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ABSTRACT

The preseat stady investigates mewmvapom resistance (Re) of several thermalvpmt‘ectig
sxﬁtfabﬁcsandexaminwitsef;ectontbetem' humxdnymdvapomprwmthhmtheclothmg ’
mxcroenvxronment Ty, RHuand Py, and thgs, its indirect contnbuuon to the development of tbamalk
» strain. Four aucrew suits were utilized in the prwent mvesugauon represenung two different design -
. concepts: A) wet-suit design allowing ventilation of tbe mxcroenvxmnmem volume of the suit (Vu_)euher
through the fabric or through openings in the suit, and B) dry-suit design all'c:)wing” ventilation of the Vi
Lhrough the fabric only. The %omer was represented by the suits consiructed of Nomex/Tnsulite D and

| Nomex/Neoprene (N/N) whereas the later wasrepmemed by the suits consructed of Cotton Veatile (CV)

and Gom—Tat (G’I')

DamnMofReiswm@mmofemﬁvem(E)Mwmmpom »
pressure gradients developed across the fabric (AP), thus, for the purpose of monitoring local Svaporative
rate, a Vapour Flow Meter was developed and compared with the more common measurement of sweatirig
rate (SR). Evaluation of the sensors was conducted duﬁng heating (exercise at spproximately 50% of
VOzmaxandunmemonm38°C wam),andmbsequent coohngmdmmonemmlwalu(28°C) Results
mdxcatethatEskwsdewcwdveryeaﬂyonmﬂreheaungp@eandmumnycasesruchedsmdysm
lmhmhumhfuedmﬂnswmmhvdsmnmmimggwﬁngmuamberd.ﬁcmmhaem
in the technique of sweat rate measurement may artificially delay both the sweating response and its'
subsequent detection. Tweimludemeuﬁﬁcialm'yhgofmesﬁnsmfacea;ldﬂwmwtsensiﬁﬁtyof
the SR monitor. | |

Theasmmtohhekeclmmcﬁsﬁcsot;membﬁcs,incormwdintheabovemmﬁoned“-
smts.wasperfomedumngamappammsmcorpomnngtheVapourFlowMewrs The fabrics tested
include Nomex M), -Tex and Cotton Ventile, the latter two of which are normally wom in
: canbmnonwnheouonlmdu'vwlr(GT/UandCWU) Fabric results indicate Re values for N, GT/U and

2 N
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CV/Utobe40112.8 679154and546:t42m2PaW' respecnvely Inaddmon.smceReconmsts.

ofmemmeofmefabncplnsmmmenvmmemmrhyasdmngnommlww a separate assessment

e was made on twovapourpumeable hehcopwrmmw suits dunng a hot air exposure (GT/U and Cvig)

”showmganmcxeawdwatervapmxmm
Finally,M@mof&of&MmmtheelcvanonofTu,RHuandPuw:mmtheclothmg
‘ mlcroenvxronmem was also investigated. Temperature and relative humidity thlun the clothing -
uucroenvronmntweremommdBmmabovemeshnmfacedmngmehotmrexposureswhereambwm
temperamreandRHwe:evanedZOtow"C ThroughouuheexposuretheN/[anleNsmts,bothof
whnthofmmbhﬁhmsﬂmﬂ&aMwae):cmMywodweddthPw
: achievingaﬁnallcvelsoff.&:t.l2and5.83:t‘.21kPampecﬁvgly. In contrast, the GT/U and CV/U .
‘ suits displayed progressively lowerleve!s of water vapour within the suit mxcmenvnonment (5;.11 t.13
and434:tz3kPa)whwhwaseonsmemmmmlowerwawrvapmnmmncu No significant =
mﬁmmmmmmmmmmomymempmdwemﬁcmwmpamm
| (ATre-1.2°C) mmmexpmnedmmofamwagnummwmmd«mewﬂmdmm‘

fuﬂycovadxearmsmdlegs.aﬂomngsnﬂicwmevapomnveMloss&omm&m
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‘SD,

Those who are disciples of Buddha must wear

“clothing to protect the body from extremes of heat

and cold and to hide its shame, buttheyshouldnot :
muﬁrdecoraaon. ,

From the teachings of Buidha
Duties of the Brotherhood
Tokyo: Bukkyo Dendo Kyokai
1966 page 406
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GENERAL INTRODUCTION

Analysis of the thermal conditions of the working environment, and the assessment of hazards
mmmmmmeuMMaawMMeMybmaMpwdmamm
manner in this century. Asamxhofmeamngawmofmedecremmtmpafmmmthatw
to hot or cold may instigate, ’numeronsinvguigamhavesnggwwdiheesmbﬁshmcntofheatsuess
" indices, determined empirically by establishing a tolerance limit of the thermal strain exhibited by the
wa&mexpoaed:omhenvmnmem To date, such assessments have been limited to the measurements
of amblent conditions in the workplace. However, as_:mexplamed by Rodahl and Guthe (1988), a worker
may,mthecourseofhnsregularexghthourshnﬁ,beexposodwawxdevanetyofambwntcondmons.
Thm,me’qvmlismofanenvironmentmaybethesupaposiﬁonofallm;héxpostm This has led to
the suggestion of personal monitoring of individuals working in hot environments, such that the overall
thermal status of a given worker may be determined. These methods range from projections of a ranking of
merelaﬁv‘edifﬁamy'orstrmbasedonafewmbjmﬁmmcpomasympmms,mmedewlopmen:of
_wnmfamemmwmumngofhunmw.swwmshnhmmxwandbodymm Thus,
notunhkemdmnondosxmetry ulmsbwnsuggwwdthatthemermalsumexpmencedbymewodube
assessedmdmdmﬂy.mdﬁnﬂumae.thataposmebehmmdmmesamemanwasxtnshmnedfor
wmi:u'smatusofmdmuonhnmd. Personal monitoring may provide a viable, alternative approach to the
establishment of of limits based solely on the measurement of environment conditions.

mmmmmwimmeambushmmofwumimmwemismemdmmmm
strain. Foracntecxposmtohotmmnmmts, ma'malsumnforaglvenlevelofm hasbeen
amdmmgamuyofmemodswmwmdudcmea&mmtofpsychomwfmmm changes in
skin and core temperature (or body heat storage), heart rate and the rate of sweat loss. In many studies, the
analysis has solely involved a correlation of the observed strain for a range of stresses, including changes in
both temperature and humidity. muyuwlevdofmmsuoumude:ammedbyobmnmgmemaml
balanceoftheworkumdmgtothehmbalanceequauon butthxsmofhmnedvalue.mthp'esent
technology .in field conditions. Thus, mostassessmemsconnnwmmtheobservauonofmemponmof
the indices mentioned earlier. Forthesakeofthnssmdy.analysxsofummalsumnwashmxtedmthe
measmmentofelevanonmshnandbodycae(rectal)tcmpuam

hnihuwmpﬁcﬁommtﬁedemmhaﬁqnofﬂwmhﬁmsﬁpbemmandmmhm
eavironments arise with the utilization of different types of of clothing or protective garments. Clothing,
essentially a thermal and moisture barriér, establishes by virtue of its characteristics and design concepts, an
environment between the skin and the external environment. Thus, thermal exchanges do not occur directly

@



- ._tempemnmmaynselohlghlevels.duemtbesolm‘mdlanon. )

between skin and ambient air, but rather mdirectly via this clotlung microenvironment (or mxcmclunate)
Slmﬂarly.uwsumofanenvuonmemmayehhabedmnpenedorenhanced depending on the clothing
properties. Amnungﬂmwkcbthmgcom%%ofﬂww&lmﬂaeemoﬂhchody(exdudmgﬂw
‘Mm@mmmwmymnmmmlymmemofmemmmm b '

mmwsemm«mcmmnvmnmntdmgexposmwhmmrMnonsasnmaﬁwwd
bytbewata'vapompermeabmty(ormsmncc)ofthefabncsandthcdwgnofmesmt. Previous work
(Sulhvan et al., 1987a,b) improved upon the method developed by Bimbaum and Crockfomd (1978) for
detammmg the volume of the clothing microenvironment used in the assessment oftbe ventilation index
. ofgmmenu,whmhumxpaamanexchangethmughmefabncs.asweuasﬂmghthcvemsofthesmt.
» msmuqhoseafmmemwﬂmmmsemmemgcofsmmwmbyamﬁmnddmg
 offshore flights. These suits are unique, as they must accomplish dual tasks: 1) they should offer
) mbsmnalthmnalprotecuonandﬂommnmdleeventofsuddcnaccxdcmaldnchmg.andZ)theyshonld
notmducehwsumndmmgmalﬂxghxcondmom The lagter requirement becomes a significant design
problem in view of the cold protection requirement and in summer- condmoﬁs whete cockpit air

mmmm@mfmmmwmmmofmnsmmwmumm*
The main avenue of heat loss from subjects wearing such suits will be through sweat production and its
subsequent evaporatiod. Chapter 1 outlines the instrumentation developed for the purpose of measuring
- these variables. Furthermore, typical measm'emems of both local evaporanon and sweating rates are
presented and discussed.

Utilizitig the above instrumentation developed for measuring local evaporative rates, chapter 2
quantifies the water vapour resistance of fabrics utilized in the design of these suits. “The device, which
enables such evaluation, is detailed. In contrast to existing methods, the method developed assesses water
vapomruismeovu'meeuﬁmanﬁcipawdmgeofwawrvapomprumdiﬂ‘eruw?mﬂw_faprk.
Thedanwfwatavapourrwismnoeiscomparedtodataob(ainedinvivo During the protocol outlined in
chapmlcmnnmasmmtofkewasoon&:cmd,todmmnetheutemmwhmhswtperfammm ‘
sxmulatedﬁeldcmdmms,muldbemedﬁomanalymoffahwpmpanesam :

Finally, -themmvmnmtcmdmonsareaconsegmofthemvmnpamubmty ’
mﬂmemnkmofmemwm.mmmmm in chapter 3, oftheelavanonm
tanpamcmdhmu&tywnhmdwmmvummnovaadmehompm&dmngwmmem
temperature was elevated from 20°C 0 40°C, representative of conditions experienced by sircraft personnel



commuting to offshore ms:allauons by hehcopters. The analyms compares the condmons devcloped wnhm -
the suit microenvironment uuhzmg suits constmctcd of a variety of fabrics and dwgns. :
, 'I‘hefo:matofthmtheasnssuchthatxtconsmtsofacompendmmofﬂueemdependantsmdws
dealing with; l)ﬂwdevelopmemandmmemofsensmsummedmmequmnﬁcamnofwmvapomf
resistance of fabrics, 2) lhe assessment of fabric water vapour resistance of fabncs utilized in the -
construction ofcommemaly available helicopter pilot suits, and 3) thedetermmanon of thermal stram;' ‘
developedm mdmdualswmngdweesmtsdmngahotauexposme snmulaungmeheatmmmally
encountered dunng nonnal operations. The results of these studies are summanzed in the general

conchmonspmmwdatdleendoflhxsﬂm
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_ABSTRACT - -

=

‘ Compan!ron ofthe rates oflocal skin sweating and evaporation and the methods unlzzed in thar
' measurement were made during conditions of exercise (EX) and hot water immersion (HW). Two subjects
' underwent body heaang by exercise on a bicycle ergometer (50% VO2max) or unmerswn in 38'T,' water
with subsequent cooling in 28°C water. Forehead Sweating rate (SR) was measured using a standard
vendW capsule and résistance hygromerry wherea:s' _forehead evaporative rate (Egk) was determined using a

_ Vapour Flow Meter (VFM ) which measures the, vapour density dzstnbuaon within the boundary layer of
the skin surface. Both mrcu'e and hot water umnemon produced an mdrease in esophageal temperature

up to 7mutesbefore smularSR levelsweredetected. It is suggested that this dzscrepancywasdue tothe
» Mmceoftheapparauuon therespon.sesmquemon. Ituewdentﬁomtlas:tudythax the re.spomsand
| mgmwdeofsmmandevaporaawmteﬁ'om theforelnaddgﬂ'erdmuggenerahzedbodyhmug Sweat
rate masuredmgavenalatedcapnde rq‘!ectstheacamyq’thematglandsmrespomtothe thermal
status of the body whereas evaporative rate, measured using a VFM, isaphy.m:alprocess dependem on
; envzronmental conditions. The detection of steady—state Esk values before a SR of eqmvalent magnimde :
sugge.m tllat local skin drymg below the sweat capsule by forced evaporaaon may result in delayed
detecnon. In addmon. the influences oflocal skin. temperature andperﬁmon may also play a role.
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.‘ Dmngexmlseand/orcondmonsofheatsuus thecutaneous cuculanon sertho dmxpate“

mgtabolwheattotheehvn'onment. Dryheatuansfer&omtheshntotheenvuunmem;smedjated

‘*’pnlnanlybyconvecnmandmd;auon,andmgnhanwdbymmammmeshn-m-aumamﬂmm» ' 7
'broughtaboutbymcreaswmshnteuipemmre(’l‘sklTbemggmmdeofdryheatlossmhotambxem'_“ o

jenvnonmentsmhm:ted,duetomelowmermalgmdxembetweehtheshnandamblemalr_:)Assmh the

_ primary effector mechamsm for heat dissipation under these condmons of thermal stress is through :

»varmnonsmﬂlesweanngm(SR)wuhmsubwquemevapomnen&ommeshnsm'face(Esk)solongas

: thevapourplusmegmmmtbetwemtheshnmdenvmnmemmmmmmmd.

~

Meesmemgntsofsweatintc:m common in thehtm‘aun'e‘;s ancffecﬁve meansbfassw‘siﬁg the
- responseofthemennmgulntory system to elevations in body temperature. - However. sWea'tingrate is

koftenconsxdmdsynonymousmthevaporanvecoohng Thxsxsbawdonmemnnpuon!hatallofthe

. sweat secreted is completely evaporated. Evapomnonhowevex.dependstoa]argcdegreeonthecondnmns ‘

ofﬂ)eambiemenvnonmentandmaybesxgmﬁcamlyalmdbythepmenceofclothmgregardlessofthe

¥

rate of sweat production.

Todamavanetyoftedhmthavebeendevdopedformemmmentofsmmgm(SR)
The quantitative measurement of local sweat ram has traditionally mvolved cither the collecuon and
subsequentmemtofsweatpmdwed,ormefomedeymnon ofsweutﬁo:_nshnwnhinacapsule.'

Inﬂncoﬂecﬁonofsécretedsmt,regionsbfﬂnbodyhay be 'sealed with impermeable bags or capsules,

mevolmeofmcdﬁcwdhmmedademofmﬁngmmhwdbyWﬁngmeﬁmr

" required for accum Measmemmtofthevolumeofsweatproducednsnmdebywenghtchangesof

ither the

system (Boysen et al., l984)orofanabsorbentsubstamecontmnbdw1ﬂun.mchas

filter paper (Takagi and ‘Sakurai, 1950) or hygroscopic salts (Hattingh and Luck, 1973). In addition, the
- ?



amoumtofsweatproduced mayalsobewﬁmatedbymeasmingmecmgwinwater’conwuto'f,airwimin

the capsule using resistance hygromeury (Roseaburg et al., 1962). These methods, in addition to restricting

" evaporative heat loss, and thus possibly imposing additional heat stress (if the surfac area is sufficiently

' large), also create an artificial environment near the surface of the skin which may itself influence the

.

sweating response. Collection techniques, although ideal for the purpose of analysing the components of
s‘weat.areeveﬁl&sdesiﬁbiéinmcaudyofmedynamicmsponseasmeyonlyal;owmmmm

intermittently.

Ctixremly the most commohly used method for measuring local SR is that of the ventilated

capsule. Dryak&NimgengashMthoughminvmedcapsule.whichhmbeensecmedtothe’sldn,

uﬁmiwhichwmmmimmedhwwapaaﬁm'ofwwuitismwdmwmesﬁhanfwd In these. -
fawdevmamnsmmp&du,tbammofmmuedmmkﬂawdbymmgmewmcmm .

ofa:rpassmgdnongh the capsule. Asdlemostpoplnarmahodfm'determmmglocalswwme avariety -

offmwdevapaanoncapaﬂeshavebeendeveloped. Ahhoughsxmﬂarmprmcxph thwedevwwdxffcronly
mmeuumrmmwmm 'I‘hewatuconwntofmletandoutlctalrcanbe |
d:tmnmedbyanumber of different methods: mstancehygmmeu-y uulmnganumbaofd:ffaent
substrate humidity sensors (Nakayama and Takagi, 1955 Bullard, 1962; Gonzalez et al, 1974; K:’aning'ahd
Sturgeon, 1983), dew-point hygrometry (Brengelmann, 1975), thermalcondmﬂwty cells (Adamsetal
'1983) and infra-red analysis (Albert and Palmes, 1951). ‘

Wbexus methods utilizing sweat collection techniques may produce spunous results due to |

elevanonsmlocaltemperam vapour pressure and skin wettedness, thefmcedevaporanonwnhmthe

fsweaeap@emayalsoaﬂ'ectthqm;eofswmsecrem In addition to the artificial' drying of the skin

surface by the dry air being flushed through the capsule, changes in local skin temperature (Macintyre ef al.,

1968 and Spruit, 1971) and pressure exerted by the edges of the capsule on the skin are fagtors, which

remamtobemdmtumsofmenrmgmﬁcamemaﬁecnngswwme. Inaddmon,tbemullsofsuch

metbodsmdxfﬁcultmexuapolawmwholebodyswwpmdwumandevapomnveheatlossmdueto



regional variations in sweat rate (Tam et‘a.i.. 1976). Regardless, the cépsule techi;iqde has proved useful as
an objecnve means of assessmg the sweating response, and, due to the sweat capsule s simplicity,
smallnas of size, mexpensxve design, and the ability to make measurements on exercnsmg subjects, its use
~ has gamedpopulamy in studying the dynamics ofthe sweaung rwponseand the factors involved in xts‘
control. )
\

In any attempt to quantify the amount of heat lost by evaporation, sole determination of sweat rate
i inadequate. Whole body evaporaive rate is commonly assessed by measuring body weight before and
after the experimental condition. 'I‘hechangembody Wexght.correcwdfmwamrmtake mcpnralm‘ywaterr
- loss, metabolic welght loss, dripped sweat and water absorbed by clothmg. is generally consxdered’ to
accurately rcﬂect skin evaporative lossw. This technique, however. is not without its limitations. The
accuracy of the method relies on the accuracy of the waghtsmleandmlwsconunuom weight monitoring
is feasible, the dynamics cannot be determined. Recently, continuous measurements of evaporative sweat
losses at rest (Liben et al., 1978) and during exercise (Alber-Wallasuom and Holmer, 1985) have been
madebysnspendmgthesubject(andbucycleagometa)onascnsmve wexghtscaleandplacmgapamfﬁn
ﬁlled tray below for the collection of dnppmg SWeat. Although ideal for esumanng whole body
evaporanon.msoftenconsldetedtooslowandmtsufﬁcxentlymnveenoughtodaermmemalland

rapid changes (Webb er al 1957 Belding and Herug, 1962).

Until recently, accurate ineasmments of local Egy have, for the most pan.’allpad rwearchers.
The use of a ventilated capsule is inadequate in determining normal Egy, as the evaporative rate from the
skin surface 10 the environment would be quite different from that under the sweat capsule, due to the
absenceofamnsmﬂowofckyair;-Wiﬁthemcemdevebpmemofmhimﬁzedhnmiditysmsors.the'
mmw&memwmmmmmwwmgmwm
distributionovenhesmﬁceofﬂ:esﬁn. ﬂﬁsdevelopmmtwaspioneaedbyN‘ﬂmon(lW?)andhssbeep
nsedeansivdﬁn the study of cutaneous water loss from ihfants and bth'ﬁpaﬁents. Improvements have

since been made which increase the accuracy and allow measurements at multiple sites (Kakitsuba, 1982;



" Kakitsuba ef al.; 1988). Such an mstmmcnt can provide ;/aluable informaﬁoh regarding local evaporative
rates, and thus heat loss, a parameter which depends both on the sweatmg rate and envxronmental
conditions. In addition, masmemems of local evapa'auve ram m combmauon with measurements of the
. -water vapour pressure gmdwmswouldmhanceme mnovanve in vivo measurements ofmeresnstame of

clothing to water vapour transfer as performed by Holmer and F.lnas (1981) and Smnma'ville (1988).

To date, few studies havereportedon continuous measurements of localevapomnvemmand the ,
underlymgﬂwa-yuponwhnchmsbased. Fortheptesentmesxs.thcpmposeofthnsstudyxsmoumnethei :
prmclplw and methods of local evaporauve rate measurements and to compare thwe with the common'

mqhodofmeastmnglocalSR. Tomumdwd;ﬁ‘mcompmsonsammadebetweenlocal&kand -

localSRdtmnguvorypuofheaungmanemmdﬂuedxﬂ’mdxscmsed.

~
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METHODS .

-~ In the followmg presentaunn of the theory and methods unhzed in the measurane&f sweating
"andevapmauon,ad:snncnonwmbemadebaweenmemmawmchswemmsecmedmnmmmwhmhn
- is mbsequmﬂyevapm'ated. ’IheGlossary of Terms for’mermalPhysxology (Bhghand]ohnson l973anﬂ
' Cabanac 1987)do&notemphas1zethxsdxfference,andalsodownotglvegmdanceastoﬂwaccepmble

nanenclanne and umts for dma measurements, thus aabnefdeﬁmnon of these concepts is wamnted.

Diﬁuﬁonafwam&anﬂwsﬁnmnfmeconsimofwnpombonmm:memwpidﬁmﬂmm
(natural diffusion) through the skin (Eg), and the evaporation of secreted sweat from the skin surface (Egy).

Whmsnmnddiﬁuﬁmmmqghmesﬁnconsﬁmwsammmmmpommofmewmnvapmémdqﬁng

bwmmdhamnmzmuﬁambbwvﬁonmﬂemﬁﬁon&evamﬁmoﬁe&dﬁdwcﬁﬁ o

primarilyafunctionofskinwetted:wcs'. Ihetn;mlovaporaﬁonﬁomthcwetskinsurface.wheﬂﬁmeskin,

"is wetted artificially or naturally by the secretion of sweat, contributes to heat loss from the body, as 0.58
.kcalofmunmlen&gyindisdpawdm‘memsofwapmaﬁonofonemqu.
WhereasthemagmmdeofheatlossauetoEskmxmpmmmmthcreglﬂanonofbodytempmnne
' udounotnecemﬂyreﬂectthephymlomcalmsponseofsweanng,thevalneot‘mtuestmtheanalymof
thermm'egulatory effector responses. For this reason, the rate of sweat wcreuon and evapomuon are
‘measured separately. The nature of SR measurement.asdiscussed below,reqnimmemﬁﬁcialdrying-df

- sh‘ntoadequanelyquanﬁfyﬂwwuewdsweatommemﬁm‘physiobgicalmngeofmm

11 .
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. Inthe i:resem thesis, the assessment of both evaporation 'and sweat secretion rehesonsnmnlar
pnncnplm. those of resistance hygrometry. Evaporation is defined by the natural vapour densxty or vapour
gradmtexlsnngabovemeshnmrface sweannghoweva,lsdenvedbyestabhshmganamﬁcml |

Theory

e

envmmemmacapsuleaboveamsolmedshnsurfacem

Measurement of the rate of sweat secretion using resistance hygrometry:

Measuranentofsweaungmtensbasedonthetechmqneofpassmgdryaﬂ'thmughaeapmlewhmh

relanve humidity of inlet and outlet air and its rate of flow through the capsule the determmanon of

A\

msealedoveranlsolawdareaoftheshn(ﬁgmll) Byconunuousmomtonngofthetempemnneand

'maentchangesmsweatpmdwnonmnbemade meancehumndltysensm'sareusedtoduectly P

~

mmmﬂxerelanvehhmndxmoftbemletandouﬁetm Calculanonofvapourdenmtyofmemletand P

capaﬂc.andmpafmmedmgﬂwfoﬂowmgmgrmonequamnadapwdﬁ'omthedalaprwenwdbme
(1983) for calculating saturation vapmrdensuyof axr(pl-lzom) '

Thevmnmfumtbtmuaﬁmcmofdwrdanvehmﬂuyandmesaunanonvapomprmneof

ouuet mr

.
*

pH9Ogqq = 5598.6 - ¢(0.0565 - Temp)

&

PHOy; = (%L) *PH2Ogat opt
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(mg-m-3)

(mg-m-3)

o

2l

‘ouﬂetmnsmwonmensm'emenmofﬂwtanpaaureandrdanvehumxdltyofalrenwrmgandenungthe O



slmuaﬂy.subsumnngmemxetaummpemmandmlamhummtymmequam landl.Zabovc.the

.vapomdensxtyof!hemletaumaybecalculated. o e
ou () o e

Sweating rate (SR'." mg- sec'l) may be detennmed by accountmg for the differences in- vapour dcnsmes -

. (ApH20 pHZO(,m pHZOm. mg- m‘3) and t.he air flow rate through the capsule (V s m3 ‘l)

SR'_-? 8pHAO Vg o ~ (mgsecl) 3y

w .

-

Thesweaungraxemusdemunedxsonlyfonhemufaceamofshncovmdbymecapsule dlerefonlt
shouhbeadjuswdfamecapmbmrfwearea(Amule,mz)deSRmunnsofmg m2sec]

C

. sn' -

SR: o

(mgm-2sec-l) [1.4]

| . Measurement of the rate of natural evaporation using a Vapour F. law Meter (VFM):

'Iheevaporanonofwaterﬁ'omasm'faceestabhshwagradientofwatcrvapwrconcenmonorf?

densxty(ap)abovethatsm'face. mmteofdxﬂ‘tmonofwawrvapour(mw)ﬁ'omawetsurfwewmnn the

bomdaryhyuofanmoonmctmmmesmfacedepmdsmthemmmmwmponemofmdom movemenf :
ofwawrmoleculuandnmybedescribedas. |

mw-Dw'%% : ) V v (mg,'m;z'”‘fl) [1'5]\: .

13



) = amassd:ﬂ"usmtyofwata-vapourmau(mZ -1) =

|

§’|-8’ sd

= vapour density gradient (mg-m" 3) '

-

LS

Although it is not posszble to measure the gradlent ata pomt within the boundary layer, the
gm@aumapprmmamlypqopmmnﬂmmemﬁmbememdwmmmdmmymeasmedmmosemmm
fixed points wuhm the zone.of d:ff&on The VFM, evaluated by Kakxtsuba (1982), and Kakitsuba et aI
(1;88) mcorporates a resistance hulmdxty sensmg ele;nent coated with a hmmdlty sensing conducting
polymer film whose mxstgnce varies wnh thé changw in relative humidi (Fxgm'e 1.2). By determining
the local relauve hutmdmw and tempemmm at two pomts in the diffusion boundary layer over the skin

N
!

surfaee(assumedtobe10m2.0cennmem)theloealevapomnvemtemnbedetermmed(ﬁgnre13)

Thus thedxﬂimonpmeessmaybedescrrbedby applymngck’s Law 4
A " | i : © (p v T 1 " o
. my = -Dw (—xf.—gzz)- " ( (mg.m°2.sec-l) [L6]
v’ : . Y “\—«/ : o
. HO | o
My = -Dy - 2020 _ (mgm2secl) [17] ,

N
s

where: :
my = rate of water diffusion from the surface of the skin (mg-m-2.sec”l)
‘ , ApHZO = p1-p2 = mnw in water vapour density between the two
. , ' measuring points (mg- m-3)
A Ax =" (x] - x) = distance between the two measurmg points (0.003 m

L3

mthepmemsmdy) - c o

_ Mass diffusivity (Dy,) of water into ambient gas is a function of ambient temperature, pressure,

- .
7 N N "

melecular volumes and molecular weights of water and air (Holman, 1976).

14



| T2 - 1 | S
Dy, = 0.04357 PB'(V—_W - My + ﬁ; (m2.sec-l) [1.8]
wv

where: _
T, = ambient temperature (K)
P = ambient pressure (N-m'z)
| Vwv = molecular volume of water vapour
A = molecular volume of air N
Mwy = molecular weight of water vapour
Ma = molecular weight of air '

AsmtbecalculauonsforSR,thevapomda:sntyateachmeasmngpmnt(plmidpz)nsaﬁmcuonofthe
relanvehmmdnyandthevapmrdmsnyofsamwdmrmthmwmpaam and as such, theequanonsfou' ,

vapour density are identical to those of {1.1] and [1.2]

15



Protocol and Instrumentation

.

Heat loss effector responses are normally assessed during alterations in coré and skin temperatures.
, Sinccmponsm,suchasmemeofsweaﬁng,maydiffa'dependingmwixcgbabodjt&hmmjsehwwd
bycmgemuéamdogenousheaﬁng,aéompaﬁsonofSRandEskwasconducwdontwougxclima(iied

male subjects using both protocols. -

Followih'g approval from the Simon Fraser University Ethics Commitee, subjects were
instrumented for measurements of esophageal temperature (Tes, YSI 701, Yellow Springs Instruments),
local sweating rate (SR) and local evaporative rate (E,k) In addition, skin temperature (YSI 401, Yellow .
Springs Instruments) was represented by the temperature of the chest, and measured before heating and prior -
10 the transfer to the cool bath. Subjecmmenundaweq:bodyuuﬁngbyéxogenmm;twmimmon) |
and endogenous (exercise) means on separate days (Tamp ..=~‘24°C. RHamp =t.50%). D\mng hot water ‘

immersion (HW), subjects were immersed to the level ot_"théswmal notch in 38°Cwataforapprbximatc y

25 minutes until the subject was clearly sweating as indicated by the beading of sweat on the for
Suﬁjwmmmmwwmmmmmmmlmnmmmmhwmmd
exposure levels. lengimmasimsdnwam}bam“s'coéuﬁdwimapolyﬁnylsheetmmaml;me
subjects head was exposed o the ambient air in an attempt to shield the VEM from water vapour emanating

from the bath.

Endogcnous heqﬁngﬁaswmﬁﬁshedbycycﬁngmabicycleagom&(mmaﬁorkm
egnvammso%ofmi:vozmaxa;mgmmmedgmgmmﬁlloqdexacmmm. -
Mgmeampaiodamlwmylmpemmapedﬁmﬁdnmbjé&'sbmﬂd&swimMevmaﬁw
hemlosgandfmnsfna‘cﬂimwbodyheaﬁng{ As in the water immersion, body heating. was continued until

subjects were clearly sweating, following which subjects were cooled in a 28°C water bath.

1
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v .

InthemeasmmentofSR,comprusedan'(Tm=24°C RH:-IO%)waspasaedmroughaZSOml
plastic container, wnhathamxstorandrelanvehuunduysensormounwdmnsemwr(ﬁgm 1.1). The air
wasdu'ecwdﬁ'omtheoontmna'bymeansofa4mm (od.)polye(hylene mbmgtothesweatcapsule(sm'face

area=804x 103 m2) whlchwaspomumwdonthesubjectsforeheadandsecmedﬁmlythhanclasnc

" head-band to prevent leakage. Air from the sweat mpsule was further dxrected via another 4 mm

polyet.hylenembmgwaZSOmlcmmma’sxmﬂarwﬂmonmemletmdealsocommnmgathermmand
" relative humndlty sensor mounted internally. Thus, a companson “of outlet and inlet tcmperamms and
relanvehmmdlmallowedcalculanonofthemeuonofswwﬁ'omtheshnemapsulat’cdbythesweat
capsule. Anﬂowuuougnmesysmwmmammmedannmmm-lmdmmu‘;‘omdMonu\euuum
outletsxdemthﬂowmetexstoensmenoéakageoccmed.
vam(smydxmm}apm)wasphgedmmgfaebadmnmmemcapmhamhadm
place with an elastic headband and thvctqpe. . The relative humidity sensors, VFM, and T,g were f
sampledevery30wcondsw1ﬂ1anﬂ?3497A(HewlenPackard)DanAcqmmuonSyswmandswredonm‘
HPSS(chlenPackard)compnwr CalculanonofSR.Eskanddamamlyslswasperfomedumnga
MadntoshSlZKE(Apple). Cahbmmnofﬂwﬂumxstorsandrehmehmmdnysemorswascmducwd.a&

described in Appendix A.
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RESULTS

Manufacunu’swﬁmnonsmdwam&m:heaacmacyofﬁwkHsenmmm@ntl% Axrof,‘.k '
approxunatcly 10% relative humidity waspassed through the sweatcapsulqm tbedetermmanon of.
swcatmgmte Howeva.malymsofmesmsorsmveabddmreedmgsmumchablebelowmm As

such, calculated SR values below 44 mg-m‘z-wc'l are unreliable and thus not prgsented.

ﬂwmuneofmeesophagedwmpaammdsweamgmmmmﬂardmngmeheanngphase
fm‘boththehotwatenmmmmandexucrseheanngpmtocols(ﬁgmn) Heanngwasassocmwdwxﬂl
ansemre,ofomtozs*’c.mmmemmepmwcold.spmymgammdecnmamemoff'
' cycling. Forehead sweating, as determined using resistance hygrometry, also tended. to show a linear
response to a maximal valoe of 108.1 + 21.7 mg-m‘z-sec'l. Upon cessation of the heating regnneand
entry into the thermoneutral water, Teq began o decline, the rate of which appears to be dependent upon the
namofmemﬁngsﬁmmqs_.wimmemdecﬁ;eseenfouowing.ﬂwmﬁngascompmdwax
heating. Sweating also dechned abruptly upon entry into the cool water bath. Skin temperatures ranged
fgﬁmmv&mofszlsmmﬁnmevelsofss.semdﬁ%fomeewcise'mdhocwaercmdidons'

FabothHWdeXheaﬁngmgima,swwmwvmiedﬁmly.withcmphagealwmmm
(Figure 1.5). Although the slopes were similar (90.5 mg-m-2.sec*1.C-1), the SR-Tes relationship during
HW immersion was shified approximately 0.5°C to the left of that determined for EX. |
mcgnuagios& evaporative rase from the forehead, as measured using the vapour flow meter,
‘was de;wctéd_vayw'lyon‘:ihdnheaﬁngphasemdmmmycmmécbedswadymlevelsupws
minutes before similar SR levels wee detected. Evaporative rate-rose abruptly from an initial value of 8.3

+ 23 mgm-2.sec-! 1o a steady state value of 61:6 + 4.4 mg-m-2-sec! within eight minutes from the

18



* onset of heating. Thereafter evaporative rate remained relatively constant thmughoutﬁ\cmmaiping heating
and cooling periods. - ’ o o

The onset in evaporation ig associated with an increase 'in the vapour densxty gradnent bctween the
twommsurmgpomls within the VFM. 'I'hetwopomts(l and 2, Fgure 1.3) wereposmonedSandSmm
above thesurface of the skin réspectively. F‘gure l6dlsplays theresultsfromoneofthe hot water -
immersion heating trials, and was typical for all tnals Prior to the apparent onseét in evaporauve ratc the
vapour density at points 1 and 2 were approximately equivalent at 12 g-m'3. The measurable occurrence of .
evaporation s associated with both an increase in the vapour density of points 1 and 2, and an increase in
the gradient between them (Figure 1.6a). Maximal pﬁgo for the conditions within this study’ was

. ¥ :
approximately 35 and 28 g-m-3 at five and eight millimeters from the skin respectively.

The measured tcmpemnm within e diffusion boundary layer varied between 30.5 and 33.7°C
- with the region closest to the skin (5 mm) elevated 1.5°C- above the more distant point (8 mm) ‘when
 evaporative rate was maximum (Figure 1.6c). During the high sweat rates measured in this study,
émﬁon'wasassoqiawdwimampidandmcomplmsgmaﬁmomemwims mm of the skin

‘sdfface,'\vhamamaximum ot‘oniy 80% saturation was scen at the more distant point (Figure 1.6b).

19



.mxltsofthepmsenttrials,diﬂ'erenmmmcréponso;dofEskahdSRmevideqtandmeﬁtdiscusSioh.

DISCUSSION s

® -

' From the present study it is evidet, that thre isa difference in the rate of increase, cessation and
possibly the onset of measured sweating and evaporation. Although onset of SRcannotbeﬁswsedin the
Since'thc thermistors and relative humidity sensors and their mpecﬁvehardwamwm identical for, both the
swcanngandevaporauon measmemems,uns unlikelyﬂmxhedxscrepancmmmeobsuvanonsaredueto

dlﬂ'erenws in instrumentation (hardware) In addition, calibration pmcedm'es ofthe humuhty sensors was

' conducted in tbe same manner (see appendxx A for details of hmmduy sensor mhbrauon) 'maefore.

cmbhshthewxseofmcdﬂummEskandSKbotbphymobglmlandphysxmlfacwrsassocmwdmth

both responses need to be examined.

Sweating Rate:

1'he sweating results (Figure 1 5) confirm the prevxously observed pattern of a propomonal
response(oTw.ashasbeendescnbedbyothers(Hammeletal 1963; CabanacandMassonnet, 1977
Mekjavic and Bligh, 1989). Aboveathresholdcoretempemmre.alinearrelaﬁonshipexistsbetween sweat
rate and the rise in esophageal temperature (Nielsen, 1969; Nadel 1971). 'Ihemagmmdeofmerwpmsers
wnhmtheexpecwd rangercponedelsewhere (Nadel et al., 1971 McCaffrey etal, 1979 Beaumom and

Bullard, 1963) wnhamaxxmumanmnedof 1081:!:217mgm‘2sec‘l Almoughtbegreammung

’mmmdmsmdymbwthmmmmumsammedbyotbas@eamnontandmlm 1963), this is due to-

cmﬁnghithwdbefacmaﬁmﬂkm@&a&wuﬁngwasamhwiaoﬂympdmamem

was of interest in this study.
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In general, dunng HW immersion the SR-Teg mlauonshxp appeared shxfwd to a lower level of Tes

than dunng EX (eg: 36.5°C vs, 37.1°C, see Figure 1.5). Such a dnffetenoe is pred:ctable consxdenng both
thclowmmalTesmsubpctgpmrtoheanng(%.%iO.ZPC)andthehxghershntemperaumob&rved 7

dunnghotwatcnmmersxm,mdassmh meelevamdshntempmnmwouldbeexpectedwsmmhecore
?temperamtlnesholdforsweaunglower(Nadel 1971) Thusthedataconﬁmtheﬂ\ennoregulmu'ynam

- of the sweating response.

Evaporative Rate:

Initial Egy values of 8.3 mg-m-2-sec-1 correspond to u-ansepidenhm water loss as has been
demonstrated by others. Maximal sieady-state values obiained during body héating represet the evaporation
of secreted sweat a8, in the absence of sweating, maximal transepidermal water 1oss is i the order of 5-10
mg-m2.gec". The maintenance of stcady-state levels throughout heating and cooling (despite variations in
SR), and the similarity between trials, confirms that evaporation is governed by physical processes and as
such, is dependent on the ambient conditions, Once the skin is wet, evaporation should remain constant
unlwschangmoccnrmeldmambmtwmperam relanvehuxm@gg auvelocltyorshnwmperanm In
addition, ulsanumpatedthatl:‘.skwouldbelowerthanmaxxmalSR as the vapour pressure gradient and

boeﬁciemofevapmaﬁonﬁomtlwskinmﬂ:esweatcapsﬂeairamgream.

Local measurements are fairly new and as a result thers have been few direct measuremenits of local
Eskmmmdimuywmpuablemmmeobmimdhaerewmmpaﬁngmeﬁmemmmm "
body heating. Kakitsuba (1982)detu‘mmedswadysm local evaporative rates of subpctsexposed for 1
homﬂvanousambwmmmpemmmumnganapparamssxmﬂarwummcdmthmsmdy I-Iefound
steady-state evaporative rates in resting subjects varied from S to 41 mg-m'z-sec‘l when ambient A

temperature was raised from 26.1 10 35.8°C respectively (RHj = 40, 60%). In Alber-Wallerstrom

and Holmer (1980) measured evaporative rates between 3 and 3? m"g-m'z-set;'1 with/ variations in ambient
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temperamre from 27 to 40°C (RHa =30%). The lower levels detected in these studies likely reflect low
levels of swedting wv.h only pamal wetting of the skin. In compar..,on AIber-Wallersu'om and Holmer
(1985) using changes i in body wexght. found steady -state evaporative rates up to 89.5 mg- -m-2. sec‘l during
cycle ergon{etry (Ta = 36.4°C deHaa 50%) Their rates areapproxxmately 45% hxgha than those in
o thlssmdyandcanbeaunbuwdtothehlghervapourpmcmregradlentestabhshedduetoelevatedamblem
‘temperature, and a higher expected coefﬁcxent of evaporation with hmb movement dunng cycling. Overall,
the differences obscrved between t.lme studies may indicate that with low thermal strws evapoxanve rate
will vary with me rate of sweat pmducnon. However, with hxgh levels of thermal stress and complete

wemng of the skin, evaporanve ranes w1ll depend on ambxent conditions (T, RH and air veloclty)

‘ Wemer (1983) has reported one of the few dynamic measurements of Egk (using an evaporimeter)
with body‘héating. With instantaneous changes in Ty from 10 - 50 °C, he demonstrated rapid elevations in
Esktoswadystatcle\ielswinhonlyminorelevaﬁomincoretcmpemune,similar'tothemponsaobserved‘

in this study. ..

Comparison of Sweating and Evaporative Rate Responses:

Although measurements of local Egk are relatively new, lhey have been validated by comparison
wit.hmeamememsofwcightlossfmm adishofwaw’r(Nilsson 1977; Kakitsuba, 1982; Kakitsuba etal.
.1988). ItwmﬂdmmappeardmmevaluwobmmdmmhdmdmmanydmmpanauwnhSRmmm
areduetomba'emdnﬁ'mmthetechmquwuxdtomeasmesweanngandevaporauonmdposmblythe

influence of the apparatus on the responses in question.

'I'rhemoistsu'ikingdiscrepancyintlﬁsstudyiistheelcvaﬁon in.Esk,priOrtothcobservedcilanges :
in SR, and this may in part be attributable to a lower sensitivity'ofthe ventilated capsule method for

determining SR. Namely, during low levels of sweat production, a small volume of sweat is forcibly
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evaporated into a relatively large volume of air vag the capsule (flow rate in the present study was 1
liter-min-1), producing onlysmallchangesmthe rela[ve hurmdlty of thcout.lctalr Incontrast. using the
‘vmmembaweenmeshnmxfacemdmesensorsmemuvelysuu Thustheevaporauonofasnmll |
amount 6f sweat may produce larger changes in RH detected at the VFM than using the ventilated capsule.
Tho;?ghtheincreas@weaﬁngﬁteisnotdemmdunﬁlairéxitingthes:apsulehas‘passedtluoughme
~ system of tubes to the container incorporating the humidity and temperature sensors, the system has been
shown to respond quickly ‘(within 10 seconds) to the ’Qi\tioning of the capsule over a completely wet
. surface. Iz'isunlikeluhen.thanﬁiscontributedsigmﬁéanﬂy to the observed discrepancy. x
BeaumontandBullard(l%3)havecbu'lyshownmatalmuonsmSRcanoccurwnhsteconds
oftheonsetofmuscularwoxk,andbefmanyappmnfchangmmbodywmpetanne Inaddmon they
‘fomdM'mmmhMymmmm,mMmmdymlmm
whaeme;xe-exaclsesweaungratelslow,thelamncyformcwosedSRxsmuchlonger 'Ihlslattnrﬁndmg
suggests- either a synergistic influence of nonthermal input on the control of sweaung or, possibly the
eft'ectsofshnhydranononthewobservedlawncy Supponfonbelanahypomwsmaybeobmnedfrom
Lioyd (1959) and more recently from Bullard (1970). Lloyd proposed an empcymnrmeorybmedonvnm"
changwmthelatempmodofSRonsetandchmgwmshnxmpedance In 1970, Bullmdrépeatedl..loyd"
experiments on hnmans using a more quanumuve asswsmem Qf SR, mainly that of resistance hyg‘tmneu'y.v
"I‘hroughdlrectsnmulaﬁonofcunneousmofmefmm.hedanonsmedanxmuallatencyfonhe '
onsetofsweatsecrenonofl 2 minutes, asdewctedusmgrwstancehygmmetry Howevcr.uponwcond
" stimulation, this latency was greatly rediiced (as low as 10.seconds), the degres of which was dependent
upmﬁestimulusinterval. Thisredmdlat'eﬁcywasamibuwdtoanincreawd,levelofducmlﬁﬂingmd
thnsepndumalhydmnonlevelduetopnorsweanng Thelongerthesumulmmmal.ﬂwgreawrmeSR
latency Althoughbothl..loyd (1959) and Bullard (1970) hypommzedmabsmpuonof sweat as the factor
mmbkfa&mmgemdamﬂhy&auon.afmmhkelyconmdemgmemmgmdmm Sat.o .
CIQTDhassuggwwdthatevapomuonfmmtbeshnmaybemorehkely It:sclearthatatmeonsetof

bodyheaungmthlsxsmdy,thatmeshnundertheeapaﬂexsunderdnfferemeondmomﬂmndmmdat}w

23



VFM. The forced evaporation created by pas;ing in may result in eicess drying of the

skin and prolonging latency, a factor less likely for beneath VFM.

/

Inadditionmmefmoeddryntgofmeepﬂlermis.meswwmpaﬂemayakomnumceﬂwswenﬁng

response due to. other alterauons in the microclimate below the capsule. Both sweatmg rate and
transepidermal water loss have been’ shown to be skin temperature dependent (Maclntyre et al, 1968; '
Spruit, 1971)and,nlsappaxmtthattheforcedevaporanonoferthersecretedsweatoru'anseprdermalwater s
from thesurfaceoftheshn would lowershn temperatm'easheatrsremoved.as latentheatofevapomtmn
Few studm have looked at shn temperature below the sweat capsule except when it rs bemg directlly
controlled. However, Kraning er al. (1978) showed ﬂuctuauons of only 1°C (33 - 32°C) aecompanymg ’
nanscumnemmebcmealsumulanonofsw&nng,althonghthedegreeofcoohngwouldbemﬂmnwdby the
magmtude of sweating and the tempemmre of the air entermg the capsule Although local skm
temperatures wrthm a range of 20 and 40°C have been shown to mﬂuence SR, thts has ‘not been
demonstrated with t‘luctuanons in Tskassmallas 1°C. Inthtssmdy,atrentenngthecapsulewasata
tempetamreof24°Candtttstmhkelythatthtswouldhaveanmﬂuenceontheamomtofsweatsecreted

relanve to that under the VI-'M as amblent temperature 'was 25°C throughout the duration of the

expenmmt.

One further factor which rnay be postulated as influencing the SR and l:‘.sk reeponses is the v
7 -diﬂ'aeneempressnreexenedonmeskinwiﬂrmediﬂ'erentapparams. In the measurement of sweat rate & 5‘
‘ sxgmﬁeantamotmtofpressmelsrequnedtoholdtheeapmﬂeagatnsttheshnmordawpreventleakageof‘e
arr.whueasmeasnrementofevapomnondoesnot. Inealprecsureoftheedgesoftheeapsulemaydecwase '
thebloodperfustonofshndrrectlybelowtbesweatenpmle Althongharelanonshrpbetweenshnbloorl
ﬂowandswennnghasbeenassnmed.dnectevmncexsasyetnotavmlable. In addition, 1tlsunelem'asto
whetherthepgemeofthe?nlewmﬂddecreaseloealshnblgodﬂow. In contrast, Ntlmn(l977)has ‘
demonstrated that transepidermal water loss increases approximately 10% for every 100 gram load exerted

24



via a circular capsule (similar o the SR capsule in this study) on the skin, suggesting a possiblc increase i _
local skin blood flow. - | | ‘ ' h

It is evident from this smdy}hgt the responses and magaitude of sweat rate and evaporative rate.
from the forehead differ during generalized body heating. Sweat rate, measured using a ventilated capsule,
- reﬂéctsmeactivity'dfﬂiesweatglandsihmsponsetoiheﬂléuﬁalst;amsbfmebody, whereas evaporative
rate, measured" using a VFM, isa physxcal process dependem on envxronmental condmons The detecnon of |
steady-state Esk valm before a SR of equxvalent magnitude suggest that local skin drymg below the sweat
‘- capwle by forced evaparation may result i m delayed detection. In addmon the mfluences of local skin
tempa'amre and perfusxon may also play a mle, however. at present men' effects remain unclear. -

.

Although n‘6t demonsm'ted by the present mdy‘. the vémﬂawd capsule method has an adciiﬁonal
advantage over the determmanon of Egk, and that is the ability to alter its sensmvny Thls is posanble by
varymgmeﬂowrateofmrthroughthecapmle Howcva',thesystemmedsmbcdcsxgnedlomuummme -
) delay »time, as decreasing air ﬂow‘ Jxll increase the delay time, the result however. is an increased
sensltmty Ihepresentsmdylmapmawdananﬂowmsuggwwdbyomerworkers(cmand
Massonnct. 1977; Mekpvu:anchgh 1989) and it would appear from mecompmsonoftheresultsmm

those obtamed with the VFM. that sensitivity is compmmlsed shghxly
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FIGURE LEGENDS

Figure 1.1:

Figure 1.2:

Figure 1.3:

Figure 1.4:

Figure 1.5:

Figure 1.6

Diagramatic representation of theexpenmental set-up used for measurmg local sweating
rate. Dry air is passed through a capsule which is sealed over an isolated area of the skin.
Sweatmmxscakulated&omthedxﬁ‘aenoemvapomdensxtyofmem(detcmmed&mn .
measmemeMSomedeHm)befmeandaﬁupasmngthmughmesweatcapSNe
Diagramatic representation of the Vapour Flow Meter (VFM). Substrate relative
humidity sensors and thermistors are located at two points (5 and 8 mm) within the
diffusion boundary layer.

P}incipleindl_emeamnémemoflocalevapomﬁvemteﬁomtheskinEsk. Vapour density
distribution is determined-at two points of known distance within the diffusion boundary
layer. o |

Esophageal temperature, forehead skin sweating rate (SR) and evaporative rate during body
heating by A) exercise (EX, T = 25°C), and B) hot water immersion (HW, 38°C).
Following heating, subjects were cooled in 28°C water bath. Time zero indicates the
onset of the heatmg regime. '

Effectofwoplmgealmnpaameon forehead sweating rate of two subjects during heatmg
by hot water immersion (HW) and moderate exercise (EX).

Vapour flow meter results from one subject. A) Vapour density distribution within the
diffusion boundary layer at two points, 1 and 2, situated 5 and 8 mm from the skin
surtace respectively. B) Temperature and rlative humidity at the two points (1 and 2)
within the vapour flow meter.

-
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Figure 1.1:

Diagmnaﬁcreﬁrcsemaﬁonofthecx i ntalset-upuwdformeasunngloealsweanng

rate. Dryanxspassedthmughacapmﬂewhjchlssmledoveranlsolawdmofmeshn |

Sweat rate is calculawdfrom thednffa'enoe mvapomdensxty ofmeaxr(detennmed from ;~

k*mmomedeHm)befaemdafrerpasmngmmughmcswemcapMe ,
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Figure 1.2: Diagramatic representation of the Vapour Flow Meter (VFM) Subst_rﬁie relative
- humidity sensors and thermistors are located at fwo points (5 and 8 mm) within the

Thermistors

Substrate
Relative Humidity
Sensors
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Figure 1.3: P;inciplp in the measurement of local evaporative rate from the skin Egy. Vapour density
o distribution is determined at two points of known distance within the diffusion boundary

layer.
Distance
From
Skin
Surface
a;
dl
- p2 pl : ,
Water Vapour Density (mg m")
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Effect of esophageal temperature on forchead sweating rate of two subjects during heating

Figure 1.5:
by hot water immersion (HW) and moderate exercise (EX).
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- Fxgurd 16 Vapom? flow meter results from one subject. A) Vapour density‘distribution' within the
‘ dlffus:onboundarylayerattwopomts.landZ sxmatedSandSmmfromtheshn
surface respecuvely B) Temperature and relative humxdnty at the two pomts (1 and 2)

within the vapour flow meter. - S 7 -
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. ABSTRACT .

In the present study evaluauan af the water vapour charactenszics of fabncs is made uulizmg a
devu:e for measiring Iocal evaporative | rates (Vapour Flow Meter VFM), allowmg szmxlar assessments to

bemadebothonafabncwdelandimnga.nmdatedmcowaom Fabﬁcsweassemdbymansofa{“
Water Vapour Reszstance apparatus incorporating a tempemtw‘e controlled water bath 15cm below the =

fabric beulg studzedby wluch heaang of the water produces an increase in the water vapour pressure of the V‘
air directly below the fabric. In adduwn. the water vapour resistance of protecnve clothing fabrrcs was also

performed during a hot air exposure..in which ﬁve subjects were exposed to a linear increase in ambient” .

tenperamrefrom2040°Cavera90mm¢penodandthen remmedat40°Cforanadduwnal90mutes.
for a total exposure time of 180 minutes. The fabriclfabric combinations studied include Nomex (N),
Cotton Ventile, and Gore-Tex, the latter two of which were assessed in combination with cotton underwear
(CVIU and GT!U).The water vapour resistdnce determined from results six trials performed on each fabric
throughout the range of vapour pressure gradients were 67.9 +5.4, 54.6 4.2 and 40.1 +2.8 m2-PaW-1
for the GTIU, CVIU and N fabrics, respectively. Resistances determined during the hot air exposure for the
CVIU and GTIU combinations were 77.0 3 10.4 and 91.4 £ 9.5 m2-Pa-W-1 respectively. Elevation in
water vapour resistance may be attributed pnmanly to the added resistance of microenvironment air laycrs
In addition increased surface area of the garment through which evaporation may occur, hygroscopic

' absorpaon and poss:bly condensation may also influence water vapour reszstance determined durmg normal

wear condmans
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INTRODUCTION .

SN

e

Anmmmwsweﬂbemgdepmdsuponmebdmcebaweeneﬂagypmdmnandmucmge ¢

of energy with the envn'onment, so long as this balance is maintained bmhm the Limits of tolerance for l ; S \ B

. hcatmgandcoohngofthebody 'I‘htsconceptofbalancetsmodtﬁedby\tlwmmrvennmofclothing, the -
mtcrmedmry between an mdmdualand the surmundmg environment. Clothmg nmpedes the passage of both
sensible and msensxble heat due to-the thermal insulation and the unpcdance tq water vapour dlﬁllSlOll‘

R
pmwdedbyﬂwfabncsanduappedmlaym(GaggeandNisht, 1977)
e

. b

Many mdustnal situations often requ:re workers to pcrform in 5Lety§f harsh environmenu{l’ S

condmom nmpownualhmtkrangcfmmmdmntheat.bacma,c andﬂal‘ns.torainmdcold )

\ . - .
water immersion. 'I‘htshasmultedmthedevelopmentandpmvmonof n'ialprowctiveéloﬂning

- 0
assemblies which attempt to minimize the hazards associated with the workmg emnronment.
Unformnanely. wlnlc achieving this pmwcuon, vanous desirable attributes of élothmg were sacnﬁced, the
mostunpommofwhxchwtheabmtyofthegarmenttoallowthepassagebfwatexvapour andthus

ummmbleheet.awayfmmmebody,astheevapomuonofsweahasmegreamrzapacltyfmﬂwmﬁerof -

§

heat. Thus.muﬂummlmmamxmwhaepmwcnvecbdnngassembhesmwan,\comfmmdpafomame . '

|
wxll,toagreatextent,bedetermmedbyagatmmtsabmtytoallowthe tonofwatervapour.
Thmmmostcvﬂentmsxmauouwbueﬂwwemnsexposedtohghmmmmen WMmh

reqlm'edtopafamamodemzdegreeofphysmlacnwty - %'a.

- In the past, the wearer has relied soletyon the.bmvisionofgmmentdmcig?‘q features such as full-
length zippers, vennlaum holes and covered flaps to impmve the ventilation of the garments (Lomax, |
198S). Thlsmunacceptablefasnrvwalapphcanmmas nmeandspacecoustmﬁnsmanemergency
situation often pteclude any suit adjustments pamcularly in aerospace apphcauons (Brooks and Rowe,
1984). In recent years, manufacturers have attempted to allevmte this problem wnh:the development of
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"fabncs and t‘abrrc coaungs whrch perrmt the transport of water vapour through the t‘abnc layers whrle

- _ remarmng reszstant to the passage ot‘ hqurd wamr(raylor 1975 Tanner. 1979)

Comprwensrve taestmg of the thermal aspects of protecnve clothmg assembhes ofteri mcorporate a -

' vanety of human exposure manihn and fabnc studres (Umbach 1988) Human stndres are attractive as a -

drrect measure of the performance of clotlung assembhes under srmulated wear condmons, however

‘deterrmnauon of the Vapour transfer chamctensncs is drfﬁcult dunng sunulated wear condmons and the ,7 o

z»requnedmethodologyhasonlyrecenﬂybeendeveloped(ﬂolmermdﬂnas 1981 GonzalezandCena. 1985

: Sommervrlle 1988).\ Mamkm studreg ehmmate some of these drﬂ'iéulnes and provrde the user wuh

' "measuresofthethemmlandwate;vapommsulanonchamcmrsncst‘orthetotalclodungsystemwhrchcan o

bemenedmtopredrcnvemodelsuwdtosrmulahewenr-perf(xmanceundaavmetyofchmuccondmons

and actwrty levels (Grvom and‘Goldman, 1974) In contrast. fabnc stndres offeﬂhe evmuanon of specrﬁc‘- S

fabnc qualmes whrch allow accm'ate selecnon among a number ot‘ textile items probably suited for a

-

particular gmmentunderspecrﬁcapphcanons Inﬁdmon ﬂ\esestudresalsoallow fabnc manufaeturersto R

determmetheopumalﬁbertype weave and/orcoaungs MMNOWMMMMprr e

4

CLet

T

Thewatavammmm&onmw(mmeresismwwmvnpmndifmsim)ofbrequmble i

fabrics is frequently the most difficylt property to evaluate unambiguously, perhaps because there is no

definitive test method yet available. There are curreatly a variety of simple methods unhzed to determine

walter vapour transmission through fabrics, the most eommon of which is the control-dish method (CGSB- |

4.2-M77 Method 49). Ross (1987) lists a to:al‘of 10 different methods available for determining the - -

n'ansmrssronacrossafabnclayu'('rablezl) Inthema)ontyofmwetestsmefabncundermvmgauoms
wdedovaamshofwatermdmemeofwatavapommmmswnmdetermmdbymmngthewerght

loss from the dlsh over 24 hours However, it should be noled that each met.hod deecnbed by Ross.

mcorporatesaspecrﬁccombrnauonofarr,tempunnnmandrelanvehumrdmesonenhasrdeofuwfabﬁc '

sllchdmrhewatavapompmegmdientacrossmefabricisdiﬁ'erentforeechm"rhemult,ofﬂrwe
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o dissimxlar expenmental condmons is, of course, an unfortunhte dxfﬁculty in companng results of the
dﬂ'erent methods unlees the exactcondmons undet which the measmemems were made are imown. RecentJ
= "mnovauve improvements in the asselsment of water vapour characnenstics of fabrics have been made by
o Watkins and Slatet (1931), Farnwcnh and Dolham (1984), and Van Beest and Wittgen (1986) which allow
- fast and accurate assessments, and further, the abihty to obtain absolute values for the water vapOur
C N | © ’ ’ ' ’
Although essenual for the determmauon of the 'ideal’ fabncs for use in the deSIgn of garments _ i
‘ fabric smdies represent an opttmal smiauon in which strict control of the fabnc system and the prevailmg
| 'ambient condmons is allowed. However, their exu'apolauon to notmal wear sxtuations is yet to be.
' detmnmedassxmilartechmthavenotbwnuseddmngwearoondmons. Wat:ervapomtransmxssion
thmughgarmentsdunngnormﬂweer maybecomphcatedbyanumberoffacm.mcludmg; the added
“mstanceofu'appedairlayexs(l(ahtsuhaetal 1986) increased clothing surface area through which water
| | vapour diffuston may occur (Haslam and Parsons, 1988), and the effects of condensauon (Kaufman et al.,
" 1987, hygroseopic absorption (Nelbace and Herrington, 1942; Woodcock, 1962 Famworth 1986) and -
| a mtemal venulauon (Vokac etal 1973 '1976; Vogt etal., 1983), ‘ ‘

In the pxeseht study. evaluauon of the water vapom' chamctenstics of fabrics is made utlhzmg av' .

L

de\nce for mmunng local evapomuon (Vapour Flow Meter VFM) allowmg similar assessments to be

' madebothonafahcmodelenddnrmgasxmulatedwearcondmon. Compansonofthesexesultsthbthose

J Ofthe'@eﬁbi'icsmdieswouldlpmvideinforntationastothewater pressuregradientspmducedduring’
i fu_ormal-wear condmons and to nge an indication as to the féasibility of utilizing fabrié studies in the
" :predicnonofsuRperfmnanoemhotenvuonmems. The present observations were made during the conduct
of a larger study evaluatmg the thamal chnractensucs of protective clothing worn by heheopter personnel

operatmg in Canadian comal waters (Mek]awc and Sulhvan, 1988).
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METHODS

The transmission of water vapour through a garment is often described by the following eqﬁmion:

" _ Pg-P . '
E=—k—-2 2.1
where: . \
E .= rate of water vapour transmission (often expressed as an oquivalen_t
evaporative heat loss, W-m-2)

.".‘

Re = wamervapommstanceofmefabncandaxrlayers (m2PaW’1)
Psk = pmuﬂmofwatavapmnmuwshnsurface@a)
" Pa = partial pressure of water vapour of ambient air (Pa)

Thus, asswsmaitofwatavapommiswwe (Re) of the clothing systemcanbemwc from m;:asm:emems of
theevamuvemeandmevapommgmdmndevdopedacmmccbunng(&k Pa). Thedwgnof

dwpmentsmdywassuchthatthewatavapmuresxsmncemasmedwssthatoftheeompletcfabncsyswn‘

(fabnc plus air layem), as opposed to the intrinsic fabric water vapour resistance. In addmon, the

instrumentation utilized permitted identical measurements to be made on both a fabric model and during a
simulated expo%e. Sensor posiiioning ensm'edmatthcd:smnce between the sensms and adjacent fabﬁc
wemuwsmmdaaﬂcondmmsmhmmmedxﬂ'mmwobsavedmﬂeadwmﬂmcesbetwem fabrics

andhbmla:rlayx/hmaﬁom.
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Fabric St;idies o ’ 3 * \
Water Vapour Resistance Apparatus

F@mmﬁbywoﬁawmvm}mimappmdmbpedasmnm |
University. The present method incorporates a temperature controlled water bath 15 cm below the fabric
being studied (Figure 2.1). Heating of the water produces an increase in the water vapour pressure of the air
directly below the fabric, whichismeasmedbymeansofawmpmmandmlaﬁvehumiditysensorw
8 mm below the surface of the fabric. Water vapour pressure of ambient air is monitored by similar
mwammdmvehumndnysenmlocawdmtheroom Byconu'olhngthetanpemnneofmewancr
bath wrththcwholeappmmsmaconstantenvmnment,thewawvapomprwmgmdxem(APf)acmss
thcfahceanbevamdsoastosxmulmegmdxem mthenomal—wearcondmon. Vapour pressure
gradients in'protective clothing, in the order of 475 kPa, have been demonstrated in a previous study by

Holmer and Elnas (1981).

P
~

* Wamvammuan&mwamthnughmefabncwasevalmwdbymeansofaVapomFlowMew
(VFM)locatedonmesurfaceofmefabnc 'IheVapom‘HowMeﬁu'wasusedtodetmnmethemteofwater
dlffusxonﬁomme,fabncwfacebymeamngmevapomprmnemmhmmovamemﬁtmmmfxe.
‘ Thnsnsaccomphsbedbymemmnglocalhumxdnyandtempemnmattwopmntsmtbednffnmnboundary
layeroverﬂ\efabncsmface asshownmﬁgm'ez.?.. 'medxffusmprocessmaybedw:'lbedbyapplymg

I-‘xck's Law: A S -

my = Dy, - £1-E2 (mgm2. '1) [22]

My = rate of water diffusion (mg‘m'2-sec'l)
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Dw = massdiffusivity of water into ambient gas (m2-sec"1)
P = vapour density at measunng point (mg m‘3)
d . = dxstance&omdxffumonsurfacetomeasuhngpoxm(m)

The rate of water dlffusmn thxbugha fabnc ymyﬁeexpressed asan cvaporatiw:/‘c'mtle Er, W-l;‘2) by
incospmﬁnguﬁxanemheaofvapoﬁmon(osswgn-l) in addition, vapoudmsity’imlawdmm |
.p!msurebytheclassxcalgaslaw Inthxswaytbewatervapourreslstamefonpamcularfabnc.cxpmsed
m2PaW‘ wasassessedmmughoutamngs.qfwatavapomdensuygmdnemsaswouldbeexpenmced

'mthavmableswwnngmw.

" Fabrics
Three fabric/fabric cqmbinations were evaluated in this study which represent th range of water
vapour ﬁameame fabrics utilized in the ent of microenvironment conditions in chapter 3 of this
 thesis. They consist of Gme-'rexmmear, éomn Venule/Underwear and Nomcx. Nornex/Insulite and
A Nomcx/NeopemwmblmuomwmehmmwdmwmmempmneabbmnRofmehmhmmdNeopmw
mawnals Gore-tex, Nomex, and Cotton Yennlc are-all used in the construction of the commercially ,
available helicopter pilot suits. Gore-tex is a poly'tetraﬂuoroethylen; (PTFE) film Which when streu:hed

andanwaledatmghtempaanmbecomespenwebleasaresuhofmmpomd14bllhonpmcspersqm‘

k cm 'Iheeepomsarelargecnoughtoallowthcu'ansmnssnonofwatervapourbuttoosmallwpenmt .

7 effecnvctransm:ss:onof hqmdwam Nomex is.g loose weavemmxdcompoundﬁbawhosevaystable
,.\compoundlsconunonlyuupzedmaﬂamereta;dam.. Itslooscnasofweaveallovgsrapnduansmxssnonof '
m vapour. CoQonVenule isa doublelayetedfalmc constructed of Eg}"pﬁan Cotton which allows water
vapc}uru-ansm:ssm mmugbi:sfaiﬂylargé'iumﬁbaspaciﬁg odeeukﬁbembecomewe:meyexm
| decrmngthemmrﬁbuspacmgmwdmganeﬁ'ecuvebamartohqmdwamrpmeu'auon Inoonvenuonal .

hehcopwr pilot suits both Cotton Ventile and GomTex suits an wom in combmauon with long cotton
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underwear, thl;S comparisons with exposure studies were made using the Cotton Ventile/Underwear (CVI)
and Gore-Tex/Underwear (GT/U) combinations only. The Nomex fabric (N) was evaluated to allow |
couipai'ison of the CV/U and GT/U with a fabric with a relatively low resistance to the transniisio_n of

water vapour. Fabric characteristics are listed in Table 2.2

Protocol

A Eachfabticmdfaﬁﬁcoombinaﬁqnwasassessedinasefiuofsixtia!s,the_c:ombinaﬁoﬁofwhich
mducedar@geofwatuvapmngradieutsaaﬁssdwfabﬁc(ﬁbm 1.0 to 5.0 kPa). A circular sample of
eachfabtic(diamewr-9cm)waSplacedintheapmrams’siichmatanmaofl9.63cm3(diametcr;5cm).
was directly exposed 10 the microeavironment above the water bath. Ambient temperature and relative
humidity were mainained mﬂappmximately 25°C and 30% respectively with a concomitant vapour pressure
ofO.9iPa. mw@mmwjmtwasmencomuedbymofchangummewmpaam
of the underlying water bath. During each trial, average AP; and E were determined and Reg calculated over

" 230 minute period afier a steady state had been achieved.

Instrumentation

Dmngthepumoffalncassmnent.wmmmm(rw) tempcmmmandrelanvehmmdnty
Smmbelowthefabnc('rgandkﬂw ambnenttnmpaam(ra)andrelanvehmmdlty(RHa)ande\mpomuve
rate through (,be fabric were momwred conunuously Waler temperamre was monitored by means ofa
copper-consmnum mamocmple,whaeasTa,RHa,Tu,RHuandwawrvapomdlﬂ'tmonwmaSwsed

usmgthermnsmandwbsumhnmnduy sensors (Shinyei, Japan). The sensors were sampled every minute

' and the data stored by means of a Data Acquisition System (HP 3497A, Hewlett Packard) and a

micmompqm(ﬂpss.newleupmd); After each test the data was transferred to 8 Macintosh 512KE

45



]

w

- computer (Apple) for analys:s Calibration procedures for the temperature and relative humidity sensors
utilized in this study are outlined in Appendix A. : .

x
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Suit Exposure Ws

Subjects

Five physically fit male university students volunteered to take part in this study. Following
approvai from the Simon Fraser University Ethics Review Commitee, all subjects underwent cbmplete ’

physimlexanﬁnaﬁonsbyaqua]iﬁedphy‘siciﬁn. A , ’ ’ \
Protocol

Before a suit was douned, subjects were instrumented with sensors to monitor tehpérature and

- mlmwhmduySmmﬁommeshnanfx&aMevapmmwm&ommemrfaceofﬂpmfahmOme
urmweswmdﬂwmbpadonmdahdnopwrpemmlmt%mmﬂmdwwmdmmd
Lheenwmnmemalchamba‘('l‘enney).whaeuponbeassumedawatedposmonmahehcopﬁpﬂotsem(for
complesedmnpmnseechapwufmmmms) Thehehcopmrpuotswmdwassuppmedaboveme’
floormmlddmmbabyamemlﬁameconsmmedofsteelmbmg(ﬁgmeZ.B) The metal stucture with the
sub_pectwatedwuhmwasthendxapedwnhﬂayusofcloth an internal black cloth to absorb radiant heat
cmmnedﬁ'ommebodyandapexwrmlwhxtcclotﬁtomﬂectanyradmmhea:. Once positioned, the subject
remained at an ambient tempmuncandrelaﬁve humidity of approximately 22°C and 50% r&pectiw‘/ely ;‘a
ﬁvemumm. Chmwwmmmwmmmmswmahmmwammofmmhme
hnmxdnymcontmlled)overamodofappnmmamly%mmutcs. The subject then remained seated at this

tanpaanneforaﬂmher%minmforamldmaﬁmofthreehom(l%minum).
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k Suits
Garments utilized in this smdy cons;sted of commercially avaxlnble hehcopter suits constructed of .
,\‘-thetestedfabncsmenpomdabovedmngasxmulawdhotmrexpom 'I‘hesmtsuuhzed fa'oompanson :
' this study are shownm Figurp, 2.4 and consist of; A) Gore-Tex and B) Cotton Vennle. vBot.h the Gore-'{‘ex
and Cotton Ventile suis are of the dry-suit design with airtight seals at the ankles, wrists and neck such
that the exchange of warm, moisz'microenvimnmemair with ambient air can only mmMgh the fabric.

Both suits were worn over a pair of long cotton thermal underwear ©. Dunng the exposm'eboth leather

glovesandheavybootswerewom

Instrunrentation

~

Measurements of suit microeavironment temperatures and relative humidities were obtained by use
of Vapour Flow Meters (VFM) secured o three sites on the skin: the upper arm, chest and thigh. Each
VFM consists of two substrate relative humidity{sensqirsa‘ndtwo temperature Sensors (tﬁ,a‘mistors). thus
the temperature and water content of the sir within the microcavironment of the suitcagbegié:umined.
vmmwmmmmmmmsna(m,mtmmigﬁ)mme‘mofmfabdcwmuqumd;o
determine the amount of water vapomtransrmssxon through the fabric layers as outlined in Equation 2.2,
.Inthisyvayinsumnentaﬁonw&i&nﬁaalmﬁminthofabﬁcsmdiawithexccpﬁonoftheéourreot"watcr |
ﬁpour(humansweatv;.Wmconmlbdwawbmh). The data was sampled by an HP3497 Data
Acquisition System (Hewlest Packard) and stored on an HP9817 computer (I;IewlettPackard); \Calculation\r

'

and analysis were performed on a MacIntosh 5 1_2KE (Apple).
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- RESULTS
Fabric Re_sults

Prior to fabric assessment, the system waseiraluate&byproducingstép increasesinTwaﬁdthus
watervapomprwsxmgmdwmsacmss mefabncs.anexampleofwh:ch xs;x'esentedeigme 2.5. Vapour
pressmemdwnts(APf)andresxﬂtantevapmatwehwloss throughmefabncwaemomtoredconunuomly

at 2 minute mwrvals throughout the durauon Results mdlcated tba; for the system, the transmxssxon of
water vapour was linearly related to the water vapeur prmmje' gradient developed across the fabric (RZ—=
0.99). Fluctuations were observed during transient changes in Aanecwsnaung steady state determination

. ofﬂwwmuvapunr&sismmeoff#bﬂcss.dwcnbedinthenwthqu. .

The results of the six trials performed on each fabric are displayed in Table 2.3. The performance

of several measurements of the water \}apomresistatwe throughoutme mngeofvapourmme»gradients

mwd,ofeachofthefabncsusedmtheconsmncuonofthesmts showedamsmbuuonofrwstanceswuh .

meansandstandarddevmnonsof679i54 546i4.2and401i28m2PaW'1 for the GT/U, CV/U
| F

andeabncs,rwpecnvely .
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~Suit Results

‘ Determination of water vapour pressure near the skin of the subjoct lsdependem on reliable data -

. being obtained from both the}aermstor and substrate humldxty sensor located unde: the clothmg '
Similarly, accurate measurements of Eciis contmgem on four measuremems (two temperann'e and two

: xelz}nve hmmdny). Thus, etrorsobtamed t‘rom any one of l.he. six sensors would result in an mablhty to,
determine the Ec] /AP¢] relationship for the ciomiqg of that particular site of measurement. Relative
humidity sensors p_ositione& 5 mm from the skin surface were very susceptible to wetnng from dripping
sweat. Due 10 wetting of the humidity senm from dripping sweat dm-ing the exposure trials, en'oneous
valuesmatleastoneofthesnxsensmsweredetectedmtwosubjectsfonheCVandGTmts Inaddmon‘
for the remammg three subjects. consistent errors were detected at the chest site. Thus for the Cotton
Ventile and Gore-Tex suits, analysnswﬂlberesmcwdtotwosnm(mnandthxgh)pneechofmreesubjecm
allowing 6 determinations of the Ecy/AP| relationship for each suit ‘

Elevation in ambient temperature from 21.4 £ 0.5 to 39.8 + 0.3 °Covera90m‘inuteperiod\ :
producedadecreasemrelanvehumxdny&omlmnallnﬁnalvaluecofSSl:tll to281102%
respectively. ThesechangmmTadechonwpmdmashgmovemﬂmcreasemvapom[mssmeﬁom
1.30 to 2.06 kPa.. Figure 2.6 displays average APc] gradients developed across the suits throughout the 3
" hour exposure. Gradients increased from initial values of 0,38 £ 0.15 and 0.47 + 0.25 kPa to final values
of 2.94 + 0.25 and 3.26 + 0.28 kPa for.thé CV and GT ‘suits respectively. Vapour mm gradients
remained low for a period of 10 to 40 minutes following the increase in ambient temperature. .A sudden
incrmein‘ &dWMfW.bymmm rise which reached a steady state within 100 minuites
of the duration of the exposure. Thereafter, APc| values remained relatively constant with only minor
fluctuations. Variations in the onset and rate of rise of APc] were cvident, however, initial and final levels

[y )
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_ Averageevaporauveratcsofthesmcondluonsaredxsplayedmﬁgme27 Ingeneral Eclmse— -

| gradually following the elevauon in ambient temperaume however, ﬂuctuauons in Ecl throughout the last _

| twotmrdsoftheexposmemcachcondmonasdemonsuatedmmerepresentauvegmphofEclfonheCV/U

suit shown in Figure 2. 8

A repieeemative graph of the Ec}/AP¢] relationship is presented in Figure 2.9, and is typical of the
hot air exposures. ‘In addition, a line representing the predicted ive rate as determined from the
fabric studies is also presented. It is evident from that, unlike the controlled fabric evaluation, a linear ~

" relationship does not exist between the vapour pressure gradients developed across the clothing system and

the measured evaporaﬁveramdmingumsiemincreases in APcl,and matevapo:-atiwima:econsiswnﬂy T

lowerthanpmdxcwd&omfabncments. 'I'hxslackofhneantymaybea@butedtofactmssuchas
variations in the total thickness of the clotlung system, -condensation and hygroscopnc absorpuou
Calculanonofwauervapourresnstanceforeachcondmmwasperfmmedasmthefabncsmdxesasthemno
ot‘APcloverEcl.boﬂ\valuwofwhlchwemdemmedﬁomtbeavetageofwmmutwonceswadysme
' had been achieved, and are displayed in Table 2.3. Wawtvapommstancmfo;meCVﬂJandGTNsmts,
detcnnmeddunngthehotmrexpom,wemWO:t104and914:|:95m2PaW‘1reepecuvely This
represems a sxgmﬁcant elevauon in Re (p<005) dunng the suit exposure study as compared to the
measurements madeon the Water Vapour Rmstance Apparatus.wuh the G’I‘/U displaying consxtemly
hxghervahmascompmedCVlU(p<005)

51



~ DISCUSSION

The 'wiuer vapour resxstance of fabrics is of prima'ry importance in the construétion of protecuve
clothmg assembhes for .use under condmons of elevated ambient tempetamres pamcularly when
mcorpomted in the construcnon of dry suits, as the transfer of evaporated sweat is lumted to passage '

through the fabnc Although many current methods used in the. assessment of Rf allow accurale_

- “

determination of the intrinsic (mmus alr layers) water vapour resistance under steady state condmons. the
present study mustrates the differences in water vapour resistances between fabnc studies and simulated wear
trials, andmdxcateethatmerelauonshnpbetweenthevapomprwsuredevelopedacrossmefabncandme
transmission of water vapour through the fabric is not constant during elevanons in sweat rate in normalb
)wee; conditions. |

The Water Vapour Resistance Apparatus— developed allows for the-simulation of a varieitir of
dxfferentvapourprwsm'e gradxenrsdevelopedacrossagarmentdmngnmnaluse Ofmefabnc/fabnc
combinations studied, GT/U dnsplayed the hnghestmstmcetowatervapomwnm theCV/Uandeabncs .
having progressively bwermx;tmwm. “The magnitudes of the Ref values m_'elargeandmﬂectmeadded
resistance of air layer. ‘Although_both Famworth and Dolham (1984), and Van Beest and Wittgen (198.6),v
have dcvelopedme:hodsfordemmmingmeva’pomesis:anceof'fabricsinabsoufmams.meirvalmare
reporwd in equivalent millimeters of still air makmg compansons of Rf values determmed in tlus smdy
‘mmo;hersdxfﬁcult.howevenherelanvedlﬁ‘mbetwecn fabncs:éponedm thlssmdyaresunﬂarto
thmemeamedelsewhexe(Famwmh pexsonalcommumeaum) Nomexlsalooseweavefabncandhas
beenshownmoﬁamimmﬂr&dsmwmeuanmﬁsﬁmofwmervapomeBmandWingm 19‘86),:
thus mmhofﬂwreﬁstmcemeaénedin&issmdywouldbedmpadhahgekhm Performing several
measurements of resistance on each fabfic/fabric combination yielded standard deviations as large as 3

m2-Pa-W-1 and may be largely attributed to the sensitivity of the VFM. As a result, the present apparatus
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may be inadequate in the comparison of several lughl)'l""ﬂm‘“’lie fabrigs

likely fall within the range ofaccm’zicy of the apparams.

wmpmnuewaschamcmmdbysteadymwvammmesamgmdxemwmmwmhrgerfa
(3.26+ .28 kPa) than the CV/U suit (2.94 + .25 kPa), however, qu, displayed some fluct
maximal values Vapour Flow Meters enable calculauon of evaporunve rate by meesmnngtlie vapom-"‘f ,
pressure gradient within the dlffusxon boundary layer next to the clothing. stun'bance of tlns grad:em by: ‘
convective air currents would have resulted in variations in‘ calculated Ecl "This was hkely thd case as
fluctuations in Ecj werechmactenzedbyvananonsmthemeasmemmtofkﬂ,mpamcularme nsor
furthest from the surface of the suit. 1‘besomceofconvecn£maybeattnbumdto subpctmovementdue

) todlscomfmmdtmmtasmeheatsuesswasxmposed. Improvedslueldmgoft.heVFMmaymdmtbe' :

development of steady-stale Egl, and thus i 1mpmve the calculanon of local water vapour r@cerpf the' i

v,
B fa

garment. ' . s T
PR ) 2
C ) ’ ‘ . D : : ‘ ~;‘;,’(:"; .

.

| mmughommeﬁmso-loo mmum ofexpom,tl\erelanonshlpbetwemEclandAPd dnffered.t
fromtlmofthefabncsaaswsedumngtheWaterVapomApparamsmdlmgthatforanyglvenAPtbe ’

,evaporauvemethroughtheclothmgxs less than thatpredlcted from fabric smdmundersteedy state'ﬂ "
conditions. In addition, steadysnwwatavapommsmeeswmmuchlargermmsmﬂarmeasmmenm# |
made on the Water Vapour Resistance Apparatus. 'I‘hmdlscrepancmarehkelyduetothemhmntn’ |
‘dnffereucesmtbeclothmgversusfabncsmdm.suchasmevolumeofaubetweentheslnnandoutetsmt; B

and the effective surface area through which water vapour transmission may occur. | L , .
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Protecuve clothmg systems typlcaily contain a large volume of air between the skm and outer - -

) ":ctounng (Grockfrod arid Rosenblum, 1974 Sulhvan “ ., 1987), termed the uucroenvxroument vOlume |

,,Hm

(Vl_,) whtcheﬁ'ecuvelyaddsanux:remed’ ,forthedxffusronofwatuvapow Infabncsmdm tlusf'

Sy volume xs muumal -and xsoften hmxted _ the 'glmess ofthe air within the fabnc In contrast, dunng L |
normal wear, Vuwilldependto a large extent on the fi, drape,andpostme mﬂumcmgthetlucknessofthe

| al!' layer between suits andbetweeu locattons within a suit. Smts with telanvely small mtcroenvuohment: .
volumes and areas wheretthe clothing is close to the skm would likely dtsplay lower water vapour |
| - renstancesthansmtsandmgwnswherethethlcknesoftheaulayenslarge Perfmnaneeoffalmc tests

| -~ with varymg Vﬂ may lead to. funher understandmg of tlus process, but would requnre some modtficauon to

.0'

the apparams used i in tlns study.

\«‘ Largemlcroenvuonmentvolumeswotﬂdalsobeassocxatedwnhan increase in thesm'faceareaof,
theclothmg(Acl) throughwhtchwatervapommaydtﬁ'use. 'I'lms,theevaporauveratedetennmedonfabnc
studteswouldoveresttmateEcl Thesé factors Vi, AcD maybeaccountedforby mcorporatmg therauoof
skm area to clotlung area (Lotens, 1988) and the avmge tluckness of the clothing mtcroenvrronment
(Vp/AcoaspmposedbyKahmbaaaz(lm o

leferencee between fabncand clothmg water vapour resxstances may also be mﬂuenced. in partf: P _ L

by the processee of condensauon and hygroscopx: absmpuon. Water vapour- pclmeabxhty has been shown' o

to decreased in colder euvu-onments, due to condensanon. with most. textiles becommg virtally \
. mpermeable to water vapour at -40°C (Memander 1986) However. condensauon is an unhkely factor m
me present study dueWelevated env:ronmental temperatm'es thmughout most of the exposre In contrast,
‘ : hygroscoprc absorpnon may have a sumlar albett much reduced. effect on measured water vapour _
mstance Absorpnon of water vapour by the fabric layers may effectwely reduce the water vapour
avatlable for dtfftmon through the clothmg 'I'he effects of absorpuon, howe , are transient (Famwonh
1986)andwouldlikelyonly conu'ibtnetoamdwedevaporauveratedmngtmnslentmcmmAPc] '



W
=

_ Both heat and mass u'ansfer -are mﬂuenced hy wm(fjnd the pumpmg effect ass001ated thh
4_&5. B

- movement (Vokac et al 1972 Vogt et al., 19835 and thelr effect may be mﬂuenced through factors such

¥ aswcxght, snfﬂlcss cutandfitofthegarmem. Although wmd was not a factor in this study, ltlsgmclear R

N

astowhatmﬂuencemepumpmgefchtmayhavehadonthemuhsofthlssmdyasthesensorsuuhzedare

[

dependant on the mamt.enance of a sull air layer next to the clothmg Adequate asswsment of wmd and o

pumpmg:ffects on the rwstance of clothing to water vapour may be resmmed to dlrect measurements of

heat exchange using humansubjects (Holmer and E‘.Inas, 1981 Gozalez and Cena, 1985)

ot L.
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TABLE LEGENDS

Table 2.1:

Table 2.2:

Table 2.3: .

{

“* Ten commor methods of determining the water vapour transmission of fabrics.

Insulative and air vennlanon characteristics of suxt fabrics unhzed in the present study
Methods unhzed are outlined in Appendnx ~

[N

Wamvapomrm‘stahceoffabrics (Ref, determined using the Water Vapour Resistance

Appmams).andsmts(Rechuhwoclatedavaagcvapompmsmnegmdxms (APcl)and
evapomuvemm(l:'d)poduceddunnghotmrexpoam :
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Table2.1: ~  Ten common miethods of determining the water vapour transmission of fabrics.

T . Conditions Water Vapour Pressure]
Test Name Method @ Relative Humidity (%){ Gradient (mm Hg)
ASTM E96-80  |A (Desiccant) 0 S0 10.5
ASTME96-30  |B (water Method)® 2.0 S0 10.5
ASTME96-30  |C (Desiccans) 322 50 18.0
ASTME96-80  |D (Waser Method) 322 50 18.0
ASTME96-80  {E (Desiccant) 37.8 90 442
11S-Z-0208°%* Dish (Desiocans) 25.0 90 21.4
JIS-Z-0208 Dish (Desiccant) 40.0 90 498
British MOD*** | Dish (Waser Method) 35.0: outside 20.0 6s 30.8
BS. 3177:1959  |Temperstass (Desiccant) | = 25.0 78 17.8
BS. 3177:1959 | Tropicil (Desiccam) 38.0 90 44.7
. Mnubdmlyudnmﬂnqmﬁmm ‘ .

** Japanese Industrial Standard
*** British Ministry of Defense
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‘Table22:  Insulative and air vennlanon characwusucs of suit fabrics unhzod in the present smdy

MﬂhodsuuhzedmoumnedmAppmdxx. - \ o
o » S F o
"
Thermal Reslstanc; - Ventilation Index
Sult Fabriec : (m2 K W-1) ’ (liters/mln)
CV___|Cotton_Ventile © 0.96 : 2.86.
GT  |Goretex . 2.00 ' 0.04
N/I  |Nomex shell 7 3.41
Insulite liner| 19.20 " impermeable ' _
N/N  |Nomex Shenl .. - 3.41
Neoprene liner| 7.30 impermeable
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Table 2.3: Water vapour resistance of fabrics (Ref. detummed using the Watex Vapour Resnstanct
Apparatus), and suits (Rec]) with asocmtcdamsevapompmsmmdwnm (APcl)aml
cvaporanveraxs(Ed)p'odmeddmnghotmrexpos:m B

)

—T T Seit Fabric

- - APcl Ecl Re ci Re f
o | _Fabric/Suit (kPascal) (W _m-2) (m2 Pa W-1) | (m2 Pa W-1)
- - GT/U - 326+% 28 357104 . 914195 67954
Cv/u 294 + 25 382+11.7 71.0 £ 104 546142
N : ) - ‘ 40.1 £ 2.8
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'FIGURE LEGENDS - S A

- Figure 2.1:

Figure 2.2:

- " Figure 2.3:

Figure 2.5:

Figure 2.6:

Water Vapour Resistance Apparatus. Water vapour pressure gradie nt across the
fabric/fabric combination was controlled through variation in water temperature, and -

assessed using temperamre and relative humxdny sensors below the fabric and in the
ambient envnmnmem. Water vapour diffusion thmugh the fabric was meesured with a
VapourFlowMeterposmonedonmesmfaceofthefabnc '

. Principleofmmnememoftheamwmofwatefvapomdiffusingmmughafabriclayu'

Vapomﬂownsdetammedbymeasmngﬂwvapomdenmymsuihmonabovedwsmface
ot‘lhefabnc ’Ihedxffmxonpmcwsmaybedwcribedbyapplymgﬁck’suw

Experimental set-up for the hot air exposure smdy Subjects remained seawd ina

- helicopter pilot seat suspended within an envu'onmental chamber. Evaporauve rate

through the clothing ‘ww moitored by means of Vapour Flow Meters positioned on the

_ atm,ch&tandthigh.

Kl

Hdwoptuanuewpasomelsmtsmlnedmthecompansmofwatervapmnmmmof

’fabncsandclothmg Suits consisted of: A)Gore-TexandB)CoqonVenule. Bothsmts_ »
mot‘medrysmtc%mgn(sealsanheneck,wnstandanklm)andwerewmomlong »

ooamunderwear(C)

Representative graph of therelatibnship between evaporative rate (hroué\h the fabric (Ef) -
'mdwauvapmnmmgadkmdevdopedmm&brk(ﬂﬂdum;_mpchmgxm

@

temperature of the water bath.

1 Avaaggvapommgmdienix(APchevebpedmmeComethhduww |
and Gore-Tex/Underwear suits throughout the duration of the hot air exposure. Data are -

presented at five minute intervals.
§ e
4 )
1
/ 6



Figure 2.7:

- Figure 2.8:

Figure 2.9:

.

Average evaporauve rates (F-cl) through the suits durmg the hot air exposure in, A)»
Cotton’ Veatile/Underwear, and B) Gore-Tu/Underwear smts Data are dxsplayed at five
_minute intervals. ‘

&

" Representative evaporative rate thr_ougin the CV/U suit throughout the hot air exposure.

Typical Ec)/AP) relationship observed during the hot air exposure. The straight line
repmtsthepwdmedevapmnvemeasdemnuwdﬁom steady state assessment of

fahmwamnapmrmstanw

e o

“
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Figure 2.lﬁ |

Water Vapour RwismnceAApphrams. Water vapour pressure. gmdient aa'oss the
fabnc/fabnccombamnonwasconmlled throughvanauonmwawrwmpaamand
asmcdusngwmpmnucandrehuvehumxduy sensorsbelowmet‘abm andmt.bc

ambient environment. Walavapomdnffusxénthmughdwfabncwasmeasm'edwnha
_VapomFwamposmonedonﬂwsm-faceoﬂhcfabnc S s

HP 3497 A
Data Aquisition

HP 85
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'Pﬁndpleomemofﬂwamumtofﬁamvamdiffnsingﬂuoughafabriclayu :
Vapmnﬂowmdﬁummedbymeasmngﬂwvapomdmmydmmabovemesmﬁce
£ of the fabric. mdlffmwnpmcmmaybedesm'bedbyapplymgﬁck'suw | '

Figure 2.2:

Distance

~ From
Fabric
Surface

P1 n
Water Vapour Density (mg m )
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P"iéln'efz.fii ' p,,m'nm set-up fpr the hot air ex’posu:é study. Spbjec:s remmnedm ;i',' . t,

* helicopter pilot seat suspended within an envi;onmgnuil”chambq. EVaporauvem
o ~ through the clothing was moitored by means of Vapour Flow Metuspomﬁoned on the
' -arm, chest and thigh. ' T R R

[ R R ";"
Vil St BelliEnd N )
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Heli&bpta aircrew personnel suits utilized in lﬁe comparison of water vapbfxr resistance of
‘fabrics and clothing. Suits consisted of:. A) Gore-Tex and B) Cotton Ventile. Both suits
are of the dry suit desxgn (seals at the neck wnst and ankles) and were womn over an

e . o

cotton underwear ©." R e

¥

Goretex = =~

Underwear
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:
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:
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£
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COtton»VentHe.
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Representative graph of tre relationship between evaporative rate through the fabric (Eg)

o and water vapour pressure:gradient developed across the fabric (APy) during step changes in
,d ) - - - .
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' Figure 2.6: Ave.mge vapour préssure gmdwms (APCD developed across the Cotton Ventile/Underwear
v o andGme-Tex/Underwwsmtsmmughommedmuonofthehotwexposure Data are
presented at five minuté mtcrvals. e
LY -8 - ‘(

y, ]
. t " ! Ty ™
~ he ‘! )
[ 2 J
’ 1 v _e0e® 0.0'/:00.0 00080000,
3 N = o
. = d '.-
-, 8 1T - .- :
T ° g""
. a 2000 o ‘L
A - e u
’ - “ - H . ™
& ‘
.°.- @ Couon Ventile/Underwear <x\\
N -~ o B o GoreTex/Underwesr |
Bega -
0 r—— T -
. - o ° 100 , 200
N\
. = . 'l'hae(mln)
: ?
L] ¢ .
» 2 " -

70 .

'S



Figure 2.7: Average evaporative rates (Ec)) through the suits during the hot air exposure in, A)
Cotton Ventile/Underwear, and B) Gore-Tex/Underwear suits. Data are displayed at five

minute intervals.
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Figure 2.8:  Representative evaporative rate ihrpugh the CV/U suit throughouuhe hot air expom o
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Figure 2.9: Typxcal Ecl/APcl relauonshlp observed during the hot air exposure. The stra:ght line
mpmsemsmepredxctedcvapomuverateasdemmmcdfmm swadysmemmentof

fabric water vapour resistance.
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ABSTRACT o L |

The thermal stress of a working environment is often defined by the dry-bulb temperature, radiant
temperature; relative humidity and wloaty of the ambient air. However many occupaaons require workers » }
to wear protective clothing, which creates a thermal and water vapour barrier between the skin and ambient.
Thus, the temperature and hunudzty condmons of the clothing mtcroenvzronment (T pand RHy), whtch is
the true environment to whu:h the worker is exposed, may be szgmﬁcantly higher than those of the ambient .
air resulting‘ in decreased heat loss and thus G higher heat stress as would be predicted from ambient
condztzons The present study investigates ‘differences between ambient and microenvironment conditions
that may develop dttnng prolonged exposure of clothed workers to a hot enWonment: Five subjecte were
exposed to a linear increase in ambient temperature _from 20-40°C over‘ a 90 minute periad and then
rematned at 40° C for an addmonal 90 minutes, for a total exposure time of 180 mtnutes Dunng the
ezposures subjects were clad in four i types of helicopter personnel suits commonly used by helicqpter pilots
(Gore-Tex, Cotton Ventile, Nomex/Insulite and Nomex/Neoprene) These suits incorporated dry-suit and
wet-suit designs and were constructed of a variety of different fabrics. Dunng the exposure, conunuous

* assessment was made of skin temperature and rectal temperature Hunuduy and temperature sensors,
' posmoned '8 mm from the surface of the sbn enabled asses.ment of T, and RH,, and calculatwn of water

vapaur pressure (Py). Results indicate that although microenvironment temperatures were similar amongst
. suits and slightly lower than that of the environment, the RH,, and Py was much greater than that of the

. ambient air. In addition, the Nomexi/Insulite and Nomex/Neoprene suits showed the highest Pﬁ, of which .+
'only the Nomex/Insulite resulted in si?hiﬁcantly greater mcreases in rectal temperann'e due to incomglete
covering of the body with the impermeable neoprene component of the Noma/Neoprene Suit. Elevauon of
" Ty above that of the skin and clothing indicates heat production due to hygroscoptc absorpaon The present gy

study obviates the need to discern between the ambient conditions and the conditions encountered next to'the .
skin when protective clothing is worn. Since differing protective clothing assemblies will vary in thetr
properties of insulation and water vapour permeability, it is proposed that conditions wirhtn the
microenvironment of the suit would enable better predtcnon of heat strain than indices tncorporanng only
ambient variables. ‘ ' o
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INTROD!JCT-ION

. For workers employed in occupations ranging from deep mining to aerospace industries, elevated |
envimnmenml.temperanniéc cannot be avoided as it is either impractical or imposible to remove all or part
" of the excessive heat from the workplace and the active worker. Low levels of heat stress produce

. discomfort and fatigue (Nunneley et al., 1978), uthediamkhdmus&,pufa’mamewommpmmd

. (Grether, 1973) and evcntnally the health of the worker is jeopardized. It is both of practical and meotcucal

importance to determine a number of aspects of the effects of heat stress on the thermal strain experienced
| by the worker, including: what level of énvi:or;mental heat load is associated with the onset of discomfort,
. performance degradation and physiological collapse; how each of these factors mentioned will vary with
m'ogresmve thﬁmalload.s. what aspects of performance are affected by heat; and the physiolbéical aﬁd/cm
‘morphological characteristics of those individuals able to resist such impairment as the tolerance limits e
approached. An essential prerequisite for the elucidation of each of these questions is the ability to quantify

°

" the heat load or heat stress imposed upon individuals,
Since Houghton and Yagk)u (l923a.b) devcloped the first index of heat stress termed the Effective
Temperawre (ET), lehasbetm aplethoraofsmdmannedatelmcrsmpmung their original concept, or
developing néw indices for specxﬁc fworkmg equ'onments. To date the most commonly used indices of
heat stress are (For review see Gagge and Nishi, 1976; Gonzalez ef al., 1978; Lee, 1980) the Predicted 4-
__hour Sweat Rate (P4SR); Beldmg and Hatch's’Héat Stress Index (HSI), Effective Temperature (ET),

: Corrected Effective Temperature (CET), Wet Bulb Globe Temperature (WBGT), Swedish Wet Bulb Globe

Temperature Index (SWBGT), ahd the Wet Bulb Temperann'e (WBT) It is these indices of heat stress that

‘ . researchashaveumdasesumatzsoftheheatloadonmemdmdualforﬂxepmposeofpmdncungﬂwheat

: sn'amexpenencedbytheworkerdmngammalshxft.

’ -\
Indip&sofheaisuusmbmedpﬁnmﬂyonmephysieal'mszmemsofairwmpaanm(l‘db,dty

bulb), radiant temperatute (Tg, globe), relative humidity (Tyyp, Wet bulb) and air velocity (v). .An ideal
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, ~
index of heat stress is one tha would include all the external factors which influence an individual's heat
balance in addition totheinh;erentdiffererm}ih individual responses. To this extent the above indices are :
inadequate as they do not fuily account for duration of exposure, type of clothing wom, degree of |
accltmattzanon. level of ﬁtnecs in relatlon to the physical work load, and physical work rate per se .
Furthermore, mmdustry worktsperformedundermﬂtervanedcondmons Mostwa'kersdonotmamtama
constant rate of physical w; (and thus heat producnon) thmughout their shtft. and this varying physical

 is often quormed under varying levels ofheat stress throughout the day.

. Field studies in hot industries have demonstrated that there may be no universal indexof heat

<

strecs whtch would predict the heat strain of workers for a wxde range of dry-bulb wet-bulb and globe .
2 temperatnrec (Goldman, 1988; Rodahl and Guthe. 1988) Toa lnrge degree, the meffecuveness of the
» various, studies is due to the wanety of themtal prowcnve clothtng, whichi is currently bethg used in

®

mdustnal envuon?nents These clothmg asseinbhes, although desrgned to protect the individual from
specific eavtmnmmmhazmdssucha%ehetmeals,ﬁre wmmmmmaymvmdsqmm{gg;m
5 of body heet, especially for active workers under conditions of elevated ambtent temperatures. The clothmg
tsconsm:cwdoffabmswhtchmayvatym therenstaneetoheatmdwatervapom Inaddmon,thedengn

of the clothmk may vary. some allowmg air movement withm the nucroenvrronment through opemngs in
the wrists, ankles and neck and Strateglcally placed vents, and others being restrictive in the amount of air
movement through the sutt. Itis not surprising therefore that current heat stress indices fml to predtct the )
,heat strain unposedonmeworker. y

L4

Heat transfer from a clbthed person can be described using a number of equations. These are

 commonly simplified into twq general equations, one for dry heat transfer (DRY):

R s | Wad) - Ba
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\)l
andthéodle;forevapaqﬁvehem.u"ansfor(ﬁVAP): 3

{ I3 N 3

o o .2 . 7 . 4 ; . ‘
. - 4 R & . s
: | : (Pop-Py) - : _
. ;fj EVAP =-_5-P£l§ke—ﬂ?- ‘  wmd g
¢ A,. : o o
'\\\L & . " ‘ o

Dry,heat transfer, that of convection and radiation, is a funcuon of‘o‘t'fl‘hc temperature gmdxent \
(Tsk-Ta) and the combined resistance of the clo'ihing and air layers to dry hoat transfer (Rc), Whereas |
~ evaporative heat transfer is a function of the vapom'prwsummvapomdenslty gradxem (Psk Pa)andthe*
combined resistance of the clot.hmg/and air layers to the dlﬁ‘usxon of water vapour Re). n gencml the. N
addition of clothing impedes both dry and evaparative heat transfer through an increase in' the res:stance of -
both the}bncandu'appedanrlayers Recmtmodelspredxcnngheatsnmnanunpttoaoconmforfabncﬂd |
) clothing characteristics, as determined usmg standard hot—plate or mamkin techniques (Gxovam ahd
Goldman, 1972; Goldman, 1973; Breckenridge and Goldman, 1977; 1SO/DIS, 1987; Mecheels and Umbpch.
1979), however these models are ofwn imprecise as the effects of air velocity and wearer activity on the é'
resistance o heat and water vapour are oﬂen difficult to quanufy (Holmer and Elnas, 1981; Haslam mdii .
Parsons, 1988) Ttmefactorswnll toalnrgeeanl.bedewlmqubygarmentwenght,sufﬁless,cut.ﬁu
and posture, and as such, a muversal equanon may be unpossxble (Breckcnndge and Goldman 1977) 7
Adequate evaluauon of clothmg pcrformance may be limited to actual wear condmons as models do not '
allow adequate sunulanon of l.be mteracuon between' the human clothing and envuonment (Fourt and )-“'
Hollies, 1970; Holmer and Elnas, 1981) |
" For a fully suited workcr wnth only the head exposed (relanve surface area ot' the head is™%
approxxmmly 7%), 93% of the body surfaec area will be exposed to the suntmncmmvuonment. that is, the |
volume of aif above the surface of the skm but directly beneath the suit (anure 3.1). For industrial .
protectxve garments this volume may be as hxgh as 50 liters (Sulhvan etal., 1987) A reduction in the
transferofbothheatandwatervapom:duetomeaddlnonofclothmgmaymultmabuﬂdup,ofhmand‘_ .

-
[ Y
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o
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water vapour within the clothing microenvuoumerrt._the level ol‘v which wrlldepend on: 1) the

characteristics of the fabric, and 2) the design of the garment (openings and ventilation).

mmepasgommmonsmmmmemtaoenwmnmenthavelmgelybemrmaedasmchmMW

"7concentrated on the measmement of, shn temperature and vapour prwsure in order‘ to esumate the

carespondmgmsmcwtoheatandwatavapourﬂow(Nagata, 1978; HolmerandEltm 1981 Gonzalez~ "

and Cena, 1985; Sommervrlle 1988) Recem.ly however, Goldman (1988) has suggested evaluanng
nuaoenvrronmentalcmdmonsmassessmg suttperfmmance. Thrswouldbeadvantageousconmdermg thatf -

the condmons within the. n'ucroenvrronment represent the true environment to- wluch the mdmdual !s )
exposed. In contrast to ambrent condmons, which may remam fairly stable throughout the mdustml

envuomm(mdependeato(workplaeeandhme), the condmons ofthe suit mreroenvrronmentwmld vary_
wrth changes in activity level of the worker and possrbly dtmmon of exposure. However, few studres have \
documented measurements of the conﬂuons wrthtn the clothmg microenvironment. Vokac et al ( 1973 .
1976) have demonstrated the eﬂ'teacy of such measurem&ts in the assessment of the bellows ventrlauonof - \

clotlung and hxve mdrcated that mrcroenvrronment condmons may be dependant on the type of clothmg

-
]

wor, -

. ThepresentsmdywasdéSibwdwinvesﬁgatedwchahgeshthetempaanueandhumidityofthe
mrcroermronment which may. anse as a result of a heat exposure when wearmg a vanety of smts
1cmstmctedofdrfferentfahncstypwanddengncon&pts 'l‘heptwentobservanonsweremadedunngthe
conduct of ulnrger study evalnatmg the thermal characteri‘sncs of protecttve clothing worn by helicopter
personnelopaaunnganadtaneoasmlmters(MekjavrcmdSulhvan, 1988). 'I‘hesurtsaredesrgnedtor ,
provrdethenmlpotecnoninmecaseotemergmcy dttchmg.butshouldnotrmpmrperformanecdesprtethe
possﬂ)leelevatronsmcockprttemperanmasaresultofthe greenhouseeffect duetohrghradmntheat ,'
lmds. lesntsmmeeenttwodrﬂ‘ermtdmgnconcepts. thedry-smtandwet—smtpmmple mdmc-orporate |
dtﬂ'erenteombtnauonsofimnlauonandpermeabtﬁty musmemumdemmwmemngeofheatm'
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. METHODS

Subjdcts .

?
3

Five physwally active male university students volumeered to take pan m tlus study. wlnch was ‘
approveh by thc Sunon Fraser University Ethics Revxew Commmee. 'Ihelr physmal charactenSncs were -
(mean t S.D.): age. 2561 2.1 years; helght. 180 £ 5.1 cm; and welght. 77.8. 185 kg All subjects ‘w ‘

nndawemacmnplewphysxcalcxammanmpnortopamclpanngmﬁussmdy

Protocol
, Before donmng a sun. subjects were mstrumented for the measurement of nectal tanpemnn'e (‘I‘m)
slnn \cmpemme ('rsk) and microenvironment tempemun'e and nelanve humidity (Tu. and RH") In
addmon thesunswcre msmmwnwdfonhenwasnrementofclothmg tanpemmre('rcl) Onwthesmsors
were secured, the subject donned a hehcoptcr personnel suit over thermal underwear and enwred the
mvmmntﬂchambu(femyEngnwenngmc).whawpmamwdpwnmmmumdmahelmpm _
pilot seat. The helicopter pilot seat was supponed above the floor in mid-chamber bya metal t?rame (helght lf;:i "

= 180 cm, length =72 cm; w:dth 72 cm) consmxcted of steel tubing (dlametera 38 mm) The me(al cube ' :

shaped stucture, with. u;e subject seated within its geometnc center, was draped with 2 layem of cloth

covermgallsxxsxdu.an mtcmalblackclothtoabwbmdmmbeatemmed&omtbebodyandanexmal

whnwclodlmtcﬂectanyexwmalmdmnthea:. 'Ibeset-npwasdesxgnedtomdmemrmovementmmdmc

subject to a minimum, and to create a umfom radiation ﬁeld (anure 3.2) Once seated, t.he chamber

condmonswmmammnedatanambmuunpexmmmdrclanvehumnduy ofapmonmatelyZTCamdSO%

rcspecnvelyforﬁvenunum. 'Iheteafwr tbechaml;enempaannewsmcreasedtoatemmmofmw i

{

over a period of approximately 90 minutes (relative hunudxty uncontrolled). The subject then temamed |
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seated at this tempemmre for a: funher 90 mmutes for a totakd‘m‘ahon of three hours (180’ minutes).
Throughout the durauon ot‘ the exposure Tsk- T Tcl’ Tu and RH'.l were.mommwd commuously atone %

mmmc mta'vals.

oo S Suits

P

; 'Ihe ﬁnts uuhzed in this study were: Gore-Tex (G'D, Cotton Vennle (CV) \Imnexllmuhtg(Nﬂ)
‘mNomex/Neopmnemm Bothtthore-TexandCoanmulesunswuenﬂhedty sundwgnwuh
mmghtsealsauheankl&.wnstsandneckswhthauheexchangeofwarmmonstm:cmmvxronmemm
“wxmambmntan'couldonlyoccnrlhronghmefabnc Ineontmst,lheNomx/InmhtcandNomeeoplme )
,smtswereoftbewet-smtdesngnmmallowmgsomemmofvennhnonduoughopenmgsmme
‘gannent. TheGom-Texmaxenalmapolylcmﬂm(hylemﬁhnwmch dnelonsma.lldnmetued
bnlhonpoxespercmz mreponedlyablewmstmeumsmnssmothmdwamwmmmmnmgamg\ s
deg;reeofwatetvapowpcnmaaty TheComnVamlcmitwasconmmedofadoublelayuongypmn
Cononwhnch.whﬂedry pamtsmemmmonofmvapom btumcewened.meﬁbetsexpmdmch
thanhemterﬁberspacebeoomwredmed.mus \Smmgmstmntothemstmssxonothmdwam m »
Nomex/Insulite smtconsxsted of a 3-6 mm insulite layer sandwiched between two layers of Nomex
'mtumhprewnmnahuquﬂmdwatuvapommmmmexceptmmughuwopmmgsomnm ’On P
ﬂwomahand,theNomex/prenemtmmedofamglelayerofNomcxmovaaneoprcmshony
Tbemumalmsmu mvapowmmmdmmmmchmmmcsdwhfdrmmhswdm
Table 3.1. Thamdmmmemdemnnedusing{rwmdmmofBM%S(fmdemhsecGMmg }
etal., IM).mvapommmwasamdasdemchapwrZofﬂnstheas.mdthemwofm
exchmgemrmghmefahmwasdemmnwduﬂngﬂwmemoddambedbymimmsm (1988).
-Allsmtswerewomoverapmroflongcomnthermﬂundemearwnhthe the

Nou\ex/Neoprenem;taSMGatedabovp. Dm-ingmeexposme.wbpclsngewoolsocksmdheavylm : T

o
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Inst‘rmﬁentagid‘n
Measurements of suit mxcf-omvxronment tempmum and relauve humidities were obtained with
| substrate hunudlty sensors (Shmycx Hument HPR-MQ) and thenmstors positioned 8mm above the skin P
wfaceatdueesw theupperarm clmt.andtlugh. W:Lhthwesensorsthewnpaamm relamehunudny |
and vapour denmty ofthe air within the mncroenvxronmentfofthe smt could be detenmned and the ‘vapour
pressure (kPascals) alcu;atedfmm theclassxcalGasLaw.,;lnaddmox?an}csumateofcme temperature was
made usihg &%éc:al Lhei'mistor (15 cdn YSI 701, Yellow Springs Instruments). Skin and clothing
temperammweremeasmedatthreesxm (npperarm, chest and thigh) usmgheatﬂux tmnsducerswnh
| embedded thermxstors ('I'ha'moneucs Corporauon) Amblent wmpemnn'e and relative humidity were
,. continuously msmed by a thermistor (Y ellow Springs Instrumcms) and a hygrometer (Shinyei Digital
_'I‘_-Iygrometer) mpecuvely. The data was sampled by an HP3497A Data Aquisition System (Hewleu
Packard), stored on a HP9817 computer (Hewlett Packard) and later analyzed using a Macintosh S12KE

(Apple) computer.
\ .

a Analysis ,
SN

Although continuous monitoring of all variables was-conducted during each trial at one mnduu:
intervals, forthepmposeofmeprmntsmdy compansonofdammmadcdunngmelastmmmumof '
the exposure when conditions wnhm the microenvironment had stabilized. Average skin, clol:hmg and :
microenvironment temperature and microenvironment relative humidity were calculated as ugweighwd
meansofthc arm, chest and thigh sensors. In dgcevmtofamfaﬂmofarelaﬁvehmnidity'mddew
possible wetting from dripping sweat, average RH,, was calculated as the mean of the two remaining sites.

) CompaﬁsbnsofTu,RHuaMPubetweenaﬁtswaemﬁebyonewayanaly‘sisofvariaxmfonepgawd
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measures. In addition,” heat strain was asSessed by a one way ANOVA for repedted measures on the

changes in mean skin temperature (ATgy) and rectal temperature (ATre) . .
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RESULTS

@ L - -

RH,,_) for one trial is shown in Figure 3.4. Foilowing the collection of'appmximately five minutes

ofmungvaluesthetunpemnmwtbechmaucchambe:wasmmsed&om214105°Cr.o3981 '

osmmammmmm&wwmmmtmmmamumn As only the
temperanneofmechamberwasoontmlled,thcmcreasemtcmperann'ewasassoaawdwnhacommmnt
f&cmemrelanvehumxduyfmmxmualtoﬁnalvaluesof53ltllt0281t02%respecuvely
,Chang&smTaandRHacmrwpondtoashghtoverallmcrmmambxcmvapompressure(Pa)froml.30to
2.06 kPa possibly due to the addition of water vapour from the ‘evap:)ration of water from Lheskm and
respiratory tract of the subject and auendants. In general, the rise in T, followed that of ambient
temperature, stabilizing at approximately 90 minutes, whereas RH, displayed an abrupt increase up to 40
minutes after the clevation in ambient temperature. The time at which RHy began to increase varied

betweenmbjectsandﬂ!ocaﬁomandmaybeamibumdtodiffminlheonsetinmeating.

Theinaeawdenvhmmmmlhmlmdisaccompanigdbyhacaseshﬂwwmpmmofmeak

within the clothing microenvironment (Figure 3.5A, Table 3.1). Average T}, for all suits increased from
31.08 + 0.22 °C to a maximum of 36.26 + 5.56°C fof the N/N'suit. A one’way analysis of variance
indicated no observed difference in Ty, between the suits throughout the last 60 minutes of the exposure,
rather mxcroenvuonment temperature appeared related to the tempcramre‘of the ambient air than to ﬁbric

type and garment design.

In contrast to Ty, the relative humidity of air within the clothing microenvironment increased

despite a decrease in RHy and, the degree of rise appeared to be dependent on the type of suit worn (Figure

3.5B). Init’ialRHuforﬂieCVQz.2t5.l %) and GT (38.0 + 2.1 %) suits were much lower than that of -

NA (569 £ 17.1 %) and N/N' (69.8 £ 11.9 %) suits. Throughout the exposure the N/I and N/N suits

consistently produced the highest RHy,, achieving near saturation levels of §6.1 * 1.5% and 97.7 £ 0.7%

|
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4
reshectively. In contrast, the microeavironmeat air below the CV and GT suits achieved saturation levels
of only 76.5 + 6.6 and 88.4 £ 4.1 percent. Dw~wm§ﬁ§1ﬂaﬂty.mTwumvapommm@u)_teﬂect E

 the degree of saturation of microenvironment air (Figure 3.5C). 7On¢wayana;ysisofkvaria‘meshowedim |
. diffaemin?uhewg_meNﬂande-suiB;wmtbelvapohrplus«mswithinﬁﬁwGTandCVaﬁu

were signiﬁéanlly lower (p< 0.05).

Arepm:emﬁvemphofTskandTmforﬂ;;dmaﬁonofdlebqtairaposm'mdisplayedinFigme
3.6A. Initial skin temperature was similar for all four saits and began ioim}ea;.ein'aumfashion'ameﬁ-n_
onset of the hot air exposure thereafter stabilizing a few degrees above the pre-¢xposure Ty with an overall
profile similar to that of T, and Ty In contrast, Tp, either remmnedwarﬁepm—exposm level or dropped
slightly for the first 30 to 60 minutes, rising thereafter. One way analysis of variance performed on the
changes in Ty and Tyq (ATgy and ATy showed similar elevations in Tex for ail four suits whereas rectal
temperature increased significantly more (as much as 1.2°C, p<0.05) when subjects wore the N/I sait as
compared to the CV (0.29°C), GT (0.23°C), and N/N (0.39°C) suits (Figure 3.6B). |
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DISCUSSION

The experiments sunulaxed, in a simplified manner, a typical situation in which the investigated
clothing is worn, and serve to iuus;x'ate the differences between ambient and microenvironment conditions. |
During offshore helicopter ﬂights,‘hvighfgalgiiam heat loads on clear days often result in cbckpit temperatures

'becoming elevated as high as 40-50°C (for review see Gaul and Mekjavic, 1987) due tb'a lack of onboard
cooling systems. Although it is common to estimate the heat siress on an individual (and thus predict heat
strain) by iqcorpdmting measurements of ambient variables, an individ;ml's' thermal condition, when
wearing industrial protective clothing, will ultimately be determined by factods which influence the rate at
'wméhhem@nbedjmpa@wmcenvironmem,moano:ab\lyundomingassanmym. Thus, even if
ammmemdwawvapmrmegra@mdo&exmbememMshnmdﬂwmhmenvmmm
aﬂwrmalo:wamrvapombmierwill substantially affect the ability of an individualtodissipa;evmetabolic
hea:..andassuch cmmderaumofthechmactensncsofbo&hmefabnctypemdﬂndemgnofmesmtm
imperative whenu'ymgtopredlctthclwatstrmnonanmdmdual.

In the present study, cockpit condmons were simulated by elevating ambient temperature to‘db‘;C
wu:hmasu'ucnnedwgnedmmxmnnzemrmovemmtandtoaeawaumformradmmﬁeld 'I‘hlsmcresem
TawussoclawdmﬂladechnemRHafmmﬁlto%l %. However.regardlessofmexdenncal!wat

\loadsxmposed,mcmlevelofheatsmdependedonthegannentswom Thxsxsevndemmthc
significant elevation of Tre by 1.2°C when subjects wore the N/I Slﬁtascomparedtotheomermﬁts(ATm‘-
0.3°C). Since Tsk was similar in all condmons.andasummgthattlwsk;rmcomplaely wet (a realistic :
assumption considering that most suits were completely saturated from sweat) then it would be reasonable
to assume that under all conditions the gradients for the transfer of heat and water vapour were similar.
Howeva,unmiﬁonalhwmimpmdsqum suitmqstbeduétoincmsedtbermalorwater
vapour resistance of the garment. As such, it may be rcasonabletoéxpecteleva'wc'i_ temperature and/or

relative humidity within the microeavironment.
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The concept of clod;ing miérocnvironment (or nﬁqroclimate) was emphasizbd by Bin'lbanm\\and v
Crockford (1978) in an atiempt to quantify the effects of clothing ventilation. Although the v;?e of this
microenvironment may be insignificant in thin tight-fitting garments, in the case of outdoor recwauonal
and industrial protective clothing assemblies it may be quite large (Birmbeum and Crockford, 1958_; Sullivan
et al., 1987). Thus the exchange of heat and water vapour between the skin and environment does not oecur
directly, but rather indirectly via this microenvironment.

Despite the differences in suit design and ~cqnsu'uction, the temperature .v'vithin the
microenvironment was similar for all suis, \suggcstinga that the resistance of the fabric and garment to dry
heat transfer plays [ittle role in the thermal status of the wearer during hot air exposures of this magnitude.
However, analysis of the _component thermal gradients indicates that the temperatum of the
microenvironment is greater than thatofthe skin andouwr layerofthe suit parucularly during transient
' macasesmPu (Figure37) Thxsmdncammaxmesomceofheatmustbeotberthanmeshnorambxem
air. In addition to the transfer of dry heat, temperature changes within a clothing system may also occur
through :hepmcmofmpmaﬁon,eondemﬁon,absupﬁbnmdduapdm Thas the liberation of heat
obsu'vedmthmsmdymaybeam-ibutedtocxﬂ)ercondensanonorabsmpuon Condensation occurs when
the vapour pressure (Py) wnmmmeclothmgsysuembecomweqmvalenttomesanmonvapompnsm

saoformmlocalwmperaune. Thnssmmuonmayoccmxfthemxslancemwamrvapomofclothmgw .
high, resulting in elevated Py; and/or if Pgg is reduced, as would be expected when ambient temperature is
low (Férnworth, 1986). In this study the elevated RHj, and thus Py, developed initially within the N/I and
N/N suits, may result in condensation and heat liberation considering the lower saturated vapour pressures at

the lower suit temperatures.

Hygroscopic absorption can take place at all vapour pressures, and, in fabrics with high regain
Wﬁu,mhumewmmduwwumhedmmhsmdy.memmnofhwmusigniﬁcmgm.
has been demonstrated for fabrics (Woodcock, 1962; Famworth, 1986) and garments (Nelbach and
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. Herrington, 1942; Vokac et al., 1973, 1976). 1t is clear that rising temperatures and relative humidities
within the clothing ‘microenvironemt would allow for appreciable hygroscopic absorption to take place
throughout much of the duration of the exposure, thus contributing to the elevated microenvironment

MmﬁmwnﬁmvhmémwmpmmmemhdwhﬁmwwmmWwwm
of air within the microenvironmeat differed considerably between suits. Mast interesting in this study was |
the effect of sun design and construction on the miu'oenviromneﬁt conditions. The clothing assemblies
incorporated a vanety of suit dwigns.(wet-suit and dry-suit) and fabric properties.A Although suits of the dry-
suit design would limit the path of diffusion of water vapour 10 that of the fabric only, the dry-suits utilized

7 in g spudy wére both const_ructe%of# water vapour permeable fabric (Cotion and Gore-Tex). AS a result
of its high vapour permeability the CV suit tended to maintain the lowest P, throughout the duration of -
meexposure,Mmmmmpummmma@immmmwmomysomqm
of exposure in the impermeable N/I suit Only the N/I suit, whose Insulite layer provides a water vapour
barrier throughout the whole suit with exception of the neck, wrists and ankles, demonstrated a significant
elevation in rectal temperature (1.2°C). This is in contrast to the N/N suit which haﬁsingilnr?uvalmas,

 the N/ suit, however, the ATy developed by the weam of this suit was minimal (0.3°C). It is assumed
that the arcas of the body not covered by the neoprene in the N/N suit (legs, arms and head) were effective in
permitting ,su?t:ﬁcient evaporative cooling io maintain bc;dy core témpeiamre, as would be expected
considering the relatively high regional sweating rates of these regions (Herzman et al., 1952), and, the

'lowuwamvapourmmmeaﬁadedbymmm fabric alone (Table 3.1). Similarly, the reported high
watervapourpermeabmty of the GTsunalsoallowedummenanceofacceptable levels of P;. . In contrast,

- the sitting position and the tight fit of the N/I garment may have impeded any potential evaporative and

convecﬁveheatbssﬂn'oughth'eopmingsatthewrim,mklwandneck.

To date, few measurements have been made of the conditions - within the clothing

B

mmvmna\e;t. Both Holmer and Elnas (1981) and Sommerville (1988) determined the vapour density
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or pressure next 1o the skin while wearing a variety of protective clothing-assemblies. In both cases
- measurements were. made formepmposesofealculamgthewaxervapommmnoe ofgarmems.al:hough

somecompansonsbasedonvapmuprwsme wexemade g-IolmerandElnas (1981)determmedvapom

pressure next to the skin (Pgy) indirectly bymeasmmgPOzandcalculaungPskaccordmg torgaslaws In

their measurements of a 2 piece gmm'ent (jacket and trousers) constructed of impermeable and Gore-Tex
rainwear they demonstrated vapour pressures approximately 35% lower than in the present study with the
impermeable suit producing’s inuch greater build up of water vapour. Sommerville (1989), using mass
spectroscopy also shoﬁed slightly lower values than those demonstated in this study with no differences
between dry-suits constructed of Gore-Tex or Cotton Ventile. The lower values demonstrated in these
studies are likeby due to lower ambient temperatures, bellows action associated with the exercise rdrmed,
the low water vapour tesistam fabrics utilized by Sommerville (1988), and the use of a 2 piece d ‘;gn of
suit studied by Holmer and Elnas (1981) which would allow for greater ventilation of the clothing

microenvirbnment.

Despitedwdiﬂ'aencwinfabﬁcsmddesigns utilized in the construction of the suits in this study,

there were no differences between the mxcroenvuonmem temperatures of the four suus and also no

dlfferences in ATgy. Such a snmllanty between suits emphasizes the lmponance of water vapour

penneabﬂxtyasopposedtomsulanonmaccomungformehlgherdegreeofheatmmposedonthe

wearers of the No ex/lnsaxlitesuit Aideghtheprwemsmdyhaselimimtedmeeffectofhighradiaﬁt

temperatures, it is anticipated that an increase in radiant heat load would have been reflected in further
elevations of TH» zdeH'_l

Itxsappmentdmmanyanempttoevaluateandpredwtautperfommmemhotenvmnmems,two
approaches exist: l)mcmporatelhefahncpmperuesmtomdlmofheatsuess and2)d1rectlydetermmethe
mseenvirmmemalconditionstowhichanindividmlisexpmdto,dmtefTuandRHu. The incorporation
of fabric properties into indices of heat stress is advantageous in that it would allow the development of

sophisticated models with which manufacturers could predici the performance of a suit based strictly on
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fabric pmperues, expected envuonmental heat loads and the range of possxble sweating responses =

~ However, the complcxxty of desxgns cum:nt.ly beiug unhzed in sult constmcuon mcorporaung dry-suit
designs, wet-suit desi gically placed vents, and reglonal variations in fabncs utilized would make
such an anempt dxfﬁcult. It would;erhaps be more appropnate to determine suit performance by directly

ey,
. evaluating the condmons within the suit. There are a number of advamages to momtonng the condmons :

wnhm thev clothing mncroenvnonment. The advances in miniature electrical hygrometry may allow the

possibility of personal monitoring under actual Working conditions. The effects.of suit design and activity
can be determmed by actual measurements of regional vanauons in T, and RHy;. In addition the results

. from human studles may assist in the confirmation of accurate mmulauons in sweating mamkm studlw. '

_ In conclusion, the present study emphasizes the iced to discern between the ambient conditions and
the conditions encountered next ‘to the skin when protecﬁve clothihg is worn. Since dxffcnng protective
. clothing assemblies will vary in.their properties of insulation and water vapour permeability, it is proposed

that conditions within the mxcmenvu'onmcnt of the suit would enable better predxcuon of heat strain than
N\ ,
indices incorporating only am fes.
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TABLE LEGENDS

Table 3.1:

Table 3.2:

¥
Thermal resistance, water vapour resistance and air ventilation of the fabric layérs

incorporated in the construction of the suits utilized in this study.

&

Microenvironment, clothing and skin temperatures (°C), and micrOergi'irdnment vapour -

pressure (kPa) determined utilizing the Cotton Ventile (CV); Goi\'e-'l‘ex (GT),

Nomex/Insulite (N/T) and Nomex/Neoprene (N/N) suits (average of final-60 miinutes). .

Change in skin and core temperature were determined as final values minus initial resting

values. ¢
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Table 3.1:

Thermal resistance, water vapour resistance and air ventilation of the fabnc layers

/ mcm-poratedmmcconsmlcnonofmesmtsuuhzedmﬂussmdy

_ & \
J‘;
r
Thermal Resistance "Water Vapour Resistance Yc-vtlhtldl‘ Index .
Suit Fabrie (m2 K W-1) (m2 Pa W-1) - (liters/min)
cv Cotton Ventile 0.96 54.6 2.86
GT Goretex 2.00 67.9¢ 8.04
N/ |Nomex shell TRE 3.41
Insulite liner; 19.20 impermeable impermeable
mpermesh) permesbls
N/N Nomex “Shell 40.1
Neoprene liner 7.39 impermeable _impermeable
- a N g
. s
3 g -
&
!
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Table 3.2:

Microenvironment, clothing and ‘skin temperatures (°C), and ﬁxiaoenvir_onment vapour
pressure (kPa) determined utilizing the Cotton Ventile (CV). Gore-Tex (GT),
Nomex/Insulite (N/T) and Nomex/Neoprene (N/N) suits (average of final 60 minutes).
Change in skin and core temperature were determined as final values minus initial resting ~
values. i ¥

97

Suits (mean *+ S.D.) )

CVv - GT N1 NN .
ATsk °C 3.05+ 87 2.85% .65 3451 50 - 3.26 + .83
ATre °C 0.29 t .15 023 +.18 ‘1.21 £ .43 039+.39
Tsk °C 34.17 + .39 3420+ .17 3473 £ .19 33.81 £ .63
Tel °C 35,13 £ .68 35.14 + .66 35.71 £ .57 35.09 £ 44
T °C 35.46 + .61 35.75 £ 61 36.10 £ .27 36.26 £ :56
Pu kPa 4,34 £ 23 S.11+£.13 - S568+.12 5.83 .21
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FIGURE LEGENDS -

-7 4 N
Figure 3.1 Diagramatic represenmum of the sk”in—clotlﬁng-environmént system indicating ambient

Figure 33

. ;‘Figme 3.4:

Figure 3.5

Figure 3.6:

T - A

Figure 3.7:

and microenvironment conditions and the flow of heat and water vapour.

"Dmgmmauc represemanon of the experimental set-up uuhzed in the hot air exposum

Subjects were seated in a hehcopler pilot suit suspended in mid-chamber by a metal\
frame.

Helicopter pilot suits evaluated in this smdy. Suits were constucted of: A) Gore-Tex; B)
Couon Ventile; C) Nomexllnsuhte; and D) Nomex suit worn over a neoprene shorty (F).
Cotton Ventile, Gore-Tex and Nomex/Insuhte suxts were all womn over cotton thermal

v

Typical response of both ambient and ava'age mmmvnronment wmperanm and relanve

humidities. Solid and open symbols represcnt ambient and microenvironment variables

mpecuvely Squarw represent temperatire whereas circles represent relative humidity.

Microenvironment conditions gxthm the four protective suits studied: Cotton Ventile,
Gore-Tex, Nomex/[nsuhte and Nomefoeoprene A) Tetﬁperamre B) Relative Humidity
andC)WamVapomPressum Astcnsksrepmuustansucal dﬂerencw (p<0.05). Data
are displayed at 5 minute intervals.

‘a) Representative time series plot for skin and rectal temperatures during the 180 minute

exposure. b) Change in skin temperatures and rectal temperature observed for subjects
wearing the fom’helicopmr pilot suits. 4
Temperanne'gmdiems between the skin, microenvironment and outer suit layer during
transient mcreas&s in ambient. tempemmrc Microenvironment temperatures elevated
abovebothshnax}dsuusuggestmehberanonofheatvxacmd:nsauonandhygroscopnc

absorption ' "
" .

©
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D:agmmauc representation of the skiﬁ-clbﬂl;hg-environmcm system indicating ambient - -
and microenvironment conditions and.the flow of heat and water vapour. |

Figure 3.1:
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: Dxagmmauc representation of the experimental set-up utilized in Vthe hot air exposures.

Figure 3.2

Subjects were seated in a helicopter pilogr suit suspended in mid-chamber by a metal

frame.
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Figure 3,3 Helicopter pilot suits evaluated in this study. Suits were constucted of. A) Gore-Tex; B)
Cotton Ventile; C) Nomex/Insulite; and b) Nomex suit worn over a neoprene shorty (F).
Cotton Ventile, Gore-Tex and Nomex/Insulite suits were all worn over cotton thermal

underwear (E).

Goretex Norméx/InsuI'ite "vUnder\weér

Cotton Ventile© Nomex  Neoprene shortie
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Figure 3.4:

Temp. (°C) and RH (%)

e
v

Typical response of both ambient and average ‘micromvimnmmt temperatures and relative
humidities. Solid and open symbols represent ambient and microenvironment variables

respectively. Squares represent temperature whereas circles represent relative humidity.
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Figwre 35  Microenvironment conditions within the four protective suits studied: Cotton Ventile,
Gore-Tex, Nomex/Insulite and Nomex/Neoprene. A) Temperature, B) Relative Humidity
and C) Water Vapour Pressure. Asterisks represent statistical differences (p<0.05). Data

are displayed at 5 minute intervals,
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‘ Figure 3.6: a) Representative time series plot for skin and rectal temperatures during the 180 minute -
o exposure. b) Change in skin temperatures and rectal temperature observed for subjects

~-  .wearing the four helicopter pilot suits.
A: B

38 7 5 W 2Tre |

37 e e " | & ATsk
5.23 1 © Tsk oy
= s 1
2347 S 2-
2331 g ] .
= oa ] = 14 7

324 Q4 /

31 T - 0 - .

0 100 200 G C/v N/I N/N
Time (minutes) ' suit

105 ‘



»

Temperature gradients between the skin, microenvironment and outer suit layer during.
transient increases in ambient temperature. Microenvironment temperatures eievatecr'
"above both skin and suit suggest the liberation of heat via condensation andhygroscobié

absorption.

Figure 3.7:
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GENERAL CONCLUSIONS 7' //)Yf

Int.hepast.mdlcee, unhzedforthequanuﬁcauonofheatstressmmdust:y,haverehedpnmanly »
on measures of ambient variables such as air temperature vapour pressure, globe temperamre and air -
velocity, and only in some instances are the characteristics of the clothmg considered, usually in terms of a
_ crude' estimate of the resistance of the garment to dry heat transfer. However, the complex nature of | |
mdustrial protective clothing has led many researchers to conclude that there may be no umversal index of
heatstressasﬂlesegannentscreateal.hermalandwatervapombamerbetweeutheshnandambxentm |
creating conditions within the clothing microenvironment which may differ substantially from the ambient
air, and which will depend on the garment design and the fabrics utilized in their construction. -In many
" industrial applications, whereelevaleda:ubiemtemperamresmmmbeayoided.he;tloss from the body will
be limited to the evaporation of sweat anfl its subsequent diffusion ihrough the clothiug layers, and as such,
memimvixpnmmiconaiuonswmdepehdmamgeexmmmewmavapommsimofmefabﬁcs.

a value which in the past has proven difficult to assess.

The present theeis represents one of the first attempts to assess the conditions within the clothiné
microenvironment when wearing a variety of commercialy available heiicopter pilot suits incorporating a
 variety of design concepts inb addition to a number of water vapour permeable fabrics. Evaluation was
performed during a hot air exposure which simulated, in a simplified manner, the condiﬁone encountered
within ahehcoptercockplt clunng a normal flight in summer conditions, and the water vapomrenstameof

fabncs was determmed on an’ apparatus developed at Simon ‘l’-‘raser Umversxty which utilizes Vapour Flow

Meters (VFM) developed in Japan.

Vapour Flow Meters allow calculation of local evaporative rates by measuring the water vapour
density gradient within the diffusion boundary layer next to the skin or fabric layer. In contrast to sweating
rate,ameasmeoftheeffectorresponsetomcmsedhwloads,evaporaﬁvemeis'detaminedby.tberateat

which sweat is produced, the conditions of the ambient environment and the presence of clothing which, by.
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virtue of its construction, provides a barrier to the diffusion of water vapour. ~ Local sweating rates are

normally assessed using a ventilated capsile technique wWy sweat s forcjbly evaporated by passing dry

airovcrﬂpesldnsdrfaécahdmeasxxringthemﬂtar;tingmaseinwawr vapour density of the air. However,

; /‘th'e presence of the sweat rate monitor, may deiay the detection of secreted sweat due to the lower senmuvuy .
of the system and forced drying of the skin. In contrast, due to the uﬁique design of the Vapour Floi\% .
Metzr. which minimizes interferencg with the norm;ll sweating and evaporative processes, accurate :
determination ofiocal evaporative rates can be made. |

. The small size and simplicity of Vapour Flow Meters enable their application in the evaluation of

' wate;\}apomresistanceofﬁabdcs. Thevapompenneablegannemgassessediﬂ tlusstudy were constructed
Nomesx, Coton Ventile and Gore-Tex, with the latter two suits worn in combination with cotion underwear
(CV/U and GT/U): The water vapour resistance values determined in this study using a fabric model reflect
similar differences between fabrics observed in other Iaboratories, with Nomex displaying relatively low
resistance and th; GT/U having the higher resistance of the samples ‘smdied. H;)wever, similar
measmmenmmadeonmefabﬁcdmingmalwwmmeho:airexpomﬁaxsofuﬁssmdymvm;d |
significani incr#ases in water vapour resistance which ma"y be primarily hq‘buted to thg additional
resistance of still air layers of the microenvironment, lhe effects of which ’muwst be considered when
attempting to extrapolate the results of fabric models tononnal\w;ear conditions.

In general the microenvironment vapour pressure, developed within the helicopter pilot sui\ts
~ during hot air exposure, reflects the water vaﬁour resistance of the fabrics utilized in their construction,
with the microenvironmeﬁt air of the more impermeable suits (Nemex/insuli_tz and Nomex/Neoprene)
displaying near complete saturation (close to saturation vapour prwsm'e of the skin). However, the
unponance of suit design is evident as oaly in the Nomex(l»:\'sulite suit, whose impermeable insulite layer
is incorporated throughout the eatire suit, do signiticant elevations in mt;tal temperature occur, whereas |
because of the incomplete coverage of the neoprene layer in the Nomex/Neoprene suit, subjects do not

experience undue thermal stress. Assessment of microenvironment conditions could be improved, -
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-particularly for suits like the'Nomex/Neoprene Which‘incorporate‘varllhble fabric types, by including

measurement of microenvironment conditions throughout the entire suit and by weighting each

measmementaccordinﬁtosmfaceaxﬁ.

For the purpose of thls study, analysis of hw strain was made in terms of changes in core and
skin temperamm however, | heat strain may also be evaluated by assessing psychomotor performance and

perception of thermal comfort. Although thermal comfort votes were not administered, subjects were

- required, as part of another study, to perform a variety of pSychomotor perfonnance’tests ranging | from

simple neacuon time to computer controled tracking both prior to, and, dunng the final mmum of each

exposure ‘For all suits analyzed in thns study. there were no 'observed decrements in performance

: throughout lhe three hour exposure suggesting that dwpne the elevated core temperaum observed when ;

wearing the Nomex/Insuhte suit, pilot performance may not be unpan'ed However conclusnonsé\ thxs
effect would require assurance that the tests performed were sufficiently sensitive and that they ndequately :

evaluate pilot performance ‘

-

In conclusion, the present study emppasizes the need to discern between ambient and

microenvironment conditions, particularly when industrial protective clothing, which incorporates fabrics

. with relatively high resistance to the transmission of water vapour, is required.
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APPENDIX A: Calibration Procedures lb v

The Vaﬁour Flow Meters (VFM) uti]ized were constructed of two thermistors and two substraie
relative humldny sensors hOused within a plexxglass capsule (Figure A.1). The desxgn of the VFM is based
on the original work of Lamke er aI (1977), which has been improved for the purposes | of this study by
Kakitsuba (1982). The new design consists of an open construcuog in five faces of the plexiglass chamber
in order tp minimize the effect ofthe‘ capsule height on the normal vapour density distribution ab0vé the
surface of the skin (or clotlung) In this thesxs. the VFM was utilized for three purposes 1) in the
‘measurement of the evaporative rate from the surface of the skm (Esk), clothing (Ecp) orfabnc Ep; 2) for
the dctexminat.ion of water vapour pressure below‘and abgve the fal?nc (or g?rment) to be utilized in the
calculation of the vapour pgessure gradient across the fabi’ic(APf) or garn;ent (APcp:; and 3) for the

assessment of conditions within the clothing microenvironment.

.o

—*
¥

Vapour Flow Meté calibration consisted of individual calibration of the thermistors and relative
' humidity sensors within each VFM and finlly comparing the evaporative rates measured with the VFM
against the changes in weight loss observed from a petri dish of water. Initial calibrations for ﬁle
thermistoﬁ and relat.ive;t.m‘midity sensors, prior (o use in the hot air exposures, were peffbrmed by the
manufacturer (ShinYei,Japan) Forthepm'poseofthefabﬂc studies (perfdrmed aftermehotaxrexposmes)

the sensors were recahbrated at Simon Fraser University, the pmcedum of which are descnbed here.

~ Calibration of Thermistors

Thermnstms were calibrated within the Environmental\ Chamber (Tenney) in the Environmental
Physiology Unit at Simon Fraser University. Temperatures within the chamber were varied between 20 and

40°C, in 5°C increments, to ensure accuracy within the entire range encountered during the experimental
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procedures. 'I‘heﬂmniStorsremﬁinedateachteapemmfor%minutcsihordertballowforcompleté
equilibration, and the output voltages were recorded within 0.1 millivolt by means of a Data Acquisition

System (HP 3497A, Hewlett Packard) and a microcomputer (HP 85, Hewlett Packard). The voltages were

performed by means of a Macintosh 512KE comp_utér (Apple).

7

Calibration of Relative Humidity Sensors

__4,)1'glative humxdny sensors (HPR-MQ, Shinyei Kaisha, Japan) incorporated in the VEM are
B8 an electrode base-plate coated with a humidity sensitive material. The resistance value of the
coagd electrdde vanes with changes in relative humidity as an exponential function. Hardware provided by
the ranufacturer allows linearization and temperature compensation of the voltage signal obtained from the
sensor. The relative humidity sensorsrhaveanoﬁ'eraﬁngmngeofm% tb99.9 % with an accuracy of £ 1 %
RH and display good stability in extreme conditions.” The only major disadvantages of these sensors is the
erroneous signal produced when the sensor is in contact with liquid water (eg. sweat dripping on the sensor),
and the rather slow mponse Io extremely rapid changes in relative humidity, as displayed in Figure A.2. In
tlnsﬁgurc the response time of the sensor is shown when relative -huﬁaidity ;mrounding the sensor was
either instantaneously increased from 30% - 90%. or decreased from 90% - 30%. The figure indicates that
the sensor may not become stable at the new equilibrium relative humidity for at least 4 minutes for an
instantancous relative humidity change of 60%, and, that the response time for decreases in relative
humidity are slightly greater than for similar increases.
Thecaﬁbmﬁonmahodformerexaﬁvéhumidnysmmummdinmissmdyissimimwdiem
described by Brengelmann et al. (1975) and by Kraning and Sturgeon (1983). In this method, the desired
relative humidity is obtained by controlled mixing of two gas streams, one dry and one 100% saturated
T

a
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(FlgureA.3) Nmogengas(Shwrsmin'l)wasdnedbypasmngthegasﬂlroughdnmteafterwhxchnwasi_- o

directed to two branches. One gas stream wasbubbledthroughaSOOmlalenmyaﬂaskﬁlledwuhdxsnﬂed
water. To ensure that the gas was ‘saturated, water within the bonle was held at a constant elevated
temperamre of 45°C. The gas was then passed through al liter capacity buffer bottle whsch enabled

coohngoftbegmanddampenedﬂucnmnonsmaxrﬂow,duembubblmg 'Ihedryandsauna:eda:r,after

mg through a flow meter (mOdd 7262, Matheson) wcre m;rged. in a p]asu(; ‘Y"_ tube and t.hen passe d PR

directly to a contmner housing the relative humidity sensors. Relauve hum1d1ty was then mampulated by S

varymgmemmofdryandsammedgasﬂow thceffluentrelanvehmmdnybemgf encallyequaltothe

percentage of saturated air flow in the mixed stream.

saturated flow rate . ‘ ,
RH= total flow rate - 100% (N.D) | _[A.l]

Followmg the calibration procedu:e a linear least sqmm regression analysis was perfonned usmg

a Macintosh 512KE computer

Comparisdn with weight loss from a dish of water

After calibration, the VFM's were mounted above a petn dxsh of water, posmoned on a scale
(modelSO Fisher) which measm‘edmasstomeneamwOOOlgram(Flgm'eAA) The scale, petndlshand
YFMwueplacedwnmma_cardboardprotecuvehou_smgtommmxzeemdnetomemﬂuenceofau
velocity. Values for calculated evaporative rates from the water (Ew, g-m-2-min-1) were compared to
average weight loss per mmute (AWt, g-m2-min-1) to ensure that the calculated rates using the VFM were \‘

within an acceptable range.
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The measmcmcnt of tha'mal msmnce of afabnc ®R) was detcrmmed usmg a guarded hot-plate :

o techmqw(BSZWtiS)modxﬁedfran Gnllmg etal (1972) at:cordmgtocunﬂemact.:e:pted<.standardsr

Apparatus

Water contained in a 31 x 36 cm rectangular container was hesited and circulated through a copper-

cylinder (diameter = 15.4 cm) by a dynamic flow heating system (Heto, Denmark). Six rubber hoses

:(dmmetu'=4cm)c1rcnlatedwawtconnnuouslybetwwnthcsupplycomamerandmecyhndu Twohosw "

supplwdwamwmletmb&slocawdatopposneendsofthecyhnder 3 c¢m from its bottom. Fouroutlet ‘
tubes, sxtua:ed at equidistant points around the cylmder S5cm from t.he mateml-cyhnder mtcrface ‘were
cmmcwdbybmwﬂwmmpplyfarecuculam(seeFlgmBl) Cmu'oloftbetempu'ann'eofthe ]
watetbaﬂ:allowedmmnwnmmofaconstamhot~pla:etanpaannenecessaryforaccmatedetemunamnof

. Determination df thermal resistance involved placing the fabric sample (diameter = 15.4 cm),
sandwiched between two Layers of Smm neoprene of known thermal resistance; above the guarded hot-plate.
Copper-constantan thermocouples were placed centrally at each fabric interface and the temperatire of the ]
water bath was increased and subsequently held constant at 40°C. Thermooouplewmperannmwmreomded

by means of a data aqmsmon system and mlcxocompuu:r (HP 3497A and HP 85 rwpecuvely, Hewlett

‘thrd)afwrwmmummenmmmmesymhadmacMethbnmn
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Calculation of thermal resistance-

v

The equation for calculating the thermal resistance of a fabric is analogous to Ohm's Law:

Hg=Zl Wmd B
AN
. where:
HFf = heatflow across the fabric (W-m-2)
AT = ‘temperature gradient across the fabric (K)
R = thermal resistance of the fabric (m2.K-W-1)

In ﬂﬁsmetbod.HFiantdeérmineddirecﬂy,bdtmummlculawdfmmlmowledgeoftheth_ennal
resistance of Neoprene, the reference fabric (Ryef). Once the system has reached equilibrium it is assumed

\

thaiheatﬂowthrwghboththefabriclmda'smdyandthrqughmerefcrencefabricare (HFf = HFref) -

N

such that: . : o \
~ 3
| ATE - Reef ‘ 2wl
e - Rf= AT - Reont (m<K-W-1) (B.2]
e L 7'&77 .
where: . , |
Rref = thermal resistance of the neoprene (referefice fabric) which has been
. e previously measured to be 0.116 m2.K-W-1,

Recont = contact resistance of the thermo¢ouples which has previously been
determined s 6.6 x 10-3 m2K-W-1. |
ATref = temperature gradient across the reference fabric (K)
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APi’ENDlX C: Determinétion of the;; Ventilation Index of l{abrics ,

_ The measurement of Ventilation Index of clothing (VI,, liters-min-1) was originally conceived and

developed by Bimbaum and Crockford (1978). The index estimates the rate of air exchanged through the

' garment fabric and openings, utilizing measurements of suit microenvironment volume (Vyy, liters) and the
time constant (k; min‘l) for the exchange of a trace gas ‘b'etween the clothing micm@nﬁronment and

- ambient air. The contribution of each pathway of air exchangé can be determined by evaluating separately, |

the ventilation index of the fabric alone (V1) and the garment (VIgy).

FortheassmemofVIf,anapparamswasdesigned.basedonmeconccp(develoﬁedéBirnbaum

“and Crockford (1978), to allow the determination the air permeability of the fabric using oxygen as the trace

gas (Figure C.1). A 15-em diameter fabric sample was securely clainped on a cylindrical plexiglass
container, the contents of which was then flushed with pure N3 to eliminate all other gasu within the
container. Once the N7 flushing was terminated, both the inlet and outlet valves were closed, and the 03

fraction (FO7) within the microenvironment of the chamber was then continuously sampled, and the rate of

_ rise of FO7 in the container determined. ‘Byh:owingd\qvolumoftheplexjglasschambu(vp). Vifcan

be determined by the algebraic combination of V), and the rate constant (kf):

Vig=Vy -k | Qiterssminl)  [C.1]

VIf = ventilation index of the fabric (liters-min-1)
volume within the plexiglass chamber (liters) |
ke =  time constant for diffusion of O3 through the fabric (min-1)

[

<
*
"
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It is expected that for dry-suits, in which exchange of the microenvironment air is limited to the

pathway directly through the fabric, Vic] should be equivalent to VIf as has been shown to be the case

(Mekjavic and Sullivan, 1988). 3
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FIGURE LEGENDS
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Figure A.1: Diagramatic representation of the Vapour Flow Meter showing the two thermistors and
two substrate relative humidity sensors housed within a plexiglass capsule.

Figure A.2: Time course of the substrate relativé Bumidity sensor in response to a step change in

ambient relative humidity from 30 to 90% and additionally from 90 to 30%.

I-"lgurc' A3: Schematic representation of the equipment set-up utilized in the calibration of the
_ submaterelanvehumduywnm Regu]amgmeﬂowofdryandsamramdmtrogengas
alhwedforconudledvmanonmﬂ:emlanvehmmduyofmrexposedmmcsmsor

Figure A 4: Diagram of apparatus utilized in the comparison of evaporative rates calculated from the

VapomFwaemwthevapaauvemmasdetermmedbytheavemgemwofwmght
lossmd)ewamﬁ]]edpemdxsh
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" Figure B.1: Apparatus used in the determination of thermal resistance of fabrics. A constant
temperature of the hot plate was maintained through continuous circulation of heated
water, allowing calculation of thermal resisténée_‘by meastirment of the temperature drop
across fabrics. ‘

Figure C;i: : Apparams used in the determination of Ventilation Index of fabrics. The rate of air

‘exchange is evaluated by continuous monitoring of the increase in Oxygen concentration
within the plexiglass chamber following Nitrogen flushing. |
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Figu:;ﬁ

Diagramatic representation of the Vapour Flow Metér showing the two thermistors and -
two substrate relative humidity sensors housed within a plexiglass capsule.
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Figure A2:
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.1 r\ . '. . ) . ’ o ' ' .
Figure A3:  Schematic representation of the equipment set-up utilized in the calibration of the
substrate refative humidity sensors. Regulating the flow of dry and-saturated nitrogen gas
 allowed for controlled variation in the relative humidity of air exposed to the seasor.
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Diagramot;appammsuﬁlizted‘inihgcomparisonofe’. rative rates calculated from the .
Vapour Flow Meters with evaporative rates as determiged by the average rate of weight
loss in the water filled petridish. ~ .~ ’ )
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Figﬁfe B.I: Apparatus used in the detcrminétion of thermal resistance of fa_brics. A constant
temperature of the hot plate was maintained through continuous circulation of heated .
water, allowing calculation of thermal resistance by measurment of the wnpaam,dmp
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_ Figure C1:

Apparatus used in the determination of Ventilation Index of fabrics. The rate of air

- exchange is evaluated by contmuous momtormg of the increase in Oxygen concentration

wnhm the plexiglass chamber followmg Numge.n flushing,
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