
PREDICITNG THE COMFORT OF NONWOVEN BARRIER FABRICS 
INEXTREMEENVIRONMENTS 

R. L. Barker and S. S. Woo 
Department of Textile Engineering, Chemisuy, and Science 

North Carolina State University 

INTRODUCTION 

also used as insulation materials in apparel worn for cold weather protection. For these end-uses, nonwovens must 
possess a diverse and often conaadictory set of propties: they must pmvide a barrier against external environmental 
agents such as bacteria or body fluids, or they must prevent the penetration or permeation of banious chemicals or 
vapors. Nonwovens used in cold weather apparel must insulate against the. loss of body heat that can result in hypo- 
thermia. The essential protective properties of nonwoven fabrics frequently conflict with the need to provide acom- 
fortable thermal environment for the wearer. Failurc to provide a comfortable thermal environment is a serious deE- 
ciency since some materials, including surgeons' gowns and chemical protective suits, are worn in hot and humid 
environments or where the wearer is engaged in strenuous activity that produces excessive amounts of body heat and 
sweating. At the other extreme, nonwovens used in cold weather clothing must prevent the loss of body heat while 
reducing moisture condensation that can lead to a deterioration in cold insulation performance and discomfort asso- 
ciated with sensations of wemess or chilling. This research demonstrates new and highly useful laboratory prm- 
dures for measuring the heat and moisture transfer properties of textile materials. An analytical model is described 
for predicting the thermal comfort of clothing systems from laboratory measurements. These. tools WCE used in a 
program that analyzed the comfort performance of specially selected groups of nonwoven barrier fabrics exposed in 
hot and humid or exuemely cold conditions. The effects of parameters related to heat and moishlre transfer are 
examined: The effects of fabric type, skin conditions, skinclothing configuration are reported for single and multi- 
layer clothing ensembles. This research produced a deeper understanding of thc role of wicking, absorption and 
condensation phenomena in the transfer of heat and moisture through single layer fabrics and through multiple layer 
dothing ensembles. The observed correlations among objective and subjective measurements of thermal comfort 
phenomena provide verification of the comfort models developed by this program. 

METHOD 
The thermal analyzing system consists of three parts: an environmental control chamber, a sweating hot 

plate component that simulates the skin or body, and a computer analyzing system. 

Conuol of environmental conditions. Tabai ESPECs Platinous Lucifer Model PL-2G. programmable low 
temperature and humidity chamber was used to produce artircial environmental conditions. A skin simulating 
guarded hot plate, or sweating hot plate, was placed inside the chamber. The chambcr conmolled temperam in the 
range -40-100°C, and humidity in the range 30-98%. Air currents were varied from 0.12 to 0.36 m/sec. 

Simulated sk~ 'n models. Thermal resistance and thermal conductivity were measured, using a specially modi- 
fied Thermolabo Kawabata thermal analyzing system [l]. S i m u l m u s  heat and moisture transfer was measured 
using a sweating hot plate featuring simulated sweating glands supplying water to the heated surface at the rate of 
0.0024.2 ml/min. per gland. The water flow was conuolled using a peristaltic pump. Three skin models were used 
to simulate dry, dry/space and wevspace conditions and clothing configurations. A fourth model was used to 
simulate skin panially wet with sweat. 

hygrometers were used 10 measure temperature and vapor pressure levels on the simulated skin surface, between 
fabric layers and in the ambient air s m u n d n g  the test ensemble. 

RESULTS 

woven fabrics. We used simulated skin models to determine uansfer properties at diFferent levels of temperature, 
humidity, and air velocity. This allows us to examine the relationship between nonwoven structure and heat and 
moisture transfer properties related to comfort. Laboratory predictions of comfort are correlated with subjective 
ratings of warm/cool and wet/* sensations. 

CONCLUSlONS 
The predicted comfort zone for nonwoven barrier fabrics can be extended to include environmental tempera- 

tures several degrees in excess of skin temperature (34°C). The factor of fabric design most influential in extending 
the range of the comfort zone, as indicated by predicted maximum tolerable environmenlal t e m p t u r e ,  is the ability 
of the nonwoven to transmit moisture vapor. Ow research confirms several previous studies [2] that have shown 
that structural features, not the component fiber, are the most important controllers of moisture vapor diffusion. 

An imponant end-use for nonwoven fabrics is in surgical gowns and chemical protective clothing. They are 

Dismbution of heat and moisture in clothing svste ms. Micro-thermocouples and thin film micro- 

We analyzed the physical and srmctural propenies, as well as the heat and moisture uansfer, of various non- 



Our results also indicate that the pperiies having the greatest impact on combined heat and moisture transfer an 
fabric thickness, fiber volume fraction, optidpomsity, airpemeabfity, and moisture diffusion. Key s!mctmal 
proper&% are conmlled by the type of nonwoven, post treatment and the presence of impermeable coatings 01 films. 

E " M E N T A z E F i ? E C T S  
Envkomenml variables including air velocity, ambient tempratme, and humidity significant affect heat and 

moishln iransfer h u g h  nonwoven m a t d s .  The rate of heat and moisme fxansfer through most nonwoven bar- 
rier fabrics is proportional to the square rwt of air velocity. In highly porous materials, heat and mois- m s f e r  is 
proporiional to the square of the wind velocity, due to the effect of wind penemtion though low density samples. 
Thermalreskance increases with dmzasirng ambient ternpeature. Ifthe skin is dry, m v i r o n m d  humidity has 
ody a slight effect on heat transfer though hygroscopic materials: the higher the relative humidity the greater the 
heat transfer rate due to the increase in the moisture regain of the fakric. If swearing is involved, heat bansfer 
decraw with increasing ambient humidity, due to the lower potential for evapaative heat loss to the environment 
The d e w  to which humidity affects heat aansfer d-n& more on the strucmal proropeides of the fabrics than the 
hydrophilicity of component fibers. 

F.iTECTS OF SWEATING 
Our experiments show the effect of sw&g OA the evaporatve heat aansfer thmugh nonwoven materials. 

They show that evaporative heat loss increases in propriion to the area of the skin that is wet with liquid moistme. 
They show thar the tern- and vapor pressme meaSund in the air layer between the skin and fabric surface are 
lower over the dry podon of the skin than over the wet fraction, when the sldn is p d y  wet with sweat The 
difFennce beiween &gs of tempeiabm and vapor pnssun made over dry and wet regions of a simulated skin 
sudace decreases as the moissure penneation resistance of the nonwoven fabric increases. The buildup of t e m p a t m  
and vapor pmsm in the microclimate over the dry fmcEion of the skin surface is undoubtedly one e x p H o n  of 
why impmeable materials generate a sensation of weaess in clothing wear. Wicf ig  occurs readily in hydmscopic 
nonwovens in contact with a wet simlllaled sldn smface. Liquid water nansport by wiclcing of m o i s m  condensed 
in fabric layers is far less likely to OCCUT, simply because sufficient water is not accumulated h u g h  condensation to 
initiate c q 3 k y  !mnspor& The wicf ig  of water fmm the skin surface accelerates heat aansfer, primariry because it 
increaw &e effective evaporating area 

EFFECTS OF CONDENSATION IN COLD WEATHER SYSTEMS 
We per€omed experiments to determine &e effects of moisture condensation in a multiple fabric system in a 

cold weather environment One system examined consism3 of a semipermmble outer layer nonwoven fabk, &re 
t h e d  ins&&g layers, a highly permeable Mnwettabk nonwovea and a highly absorbent next to the skin layer. 
Thermaltransferwasmeamredforan extendedperiodbefore, dwingandafterrhesimdalion ofswdng. Datashow 
thatthe v a p q x e s m  beneath the semipermeable outer hbric rzaches a samation level w i t h  a few minntes after 
onset of sweahg. The me of heat dissipation reaches a maximum in about 10 minutes and steady-sfare conditions 
exist for several horn afier sweating has stopped, due to the accumulation of excess sweat The tempera- and 
energy loss through the cold weather system drops sharply after the skin surface dries. This tempamre drop lowers 
the samtion vapor pressure and causes moisture to condense with the insulating layers. In a cold environment, 
wawcondensed beneath the outer fabric layer &zes to form a thin layer of ice. This phenomenon lowers the 
effective insulation of cold weather clothing systems. 

SUBJECIWE TESTS 

msfer propexti.% conelates with subjective comfort rating given in a simple test devised by this research. These 
experiments show that the sensation of w m t h  or coolness is associated with skin tempembe and the thermal 
energy dissipation raE. The importance of the next-to-skin layer in clothing comfort was confirmed A wet or 
smlngly hydmscopic next-to-skin fabric layer produced sensations of coolness in a wam/cwl subjective rahg. 
Wetldry ssbjective comfort correlates with the water vapor pnssun measund on the skin surface. The higher the 
peqimion,  sweahg or ambient humidity, the less the feeling of comfort associated with wetness. 
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