof the shell(x = 0 mm), andboththeinnerair/fabricinterface(x = 3.4 mm) andthe outer
fabric/airinterface(x = 6.9 mm, back surfaceof garment)of the thermalliner. The turnoutcoatmaterial
wassubjectto radiationfrom the gaspanelfor 300s afterwhich aradiationshieldwasplacedbetweerthe
coatandthe gas-firedpanel.A cool down periodof approximatelyl0 min followed. Theturnoutcoatsam-
ple wasthenremovedfrom the experimentakestapparatusTensuchtests,separatethy approximatelylO
min, werecompletedFromthesetenteststhe meanandstandardieviation of thetemperaturat eachther-
mocouple were computed. The ambient mean temperaaséownd to bd,, = 29.3 °C.

On Fig. 6.2(a) the temperaturdime history from the simulationand experimentat the threethermo-
couplelocationsareplotted. Thetemperaturaifferencebetweerthe simulationandthe experiment(mean
values)areplottedversustime in Fig. 6.2(b). Heattransferthroughthe turnoutcoatreaches steadystate
afterapproximatelyl00s. Figure 6.3 shows the simulatedand experimentaltemperaturesersusdistance
into theturnoutcoatat threedifferenttimes,t = 0 s, 200s (during steadystate) 400s. Verticaldottedlines
mark the air/solid interfaces.Meantemperature$rom the thermocouplegat x = 0 mm, x = 3.4mm, 6.9
mm) are plottedasblack circleswith errorbarsextendingonestandarddeviation above andbelow. Simu-
latedtemperatureareplottedassolid lines. During the steadystateperiodthe simulatedshelltemperature
is approximatelyl5 °C higherthanexperimentallyobtainedtemperaturesThe largesterror in the model
occurredin the predictionof temperaturesn the outershellsurfaceduringthefirst half of the experiment
beforetheflux from theradiantpanelwasblocked. A probablesourceof this erroris theapproximatanan-
ner by which the transmissiity andreflectvity valueshave obtained. A majority of the incidentradiant
heatflux is absorbedy the shell. Thus, it is especiallyimportantin the caseof the shellto useaccurate
valuesfor the transmissiity andreflectiity. After the radiantpanelis blocked, the materialpropertiesof
the fabric layers(conductvity, specificheatand density)play a moreimportantrole, as doescorvective
heatlossfrom the boundariesNote thatduringthe cool down periodthe simulatedandexperimentakem-
peraturedor the shell arein betteragreementThe simulatedtemperatures the interior of the garment
were within approximately 5 °C of the meatperimental temperature.

Basedon theseresultsit appearghatthe modelcould be usedto predictthe thermalperformanceof
fire fighters’ protectve clothing (at leastunderheatflux conditionsconsistentwith the modelassump-
tions). More datafrom experimentsusing materialsfor which the optical and thermalpropertiesof the
materialsareknown is requiredbeforethe accurag of the modelcanbe conclusvely measuredMeasure-
mentsarecurrentlybeingmadeof materialpropertiemecessaryor modelingthethermalbehaior of fab-
rics and &bric assemblies commonly used in fire fighter.gear

Thenetradiatve flux from the simulationat boththe front surfaceof the shellandthe backsurfaceof

thethermalliner areplottedversustime in Fig. 6.2(c). During thetime interval t = 0 sto 300s theflux on
thefront surfacewasreducedrom 0.25W/cn¥ to 0.14W/cn?¥ by reflectionandradiationto the surround-
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FIGURE 6.2: (a) Simulation time history (lines) and mean experimental temperature (filled circles) with
+/- standard deviation spread for the Nomex®/neoprene/Aralite® assembly. Results at the three
thermocouple locations (x = 0 mm, 3.4 mm, 6.9 mm) are shown. (b) Difference between temperatures
from the simulation and experiment shown in Fig. (a) versus time. (c) Net thermal radiation flux versus
time from the model, at the front (X = 0 mm) and back (X = 6.9 mm) boundaries of clothing assembly.
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SUMMARY AND CONCLUSIONS
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FIGURE 6.3: Profiles of simulated temperature (lines) through the Nomex®/neoprene/Aralite®
assembly at three different times: t =0 s, 200 s, 400 s. The mean temperature (filled circles) and +/-
standard deviation spread from ten experimental runs are also shown at the front surface of the shell,
the internal air/thermal liner interface and at the back of the assembly.

ings. After radiationfrom the gas-firedpanelwasremovedat 300 s radiative cooling occurred Note thatif
theambienttemperaturés increasedo 65 °C which is commonlyexperiencedy fire fighters[21] the net
radiative flux on the shellat 300 s would increaseto 0.16 W/cn? for the sameshell temperatureOn the
backsurfacetheradiative flux graduallyincreasedo amaximumof 0.025W/cnv asthetemperaturef the
thermalliner rose[Fig. 6.2(a)]. This flux wasentirelydueto thetemperaturef thethermalliner relative to
the ambienttemperatureT,,, sincethe contribution of the externalflux g, wasnegligible. If the ambient
temperatures increasedo T, = 32 °C (normalcoreskin temperature}he backsurfaceflux decreaseto
0.023 W/crd for the same thermal liner temperature.

Figures6.2- 6.3shav thatthe clothingensemblelearly provided protectionagainsttheincidentradi-
ative flux. Fromthe outsideof the shellto the backof the thermalliner the temperaturdell nearly70°C.
Theeffectsof the moisturebarrier’s lower thermalconductvity areapparenby therelatively steepdropin
temperaturen thet = 200stemperaturgrofile in Fig. 6.3 The steadystatetemperaturat the backof the
thermalliner reacheds6 °C. Notethatwhena fire fighterwearsa turnoutcoatthe apparentemperaturén
theair gap betweertheturnoutcoatandthefire fighterwill risedueto anincreasedelative humidity. For
the incidentflux andprotectve clothing assemblyconsiderechereheattransferto the fire fighter would
occur predominantly through conduction rather than radiation from the thermal liner

7 Summary and Conc lusions

The goal of this projectat NIST is to improve fire fighter safetythrougha betterunderstandingf heat
transferin the protectve garmentsvorn by fire fighters.Both experimentalandmodelingapproachesvere
used.This paperfocusentheformulationof thefirst stagein a heattransfermodelsuitablefor predicting
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temperatureandheatflux in fire fighterprotectve clothing.For thisreasormodelresultswerecomparedo
only one experimentalcase(q, = 0.25 W/cn?, typical of pre-flasheer fires) with one commonly used
three-layerprotective clothing assembly Model predictionsof the temperatureagreedvery well with
experimentaltemperaturdor the interior layers(within 5 °C). Temperaturegoredictionson the outershell
were up to 24 °C higher than experimentally measuredvalues (while the external radiative flux was
present) Error in the estimatef transmissiity andreflectvity wasmostlikely the sourceof modeling
error in the shelltemperaturesNo measurementsf theseoptical propertiesfor arny of the fabricswere
available.Instead thesepropertyvalueswere basedon previous work in the literature.NIST is currently
developinga databasef materialpropertiesor fabricsandmaterialscommonlyusedin fire fighterprotec-
tive gear Furtherapplicationandtestingof the modelusingotherfabricassemblieandheatflux environ-
ments is needed taexify the model.

The modelwasdesignedasmuchaspossible to accommodatéhe variablethermalervironmentsin
which afire fighterworks. While this capabilitywasnot shovn here theincidentradiative heatflux, fabric
thicknessair gapthicknessor the presencer absencef anair gap canbe varieddynamicallyduringthe
simulation.

At this stage the modelis restrictedto dry fabricsandtemperatureandflux levels which are suffi-
ciently low thatnothermaldegradationof thefabricoccurs Furtherdevelopmentshouldincludemoisture
effectsanda multiple-layer variablepropertyskin mode.Estimationsof burn injury risk would thenbe
possible.
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