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suit tabria andexamioes it9 &at OII tbe tem humidity and vapour pressure within the clothing T 
microenviroment (Tp, R)4rand Pp), and thw, its indirect cmtributim to thC &velopment,of thamal ' 

strain. Fom aircrew suits were atihcd in tbe present ~vdgat ion  representing twosdifferent design 

concepts: A) wet-suit design allowing ventilation of tbe microenviro~~ment volume of the suit (Vp) eithex 

through the fabric ar t h g b  openings in tbe suit, and B) dry-sait design allowing ventilation of tbe Vp 

through thc fabric only. Tbe former wrrs represented by tbe suits constructed of Nomex/lnsnlite (N/T) and 
- .  

Nmex/Neoprtnt (Np) w h a a s  tbe lata was tcprlsented by tbe suits consauaed of Cotton Ventile (CV) 

Detaminatilrr of& kdependeDtao the mawnanentafevaporativerate(E) aad waterwpm 
- v 

pressure gdicm developed imcm tbe fabric (APf), thm, for tbe p q m e  of monitoring local evaporative 

ratc (SR). Evaluation of tbe senson was conducted during beating (exuch at approximately 50% of 

V02max and immersion in 38T water), and subscqua~t cooling in thcrmontPaal wata (28OC). Results , 

in the technique of sweat rate meaz~uement may d c i a l l y  &lay both sweating nspo~l~t  and its 

subsequent detection. These include tbe emficinl drying of tbe skin surflux and the inherent sensitivity of 

suits, was pafonnad using a test apparata~ inaqmuhg the Vapour Flow Meters. The fabrics tested 

I hdu& k x  0. Gore-Tcx and Cotton Vsatils,-the lursr two of which arc normally worn in 



cvRr to be 40.1 f 2+, 67.9 f 5.4 and 54.6 f 4.2 m24%.W1 respectively. In addition. since R, consists 

of the resistance of the Eabric plus microenvir_dnment air layas during noamal wear, a sepafate assessment , 

was matie onko vapoln permeabk bdicopta airclew suits d\aing a hot air exposure (GT/U and CYRr) 
1 

showmg an iaxaad wa& vqourrrsistaace, 
\ 

microenvironment was also investigated. Temperatare and relative humidity within the clothing 

mi~f~~nviroMltnt were monitored 8mm above tht skin sprface daring the hot air exposmes when ambient 

which an canstolcted of impnmabk fabrics (Insutire and N w c o m h m l y  prudmd the highest PCr, 

achieving a final levels of 5.68 f .12 aad 5 8 3  f 2 1  kPa rtspcctively. In contras~ tbe GT/U and CV/U . 
_ suits displayed prognssively lower levels of water vaporrr withip tbe suit mkroa~ironment (5.11 f .13 

and 434 f 2 3  kPa) which was consistent with their lower water vapour resistaaces. No significant 



Those who are disciples of Buddha mrrst wear 
clerking ld protect the body fiom utrmrcs of heat 
and cold and w hide irs s h a m ,  but they sirodd not 
nraritfwdccor& 
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GENERAL INTRODUCTION 

I ) '  

Analysis of the thermal ukditions of the working arvironment, and the assessment of haiards 

to hot or cold may instigate, numerous investigaton, have sageested tbe e%aiMishmtnt of beat 

indices, ckmmbed empirically by establishing a tolerance limit of the tbamal shah exhibited by the 

w& cxpcwtd to such environments. To date, such assessments have been limited to the nmxslmments 

of tpbient aMdittons in the workplace. HO&, as explaiaed by Rodahl and Gutbe (1988). a worker 

may, in the course of his regular eight haur sbi€t, be exposed to a wids variety of ambient conditions. 

Thus, the overall s a s s  of an environment may be the supaposition of all such exposures. This has Itd to 

the suggestion of pemnal monitming of individuals working in bot environments, such that the ovaall 

assess& individpally. and fprtbermare, that expame be limited in thc same mannea as it is limited for 

warkas in art88 of radiatian hrtprtd Pasonal monitoring may provide a viable, alternative approach to tbe 

establishment d of limiu based solely on the mcammma of mvironmcnt conditions. 

balance of tha wmka according to the heat balance equation, but this is of limited value, with pa~ent 

mh0logy.h field conditioaa 'Ihus, most assasmats continue with the olwmmion of the responses of 

tbe indices mentionsd ear&. For the salre of thi$ study, analysis of thermal strain was limited to the 
I - 

~ d c l c v ~ i a . m s k i n r a d b & y e a a ( r r c c l l ) ~ m p c n P r n .  
P 



betweca skin and ambient air, but ratba indirqctly via this clothing microenviroament (ar micfOcIimatt). 

similarly, tbt rsro of an envnmmant my e L  be dm& or ahamxd. c k p n ~ g  on the c b h i ~ g  

pqmks. ~ g t h a t w o a k c ~ g ~ 9 % o f t h e t o e a l s r a f a e e a r e a o f ~ ~ ( + x c l t r d i a g ~  

by - vapour penaeabilitr (or ~)ofthefabricsaadthe&signofthcsuit .  Pnvirmswat 

(Sullivan ct uf., 1987a.b) improved upon the method developtd by BirnbaPm and Crockfad (1978) for 

determining tbe volume of tbe clothing microenvironment used in tbe assessmat of the ventilation index 

of garmento, which air exchange through the fabrics, as well as through the vcna of the suit 

TbumiacpoSea for tbepnscntevaluation nqmmt tbe range of suits warp by &craft pcmmmd during 

offshore flights. These suits are unique, as they must accomplish dual tasks: 1) they s W d  offa 

substantial thamal promxion atxi flotation in thc event of suddcn accidtntal ditching. arrd 2) they should 

+induceheatstrainduringmrmalflighrcoaditions. T h c l a a n n q u i n m n t ~ a s i g d c a a d C Q i g n  

problem in view of the cold protection requircmcllt and in summer-conditions, whae cockpit air 

'ttmpcra~c~ may rise to high ~c~&.due to the solar rnrfintin~~ t 

Tbcwinwsagamm . . focuses on the thanal charafttristics of such suits in hot air'exposurss. - 
main avenue of beat loss from subjects wairing such saiq will be tbn#rgh sweat producLion and its 

these variables. Fmthamore, typical measurements of both local evaporatioa and sweating rates arc 

pesented and - 
U-g the above instrumentation developed for measuring local evaporative ratts, chapter 2 

q W 9  the wam vapour rtsistance of fabrics utitized in tbc design of these suits. 'Ebe device, which 

cnablcssPcbcvaluatim,isdetailed. Incontrasttqexistingmethods,themethoddeveloptdassuscswater 

vapour d s m c c  ova the entire anticipated ntnge of water vapour pressure differaces across the f-. 
J 

TbedaEaofwahavapomrwis tonce iscom~todaEa~ inv ivo .  Duringtheprooocoloatlinedin 

~ 2 c o o t i n ~ ~ t 0 f R ~ ~ c o n d p c t e d t o ~ t h e u t e n t t o w b i c h s u i t ~ ~ i n  

s i m u l a c d ~ a l d d m r r m l d b e d ~ a n a l y s i s $ f a b r i c p o p s r i c s l l a a s .  ' ' 

tempemme and humidity within the suit miaoenvin>nment ova a tbrcc horn period, during which tbe air 



commuting to o&Wxm ins@atioas by helicopters Thc analysis compares tbe conditions &v&pd 
. 

th suit mi-vinnunent &bing suits conshucted of a ,variety of f a h c s  and Lena 
- 

< -. 
Tbe format of this the& is sach that it consists of a compendium of three iddepenhaat & 

-- 
dealing* 1)thdmlopmntandassessmcatofsenso~sutilizedinthtquantifZcationofwacavapo~r . 

resistance of fabrics, 2) tbc assessment of fabric water v a p w  rcsihce of fabrics utilized in the 

conmaim of comrnercialy available helicopter pilot suits, and 3) the determislation of thamal strain 

developed in individuals weariag tbeae suits daring a hot air exposure simulating thc heat stnss normally - 
tncomlaed during nbnul operations. Ihc results of these studies are svmarized in the *general 

coaclusioas presented at dre end of this the&. 

REFERENCES , 

- refenace PO work in kai-exposd imhhy. . %  xn: &uic IB. ~aaistn m, MO&OII JB, G 

~~ Ergonomics, Lorpdoa. Taylor & Fraacis, 198.8: 22-69. 

Sullivan PI. Mekjavic IB. Kakitsuk N. Dclcmpinition of 'clothhg microe~vironment volume. 
I 

.9 

Ergonomics. lgm 30: 1043-1052. 

Sullivan PJ, Mckjavic IB, Kakitdm N. V e n w  .indqx of bslimptq pilot suits. Er@omics. 1987; a . 
30: 1053-1061 
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Cornpayban of the ~ethod.  used the Measurement fl Local Sweat lsod ~v;~orative 
r l  >' " c 



ABSTRACT 

with sub~equent owling in 28X' water.  oreh he& sweating rate (SR) w memured wing a standard 

Vopow Flow Meter (VFM) which mcasure,~ t&vapow density distribution within the boun&uy Ioycr of 

Both exercise and hot watm inmc&on produced an inzreasc in esophageal temperwe 

Swearing rate varied linearly with esophageal tcmpcroMe with the HWprotocol 

rate for any giwn Tm as compared to EX. In cona~ln, E d  war dcucrcd wiy d y  - 
in many CQS& reached steiuiy sta& h i s  qf apprarimately 61.6 mgm-2.sec-l 

up to 7 minutes wore similar SR levels were detected. It is suggested thdt this &crepancy wrrs due to the 



metabolic heat to the chvin>amcnt. Dry beat transfa from the skin to the tnvirocpknt Is medfatth 4 " .  - .  
~ y b y m w ~ t i ~ . o d ~ . a d i s ~ a d b ~ ~ i n t b c s k i n ~ ~ ~ t b c i m r l m ~  - ' 

. k  1 

b r o ~ g h t ~ b ~ i n c r s a ~ c s i n ~ ~ e m & ( T ~ ) .  ~hem~gnitudsofdryhoprlooaidbpembie~ =. 

x eavironmme is limited, due to-& low thermal srapient bcnnrh the skin and ambit& air. As such, IhC * 

- "rb 
primny effector necb.nism fix beat dissipation under these conditions of &mud mcs. is through 

To date, a h t y  of whiqpes have been dcnaoped for the rneamqcat of sweating rate (SR). 

The quantitative measuranent of local sweat rates has traditionally involved either the collection and 

T 

Meesunmcnt of tbe volume of sweat producid is made b; weight changes of 

(Boysen u ul., 1984) ar of an absorbent substance mtaitrM wititin, such 8% 
- 

1950) ar hygroscoptc salts (Hattingh aod Luck, 1973). In addition, the 
I 

'L 



eyaporative beat loss, aad thds possibly impOSiag additiimal heat stress (if the sorfac'e area is &ciently 

large), also creatc an amficial environment near the surface of the skin which may itself influence tbe 

meatiog response. Collection techniques, althwgh ideal far the parpose of analysing the components of 
i 

&eat, an even less desirable in tht study of the dynamic response as they only allow meamcrnents 
L 

htermitkntly. 

Cumntly the most commonly used method for measuring local SR is that of the ventilatld 

subtmc h e  sam Wcayama and Takagi, 195% Bullacd. 1962: Go&k ct d.. l974; Kraning and 

* S Q W Q f h  19831, &w-poi.t hygmnetfy (Brengclmam, 1975). tbermal conductivity cells (Adams er d., 
. , 

1983) aad iuh-nd anadysis (AIbat and Palmes, 1951). 

Whereas methods u@izhg sweat collectiw techniques may produce spurious results due to 

196~3 atxi S p i t ,  1971) and'&ssm &encd by the edges of the capsule cm the skin n @ton, which 



regional variatim in sweat rate flam et d., 1976'). Regardless, the capsule d q u e  has proved useful as . * .  

an objective means of assessing the sweatiag response, and, due to .the sweat capsule's simplicity, 

smahss of size, i & p a @ v e  design, and the ability to make measurements on exercising subjects, its use 

gained popularity in smdying tbe dynamics of tbe sweating response and the factors involved in its 

control. 

In any a ~ a n p t  to quantify tbe amount of heat lost by evaporation, sole dcmmmm 
. . 

of sweat rate 

after tbe expaimentd amdicion. The change in body weighs conected fop water intake, respiratory watcr 

loss, m m l i c  weight loss, dripped sweat and water absorbed by clothing, is generally consided to 

~ S E S  ar rwt (Lkri et d., 1978) and draiag exercise (Alber-Wallersaom sod 3(oIma+ 1985) have been 

made by mipading the subject (and bicycle+ergometa) on a sensitive weight scale d placing a paraffin- 

filled tray below for tbe collection of dripping sweat. Although ideal for estimating whole body 

e v q o m h ,  it is often cowidmd too slow5aud not sufficiently msitive enough to dOtesmine small and 

rapid changes (Webb rt uf., 199;  Bcldiog aud H d g ,  1962). 
* 

Until recently, accurate meamements of local Esk have, for tbe most part, allyded researchas. 

The use of a ventilated capsple is inadqwa in determining narmal &, as tbe evaparative rate from the 

skin surface to the environment would be quite diffumt from that u m b  the sweat capsak, duc to the 

absena of a constam flow of dry air. Witb tbe remu deveBopnent of mhhmhai humidity scamrs. the 

distribvtioa o m  the sarface of ttre stin. This devebpment was pioaeend by H i  (1977) and has been 

used cxtmsivelr.in tbe study of cumnums warn loss 6rom infants and 6 patients. Impvanents have 

since been made which inmasc tbe accrnacy and allow rncasumam at multiplp sites (Kahtsuba, 1982, 



Kakitsuba et d., 1988). Such an instrumeat can provide valuable infcxmation qanling I d  &apomive 
/ 

rates, and thus heat loss, a parameter which depends both on the sweating me and eavixnnmental 

. corsditions. In addition, masmments of local evaparative w, in combination with mamemen& of the 

watcr vapour pressun graditnts would enhance the innovative in viw measurements of the resistance of 
+ .  

clothing to wafer vapour mnda as perforntedby Holmer and Elms (1981) and Sommavllle (1988). - 

To date, few studies have repartcd on continuous measurements of local'evapofative and tbe 

undcriying theary upon which it is based. For the present shesis. the purpcse of this study is to outlint tbe 

principles and m e W  of lad evaporative ntc mcakanmts  and to compare that with the Eommon 

mahod of mawring local SR To inuseate the ~ ~ ~ ~ Q C L I C ~ S ,  camparisoas m mcade between local Esk and 



- 
METHODS - I 

7 

In the following presentation of the theory and mettsods afilized in the m 

aad evaparatiom, a distinction will be hale between the W at which,sweat is secreted and that at which it 

is wbsequently evaparate& The Glossary of Terms for ?hermat Physiology (Bligh and Johnson, 1973 arrid 

Csbnnac. 1981) doar mt emphnsiEc differeace, and also docs not give guidance as to iba Bcccptable 

ntnnc~lclature and units for thest measuranents, thus aa-f &n of these cancepts'is warranted. 

heat smss and is a constant proctss under stable environmental conditions, evaporation of seaeted & is , 
1 

pPimarily a function of skin wettebness. The total evaporation from the wet skin smface, whethct the skin 

' is w 4  artificially or oslurPUy by the samtim of swcu contributes tp bat log fmcn the body. a $58 > 
- 

kcaI of thamal energy is dissipated in the process of evaporation of one gram qf wata. - 
- .  

thermarcgalatory effector responses. For this reason, the rate of sweat secretion and evaporation an 

measmed separately. 'Ihe name of SR mclrnrranent, as discussed below, rtquires the artihcial drybig of 

skin to d q m e l y  quantify the seaeted sweat over the entire physiological range of sweat suxah 



Theory 
r 

\ In the present thesis, the assessment of both evaporation an@ sweat secretion relies on similar 
1 

, principbw, those of resistance hygrometry. Evapodon is defined by the nartlral vapom density or vapour - 
pi#rsme lgtdient wristing above tbe skin srrrface, sweating however, is derived by establishing an I artifid 

v 
en* in a capsule above an isoiated skin surface a n x  

,. . oudM air is basad on mcaammcnm of tb tcmpaamc and relative humidity of air entering a~@ exiting the 

(1983) fa calcalating safnmh v a p q  b & y  of air @H20&: 
\ 

outlet air: 



.vapour density of tbe inlet air may be calculaaeh. +: 

! 
- >$ 

Sweating rate may be detedmd by sceaunting for ibc differences'in v v  &asides . 
0 

* \ ,  

(dpH20 = pH% - pH&. mgm-3) and th6 air flow ratc through the cnpJulc (ir , m3-scs-l). b $ 

Measurement ofthe race of mud &r&n using a Yopow Flow Meter V F M :  



Although it is, not possible to measure % gradient at a point within the boun&y layer, the 
* <  

' 
(1988). incorporates a resislaocc h d d i t y  sensing element coated with a humidity 'seasing conducting 

I .. % '  ' 1  

pol? & w k  r e s k  va&slwith tbC changes h relative humidib kigure 1.2). By dUemwun . . 8 

3 \ 

, , the 1 4  dative hluaiditia and tcmperahlres & two points in thc diffusion boun&ry lay= ow the skin 

su&x (.rsllmcd td be 1.0 to 20  centimctcn) the local evap6mive rate can be demniDed (Figme 1.3). 

A Ax = ' (XI - xi) = distance between the two measwing points (0.003 m 

L - 1  . i . t kp*msmdy)  . a 

. . + 

- . . ' ,  

. - 
. a 

Mass diffusivity @,) of wa&z into ambient gas is a function of ambient tanpera~t,  pressure, 
7 - 

molamk vdumes and molearlar weights of wata and air (Holman, fP76). 
8 

. '. 



Ma = molecular weight of air . 

k 
relarive humidity and the vapour density of .patmntprf air at that tanpaature, and as such, the equatim for 

vapour demity arc identical to time of [I. 11 and [I 21. 



\ 

Protocol and Instrumentation '% 

by wrogenoos or adogexxms hating, a comparison of SR and & wat+ conducoed on two -1imatizui r 

male subjects using both protocds. 

Following approval h m  the Simon Fraser University Ethics Cornmitee, subjects were 

inst~mtnted far rncaamamm of esophaseal ttmpaatan Ua, YSI 701, Yellow Springs Inarmam), 

subjacts heed was aposed to tk ambient air in an attempt to shield the VFM from wafer vapcwr ananating 

~ g e n o u s  beating was accunplisbcd by cycling an a bicycle agometc~ (EX) at a work ntte 

~~ to 50% of tbeir V@ max as p v i o d y  devrmincd piing an incremmtal load exercise protocd. 
I 



plastic coatainer, with a themism and relative humidity sensor mounted in its center @ i  1.1). The air 

was directed from the coatainer by means of a 4mm (0.d.) polyethylene tubing to the sweat c&mk (surfax 

= 8.04 x 1c3 m2) which was positioned 00 subject's forehead and s s d  fumly with au elastic 

hcad-band to prevent leakage. Air from the sweat capsule was further directed via another 4 mm 

polyethyleot tubing to a 250 ml coataims similar to that on the inlet side also containing a thamistor and 

relative humidity sensor mormtcd intanally. Thus, a cornparison'of outlet and inlet tcmpcraturts and 

relative humidities allowed calcuhtion of tbe StQetioa of sweat from the skin encapsulated by the sweat 

capsule. Air •’low through tb system was main@md at 1 liter-mifl aad mooi4knxI both ar the inlctLand 

r r m a * m t l o w m c t a s t o e n s a r e ~ o c c ~ & ~ c d .  

Q 

'Ibe V ' M  (Shinyei Kaisha, Japan) was placed aa the fwehd next to tbe swca~ capsule a d  held m 

place with an e W  rud sdbesivu'tqe.. Tbe relative humidity SCMOR, VFM, and TeS were 

sampled evay 30 sacoads with au HP 3497A (Hcwlut Packard) Data Acqa idh  S y m m  gad stored on an 

HP 85 (bwlctt comppter. Calculation of SR, ES)E and data analysis wes perfamed using a 

MacIatosh 512KE (Apple). Calibwtirm of the thermistors and relative humidity scmuxs was curduct6d. a 



RESULTS 

MshufaarPrds specificatioasinAifntc that the ascuracy of tbe RH sensors was within* 1%. &of 

approximately 10% relative hamidity was passed ihrwgb the sweat'capsPle, in the deCcrmination of 

sweating rate. HOWCVGI* d y s i s  of the sensors revealed drat readings were unreliable below RH. As 

such, calcubd SR valucs below 44 mg.m-2.sec-1 are unreliable and thus not presented 

Tbe nature of tbc csophegcal tern- and sweating rates are sirnilat during the heating phazpt 

far both the hot water immasioa and exercise heating protocols ( F i w  1.4). Hearing w8s apsociaced with 

a r b  in Tm of 0.97 * O B T ,  arith tbe tx~cist p"rotoco1 displaying a trausht &cline at tbi onset of 

cycling. Forehd sweating, as demmined using resistarrce hygrometry, also tended to show a linear 

respollse to a maximal valw of 108.1 k 21.7 mg*m3.sec-1. Upon cessation of the heating rtgime and 

I, 

naoarc of the beating stimw, with the fastcs& decline seen following HW htating as compared to EX 

fibm resting values of 3215 OC to final lev& of 33.86 ahd 3693 far the exercise and hot water caaditians 

HW immersion was shiftad applorcimasGly 0 5 T  to the left of that d c m m k i  f a  EX 

~ ~ d u s t i d w ~ y o d i . t b a ~ g p h g a ~ i . ~ y ~ r c s h d ~ y ~ l c v c l s o p t o 5  

mhms befue simrrsr SR levels wae detected. Evaporative rate rose abrupdy b an initial value of 8.3. 

k 23 mg.m-2.rtc-1 to a a a d y  sate v a h  of 615 f 4.4 mgm-2.sec-1 within cigbt minutes from the 



onset of heating. Thereafter evapmtive rate ranaincd relatively constant throu&out the remaining hating - 

Tbe onset in evapclration is associated with an increase'in the vapour density gradient betwtcn the 

two measuring points within the VFM The two points (1 and 2, Figure 1.3) were pasitiodcd 5 and 8'km 

above the surface of the. skin respectively. Figure 1.6 displays the results from one of the hot water 

immersion heating trials, and was typical for all trials. %or to the apparent onset in evapdmtive rate, the 
I 

vapour density at points 1 and 2 w a e  approximately equivalent at 12 g.m-3. The measurable o c c ~  of 

evaporation is associated with both an increase in the vapour &nsity sf points 1 and 2, and an inaeasc in 

the gradient between than (Figwe 1.6a). Maximal pH20 for the c&ditioas within this study was 
Y 

appro-ly 35 and 28 gm-3 at five and eight rnillimaas h m  bc mspwively. 

The measured tempaatlrres within the difkion bouadary layer varied bttwaen 30.5 and 33.7"C 

with the region closest to tbc skin (5 mm) elevated 1 .ST abwe the more distant point (8 mm) when 

evaporative ratc was maximum (Figare 1.6~). During the high sweat rates measured in this study, 



DISCUSSION 

From ibe pnsent study.& is evident, that tb"ae isa d.erer#se in the rate of inaease, d m  and . i 

possibly tbe onset of mtasmtd sweating and maparation. Although onset of SR cannot be assesd in the 
- 

results of tbc prescnt eials, diffeffnces in the - of Esk and SR are evident and merit discus&. 

~ince'the thtfinisu#s and relative humidity sensors and their respective hardware were identical for.both the 

sweating and evaporation measurements, it is unlikely that the discrepancies in the obsewatioc~s are due to 

diffcxences in insmumtarion (hardware). In addition, calibration procedures of the humidity sensars was 

conducted in the same manner (see appeadix A far derails of humidity sensor calibration). Thaefon, b 

e s t a f ) l i s h i h c e a r m c o f i h a ~ i n ~ s a d ~ b o c h p h y s i o l o g i c a l a n d p h y s i d f g t o n ~ w i c h  
\ 

huh resparrses needm bt examined. 

?he sweating rcsutts (Figan 1.5) confirm the previously 6bscke.d pattern of a pmportimal . 

rtspanse to Tw. as has been described by others (Hainmcl a ul.. 1963; Cabanac and mt, 1977; 

Uekjavic and Bligh, 1989). Above a threshdd con temperatme, a linear relatioaship exists between sweat 

rate and tbe rise in csophegeal tempaatun @Gelsen. 1969; Nadel. 1971). The of thc rcspme is 

within tbe expected range reported elsewbere (Nadcl er d., 1971; McCaffrey ct ul.. 1979; Biawnmt and 

Bullad, 1963) witb a maximum attained of 108.1 f 21.7 mgm-2-sec-l. Although the grcaea sweating 



In general, during HW -on the SR-Ta relationship appeared shifted to a lower level of Tcs 

than Ag EX (eg 36.5T vs. 37.1•‹C, see Figure 13). Such a difference it pndietable colqiQaiol bMh 

.i daring bot water immenion, and as such, the elevated skin temp- would be expcctd to shift the core 
- Jl 

Initial Esk values of 8.3 mg-m-2-sec-1 carrtspond to transepidermal water loss, as has been 

I 

mg-m-zF-l. ~ h c  maiarcnspa ofsteady-state ihroug?out haring ~ l l d  cooling (despite vlli~tioa( in 

SR). and the similarity bawew trials, conhrms that cvqmmi011 is govanad by physical pcessa and as 

such,isdependtntonthcambimtconditicms. ~oecibcskin~wet,cnporslioashouldr~msiocoastant 

unless changes ocax in either ambient temperatun, relarive hmi@&, @r velocity or skin temperaturt. In 
- 

addibn, it is anticipated that Esk.would be lower than maximal SR, as tbe vapour pressure gradient and . 

coefficientofevapoFation~tbesLinto~sweatcapsuleaitaregnaur. 

Local measmements are fairly new and as a d t  then have been few direct mespunmsnto of local 

on mau diractly comparable to tbm obtained here a14 fewer reporting the time c c ~ ~ s e  associated with 

1 

body beating. Kaltitsuha (1982) detamined steady state local evaparative rates of subjects exptwed f a  1 

horn at various ambient - temperacuns using an apparatus similar to that used in this study. He found 

steady-state evaporative rates in resting subjects varied from 5 to 41 mgm-2.sec'1 when ambient 
7 * 

tanpaatan was raised from 26.1 to 35.8'C mpectively (RHa = 40.60%). In addith+ AEber-WalleffttOm 



a. 

from 27 to W C  (RHa ~~30%). The lower levels detected in these studies lifrely reflect low 

levels of swe$ting with only partial wetting of the skin. In compari ,  Alber-Wallerstrom and Holmer 

(1985) using changes in body wci#& f d  steady-state evaporative xam up to 895 mg-m-2.sec-1 dming 
a 

cycle ergd'etry (Ta r 36A•‹C and RHa = 50%). Their rates are approximately 45% higher than those in 
1 

this study and can 6c attributed to the h i g h  vapob press& gradient established due to elevated ambient 

-temperanne, aDd a higher expectbd coefEicient of ev8potation wifb limb movement during cycling. Overall, 
i 

the diffennqs observed between thcst studies may indicate that with low tbennal stress, evaporative rate 
- 1  

will vary with the rate of sweat pmductida Ibwever, with high ieiels of thmal  stress and complete 
'i 

wetting of tbe skin, evaporative rates will dephd on ambient c k d i t i m  (T, RH and air velocity). 

Wenm (1983) has reported one of the few dymunic meamemem of Esk (using an evaporimeter) 

E& to steady state bv& with only minor elevatiorrr m core tempenulrre, similar to tbe rwpoases observed 
b 

Conydmn ofSwearing and Ewpororivc Rate Responses: 

Although mcmranents of local Esk an relatively new, tbey have been validated by comparison 

The most striking discrepancy in this study is tbc elevation m Q, prim to tbe observed changes 

SR. ad this may in paxt be amibutaMe to a lowa &tivity of tbe ventilated capsule method for 

. . 
detarrrrmag SR. Namely, dPcing low levels of sweat production, a small vdume of sweat is farciMy 



evaporated into a relatively large volume of air ventilating the capsule (flow rate in the present study was 1 

liter-miN1), producing only small changes in the rehive humidity of the outkt air. In contrast, using the 

~ ~ ~ t b c a i r ~ ~ n ~ s l d n r a n f n c c d t h e s e I l S O r S i s ~ ~ v e 1 ~ ~  ThustheevaWafonoCasmdl 

amount 6f sweat may produce larga changes in RH detected at the VFM than using the ventilated capsule. 

T y g h  the inacascd sweating rate is not detcmd mril air exiting the capsule has passed thrwgh the 

system of tubes to the container incarparsting the humidity and ternpeaamre sensors, the system has been 
-'.. 

shown to respond quickly (within 10 seconds) tq the posi'tioning of the capsule over a completely wet 
-, 

sarface. It is ttdikclt then, that this contributed signifbntly to the observed dkmqmcy. '-L 
* 

BeamnoM and Bullatd (1%3) have clearly shown that alterations in SR can occur within 2 seconds 

of tbe onset of muscular work, a d  before any apparent'changes body tcmpcrature. In addition, they 
I 

whae  the preexercise'sweating rate is low, the latency for imn=ased SR is much longer. 'Ihis latter finding 
I 

suggestseither a syncrgisric influence of nonthermal input on the control of sweating or, possiily the 

effects of skin hydration on the obsand latmcy. Suppart for tbe latter hypohsis may be obthned frpm 

Lloyd (1959) and mum ncently fhm BullaPd(1970). Lloyd proposed an 'empty duct' theary-,based visual 

changes in the latent priod of SK omsl ami changes in skin impedance. la 1970,- Bullrd r&mtcd Lloyd's . 

Thnwgh direct stimulatbn of cutaa~ops serves of tbe fonarm, he demonstrated an initial latency far thc 
b, 

onset of sweat SCCTetion of 1 - 2 mimes, ss detected using nsistance hygrometry. However, upon second 

stimulation, this latency was greatly redhxd (as low as 10, seconds), the degree of which was dependent 
-st 

ppon tbe stimulus Interval. This reduced lamcy was attributed to an inmasedtlevd of dnctd filling ap i  

* 

Lstmcy. Nbgh both Lloyd (1959) sad BullPd (1970)-hypamcsircd rdmqtbn of sweat d the factor 
s .  

responslilt for deaeshg epi&mai hydration, a faar unlikely coasidering tbe osmotic pdkuts, Sato . 



i 
C . .  

VFM. T6c forced evaporation cnated by passing air over the may result in excess drying of the t P  
skin and orohging latcacy, a fact& kss likely for s& beneath MVFM. 

response duc to other altenttiofls in the &ctoclimate below the capsule. Botp s w & n g  . rate . and 
- " 

transepidennal water loss have b e d  shown to be skin temperature dependent (MacIntyrc st al,, 1968; 
. . < .  

Spluit, 1971) and, it is apparent that the forced evaporation of either semted sweat or eansepidermal wafer " 

I 

~ t h c s m f s c e o f ~ ~ w ~ ~ l o m r ~ t r m ~ s s h a ~ i s r w m v ~ a s ~ a t e n t h a t o f e v a p o r a t i o ; l .  * 

Few studies have looked at skin temperature below the sweat capsule except when it k being directly 

controlled. However, Kraning et uf. (1978) showed fluctuations of only 1•‹C (33 - 32•‹C) accompanying 

tempemumi within a range of 20 and 40•‹C have been shown to influence SR, this has not been 

d e m o n s t r d  with fluctuatioas in Tsk as small as 1•‹C. In this study, air entering tbe capsule was at a 
? 

tempaatrPe of 24OC and it is unlikely that this would have an' ioduence on the amount of sweat secreted 

relative to that under the VFM, as ambient temperature 'was 25•‹C throughout the duration of the 
i 

Oac hnbu f a u n  which may bc posrulstcd & influencidg the SR aad ESk responses is the 

-dB- in pressure wrated on the skin wifh the different appram. In th;: mcasmernent of sweat rate a ; 

10% for every 100 gram load exerted 



via a ckular capsule (similar to the SR capsule in this study) on the skin, suggesting a possile in 

local skin blood flow. 

It is evident from this study that the responses and magnitude of sweat rate and evaporative rate 

from the forehead differ dming generatized body heating. Sweat rate, me\asured using a ventilated caps&, 

reflects the activity of the sweat glands in responst to the "thermal status of the body, whereas evaporative 

rate, measmedtusing p VpM isa physical process &dent on cnvironmenral coktimu. m e  dctcction of 

\ 
steady-state Esk values before a SR of equivalent magnitude suggest ?hat local skin drying below the sweat 

capsule by forced evaporation may result ia Belayed detection. In addition, the influences of locai skin 
Z 

ternpaatme qnd perfusion may also play a role, however, at present their effects remain unclear. &. 

4 

Although n& dcmonsded by the pr*ient study. rhe ventilattd capsule method has an additional 

advmatge over the determination of u, and that is the ability to alter its sensitivity. This is possible by 

varying tbe flow rate of air through the capsule. However, the system needs to be designed to minimize the 

delay time, as daxcasm g air flow' 'A increase the delay" time, the result however, is 4 increased 

sensitivity. 1h0 b t  study incorparucd an air flow rate suggested by other workers (Cabanac and . 

Massa& 19n, Mc@wic and Bligh, 1989) and it would appcar 6wn the comparison of tlr results with 

lhosc abcPiacd with tbs VFM. that sensitivity is mpqmisod slightly. 
D l  
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FIGURE LEGENDS 

Figure 1.2: 

Figure 1.4: 

Sweat rate is calculated from tbe differe~je in vapour density of tbe air (deoamined from 
rnavnrrrrm~ of lsir nd RH&) befm and afterpasing t h , g h c t b  suar capsule. 

~iag&&ic repewtation of the Vapour Flow Meter 0. -Substme relative 

humiclity sglsors and thermistors are located at two points (5 and 8 mm) within the 

layer. 

~~cmpaatme,forche;dskinsweatiagrate(~~)andevaporat ivenue~gbod~ 
k t i n g  by A) exercise (EX, Tia = 2S•‹C), and B) hot water immersion (HW, 38T). 

Following heating, subjects were' cooled in 28OC 'water bath. Time zen, indicatw 'the 

Effec:t of esaphageal temperatme on farebead sweating rate of two subjects during heating 

by hot water immersioo (HW) and moderate exacist (EX). 

Vapour flow meter results from one subjcct A) Vaponr density distribution within tbc 

d i f h u i o n ~ k y e r a t n a p o i n ~ 1 ~ 2 . s i t u a t e d 5 i m d 8 m 6 m m t h c s k i a  

smface respectively. B) Temperature and relative humidity at the two points (1 and 2) 

within the vapour flow meter. 
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humidity senscxs and thermistors are located at ,two points (5 and 8 mm) within the 

di&rPion-w. - 

Relative Humidity 
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Figure 1.3: Principle in the measaranent of local evaporative rate from &c skin Esk. Vapour density 

distribution is determined at two points of known distance within the -on boundary 

w. 
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Figure 1.5: Effect of esophageal tanpemmc on farehead sweating rate of two subjects cluing heating 

by hot warn imidon (HW) and modeam exercise (EX). 

Hot Warer 

100 



>. 

Figure 1.6 Vapour flow meta results from one subject. A) Vapour density disaibutioa within the 

diffusion boundary layer at two points, 1 and 2, situated 5 and 8 mm from the 'skin 
. , 

surface respectively. B) Temperature and relative humidity at theetwG.points (I and 2) . 
I 

within tbe vapour flow me&. -* 

Relative Humidity (%) 



- 
Comparison of Water ?pour Resistances Determined From Fabric and'Human 

Exposure Trials 





- .  
- *  1 ' 1 

L 1 " .  
~n~vidual'sw~bain~dspads~m~balwcsbetweep'erierg~poductaomdm~achmgc 

of energy with 'the envirb&en< so long as tbis balance is maintained hrithin the limits of tolerance for ..' I 

* 
heating and cooling of the body.- Thii oollcept of baLura is modified d~the inemention of clothing, the - t 

a - I 

sensible'and insensible heat due b t b c  thennal insutation i d  the impedance fq water vapour diff&ion 
I 

provided by the fabaics and trapped air layas (Gagge and N i i  1977). 
- 

1/ 

con-. These potential hazu& range frarn radiant heaf bacutia, c 

water immersion. This has rcsukd in the development and . I 
assemblies which attempt to minimize the hazards associated with the working environment. 

d 

insensible beat, away from the body. as the e v a p m t b  of sweat has the greatest'wty far the transfer of 
4 I 

hear 'Ilus, in idumial shatbns where prohdctive cbthing assemblies rn warn{ camfort and pedbmme 
6 

will, to a great extent, be determined by a garment's &lity to atlow the 

This is most evident in situatiom where the wearer is exposed to high 
' # - 1 .  

nqurnd to pafam a moderate degree of physical activity. ' 
'i 

1 ~ 5 ) .   is is rmrec;lcab* far s,mhml-rpphaa*p . . ip time a ~ d  s p o ~  cm+ in an emergency 
h 

situation often paeclude any suit adjustments particalarfy in twmpce applications (BIW&S and Rowe, 

1984). I. recent yam, munEsdnao ha& attempted m alleviate this poblem withb the develqkent of 



v 
variety bfh&oexposm, madiLin r;nd fabric studies (vmbach; 1988): sdudiw are &ti~e as a 

,. , . 
,y - * ,  -. . 

direct m'eade*of the perforpiance of clothing assemblies undk simuiafed wearconditioas, howdver 

fabric qualities which allow accurate ~esection among a number of textile ite'ms probably suited for a . . . .  , =- 
m 

particular gammt under spcdfic a P P ~ i d a t i ~ .  la acidition, ,these ofudiCS also qoyfatxic n , y n ~ f ~ ~  to . 
. .  

fh ics  is freqc~c~ltly the most dficqlt property to evaluate unambiguously, perhaps because tben is no F. '. \ 

definitive test method yet available. There arc cuarently a variety of simple mGthods u t .  to duermiot 
5 

water vapour transmission through fabnics, the most common of which is the controldish method (CGSB- 

4.2477 Method 49). Ross (1987) lists a &of 10 different methods available for c@amWg tht - 

sealed over a dish of water and the rate of water vapour trrqrstllsslon . . is demnimi by meanaiag d# weight 

loss from the dish over 24 burs. However, it should be noted that each method described by Ross, 



I 

dissimilar experimentai conditions is, of coWse.'an unfortunSte difficulty in comparing &tslof the , . = 

d i n e m  methods unless the exadmaditions under which the measurements were made are 4 r ~ ~ n .  Recent 
\ 

. 
f 

innovative improvanents in thc assessment of water vagour characteristics of fabrics have been made by 
I 1  

- W a & b  and slam (lal), Famworth aqd Dolham (15184). aql Van Beest and .Wittgtn (1986) which allow 
, . - \ 

. fast and ace- assesmen@, i d  further, thk ability to obtain absolute values for the water vapou 

Although k n t i a l  for the determination of the 'ideal' fabrics for use in the design of garments, 

fabric studies represent an optimal situation in which strict control of the fabric system and the prevailing 

' ambiqnt conditions is allowed. However, their extrapolatjon to nomud wear sihtions is yet to be. 
P . , 

detePltlined as similar techniques have not been used during wear conditions. Water vapout tnursmission 

tb'ohgh garments during narmal wear. may be complicated by a nunbet of factors, including, tbe added 

r 

resistance of tmpp& air layers (IWitsuba et d., 1986). -lnaeased clothing surfhe area through which water 

I vapour diffusion may occur (Haslam and Parsons, 1988). and the effects of condensation (Kaufhm n d.. 

1987). hygroscopic absorption (Nelbace and Hcrrington, 1942; w&k, 1%2; Fmworth, 1986).and 
1 

Ia ibc p d t  studY. evaluation of the wafer v&hhsrscteristics of fabrics is made utilizing a .. 
. * 

&ice f a  mcmuring local evaporation (Vapollr Flow Mam, VFM). allowing similar assessments to be 

made botb cm a fabric model and during a simulated wtar condition. Corn- of these mmhs witb hose 

of the W c  studies would provide information as to tbc wata 
\ 1 r pressure gradients produced during 

snonnal-~ar conditiks and to give an indication as to the f ibility of utilizing fabric studies in the 
I .  

\ 

ptediction of suit ~~~ORI IBMX in hot en- Tbe present obsavatiwrs weze made during the conduct 

of a larger pmdy evaluating the thermh cbaeds t ics  of protective clothing worn by helicopter personnel r. 

opemring in Canadim coastal waters (~ek&ic  and s'ullivan, 1988). 



METHODS 

rite transmission of wata vapwr though a garment is ~ften described by the following equation: 

E = rate of water vapour transmission (often expressed as an equivalent 

- evaporrtrive beat loss, warn-2) 

Re = water vapour rtsistance of the fabric and air layers (m2.~a-~'1)  

P& = partialpressmeofwatermpourattbeskinsmface~) 

pa = pamalpressureofwatervapourofamb~tair(Pa) 

Thus, assessment of water vapour resistance &) of the clothing system can be made from m b e n t s  of 

the cvapo&ve rate and the vapour pame gradient developed acrtws the clothihg (Psk - Pa). The d a g n  of 

the present study was such that the wata yapour msismix mcacwed was thatof the compl& fabric system . 
0 .  . . 

(fabric plus air layeas), as opposed to the itrtrinsic fabric water vapour resistance. In addition, the 

inmumentation utilized permiaed identical measurements to be made on both a fabric model and during a 

simulated e . Sensor positioning ensured that the distance bGtween the sensors and adjactat fabric T .  
were tbe same under all conditions such that the diffae~~es observed reflect tbe di f fere~~9bttween fabrics 



Fabric Studies 

Water Vapour Resistance Apparatus , 

Fabrics were assessed by means 06 a Water Vapour ReSistance appatatus developed at Simon Fhser 

University. Tbe present mttbod incorporates a tcmpemtm? controlled water bath 15 cm below the fabric 

dirtctly below tbe fabric, which is mearaaed by means of a tempaanrre and rtlabive humidity sensot located 

8 mm below tbc surface of tbe fabric. Wata vapour pmmra of a m b i ~ t  air is monitored by similar 

temperature and relative humidity seoscas located in tbe room. Bymnmlling the mpqaiure of tbe water 

bath, with the whole apparams in a constant environment, the water' vapour pressure gFadicnt (APO across . 

the~ccanbevatiedmastosimulate~~~ in tbed-wearcoadition. Vapoarpmsm 

lpItdit11ts in'pmccctive clothing, in the orda of been demonstrated in a previous stady by 
\ 

Hdma and Elnas (1981). 

. . 
Water vrpwr tnmhmmm through the fabric was evaluated by means of a Vapour Flow Meter 

diffusion from tbe fabric slafacc by measuring the v8pour pmmrc dis~ributim over the diffusion surface. 

This is accomplished by merrsuring local humidity and tempaaturc at two points in the diffosion boundary 



= mass diffusivity of w* into ambient gas (m2.sec-l) 

$ --, 

The rate of wata diffusion through a Eabric may be expressed as an evaporatih rate (Ef, W-m-2) by 
- * 

with a variable sweating rate. 
Q 

C Fabrics 

Thne fabric/Takic combinations were &hated in this study which reprtsent tbR range of water 

f 
vapour pgmeabk fabrics ufilized in tbe 4. a t  of microenvironment conditions in chapter 3 of this 

- -i 
thesis. They ccmsist of Gan-TexAJnderw=, Cotton V e n t i l W W ,  and Nomcx. Nari~ex/Insulite and 

NomexMeagrene combinaticms were cbmaed . . due to the impermeable natun of the Insulite and Neoprene 

materials. Gore-tex, Nomex, and Cotton Ventile are all used in tbc conSrmction of the commercially 

available helimper pilot suits. GOn-tex is a polytetrafluomUhykne 0 6 h  which wbm arUched 

d 8 1 1 1 1 t ~ 1 e d a t b i @ t r m ~ ~ p e r m e a b k a s a d d i 0 r r p m e d  1 . 4 b h o n p a w p s s q ~  

cm. These pares are large enough to allow the transmission of water vapour but too anail to permit 
\ \ 

effective t m m m s m  . . of liquid warez Nomex is4 lease weave aramid compound fibex whose vay stable 

& is'molllj 8s a • ’ h e  rebudanr Its loose- of weave rapid transmission of 

water vapan. Copon Vcotile is a double layered fabric amspxd of Egyptisn Cotton which allows water 

bciicopcr pilot suie both Cptm Vcatilc and GoreTex suits arc wom io -bination with loag eomn 



\ 

A 

underwa* thus comparisons \;ith exposure studies were made using the Cbmn Ventile/Undemear (CV/U) 
c 

and Gore-TexIUnderwear (GTRT) combinations only. The Nomex fabric (N) was evduated to allow 

compaiison of the CV/U and GT/U iKith a fabric with a relatively low resistance to the transmission of 

water vapour. Fabric characteristics me listed in Table 22  C 

Protocol 

Each fabric and fabric combination was a s d  in a scrica of six aials, the Combination of which 

produced a range of wata vapour gradients acrdss the Eabric (fmm 1.0 to 5.0 kPa). A circular sample of 

was dinctly expcwtd to the microenxironment above the water bath. Ambient ternpaatme and reWve 

humidityweaemaurtamed . . atnappnaximately 2S•‹C and 30% respectively with a coacanitant vapom pesm 

of 0.9 kPa The water v8pour pressure gradient was tbtn controlled by means af changes in the tempaaaae ' 

of tbe undaiying water bath. 1)raing each trial, avasge APf aad Ef wen deoermiaed and Ref calculated ova  

I 

rate through @c fabric wae monitored continwusly. Water tempaature was monitored by means of a 

using themiam and subcame hnmidity sensors (Shinyei Japan). The sensors were sampled every minute 

and tbe data stored by means of a Dam Acquisition System (HP 3497A. Hewlett Packard) and a 

micnxrmm (HP85. Hewlett Pafkard). After each test tbe data was transfemd to a h&intosh 512KE 



computer (Apple) for analysis. Calibration procedures for the temperature and dative humidity scnscxs 

utilized in this study are outlined in Appendix A. 



Suit Exposure Stud . " 

\ 

Subjects - 

Five physically fit me university students volunteered to take part in this study. Following 

approval from tbc Simon Frasp University Ethics Review Cornmite% all subjects underwent complete 

physical examinations by a qualified physic&. x 

Protocol . 
, - . * 

e .  

Before a suit was doaned, subjects wae insaPmented with sensors to monim p p a t u m  and 

&c envimmpmd chamber (Tenacy), whereupon be agsamed a seated positioa in a helicopta pilot seat (for 

f l o a r i n m i d c h a m b c r b y s m e t . l h . w ~ ~ o f  soeltubing(Figure23).,lbcmccsl smcture wirhtbe 

subject seated within was tbas draped with 2 layas of cbtb, an internal black-cloth to absorb radiant heat 

c m m i t e d ~ t h c b o d y s a d a . e x r m r i w b i r c c l ~ t o ~ e c : t ~ y n d i r m t ~  Ooccpmitnncdthcmbject 
I 

ranaiaad at aa ambient temperatun and relative humidity of approximately 22OC and 50% respectively for 

five mimes. Chamber tempaaana war tben incrrased in a liraear fje.9hk#r to a tempaaturt of 400C (relativk 

hnmidiry tmccmtmlled) ova a paiod of approximace@ 90 minutes. The subject ttm nmained seared at this 

tcmpmmc farafintber90 minutes fora tual draation of three hours (180 minuoes). 



. . 
Suits 

Garments utilized in this study consisted of commercially available helicopter suits coummd of , 

the tested Eabrics m @ d  above during a simulated hot air exporn. Thc suits utilized f a  comparison 
\ 

tlsis study ate shown in Figure 2.4 and coasist of; A) Gore-Tex and B) Cotton Ventile. Both the W T w r  
i 

and Cotton Ventile suits are of the dry-suit design with airtight seals at the ankles, wrists &d neck such 

that the exchange of warm, moist microenvinwment air with ambient air can d y  occur through the fabric. 

Both suit3 w a e  worn over a pair of long cotton thermal underwear (C). During the exposure both lcatha 

glovesaadheavybootswerewom. 

, 
- , Instrumentation 

Measurements of suit microenvironment ttmpecatures and relativeehumiditi& were obtained by use 

of Vapour Flow Meters 0 secured to thra sites oa the slrin: the upper arm, chest and thigh. Each 

VFM consists of two substrate relative humidity sensorg and two tanperatme sensors (tbemistors), thus 
, ! 

tbe tcmpaature and wata con- of the air within the microenvironment of the suit can be detennincd. 

Vapm Flow Meters locardat three site$ (arm, &st and thigh) on the-surface of the fabric w a e  u r @ i d  to 

In this way insenrmen- was identical to that in tbe fabric studies with cxocption of the source of water 

vapom (human sweat vs. tempaature amtrokd wata huh). Tbe data was sampled by an -97 Data 



RESULTS 

Fabric Results 

prim to fabric assessment, the system was evaluated by producing step incremes in Tw and thus 

water vapour gradients across the fabrics, an example of which is presented in Figure 25. Vapour 
I 

pressm'&ts (@$) amirosvltante~aporative heat lms through the fabric w a s  mooitorrdconfinuaaly 
- 

at 2 minute intervals throughout tbe duration. Results indicated that for the system, the transmission of 
i 

wa& vapour was linearly rcldted to the wam & pressme gradient developed r a o ~  fabric $ I 

Tht results of the six trials ~ O c m c d  on each fabric are displayed in Table 23. The perf- 

meaas and sraadard deviations of 67.9 f 5.4.54.6 f 42  and-40.1 f 2.8 rn2-~a*w-l for the GTRI. CV/U 



Suit Results 

&tamination of water vapoclr pcspmc near the skin of the subject is &ndent on reliable data , 

being obtained h m  botb t h e L t o r  and subs- humidity sensor located under thi clothing. 
* 

C t .  

+ - 
~ ~ y ,  accurate measurements of Eel is contingent on four measurements '(two temperature and two 

n&ve humidity). Ibw. cmnoobu$ed from m y  m of ?he six sensor$ would result in ag inability to 

&termhe the E,.l /APcl relatiOLlShip far tbe clothiqg of that particular site af measurement. Relative ' 

- 
humidity sensors positioned 5 mm hm the skin slnface were very susceptible to wetting from dripping 

1 

sweat Due to wetting of the humidity seosa~s 6rom dripping sweat during the exposure trials, crrontous 

values in at least one of the six sensors were dewxed in two subjects for the CV and GT suits: In addition. 

for the remainink three sub- cmsistat e m r s  were detected at the chest site: Thus for the Cotton 

Ventile and W T e x  suits, aualysis will be restricted to two sites (arm and thigh) on each of three subjccar 

allowing 6 &terminafim of the W m C l  relatioIlship for trrch suit. 

1 

Elevatioa in ambient iempgaaae from. 21.4 f 0.5 to 39.8 f 0.3 "C over a 90 minute perid 
'I 

produced a & id relative humidity fiom initial to final values of 53.1 f 1.1 to 28.1 f 0.2% 
* 

respectively. Tbese changes in Ta aiid RHa ameqmd to a slight ontatl inaeasc in v a p ~  pressure from' 

1.30 to 2.06 kPa Figqre 26 displpys avgi3ge bPcl Eradients developed across the suits thrgughout tbc 3 

hour exporn. Gradients h m a s d  firom initid valuq of 038 f 0.15 and 0.47 f 0.25 kPa to final values 
I 

of 2% f 0.25 and 326  f 028 kPa k t h e  CV and GT suiq respectively. Vapour pressure gradients 

remined low far a Mod of 10 U) 40 ~ & u ~ * l  fbllowing the haease in ambient om-. .A s- 

of tk bation of the qmm. T h a t a k ,  APd values'nmaiaed relatikly constant with only mimr 

flPctaatioas. Variations in €be onset aad rate of rise of Mcl were evident, howcva, initial and finat teveh 

Itmainedfairfyooasisoent 



Average evaporative rates of tbe six conditions are displayed in Elgrne 2.7. In general, Eel rose I- 

- 
pdually following the elevation in ambient temperaturet bo&mr, 8uctuatioos in E~~ throughbut the $sl 

- 
two thirds of thq exposure in each tontiition as demo- in the representative graph of &l fix the CV/U 

2 '  

wit shown i~ Figm 2.8. 
1 

A represeqtative gn@ of tbe Ecl/dPcl xelationship is Frgure 29, and is typical of the 
d 

bot air expmms. '1n -addition. o line representing the predicted rate as detenntoed firom the 

W c  studies is hlso presented. It is evident f&m that, unlike k controlled fabric evaluation, a &em 

variations in the u)ml thickness of the ~loihing sys tem,~cond~on and hygroscopic ab&tio11. . , 

had been achieved, and are displayed in Tab* 23. Water vqour rcshnas f@r the CV/U and GT/U dts, 

deltrminbd during tbc hot air exposure. were 77.0 f 10.4 d 91.4 f 9.5 rn2 .h -~ - l  rcspstively. This 

rcpnscnts a significant ekvation in Re (pcO.05) during tb suit exposure study as com& to the 

measurements made the Water %pour Resistance Apparatus, with tbe GT/U displaying wnsitently 



DISCUSSION 
* _  

I \ 
\ 

The wiuer vapour resistance of fabrics js of primary importance in the construction of protective 

clothing assemblies for m e  under conditions of elevated ambient temperatures. particularly when 

incorporated in the construction of dry suits, as the transfer of evaporated sweat is limited to passage 
- 

through the fabric. Although many current methods used in the. assessment of Rf allow accurate 
+ 

determination of the intrinsic (minus air layers) water vapour resistance under steady state c ~ ~ & ~ i l s ,  the 

prtsent study ill- the diffaeaces in water vapour resistances bemeen fabric studies and simulated wear 

aials, and indicates tbat the relationship between the vapour pressure developed acnws the fabric and thc 

transnission of water vaponr through the Eabric is not constant during ekvacions in sweat nut in n<Kmal 

wear coaditiaas 

I 

' h e  Water Vapour Resistance Apparatus developed allows for thesimulation of a variei& of 

different vapour pressam gradients developed across a garment during n d  use. Of h e  WrWiWc 

combinations studied, GTN displayed tbe highest nsistance to wata vapour with the CV/U arrd N fabrics 
- 

having Inogressively lower resistances. The magnitudes of the &f values are large and reflect the added 

mismce of air laya. Althougb both Farnwosth and Dolham (1984). and Van Beest and Wittgen (1986). 

have dcvcloped methods for detamining the vapour resistance of 'fabrics in absolute cams, tbcir values are 

repoFtdjn equivalent rnillimetgs of still air malting comparisons of Rf values detamined in this study 
4 

with difficult, however tbe relative diffcraxxs between tabria 
* 

those t n a s u d  elsewbere (Famworth, persooal communiration). Nomex is a l& weave fabric and has 
.X\ 

thus mnch of the resistance measured in this stady wopld be due,to adhering air layas. Performing scwd 

rn2?a-w-l and may be largely attri'batcd to the sensitivity of the VFM. As a result, the present apperaan, 



C 
- 

may be inadequate in the cornpison of w e d  highly 
> .  

, - , -  , 
likely fall within the rmge of accuracy of the apparatus. 

Exposurs to ambient tempaaturcs of 40•‹C simulslcS the conditions 
0 - <  

cackpio (Gribck et d., 1980). Elevation in ambient temperatare was assaciated with a - 
:, 

, 
water v a p v  pressure gradient developed across the suit, which may be 

v 

J 

stmetion, followed by a gradual rise in thk evaporative rate through 
I I 

maximal values. Vapour Flow Muas enable calculation d evapornfive rncs by measuring tke vapour 

prcssurc gmiicnt within the diffusion boundary layer next to dK clothing. Distmbancc of this gradient by 
, 

convective air currents would have resulted in variations in calculated &I. This was likely 4 case as 

. , *  

hmhesl from the slldrc of tbc source of convectidmay be attribuoed to subject movement d& 
# 

to discomfort and rmrest as the heat s a s s  was imp& Improved shielding of the VFM may 8id in the - 
development of steady-state ad @US impae  the plculati~n of l d  WW npa. of ~r '. .. : ..- . 

Throughout the hnd 80-100 minutes of exposure, the relationship between Eel and APcl d i f f d  
I - 

, 

h.om that of, the fabrics asxsscd using the Water Vapohr A* indicating that f& my givenam, the 
. I  

evlporuive nte through rhc c l h g  is less than that predicted from fabric studies mkr s d y  SOP * 

diffaeaces in the clothing versus fabric studies, such as the volume. of air between tbe skin and &tp suit 



Protective clothing *terns typicaily contain a large volume of air between the skin and outa - 

h 

clothing (€mckfred a& RosnMum. 4974; Sullivan et 111.. 1987). termed the mic~~environmerit vdlume 
=' *. - 

(Vd, which effectively adds an hmwd 
- i , 

volume is minimal and is often limited ~k6ess OF the air within the fabric. In contrast, during 

normal wear, Vp will @mi to a huge extent on the •’it, &a&, @ postwe, influmcinq tba hidmess of tbe 

ah layer between saits and between locations within a suit Suits with relatively small mW;.irdnmePt 
- 

volumes @ areas where the clothing is close to the skin would likely display lower water vapour L 

k resistances than suits and regions w b  the thidqss of the air layer is large. Performance of fakdc.tcsts 
F .i 

with varying Vk may lead to flatha understanding of this process, but would require some mqdification to 

0 1 

theapparom;used&thisstudYY - .  

.: . \ Large ~cr~enviroMlent volumes wadd also be associated with an increase in the surf= area of 

the clothing (Ac]) &gh which water vapour may d i f h e  T~IIS, the evaporative rate determined on fabric 
Y 

. 
studies would ovenstimate Eel, These factoff (Vp Aci) may be accounted far by incorporating the ratio"& 

- A 

skin area to clothing. (Lotens. 1988) and the avhge  thickness of the clothing microenvironment 

. . 
by the aosc~ao of c d  ad hy&nwcopic absaptron Water vapour m i l i t y  has been ahown 

' I) _ -  
" 

to decreased in colder environments, due to condensation, with most textiles becoming virtually 



Both heat and wnsfp'an influenced by winbind the pmping effect assdciatka with 
t .  

'3 
moment $ ? o h  i t  d., 19'7% V& a ul.. 19833, and their effkt may be influenced thrwgh factok a r b  

as weight, stifmess, cut a d  fit of thethegarmar. Although wiqd was nM a factor in this study. it is ~ l e a r  
i 

as to what influence the pumping effi@ may have hadbn the resuhs of this study as tbe sensors utilized are" 
' 

* 

dependant on the maintenance of a still airhyer next to ihe clothing: Adc&ae assessmet of windlaid . 
- - i  

T w 

punpingrffens on the resiamce of clothing m w e  vapour may be r u ~ i c t a ~  to direct mcapureGents o f ,  
. ,. - L 

heat exchange using humansubjects (HoIma and Elnas, 1981; Gozalez and Cena, 1985). 
? a  . 
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Table 2.1: 

Table 2.2: 

Table 23: . 

- 
Ten c o m m o a m  of determining tbe \yater vapwr aansnissioa of f ' a .  

Insulative and air vmtilatim charackristics of suit fahicr utilized in the prwent study. 

Methods utilized are outlioed in Appendix. 



Ten coinmon nietbods of detamuM . . g wata vapom eansmission of fabrics. 
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, Table 2 2  

Thermal Reslstanee - Ventllatlon Index 
Suit  Fabrlc (m2 K W-I) (lSters/mln) . 

Nn 

, I  \ Nomet Shtll - 
Neoprene line 7 .30  

Nomex shell 
Insellte IIaer 

3 .41  
Impermeable 

19.20 
3 .41  

Imprrmeable ' 



- . FabricISnit 
GTIU 

Suit 
, APcl Ec 1 Re cl 

(kPascal) (W m-2) (m2 pa W-i) 
3.26f 28 35.7 f 10.4 91.4 f 9.5 

Fabric 
Re I 

(m2 P. W-1) 
67.9 f 5.4 



f 

FIGURE LEGENDS - 

Figure 22: 

. . ' . Figure 2.3: - 
e' 

Water Vapour Resistance Apparatus. Water vapom pressure grrtdient across the - ' 
*, 

Eabriflabric combination was conaolkd throagb vafiaticm in water tempaantn, and . , 
' 

assessed using tuaperahxc and relative humidity sensors below tbc fabric and in the 

ambient cqvkonment. Water vapour diffusion through the fabric was mtasrned &th a 

Vapom Flow Meter positioned on tbe srnface of tbe fabric. 

Principle of meesur#ntnt of tbe amount of water vapour diffPsing through a fabric layer. 

V a p o r a f l o w i s d e t a m i n e d b y m e a s m i n g t h e v a p o u r d e n s i ~ ~ a b o v e t h e s ~  

of the fabric. Tbe diffrrsion process may be described by applying Fick's Law. 

Experimentd set-up for tbe hot air exposme study. Subjects remaiatd seated in a 

helicopter pilot seat suspended within an environmental chambea. Evaporative rate 

thmu* the clahing wm moilacd by merms of vapour HOW ~ e c a s  p o s i t i ~  oa tbc 

arm, chcst and thigh. 

Figure 24: HclicoppairaeWpasorvlelsuit~atilizedintbecamparisonofwacer~resiseance I - of 

fabrics and clothing. Suits consjssed of: A) Gore-Tex and B) cogon Ventile. Both saits 



- 

- 
/ .. 

Figure 2.7: A'3erage evaporative ram &1) through tbe suits during the kot air exposure in. A) 
% 

Cotaon.V~tile/Underwear, aad B) Gon-TexRJaderwear suits. Data an displayed at five 
I 

minute intervals. 

, . 

D 

figme 2.9: Typical.Ecl/APC~ relationship obsavtd during tbe hot air exposure. The straight lim 
8 

kpmam the -tad evaporacivc rate as determined from steady statt assessmat of 

b ' .  





Figure 22: Rincipk of measlaemeM of the mount of water v a p ~ l t  diffusing through a fabric tam. 

Distance 
From 
~abric 
Surface 



I 

> - J  , - 
Figure 2.3: Ejrpaimental set-up for the hot air exposure study. Subjekts remained smcd,in a 

bekopm pilot scat suspended within an environmental chamber. EJaparative rap  
;5 throPgb LIIC clothing was rnoitnnd by means of Vapour Row Meters positiontd m the , - .  

arm, chest and thigh. - = 



. * 

I d l  

' , --. " 
4- . 

. Figure 2.4: - Helicopter aircrew personnel suits utilized in the comparison of water vapo;r rcsl.\hncr of 
, * 

fabrics and clothing. Suits consisted of: A) Go%-Tex and B)  Cotton Ventde. B o ~ h  w t ,  

ark of the dry suit design (seals at the neck, wrist and ankles) and wcrc worn o\cr lorig 

cotton $erwear (C): ' 

' p G o r e t e x  

C o t t o n  Vent i le .  





pnscnted at five m i n d  intervals. 
. m 



Figure 2.7: Average evaporative RW el) through ibe suits during ibc bM ak exposure in. A) - 
Cotton VentikAJnderwe5i~. and B) Gore-Twr/Vndawcar suits. Data are displayed at five % 

* .  
minute inma@ 

_ I f 



Figure 2.8: Repnsntativc cvaparatiyc rate through tbc CVN suit thmughout the bol air exo~me. 



Figure 2.9: Typical &r/APCl relationship observtd during the hot air exposure. The straight line 

rtpresenu the predicted evaposgti~ rate as determined from sfeady state sssessment of 



Temperature a id  Humidity Within the . , Clothing ~icroenvironrnent: Determinants of 

.. Heat Strain 



ABSTRACT I 

> . ' , .  

ro ~ e ~ p r ~ t c c l i v c  clothing, which mates o tAcrmol Md water vapour boma between the sAin and ambient. 
Thru, the tempcratwe a.& hvrnimZy m&ns ofthe ci&hiiig &anviromnt kp and RH& Ghich is 

rkbiu e~vironmcnt a which the'w~rbr is 'exposed, nmy be sig&antly higher than those o f &  bmbicnt . 
, -  - 

air resultin; in &~:irascd Gut loss and thw a higher h& stress us would be predictdd Fomm ambient 

conditions. T k  prepnt study invesa'gates~krence~ bttween @icnt and microenvironmcnt cqnditions 

that m& develop during prolong& ~xposure of ilothed workers to a hot enLirotqmnt, Five rubjec& were 
A .. f 

expoad to a linear increase in ambient tempcr~llure fiom 20-40•‹C ovet a 90 minute p h d  and then 

remained at 40' C for an adh'tional90 minutes. for 0 dtaf u p o w e  t h e  0jl8O minuteq. ~ r u i n g b  

ugoswes subjects w r e  clad in four opes of helicopur personnel suds com&nl~ used by hdwter pilo& 
k 

(Gore-Tu, Colton Venaenalt, NotntxIrrrYIitr and NomdNcopm)):  These s u i ~  ikqwrrsted +suit and 

wet-suit &signs and were constructed @a variety qfd#mmf fabrics. D h g  the exposure, conrintrtius 

~sessnunt was made o f  skin rnnpcriuure and rectal te&otrue. Huinidity and tcmpcmtwe sensor$. 
posirionedS mkfim the sqface ofthe &. enabled assament o f  Tp and RHLI and calcdqt6n o f  water * 

.4 

vap& prcs'~ure (Pd. Results indicate that although microenvimMvnt t rmpe t~ues  w r e  similar amongst 

suits and slightly lower than that o f  the environment, the RHp and PP was &h grder  than t h t  of the 

ambient air. In addition. the NomexJIdire and N o ~ N e o p r e n e  suits s m d  the higkst Pp o f  which _ 

only the NoUXIInsulite resulted in ~ ~ & t k n t . l ~  greater irrcreases in rectal tempera~e due w incomplete. 

covering of the body with the impermeable neoprene component o f  t k  ~ d ~ e o ~ r e n e  suit. Elevation of 

Tp Dbow that ofthe skin and clothing indicases heat production due to hygroswpic ubsoiption. The present 

snrdy obviorcs the uecd w discern bthucen t k  ambient cond&iom and the wn&ions encountered MI to'the , 

skin when protective clothing is worn. Since wering protective clothing a~~emblies will vary in f&ir 

properties of insulation and water vapow pknneability, it is proposed thot conditions w W n  the 

microenvironment afthe suit would enable better prediction of heat strain than indices incorporeting only ' 

ambientvmiobtes. , . 



INTRODUCTION 
. 

Fot workers employed in occupations ranging from deep mining to auospace industrits, devatcd 

environmental temperaaaes cannot be avoided as it is &hex impractical or impossible to m o v e  all a per& 
1 

of the excessive heat from the workplace and the active worker. Low levels of hcat stress produce 

discomfort and Migrrc mrmneley a al., 1978). as the 

(Grether, 1973) and eventually tldhealth pf the worker is jeopardized. It is both of practical ad theoretical 
P 

impoxtame to determine a number of aspects of the effects of heat scnss on the thermal sbain expcrimccd 

by the worker, including: what level 6f environmtntal heat load is associated with thc onset of discomfort, 

prfamanqe dc(padpton and physiological collapse; bow each of these facan mentioned will vky with 

morphological chanrtaistics of those individuals able a resist such impairment s9 thr tolerance limits 

approached. An cssc~~tial prerequisite fm the elucidation of each of these questions is the ability to tpantify 

rbc heat load or 'heat stress imposed upon individuiils. 

0 

Since Houghton and Y a g h  (1923a,b) developed & first index of heat s w  wmed the Effective 

Temperature (EX), therc has been a plethora of shrdies aimed at eithcr supporting their original concept, or 

dsvehping olw indices for spfifii waldog env@m&nts. To date the most commonly used indices of 

heat mess are (for review see Gaggc and~ishi,  1976; G d t z  ct al., 1978; Lee, 1980) tbe R.edictad 4- ' 

hour Sweat Ratc (P4SR)i Belding aad Hatch's H w  S a s s  Index (HSI), Effective Temperatun (El'), 

Comcted Effective T e q a a m e  (€XI'), Wet Bulb Globe Tempaatur& (WBGT), Swedish Wet Bulb Globe 

Ternperatwe Index (SWBGT), and the Wet Bulb Temperature (WBT). It is thcsc indices of hcat stress that 

researchers have used as estimates of the heat load on the individual for the ptrrpose of predicting the heat 

ma& experienced by the wajLer during a normal shik 

bulb), ndiant mp%U~.h (Tg, glob). nlative humidity (Twb, wet bulb) and air velocity (v). An idad 
,- 



index of heat stmrs is one that would include all the e x t d  factws which influence an individual's beat 
- 

balance la additioo to the inhennt diffennces m individual responses. To this extent the above indices are 

inadequate as they do lfot fully account far duration of yposure, type of clothing worn, degree of 

, acclimatization, level of fitrws in n la t i~n  to the physical work load, and physical work rate per se . 

 latha am on: in indumy, work is,performed undu rather varied conditions. Most amlms do npc mdollin a 
4k 

mutant mte of phyJ*al w& (and &us heat pmduction) thnw@*out their &I@ and this varying physical 

i' is often &o;a~d undn &yhg kvelr of heat slresn &gbdut h e  day. 

: Field studies in hot industries have $emonstrated that there may be nb universttl index'of heat 
i 

a 

. strtss, wbich would m c r  tbc i*.t smia of wo& for a wide range of dry-bylb, and g0b~ 
' I 

' tcmprstmcs ( ~ o l d m u i  1988;-Rodahl and ~ u i b c .  1938). Tcva huge degree* tbe ineffectiveness of b 
P 

6 ,  

the mists, mkh and neck and strategically placed vents, and dms being astrictivc m b amount of air 

movement through the suit. Ibis not slaprising therefore, that current heat sbtss indices f& to predict the 

Heat rqmsfc~ from a c l b w  penon can be described using a number of equations. Thcsc are 

commonly simpwed + twg general equations, one for dry W transEer (DRY): 
I 



6 .. 

P L  d 

Dry jmt transfer, that of convection and radiation, is a function of"of the t a n p e m  g e t  

e v a p o r a t i v e b a r ( t r r i n ~ f e r h a ~ o a o f ~ v a p o ~ ~ p a s w c c r ~ ~ l ~ d e n s i i f y g r a d i e n t ~ ~ - ~ ~ ~ m d -  ' 
i 

combined resistance of the clothing and air layers to the diffusion of water vapour (Re). In kncral, md I \ ( 

addition of clothing impedes both dry and evsporative heat transfer through an inamsc id the resistance of 

botb &* .Id trapped air layers. R-t modcls predicting heat srrsi. attempt to account fa flbrc 
4 

/ 

clothing characteristics, as determined using standard hot-plate or manikin techniques (Giavani &Ci 
> 

1979). boweva k m o d c h  arc often im- as tbc effects of air v&ty and wurcr gtivitj m thc ' 

resistance to and water vapour are often difficult to quantify (Holmer and Elnas, 1981; Haslam and-. 
, > 

Parsom, 1988). These factors will. to a large exumt, be detumiaqd by garment weight, stifEness, At, fit,. 
and posture, and sl slrh. a univmal e&ation may be impossible (Brcckenridge and Goldman, 1977). 

Adequate evaluation of clothing perf- may be limited to actual wear conditions as models do not ;, 

 low adequate nimu~tioa of ih~'intrmction between.& human, clothing a& ~lvimunent ( F ~ M  atid p ,  

? 

Hollies, 1970; Holmer and Elnas, 1981) ' 

* b 

For a M y  suited wciker ;ith only the head expo& (relative surface area of the hed isv% 

appm-1y 7%)* 93% of thc body a;fa;s scp will be u m  u, ihc suit.microcnvinwmcnt, that is* 

volume of lit above the surface of thZ'skin but directly be& the suit ( F i p  3.1). kor industrial , 

protective garments this volume may be as high as 50 liters (Sullivan et uf., 1987). A dukticm in the ' 
i 

t - 

~erofb~bhstaodp/am;6pourductofhcddirimofclothin~ma~&ultinabulldu~ofhcumd ' 



, . -- 
' I  I . -  - < 

b .  

0 2 * - 
water vapour within the cloth+g mic~viromcnt,  the level of which will dcpnd oi: ' l), the 

- . -  , -I 

- 5  - b  - + 

Ihc conditions within the mikoeavirooment represeat the me environment to-which the individualb 
b , 4 d r 

1 
t - &  

ex- In coptmt to ambient conditions, which may fairly stable throughout the idweid 
. . 5 

enkimmem (Wqmdat @ wadr p l s c  andad), gemdilia. of the suit micr~tnvironment wmld 
i 

' & t -  

w@ changes in activity lml  of tbc worl;cr a@ possibly dudon of e m  However, few smdu"ha"e 
, , '- 

r. 
dociunented measurements of tbc conditions within the clothing microenvironment Vokac et ul. (1973. 

. x , - 
1976) have dwnonseat#l the efficacy of such m d  in the assessment of the bellows ventihtkb of 

I /. 

clothing and h.(e in- that mi--t nteondiriolu riay be dependant on tbe type of clothing 

microen&nment which .my arise as a result of a heat exposare when wearing a variety of suits 

pvide thamal potection fn tbe dase of emagency ditching, but should m impair pdamarm despite ihe 

loeds. 'Ihe'Ihesuits npresent two differart design concept& the dry-suit and wet-suit principle,'and iacarparate 
I 





, . METHODS 

. . 
Subjects 

.. b 

(mean f S.D.): age, 25.6 f 2.1 years; height, 180 f 5.1 cm; and weight, 77.8 i 8.5 kg. All subjects * - 

- % 

Protocol 

B c f i i  dcmning a suit. subjects were instnrmu~tcd for lhc measurement of rectal t u n d c ) ,  : . 
i . - 

skin temperature USk) and micmnvimament tcmp~atun and relative humidity (Tw aud RNlr).. In 

- ,  

white cloth to reflect any cxttmel radiant bcat The set-up was Qesigned to reduce air movement around the 
. . 

. I  ., . 
subject to a minimum. and to ac.rc a unif&m radiation field (Figure 39. seated, the chamber 

- - 
+. . t i  . . .  

conditions wac maintaided at an ambiart tanpeamm and nlativt humidity of apprroximately 22T and 50% 
r ,  

- 

over a paiod of approximately 90 minutes (relative humidity uncontrolled). The subject then remained . . 



 be &its utilized in this study wae: Gon-Tex (GT), Cotton Ventile (CV). N m d n s ~ ( N I S )  



Instrumentatiok . -3 

' 1 

Measurements of suit & v i r o v t  vm& and r e k k  h&idir*i were obtabd with 

subirate humidity s e ~ n  (Shinyei Htmknt HPR-MQ) and 'thermistots positioned 8mm above me skh ' . - 

madc using i &tal lbcknistor (IS cm. YSI 701. Yellow Springs Instruments). Skin and clothing 
s 

tem~wncmepancd~~d~(~~,chcstnndihigh)vsingbeotfluxwosdueairvith 

embedded thermistors (Thamoactics Corporation). Ambient temperatun and relative humidi~ were 

continwusly measured by a thamistoa (Yellow S*gs Instruments) and a hygrometer (Shinyei Digital 

Hygrometer) respectively. The data was sampled by au HP3497A Data &pisition System (Hewlcu 

Fdckatd). stcxed on a HP9817 computer (Hcwlctt F%ckard) and latcr analyzed using a Macintosh 512KE 

Analysis 

Although continuous monitoring of all variables was conducted during each trial at onc minarc 

intemak, for tbe pwpose of the present study, comparison of data was made during the last 60 minutes of 

the expure when cmditions ~ ' h n  the micmnvironment hsd stabilized. AV&~O skip, cl&g Md 

micz~tnvinmment tempera~e anti microenvironment relative humidity w a e  calculated as ~ i g h t e d  

mtaps of tbe arm. cbtst and thigh sensors. In the event of a ran failure of a relative humidity sawor due to 

possible wetting from dnpplng swea average RI+J was calculated as the mean of tbe two rnnaining sites. 

Csmffarisons of Tp, % ard Pp bttwtcn suits were made by one way analysis of variance f a  npeated 



m m .  In addition; heat straio was as$essed by a me way ANOVA for repeated measures oa the 



% 

- RESULTS . ' - 

of resting values tbe temperatme tbe climatic chamber was increased from 21.4 f 0.5 OC to 39.8 f 

- 
V 

temperature of the chamk was controlled, the inatase in temperaam was awcbcd with a cammitant . 
' ckaase in relative humidity from initial to f d  valucs of 53.1 f 1.1 to 28.1 f 0.2 % respectively. 

B 

LChanga in Ta and RHa cornspond to a slight overall haease in ambient vapour pressun @d from '1 30 to \ 

2.06 kPa possibly due to the addition of water vapour from the evaporation of water from the skin and 
1- 

respiratory of the subject and aaardants. In genaal, the risc in Tp followed that of ambient 

minutes aftez the elevation in ambient temperature. The time at which R.I-$ began to increase varied 

between subjtcts and - lOCElti01~s and may be amibutcd to differwlce~ in the onset 31 sweating. 

The hxcasd environmental heat laad is accompanied by iaaeases in the t e m p a a ~ e  of the air 

within the ciothiag mIcroenvinwment (Figure 35A. Table 3.1). Average Tp far all suits incrcascd from 

31.08 f 0.22 "C to a maximum of 36.26 f 556•‹C for tbe N/N suit. A -"way analysis of variance 
. . mdmid  no obsavad WQUICC in Tp between tbe suiti throughout tbc lam 60 minutes of the expcwurt, 

In coaaast to Tp, tbe relative humidity of air wi- the clothing microwviroament increased 

3.5B). Initial FtHp for tbe CV 392 f 5.1 9) and GT (38.0 f 21 %) suits w a e  mucb lower ban h t  of - 

N/I (56.9 f 17.1 %) and N/N t 9  .8 f 11.9 %) suit% Thtoughout the exposme the N/I and N/N suits 

coasistw* produced the hi- w, yhieving near saMatioa levels of 96.1 f 1.5% and 97.7 f 0.7% 



* "  

A nptescntative graph of Te and T, far tbe draation of the hot air exposun is displayed in Figare 
t - 

- 
M A .  Initial skin tcmperstme was similar far all four suits andbegan to irmcasc in a lhmrfaPhinnatthe 

slightly f a  the first 30 to 60 minutes, rising thaeafter. One way analysis of varianctperformed on thc 
- 

c b g w  in T* ami T, (AT& anti AT& sbov~d eiev- in T& far four suits whcrtas r c c ~  



DISCUSSION 

Tbe experiments simulated, in a simplified manner, a typical situation in which the investigated 

clothing is worn, and suve to illn~tratrc the diffenncas between ambient and rnicrocmrironment conditions. 

Dunng offsbac hclimpvr flights, high radiant heat loads on clear days often r& in cockj& mnpnnrra 

becoming elevated as high as 40-50•‹C (for review see Gaul and Mckjavic, 1987) due to a lack of onboard 

coaling systems. Although it is common to estimate the heat mess on an indi6d;al (and thus predict heat 
1 

strain) by iqcorporating measurements of ambient variables, an individual's thermal condition, when 

wearing industrial pmtective clothing, will ultimately be ducrmined by f d ' w h i c h  hfhncc  the rate at * 

i ' which heat can be dissipattd to t& environmtnt, most notab y the clothing assembly worn. Thus. t y n  if 

a thermal uc water vapom bania wilt & s t m & U y  affect tb ability of an individual to dissipate mttaboiic 

heat, and as such, consi* of tbe characaaistics of both the fabric type and the design of the suit is 

impaativtwhentryingtopndictthe~stFainonanindividual. 

within'a structure desigrW to mhimize air movement and to create a uniform radiant field. This inaease in 

Ta was associated with a declim in RHa from 53.1 to 28.1 96. However, regardless of the identical heat 

loads imposed, the true level of beat s a s s  depended on tbe garments worn. This is evi&nt in the 

sigdkant dCVgtiOD of T= by 1 2 C  wben subjects won tbe Nfl suit as compared to the other suia (ATrt = 
- 

03T). Since Tsk was similiu in all conditions, and assuming thrd da skinwascompletely wet (a nalistic I 

- 

assumption cunsidexhg that most suits w a e  completely sanrrattd from sweat) then it would be rtasonabk 

to assume that mck all conditions tbe gradicnts for the transfer of heat and water vapour were similar. . 
However* the additional heat sass impcwed by tbq N/I suit must be due to iocreased tbamai or water 



The concept of clothing microenvirwmcnt (or microclimate) was emphasized by Bimbamn and 

Crockford (1978) in an aaunp to qwtify be effsts of clpthiag vektilation. Althwgb the voltyk of tbis 

f i  
microenviroament may be insignifhat in thin tight-fitting garments, in the case of outdoor rcmA01181 

et al., 1987). Thus bre exchange of heat and water vapors between the skin and environment does mt oecur 

M y ,  but rather indirectly via this m i ~ v i r o a m e n t  

Despite the diffemnces in suit design and construction, the temperature within the 

microenvironment was similar for an suits, suggesting that the resistance of the fabric and garment to dry 

heat transfa plays Ett& role m tbe tbennal status of the wtara QPing hot air exposures of this magnit&. 

However, analysis of the component thtrmal gradients indicates that the temperature of the 

iE 
miaoenvircjnment is gtcater than that of the skin and outa layer of the suit parficplarsy during transient 

inatasts in Pp (Figure 3.7). This indicates that tbe source of heat must be other tsan the skin or ambient 

f 
air. In addition to the transfer of dry heat, tanpaamre changes within a clothing system may also occur 

the vapour prcssun (P$ within tbc clothing system becomes equivalent to the saMation vapour pressure 

high, resalting in elevated Pp Wa if Psat is reduced, as would be expected when ambient tanpmmc is 

low (Fslrnworth, 1986). In this study the elevated and thus PCrt developed initially witbin the N/I and 

N/N suits, may result in COadtL1S8tion andheat likemion t h e l o w e r s a t a r a t c d v a p o m ~ a t  

has been demonstratcd f a  fabrics (Woodcock, 1962; Farnworth, 1986) and garments (Nelbach and 



4 

Herrington, 1942; ,Vokac et al., 1973, 1976). It is clear that rising temperatures and relative humiditits 

within the clothing 'micmenvirotremt would allow for appreciable hygroscopic absorption to take pface - 

throughout mucb of the d u d &  of the exporn, thus contriiutiiag m the elevated mi-vircmment 

tern- ' R 

- to nfiaoenviffJmnent temperatures, $e relative humidity and thus water vapour pnssurc 

of air within the p t  differed considerably between suits. Most interesting in this study was 

tbe effect of sait design and &auction on the miaoenviroament conditions. The clothing a s s c m ~  

mcorporared a variety of At designs (wet-suit aad dry-suit) and fabric properdes. Although suits of the dry- 

Suit dwign w d d  h i t  the path of difhrsim of water vapour to that af the fabric only, the d r y - s d  "- 

of its high rapom pam&i&y the CV suit teaded to maintain the lowest Pp throughout the duration 9f 

tbe expawe, iadeed, the cndcxposorc Pp was similar in miigpiaade to that produced after only 30 minutes 

of exposan in the impermeable N/I snit. Only the NA suit, whose Insulik layer provides a ugtp vapour 

b d c r  throughout thb whole suit with exception of the neck, wrisfs and ankles, demonsaattd a sipficant 

elevation in nctal tempaaaPe (12•‹C). This is in conqast to tbe N/N suit which had similar Pp values as 

be N/I soit, howeva, the ATm developed by the weanrs of this suit was minimal (0.3"C). It is assumed 

thattbeareasof thebodynot~~vcredbytheneopnaeintheN/NsrritOegSa?msandhead)waceffectivein 
'4 

permitting sufficient evaporative cooling to maintain body con ternpaatme, as would be expected 

considering the relatively high r e g i d  sweating ratts of these regions (Hmmm et af., 1952). and, the 

lowe wata vapomvapomresistaace a•’fndtd by the Nomex fabric abne W1c 3.1). Similarly, the nported high 

water rapomrapompameability d tbe GT snit also &Wtd maiatenance of sscceptable levels of Pp. In contrasf, 

To date, few measurements bave been made of the conditions within the clothing . 
ent. Both Holma and Eluas (1981) and Sommaville (1988) deoennined the v a p o l ~  darsity 



cx pressure next to ihs skin while wearing a variety of protective clothing8sscmbIies. In both cases 

m a w m z m t p w e ~ s m  for the prapczsts of calculating the water vapour resistance of gannenk albhough 
* .  

umpsMonr based on vspour p m s m  were madc.~~olmer and Elnas (1981) dccslmiad vapoy Ff- 
* 

4 

pressnn next to the skin (Psk) hdkctly by measuring PO2 and calculating Psk according tcr gas laws. In 
- 

their mcasurcments of a 2 piece b e n t  (jacket and trousers) constructed of impamcable and Gore-Tex \ 

t rainwcar thcy demonstrated vapour pressures approximately 35% lower than m the piesent study with the 

im-eable suit producing%'huch gtatez build up of water vspour. Sommerville (1989). using mass 

- spectroscopy also showed slightly lowa values than those demonstated in this study with no differences '. 

At between dry-suits c o n s ~ t e d  of Gore-Tex or Cotton VentiIe. The lower values demonstrated in these 
r 

the low wam vapan resistant fnbdu ufilired by Sommervillc (1988). and the use of a 2 piece de&n of 
d 

suit studied by Holmer and EInas (1981) which would allow for greater ventilation of the clothing 

Dcspite the di f f~c l l c t s  in fabrics and &signs utilized in the constmction of thc suits in this study, , # 

there wen no diffuerrcc~ between tbe microavironment temperatures of the four suits and also no 
,& 

differences in ATsk. Such a similarity between suits emphasizes the importance of water vapoqr 

permeability as opposed to insulation in accounting for the higher dew of heat sbtss imposed on the 

I 
tempcratum, it is anticipated that an increase in radiant heat load would have been reflected in further 

. ,  
ekvaths of T~ and %. 

~tis~thatman~amm~tloevslustcrmdpndietsuitpaf~inhotenvironmenu.~~ 

apprabcbes exist: 1) incarporate the fabric propatics into indica of heat stress, and 2) directly determine tbe 

true en- cunditio~bs to which an individual is exposed to, that of Tp and Rl$ Tbc incorporatioa 

of fabric properties into indices of heat ares is advantageous in that it would allow the development of 

sophisticatcxl models with which manufacturers could predict the paftxmnce of a suit based strictly on 



fhbric properties, expected ekvimnmenul heat loads and the range of possible sweating responses. 

However, lhe cum gns currently,&iug utilized in consauction -8 dry-suit 

designs, wet-suit desi gically placed vents, and regional variations in fabrics utilized would make 

- such an attempt difficult. It woukl be more appropriate to determine suit performance by directly 
- -% 

evaluating the conditions within the suit. There &a number of advantages to monitoring the conditions , 

within the clothing micmenvironrnent. The advances in miniature electrical hygrometry may allow the 

possibility of pemjul monitoring under ;actual working conditions. she effects# suit design and activity 

can be determined by actual measurements of regi'ooal variations in Tp and lU$ In addition the results 

from humsn studies may assist in the confirmation of accurate simulations in sweating manikin studies. 

-- lo maclusiw. tbe pesat study emphasLes the q4ed m dismn between the ambient conditions and . - 
the conditions encountered next to the skin when protective clothing is worn. Since differing protective 

, clothing assemblies will vary inAhdr propaties of insulation and water vapour permeability, it is pmpojed 

that conditions within the microenvironment of the suit would enable better prediction of heat strain than 
\ 

indices incarporating only am les. 
1 
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TABLE LEGENDS 

Table 3.1: Thermal rtpistance, water vapour resistance and air ventilation of the fabric layers 
incorporated in the construction of the suits utilized in this study. 

Table 32: Microenvironment, clothing and skin temperatures (OC), and microenvironment vapour * 

pressure @Pa) detemined utilizing the Cotton Ventile (CV), Gore-Tax (GT), 

Nomex/Insulite (Nm grid NomexiNeoprene (N/N) suits (average of final.60 dutes). , 
\ " 

Chaage in skin aud core templaare weretJdet&nhed as fuul v a l w  minus i n i d  rrsring L 





Table 32: Minoeavimment, clothing and skin &peratures (OC). and miaoenvironmecnt vapour 

pressure &Pa) determined utilizing the Cotton Ventile (CV), Gore-Tex (GT), 

- I 1 Suits (mean f S.D.) 1 

ATs k T 
C V  GT NI NN . 

3.05 f 87 2.85 f .65 3.45 f 5 0  . 3.26 f .83 
ATre T 
Tsk T 
Tcl T 
TP T 
P p  kPa 

0.29 f .15 0.23 f -18 1.21 f .43 0.39 .39 ' 
34.17 f .39 34.20 f .17 34.73 f .19 33.81 f .63 
35.13 f .68 35.14 f .66 35.71 f .57 35.09 f .44 
35.46 f .61 35.75 f .61 36.10 f 2 7  36% f -56 
4.34 2 23 5.11 f 1 - Z68 + .I2 5.83 f .21 

. 
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FIGURE CEGENDS A 

Figure 3.1: 

Figure 3.2 

- Figure 3.4: 

Diagramstic nprcstntation of the 6-clothing-environment systan indicating ambient 

and miaoen- conditiotions and the flow of heat and water vapwr. 

D'_ 
" representation of the experimental set-up utilized in the hot air exposuns. 

Subjects were in a hekopm. pilot suit suspended in midcbamber by a metal 

Helicopta pilot suits evaluated in this study. Suits werc constuctcd oE A) Gore-Twr; B) 
Cotf~n Ventile, C) Nomex/Insufite; and D) Noma suit worn ova  a neoprerse shorty 0. 
Cotton Ventile, 6-TCX and N o m e x . t e  suits wen all born over cotton henna1 - 03. C -- 

- 

~ y p &  respoase of b o t h h a t  and average mIcroenvirmUnent tmperapaes and relative 
- 

humidities. Solid and opcn symbols represent ambient and rnicrotnviromnt variables 

respectively. Spam repaesent tempaattne wheaeas circles q m m t  relative humidq. 

Gore-Tex, l + h w k & t e  and N o a w N m .  A) T-, B) ~clative ~mnidip 
- - -  

- - -  - 

and C) Wam ~tqkiii ~csane.-&k& nprerau statistical die- (pc0.05). Dm 

artdisplaycdat5minuteintarals. 

a) Repsa~tative time series plot for skin and rectal tcmptiaMcs during the 180 minute 

expome. b) Change ih skin temperatures and rectal temperaMe obsavbd for subjects 

wearingtkfourklmptcrpilotsuits. I " .  

Temperature~gradientshe~ t8e skin, microenvironment and ouvr suit layer during 

k s i a ~ t  incrcrrres in ambie-nt temhraturc. Microenvironment tcmperaanes elevated 

above both skin and suit suggest the liberation of heat via condensatiwt and hygroscopic 
T -. I I 

0 



Figure 3.1: Diagramatic representation of the skh-clothingenvironment system indicating ambient- 

arsd miaotnvironment conditipns andhe flow of heat and water cur. 
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figure 32 
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.w 

Diagmmatic representation of the experimental set-up utilized in the hot air exposuns. 

Subjects were seated in a heIicupter pilot suit suspended in hdchamber by a metal 
t 



,. - 
Figure 3,3 Helicopter pilot suits evaluated in this study. Suits were wnstucted of:. A) Gore-Tex; B) 

Coton Ventile; C) Nornex/Insulitc; and D) Nomex suit worn ovcr a neoprene shorty O. 
cotton Ventile, Gore-Tex and Nomex/Insulite suits were all worn over cotton thermal 

underwear (E). 

G o r e t e x  Nomex/ lnsu l i te  U n d e r w e a r  

C o t t o n  Vent i le  - Nomex  N e o p r e n e  shor t ie  



Figure 3.4: Typical respaase of both ambient aid avesage rniaoCnviroMlent tempaa~es and relative 

humidities. Solid and open symbols represent ambient and microenvironment variables 

respectively. Squares represent temperahue whereas circles npestnt relative humidity. 



Figure 3 3  Micmviroament conditions within the four protective suits studied: Cotton Ventile, 

Garc-Tat. Nomex/Insulite and Nomex/Neopnne. A) Temperatwe* B) Relative Humidity 

and C) Water Vapour Prwsun. Asterisks represent statistical differences (pc0.05). Data 

are displayed at 5 minute intends. 
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Figure 3.6: a) Representative time series plot for skin and rectal temptratures during the 180 minute 

exposure. b) Change in sLIn temperatures andtectal temperature obsetvcd for subjects 
I .wearing the four helicopter pilot suits. 
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F i p  3.7: Tern- gradients between ibe a, $noenvimment and mte? suit layer during 

mimieat incnases in ambient tcmperaturc. Microenvironment temperatures elevateti 

above both skin and sttit spggest thdibemtim of heat ~ C O R d e R S 8 h  andhygmscopk 

abso@on. 

b 

Temperature ('C) 
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In the pssi indices, ufilized for tbs quantification of heat sasd in ;ndunly, haw mli* pimnily 

on measures of ambient variables such as air temperature; vapour pressure, globe tensperature and air 
* 

velocity, and only in some instances are the characteristics of the clothing considered, usually in t ~ m s  of a 

a& estimate of the resistance of thb garment to dry heat transfer. Hoycver, the complcx nature of 
45 

industrial protective clothing has led many researchers to conclude that there may bc no universal index of 

heat . stress as these gapnents crea&e a thennal and water vapour barrier between the skin and ambient air, 

creating conditions within the clothing microenvironment wwhich may differ substantially from thc ambient 

air, and which will depend on the garment design and the fabrics utilized in their construction. .In many 

industrial applicadons, where elevated ambient temperatures mnnot be avoided, heat loss fmm the body will 

be limited to the evaporation of sweat and its subsequent diffusion through the clothing layers, and srr such, 

the mi~~environmeM conditions will dapcnd to a large extent on the water vapour resistance of the fabrics, 

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

The present thesis represents one of the f h t  auempts to assess the conditions within the clothing 

microenvironment when wearing a variety of commercialy available helicopter pilot suits incorporating a 

variety of design concepts in addition to a number of water vapour permeable fabrics. Evaluation was 

performed during a hot air exposme which simulated, in a simplified manner, the conditions encountered ' 

within a hellcoptea cockpit during a normal flight in summer conditions, and the water vapour resistance of 

fabrics was detefinined on an apparatus developed at SimonFraser Univasity which utilizes Vapour Flow 
L 

Metas (VFM) developed in Japan. 

Vapour Flow Meters allow calcutatian of local evaporative rates by measuring the .water vapour 

gradient within the diflFusioa boundary layer next to the skin or fabric layer. In contrast to sweating 

rate, a measure of the effector response to increased heat loads, evaporative rate is detamined b y , k  rate at 

which sweat is produced the conditions of the ambient environment and the presence of clothing which, 



v i r t t ~  of its coasauction, provides a banier to the &ion of watei vapour. Local sweating rates are 

ncmnally sssessed using a ventilated capsule technique whereby sweat is forcibly evaporated by passing dry 
4 

1 

air over the skin smfacc and measuring the resultant hmase in water vapour density of the air. However, 

the presatce of the sweat rate monitor, may &lay the detection of secreted sweat due to the lower sensitivity 

of the system and f d  dxying of the skin. In contrast, due to the unique design of the Vapour Flow 

Meter, which minimizes interference with the narmai swearing and evaporative processes, accurate 

determination of I d  evapmarive rates can be &. 

The small size and simplicity of V a p w  Flow Meters enable their application in the evaluation of 
L ' 

water vapour resistance of bbrk. The vapour permeable gannents assessed in this study were cansoPcted 

( C W  and GTAJ). The water vapom nsistance values determined in this study using a fakic model reflect 

similar differences between fabrics obsaved in otbcr laboratories, with &ex displaying relatively low 

resistance and the GT/U having the higher resistance of the samples stndiad. However, similar 

measurtmenrs made on the fabric dming ncxmal wear in tbc hot air exposure trials of this study revealed 

significant ~~C~CIISCS in water vapour resistance which may be primarily &buted to the ndditional 

resistance of still air layers of the mknxnvironment, the effects of which must be considered when 

attempting to extrapolate the results of fabric models to normal wear conditions. 

\ 

In general the micmemvironment vapour pressure, developed within the helicopter pilot suits 

during hot air exposure, reflects the water vapour nsistance of the fabrics utilized in their constmtion, 

with rht microenvironment air of the more impermeable suits (Nomex/Insulite and Nomex/Neoprene) 

displaying near complete saturation (closc to saturariion vapour premm of the skin). However, the 

ipamncc of suit design is evident as only in the Nomex/lnsulite suit, whose impermeable insulite layer 
N 

. is- maqmatd thugbout the entin suit, do signiiicant elevations in rectal temperature occur, whereas 

bsurrc of th incomplete merage of the ocoprcne layer in the NomexINeuprene suit subjects do not 

experiu~cc d u e  thermal &. Assessment of microcnvirment conditions could be improved, 



- 

'particularly for suits like the'~ome~x/~eo~rene which incopraterevq&ble fabric types, by including 

measurement of microenvironmefit conditions throughout the entite suit and by weighting each 

measuremataccQlrlingtosrnfacearea. 

For the purpose of this study, analysis of heat strain was made in terms of changes in core and 
0 -  ' 

skin tern-, however, - heat strain may also be evaluated by assessing psychomotor performance and 

perception of t h e 4  comfort. Although thermal comfort votes were not administem, subjects wen 
b *  

required, as part of another study, to perform a variety of pkychomotor performance tests ran&g from 

simple reaction time to computer controled tracking both prior to, and, during the final minutes of each 

exposure. For all suits analyzed-in this study, there wefc no "observed decrements in performance 

throughout the three hour exposure suggesting that despite elevated corn tempemoms observed when 
- a b 

wearing the ~oiex/lnsulite suit, pilot performance may not be impaired. However, cpnclusiond this 

effect would require assurance that the tests performed were sufficiently sensitive and that they adequately 

evaluate &Ormance. 

C 

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

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

with relatively high resistance to the tmmmkioai of yater vapour, is requked. 



APPENDIX A: Calibration Procedures ? 

The Vapour How Meters (WW) utilized were constructed of two thermistors and two substrate 

relative humidity sensors housed with& a plexiglass capsule (Figure A 1). The design of the VFM is based 

on the origmal work of Lamke et al. (1977). which has been improved for the purposes of this study by 

Kakitsuba (1982). The new design consists of an open wktruction in five faces of the plexiglass chamber 

in order tl, minimize the effect of the capsule height on b e  normal vapour density distribution abave the , 
.-. 

surface of the skin (or clothing). In this thesis, the VFM was utilized for three puqmes: 1) in the ' 

+ measurement of the evaporative rate from the surface of die skin (Esk), clothing &I) or fabric (Ef); 2) for 

the determination of water vapour pressure bebw and above the falnic (or garment) to be utilized in the 

calculation of the vspour ppssure gradient across the fa&c(APf) or gdment (UcL); and 3) for the 

assessment of conditions within the clothing microenvironment. 

Vapour Flow ~ e $  calibration consisted of individual calibration df the thennistors and relative 

humidity sensors within each VFM and finally comparing the evaporative rates measured with the VFM 
. 

against the changes in weight loss observed from a petri dish of water. Initial calibrations for the 

thermistors and relative humidity sensors, prior to use in the hot air ex ures, were performed by the 

manufacturer (Shinyei, Japan). For the pmpose of the fabric studies (perf r rmed a f m  the hot air exposures), 

rbc: sensors were recalibrated at Simm Fraser University, the procedures of which are d e s c n i  here. 

Calibration of Thermistors 

Thennistcas were calibrated within the Environmental Chamber (Tenney) in the ~nvironmentai % 

\ 1 

Physiology Unit at Simon Frasa Univwsity. TemperaMes within tfic chamber wae varied betweea 20 and 

40"C, in S•‹C increments, to ensun accuracy within the en& range encountered during the experimental 



pn>cedures. The t h e m i a m  remained at each temperaturt for 30 minutes in order to allow far complete 
- 

equilibration, and the output voltages were recorded within 0.1 millivolt by means of a Daia Acquisition 

System (HP 3497A. Hewlen Packard) and a mi~ocomputer (HP 85, Hewlen M). The voltage wexe 

subsequently compared to values recorded from a standard mercury thermometer (accuracy f 0 . K )  lodpl 

within 5 centimeters of tk thermistors being c a l i i  Linear least squares ngmsion k Y s i s  as then f' 
performed by means of a Macintosh 512KE m p t e r  (Apple). 

Calibration of Relative Humidity Sensors 

com elecwde baseplate coated with a humidity sensitive mataial. The r- 
. ,  

value of the 

midd elslrode varies with changes in rektive humidity as pa exponential hnrtim. Hardware povided by 

the i%nanufacturer allows liaearization and temperahue compensation of the voltage signal obtaiaed from thc 

sensor. The relative humidity sexyon havc an operating range of 20% to 99.9 96 with an accuracy off 1 % 

6LH and display good stability in extreme conditions. Ibe only major disadvantages of these sensors is the 

erroneous signal produd wben the sensor is m contact with liquid wafer (eg. sweat dripping on the scrwx), 

and the rather slow response to extremely rapid changes m relative hmdity, a displayed in Figure A 2  In 

this figure the response time of tbe sensor is shown whea relative humidity surrounding the sensor was 

either instanfmemdy increased from 30% - 90%. ar demasd from 90% - 30%. 'Ihe figure indicatw that 

the sensor may not become stable at the new cquiliium relative hmnidity for at least 4 minutes for an 

instantaneous relative humidity change of 60%. and, that the response time far dccreascs in relative 

hmnidity are slightly greater dun for similar incrtases. 

The c a i i i o n  method for the relative humidity sensars udlized in this study is similar to ttk onc 

descrii  by Brengelmann n d. (1973 and by ~xiining aadlturgem (1983). In this mehod the dudrcd 

relative humidity is obtained by matrolled mixing of gas streams, ooc dry and one 10% samrucd 

-\, 

11 1 



I , (Figme k3). Nitrogen gas (5 liter~.min.'~) was dried by passing the gas through , drierite aftex which it was b 

directed to two braoches. One gas saeam was bubbled through a 500 ml erlenmya flask filled with distiued .. 

water. To ensure &at the gas was saturated, water within the bottle was held at a constant elevated 
-- 

temperaaue, of 4S•‹C. The gas $as thenrpassed through a 1 liter capacity bu•’fer bottle which'enabled . * 
. * .  

coding of the gas and dampened fluctuations in air flow, dh? @ buppbling. Tbe dry and saarrated air, after , . 
I .  

passing thrmgb a flow mem (h 7262. Mathesw), &re mpgcd in a plastic 'Yn. tube. and tbenpwed - 

directly to a container housing the reuve h u m i w  sensors. Relative humidity was then manipulated by - - 

4 
/ 

/- 

varying the - of dry aud samraredgas flow, the effluent relative h ~ & g ~ ~ i i & a U y  equal to the 

percentage of satlrratuf air flow ih the mlxbd stream. 

saanued flow rate 
RH= totalflowrate - 

Following the c .  l x o d u e ,  a linear least squares regmsbn analysis was performed using 
L 

a Macintosh 5 12KE computer. 

Comparison with weight loss from . . a dish of water 

After calibrafian, the W s  were mounted above a petri dish of water, positioned on a scale 

VFM wae p W  within a cadward protective hoasing to minimize trm3s dnc to the influence of air 

velocity. Values for dudat& maporative rates from the water (Ew, ~;m-2-rnin'l) were compared to 

average weight lora pr minutZ (AWL g m - 2 ~ ~ ~ 1 )  to enr*m that the cal- ratn &ing tbc VFM were . 
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The mcasurtmunt of bamal mjaance of &fabric (R3 was detenniaed using a guarded hot-plate - '-p 

-@SF749 modi6ai drom Gilling ct d. (1972) acu@& tocunent axeped stanbards, - _ 
- 

- 
- - - - - - - -- I 

Apparatus 

cylinder (diameter = 15.4 cm) by a dynamic flow heating system (~eto, ~e-1. Six rubber hoses 

(diamcta = 4 an) circulated wata co&auously between tbc supply c o a a h r  and the cylinda. 'Ihn, hascs 

supplied water to inlet tubes loc+ed at opposite ends of the cylinder* 3 cm from its bottom. Four outlet 

tubes, situated at equidistant points afarmd t l g  cylinder* 5 cm from the mterhl-cyliader interfaces were 

camctcd by hoses to the wata supply f a  recirculation (see Figure B.l). Control of the tanpaature of the 

Determination of thermal resistance involved placing the fabric sample (diameter = 15.4 cm). 

sandwiched beween two layers of Smm neoprene of LMlwn thQmal resistance; above ttrc guarded hotplate. 
I 

Coppa~~~l~tantaa tbamocouples w a t  placed centrally at esch faBric interface and the tunpaanin of ttle 

warn bath was inawsed and subsequently held ccmsmnt at 400C. Thamocoaple t e m p c ~ ~ t a r ~  wen r#;orded 



Calculation of thermal resistance 
I 

- The equation for calculating the thermal x e s i k x  of a fabric is anahgous to Ohm's Law: 

.where: 

. . HFf = beat •’low across the fabric (w-rn-2) 

ATf = temperaarregradient aaoss the fabric (K) 

Rf = thermal resistance of the fabric (rn2.~.W-1) 

In this method, HF is not detkrmined directly, but rather calculated from btowlsdge of the thennal * 

- 

resistance of Neaprenc, the reference fabric @ref). Ooce the system has reached equilibrium it is asstlmed 

that heat flow through both the fabric under study and through the reference fabric are equal @Ff = HFrCf) 
1 

such that: 

Rref = thermal resistance of the neoprene (referefrce filkic) which has bcen 

~ v i o a s l y  measured to be 0.116 rn2.~-~-1. 

Rcont = contact resistance of the thennocouples which has previously been 



. . 
. %  , 
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APPENDIX C: Determination of the Ventilation Index of Fabrics 

The measurement of VentWon Index of clothing (Q.1, ~ i t ~ r n i n ' ~ )  was orighlly conceived and 

developed by Birnbaum and Crackford (1978). The index estimates'the rate of air exchanged through the 

garment fabric and openings, utilizing measurements 0f1 suit microenvironment volume (VF liters) and ~e 

time constant Or, min-l) for the exchange of a trace gas between the clothing microenvironment and 
0 

L\ 
ambient air. The contribution of each pathway of air exchange can be determined by evaluating separately, 

the venrilatim index of the fabric alone (VId and the garment (&L). 

Fortheassessment of VIf,an apparatus wasdesigned, basedm tbe concepr&vel 

and Crackfmd (1978). to allow the detamtnatlon . . the air penneabii of tbe fabric using oxygen as the trace 

gas (Figure C.l). A 15em diameter fabric sample was securely clamped on a cylindrical plexiglass 

container, the contents of which was then flushed with pure N2 to eliminate all 0 t h  gases within the 
9 

container. Once the N2 flushing was terminated, both the inlet and outlet valves were closed, and the 02 

&tion (FCQ) within the microenviroament of the chamber was then continuously sampled, and the rate of 

rise af Q in the container determiaed By knowing tbe volume of the plexiglass chamber (Vd, VIf can 

be determined by the algebraic c a n b h a b n  of Vp aod the rate constant (ko: 

(Iiter~min-~) [C. 11 

k f = time constant for diffusion of 02 through the fabric (min-1) 



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

p a c h w a & h i y  through tbc fabric. should be equivalent to VIf as has been shown to bc the case 

(Uekjpic and Sullivan, 1988). 
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FIGURE LEGENDS 

I 

Figure k l :  lhgmmahc representation of the Vapoar Flow Meter showing the two thermistors and 

two substrate relative h d t y  seasmi housed within a plexiglass capsule. . , P 

Figure A 2  Time colast of the substme relative humidity sensor in response to a step change in 

ambient relative humidity from 30 to 9096 and additionally from 90 to 30%. o 

Figure A3: Schematic nptesentation of the equipment set-up utilized in the calibration of the 
dx&atc rtlative humidity sensors. Regulating the ftow of dry and saanated nitrogen gas 

Vapour Flow Mcfm with ev8p0rative rates as determined by the average rate of weight 



- 

Figure B.l: Apparms used in the determination of thermal resistance of fabrics. A constant 

temperature of the hot plate was maintained through continuous circulation d heated 

water, allowing ealcularnn of thermal rcsisrarrc by m&mt of thc tern- dmp 

Figure C.1: Apparatus used in the detennination of Ventilation Index of fabrics. The rate of air 

exchange is evalt~atcd by continuous monitoring of the hcmtsc in O x y p  concentration 

.within the plexiglass chamber following Nitrogen flushing. 



two subsnate relative humidity sensors housed within a plcxigh capsule. 
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Figure A 2  Time course of the substrate relative humidity sensor in response to a step change in 

ambient relative humidity from 30 to 90% and from 90 to 30%. 
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Figure A.3: 
C- 

* 

Schematic representation $ b e  equipment &up utilized in the calibration of the 

substrate relative humidity sensars Regulating the flow of dry and sahPated nitrogen 
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Fig& B.l: Apparatus used in the determination of thermal resistance of fabrics. A constant 

tempcrawre of the hot plate was maintained through continusus circulation of heated 

water, allowing calculation of thermal resistance by measurment of the tempera- drop 
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Figure el: Apparatus used in the determination of Ventilation Index of fabrics. The rate of air 

exchange is evaluated by cantinuow monitoring of the hcrcase in Oxygen concentration 

within the p h i g h  chamber following Niuogcn flusking. 
. 


