NISTIR 6299

A Heat Transfer Model for Fire Fighter’s Protective
Clothing

William E. Mdll
J. Randall Lawson

N H 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. Mdll
J. Randall Lawson

January 1999

U.S. Department of Commer ce

William M. Daley, Secretary

National Institute of Standards and Technology
Raymond G. Kammer, Director

w
ﬁ*ﬁ

S

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



Contents

(010 [UTo3 110 ] o NPT 2,
EXPerimental @St APPAIAtUS...........uuuuuuuuuuuuuuuunutunttnnranrererrerrerrrerrrsrrre..——..—————————————————————————. TR
HeEat TANSTEE MOUEBL ... .o e et e e e e e r e eaen 1Q........
3.1 Thermal RAiation MOUEL........uuiiieiiiee ettt e e e et e et e e e e e e e e reeaan 11......
3.2 Radiation fles incident on material DOUNAALIES.........oveeueeieeeeeeee e 13...

NI [ l=] 7= L g 1Yo (] U TP 15.........
4.1 Discretization of Model EQUALION.............uuviiiiiiiiiiiieeiieeeeeee e 15.....
4.2 Boundary CONAItIONS........covviiiiiiiiiiiieiieeeeeee e 16.......
TUINOUL COAE CRATACTEIISTICS. ... e eeeeee ettt ettt et e e e e et e e e e e e e e e e e e aeneannas 17.......
IMOAEI RESUILS. ...ttt ettt et et et ettt et et et e e e e e e e e e eareareareerennreen 20.........
(ST R 1 01 102> (o ] TR 20.........
0.2 TrNOUL Coat SIMUIBTION . ... .ee et e e e e e e e e 23......
SUMMArY and CONCIUSIONS. ......coiiiiiiiiii ittt e e e e e e e e e e e e e e annnnes 25.......

F o T T [=To (o T 0TS ] PP PPPPPPPP 26.........
R (=] (=] [ =1 TR 26..........



FIGURE 2.1:
FIGURE 2.2:
FIGURE 2.3:
FIGURE 2.4:
FIGURE 2.5:
FIGURE 3.1:

FIGURE 3.2:

FIGURE3.3:

FIGURE 4.1:
FIGURE 4.2:
FIGURES.3:

FIGURE 6.1:

FIGURE 6.2:

FIGURE®G.3:

List of Figures

Photograph Of teSt @PPAIALUS.........ceiieiiiiiiieei e e e ...
Sktch of side vier of test apparatus...........cccoeeiiiiiiii . 6......
Sktch of the front vier Of teSt apParatus...........ocuvviiiiiiiiiiii e 7.

Sktch of open back and closed back specimen holders............cccccoiiiiiiiiis

o oo

Normal locations of thermocouples used for teStNG........ccoeviviiiiiiiiiians

Schematic cross-section of a three layered firefighter pretelothing ensemble sur-
roundedby ambientair. This scenarianimicsthatof theexperimentatestapparatusisedto

TESE thE MOAEL...cci i 10.......
Geometry for solution of one-dimensional ragidtiansfer equation in an arbitrary mate-
Al TAYEI . oo 2.

Radiatie fluxesincludedin the modelwhich areincidenton materialboundariesn athree

layer clothing assembly surrounded by ambient air of temperBfure.............c.c....... 14
One-dimensional CONtr@IMME............uuuiiiiiii e 15....
Solid/gs interice at outer stBEe Of GIMENt..........evviiiiiiiiiiiieeeeeeeeee e 18..

Normalizedspectrablackbodyemissve power versusvavelengthwhich approximateshe
emission of the gs-fired radiatie panel (blackbody source temperature of 943 K). Also
shawvn is the assumed spectral transmiggifrom Bamford and Bgdell [10] for Nome®

HIA Of SPECITIC MASS 254 G/fML.....ecveieeeeeeeee ettt ettt 20.....

‘Emperature from thexact and numerical solution of the one-dimensional conduction
equation for a tw material semi-infinite solid subject to a constant heat.flux.......... 22

(a) Simulation time history (lines) and megreemental temperature (filled circles) with
+/- standard dgation spread for the Nom@®/neoprene/Aralite® assemblResults at the
three thermocouple locations (x = 0 mm, 3.4 mm, 6.9 mm) axerst{b) Difference
betweertemperaturefom the simulationandexperimentshavn in Fig. (a) versugime. (c)
Netthermalradiationflux versugime from themodel,atthefront (x = 0 mm) andback(x =
6.9 mm) boundaries of clothing assembly........cccccceviviiiiiiii e, 24...

Profilesof simulatedemperaturélines)throughthe Nomex®/neoprene/Aralite@&ssembly
at three diferent timest = 0 s, 200 s, 400 s. The mean temperature (filled circles) and +/-
standard déation spread from terxperimental runs are also st at the front sudce of
the shell, the internal air/thermal liner intzé and at the back of the assembly........ 25



List of T ables

TABLE 1: Plysical characteristics ofbric layers (at 20 °C)



moo oo

Ocp
Qe
Or

— On
A

x g =

Nomenc lature

[J/K[Kg] specific heat

[m] thickness of a material layer

[m] thickness of air layer

interface between controblumesP andE

(m?/s) diffusivity (k/pc,)

midpoint of right control slume in finite diference scheme

[W/(m?[im)] spectral blackbody emissi paver

spectral emisge paver incident ondbric layen

[W/m?] internal enegy generation rate per unibhume or [m/¢] gravitational acceleration
[W/(m?K)] surface heat transfer cdieient for covection

=29(T - T,,) L3 p& / (T, pg ) Grashof number

[W/(m?-um-sr] radiant intensity

blackbody spectral intensity

[W/K [h] thermal conductity

effective conductrity coeficient, used in determiningp at internal cell intedces
effective conductrity coeficient, used in determiningp at gas/solid interfices
[m] streamwise distance to the initiation of naturalvemtion

Nusselt number

midpoint of central controlalume in finite diference scheme

= uch,G/kG Prandtl number

[W/m?] heat flux

heat flux due to conduction

external radiation heat flux on left side of the first protectiothing layer (shell layer)
radiation heat flux

= Pr |Gr|, Rayleigh number

reflectvity of incident thermal radiation

[m] pathlength of radiation beam

[s] time

[K] temperature

ambient air temperature

interface between controblumesW andP

midpoint of left control lume in finite diference scheme

[m] distance measure into proteeticlothing

vi



Greek Symbols

a absorptvity
B = cos@), cosine of polar angle locating radiation beam in spherical coordinates
0 Dirac delta function

0. 0, distance between midpoints of controlwumesP andE, andP andW, respectiely
distance from cell inteaicee to pointP in finite difference scheme

e
. distance from cell inteaicee to pointE in finite difference scheme
€ emissvity
n nondimensional optical deptlaiable
0 polar angle locating radiation beam in spherical coordinates
K [1/m] absorbtion (etinction) coeficient
A [um] wavelength of thermal radiation
U [kg/(m(8)] dynamic viscosity
P [kg/m® mass density
o 5.6697x 108 W/(n?K#)] Stefan-Boltzmann constant
T transmissiity of incident thermal radiation
® azimuthal angle locating radiation beam in spherical coordinates
Q direction of radiatie enegy propagtion
Subscripts
1, 2 ... material layer 1, 2, ...
a air
d total thickness of airap or material layer
I material or &bric layed
G gas cell
S solid cell
r gas/solid or solid/solid inteate
A spectral dependence
Superscripts
+ forward direction

- backward or re@erse direction
[ incident (flux or intensity) on material boundary

Vii



BLANK PAGE



A Heat Transfer Model for Fire Fighters’ Protecti
Clothing

by
William E. Mell and J. Randall lveson

Abstract

An accurateandflexible modelof heattransferthroughfire fighter protective clothinghasmary uses.
The degreeof protection,in termsof burn injury andheatstressof a particularfabric assemblycould be
investicated.Theexpectedperformancef new or candidatdabricdesignor fabriccombinationsouldbe
analyzed cheaply and quickly

This papermpresentshefirst stagein the developmentof a heattransfermodelfor fire fighters’ protec-
tive clothing. The protectve fabricsare assumedo be dry (e.g.,no moisturefrom perspiration)andthe
fabric temperatureconsideredare belov the point of thermal degradation(e.g., melting or charring).
Many burninjuriesto fire fightersoccurevenwhenthereis no thermaldegradatiorof their protectve gear
A planargeometryof thefabriclayersis assumeadvith one-dimensionaheattransfer Theforward-reverse
modelis usedfor radiative heattransfer Theaccurag of themodelis testedoy comparingtime dependent
temperaturefrom bothwithin andonthe surfaceof atypical fabricassemblyo thoseobtainedexperimen-
tally. Overall the model performedwell, especiallyin the interior of the garmentwherethe temperature
differencebetweerthe experimentandsimulationwaswithin 5 °C. The predictedemperatur®n the outer
shellof the garmentdifferedmostfrom experimentalalues(by asmuchas24 °C). This wasprobablydue
to the absence oébric-specific optical properties (transmidtsi and reflectiity) used for model input.

Key Words: heattransfer;comutermodeling;fire; fire fighter; fire fighter safety;protectve clothing;
thermal insulation; turnout coats



A HEAT TRANSFER MODEL FOR FIRE FIGHTERS' PROTECTIVE CLOTHING

1 Introduction

Thethermalperformancef fire fighters’ protective clothinghasbeena point of interestanddiscussiorfor
severaldecadesHowever, little detailedscientificinformationis availableon thetechnicalissuesMuch of
thesediscussionsirebasedn fire servicefield experienceandmary of thesestudiesaredifficult to repro-
duce.Very little hasbeendoneto develop methodsfor predictingthe thermalperformanceof protective
clothing throughout theange of fire evironments normallydced by the fire fighter

Torvi [1] providesareview of work doneon heatandmasstransfermodelsapplicableto fabricsin the
high heatflux rangethat a fire fighter may experience Most of this work datesfrom the 19605 [2] and
19705 [3-5] whencomputersveresignificantlylessadvanced.The Government-IndustryResearctCom-
mittee on Fabric Flammability consideredmainly flammablefabricsusedby the ordinary consumei3],
[4]. Morseet al. [5] studiedheattransferandburn injury risk from exposureto JP-4fuel fires. Only three
protectie clothing materialswere examinedfor usein air force flight suits. Also, somemodelproperties
weredeterminedy fitting the modelresultsto experimentadata.Stoll andcolleaguesiseda combination
of analyticalandexperimentatechniqueso measurehethermalresponsef singlefabriclayersover skin.
They developeddiagnosticgo rate the protectionoffered by a fabric with known propertieq6-8]. Their
work eventuallyleadto the ThermalProtectve Performanc€TPP)test[9]. Two recentmodelingworksare
by Bamford and Boydell [10] who developeda finite differencebasedburn injury evaluationcodeand
Torvi [1] who developed a finite element code to simulate the TPP test.

Two thermalperformanceestsarein the NFPA1971[11] standarda fabric flammability testandthe
TPPtest. Thesetests,alongwith the developmentof new fabricswith improved thermalpropertieshave
led to significantchangesn fire fighter clothing. The fabric flammability testhasresultedin the develop-
mentof protectve garmentghatresistflamingignition. The TPPtesthasled to the useof protective cloth-
ing with betterinsulatingpropertiesThe TTP testwasoriginally designedo testfabricperformanceinder
shortduration,high heatflux exposuregsuchasflashfiresandJP-4fuel firesfrom deckcrasheof planes
on aircraftcarriers).The NFPA standardT PPtestmethodmeasureseatflow throughthe garmentwhile
exposedo a84 KW/m? (2 caI/cn?-s)thermalen/ironment.This level of flux is choserin orderto replicate
a flash fire or mid-rangepost-flash@er exposure.A single coppercalorimeteris usedto measureheat
transferthrougha protectve clothing assemblyand no datais gatheredon the thermalperformanceof
individual protectve clothing components.

A minimum TPPrating of 35is requiredaccordingto the NFPA standardAt this level of protectiona
fire fighterwould have approximatelyl7.5seconddo escapdrom a flashaver exposurebeforesustaining
seconddegreeburns.Work by Krasry et al. [12], however, suggestshatfire fighterswearingTPP 35 gar-
mentsarelikely to receve seriousburn injuriesin lessthan 10 secondsvhenexposedto a flashoer fire
environment.Peacoclet al. [13] foundthatthe TPPtestwasbestableto predictthe relative thermalpro-
tection of diferent turn-out gear in room fires which were rapidlyaii@ping into flasheer.

To datethe TPPtestis the only sourceof datarelevantto the thermalperformancef protectie cloth-
ing. It is relatively inexpensve to run, but somevhatcomplicatedandonly providesthe userwith thermal
performancef the protectve garmentasawhole. A moreinformative testmethodwould provide thermal
performancemeasure®f the componentabricsand,therefore heattransferwithin the garment. TPPtest
measurementarealsotime restrictedoecausef the thermalpropertiesof the coppercalorimeter Gener-
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ally, TPPtestson thermalprotecte clothinghave beenconductediusingtime periodslessthanoneminute
[11]. Thus,the TPPtestdoesnot producethe detailedinformation necessaryor evaluatingthe thermal
performanceof protectie clothing over a rangeof conditions.This is animportantissuesince,mary fire
fighter turn injuries appear to result from longer duration moderate heatdhmsareg14].

Fire fighterscanbe burnedby radiantheatenepy thatis producedby a fire or by a combinationof
radiantenepgy andlocalizedflamecontactexposureasreplicatedby the TPPtest.Someinjuriesalsooccur
asaresultof compressinghe protective garmentagainstthe skin, eitherby touchinga hot objector by
placingtensionon the garmentfabric until it becomessompresse@gainstthe skin. In additionto these
mechanismsmoisturein protectve clothing can significantly changethe garments protectve perfor-
mance.As statedin NISTIR 5804, garmentsthat are wet may exhibit significantly higher heattransfer
ratesthangarmentghataredry [14]. Burninjuriesthatresultfrom the heatingandevaporationof moisture
trappedwithin one’s protectie clothingis alsosignificant. Thesenjuriesaregenerallyreferredto asscald
or steam brns. Moisture may also help to store heat@pner protectve clothing[14].

The Building andFire ResearchLaboratory(BFRL) at the National Institute of Standardsind Tech-
nology (NIST) hasbeendevelopingtwo tools to further the understandingnd predictionof the thermal
performancef fire fighters’ protective clothing.Onetool is alaboratorytestapparatushatexposesspeci-
mensof protective clothing to radiantheatfrom a gas—firedradiantpaneland/orflamesfrom a gaspilot
line burner Temperaturaneasurementsan be madeby placing thermocouple®n andwithin the fabric
assemblyThis experimentalttestapparatusgliscussedn Sec.2, wasdesighedo measurghetemperature
distribution throughlayersof protectize clothing over a rangeof conditions.lIt is possibleto subjectthe
protectie clothing materialsor specimerto variouslevels of incidentradiantheatflux andto investicate
the effects of compressiorand moisture.The secondtool is the subjectof this paper It is an analytical
computemodelthat providesdetailedinformationon heattransferthroughthe protectie clothingassem-
bly. Amongthe othermodelsdevelopedto date,this modelis mostsimilar to thatof BamfordandBoydell
[10]. However, developmentof the model discussecherewill occurin stages.The performanceof the
modelwill betestedby comparingemperaturgredictionsto measurementisom thelaboratorytestappa-
ratus.Ultimately, a detailedskin modelcanbeincludedif neededo provide burninjury predictionsWhen
fully developedhis predictve modelcouldbeusedasanaidin thedesignof candidateprotective clothing
systems gevaluatingthe performanceof currentprotective clothing systemsin variousthermalerviron-
ments,andasatool to studypotentialissueselatedto the cause®f fire fighterburninjuries. It couldalso
be used as a training tool for fire service personnel.

Next, in Sec.2, a brief descriptionof the experimentaltestapparatuss given. The derivation of the
heattransfermodelis presentedin Sec.3, followed by its numericalimplementationthe thermo—plysical
characteristics of the turnout coat considered here, and model predietions gperimental results.

2 Experimental T est Apparatus

The testapparatusvasdesignedo evaluatethe thermalperformanceof fire fighters’ protective clothing
over a wide rangeof thermalexposuresResultsfrom the testprovide a thermocouple-baseiiime history
of the temperatureat fabric layer surfaces(e.qg., the outer or inner surface of a garmentassemblyor
betweencomponentayers).in addition,the testmethodmay be usedfor measurindatentheator enegy
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storedin the clothing assemblyupon being exposedto a selectedthermal ervironmentfor a specified
periodof time. The testapparatusandits componentsare shavn in Figs. 2.1 through2.3. The specimen
holderis mountedon a trolley. This allows the specimerto be easilymoved andthensecuredht different
distancesgrom theradiantpanel.In this way theradiantflux, dueto theradiantpanel,incidenton the outer
surfaceof the garmentspecimercanrangefrom aboutl1.0 kW/m? to morethan50 kW/m?. Thetestspeci-
menmay alsobe subjectedo a pilot flameduring ary partof a testto evaluatethe thermalperformance
associateavith directflamecontact.TestspecimenskFig. 2.4, measure805mm x 305mm (12in x 12in)
squareThesurfaceof thespecimerwhichis exposedo testconditions whenheldin thespecimerholdet
measure55mmx 255mm (10in x 10in). Seephotograptshaving thetestspecimerpreparedor testin
Fig. 2.1andthesketchof thespecimerholdersin Fig. 2.4. This specimersizewasselectedo allow for the
measurementf protective clothing systemassemblieghat may have surfacefeatures(i.e., trim, pads,
patchespr pockets)that requireevaluation. Testsmay be conductedwith eitheran openbackor closed
backconfiguration Only the openbackconfigurationwasusedhere.Thebasiclocationsfor thermocouple
attachmentareshawn in Fig. 2.5. A minimum of threethermocouplesre requiredfor making heatflow
measurementhrougha garmentassemblyThesearethermocoupled, 2, and3 showvn in Fig. 2.5. Ther-
mocouplenumbers4 is usedto measurepenfield temperaturesrhena surfaceattachmenis appliedto the
shellmaterial Protectve clothingspecimensnaybetesteddry or wetsothattheeffectsof moisturecanbe
measured.

In this studythetestapparatusvasusedto helpgaugethevalidity of the heattransfermodeldeveloped
below. Sincethis is the first stagein the developmentof the model conditionswere kept simple. Thus,
experimentalkresultspresentedelav arefor dry specimensn the openbackconfiguration Also, only the
radiant panel a&s used — thereas no direct flame contact.
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FIGURE 2.1: Photograph of test apparatus.



A HEAT TRANSFER MODEL FOR FIRE FIGHTERS' PROTECTIVE CLOTHING

_—,

()

l<—70 mm (23/4")

AL

l___J

©

8
[eXe]=]

445mm
(171/2")

Specimen, holder
and trolley

(2 Thermal radiation
shield

(® Exhaust hood
@ Trolley rail

® Trolley stop

® Pilot flame
burner assembly

@ Radiant panel

Radiant panel sensor
[ (safety device)

()
l

\Aluminum foil

Radiation shield

1359 mm (531/2")

117mm

Electrical control
panel

Gas supply
@ Air supply

@ Gas supply for
pilot burner

1/2")

/

FIGURE 2.2: Sketch of side view of test apparatus.
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FIGURE 2.3: Sketch of the front view of test apparatus.
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FIGURE 2.4: Sketch of open back and closed back specimen holders.
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FIGURE 3.1: Schematic cross-section of a three layered firefighter protective clothing ensemble
surrounded by ambient air. This scenario mimics that of the experimental test apparatus used to test the
model.

3 Heat Transf er Model

This work is the first stepin the developmentof a heattransfermodelfor protectize clothingworn by fire
fighters.Heattransferthroughfire fighter’s clothing, ultimately reachingthe skin, is largely dueto radiant
enepy from the surroundingsThis processasopposedo direct contactwith flames,is the focusof the
currentstageof the model.In addition, the influenceof moistureis not considerecandtemperaturesre
assumedo be too low for melting or gasificationof the fabrics(i.e., thermaldegradationof the fabric).
Marny burninjuriesto fire fightersoccurevenwhenthereis little or no thermaldegradationof their protec-
tive gear It is hopedthat the heattransfermodelandthe experimentalttestapparatusliscussederewill
lead to a better understanding ofythese injuries occur and\wdhey can be preented.

A sketch of a typical three—layeregrotectve clothing fabric ensemblgturn-out coat) usedby fire
fightersis shavn in Fig. 3.1 This geometryis identicalto the experimentakestapparatusliscussedn the
previoussection Becausét is bothanappropriatdirst modelingstepandconsistentvith the experimental
testapparatus planargeometryis assumedA further simplificationis madeby assumingheattransfer
through the planar system is one-dimensional.

Heattransferuponandwithin the materiallayersof the garmentinvolvesthe processesf conduction,

corvectionandthermalradiation.The relevanceof eachof theseprocesseslepend=n local conditions.
For example,corvective heattransferis assumedo occuronly on the outsideboundarief the clothing

10



HEAT TRANSFER MODEL

ensembleandthereforeentersthroughthe boundaryconditionsof the model.In one-dimensiorthe equa-
tion governing the conseation of enagy is:

oT _ anD aqR
PCo3t = “ax  ax ¥ (3.1)
with fluxes
dcp = — 3—1 conduction (Burier law), (3.2)
IR » radiation flux (see Se8.1). (3.3)

Eq. (3.1) is solved within eachgasor solid region of the garment.Both aninitial conditionandboundary
conditionsarerequired.Caremustbetakenin the discretizationof Eq. (3.1) to ensurethatthe fluxesare
continuousacrosgnterfaces(seeSec.4). To obtainthe temperaturalistribution throughouthe protectve

clothingensembléoththe enegy equation(3.1) andtheradiative heattransferequation(in someapprox-
imation) must be sobd. The thermal radiation model isvdoped ngt.

3.1 Thermal Radiation Model

The radiatve transferequationfor the spectralintensity 1, , in the absenceof scatteringand assuming
thermodynamic equilibrium (Kirchbfs law is valid) is

dl, (s, 6, 9)
K—];\)\T+|)\(S, 8,0) = Iy [T, (3.4)

wheres is the pathlengthof the radiationbeamin the Q direction; 8 and ¢ arethe polarandazimuthal
angleslocating the beamof radiationin a sphericalcoordinatesystem;| bA is the blackbodyspectral
intensity; T is the temperatureln generals dependn threespacevariables.In the contet of the one-
dimensionalmodel usedhere (seeFig. 3.1) the intensity is independenof the azimuthaldirection and
pointsin the 6 = 0 or Ttdirections(forward or backward) only. Thus,0 = 0 correspondso the directionof
increasingk and

d _9 dx_,0 o = 1
3" axas - Pox B=cosH = 1,-1 (3.5
This motivatesthe splitting of the intensityinto forward (positive x direction)and backward compo-

nents, | andl ~[15]:
Iy = 1,6 Q) = 15(x Q) +15(x Q) = 1F(x)3(B-1) +15(x)8(1+PB).  (3.6)

To simplify the notation,whenvariablesare spectrallydependenthe A subscriptis presentonly on the
left—hand—sideof the equationsto follow. Equation(3.4) is solved for a material layer (air layersare
assumedo be nonparticipatingfor both the backward andforward component®f the spectralintensity
This scenario is depicted in Fi§.2 for an arbitrary material layér

The solution of Eq.3.4) is

11
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O, 0K} O, =aK]
=]t =i
= material layer =

!
I e,

—— - >
x =0 X =4
r]|=0 Ny =Ng,

FIGURE 3.2: Geometry for solution of one-dimensional radiative transfer equation in an arbitrary
material layer .

1F(x) = I *e™ +J’nlbe‘(”‘”')dn',
° n 3.7)
I5(x) = Ii’—e_(nd_n)+‘[ dlbe‘(”"”)dn',
n
where
X
Ny = J’Ode', (3.8)

is the nondimensionabkpectralabsorptionlength. From the spectralintensitiesin Eq. (3.7) the spectral
radiative flux can be determined

OrA = JQl(S,Q)dQ = qu)\"'qa)\
m (3.9)
21 1 211 0 '
=J' J' 1*(x, B)BdBd<P+I J’ I=(x, B)BdBdq.

0 Jo 0Ja

Only the net flux, which is found by irgeating Eq. 8.7) over all wavelengths, is considered in the model

1 n T
G&(n) = a*e +of TAn)en=Mdn’,
0
. (3.10)
H — —_— d r
Gr(n) = gige a7 —of THn)etn =Nan’,
whereq‘F{ <0, thebackwardflux incidentonthex = d materialboundaryin non-positve. Note thatspec-
tral dependencef the fluxes canbe addedto the modelin a straightforvard way. The first termson the

right-hand-sideof Eq. (3.10 arethe contrikution to the flux from radiationenteringthe boundariesThe
second terms are the contrilton of emission along the path length of gregion (self emission).

~In the current model, the major radiatie fluxes incident on the boundariesof a material layer
(gi", qfs~) are assumed to be due to:

12



HEAT TRANSFER MODEL

1. the ternal incident heat flux on the outerrment layerThis contrilutes to the forard incident
fluxes and the baclkavd incident flugs on the innerag/solid boundaries if reflection occurs.

2. interlayer(acrossair layers)radiatve flux andits reflection.This occurswhenthe materialsurfaces
bounding the air layers ha different temperatures and contries to both the forard and back-
ward incident flux.

With regardto 1, only the backwardreflectionof radiationdueto the externalflux is calculated Note that
sincetheradiative transferequationis linear, the separateontrikutionsto the forward or backwardbound-
ary fluxes for a particular boundary can be obtained and then added.

It is commonlyassumedhat, within a material,the contribution to the radiative flux from self emis-
sionis muchsmallerthanthatdueto the absorptiorof the externallyincidentflux [i.e., termscontainingl,,
in Eq. (3.7) arengglected].Underthis assumptiorthe netflux within materiallayer| from Egs.(3.9) and
(3.10 is (BeerLambert lav)

Or = OR | +Og = dighe " +qigeM e (3.11)
Hereq‘F{’”I andq,i{I arethefluxesincidentontheleft andright side,respectiely, of materiallayerl andn,
is the optical length from the left boundary of laléee Fig3.2).

The absorptiity of a fabric layeya, is related to its transmistty, T, and reflectiity, r, through

a+r+1=1. (3.12)

The absorptioncoeficient is assumedo be constantwithin a materiallayer This meansthatit canbe
determinedrom thetransmissiity andreflectiity of thefabriclayer Defineq;, to betheradiative flux on
the left-hand-side swate of &bric layed. From Eq. 8.11) the transmissity of the fabric layer is

B 1-r)g e 1%
T = qR,|(nd,|) _ ( |)q|n (3.13)
Oin Qin
This equation gies the absorption cdifient for material layet.
-r0
K = =InG—1. (3.14)
d 07y O

3.2 Radiation flux es incident on material boundaries

As discussedbore it is assumedhat the radiantflux on a materialboundaryis from two sourcesthe
externalradiationsource(q, ) andtheinterlayerflux (denotedfor example,q; _, for fabriclayersl and2).
Thesefluxesaredepictedin Fig. 3.3. The contrikutionsto the incidentboundaryflux dueto the external
flux, qg,’[/— , areasfollows. (Note,thebackward components dueto reflectiononly from the next material
layer).
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FIGURE 3.3: Radiative fluxes included in the model which are incident on material boundaries in a
three layer clothing assembly surrounded by ambient air of temperature T,.

FabricLayer 1
g7 = gg(1-ry) (3.15)
q(ii:,_l =—T50% 1(Ng 1) = —qerz(l—rl)e_nd'l
FabricLayer 2
ag3 = (1-rp)a% ;(Ng 1) = Ge(1-ry)(1-ry)e el (3.16)
Al = 1307 2(Ng 2) = —Aef5(1-p)(1—ry)e MNa1*Na2)
FabricLayer 3
aht = (L-13)ah »(Ng ) = de(1-Tg)(L—rp)(L-ry)eNar* a2 (37)

qg,—3=0

Notethatall boundaryfluxesarein termsof theradiative propertiesof the materiallayersandthe external

flux.

Thenetinterlayerradiative flux is computedoy usingtheresultfor planeparallelplateswith isotropic
scattering diffusively reflectingboundariesseparatedy nonparticipatingair (optically thin, K ,d, «1).
With this assumptiom, _, from Eq. 8.9) for intensities intgrated oer all wavelengths[(L5], p. 315) is

_ o(e,T{+r,8,T3) o(e,TE+1,6,T9)

-2 = 1-r41, 1-r41, (3.18)

14



NUMERICAL MODEL

' e
: W P B
! @ : @ L @—
| ! AX | :
| - ﬁ 8 —- B¢ :
I 6w [ 6e

FIGURE 4.1: One-dimensional control volume.

Thus,the netincidentflux on atheleft sideof materiallayer|=2 (for example)is the sumof the two con-
tributions

Ak’ = g+ o (3.19)
This incident flux in used in Eg3(11).

4 Numerical model

A controlvolumeapproachwasusedto derive the finite differenceform of Eq. (3.1). This methodof dis-
cretizationensuredocal enegy conseration and requiresapproximationof only first order derivatives
(ratherthanhigherorder).A secondorderRunge-Kittaschemewnasusedfor time stepping.The stability
characteristicef Runge-Kittaarenotasattractve asanimplicit schemesuchasCrank—Nicholsor—lead-
ing to amorecomputationallyexpensve algorithm.However, the Runge-Kittaschemewvaschoserat this
stageof themodels developmentbecausd allows for amoresimpleanddirectincorporationof atemper-
ature dependent conduaty.

4.1 Discretization of model equation

Materialinterfacesoccurat controlvolumeinterfaces An arbitrarycontrolvolumesurroundinggrid point
P (at the center of the controblime) is depicted in Figt.1

Controlvolumefacesaremarked by dashedines;theleft faceis denotedoy w andtheright faceby e.
Grid pointsto theleft andright of P aredenotedoy W andE, respectiely. Notethatin generathe control
volumesarenot of constansize[i.e., o, # 0, # AX = (§,,+0,)/ 2 ]. IntegratingEq. (3.1) over the con-
trol volume centered aboitgives

e
e aT _ 0T e e
[chpa dxdA = ka—X‘WdA qR|WdA +J’ngdi, 4.1)
wheredA is aconstantandthe conductvity, k, candependntemperaturelNotethattheequations nonlin-
earwhenthe conductvity k dependsn temperatureThe approacHor eachtermin Eq. (4.1) is discussed

briefly belawv:

15



A HEAT TRANSFER MODEL FOR FIRE FIGHTERS' PROTECTIVE CLOTHING

1. Itis assumed that the rate at which ggas stored in the controblume,cppdT/dt, is constant
throughout the @lume. The walidity of this assumption will impre as the size of the contrallv
ume decreases.

2. The first order deviatives in the conduction flux term are obtained by assumiagies linearly
within acontrolvolume.Caremusttakento ensurghattheflux -gcp = k0T /0x is continuousatcell
interfaces. This is achied by determining an fefctive conducttity coeficient, k*, at the cell inter-
face as follavs. The heat conduction flux at intec&e in Fig.4.1is expressed as

(TE_Te) -k (Te_TP)

e e

ot
T = e

Ix (4.2)

Note that the condueity is assumed to be constant within a contmume. Solving fofT, from
the second and third terms and substituting the result into the secondvesm gi
2,8

e —
aT Lk * e

%, e (4.3)
ko ke

A similar method is used for fles at the gs/solid boundaries (Set2).
3. The radiatie flux is obtained from Egq3(11).

4. Internalheatgeneratiormayoccurif, for example,ameltingfabricsolidifies;heatlossesnayoccur
by fabricpyrolysisor melting. Theseprocessearenot consideredt this stageof themodel(g = 0).

With the abee assumptions the discretized gyeequation becomes
P

e
oT _ 0T e
CoP3t AXxdA = k- WdA— qR|WdA. (4.4)

0X

wherethe overbarindicatesthe quantityis a cell average.This equationis solved for eachmateriallayer
andair gap. Boundaryconditionsfor the conductve andradiationfluxes are neededon all internal gas/
solid boundariesCorvective lossesmustalso be includedat the two outer gas/solidboundariesThese
boundary flues are considered xte

4.2 Boundar y conditions

The externalradiative flux (possiblytime varying) on the outersurfaceof the garmentis specified asare
the ambientair temperaturesn eachside of the fabric assemblyContinuity of the heatfluxesacrosshe
gas/solidboundariesnustbe enforcedo consere enegy. Therearetwo typesof gas/solidboundarieslis-
tinguishedaccordingo whetheror not cornvective heattransferis presentThetwo outerboundarie®f gar-
mentinvolve corvective heattransferandthe associatedurfaceheattransfercoeficient, h; (Fig. 3.1). The
thicknessof theair gapsbetweerfabriclayers(~ 1 mm)is smallenoughto assumehatno velocity bound-
ary layer deelops and heat transfer is by conduction.

The situationfor the outer surfaceof the garmentfacingthe externalradiationsourceis depictedin
Fig. 4.2 Thesolid andgascellshave meantemperature3s andTs. Thetemperaturesn the solid andgas
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sidesof the surfacelayer are Tg and T,, respectrely. Continuity of the fluxes acrossthe surface layer
requires (using the cell spacing of FHgl)

_ kS _ _ kG
—q(x) = —6—g(TS—TS) = h(To=Tg) = =(Ty=To) - (4.5)

e

Solving for the sukce layer temperaturég T, and substituting the result into E4.) gives

(o]

D +

1 _%,%, 1

h

= +

—q(xr) = ke(Tg—Tg) , (4.6)

S |t
(@]

The surfaceheattransfercoeficient, h., wasobtainedfrom the Nusseltnumberthroughempiricalcorrela-
tions of free comection on a ertical platg16]

ke

L

Correlationsappropriatdor bothlaminarandturbulentflow wereuseddependingon the magnitudeof the
Rayleigh numberfFor laminar flav the correlation is

h. = Nu (4.7)

1/4
Nu = 0.68+ 0.67Ra 101<Ra<10° . (4.8)

(1+[0.492 Pr]9/16)4/9’
When Ra > 19the following correlation for turblent flov was used

0.387Ral’4
(1+[0.492/ Pr|9/16)8/27 °

Thetemperaturelependentaluesof densityandviscosityof air usedin Nusselnumberweredetermined
at(Tg +T,)/2. A constantvalueof the Prandtinumberwasused,Pr= 0.7. Equation(4.6) definedthe con-
ductive heatflux in Eqg. (4.4) at the outer boundariesRadiatve fluxes on the boundariesvere obtained
from expressions deeloped in Sec3.2

Nul/2 = 0.825+

(4.9)

Similarly, at the gas/solidboundarief the internalmateriallayer 2, for which no thermalboundary
layer &ists, continuity of the condugg heat flugs across the intede is ensured by using

(o]

D +

=4
Ks

—q(xr) = kp(Tg—Tg) (4.10)

S |t

1
kr

5 Turnout Coat Characteristics

As depictedn Fig. 3.1atypical turn-outcoatconsistof threefabriclayers:theshell (outermostayer, far-
thestfrom skin), the moisturebarrierandthe thermalliner. Variousphysical characteristicef the fabrics
undernormalloft arelistedin Table 1. To performa simulationthe thicknessdensity conductvity, spe-
cific heatandthe optical propertiesof transmissiity andreflectvity wereneededor eachfabriclayer All
thefabricswereclean(unused) Thicknessvasmeasuredvith a micrometer For a givenfabric, threedif-
ferent sampleswere measuredl?2 times giving a total of 36 independenimeasurementdensity was
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FIGURE 4.2: Solid/gas interface at outer surface of garment.

TABLE 1: Physical characteristics of fabric layers (at 20 °C).

Fabric

Characteristic Shell Moisture Barrier Thermal Liner

Thickness (cm) 0.082+ 0.007 | 0.055+ 0.005 0.35+0.04

specific mass (g/f) 254 440 240

density (g/crﬁ) 0.31+0.024 0.8+ 0.06 0.072+ 0.007

conductvity (W/em-C) | 4.7x104 [1] | 1.2x10* (soft rubber [16]) | 3.8x1074 (glass wool, [16])
specific heat (J/g-C) | 1.3 [1] 2.01 (soft rubbef16]) 0.7 (glass wol, [16])
transmissiity (seetext) | 0.044 0.005 0.0012

reflectity (see tet) 0.09 0.017 0.002

color black white yellow

obtainedin two wayswhen possible:from the measuredhickness areaand massor from the measured

thicknessandareadensityfrom the manufcturer(whenavailable).In theturnoutcoatconsiderederethe
shell materialis Nomex® Il1A, the moisturebarrieris neopreneandthe thermalliner is Aralite®.! The

conductvity, specificheatandoptical propertiesof the fabricswere not measuredWhenpossible these

propertyvalueswereobtainedfrom the literature(referencesrecitedin Table1). Whenno valuescould

befoundthosefor similar fabricswereuseduntil measuredialuescanbe obtained For example,the spe-

cific heatsof soft rubberandglasswool wereusedfor the moisturebarrierandthermallayer, respectiely.
Tablel lists the material properties used in the simulations reported here.

1. Certaincommerciakquipmentinstrumentsor materialsareidentifiedin this paperin orderto adequatelygpecifythematerials

usedandtheexperimentabrocedureSuchidentificationdoesnotimply recommendationr endorsemertty the Nationallnstitute
of StandardendTechnologynor doesit imply thatthe materialsor equipmenidentifiedarenecessarilfhe bestavailablefor the

purpose.
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As mentionedabore, the modelusedthe total or spectrallyintegratedvalue of the transmissiity and
reflectivity. Thesewere calculatedfrom their spectrallydependentalues.For example,in the caseof the
shell layer

J, EbaTa, 107 J EoaTa, 107
Tl = —’ rl = - .

I: Ep, 70\ I: Ep, 70\

The spectralenepy distribution from the centralregion of a gas-firedradiantpanelapproximateshatof a
blackbody source at 943 [K7] which was used foEy, in Eq. ©.1).

(5.1)

BamfordandBoydell [10] usethe specificmassof the fabricto determinevaluesof t, andr, for four
wavelengthbands(visible, 0.4 um - 0.7 um; 0.7 um - 2.5um; 2.5 um - 5 um; and> 5 pm). Theseband
averagedransmissiities canthenbe usedin Eq. (5.1). It shouldbe notedthatthe methodusedby Bam-
ford and Boydell [10] to obtaint andr is basedon a compilationof optical propertymeasurementgt].
Commonclothing fabrics(cotton, polyestey acetateacrylic andwool) were measuredMore specialized
fabricsusedin fire fighter protectve clothing,suchasNomex® werenot consideredThus,theaccurag of
the optical propertiesobtainedvia Bamfordand Boydell shouldbe viewed with somecaution.For exam-
ple, Fig. 6 in Quintiere[18] shaws that twill cottonsand aromaticpolyamide(genericNomex®) of the
samespecificmasshave markedly differentspectralbehaior (in the wavelengthrange0.7 um - 2.5 um).
Evenwhenthetotal transmissiity for a givenfabricis measuredlifferentvaluesarereportedFor a shell
fabricwith aspecificmassof approximatelyLl40g/n¥ reportedvaluesare:T = 0.11for aromaticpolyamide
with a1000K blackbodysourceg18]; 1 =0.17for Nomex with a1250K blackbodysource5]; themethod
usedby BamfordandBoydell givest = 0.08with a1100K blackbodysource Similarly, thetotal reflectiv-
itiesfor thecasegustconsideredrer = 0.24[18], r = 0.26[5] andr = 0.09from BamfordandBoydell. As
with thetransmissiity, thereflectvity of Nomex® obtainedfollowing BamfordandBoydell is lower than
thosein the literature.In fact, Quintierefound that, irrespectve of color or specificmass,y = 0.22for a
numberof commonlyusedcotton-base@dndaromaticpolyamideshell fabrics(1000K blackbodysource
temperature).

It is clearfrom the variationof the optical propertyvaluesfoundin the literaturethattheseproperties
needto be measuredor the specificfabricto be simulated However, pendingthesemeasurementfase
casevaluesof the spectraltransmissiity andreflectiity for eachfabric layer weredeterminedusingthe
methodof Bamford and Boydell. This was donebecauseano optical propertyinformationwas found on
neoprener Aralite® andthe methodusedby BamfordandBoydell only requireshe specificmass Figure
5.3 shaws the normalizedspectralblackbodyemissve power and spectraltransmissiity from which the
totaltransmissiity wascalculatedEg. (5.1)] for theNomex® IIIA shellfabricusedin this study Thetotal
reflectivity of the shellwascomputedn a similar manner The moisturebarrierwassubjectedo the gas-
fired panels radiative spectrumastransmittedn modifiedform throughthe shell. From the definition of
the spectral transmisdty [16] the spectral emiss paver incident on the moisture barrier is

Ex,2 = Ta 1Ep - (5.2)
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FIGURE 5.3: Normalized spectral blackbody emissive power versus wavelength which approximates
the emission of the gas-fired radiative panel (blackbody source temperature of 943 K). Also shown is the
aszsumed spectral transmissivity from Bamford and Boydell [10] for Nomex® llIA of specific mass 254 g/
m-<.

Equation(5.2) alongwith the spectrakransmissiity of the moisturebarrierwereusedin Eq. (5.1) to com-
putethetotal transmissiity of the moisturebarrietr Thetotal reflectivity of the moisturebarrierwascom-
putedin a similar way. The basecasevaluesof the optical propertiesaregivenin Table 1. Both air gaps
wereassumedo be 1 mm thick. The specificheatof air, which is weakly dependenbn temperatureyas
setequalto its valueat 20 C (1.006J/gC). Thetemperaturelependencef the conductvity anddensityof
air were fitted by polynomials.

6 Model Results

6.1 Verification

It is usefulto comparethe resultsof the numericalmethodto exact solutionsof simplified problems.The
performancef the numericalmethodcanthenbetestedandthe grid resolutionrequiredfor suitablyaccu-
rateresultscanbe determinedTo testthe modelfor the caseof two materialswith differentpropertiesghe
exact solution to the foll@ing problem vas used:

U(xt) = T(xt)=T(x, 0),

2 2
U, 90U, . ou, dU,
oU,(0,t)
1 —

Equation(6.1) alongwith continuity conditionsof both U andits flux attheinterfacetwo differentmateri-
als(x = xr) governsthe changdn temperatureueto a constanflux H onthex = 0 boundary The solution
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hasbeenfound usingLaplacetransformd[19] with correctiondn [6]). The prescribecconstanboundary
flux H canbe viewed asthe net flux dueto radiation,conductionand corvection at the boundary Time

dependentadiative and corvective heatlossesat the boundarywhich increasewith temperatureare not

present. Thexact solution to Eg6.1is

[ﬂ] X2 D
[{]:2 2! 4D1t xDL erf
T 2 / tDD
Eﬂ]
© D07 2O 0 (6.2)
L Z %%P 2 —Ti-[e 4Dty 4D1tD—a[a erfB——D[ '
Y& O 2,/D,t0C
+ b[ﬂ. fB—D %
er 0
0 2,/D,t00j0
2Ha, /B, /— 0
U, = 1 4D2t c[ﬂ. erf (6.3)
Xr ZJ_tDD
and at the material intex€e X = X
D(r(2n+1)EF
H 0 2F
U(Xp, t) = — —
=gy BTG L
n=0 (6.4)
0 xl-(2n + 1)D
—Xr(2n+ 1) - erf———
O Dt D
where
k C,-P5+ /kiC .p1KoC 5P
2%p,2P2 1pafitop 22 -
J @ = (ky B -k B,
KyCp 2P~ /\/klcp 1P1KC, 292
a=x+2x-(n+1), b = x-2x(n+1),

c=X-X{1-,/Dy/D4(2n+1)}.

This solutioncanbe usedto ensurethatthe discontinuityof the conductioncoeficient at the material
interfaceis handledproperlyby the numericalmethod.Unlike theflux dueto conductiontheradiative flux
in Eq. (4.4) wasdirectly modeled Its accurag depend®n thevalidity of the physical modelfor radiative
heattransferand on using appropriateoptical properties—not on the accurag of numericaldifferentia-
tion. Thus,eventhoughradiative absorptiorandemissiorareabsentusingEg. (6.1) doestesttheaccurag
of the full numerical model. (There is a minciception to this statement which will be discussedwglo
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FIGURE 6.1: Temperature from the exact and numerical solution of the one-dimensional conduction
equation for a two material semi-infinite solid subject to a constant heat flux.

The caseof a xr = 0.5 mm layer of Nomex® againsta 5 mm layer of neoprenevas simulated.The
externalflux was0.25W/cn?. This flux wasalsousedin the simulationof an experimentaltestapparatus
caseto bediscussedelon. Material propertiesfrom Table 1 wereused.The temperaturerofile through-
outthetwo materiallayersatt = 60sis shavn in Fig. 6.1(a). Temperaturefrom theexactsolutionatcom-
putationalgrid point locationsare shavn asdots. The Nomex®/neoprenenterfacecanbe seento reside
midway betweerthe adjacentontrolvolumes.Temperatureffom the exactandnumericalsolutionsarein
excellentagreementThetemperaturéime historiesat threelocationsin the fabricassemblyareplottedin
Fig. 6.1(b). The exactandnumericaltemperaturereaggin in excellentagreemenat the interior pointx =
1.5mm. Sincenumericalvaluesof thetemperatur@xist only at controlvolumecenterghey arenotknown
atmaterialinterfaces Thisis the sourceof the disagreemer{Teact— Tmodel < 3 °C att = 60s) betweerthe
numericalandexacttemperatureatx = 0 mmandx = x- = 0.5mmin Fig. 6.1(b). Someerrorwill therefore
be introducedwhen computingthe interlayerradiative fluxes [Eq. (3.18] and the radiative flux to the
ambientsurroundingsHowever, the differencebetweenthe exact and numericalsolutionis sufiiciently
small that this error will be negligible. The resultsabove shav that the numericalprocedureaccurately
computed heat transfer through the irdeéf between twfabrics commonly used in turnout coats.
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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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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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