
NISTIR 6299

A Heat Transfer Model for Fire Fighter’s Protective
Clothing

William E. Mell
J. Randall Lawson

United States Department of Commerce

National Institute of Standards and Technology



NISTIR 6299

A Heat Transfer Model for Fire Fighter’s Protective
Clothing

William E. Mell
J. Randall Lawson

January 1999

U
N�

IT�

E�
D

STA
�

TE
�

S OF AM

E
R

IC
A

D
E

PA
RTMENT O

�
F

�
COMM� E� R	 C

E

U.S. Department of Commerce
William M. Daley, Secretary
National Institute of Standards and Technology
Raymond G. Kammer, Director

U.S. Fire Administration
Carrye Brown, Administrator
16825 South Seton Avenue
Emmitsburg, Maryland 21727



MODEL RESULTS

23

 6.2  Turnout Coat Sim ulation

A turnoutcoatassemblywith materialcharacteristicslisted in Table1 wassubjectedto thermalradiation
from a gas-firedradiationpanelasdiscussedin Sec.2. The total radiative flux on theshell of the turnout
coatwasqe = 0.25W/cm2. This flux is charactersticof thepre-flashover fire environmentin which struc-
tural fire fighterstypically work [21]. Thermocouplesof typeK andsize10 mil (0.254mm) weresewn on
thefront surfaceof theshell(x = 0 mm),andboththeinnerair/fabricinterface(x = 3.4mm) andtheouter
fabric/air interface(x = 6.9 mm, backsurfaceof garment)of the thermalliner. The turnoutcoatmaterial
wassubjectto radiationfrom thegaspanelfor 300safterwhicha radiationshieldwasplacedbetweenthe
coatandthegas-firedpanel.A cooldown periodof approximately10min followed.Theturnoutcoatsam-
ple wasthenremovedfrom theexperimentaltestapparatus.Tensuchtests,separatedby approximately10
min, werecompleted.Fromthesetenteststhemeanandstandarddeviationof thetemperatureateachther-
mocouple were computed. The ambient mean temperature was found to beT∞ = 29.3 ˚C.

On Fig. 6.2(a) the temperaturetime history from the simulationandexperimentat the threethermo-
couplelocationsareplotted.Thetemperaturedifferencebetweenthesimulationandtheexperiment(mean
values)areplottedversustime in Fig. 6.2(b). Heattransferthroughtheturnoutcoatreachesa steadystate
afterapproximately100s. Figure6.3 shows thesimulatedandexperimentaltemperaturesversusdistance
into theturnoutcoatat threedifferenttimes,t = 0 s,200s (duringsteadystate),400s.Verticaldottedlines
mark the air/solid interfaces.Meantemperaturesfrom the thermocouples(at x = 0 mm, x = 3.4 mm, 6.9
mm) areplottedasblackcircleswith errorbarsextendingonestandarddeviation above andbelow. Simu-
latedtemperaturesareplottedassolid lines.During thesteadystateperiodthesimulatedshelltemperature
is approximately15 ˚C higherthanexperimentallyobtainedtemperatures.The largesterror in the model
occurredin thepredictionof temperatureson theoutershellsurfaceduringthefirst half of theexperiment
beforetheflux from theradiantpanelwasblocked.A probablesourceof thiserroris theapproximateman-
ner by which the transmissivity andreflectivity valueshave obtained.A majority of the incidentradiant
heatflux is absorbedby the shell.Thus,it is especiallyimportantin the caseof the shell to useaccurate
valuesfor the transmissivity andreflectivity. After the radiantpanelis blocked,thematerialpropertiesof
the fabric layers(conductivity, specificheatanddensity)play a moreimportantrole, asdoesconvective
heatlossfrom theboundaries.Notethatduringthecool down periodthesimulatedandexperimentaltem-
peraturesfor the shell arein betteragreement.The simulatedtemperaturesin the interior of the garment
were within approximately 5 ˚C of the mean experimental temperature.

Basedon theseresultsit appearsthat the modelcould be usedto predictthe thermalperformanceof
fire fighters’ protective clothing (at leastunderheatflux conditionsconsistentwith the model assump-
tions). More datafrom experimentsusingmaterialsfor which the optical and thermalpropertiesof the
materialsareknown is requiredbeforetheaccuracy of themodelcanbeconclusively measured.Measure-
mentsarecurrentlybeingmadeof materialpropertiesnecessaryfor modelingthethermalbehavior of fab-
rics and fabric assemblies commonly used in fire fighter gear.

Thenetradiative flux from thesimulationat boththefront surfaceof theshellandthebacksurfaceof
thethermalliner areplottedversustime in Fig. 6.2(c). During thetime interval t = 0 s to 300s theflux on
thefront surfacewasreducedfrom 0.25W/cm2 to 0.14W/cm2 by reflectionandradiationto thesurround-
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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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ings.After radiationfrom thegas-firedpanelwasremovedat300s radiativecoolingoccurred.Notethatif
theambienttemperatureis increasedto 65 ˚C which is commonlyexperiencedby fire fighters[21] thenet
radiative flux on the shell at 300 s would increaseto 0.16W/cm2 for the sameshell temperature.On the
backsurfacetheradiativeflux graduallyincreasedto amaximumof 0.025W/cm2 asthetemperatureof the
thermalliner rose[Fig. 6.2(a)]. Thisflux wasentirelydueto thetemperatureof thethermalliner relative to
the ambienttemperature,T∞, sincethe contribution of the externalflux qe wasnegligible. If the ambient
temperatureis increasedto T∞ = 32 ˚C (normalcoreskin temperature)thebacksurfaceflux decreasesto
0.023 W/cm2 for the same thermal liner temperature.

Figures.6.2- 6.3show thattheclothingensembleclearlyprovidedprotectionagainsttheincidentradi-
ative flux. Fromtheoutsideof theshell to thebackof the thermalliner the temperaturefell nearly70 ˚C.
Theeffectsof themoisturebarrier’s lower thermalconductivity areapparentby therelatively steepdropin
temperaturein the t = 200s temperatureprofile in Fig. 6.3. Thesteadystatetemperatureat thebackof the
thermalliner reached66 ˚C. Notethatwhena fire fighterwearsa turnoutcoattheapparenttemperaturein
theair gapbetweentheturnoutcoatandthefire fighterwill risedueto anincreasedrelative humidity. For
the incidentflux andprotective clothing assemblyconsideredhereheattransferto the fire fighter would
occur predominantly through conduction rather than radiation from the thermal liner.

 7  Summar y and Conc lusions

The goal of this projectat NIST is to improve fire fighter safetythrougha betterunderstandingof heat
transferin theprotectivegarmentswornby fire fighters.Bothexperimentalandmodelingapproacheswere
used.Thispaperfocusesontheformulationof thefirst stagein aheattransfermodelsuitablefor predicting

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.
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temperatureandheatflux in fire fighterprotectiveclothing.For this reasonmodelresultswerecomparedto
only one experimentalcase(qe = 0.25 W/cm2, typical of pre-flashover fires) with one commonlyused
three-layerprotective clothing assembly. Model predictionsof the temperatureagreedvery well with
experimentaltemperaturefor the interior layers(within 5 ˚C). Temperaturepredictionson theoutershell
were up to 24 ˚C higher than experimentallymeasuredvalues(while the external radiative flux was
present).Error in the estimatesof transmissivity andreflectivity wasmost likely the sourceof modeling
error in the shell temperatures.No measurementsof theseoptical propertiesfor any of the fabricswere
available.Instead,thesepropertyvalueswerebasedon previouswork in the literature.NIST is currently
developingadatabaseof materialpropertiesfor fabricsandmaterialscommonlyusedin fire fighterprotec-
tive gear. Furtherapplicationandtestingof themodelusingotherfabricassembliesandheatflux environ-
ments is needed to verify the model.

Themodelwasdesigned,asmuchaspossible,to accommodatethevariablethermalenvironmentsin
whichafire fighterworks.While thiscapabilitywasnotshown here,theincidentradiativeheatflux, fabric
thickness,air gapthicknessor thepresenceor absenceof anair gapcanbevarieddynamicallyduringthe
simulation.

At this stage,the model is restrictedto dry fabricsand temperatureandflux levels which aresuffi-
ciently low thatno thermaldegradationof thefabricoccurs.Furtherdevelopmentsshouldincludemoisture
effectsanda multiple-layer, variablepropertyskin mode.Estimationsof burn injury risk would thenbe
possible.
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