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ABSTRACT

Thermal resistance is a¡r inrportant property of a textile

asserrbly formed for use as a cold-weaËher outergarment. IË is useful-,

therefore, to measure the thermal resistance of Ëextile material-s

r,,ñieh can be used successful-Ly to form such an asselrbly. The presenË

research r¡ras so designed to study thermaL resistance of single-,

double-, and triple-layers of coLton-, wool--, polyester-, and multifiber-

batts. A guarded hot-plate apparatus was used following a modification of

ASTM Method D:1518. Thermal conductivity measuremerits were made on batt

layers alone and on batt layers sandr¡iched beËween nylon- and cotton-

Tdstfabric, under 7 g/em2, L4 g/cmz, and 2L g/cmz pressure level-s of

: compression. Data r¡rere sËatístícally analyzed as two - 3 X 4 X 3 analyses
I

i of varÍance. One analysis was made on batt J-ayers alone and the second

on the fabrics and batts in combínation. Sígoificant main effects were

obtained on both anal-yses for the three factors - multiple layers of

batts, fiber type of battsr and pressure levels of corupression. The Ër¿o-

r,tray interactÍons beËween these facÈors r¡rere also found significant índicat-

Íng a need to consider facËors as they interrelate Ëo'obËaÍn optimum

thermal resistance. A Ë-test showed no significanË difference between

mean, Èhermal resistance values for batt layers and fabrics and baËt layers

in combination. The resuLts r{irere correlated wiËh and explained in view

of previous research findings. CorrelaËion coefficients and nultiBle

regression equation constariËs were calcul-aËed and discussed to reinforce

both staListical and non-statistical- infe.rences giyen.
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Chapter 1

INTRODUCTION

Cold-weather outen^rear is concerned basically with minímizing

thermal stresses imposed on man by Ëhe envíronment. InsulaËing abílity

is Ëherefore of prime consideraËion for assemblies of texËil-e materÍals

to be used in cold-climaËe outenrear. Since parts of Canada are sub-

jected to these cold extremes ín temperature it 1s useful to measure

Ëhe thermal resistance of single- and nultíple-layers of textíIe rnate-

rial-s that can be used to form such an assembly in order to find the

best possÍble combinaËíon of textil-es useful as an insulator ín col-d

weather.

Traditionally, protection agåinst the cold environment has

been provided by garmenËs made from fabrícs of great thíckness and

heavy weight giving rise Ëo consíderable discomforË to the wearer. The

modern trend is Ëo use lightweíght fabrics Ëo provide adequate r^rarmËh.

The goal of achieving warmth wiËhouË weighË has been difficult

in the pasÈ. However, today, fibrous batËs, made from loose fiber sËock,

tend to serve the dual requírements of providing warmth and 1ow weight.

Batts are used successfully as insulation fillers because they are low

in density and therefore provide low thermal conductíví ty. Ilowever, the

sËress-strain propertíes of batts are such that they cannot be used alone

for many. Èextile applicatíons in which mechanical properËíes are impor-

tanË. Ilence the need for sandr¿iching batts between fabrics.

The problems of improving thermal resístance in outer¡rear have
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been investigated. Belding (5) , Fourt and Hollies (13), Monego et al

(2O), and Morrís (22) considered the thermal resistance of fabrics,

foams and lanínates, and fabríc assemblíes. Baxter and Cassie (4)'
' '.:.

BogaËy et a1 (6), Frederick (11), and tr'Ieiner and Shah (30) studied the ::.:::

therrnal resistance of síngle layers of fíbrous batts. However, studies

whích specifícally examlned thermal resistance of urultiple 1-ayers of f1-

brous batts or of assemblíes containíng both fabric- and batt-layers were 
l,i.;,,,,
i;t,t,t , '

not for¡nd in the published IiÈerature. Since a cold-climate garment'
ì'.,.i ''-

today, contains a combínaËion of fabríc- and batt-layers it may be re- i'.' .'

levant and índeed worthwhile to investigaËe thermal conductivity of

asserrblies that resemble such a garment. In addition, it may be worth-

whíl-e to examine wheËher theories documented for fabrics, foams and

lamínates, and síngle batt layers apply simílarly in the study of fabric-
)

i

Purpose of SËudy. 
,

The purpose of Ëhis study r4ras to gaín an ínsight into Èhe ín- i

fluence of the physical properties such as ËhÍckness, pressurer and fi-
,.,i'.'

. :.. :t,:_

ber Ëype on thermal resístance of selecËed fabric-batt assembl-ies, and l',' .

ch of these propertíes are most significant in Èerms of ., 
:

thermal- insulation of an outen'7ear ga:rnent,.

The specific objectives of this research were:

- 1. To determine the effect of three layer-combinaÈions of i.,:,.:-
i.:::;":'

batt.s on thermal resistance for selected fabric-baËt assemblies.

2. To determine the effect of four different fiber types of

baÈts on thermal resisËance for selected fabrÍc-batt assemblíes. :
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3. To deterrrine the effect of three differerit pressure l-evel-s

of compression on thermal resísËance for selected fabric-baËt assemblies.

4. To determine the ínteracËion effect of these factors - mul-

tiple layers, fiber type, and pressure level, on thermal resisËance for

selected fabric-batË assemblíes.

5. To gain an undersËanding, based on the results of the

sËudy, to recömmend an effective fabric-batt assembly for cold weather,

Lirritations

The besË design for this sËudy Ì^ras to obtain batts with sim-

llar characteristics - weight, densíty, packíng facËor, porosity; for

each of the fiber types used ín the batt construction. Due to the Ín-

herent differences in fiber properties, however, it r¡ras noË possible to

obÈain baËts r¿iÈh these specifications. Manufacturer pracËices involve

keeping one property of the fibrous ba.tË a consËanÈ, ê. g. weight or

densiËy. The oËher properties wil-l- vary according to the fÍber type

conÈained in Ëhe batË. Generally speakíng, the coËton-' wool-, and

pol-yesËer-batts had sÍmil-ar characteristics r¿hile the multiftber batt

differed.

DeffniËion of Terms Used

' For the purpose of Ëhis study terms relatíng to the fabric-

batt assemblies and thermal- and air-holdíng properties of the textile

materÍals were defíned.

The first türo terms describe the make-up of the cold-climaÈe
garment, and the next five terms describe Ëhe heat transmit-
ting properties, while Èhe last term descríbes an air-contain-
ing property of ,a texËil-e maËerial-.

ll:i;:ì:'::.

i :."r



BaËt Laver-C.ombinaËion. An assembly formed from either one-,

two-, or three-layers of baËts made from ¿trty one fiber type.

Outerwear. An assembly composed of either síngle- or multiple-

layers of batts sandwiched beÉween a nyl-on outer-fabrl-c and a cotton

liníng-f abric.

Conduction. The power to transporË heat from molecul-e to

molecule by eollisfon wherein the molecules exchange theÍ-r kinetic energy-

the flow of heat through a medír¡m wiËhout actual physical transfer of

material (15).

Thermal Conductivity. The rate of heat. flow across a unit

area of a material, Ëhrough a unít Ëhickness, under unit temperature

gradient - heat transfer through maËerials by conduction (2)

Thermal InsulaÉion. ThaË property by virtue of which a ma-

terial can resíst heat flow (2).

Thermal Resístance. The ratio of temperaËure difference

across a ther-mal path to Ëhe rate of heat flow along Ëhat paËh, under

steady-state conditíons of heat flow (2)

Optirnum Thermal Resístance. The maximum thermal- resistance

value obtainable with the use of an insulatÍng material.

, Porosity. The ratÍo of the volume of air or void conËained

within the boundaríes of a maËeríal to the toËal volume, expressed as a

percentage (17).

r- l- -



Chapter 2

REVIEI^I OF LITERATURE

Prevíous researchers have identified a number of factors which

effect thermal resisËance of a given textí1e assembly. Among these fac-

Ëors are the still air held wiÈhín the assembly, the thíckness of the

fabrÍcs contained withín the assembly, pressure exerted on the assembly,

æd, the influence of the constítuent, fibers of the assembly. The ef-

fect of each of these factors on thermal resísËance of a given textile

assembly is reviewed in this chapÈer.

Effect of Air on the Therma]- Conductivitv of a Textile Assemblv

Aír held by the constituent fibers and the aÍr layers forned

between the fabric layers will effecË the thermal conductiviËy of a tex-

tí1e assembly.

Aír Held bv Fibers gf a Textile Materi.al

Thermal resistance of clothing fabrícs can be aËtributed to

the amount of immobilized air eontaíned wíthin the fabric strucLure.

Fourt and ÌIollies (13) and Rees (25) explained that fabrÍcs are a mix-

ture of air and fíbers in which the fíber domínates by weight and visi-

bility, but the air dominates by volume. At leasË Ëwo-thirds of the
:

volume of al-l clothing fabric ís air.

Iibers in a fabric entrap air because fibers have enormous

toËa1 surface and air clíngs to a solid surface (17). A fabrie composed

of many thousands of fíbers r¡ill therefore act to slor.r dor^rn air move-

menË and heat transfer by conveeËion. The amounË of entrapped air r¿ill

depend on how closely packed the fibers are Ín the fabríc. Carded-cotton

'.:-,.-.:. a:':
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fibers, æd wool fibers, because of their natural crimp, provÍde an

open-structured yarn whí1e silk and conËinuous filarnent man-made fibers

auËomaticalJ-y produce tightly packed yarn. rn Ëhe latter, only the yarn

surface is avail-able for ímposíng drag on air movement. Kaswell (17)

reported Ëhe most densel-y packed wool fabric contains 607" ai-x and 4O%

wool-, r¿hil-e the most densely paeked coËton f.abri-e contains 207" air and
I

B0% cotton.

Therrnal conductivity of fibers in comparison to i4mobilízed

air has been investigated (518,9 )L5,25r28). Rees (25) pointed. out ther-

mal conductívity of clothing fabrics is one and one-half-to Ëwo-times

greater than stíll air. Thermal conductivity of all textíle fibers was

found ten-to Ëwenty-t,ímes greater than still aír. Crow (9) reporËed

thermal conductivíty of a fíbrous pad wlth denslty equal to 0.S g/cm3

was six times greater than still air.

The recognition of the role of still al-r in providing the best

thermal insulation in cl-othing fabríc was important to the study and

development of thermal resístance in cloËhíng. The thernal resistance

of a textile materíal was found to improve by simultaneously increasíng

its thickness and d.ecreasing its bulk densiÈy in order Èo increase the

vol-ume of air that, can be contained in the material (6rBr9rZLr25).

Pierce and Rees (24) establlshed thermal resl-sËance of a low-

density fíbrous mass used as âD insulation filler in outerwear to be

sim:ilar to that for sËill air. They foun'd that either a decrease or an

increase in density of such a fibrous mass causes a decrease ín therural

resisËance. This decrease ín Êhermal resístance vras found to be by

i :',': r':1:
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different mechanisms. By reducing Ëhe densl-ty of the mass increased

convectíon within and radiation through the mass of fibers decreased its

thermal resistance. I^líËh an increase in density thermal resistance of

the fibrous mass was again reduced due to Íncreased Ëransfer of heaË by

conduction through Ëhe fíbers.

AÍJ LaJerg Formed Betrnreen Fabric Layers of a TexËíle Assernbly
l

StudÍes have shown that Ëhe accuracy of thermal resÍsËance

measurements for ,textile asseriblíes is affeeËed by the amount of íurno-

bílized aír contained between Ëhe fabric layers. Siple (28) reported

optímum thermal resísËance of an assembly was reached when the air

layers were 0.67 mrn thlck. Burton and Edholn (8) gave the value to be

12.7 mm. Beyond this point, BurÈon and Edholm found there was no more

gain Ín thermal resístance for the assernbly. This was credÍted to the

devel-opment of convecËive currents which move more freely as the aír

space beËween the fabric layers becomes wider.

Morris (22) found a greaË amount of air was held vriËhin a tex-

tíle assernbly in which poor contacË was made between fabrl-cs due Ëo rough

or irregular surfaces. The reverse vras found for assemblíes made of fab-

rics wiÈh smooth surfaces. Morris concluded accurate esËimates of ther-

mal- resisËance of texËile assemblies could be obtained by adding the

values for the individual layers only if they have smooth surfaces. Ac-

curacy of Ëhermal resístance values for assemblies of fabrÍcs possessing

rough or irregular surfaces would depend on measuring the thermal resj-s-

Ëance of the texËile assembly as a whole. These resulËs may suggesË per-

haps Èhe volume of air per unit area pïovides a better basis for estimatÍng



thermal resistance for a urultíple of fabric layers.

Thickness of Textíl-e Materials

Fanger (10) poÍnted ouÈ thermal resisËance of a given texËile

assernbly intended for cl-othing purposes is dependenÈ upon thickness and

porosiËy of the individual fabríc layers forming the assembly. Sínce

variation in porosÍty,ls found only moderate in textile materials in-

tended for clothíng purposes, thickness was established as the more lm-

portant property. Aellon and Broqm (1), Frederíck (11), Ilorn (1-5)'

Morris, G.J. (2L), Morris, M.A. (22), and Weiner and Shah (30) are ín

agreement with Fanger. FourË and Hollies (13) believe, however, weighË

of Ëhe texËile maËeríal aË a gíven thickness, reÊention of thickness

under pressure, and recovery of Ëhickness on release of applied pressure,

ín ways needed for clothing, are properËies which are perhaps more ím-

porËant to the understandíng of Ëhermal- insulation of Ëextile maËerials

than is the thickness - thermal resisLance property alone.

Many invesËigaËors have observed Ëhat there is a linear rela-

Ëíonshíp between thermal resístance and thickness of textile materíals,

whether the varíaËíon Ín thickness is obtained by testing a range of fa-

brics with varyÍng thíeknesses (1r13 r2Lr25r29), by adding successive

layers of fabric (13r22128), or by altering Ëhe thickness of Ëhe texËile

maËeríal by changing Èhe pressure per unít area (6 rLOrLzrL7rLBr3O).

Speakrnan and Charnberlain (29) reported an increase in thermal

resistance with an increase ín thickness'of textíle fabrics they tested

to thicknesses of 1.4 rnm. Baxter and Cassie (4) gave the value to be

9.9 mr. Beyond Ëhis thíckness measurement BaxËer and Cassíe found the

l .::tr':: j
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slope of the thickness - thermal resistance curve fell off Ëo become

horízontally asympËotic (Figure 1).

Aelion and Brown (1) found good. correlation between thickness

and thermal resist¿mce. These researchers found Ëhe relaËionshíp be-

trnreen heat loss and thickness of texËíle fabrics tested could be ex-

pressed by a hyperbolic-shaped curve as shown in Fígure 2.

These studíès might suggest that a l-inear relatÍonship rnay

exist beËween thíckness and ther¡nal resistance measurements for textile

fabric layers and texËile assembl-ies, however, Ëhis relaËionship cannot

be assumed beyond lírnits of thickness measurements recorded for textile

systems Ëested.

Pressure Applied to Tex-Ëí1e Materials

A Ëextile fabric has no c1ear1-y defined surface, and conse-

quently, measuremenËs of thickness must be taken under a definite pres-

sure, ideally the pressure to which the fabric would be subjected Ëo ín

use. Researchers (6 rLLrLzr17r30) have aceepted the fact that thickness

of a textile material is a functÍon of applíed pressure and have sug-

gested .that pressure 1evel be specífied whenever discussing thickness.

This ínterdependence between thickness and pressure level was for¡nd true ' '

not Òn1-y at relatively high pïessure levels required to compïess the

Ëextil-e material to a thickness oL 2.5 mm but also at l-ower pressure

levels, as found by Rowlands (27).

Larose (18) considered r¡hat takes place r¿hen a fabríc is being

compressed. When fibers in a texËile fabric are subjected to pressure

Ëhey must taken on ner^r positions and in doing so slip pasË other fibers

F!ìirì.ì!: ::a+i: ;r.::-1



i::t.'..t:.Íìtl':l

l_0

õo
()
o

(J
(u
Ø

c!

'-
lrJ
(J
z
FI
Ø
trJ
E
J

E
trJ
Il-

)..

l.!

TH ICKN ESS , mm

Figure 1. Relationship Be.tween Th:ickness
Off to Be.come H.orizontal_ly AsyrrpËotic.

and The.rmal BesÍstancq Falls

:ri.



11

()
o

c,(l)
Ø

N
E

E
c)

U)
ØoJ
k
IJ
:tr

r:: -:..,.:.:.'..' ..:'.. j :!

|.l jr ,- :-. :

;r.

Eigure 2. Relationship BeÈween
a llyperbol-ic-Shaped Curve.

THICKNESS , mm

Thickness and Heat Loss Expressed as



72

t:.'- '-t 1'. ,: : .;

-'i¡:'::

at certaín points of contact. This gíves rise to frictional effect,s.

The number of such contacËs and effort requÍred to overcome the fric-
tional force will inerease as Èhe fabric becomes denser.

For f.uzzy fabrics of wool-like character the decrease ín

Ëhermal resistance with pressure is counterbalanced by a change ín the

arrangement of the fibers in the fabrfc (6). The overall_ thermal re-

sístance will remain essentÍally unaltered, therefore, even at hÍgh

pressure levels. Decreases ín thermal resistance wiËh pressure ís ap-

preciable for smooth fabrics of combed cotton-or synthetic-fÍbers, how-

ever' since fíber arrangement in the fabric undergoes on1-y minor changes.

Researchers have examined the effects of applíed pressure on

thermal resistance of textíle fabríc- and batt-constructions. Frederick

(11), Fourt and Harrís (12), and trIej.ner and shah (30) found irnposed

.pressure reduced the thickness of these texËile constructions, r¿hich in

turn' red.uced. theír thermal resÍstance. Severe wear and excessive con-

stanË compressíon applied can al-so frequently lead to appreciable tem-

porary or permanent reducËion ín thickness

The abilíÈy to wiÈhstand compressÍ.on, therefore, ís a major

criterion for the selectÍon of fabrícs and fibrous batts for use in an

effectÍve cold-weather outergannent. A number.of researchers (6r11r14,

20rll.r24r3O) recognized since batts are more compressible than conven-

tional texËile structureb, and sínce thermal resistance of fÍbrous batts

ís more or less proportional to thickness', batt thermal resistance could

be reduced under certain use-conditíons. Also, these researcheïs recog-

nized that batts made from one fiber type could provide better thermal
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resistance than baÈts made from another fíber type due to inherenË dif-

ferences ln stress-strain characteristícs for different fibers.

Constituent Fibers of Textíle Materials

Several- researchers (6r9r10 ,LLrL7 r24r25r30r31) have demonst.rated ..,,:'r,,"'.,'.,r,'.: - .

the Ëhermal conductivíÈl-es of different Ëypes of fíbers are basícal1-y the

sa]ne. They concluded, therefore, ËhaË fabric- and batt-thermal resis-

tance is largely independent of the chemical nature of Ëhe constituent ,' ',', ,,,',i'
l:::.: :...r.; .

fiber. Fiber arrangement and fiber-form are tr,ro aspecËs of fibers de- " '.' 
.

',:t,.-.¡:,:t:,:,t-;:,..

scribed Ín the literature as ínfluencing thermal resístance values 'i""'i':""',.

BogaËy and co-r¿orkers (6) showed thernal resisËance of a fi- 
l

brousbattwasgovernedbyfíberarr¿mgementaSwe11asbythíckness,

TurÈher, researchers established thermal resistance of a batt ís depen-

dent on the randomness (7r30r31) and direction (619111) of the fiber

arrangement. 
,

In the above studies , a parallJlel fiber arrangement gave a 
i

highertherma1resistanceva1uethandidadÍsorientedfiberarrange-

. merit. Also, fibers oríented ín a dírection parallel, rather than perpen-
., :,t.,1: I;:t.'::'

dieular, to the direction of the baËt surface produced ímproved thermal ,',.':'-:'ri ''::':r;:::
t,,.,,.-r.-.,.,a,'1,

. resisËance. Thís was credíted to the fact t.hat alternate layers of fi- ,,,,.,,.j,,,. 
':,.',,,,.,

bers, and air could be maint,ained r¿iËh the parallel fÍber arïangemenÈ.

Frederick (11) discussed the l-mporËance of the ínfluence of

the fiber-form on thermal resistance of fíbrous-batt construcÈions. i,:,.,,rr,.¡:...¡:.,,.
. . _ ,.,..:.,.i,

Both fÍber díameter and fÍber shape were idenËified in effecÈing the com-
.

pressional resilience of the batt construction, and hence thermal resis-

tance values.

1_3
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Improvements have been made by increasíng the slze of the fiber

diameter in order to red.uce the abílíty of the fiber to bend. Also, fi-

bers Ín a batË construction should be oriented in a direcËion parallel
:': :'. : :r 'to the direct,ion of the appl-íed eompressive force to obtaín opËimgm com- ',:',i,',',r,,

pressíonal resilience.

rederick (11) consídered the use of helix-shaped fi.bers in .:
improving lofËiness of batt consËructíons. Also, he d.emonstrated Èhe i''.". ,.','1.,

i ,,'.-'','.'
value of crÍmped sËaple-fíbers over straight fÍlament-fibers e4p1-aining , , .

Ëhat a low coeffÍcÍent of thermal conductivíty of a bat.t construction i,''''.;ìt,

cou1dbeobtainedbyb1.endinganrixtureofhígh1y-crimpedst,ap1efibers

Frederick (11), Kaswell (17), and. Rees (zs) examined compres-

sional resílience of some natural-, regenerated-, and totally syntheËic-

fíbers. Throughout their examinaËions, wool fíber possessed the greatest ,

loftiness and greatest abiliËy Ëo retain l-oftiness. This was attribuËed r

1

to the natural crimp of the wool fiber. Regenerated- and totally syn-

thetic-fibers, sínce they are more uníform along their length, fiËted

closer together and therefore produced a less lofty fibrous mass.

found a r^rool fíhpr-mecq nôcqêce ittitttlt.Morton and Hear1 e (23) found a wool fiber-mass possessed a 
,1,,r,,.,., .,

higher percenËage resílience than a poLyesËer fiber-mass, after severe : ',,-' ,.:"
-. .i': i

pressure conditÍons. In addition, these researchers notíeed the poly-

ester fiber-mass maintained. a pecuLiar crushed appearance after the

compressive force was removed. They believed thís to be a result, of ii:lir
1:-i':__iil

straining the polyester fibers beyond elastic lirnits at poinËs where

Ëhe fibers crossed one another.

The above studíes suggest that differences in therrnal

L4
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resísËance values for textile fabrícs and batts could be atÈributed to

Ëhe mechanical propertíes of Èhe eonsËítuenË fiber, ín particular, Ëo

thel-r resiliency.

The sËudies discussed ín this l-íterature review have provided

the information that iuunobilized air entrapped ín a texËile systeno,

thickness of a texËile system, pressure applied Ëo a. textÍle sysÈem,

æd, the fiber contained in a textil-e sysËem, each can exhíbiË restrainËs

on thermal resistance of the textíle system. Further, and perhaps most.

important, these st,udies have shown that Ínteractions between the above

factors need to be considered and und.erstood when meeËing requírements

for optimum thermal resistance.

'.:.^ ::.:



Chapter 3

E)GERIMENTA], P ROCEDI]RE

The present research investigated Ëhernal resl-stance values

of fabríc-batt assembl-ies containing single- and multíp1-e-layers of

batËs sa¡rdr^¡iched betr¡een a nylon outer-fabríc and a cotton f-ining-fabric.

The thermal resístance values of the sf-ngle- and urultiple-layers of

batts were also studied. The factors investigated. were four fíber types

of batts, three pressure levels of compressÍon on fabric and baLts,

singl-e- and nultíple-layers of batts, and some physical properties of

batts. BaËË- and fabric-batt-assemblies r^rere mounted between a hoË- and

co1-d-p1ate uritil- thermal equÍlíbrium of the sampLes üras attaíned at which

time thernal conducÈívity was measured. Information about the baÈËs and

fabrics, preparation of test specimens, apparatus and procedure, and anal-

ysis of results follow. All testíng \ras conducted ín a testing aËmosphere

of 25 t ZoC artd 42 + 4Z RIi.

Sel-ection of Textlle Materials

BaÈts

I Three baËt types each contaÍning either cotton-, wool--, or

polyester-fíbers and one containing a nr-ixture of various fibers were

chosen for thÍs sËudy. The selectÍon was considered representative of

those batËs available for use in the make-up of col-d-weaÊher garments.

The batt suppliers and their addresses are listed ín Appendix ttAtt.

BatÈs were selected on the basis of almost similar porosíty.

Fabrícs

Nylon rAntron Taffetar, style 11316, and cotton 'Prínt CloËhÎ,
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bleached, 80X80, style ll4OO, were obtained through TestfabrÍc Incorpo-

raËed, New Jersey, and were used. as outer- and lining-fabrics, respec-

tivelyr during this sËudy. Testfabrícs r¡rere chosen sínce no specifica-

tíons exist for the sel-ection of outer- and lining-fabric for use in

cold-weather garment constructíon. A1-so, TesËfabrícs are free from

special finishes r¿hich might effect results of the stud)¡.

PreparatÍgn qf TexËíle Specimens for Experímental Use

Seventy-two 254 mm X 254 nun samples rúere cut from each of the

cotton-' wool-, polyester-, and nultifiber-batts. since it was neces-

sary Ëo place equívalent assemblies of one-, tT¡ro-, or three-layers of

batts on efËher síde of the guarded hoË-plaËe for any one test, each

assembly being held between a cold plate and the hot plate, these assem-

blies were cl-assified as paÍrs and acted as one t,est specímen throughout

the study. Randomly chosen samples of each fibrous batt were arranged.

into three sets for testíng.

Twelve batt-layers were divided ínto three groups containing
four batt-layers e.ach. Each group of four baÈË-1-ayers r¡ras
assigned Èo one of.7 gf cmZ, L4 g/cm2, or 2L E/cm2 pressure.
The four batts of èach group were divÍded ínto assenibl-ies
containing one batt-layer each. Each batË Layer was mea-
sured for thickness at the gíven pressure, weight per uniË
area, densíty, packing factor, and porosíty. Two assem-
blÍes were classified as one paír.

Twenty-four baËË-layers were divided into Ëhree groups
contaíning elght batt-l-ayers each. Each group of eíght
batt-layers üras assígned to one of 7 g/cm2, L4 gfcmZ, or
2I g/snZ pressure. The eight batt-layers of each group
r¿ere divided into four assemblies containing two batt-
layers each. The Ër¿o baËt-layers hreïe measured as one
for thickness aÈ the given pressure, weíght per unit area,
density, packing factor, and porosity. I\uo assembl-Íes
were classified as one pair.

1.

2.
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3. Thirty-six batt-layers were divided int.o three groups coit-
taining twelve batt-layers each. Each group of twelve baÈt-
layers was assigned to one of 7 g/cmZ, L4 glcm2, or 2L g/cm?
pressure. The twelve batt-layers of each group were divided
into four assemblies containing three batt-layers each. The

, lhree batË-l-ayers r¡rere measured as one for thickness at the .. , ,

given pressure, weight per unit area, densit.y, packíng fac- ' ' '

tor, and porosity. Two assemblies were classified as one
pair.

The fabrics r¡rere pressed líghtly with a cool íron to obtain a

',, fl-aË surface. One-hundred and thirty-two 254 rnrn X 254 mm samples rüere i1..,"..,.

..t.:. 
.

cut'fromtheny1.on-andcotton-Test'fabrics.Thesesamp1eswerechosen
' :. t:

at random, r¡rere measured for Ëhickness at Ëhe given pressure, weight t':"::'i

The coded nylon outer-fabríc and the cotËon lining-fabric treïe then

I paired and placed on either síde of each esËablished batË assembly to

forrn a fabrÍc-baÈt assembly.

Pressures exerted on the fibrous batt. assernblles and outer- i,

and líning-fabrics, in this sËudy, hrere selected in accordance wíth ASTM

D:L777r 1970 requirements. Actual test-size of the specimens was 152.4 mn

X 152.4 mrn. Due to the.naËure of the measurement.s of physícal properties ,,.,, ., ,... . , 
._..

,: :..,;......tequired for the batt- and fabric-samples, however, it was necessary to ,.,..,
..: .: .:

cut the test specimens 254 rrwt X 254 nrn. Af Ëer measurements of ËhÍckness l ',"""'

at the gíven pressures, weight per unit area, density, packing factor,

and porosity fibrous batËs and Testfabrics were cut L52.4 mrn X 152.4 rmn.

De.termination of Phvsical Properties of Textile Specimens i,',,;,1.1:.:..ir.:

The procedures used to measure'batt- and fabric-characteristics

are enumerated below.

l-. Thíckness aÈ a given pressure \¡ras determined according to
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, ASTM (1970) Designation: DL777. A Custon Scientifíc Instrument Low

Pressure Gage, with a 19 mm dianeter anvil and a 76.2 mm diameter pres-
,')2

sure foot under 7 g/emt , L4 g/ cm¿ , ar.d, 2L E/cm¿ pressure r,sas used. Four

1 thickness measurements r{ere Ëaken for each batt. assembly and for each

nylon- and cotËon-fabríc 1-ayer. In order that these four thickness mea-

suremenËs did not overlap, on any one test sample, fabrics and batËs

', were cut to a size larger than actual tesË-size.

ing to CGSB (1971) 4-æ-2 Method 5.4-l-958. Single- and mtrlËiple-layer

assernblies of batts and each layer of nylon- and cotton-fabric, cuË

)
254 nat-, were weíghed on a SarËoríus Automatíc Preweightng Balance.

3. BaËt density was determined (17) following the relaËionship:

Batt Density, g/cm'=

4. Fabric density was determined (17) followíng the relation-

ship:

Fabríc Density, g/"^3 = #ð'.-"^ FabrÍc Thickness, cm X 101000

5. Batt packing factor T¡ras determined (17) following the re-

1atíonshíp:

BarË Packing Facror = **-#: Fíber Density

6. Fabric packing factor was deterrnined (17) fol1-owing the

relaËionship:

tr'abric Packing Factor = Ë*#ïH#-
7. Batt porosiËy was determined (17) following the relationship:

Batt Porosity = 1 - ÞLl-oensilf-r - Fiber DensiËy
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B. Fabric porosity was determined (17) following Ëhe relation-
ship:

FabricPorosity=1- Fabric Densitv
Fíber Density

Tables 1 and 2 provide the results of the measurements of
Ëhickness, weight, density, paeking factor, and porosÍËy of the selected

fibrous baÈts and TestfabrÍcs

Description of Ëhe Guarded iloË-plate Apparatus

A guarded hoË-plate apparatus for measuring Èhernal resístance

was used to determine thermal conductivity of the batt- and fabric-batË-

assemblies. The guarded hot-plate was origínally designed for use wíth
thick materials of high thermal resistance and was thus similar to the
rNational Research Council of Canada, Automatícal-ly Controlled, l2-Inch,
Siurplified Guarded Hot-Plate Apparatus | . The apparatus T.ras adapted for
textile use by scaling dov¡n the plaËe psseurbly frorn l2-inches to 6-ínches

to correspond to Ëhe lower thicknesses of the baËt- and fabríc-batt-assem-

blies. Tests r4rere carrÍed out accordíng to modified method ASTM (1972)

DesÍgnation: D1518 equípped wirh the 6-inch hot plate desígned specíf-
1cally for textile use. A photograph of the apparatus (plate 1) includes:

1. An auËomatic self-contained. control system for Ëhe cold-pl-ate
I

temperatures (extreme left-A) .

2. The rnain control system for the hot plate (center-B); also

knornrn as the central heater.

3. The plaËe asseurbly consÍsting of a central hoÈ-plate and

guard p1-ate between two col-d-plates (upper righË-C) . An enlarged. vier,rr

of the plate assembly is shornm ín plates 2 anð, 3.

i:i : :.;
,: : l::':. :
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Table 1.
¿

DescrÍptive Analysis of Fibrous Batts^

Fiber
TyPe

Batt
Layers

Pressure
g/cm?

Thíckness
um

Densitv
g/ cm3'

Packíng
Factor

PorosityI,Ieight
e/m¿

Cotton

I{oo1

Pol-yesËer

Multi-
fiber

4.928
4.243
3.489

10 .283
8.4L4
7.553

L5.zLL
L2.657
11.053

4.202
3.L74
2.879
8.886
6.59s
5.189

L3.765
TL.L23
8.002

4.775
2.758
2.479
8.77L
5.248
4.906

]-4.O97
9.L2L
6.886

1.968
L.775
L.646
3.576
3.430
3.059
5.379
4.803
4.0Lt

279.OO7
269.35L
247 ,806
576.52L
57L.367
551-.218
B55. 598
840.718
799..023

L7L.77B
L64.26r
l-83. 713
347.393
364.404
338.171
58L.597
584.15s
5L8.784

LLs.862
LO7.725
L26.363
2L4.674
210.024
248.6L9
350.066
3s6. 1s0
3s4.304

117.838
L3L.982
I22.72L
229.283
254.L22
247.96L
349.602
358.282
340.612

0.057
0. 064
0.071
0.056
0. 068
0.073
0.058
0.0s9
o.o72

0. 041
0 .052
0.06s
0.039
0.057
0.065
0.042
0.053
0.065

0.024
0.039
0.051_
0.024
0.040
0.051
0.025
0.039
0 .051

0.059
0.074
0.074
0.064
0.073
0 .081
0.065
0.075
0.085

0.037
0.042
0.046
0.037
0.044
0. 048
0. 038
0.039
0.047

0.031-
0.039
o.o49
0.030
0.043
o.049
0.032
0.040
0 .049

0 .018
0.028
0.037
0.01_8
0.029
0.037
0.0r_8
0.028
0.037

0.043
0.053
0.053
0.046
0. 053
0.058
o.o47
0.054
0.061

0.953
0.958
0.954
0.963
0.95s
0.952
0.962
0.961
0.953

0. 968
0.960
0. 9s0
0.9 70
0.957
0.950
0.968
0.960
0.951

0.982
o.972
0.958
0.982
0.97L
0.963
o.982
0.972
0. 963

0.957
0.947
0.946
0.954
o.947
o.942
0. 953
0,946
0. 939

7
L4
2L

7

t4
2L

7

T4
2L

7

L4
2L

7

L4
2L

7

L4
2L

7

L4
2L

7

L4
2L

7

L4
2L

7

1,4

2L
7

L4
2L

7

L4
2T

* Based on an average of four measurements

l.

l¡:,.
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Table 2. Descriptive Analysis of Fabrícs

Fabric Pressure
g/ cm2

Thickness
nm

lJeieht
sl:Iiz

Densítv
E/" 3"

Packíng
Factor

Poroslty

Nylon

CotËon

7

L4

2L

.LL7

.11_1

.LLz

.337

.313

.297

70. 086

69.68s

69.LL7

104. 915

105. 703

1-04. s 86

0. 604

0.627

o.612

0. 311

0.338

0. 351

0.530

0.549

0.537

0.203

0.22L

0.229

o.470

0.451

o.439

0.797

0.779

o.770

7

L4

2L

* Based on an average of twelve measuremenËs

:
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Plate 1" Guarded I{ot-P1ate ApparaËus"
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Plate 2" Central IIot-Plate
P1-exíglas SPacer Mounted at

and Guard. Plate BeËween Tr¿o Col-d-Plates
Upper Section of Guard Plate"

with
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p1aÈe 3. plate Assernbtr-y r¡rith Threê--Layer Multifíber Batt-Assembly, Plexigl-as
Spacers, arid Coil Spring in Place.
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4. A manual balancing digttal voltmeter (lower right-D) frour

r^rhích the hoË- and cold-plate temperatures were detennined.

Two coil springs were used to hold the cold plate-fabric-hot

plaËe-fabric-cold plate assembl-y together during test,ing. Plexiglas

spacers (Pl-aËe 3) were used Ëo separate Ëhe cold- and hot-plates at a

precalculated disËance from each other. This enabled Èhe plates t,o exert,

predetenhined pressure on Ëhe fabric-batt assemblíes held betr,reen

them.

Fígure 3 illusÈrates the dl-mensíons of the plates and Èhe tem-

peratuïes at which the plates qrere maintained during testíng. The cen-

tral hot-plate, a 101.6 grm square, ï¡tas maintaíned aË a temperaËure of

33oC. This temperature was referenced to a direcÈ reading automatic bal-

ancing thermocouple poËentiomeËer accurate to * 2¡¡v. The temperature of

the water-cooled. cold-plates, each a L52.4 mm square, r¡ras maintained at

l-l-oC during testíng, and was controlled by an automatic self-conËained

system.accurate to * 3¡v. Using cal-íbraËion charts (Tables 5 and 6,

Appendix ttBtt) and outpuË in mil-livolts, read. from the manual- ba1-ancing

voltmeter, the temperatuïes ürere determined with ¿rn accuracy of t 0.2oC.

The guard-heater t.emperature hras automatícally controlled by means of

thermocouples to maintain the same Ëemperat.ure as the central hot-plate

æd, thus, prov:ide unidirectíonaI heat flow across the system.

Design and Use of PlexÍgl-as Spacers

Thickness measurements at a given prêssure were deËermined for

the batt assembl-ies and for each of the outer- and lj-ning-fabrics.

Plexiglas spacers were cuË to an accuïacy of * .02 nrn from the values
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obtained for the thíckness measurement of the batÊ assemblies and the

fabric-batt assemblj-es. Eight spacers rÀ7ere cut. for each thickness mea-

suremenË. Four of these spacers were placed at äaeh corner of one síde

of the guard plate and the remainÍng four were placed at each corner of

the other síde of the guard p1aËe (Plate 3). Spacers r¡rere held in place

by a silicone dielectric r4-Compor:ndr - Dow Corníng. The precislon-cut

spacers were used Ëo separate the hot- and cold-plates during testf-ng.

This resulted in a specífíc pressure beÍng exerted on the tesË specímens.

It was under such pressures that the Ëhermal conductivities of Lhe var-

ious combinaËions of textile assemblíes were measured.

Plexiglas was selecËed as the spacer maËerial, in this study,

for its versatiliËy. Plexiglas can easily be precision-cuË to size and

can easíIy be mounted on eiËher side of Ëhe guard plate. In addition,

plexiglas was readily avaÍ-lable, relatively inexpensive, and, in ítself,

acted as a heat insulator. It therefore did not conduct heaË from the

hot plate to Èhe cold plates.

Procedure for Measuring HeaË Flow

Thermal conducËivÍty measurements r.rere obtained at ambient tem-

perature and hunid íxy (25 ! zo} and 42 t 4% RH) . The specimens r¡Iere con-

ditioned for a minimum of. 7?-l:.ours and r^rere therefore in hygroscopic equi-

librÍum wíth the roorn condiÈions when tested. Plexiglas spacers r{ere

attached at each corner on eÍËher side of the guard plate. One-half of

the pair of the baËt- or fabric-batt-assérnblies were placed on either

sÍde of the hot plate. The tesË specÍ-mens r¿ere held in positÍon by hand

and the cold plates T¡rere eased towards the specimens until they nade
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contacË with the plexlglas spacers. One coil- spríng qras then positioned

at each side of the total col-d plaËe-fabric-hot plate-fabric-cold pl.ate

assembly Ëo hold the assembly Ëogether. PlaËe 3 ill-ustrates placement

of Ëhe plexiglas spacers, batt assembl-ies, and springs, and the posltion

of the guarded hot-plate between the two T^tater-cooled cold-pJ-ates.

Throughout the study Èhe nylon ouËer-fabric r¿as placed in contact with

the col-d plaËes and the cotton lining-fabric in contact r.¡ith Éhe hoÈ

plate. To make room for plexíglas spaceïs during Éesting each specímen

was clípped away at an angle at each corner (Figure 4).

WÍth the assemblies in place the total sysÈem was brought to

sËeady-staËe operating conditions. The temperature dífference between

the plates was kept as large as possíble Ëo a maxirnum of 5oC. The aim

T¡tas to approach a hot-plaLe temperature of 33oc-rnanrs average skin Èem-

perature, and a cold-plate temperature of lloc-average tenperaËure of a

fall season day. Under no circumstarices was Ëhe hot-plaËe temperaËure

allowed to go above 33.6oC and the cold-plate temperature allowed Èo go

below l-0.3oC. The poËentíal difference requíred to maÍntain Ëhe temper-

ature dífference beËween Ëhe plates vras cal-cul-aËed manually noËing the

difference betr¿een the ËemperaËure of the co1-d p1-ates from that of the

hot plate. The resistance of the cenËral hoË11-ate was deËermined at

6.O2L7 ohms.

Computation of Thermal ConductiviËy and Thermal Resistance

Thermal conductivlËy measurements of the batË assembl-ies, outer-

and lining-fabrics, and fabric-baËt assemblies .were caleulated manually

from Ëhe relationshíp:

l -:...ì,:i
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w- qL
" - Àt A

and
__2

o=+x.3.4L443

where K = Ëhermal conductivity (cal/ur sec oC)

q = heat flow rate (ca1/m2 sec)

j : L=Ëhfckness (m)
i

At = temperature gradienÈ (T hot - T cold, oC)

A = area of specimen covering c_entral hoË-plaÈe through
t

which heaË flor¿s ( n- )

V = main heater volËage (volËs)

R = resisËance of central hot-pJ-ate

I ( 6.0217 ohms)

The guarded hot-plate apparaËus Ì,ras noË capable of measuring

the thermal conductívíty of one layer of eÍther of the nylon-or cotton-

Testfabrics. Uniforrn heat flor,¡ could noË be obtained when testÍng a

single layer of the TesËfabrícs because these f,abrícs rÂrere too Ëhin.

Since the relatÍonship beÈween thickness and thermal resÍstance is rmder-

stood to be more or less linear, the thermal conductíviËy of a number of

1-ayers of each of the TesËfabrics was measured.

Four separate thermal conductivÍty measurement,s r¡rere conducted

I for each of the ny1-on- and coËton-Testfabrics in decreasing order using
:

eighteen-, síxÈeen-, fourteen-, and Èhen'rwelve-J-ayers of fabric. These

four measuïèments r.rere converted Ëo thermal resistance values and

plotted on a thermal resisËance-thickness graph. ExtrapolaËÍon was
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utilized to estimaÈe Ëhe thermal resistance values for one layer of

each of, the nylon- and coÉton-fabrics. The use of extrapolation rsas

considered to be a more accurate method of finding the Ëhermal resis-

Èance of single layers of Testfabrics.

The klown values for assembly thíckness, thermal conducËívity,

and test-section area \rrere applied ín the fol1-owing relat.íonship to cal-

culate Ëhermal resísÈance per uniÈ area:

LR = __G_

where R = thermal resl-stance (^2 sec oc/cal)

L=thickness (m)

( = thermal conductivity (caL / m se" oC)

d = area of specimen covering central hoË-plate

through which heat flors" ( *2 )

Ihe thermal conductivities and Ëhermal resistivities were calculated

manually using a compact portable Digi-matic D-B Electronic Calculator.

Statistical Analvsis

Thermal resísËances of batt assemblÍes and fabric-batt assem-

blies \¡rere analyzeð. as factorial experiments with three facÈors - multiple

layers, fiber type, and pressure level, within a compleËely randornized

design. A t-test rn¡as conducËed to Lest the difference beËween mean ther-

mal resíst,ance values for batË- and fabric-batË-assemblies. Correla-

Ëfon coefficients and multiple regression equatíon constants were cal-

culated to show Éhe relationship between'ÈhÍckness, pressure, and thermal

resistance values for the batt- and fabrÍc-batt-assemblies. All calcu-

lations were made on an Ol-ivetËi-Underwood. Programma 603 desk comPuËer.

' :.:: : :'. .



ChapÈer 4

DISCUSSION OF RESI]LTS

AserÍesofgraphsandtab1eshavebeenpreparedtoPÏeSent

thermal resísËance val-ues for the batt- and fabric-batt-assembl-ies and ', .
.r:i-:1__.:._i1 :

to show the relaËionship of Èhese values with Ëhe main factors - rnul-tiple

layers, fiber type, and pressure level-. Fígures 61 7, arid B show Ëhe

relationship beËween the thermal resisËance of the fabric-baËt assem- i.'',... ,,, i,.,,
.: .-.:-. :j.: ::.::.:.:

blies and the main factors. The relationshíp between thermal resís- ::-::

i ,,,, -,i. ,i,,,.',,,

tance of the assemblíes and Ëhe two-rrray ÍnËeractions of Èhe main factors ;' :,'1, ',".

are depícted in Fígures grLz, and 15. Símpler views of the relatÍonshíps 
,

l

between thermal resistance of the assemblies and the ínËerrelat,ionshíps

are il-lustrated ín Figures l-0 a¡rd 11, 13 and L4, and 16 and 17. The

thermal resistance values and coïresponding thíckness measurements of
2the batt assemblies and fabric-batË assemblies, under each of 7 g/cm-, 

l

L4 g/cm', and2L E/cm'pressure level are recorded in Table 3. Table I

(Appendix "Ct') provides the results of percentage changes in thermal re- 
i

i

sistance between Ëhat for batt assemblíes and that for fabric-batt assem-
i:''irrr: I:'::i
1¡t 1,,,.;;1 :;..¡;..:1

blies. Tabl-e 9 of AppendÍx."Ct'. contains the mean thermaL resistance i:,':,1i¡-'i,,:','..'
i -. . -.t ..,'.j,,.,
i.: ;.,:.,r:r.r.:i-: r :

val-ues of the assemblíes as a function of the number of batt layers 
i,'.,,.1,,,,r.,,....,

fiber Eype, and pressure level, while Table 10 (Appendix "C") conÈains

the mean thermal resístance values of the assembl-ies as a funcËion of

the interrelaËionships of these factors.'The analyses of varÍance for :.,::: ;:

thermal resistance of baËt assemblies and fabric-batt assemblies are 
jìr';]':r1"1"::":

presented in Appendix 'rDr' (Table 1-3) . Table 15 (Appendix ilD") contains

the correlation coefficients and mu1-típ1e regressíon equation constanËs
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which show the relationship benøeen pressure, thickness, and thermal re-

sistance for the assemblies.

It should be noted that separate analyses of the.Ëhermal re-

sistance values were made for batË assemblies and fabric-batt assemblies.

The relationship beÈween these separate analyses Ís considered fírst Ëo

provide a for:¡rdation for discussion of Ëhe maín factors in the e:çerÍ-

meriË.

Thermal Resistance of BaËË Assemblies aIlL
.

Fabric-BaËt Asseurb lies

The mean thermal resistance values for the batt assembl-ies and

fabríc-batË assembl-ies were 3.29 m2sec oc/cal and 3.40 m2sec 
oC/caLr rê-

specËively. A simple t-test índlcated, r¿ith 997" confídence, Ëhat there

r,ras no significant difference beËween the mean Ëhermal resístance values.

Thermal resistance and thíckness measuremenËs of the nylon-

and coËton-Testfabrics r^rere measured. Figure 5 ill-ustraËes the relaËÍon-

shíp between thermal resistance values and thíckness measurements of the

Testfabrics. These values are recorded in Table 7, Appendix "Ctt. The

thermal resistance of one layer of each of the nylon- and cotËon-fabrics

has been estímated by means of extrapolation, gíven by the broken l-Ínes

Ín Fígure 5. Thermal- resisËance values for a single 1-ayer of nylon and

coËton (Table 7, Appendix t'Ct') were found quÍte sma1l in relation to that

for baÉË layers (Table 3), probably falling wíËhin the error regÍon of

the Ëhermal resístance measurements for the baËË layers. The addition

of the nylon- and cotËon-fabrics did not substantial-1-y íncrease the

thíckness measuremenËs for the fabríc-baËË assemblÍes from Ëhât for the

lrr.
l'.:::

i-1,
i;:.1:1

ir ':
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Table 3. Measured values of rhermal Reel.etance for Batt- and Þbrlc-BatÈ-
AssenblLes of VarLous Flber lypes*

Nu¡rber
Pressure of
Level Batt
Blcr,? Layers

Ttrermal
Ffber ResLstance
Type rnzsec oc/cal

Thfckness
IIIIN

L4

Cotton
I{oo1

Polyester
Multf.ftber

CotÈon
lloo1

Polyester
Multfflber

Cotton
llooL

Polyester
MulÈtfiber

Gotton
Hool

Polyescer
Mu].tlflber

CoÈton
I{oo1

PolyesÈer
Multf.ffber

Cotton
llooL

Polyester
llultLfiber

Cotton
llool

Polyester
ltultiflber

Cotton
Wool

Polyester.
MuLËtflber

Cotton
I{oo1

Polyester
Hulttffber

2.39
2.33
2.55
L.24

5.4L
4.74
4.20
L.99

7 .78
6. 83
6.58
2.95

2.O9
t_.81
r.61
1.19

3.92
3.57
2.89
1.89

5.95
5. 38
4.42
2.64

1.60
1.63
1.36
L.23

3.49
3.12
2.8L
L.7L

4. 80
4.50
3.68
2.L9

4.93
4.20
4.77
t.97

LO.28
8.89
8.77
3.51

L7.24
L3.76
L4.O9
5.38

4.24
3.L7
2.76
r.77

8.41
6. s9
,.2s
3.43

14.48
LL.L2
9¿12
4.80

3.49
2.88
2.48
1.65

7.55
5..19
4.91
3.06

11.03
8.00
6.88
4.01

2.63
2.4L
2.5L
1.28

5.11
4.84
3.99
2.O9

8.13
7.O5
6. 3s
2.97

2.22
1.84
1.69
1.30

4.t7
3.70
2.82
2.L5

6.79
6.05
4.57
2.74

1.84
1.78
L.49
1.04

3.8L
3.01
2.76
t.72

5.31
4.40
3.64
2.39

s.34
4.7L
5.25
2.43

to.74
9.34
9.22
4.03

!7.70
L4.2L
14.53
5.82

4.67
3.60
3.19
2.2L

8.83
7.01
s.67
3.86

L4.93
11.54
9.53
5.22

3.91
3.31
2.89
z.06

7.97
5.60
5.31
3.46

11.43
8.40
7;29
4.42

2L

* Based on an average of tr¡o theroal resistdrce measurements.

i:'".
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baËÈ assemblies. This is probably due to the faet ËhaÈ thickness of the

Testfabrics T¡ras insignificarit in comparison to that of the batË l-ayers.

The addition of the TesËfabrics produced larger thermal- re-

sistance values, in general , for assemblies of wool-, cotËon-, æd

mul-tifíber-batts (Table 8, Appendix ttC"). Ilorrever, in six out of nine

cases the thermal resistance for polyesËer batt assembl-ies \¡ras greater

than that for polyester fabric-baËt assemblíes. It Ís possible that the

nylon- and cotËon-Testfabrics reacted wíth the polyester batË to a much

greater extenË than wiËh the oËher fibrous baËt.s effecting an increase

in thermal conductivity through the assembly by alteríng Ëhe sËíl-l air

coûponents of the batË. Further, the surface of a fibrous batË is less

r¡rÍforur than ËhaË of a woven texËile fabric. Therefore, when a fabríc

J-ayer is added to a batË 1-ayer a thín air-fílm can be entrapped between

them, hel-d in the void spaces created by the roughness of the baËË sur-

face. This layer of air can act as an ínsulator íf convecËion can be

avoided. Since wool- and coËton- fiber masses produce batts possessing

rather Írregular surfaces, iÈ ls quiËe likely Ëhat a thin film of air

could have been enËrapped between the nylon- and cotton-fabric layers

and these batt layers, in the present study, Ëo improve thermal resis-

tance values for the wool- and cotton- baËt assemblies, Since Ëhermal

resistance values for polyesËer fabríc-batt assemblies úrere less than

that for polyester batt assemblies the development oÍ. a|r layers between

the fabrÍc- and baËt-layers appears to be negligible. This could sug-

gest that the polyester batt had a more uniform surface Ëhan did the

wool: or cotton-batts. Since Ëhe thermal resistance values for the nyl-on-

-.1:_l.":l
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a¡rd cotËon-TesËfabrics were qulte sna1l in comparison Èo that for the

batt layers, and if little or no air was held between the fabric- and

batt-layers, then the Ëhermal resistance of the polyester fabric-batt

assemblies r¡ould be sÍmilar to thaÈ for'Ëhe polyester baËË assembl-ies;

IË has been established by statistícal analysís that the Ëher-

mal- resístance values for the batË assemblies and fabríc-batt assembl-ies

are simil-ar. Thus, ín the following sectíon, Ín whích factors which

have ínfluenced the thermal resístance values are considered, discus-

síons of the thermal resístanc" of tn. assemblíes wíll be considered

together.

Factors Consídered in the Thermal Resistance StudY

The different factors - mu1-típl-e layers, fÍ-ber type, pressure

level, and Lhe two-way ÍnLeractíons between Ëhese factors - multÍple

layers by fiber type, multiple layers by pressure level, and pressure

level by fíber type, significantly effecËed thermal resisËance values

for the assemblies consídered in Ëhis study. Each was signifícanË aË

the .01 level. Díscussíon of the factors and interaction of these fac-

tors wíll be confined Ëo consideraËion of the above signíficant maÍn

factors and ÍnterrelaËíonshíps.

, IË should be recalled from the outline of the experimental pro-

cedure thaÈ Èhree of the fíbrous baËts - cotton' wool, and polyester

maintained sirnilar porosity under applied Pressure while the porosíty

of Ëhe multifiber batË differed frour these three. Because of fhis

fr:ndamental difference Ín the rnultífíber baËt it T¡Ias noË compared wiËh

the oËher batts r¡nless warranted by the nature of Ëhe results.

i l ìi':'iì l
j,,'; ';'
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l"lul-típle Layers of BaËts

The statisËícal analysis (table 13, Appendix "D") índicates

Ëhermal resístance values for the assemblíes \^rere effected by Ëhe number

of batË layers, signíficant at Èhe .01- level. Figure 6 Íl-lustrates the

relaÈionship between thermal tesistance and Ëhe nurnber of baÈË layers.

This ill-ustration shows as the number of baËt layers were increased,

from one- Ëo tr^ro to three-layers, the thermal resistance values in-

creased. Ilowever, Table 3 indicates that thermal resistance values did

noË double as the batts were increased from one- to Ëwo-layers, nor díd

they increase three-fol-d r.rhen Ëhe batts were increased from one- Ëo three-

layers. The corresponding thíckness measurements for Ëhe assemblíes fol-

lowed a similar trend. ThÍs phenomenon T¡ras more pronouneed for polyesËer-

and multifiber-batt assemblies.

As menËioned in the rExperimenËal Procedurer t,he fibrous batËs

r4rere cut and chosen aË random to be placed into layer-conbinations Ëo

form an assembly. It ís possible that one batË-layer of Ëhe layer-com-

bination rras noL identical- ín thickness Ëo the next. This would accounË

for the deviation in thickness measurement as the number of baËt layers

were increased from one- to two-layers and from.one- to three-layers.

FurËher, most fibrous baËÈ surfaces are irregular possessing a random

thills and valleys' configuration. It is quile likel-y, when baËt layers

are placed on top of one another the surface fibers suffer displacement

allowing the hills and valleys Ëo ínterlock, to a cerËaín extent. The

result of this interlockíng would be a reduction in the maximum height

one batË-layer could be held away from the next baËt layer. By inËerlocking

r-,

' : : i.::.i:,i
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of the hills and valleys air that ¡¿ou1d normally be held in the voíd

spaces of the írregular batË surface would be forced out displaced by

fibers whích possess a higher Èhermal conductivity than aír. The re-

sulË would be not only a reductíon of the maximum thickness buË also a

reducËion of the maximum Ëhermal resl-stance for each batt layer in the

assembly. If Ëhis occurs thickness and thermal resíst.ance measuremenËs

for the batË assembJ-y would not be an additive factor from those for the

singl-e batÈ-layer. During actual tesËing Ëhe fibrous batt-layers úIere

difftcult to distinguish betr¿een when in the assembly. Also, upon separ-

ation iË was evident that surface fibers of one batt-layer had inter-

locked with surface fíbers of a second batt-layer.

The calculated F-values given ín Tabl-e 13, Appendix "Dtt show

the number of batË l-ayers had the mosË pronounced effect of the main fac-

tors and interactions of these factors on changes in thermal resistance

of the assemblies. A number of researchers (1110128,30) found that ín-

creasing thickness was the most important property governing the increase

in thermal resístance of fabric- and batt-constructions. The result of

increased thermal resisËance r¿iËh an increase Ín number of batt layers,

fotnd in the present study, correlates wiËh findings of these researchers.

Fiber Tvpe

The statístical analysis given in Table 1-3 (Appendix t'D") shor^rs

that, a change in fiber type had an effect on thermal resistance values

of Ëhe batt- and fabric-batË-assemblíesr.significant aË a level of .01.

In addition, the calculaËed F-values indícate fiber Ëype r,Ias second ín

importance in effecting thermal resísÈance of the assemblies.

l::.lil:ì:::l
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Fígure 7 i11usËrates a do!ün\^rard slopÍng line showing Ëhe rela-

tl-onship between fÍber t¡rpe and thermal- resístance. The cotton batt pro-

duced Ëhe largesË thermal resisËance val-ues. This result appears reason-

able ín vier¿ of the thickness nieasurements of each of the baËt fÍber-Lypes

(fatte t). IË was expected thermal resistance of assemblies of multifiber

batt wouLd be l-ower than that of assembl-íes of cotton-, rrool-, and poly-

ester-batts, since thíckness measurements of the multifiber baÈt were

less than that for the other fibrous batts. Fígure 7 gíves evidence to

support thís suggestion.

Pressure Level of Compression

Thermal resistance values for the baËt-and fabríc-batt-assem-

blies r¡rere measured undex 7 g/emz, L4 gf cmz, and,2L g/cm? pressure.

Figure B il-lustrates as pressure leve1 was increased the thermal resis-

tance values for the assembl-ies decreased. The sËatisËical analysis

given ín Table 13, Appendix "D" indicates pïessure level was significant

aË a 1evel of.01 in effecting Ëhermal resistance of the assemblies.

Researchers have investigated effects of applied pressure on

thermal resÍsËance of single fabric-1-ayers, fabric assemblies, and sl-ngLe

batt-layers. Frederick (11), Fourt and Harris (12), and I'Ieíner and Shah

(30), found imposed pressure reduced the Ëhickness of these textile con-

sËructions, which in turn, reduced their thermal resistance. It was

expected Ëhe pressure ímposed altered the thickness of Èhe air layer

between the fabric layers of the fabric assembly, as well as reducing

the air components of the batt layers. Resul-ts of decreases in ther-

mal resístance for the assemblies as pressure leve1 was íncreased, in
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the presenË study, corresponds wíth results found for fabric assem-

bl-ies and single batt-layers.

Í,Ihen pressure level was íncreased from 7 g/ "*2 to 14 g/ cm2

thickness of assemblies of polyester batts r{as compressed by a greater

percentage than was thl-ckness of assemblies of wool- or cotton-batËs

(Table 3). This same trend occur.red with thermal resistance val-ues f,or

assenblies of polyester batt. This compressíon effecË on the polyester

.2batt, under L4 g/cm- pressure, could be effecting the slope of the l1ne

in Figure B. Morton and Hearlets (23) research was consÍdered to sup-

porË this theory. After compressíng differenË sËaple fiber-rnasses rrnder

a known pressure the wool fiber-mass $ras found to have a hf-gher compres-

sional resíLíence than the polyester fiber-mass. Further, MorËon and

Hearle noËíced that the polyester fiber-mass maintaíned a particular

crushed appearance after the compression. They believed. this aBpearance

to be the result of compressing the fibers beyond elastic limits at

points where Ëhe fibers crossed one another. The result ís a reductÍon

in the air-holding capabílíties of Ëhese fibers which would decrease

the Èhermal resist,ance of the mass. The reduced thermal resistance for

assemblies of polyester batt, ín the presenË study, may also be attrib-

uÈed, to compressing the fíbers Ëo their elasËic límiËs.

Inter.action of Multíple Lavers bv Fiber Tvpe

The two-way multÍp1-e layers by fiber type interrelationship

was significanË aË a 1evel of .01 in effecting the thermal resistance

of the assemblies. Figure 9 ill-ustrates as the number of batt 1-ayers

of the assemblies \¡rere increased, assemblies composed of each of Ëhe
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fibrous baËts, the thermal resistance values increased. The slope of

the l-ines in Figure 9 appear sirnilar to Ëhe slope of Ëhe lines shown in

Fígure 6, for the cotËon-, wool--, and polyest.er-batts. It is suspected

the number of batt layers had a more pronounced effect Èhan dÍd the

che¡n:ical nature of Ëhe fíber on thermal resísÈance of the assemblies.

Ttrermal resisËance values of single layers of cotton-, wool-,

and polyesËer-baÈts were similar (Figure 9) . llhen Èhe batt layers r.rere

íncreased from one- to two-layers and from one- Ëo three-l-ayers, however,

assemblíes of cotËon produced higher Ëhermal resistance values. Table 1

indícates cotton batt-layers r4rere ínitÍally thicker than wool-- or poly-

esËer-batt-1-ayers. As batt layers lrere added togeËher to form an assem-

bly there rras a higher percentage increase in thickness for assemblies

of cotËon than for assemblíes of wool and polyester. This would explain

the increase in disËance between the lines Íllustrated in Figure 9.

Simpler graphs íllustratÍng relationships beËween thermal re-

sistance as a function of fiber type and number of baËt Layers, rurder

each of the three pressure levels, are depicËed in Figures l-0 and 11.

Cotton fabrlc-batt assemblies produced Ëhe largest thermal resisËance

values of Ëhe selected fabric-batt assemblies (Figure 11). As men-

tioned previously, this was expecËed since the cotton batt maintained

the 1-argesË thickness measurements of the fibrous batts tesËed, under

the three pressure levels. This Ërend \,ras noË for-rnd r¿iËh thermal re-

sistance values for batË assemblies (Figure l-O). Single batt-layers

of cotton, wool, and polyesËer had similar effects on thermal resis-

tance under 7 g/ c*? pressure, whereas single batt-layers of r^roo1 and

I
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cotton had similar effects trnder 2L g/cmz pressure. Thermal resístance

val-ues for assemblies of two- and three-1-ayers of cotton lüere greater,

however, Ëhan thermal resistance values for asseurbl-Íes of trnro- and. Ëhree-

,, layers of wool and polyester, under the three pressure levels. These ia,.:.. :...' .

results míght suggesË Ëhat a fibrous batt of given thermal resísLance

value could be constructed from any Ëextil-e fÍber by making the batË

, suf ficientl-y Ëhíck. 
=..t, ;..,
'l': 

l l
:t.

Intefa_cËíon of Muftiple Lavers bv Pressure Levè1 '::

- ^ c ----J -- ^- J-. -- llñll\ ^L ^ 
::i::: :

,, The anal-ysís of varíance table (table 13, Appendix t'D") shows :;i¡:::",'

the two=vray mul-típle layer by pressure leve1 inÈeraction r,ras signíficant

at Ëhe.0l- l-evel in effecËing thermal- resistance of the assembl-Íes.

rFígure12i11ustratesaSpressure1eve1wasíncreased,foreachbatt
i fayer-combination, the thermal resistance for the assemblies decreased, l

:

i Mean Ëhermal resistance values from which the illustratíons in Figure 12 
,

: hrere derived are given ín Table 10, AppendÍx ttc"

Siurpler graphs depicting Ëhe relationshÍp between thermal re-

sistance as a function of Ëhe ínteraction effect beËween urultipl-e layers
,

: and pressure level , for each of Ëhe fibrous batts, are provided in ii;:,'.,'i

'* :l 1-:

: Figures 13 and 14. A síngle batË-layer of polyester produced larger ii;i,ii,'
''..

thermal resÍstance values than síngle 1-ayers of the other fibrous baÈLs, '

t
r¡rder7g/cm.pTessure.Asing1ebaËt-1ayerofr,roo1gavehigherther-

r mal resistance readíngs than single layers of the oËher fibrous baËtsr ,,..,.

.,,;'."
under 2L glemz pressure (Figure 13). Fao-ríc-batt assembl-ies with one-, :'i '

two-, and three-layers of cotton batt (Figure 14) produced Ëhe largest

Ëhermal resistanee values of the selected fabric-batt assemblÍes.

50
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Frederick (11), Pierce 
"n¿ nees (24) , and trIeiner and Shah (30)

for¡rd thermal resistance of fabrl-c assemblies and of single batt-layers

Èo be effected by the mechanical propertíes of the consËiËuenÈ fiber.
' :.

provide beÈter thermal resistance than baËts made from another fiber

type due to inherent variations in stress-response charact.eristics of

i different fibers. Fibrous batts that produce higher Èhermal resístance i.,:¡:,..:.::. 
:.-: .:.:.-:.. .

a i..:::.'r' . :

should therefore mafntain greaËer thíckness under equívalent pressure
| :-;..: ..

I conditions. r:::::-:"::
: :.,:.:.rrl :. :

Kaswe11(17),MortonandHear1e(23),andRees(25)commenËed
l

on the compressional resílience of differenË fibers. They found wool to

havet'hegreatest1ofËínessandgreateStabi1Ítytoretain1ofËínessof

r Èhe cotton-, wool-, and cellulose acetate-fiber masses they ËesËed.

t, Morton and Hearle found wool staple-fiber mass Èo possess hÍgher per- ,

centage coupressíonal resílience than poJ-yester staple-fiber mass, under ,

severe pressure condiÈions. Perhaps the difference in thermal resisËance 
i

for assembl-ies of wool-, cotton-, and polyester-fibers, in the present

" 
l't tt"t t"'

sËudy, mighÈ also be aËtributed to the mechanical- properties of Ëhe i'; ,,,;-.,,',,,:

::, ,.: a

fiber, especial-l-y to their eompressionaL resil-íence. i;::::': 1',
t_" 

. 
t, 

', '.','

Interaction of Pressure Level bv Fiber Tvpe

Figure 15 illustrates a series of dor,mward sloping l-ines. These

lines indicate as pressure l-evel was íncreased from 7 g/ cnz to l-4 g/ c 2 
i.iir:j!ìiii:l

t 
; ::' :::

t o 2L g/ cm- the thermal resisËance for the assemblies decreased. The 
f¡'r;:¡'¡¡

slope of these lines in Figure 15, for the cotton-, wool-, and polyester-

batts, are simil-ar Ëo those depicËed ín Figure B. This night suggesË

s4

i:,::::::.;;i:r,;.:

t.
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Ëhat pressure level was exhíbiËing the most pronounced effecË on Ëhe

Ëherrnal- resÍstance of the assemblies, and, that the chemical nature of

the fíber r¡ras not havLng an appreciable effect. The thíckness maínËained

by the parÈicular fibrous baËt, under applied pressure, ís suspected of

effecting Ëhe thermal res.ístance values.

Decreases in thermal resisËance values for assemblies of wool-

and cotton-batËs were simil-ar as pressure level was increased (Fígure

15). Assemblies of polyester batË reacted differenËly, however, especíally
2

under L4 g/ctri pressure. Under thís pressure level the rnrool- and coËton-

batËs maintaíned greater thíckness than did the polyesËer baËt (Table 3).

Further, Ëhe decrease in thickness for the polyester batt was by a

greater percentage than that for Ëhe cotËon- and wool-batËs. The slope

of the línes for polyesÉer assemblies, illustrated in Figure 15, are

suspected of being a result of thís sharper decrease in thickness ex-

híbiËed. The compressional resilience of Ëhe polyester fiber appears

to have been more severely altered, under t4 g/enz pressure, to a point

where the fiber became less resilient than Ëhe wool- or eotton-fibers.

This theory ís ín keeping with Frederick?s (11), PÍerce and Reests (24),

andtrrIeinerandShah|s(30)conceptonthecompressíona1resi1ienceof

dif,ferent fibers.

Aelion and Brourn (1) , Burton and Edholrn (B) , Fanger (l-0) , and

Kaswell (17) poínted out thaÈ thermal conductÍvÍties of differenË fibers .'

are similar. They concluded from this that fabric thermal resistance

is independent of fíber chernistry. The suggestlon, in this chapter,

Ëhat chemical make-up of the fiber did not a1Ëer the thermal resÍs-

tance of the assenblies ís in line wíËh these researcherrs findings.

l.-..

:
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trhrther, the points correspondíng to each of the cotËon-, wool-, poly-

esËer-, and multi-fibers in Figure 15 moved closer t.ogether as pressure

l-evel was increased to a naximum of. 2L g/cm2. It is reasonable to expect

that if pressure level was increased stíll further these points would

continue Ëo move closer together untíl they evenËua1-ly overlapped. Thís

would give evidence Èo conclude that chern:ical make-up of differenÈ fi-

bers is not important in deËermining thermal resÍstance of textile fa-

brics.

Figures l-6 and 17 illusËrate simpler views of the re1-aÈíonship

between thermal resisËance of the assemblies as a funcËl-on of the in-

teractíon effect between pressure leve1 and fÍber Èype. A single batt-

Iayer of polyesËer produced larger Ëhermal resístance val-ues than díd

sl-ngle layers of the other fibrous batts, under 7 g/emz pïessure. How-

,
ever, under L4 g/em' pressure, single baËt-layers of wool and cotton

produced larger thermal resísËance values. The conpression effecË on

J
polyester became apparent. under the l-4 E/cm' pressure level-. Símilar

trends were found wíth thermal- reslstance values of fabrÍc-batt assem-

bl-íes (Figure 17). These findings lndicate further, with Ëhe applica-

tion of pressure, differences ín thermal resistance are gíven for as-

semblies which differ l-n fiber conËent. These results correlate wiËh

findings of frederick (11), Fourt and Harris (12), Kaswell (17), and

Weiner and Shah (30), r¿hich have been discussed previously.

Figure 17 shor.rs thermal resíst'ance values for fabric-batt

assemblies containlng one- and two-layers of rnultifiber baËt increased

as pressure level- r^ras increased from 7 g/ em2 to 1-4 g/ 
"^2 

. These increases

. i;lt-:.'
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were 1.67. and 2.g7(, respectively (rable L2, Appendíx "C"). IÈ ts 1fkely

that Ínitial thíckness of the nul-tifiber batt was too sma1l to be sub-

stantially lnfl-uenced by a pressure increase of this magnltude. Also,

a film of air could have been entrapped bet¡,r¡een fabríc- a¡rd batt-layers

rr¡hen the nylon- and coËtqn-Testfabrics were added. The overai-l result

would be an Íncrease in the thermal- resistance for these assembl-ies.

,Regression, Analvsís for _Thickness, Pressure, and Thèrmal

Resistance of the Assemblies

Correlation coefficients and multiple regression equation

constants were calculated in an atËempt to reínforce the statisÈical'

and non-statistical inferences giverr in this sËudy. These values are

recorded Ín Table 15, Appendix t'Dtt. The correlatÍon coeffl-clent.s for

Ëhe assemblies show an extremely low correlation between the effect.s

of thickness and pressure on thernal resistance values. As has been

discussed in the previous secËions, Ëhe calculaÈed Fvalues (Table 13,

Appendix 'lD") índicates Èhat the number of batt layers of the assembly

had the most pronounced effect whÍle pressure 1evel exhíbited the l-easË

pronounced effect on the thermal resistance values of the assemblies.

The hígher correlation coefficient values recorded for poLyester rein-

for,ces Ëhe suggestion thaË the poLyester batË was more sensitfve to

pressure than were the oÊher three fibrous batts tested.

The correlation coefficienËs índicate that Èhe thickness of

the assemblíes is in ínverse relationshíp with pressure exerted on the

assemblies. It was found, in thís study, as pïessure applied to the

assembly was increased the thickness of the assembl-y decreased. This

:¿:,.

ii'.it¡.,r,i;.ii
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Ërend was outlined in Table 3 and illusËrated in Figures 8 and L2. The

regression l-ine constant for thickness, b2, indicates that Ëhe slope of

the regressÍon l-ines for cotton-, wool-, dd polyest,er-batts r¿ere sinilar.

The slopes r¡rere dísplaced progressively up Ëhe Y-axis (as Ëhe taf val-ue

increases) from each other with increasing order from polyester to wool

to cotËon. Figure 9 il-lustraËes this trend pointing out that the sl-opes

were not paral1e1. ThÍs r¿as consistenË with results of thickness mea-

surements for the selected fíbrous batts presented in Table 3.

i.:.'.



: Chapter 5

SI]MMARY AND RECOMMENDATIONS

I 
The present, research invesËigated thermal resÍstance values : :l

' of textile assemblies formed in a manner to resemble a eold-climat,e 
"t""''

out.er-gar.ment. Thermal- resistance of single- and nultlple-layers of

different fíbïous batÈs \¡ras measured using a guarded hot-plate apparatus
..:.

I 
equf-pped wíth a 6-l-nch guarded hot-plate designed specifl-cally for tex- ;,:r,,,:i

.,'.
I tile use, following modifíed ASTM Method D:1518. Test specimens were i , ,,: :: :

i. ::
.lI mounted beËweerr a hot- and cold-plate until Ëhermal equilíbríum Ìras

atÈained at whích Ëime Ëhermal conducËívity was measured. Thermal con- 
:

duetivity values were made for batt layers alone and for batt layers

i hel-d between layers of nylon- and cotËon-TesËfabrícs, under irnposed pres-
I

I sure conditions, ín a testing atmosphere of 25 + 2oC and,42 + 4% RH. 
'

i Thermal resistance values for the texËile assemblÍes were 
]

:

statístically analyzeð. as thro - 3 X 4 X 3 analyses of varíance. The 
i

fÍrst analysis considered thermal resísËance for Ëhe batt layers while

the second analysis consídered thermal resistance for fabrícs and batt i.,,,,
' layers ín combinaËion. Factors consldered ín the analyses of data !ìrere: 

'r ''
I itt t""tt:'
; Ëhree batË layer-combínations - single-, double-, and triple-layers of ,'"'

batts;fourfibertypeSofbatËs-cotton'woo1,po1yester,andamu1Ë1-
t)flber mixture; and Èhree pressure levels of compression - 7 g/cm¿, L4 g/em¿,

. t .:..
,t and 2L Elcm'. Significant main effects r¿ere obtained on both analyses i::+

!:ì-r.::l'r":

for these factors, each significant aL Ëhe .01 level.

The number of batt layers was the most lmportant factor effect-
;

ing Ëhermal resístance values. Results índicated as the number of batt
i

, layers of the assemblies r^rere increased. Ëhe thermal resísËance values i,:::¡..-;;
i.., .',iì
Lttt :. _. ì



for the assemblíes increased. The thermal resistance val-ues did not

double when batt.s hrere increased from one- to two-layers nor did Ëhe

values increase three-fold when baËts r¿ere íncreased from one- Ëo 1, 
,

three layers. The facË thaË baËts were cut and chosen at random such ':;':'':-:':'"i 
:'i ::'i:

Ëhat thickness measurement of one batt-layer was not identtcal Ëo Èhe

nexË may be a parËlal explanation of this phenomenon. One l-ayer of : ,:
'.:-t-,; -t- 

t,a ,i:t : l

each of the cotton-, wool-, æd polyester-bat,t,s produced similar ther- 
.,:,:,,.., 

.: 
', 

.,1,';,;
I 1:l

mal resisÈance. values. As the number of batË laye.rs were increased, 
¡,.,,.,,¡ ,,,,,,,.,¡.,,
:¡.:-::,.:: :: l:.::::

however, Ëhê cotËon batt produced Ëhe largest val-ues. The presenL sËudy

r^ras not designed t,o consider number of batË layers necessary for optimum

thermal resist.ance for the assemblíes. Thus, a recoÍtrnendation for fuËure

researchr¿ou1dbetoconsidertheamounËofbatt1ayersneededtoproduceì

optimum Ëhermal resisËance l-n such assemblíes.

Results indieaËed Testfabric layers effected thermal resísLance '

'a

values for the assemblies. It nLight be worthwhile, therefore, to con- , '

ì

sider the thermal resistance of other fabrics suitable as outer- and i '

i

lining-fabrics for use in cold-climate outerwear, in order to gain in- i,,,:.,.:,,,...,,.,r,
i.,.,,',,a,,,t¡'':,1¡,¡,:.',

formaËfon on thermal resistance of a selectíon of textil-e fabrics. The 1,:..,,,,,,.,',,,
i't', t.,,i.1,,-,.,.'r,,,,,.

present study \^ras not designed to determíne if an interaction effect ;'r' : :: :.':ì:::

exi'sts between the fabric layers and oÈher variabl-es consídered, on ther-

ma1 resistance values. A recommendaËÍon for further stud.y, therefore, 
i::...:..; ,:.:.:r:

would be Èo establish if this interactíon effect exists, possíbly by 1,,,.i.;¡1ir.r''.

consÍdering the Testfabric layers, as well as other suiËable fabríc

layers, as a fourËh facËor Ín the anal-yses of variance.

Fiber type had an effecË on thermal resistance for the assem-

blies but to a lesser extenË than did the number of batt layers. It was i.,,.,.,.: -,.:.
,.;i:,....,-r:: ::::..-::,, t,

'|
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suspected the chemícal nature of Ëhe fiber type was noË having a pro-

nounced effect oR thermal resistance values. InsËead, the Ëhíckness

maintained by the particular flber, under applíed pressure, \¡ras ex-

plained as effecËing Èhermal reslstanee values. In order of íncreasíng

thermal resist,ance fiber types ürere: rnultifiber; pol-yester; wool; and

cotton.. This $ras reasonable in view of Ëhickness measurements presented

in Table 1. The present study was limited due to dÍfferences Ín physical

propertíes of Ëhe sel-ected ffbrous batts. A suggestion for fuüure study

would be to obtain different fibrous batts possessÍng physícal charac-

terisÊÍcs even more similar than those consídered, possibly each having

an identical physical property. This would enable a betËer basis for

comparing Lhermal resisËance values of different fibrous batts.

.tal-nment of Ëher ,alues of other fíberThe attal-nment of Ëhermal resistance r

types aval-lable for use ín batt make-up for cold-weaËher ouËerürear

would be anoËher recommendation for further sÈudy. Thís would provide

a range of informatÍon on changes in thermal resÍstance with fiber Ëype.

A1so, Ëhe study of thermal resisËance with different fiber types could

provide more extensive infornaËion on the effects of compressional re-

sílience of these differenÈ fibers

' Pressure level had less of an effect on thermal resistance for

the assemblles than díd the number of batË l-ayers or fiber type. ResulËs
,

shor,¡ed as pressure level r¿as inereased to a maximum oÍ 2l g/ c ¿ the Èher-

mal resistance for the assemblies decreased. The polyester batt was found

to be more sensíËive to pressure than were Ëhe other fibrous batËs Ë,esËed.

Iligher percentage compïessíon of the pol-yester batt was possibly due Ëo

compressing the polyester fiber Ëo the elastic lirlit. A recommendatÍon
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for future study would be to examíne the pressure effect on polyester

fiber, specifÍcally, in order to validaËe results of the present study

and Èo determine the reason for thís pressure effect. Also, sínce

pïessure leve1 had an effect on thermal resistance values ít appears

reasonable Ëo consider pressure levels higher than the 2L g/ emz, possibly
tto 35 g/cm', as given in the standard Ëesting procedures. Considering

more than Èhree pressure levels in any one sËudy wouLd be a suggesËion

for future research slnce this woul-d provide more dÍrecË ínformaËfon into

effects of pressure on thermal resistance values

Batts made from one fiber type have been found to provÍde beË-

ter thermal resistance than baËts made from anoËher fiber type due Ëo

ínherenÈ stress:-response variaËions for clifferent fibers. In the

presenË sÈudy, the coËton batt produced the largest thermal resistance

val-ues. Ilowever, this study r¡ras not desÍgned to measure thermal re-

sístance of the texËíle assemblies afËer pressuïe had been applied

continuously, over time, as woul-d happen wíth a cold-climaËe ouËergar-

menË in use. Therefore, the cotton batt should not be considered

specifically, as the better fibrous batË of those selected in this study,

ín terms of high thermal resistance. A recormendatíon for fuËure study

would be to investigaËe thernal resisËance for dÍfferent fibrous batts

as pïessure is imposed on a contínuous basis, over a period of time.

This night provide infornation for Ëhe recommendation of a fÍber type

which maínËains a high compressional- resilience and thus high Èhermal

resistance.

The two-t¿ay interact.ions beËr,reen the factors ür'ere found to

significanË1-y influence thermal resístance for the assenblies. Each r¿as
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sÍgnificant at Ëhe .01 level. This indicated the inporÈance of consid-

ering the number of baËt layers, fiber type of batt, and pressure level

of compression, as Ëhey interrelaËe, to obtain opÈimum thermal resis-

Ëance. Results showed Ëhe mulËíp1e layers by fiber type ínteracËfon

had the most pronounced eff,ect of the signíficant interactions, on ther-

mal resísËance values. Thís rras reasonable in viernr of the significanË

main effects for f,actors -mul.típle layers ancl fiber Ëype. ResulËs gave

evidence to suggest that thickness of the assembll-es and pressure applied

to the assemblies effected a change ín thermal resistance, while the

chemÍcal nature of dífferent fibers did noÈ have a pronounced effect on

Ëhe values.

A t-test, significant at the .01 level, shor¿ed no difference

between thermal resistance for batt layers alone and for fabrics and

batts in combÍnation. Thermal resistance vaLues of one layer of each

of the TesËfabrics r¡rere found quite small in comparison to Ëhat for Ëhe

batt layers.

ResulËs of Ëhe present study r¡rere correlated r,¡iÈh and examined

in víer,tr of prevíous research findings. Correlation coefficienËs and

multiple regression equation consËants showing the relationship between

prebsure, Ëhickness, and thermal resistance for the assemblies r¿ere

calculated and used to reÍnforce findings from the present research.

Results of the analysis suggested further that thl-ckness of the assem-

bl-les exhibited the most pronounced effect on Ëhermal resLstance values

while pressure level exhibited the least, pronolmced effecË. The analysis

gave evidence to suggest interdependence beËween thickness measurements

and pressure applied to the assemblies. Also, results of the analysis
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provided information suggestíng sensitivity of the polyesËer batt to

pressure.

Based on results of the presenË study, improved thermal re-

sistance of a f.abric-batt assembly used for cold.-weather condiËíons could

be achieved by increasing Èhe number of batt layers between the ouËer-

and lining-fabrics of the assembl-y, r¡ntil optimrrm thermal resistance is

obtained. However, the increase ín thermal resistance, for all fíber

t)rpes, with an increase Ín batt-layer number, Ín Èhe present sËudy, was

found to,be rnodified by the specific fiber type lnvolved, as well_ as by

the degree t,o whlch the baËts T¡rere compressed. Fiber Ëype of baËt, there-

fore, should be selecËed on the basís of its ability to wíthstand compres-

sÍon, since maintenance of thi.ckness ís Ímportant to the attaínment. of

high thermal resistance.

The present study dealt only wíËh new textile maËerials and

therefore the effects of T^rear on thermal resistance üras not determined.

In order to obtain additional lnformaËion on thermal resist,ance of cold-

r¿eather outergarmenËs ít might be worthv¡híle to introduce a study to

consider thermal- resístance wiËh lrear, and perhaps with some refurbíshing

processes such as laundering or dry cleanÍng. These suggesËÍons appear

reasonable since it is necessary to maintain Ëhe thermal resÍstance of

a cold-climate outergarment with use, over time

hroughouË the present study, Ëhermal resístance has been

established as an ímportanË consideratíon for text,ile assemblies used

to form a cold-weather outergarmenÈ. The goal has been to obtain an

outergarment which provides adequaËe warmth without heavy weight. The

present research considered the effecÈs of some important variables on

.1.. 1 -
'-"_.:.r ,.
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Ëextile assemblies which have been

outergarments. The recommendaËions

are expected to provide additíonal

of cold-elimate outer:l'rear.

formed in a manner similar to such

for further study, in this chapter,

ínformation into thermal resist.ance
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Table 4. Source of TesË Fabric

75

Fabrics Supplíer

Nylon

Cotton

Test fabric Incorporated, New Jersey, New York,

Test fabric Incorporated, New Jersey, New York,

U. S. A.

u. s.A.

:

Batts Supplier

CotËon

Multifiber

tr'loo1

Polyester

ToronËo QuilËing and Enbroidery, i,Iínnípeg, Manitoba,
Canada

Toronto Quíltíng and Embroídery, tr'Iínnipeg, Manitoba,
Canada

"Metav"-Brandon M11-ls, Brandon, Mani,Ëoba, Canada

"Metav"-Brandon Mil1s, Brandon, Manítoba, Canada

:": !ì:::;
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Table 5. Calibration CharË for Cold Plates
77

Millivolt
Reading

Temperature
oc

Mí1livo1t.
Reading

Temperature
oc

.486

.487

.488

.489

.490

.49L

.492

.493

.494

.49s

.496

.497

.498

.499

.500

.501

.502

.503

.504

.505

.506

.507

.508

. s09

10.0066

10.0516

l-0.0965

10.l-415

10.1_865

LO.23L4

LO.2764

L0.3214

10.3663

10.4113

10. 4563

10.5012

L0.5462

r0.59L2

10. 6361

10.681-1

LO.726L

LO.77LL

1-0.8160

10.8610

1_0. 9060

10.9510

1-0. 9959

11.0409

.510

.511_

.512

. s13

.5L4

.51-5

.516

. sL7

.518

. s19

.s20

,52L

.522

.523

. s24

.525

,526

.527

.528

.529

.530

.531-

.s32

.533

1_1.0859

l_l-.1308

11;1758

LL.2208

LL.2657

11.31-07

11.3557

11.4007

Lt.4456
tL,4906
11-. s356

11.5806

aL.6255

LL.6705

1l_.7155

Lt.7604

11.8054

1l-.8504

LL.B954

LL.9403

1l-.9853

12. 0303

L2.0752

L2.L202

I ; -'l'r": :;.

ì '.r:, '
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Table 6. Calibration Chart for Hot Plat,e

l[i]-1ivo1t
Reading

Temperature
oc

ìtil-1ivo1t
Reading

Temperat,ure
oc

1.384

I_.385

1.386

1.387

1.388

1.389

1.390

1.391-

r.392
1.393

L.394

1.395

I;396
L.397

1_.398

I.399
l_.400

1.401

L.402

1-.403

L404
L.405

L.406

L.407

31.9846

32.0288

32.0729

32.LL7L

32.L6L2

32.2054

32.2495

32.2936

32.3378

32.38L9

32.426L

32.4702

32.5L44

32.5585

32.6026

32.6468

32.6909

32.7 35L

32.7792

32.8233

32.8675

32.9LL6

32.9558

32,9999

1.408

L.409

1. 410

1.411_

L.4L2

1_.413

L.4t4
1.415

r.4L6
L.4L7

1.418

L.4t9
t.420
L.42L

L.422

L.423

L.424

L.425

L.426

L.427

L.428

t.429
t-. 430

L.43L

33.O44L

33.0882

33.L324

33.L765

33.2206

33.2648

33.3089

33.3531-

33.3972

33.44L3

33.4855

33.5296

33.5738

33.6L79

33.662L

33.7062

33.7504

33.7945

33.8386

33.8828

33.9269

33.97LL

34.0L52

34.0593
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Table 7. Mgasured Values of Thermal- Resistance for CotËon and Nylon
Testfabrics*

Number of
Fabric
Layers

Cot.ton
Thermal-

ResisËance Thickness
*2"". oc/caL rtrn

Nylon
Thermal

Sesistance
*'"." oc/cal Thíckness

nm

l-8

L6

L4

L2

1. 19

1. 10

1.05

0.91

5.7L

5.08

4.44

3. 81

1_.01

0. 94

0. 88

0 .79

3. 35

3.L2

2.89

2.69

* Based on an average of tr¡o. the¡mal resistance measurements; thiekness
measurements calcurãte¿ at 7glcm2 pressuïe level-.
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Cotton +10.0 + 6.2 +15.0

Ì,Ioo1 + 3.4 + L.7 + 9.2 ,,, .i
i'. ,'.i,',t, .

Polyester -L.6 +4.9. +9.6

Multifíber + 3.2 + g.2 -18.3 ¡,;;',;,,,',

Cotton -5.9 +6.4 +g.2

Wool + 2.L + 3.6 - 3.6

Polyester -5.3 -2.5 -1.8

Multifiber + 5.0 +L3.7 + 0.6

l

CoÈËon +' 4.5 +L4.1 +10.6 
,

l

!Iôo1 + 3.2 +L2.4 - 2.3

Polyester -3.6 +3.4 -1.1
':'uuttifiier +0.7 +3.8 +9.1- ,.,' :.
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Table B. PercenÈ Change in Thermal- ResísËance Values Betrreen Batt- and
Fab ric-Batt-Assemb lies

Percent Change in Thermal ResisËance VaLue(%)*
Number of Fiber ,,,:-,':.:,

BaËt Layers Type pressure pressure pressure

* Based on an average of two ther,mal resístance measurements.

Thermal Resistance of Fabric-Batt Assemblies -
. Thermal Resistance of Batt Assemblies r * r^Zchange=t--Ëil- lX100

-:{,

l:ì:.:':r'
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Table 9. Mean Thermal Resistance for Batt,- and Fabric-BaËt-Assemblles as
as FuncËion of the Main Factors

BatÈ Assemblies Fabric-BaËL Assemblies
Mean Thermal Mean Thermal
Resístance SD Resistance SD

12s"c oC/caL rn2""" oC/cal

Number of Batt L"y.t"*

1

2

3

-LS

Fiber Type

Cotton

I^Iool

Polyester

Mulrifíber

Pressure Level ,g/" 
2*

7

L4

2L

L.75 0.48 1_. 84 0.s2

3. 31 1. 15 3. 35 t-. 09

4.81- L.76 5.03 1.87

4.L6 2.02 4.44 z.LL

3.77 L.75 3.90 1.85

3.34 1.60 3.31 L.52

1-. 89 0. 63 L.96 0.68

4.08 2.L7 4.LL 2.L8

3.11 L.54 3.34 L.76

2,68 L.24 2,77 1.30

* Based on ¿m average of twenty-four thermal resistance measurements.

** Based on an average of eíghËeen thermal resístance measurements.



Table 1o. Hean Thernal Resfstance for Batt- and FabrLc-Batt Ássenblfes as a
Iì.rncËl.on of Interaêtion Effects of the lfain Fectors

Nr¡nber Pressure #ïtr#=w
. of Batt lllber Level ResLsËance SD Resf.sEance SÐ

InteractLon Layeis Type Elcn2 m2sec oC/cal ¡o2sec 9C,/cal

Hulttple
Layers X **
PLber Type

Ii.-

Presgure
Level X

Ìtultfple
Layers*t

Pressure
Leve1 X

**
Ff,ber Î¡pe

B3

I
2

3

I
2

3

1

2

3

t
2

3

Cotton

llool

Polyester

Hultlfl.ber

2.O3

4.27

6.18.
L.92

3.81

5.s7
1.84

3.30

4.89

L.22

1.86

2.59

2.L3

1.67

1.45

4.08

3.07

2.78

6.03

ó.60

3.79

5.19

3.99

3.30

4.63

3.59

3.08

4.44

2.97

2.62

2.06

1.9r.

1.71

0.40

1.0r
1.50

0.36

0.84

1.18

0.63

0.78

1.51

0.03

0. 14

0.38

0.60

0.38

o.t 9
1.48

0.89

o.77

2.L2

1.45

1.17

2.70

1.93

1.61

2.25

1.78

L.43

2.O3

L.4t
1.17

0.86

o.72

o.48

2.23

4.36

6.74

1.63

3.85

5.83

r.90
3.19

4.85

1.21

1.99

2.70

2.2L

t.76
t.54
4.01

3.21

2.82

6.L2

5.04

3.93

5.29

4.39

3"65

4.77

3.86

3.06

4.28

3.03

2.63

2.LL

2.06

t.72

0.39
o.67

1.41
o.31

o.92

L.34

o.54
0.69

1.38

o.tt,
o.23

o.29

0.62

0.38

0.36

r..36

0.90

0.86

2.23

t.79
L.24

2.75

2.29

1.74

2.32

2.11

1.3L

1.94

L.4s
1. 08

0.84

o.72

0.67

.,::,.ìl

I

t4
z\

7

14

2L

7

14

2t

Cottcm 7

L4

2t
llool 7

L4

2L

PolyesÈer 7

L4

2L

Hulrlflber 7

L4

2t

* Based of¡ an average of eLght theroal resLstance.¡nea¡¡ureaents.

tf Based o¡r an average of. eLx therEal resfstdlce rtrea.surelBents.
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Table Ll. Percent Increase
¡\ssen¡blLes as the Number of
froo One- to Three-Layers

fn Thermal Resf.stanee'for BaÈt- and Fabrl.c-BaÈt-
BaÈÈs are Increased fron One- to Two-Layers and

Pressure
Level

,8,1ø2
Nunber of

BaÈt Layers
Flber Percent ir,.cr"as. of Theroal Resistance Vatue (Z)*
lYpe

GotÈon

Wool

Polyester
llulttfiber

CotÈôn

I{oo1

PolyesÈer

MtrltLfiber

CotÈon

llool
PolyesÈer

Mu1Ëtff.ber

coiton
llool

Polyester
lfulrLfiber

Cotton

Hool

Polyester
lft¡ltLflber

CoÈton

HooI

Polyester
Multt ff.ber

+L26.4

+103.4

+ 64.7 ',

+ 60.5

+225.5

+193.1

+158.0

+L37.9

+ 87.6

+ 97,2
+ 79.5

+ 58.8

+184.7

+198.2

+L74.5

+12L.8

+118.1

+ 91"4

+106.6

+ 38.0

+200.0

+176.1

+170.1

+ 78.0

+ 94.3
+100.8

+ 59.O

+ 63.3

+209.L

+].;92.5

+L52.9

+132.O

+ 87.8
+101.1

+ 66.9

+ 65.4

+205.9.
+228.4

+170.4

+Fo.8

+r07.1
+ 69.1
+ 85.2

+ 65.4

+188.6

+I47.2
+144.3

+129.8.

::'
l:::-
t:.. .

:

i-.._

t:.:

14

2L

* Based on an average
for one baEt layer as

of È!¡o readlngs uslng neasured thernal resf.sÈance values
cont.rol.
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TabLe 12. Percent Change fn
Ássenþlfes as Pressure Level
7el"o? rc 2relr,¡.2

Therrnal Resfstance for BatÈ- and Fabrlc-BaÈt-
fs Increased fron Tglcø2 to Jhglcr? and fro¡n

llurnber of Préssure Level
BaÈt Layers Clcæ

FLber Percent Ch¿¡ge oi Thermal ResisÈance Value (Z)*
Ty?e Batt Assembi

L4

l .':: ;::
21

16

2L

L4

2L

Gotton

ÌIoo1

Polyester
Mul.tl.flber

Cotton

I{oo1

Polyester
lfultlfLber

Cotton

llool
Polyester
Multlfiber

CoÈton

I{oo1

Polyester
Ìfulttflber

Cotton

Wool

Polyester
I'fultlfLber

Cotton

WooI

PoLyester

Hultlflber

-14.3
-28.7

-58.4
- 4.2

-49.4
42.9
-87.5
- 0.8

-38.0
-32. 8

-4s.3
- 5.3

-55.0
-5r.9
49.5
-L6.4

-30.8,
-26.9
-48.9

-11.7

-62"t
-51.8
-78.8
-34.7

-18.5

-30.9
-48.s
.r 1.6

-42.9

-3s.4
-68.5
-r?.t

-22.5
-30.8
-41.5
+ 2.9

-34.1
-60, I
-44.6

-2L.5

-19.7
-16.5
-38.9

- 8.4

-53"1
-60.2

-74.4
-24.3

i:,

* Eased gn an average of
at Tglc& pressure leveL

two readl.ngs usfng measured themal resfsÈance values
as cont.rol
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TabLe 13. Analyses of Variance of Thermal- Resl-stance for Batt- and Fabric-
Batt-Assernblies

Multipl-e Fíber Pressure
Item Layers Type Level AXB AXC BXC Æ(BXC ResÍdua1 ToËal

(A) (3) (c)

Batt Assemblies

df232646L2367L

ss 205.80 97.L-5 45.6L 24.35 g.56 g.7L L.Bz 3.30 3g7.3L

MS LO}.9O 32.38 22.8L 4.06 2.39 t.62 0.15 0.09 -
F.Ol- 5.20 4.4L 5.20 3.3s 3.91 3.3s 2.74

******F LL23.74 353.64 249.07 44.33 26.LL t7.67 L.66

Fabric-BatÈ Assemblies

df23264612367L
ss 225.52 tL2.73 40.33 28.20 8.98 7.93 2.96 5.75 432.39

MS LL2"76 35.58 20.L6 4.70'2.24 L.32 0.25 0.16

F.01 5.20 4.4L 5.2O 3.35 3.9L 3.35 2.74 -
******F 706.06 222.77 t26.26 29.43 L4.O6 8.27 L.54

* Signiftcant at the .01 level



Table 14. Comparison of
Fab ric-Batt-Assemblies

Mean Thermal Reslstance Values for Bat,Ë- and

B8

Type of
Assernbly

Number of
Samples

Mean Thermal
Resístance

m2sec oC/ca]- SD

Batt

Fabric-BaËt

36

36

3.29

3.40

L.73

1.80

o.27L7

* Significant at .01- level (t = 2.648)

.',:.

:3i



Table 15. Correlati.on CoefficienËs and MultÍp1-e Regression ConsËanËs Showing Rel-ationship Between
Pressure, Thickness, and Thermal ResisÈance for Batt- and Fabríc-Bat,t-Assernblies

Type of
Assernbly

Batt

I'Ioo1

PolyesËer

Multifiber

Fabric-Batt Cotton

Fiber
TyPe

CoËton

Pressu
E/cul2

re

xt

xt

xt

xt

Thickness
nm

Thermal
Resistance

*2"." oc/caL

xz

xz

x'z

xz

I,Ioo1

Polyester

MulËifiber

x1

xt

xt

xt

:: l:t.i:,,

Correlation
Coefficient

xz

xz

xz

xz

-0. 08

-0.42

-0. 53

-0.25

Regreésion Line ConstanËs
abtbZ

0.48 -L.69 15.73

0.05

-0.02

0. 14

L.4L

0. 2B

0.27

a.32

-o.26

0.42

-0. 53

-0.26Y

0. 6L

L.92

-0. 09

-5.18

o.92

L7.26

1-5. 06

L7.47

15. 01

L6.75

rs.46

L7.50

1_.33

-0. 43

,r: -.

Il
ll::";:r.

.:{

@
\o


