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ABSTRACT

Thermal resistance is an important property of é textile’
assembly formed for use as a cold-weather outergarment. It is useful,
therefore, to measure the thermal resistance:of‘textile materials
which can be used successfully to form such an assembly. The present
research was so designed to study thermal resistance of singlé—,
double—-, and triple-layers of cotton-~, wool-, polyester-, and multifiber-
batts. A guarded'hbt—plate apparétus was used following a modificatiop of

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

layers alone and on batt layers sandwiched between nylon- and cotton-

Téstfabric, undér 7 g/cmz, 14 g/cmz, and 21 g/cm2 pressure levels of
compression. Data were statistically analyzed as two - 3 X 4 X 3 analyses
of variance. One analysis was made on batt layers alone aﬁd the second
én the fabrics and batts in combination. Significént main effects were
obtained on both analyses for the three factors - multiple layers of

batts, fiber type of batts, and pressure levels of compression. The two-

way interactions between these factors were. also found significant indicat-

ing a need to consider factors as they interrelate to obtain optimum
thermal resiétance. A t-test showed no significant difference between
méan;thermal,resistance values for batt layers and fabrics and batt layers
in combination. The results were correlated with and explained in view
of prévious research findings. Correlation coefficients and multiple
regression equation constants were calculated and discussed to reinfoxce

both statistical and non-statistical inferemces given.
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Chapter 1
- INTRODUCTION

Cold-weather outerwear is concerned basically with minimizing
thermal stresses imposed on man by the 'environment. Insulating abilify
is therefore of prime consideration for assemblies of textile materials
to be used in.cold—climate ouﬁerwear. Since parts of Canada are sub~
jected to these:cold extremes in temperature it is useful to measure
the thermal resistance of single- and multiple-layers of textile mate-
_riais that can be used to form such an assembly in order to find the
best possible coﬁbination of textiles useful as an insulator in cold
weéther.

Traditionally, protection against the éold environment has
" been provided by garments made from fabrics of great thickness and
heavy weight giving rise to cbnsiderable discomfort to the wearef. The
modern tfend is to use lightweight fabrics to provide adequate Wafmth.

The goal of achieving warmth without weight has been difficult

in the past. However, today, fibrous batts, made from loose fiber stock,

tend to serve the dual requirements of providing warmth and low weight.
Batts'are used successfully as insulation fillers because they are low

in density and therefore provide low thermal conductivity. However, the

stress—-strain properties of batts are such that they cannot be used alone

for many textile applications in which mechanical properties are impor-
tant. Hence the need for sandwiching batts between fabrics.

The problems of improving thermal resistance in outerwear have




been investigated. Belding (55, Fourt and Hollies (13), Monego et al
(20), and Morris (22) considered the thermal resistance of fabrics,

. foams and laminates, and fabric assemblies. Baxter and Cassie (4),
vBogaty et al (6), Fredefick (11), and Weiner and Shah (30) studied the
thermal resistance of single layers of fibrous batts. However, studies
which specifically examined thermal resistance of multiple layers of fi-
brous batts or of éssemblieS'containing both fabric- and bétt—layers were
'not found in the pubiished literature. Since a cold-climate garment,

~ today, contains a combination of fabric- and batt-layers it may be re-
levant and indeed worthwhile.to investigate thermal conductivity of
assemblies that resemble such a garment. In addition, it may be worth-
while to examine whether theories documented for fabrics, foams and
laminates, and single batt layers apply similarly in the study of‘fabric—'
batt ‘assemblies.

Purpose of Study

The purpose of this study was to gain an insight into the in-
fluence of the physical properties such as thickness, pressure, and fi-
berAtype on fhermal resistance of selected fabric;batt assemblies, and
to determine which‘of.these properties are most significant in terms of
thermal insulation of an outerwea; garment.

The specific objectives of this research were:

1. To determine the effect of three 1ayer—combinations of

'batts on thermal resistance for selected'fabric—batt assémblies.
2. To determine the effect of four different fiber types of

batts on thermal resistance for selected fabric-batt assemblies.




3. To determine the effect of three different pressure levels

of compression on thermal resistance for selected fabric-batt éssemblies.

4, To determine the interaction effegt of these factors - mul-
tiple layérs, fiber type, and pressure level, on thermal resistance for
selected fabric-batt assemblies.

5. To gain an understanding,.based on the results of the -
study, to recommend aﬁ effective fabric—ﬁatt éssembly for cold weather.

Limitations

The best design for this study Qas to obtain batts with sim-
ilar characterisfics - weight, density, packing factor, porosity; for
each of the fiber types used in the batt construction. Due to the in-
“herent differences in fiber properties, however, it was not possible to
obtain batts with these specifications. Manufacturer practices involve
keeping one property of the fibrous batt a constant, e.g. weight or
density. The other properties will véry according to the fiber type
contained in the batt. Generally speaking, the cotton-, wool—, aﬁd
‘bolyester—batts had similar characteristics while the mulfifiber batt
differed. -

Definition of Terms Used

For the purpose of this study terms relating to the fabric-
batt assemblies and thermal- and air-holding properties of the textile
materials were defined.

The first two terms describe the make-up of the cold-climate
garment, and the next five terms describe the heat transmit-
ting properties, while the last term describes an air-contain-
ing property of a textile material. :




Batt Layér—Combinatién. An assemblyAformed from eithervone—,
’ two-, or threé—layers of batts made from any one fiber type.

Quterwear. An assembly composed of either single- or multiple-
1ayer$ of batts sandwiched between a nylon outer—fabric and a cotton
lining-fabric.

Conduction. The power to transport heat from molecule to
molecule by collision wherein the molecules exchange their kinetic energy-
the flow of heat through a medium without actual physical traﬁéfer of
matérial (15). |

Thermal Conductivity. The rate of heat flow across a umit

area of a material, through a unit thickness, under unit temperature
gradient - heat transfer through materials by conduction (2).

Thermal Insulation. That property by'virtue of which’a ma-

terial can resist heat flow (2).

Thermal Resistance.  The ratio of temperature difference
across a ﬁhermal path to the rate of heat flow along that path, under

steady-state conditions of heat flow (2).

'Optimum Thermal Resistance. The maximum thermal resistance
value obtainable with the use of an insulating material. |

Poroéitz. The ratio of the volume of air or void contained
‘within the boundaries of a material té the total volume, expressedbas a

percentage (17).




Chapter 2
REVIEW OF LITERATURE

Previous researchers have identified a number of factors which

effect thermal resistance of a given textile assembly. Among these fac-
tors are the still air held within the assembly, the thickness of the

fabrics contained within the assembly, pressure exerted on the assembly,

and, the influence of the constituent fibers of the assembly. The ef-~

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

assembly is reviewed in this chapter.

. Effect of ‘Air on the Thermal Conduétivity of a Textile Assembly

Air held by the constituent fibers and the air layers formed
between the fabric layers will effect the thermal conductivity of a tex-—
tile assembly.

Air Held by Fibers of a Textile Material

Thermal resistance of clothing fabrics can be attributed to
the amount of immobilized air contained within the fabric structure.
Fourt and Hollies (13) and Rees (25) explained that fabrics are a mix-

ture of air and fibers in which the fiber dominates by weight and visi-

"bility, but the air dominates by volume. At least two-thirds of the
voluﬁe of all clothing fabric is air:

Fibers in a fabric entrap air because fibers have enormous

total sﬁrface»and air clings to a solid surface (17). A fabric composed
of many thousands of fibers will therefore act to slow down air move~-
ment and heat transfer by convection. The amount of entrapped air will

depend on how closely packed the fibers are in the fabric. Carded-cotton




fibers, and wool fibers, because of their natural crimp,.provide an
open-structured yarn while silk and continuous filament mén—made fibers
automatically produce tightly packed yarn. In the latter, only the yarn
surface is available for imposing drag on air movement. Kaswell a7
reported the most densely packed wool fabric contains 607% air and 40%
wool, while the most densely packed cotton fabric contains 20% air and
. 80% cotton.I |

Tﬁermal coﬁductivity of fibers in comparisoh to immobilized
alr has been investigated (5,8,9,15,25,28). Rees (25) pointed out ther;
mal conductivity of clothing fabrics is one and one-half-to two—times
greater than still ajr. Thermal conductivity of all textile fibers w&s
found ﬁen-to twenty-times greater than still air. Crow (9) reported
thermal conductivity of a fibrous pad with density equal to 0.5 g/cm3
was six timeé greater than still air. 4

'The recognition of the roleléf still air in providing the best

thermal insulation in clothing fabric was important to the study aﬁd'
development of thermal resistan¢e in clothing. The thermal resistance
vof a textile material was found to improve by simultaneously incfeasing
its thickness and decreasing its bulk density in ordef to increase the
volume of air that can be contained in the material (6,8,9,21,25).

Pierce and Rees (24) established thermal resiétance of a low-
densify fibrous mass used as an insulation filler in outerwear to be
similar to that for still air. They found that either a decréase or an
increase in density of such a fibrous mass causes a decrease in fhermal

resistance. This decrease in thermal resistance was found to be by




different mechanisms. By reducing the density of the mass increased
convection within and radiation through the mass of fibers decreased its
thermal resistance. With an increase in‘density thermal reéistaﬁce of
thé fibrous mass was again feduced due to increésed transfer of heat by
conduction through the fibers.

Air Layers Formed Between Fabric Layers of a Textile Assembly

Studies have shown that the accuracy qf therﬁal resistance
measurements for textile assemblies is affected by the éﬁount of immo-
bilized air contained between the fabric layers. Siple (28) feported
optimum thermal resistance of an assembly was reached when the air
layers were 0.67 mm thick. Burton and Edholm (8) gave the value to be
12.7 mm. Beyond this point, Burton and Edholﬁ found there was no more

gain in thermal resistance for the assembly. This was credited to the

. development of convective currents which move more freely as the air

space between the fabric layers becomes wider.

Morris (22) found a.great amount of air was held within a tex-

‘tile assembly in which poor contact was made between fabrics due to rough

or irregular surfaces. The reverse was found for assemblies made of fab-
rics with smooth surfaces. Morris concluded accurate estimates of ther—
mal resistance of textile assemblies could be obtained by adding the

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

curacy of thermal resistance values for assemblies of fabrics possessing

_rough or irregular surfaces would depend on measuring the thermal resis-

tance of the textile assembly as a whole. These results may'suggest per—

haps the volume of air per unit area provides a better basis for estimating




thermal resistance for a multiple of fabric layers.

Thickness of Textile Materials

Fanger (lO)vpointed out thermal resistance of a given textile

assembly intended for clothing purposes is dependent upon thickness and
porosity of the individual fabric layers forming the assembly.  Since
variatibn in porosity.is found only moderate in textile materials in-

tended for clothing purposes, thickness was established as the more im-—

portant property. Aelion and Brown (1), Frederick (11), Horn (15),

Mdrris, C.J. (21), Morris, M.A. (22), and Weiner and Shah (30) are in
agreement with Fanger. Fourt and Hollies (13) believe, however, weight:
of the tektile materigl at a given thickness, retention of thickness
under préssure, and‘recovery of'thicknesslon_release of applied pressure,
in ways needed for clothing, are properties which are perhaps more im—

portant to the understanding of thermal insulation of textile materials

¢
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than is the thickness - thermal resisfance property alone.

Many investigators have observed that there ié a linear rela-
tionship between thermal resistance and thickneés of textile materials,
whéther the variation in thickness is obtained by testing.a range of fa—

brics with varying thicknesses (1,13,21,25,29), by adding successive

layers of fabric;(l3,22,28), or by altering the thickness of the textile
material by changing the pressure per unit area (6,10,12,17,18,30).

Speakman and Chamberlain (29) reported an increase in thermal

resistance with an increase in thickness of textile fabrics they tested
to thicknesses of 1.4 mm. Baxter and Cassie (4) gave the wvalue to be

9.9 mm. Beyond this thickness measurement Baxter and Cassie found the




slope of the thickﬁess ~ thermal resistance curve fell off to become
horizontally asympfotic (Figure 1).

Aelion and Brown (1) found good correlation between thickness
and thermal resistance. These researchers found the relationship be-
tween heat loss and ﬁhickness of‘textile fabrics tested could be ex-
pressed by a hypérbolic—shaped curve as shown in Figure 2.

These studies might suggest that a linear relationship may
exist bétween thickness and thermal resistance measurements for téxtile'
fabric layeré and textile assemblies, however, this relationship cannot
_beiassuméd beyond limits of thickness measurementé recorded for textile
sysfems tested. |

Pressure Applied to Textile Materials

A textile fabric has no clearly defined surface, and conse-
..quently, measurements of thickness must be taken under a definite pres-
sure; ideally the pressure to which thé fabric would be subjected to in
| use. Researchers (6,11,12,17,30) have acceptéd tﬂe fact that thickness
qf‘a textile material is a funcfion of applied pressure and have sug-
gested that pressure level be specified whenever discussing thickness.
This_interdependence between thickness and pressure level was found true
not only at relatively high pressure leveis required to compress the
textile material to a thickness of 2.5 mm but also at lower pressure
levels, as found by Rowlands (27).

Larose (18) considered what tgkés place whén a fabric is being
compressed. When fibers in a textile fabric are subjected to pressure

they must taken on new positions and in doing so slip past other fibers
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THERMAL RESISTANCE , m2sec °C /cdl

THICKNESS , mm

‘'Figure 1. Relationship Between Thickness and Thermal Resistance Falls
0ff to Become Horizontally Asymptotic.
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HEAT LOSS , cal / m?sec °C

THICKNESS , mm

Figure 2. Relationship Between Thi ckness and Heat Loss Expressed as .
. a Hyperbolic~Shaped Curve.
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at certain points of contact. ‘This gives rise to frictional effects.
The number of such contacts and effort required to overcome the fric-
tional force will increase as the fabric becomes denser.

For fuzzy fabrics of wool-like charaétér the decrease in
thermal resistance with pressure is counterbalanced by a change in the
arrangement 6f the fibers in the.fabric (6). The overall thermal re-
sistance will remain essentially unaltered, therefore, even at high
pressure levels. becreases in thermal resistance with pressure is ap-
preciable for smooth fabrics of combed cotton-or synthetic;fibers, how-
ever, since fiber arfangement in the fabric undefgoes only minor changes.

Researchers have examined the effects of applied pressure on
thermai resistance 6f textile fabric- and batt—constructions. Frederick .
(11), Fourt énd Harris (12), and Weiner and Shah (30) found imposed
pressure reduced the thickness of these textile constructions, which in
turn, reduced their thermal resistance; Severe wear and exéessive‘con—
Stant-compression applied can also frequently lead to appreciable tem—
:porary’or permahent reduction in thiékness.

The abilify to withstand compression, therefore, is a major
criterion for the selection of fabrics and fibrous batts for use in an
'effective'cold-weéther outergarment. A number.of researchers (6,11,14,
20,21,24,30) recognized since batts are more compressible than conven-
tionai textile structures, and since thermal resistance of fibrous batts
ié'more or less proportional to thickness, batt thermal resisfance could
be reduced under certaiﬁ use-éonditions. Also, these researchers recog-

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

ferences in stress-strain characteristics for different fibers.

Constituent Fibers of Textile Materials

Several researcﬁers (6,9,10,11,17,24;25,30,31) ﬁave demonstrated
the thermal conductivities of different types of fibers are basically the
same. They conciuded, therefore, that fabric- and batt-thermal resis-
fande is largely independent of the chemical nature of the constituent

fiber. TFiber arrangement and fiber-form are two aspects of fibers de-

scribed in the literature as influencing thermal resistance values.

Bogaty and co-workers (6) showed therﬁal resistance of a fi-
brous batt was governed by fiber arrangement as well as by thickness.
Further, researchers established thermalvresistance of a batt is depen-

- dent on the raﬁdomness (7,30,31) and direction (6,9,11).of the fiber
arrangement.’

In the above studies, a parallel fiber arrangement gave a
higher thermal resistance value than did a disoriented fiber arrange—
ment. Also, fibers oriented in a direction parallel, rather than perpen-
dicular, to thevdirection of the batt surface produced improved thermal

resistance. This was credited to the fact that alternate layers of fi-

bers and air could be maintained with the parallel fiber arrangement.
Frederick (11) discussed the importance of the influence of

the fiber-form on thermal resistance of fibrous-batt constructions.

Both fiber diameter and fiber shape were identified in effecting the com-
pressional resilience of the batt construction, and hence thermal resis-

tance values.
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: 1mprovements have beén made by increasing the size of the fiber
diameter in order to reduce the ébility of the fiber to bend. Also, fi-
bers in a batt construction should be oriented in a direction parallel
to the direction of the applied compressive force to obtain optimum com-
 §ressional resilience.

Frederick (11) considered the use of helix-shaped fibers in-
improving 1oftines$ of batt constructions. Also, he demonstrated the
value of crimped staple-fibers over stréight'filament—fibers expléining
that a low coefficient of thermal conductivity of a Bétt construction
coﬁld be obtained by blending a mixture of highly—crimped staple fibers.

Ffederick (11), Kaswell (17), and Rees (25) examined compres-
sional resilience of some natural-, regenerated-, ana totally synthetic—
fibers. Throughout their examinatidns, wool fiber possessed thé greatest
loftiness and greafest ability to retain loftinesé. This Wés attributed
to the natﬁrél crimp of the wool fiberl Regenerated—- and totally syn-

, thetié—fibers, since they are more uniform along their 1ength; fitted
closer together and theréforé pfoduced a less lofty fibrous mass.

Morton and Hearle (23) found a wool fiber-mass possessed a
higher percentage resilience than a polyester fiber-mass, after severe '
pressure conditions. In addition, these researchers noticed the poly—'
ester fiber-mass maintained a peculiar crushed appearance.after the
compréséivé force was removed. They believed this to be é result of
straining the polyester fibers beyond elastic limits at points where
the'fibers crossed one.another.

The above studies suggest that differences in thermal
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resisﬁance values for‘textile %abrics and batts could be attributed to
the mechanical properties of the constituent fiber, in pafticuiar, to
their resiliency.

The studies discussed in this literaﬁure review have-providEd
the information that immobilized air entrapped in a textilé system,
thickness Qf'a textile system; pressure applied to a textile systen,
and, the fiber ;ontainedAin a textile system, each can exhibit restraints
"on thermal resistance of the textile system. Further, and perhaps most
important, these studies have shown that interactions between the above
factors need to be considered and understood Wheﬁ meeting requireménts

for optimum thermal resistance.




Cﬁapter 3

EXPERTMENTAL PROCEDURE
The present research investigated thermal resistance values
 of fabric-batt assemblies contalnlng single- and multlple—layers of -
batts sandwiched between a nylon outer—fabric and a cotton 11n1ng—fabr1c.
The thermal resistance values of the single- and multiple—layers of
batts were also studied. The factors investigated were four fiber types
of batts, three pressure levels of compression on fabric‘and batts,
single~ and multiple-layers of ba;ts, and some physical properties of
batts. Batt- and fabric-batt-assemblies were mounted between a hot— and.
celd—plate until thermal equilibrium of the samples was attained at which
time thermal conductivity was measufed. Informatien about the batts and
'febrics, preparation of test specimens, apparatus and ﬁrocedure, and anal-
ysis of results follow. All testing was conducted in a testing atmosphere

of 25 + 2°C and 42 + 4% RH.

- Selection of Textile Materials

E Three batt types each containing either cotton-, wool—, or
polyester—fibers and one containing a mixture of various fibers were
chosen for this study. The selection was considered representative of
those batts available for use in the make-up of cold-weather garments.
The batt suppliers and their addresses are listed in Appendix "A".
Batts were selected on the basis of almost similar porosity.
-Fabrics

Nylon 'Antron Taffeta', style #316, and cotton 'Print Cloth',
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bleached, 80X80, style #400, Wére obtained through Testfabric Incorpo-
rated, New Jersey, and were used as outer- and lining-fabrics, reépec-
tively, during this study. Testfabrics were chosen since no specifica-
tions exiét for the selection of outer- and 1ining—fabric for use in

" cold-weather garment construction. Alsp, Testfabrics are free from
special finishes which might effect results of the study.

Preparation of Textile Specimens for Experimental Use

SeVenty—two 254 mm X 254 mm samples were cut from,each of the
cotton-, wool-, polyester—, and multifiber-batts. Since it was neces-
sary to-place equivalent assemblies of one-, two—; or three-layers of
batts on either éide of the guarded hot-plate for any one test, each
assémbly being held between a cold plate and the hot plate, these assem-
blies were classgified as pairs'and acted as one test specimen throughout
the study. Randomly chosen sémples of each fibrous batt were arranged
into three sets for testing.

1. Twelve batt-layers were divided into three groups containing

four batt-layers each. Each group of four batt-layers was

- assigned to one of 7 g/cm?, 14 g/cm?, or 21 g/cm? pressure.
The four batts of each group were divided into assemblies
containing one batt-layer each. Each batt layer was mea-
sured for thickness at the given pressure, weight per unit
area, density, packing factor, and porosity. Two assem—
blies were classified as one pair.

2. Twenty-four batt-layers were divided into three groups
.containing eight batt-layers each. Each group of eight
batt-layers was assigned to one of 7 g/cm2, 14 g/cm2, or
21 g/cm? pressure. The eight batt-layers of each group
were divided into four assemblies containing two batt-
layers each. The two batt-layers were measured as one
for thickness at the given pressure, weight per unit area,
density, packing factor, and porosity. Two assemblies
‘were classified as one pair.
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3. Thirty-six batt-layers were divided into three groups con-
taining twelve batt-layers each. Each group of twelve batt-
layers was assigned to one of 7 g/ecm2, 14 g/cm2, or 21 g/cm2
pressure. The twelve batt-layers of each group were divided
into four assemblies containing three batt-layers each. The
three batt-layers were measured as one for thickness at the
given pressure, weight per unit area, density, packing fac-
tor, and porosity. Two assemblies were classified as one .

pair.

The fabrics were pressed lightly with a cool iron to obtain a
flat surface. One-hundred and thirty-two 254 mm X 254 mm samples were’
cut from the nylon- and cotton-Testfabrics. These samples were chosen
at randém,‘were measured for thickness at the given pressure, weight
per unit- area, density, packing factor, and porosity, and were coded.

The coded nylon outer-fabric and the cotton 1ining—fabric were then
paired and placed on either side of each established batt assembly to
form a fabric-batt assembly.

Pressures exerted on the fibrous batt assemblies and outer—
and lining-fabrics, in this study, were selected in accordance with ASTM
‘'D:1777, 1970 requirements. Actual test-size of the specimens was 152.4 mm
X 152.4 mm. Due to the nature of the measurements of physical properties
reqﬁired for the batt- and fabric-samples, however, it waé necessary to
cut the test specimens 254 mm X 254 mm. After measurements of thickness
at the given pressures, weight per unit area, density, packing factor,

and porosity fibrous batts and Testfabrics were cut 152.4 mm X 152.4 mm.

Determination of Physical Properties of Textile Specimens

The procedures used to measure batt- and fabric-characteristics
are enumerated below.

1. Thickness at a given pressure was determined according to
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ASTM (1970) Designation: D1777. A Custom- Scientific Instrument Low
Pressure Gage, with a 19 mm diameter anvil and a 76.2 mm diameter pres-
sure foot under 7 g/cmz, 14 g/cmZ, and 21 g/cmz_pressure was used. TFour

thickness measurements were taken for each batt assembly and for each’

nylon- and cotton-fabric layer. In order that these four thickness mea-
surements did not overlap, on any one test sample, fabrics and batts
were cut to a.size_larger'than actual test-size.

2. Batt- and fabric-weights, in g/mz, were determined accord-

ing to CGSB (1971) 4-GP-2 Method: 5.A-1958. Single- and multiple-layer
assemblies of batts and each layer of nylon- and cotton-fabric, cut
254 mmz, were weighed on a Sartorius Automatic Preweighing Balance.

3. Batt density was determined (17) following the relationship:

3 _ Batt Weight, g
Batt Thickness, cm X 10,000

Batt Density, g/cm

4. Fabric density was determined (17) following the relation—

|
I
b
i
i

ship: -

. . 3 _Fabric Weight, g
Fabric Demsity, g/em” = T o0 Thickness, cm X 10,000

5. Batt packing factor was determined (17) following the re-—

lationship:

Batt Density
Fiber Density

Batt Packing Factor =

6. Fabric»packing fagtor was determined (17) following the -

relationship:

Fabric Density
Fiber Density

Fabric Packing Factor =

7. Batt porosity was determined (17) following the relationship:

Batt Density -
Fiber Density

Batt Porosity = 1 -
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8. Fabric porosity was determined o)) foliowing the relation-
- ship:

_ Fabric Density
Fiber Density

Fabric Porosity =1

. Tables 1 and 2 provide the results of the measurements of
. thickness, weight, density, packing factor, and porosity of the selected
fibrous batts and Testfabrics.

' Deécription of the Guarded Hot-Plate Apparatus

A guarded hot—plate.apparatus fqr measuring thermal resistance
was used to determine thermal conductivity of the batt- and fabric-batt-
assemblies. The.guarded hot-~plate Waé originally designed for use withv
thick materials'of high thermal resistance and was thus similar to the
'NationaivResearch Council of Canada, Automatically Controlled, 12-Inch,
Simplified Guarded Hot—Pla?e Apparatus'. The apparatus was adapted for
textile use by scaling down the'plate assembly from 12-inches to 6-inches
to correspond to the lower thicknesses of the batt- and fabric-batt—éssem—
Elies. Tests.were carried out according to modified method ASTM (1972)
Designation: DIL518 equipped with'the 6-inch hot plate désigned specif-
ically for textile use. A photograph of the apparatus (Plate 1) includes:

‘1. An automatic self-contained control system for the poid-plate
températures (extreme left-A).
| 2. The mainAcontrol system for the hot plate (center-B); also -

- known as the central heater.

3. The plate assembly consisting of a central hot-plate and

guard plate between two cold-plates (upper right-C). An enlarged view

~ of the plate assembly is shown in Plates 2 and 3.
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. _ *
Table 1. Descriptive Analysis of Fibrous Batts

Fiber Batt Pressure Thickness Weight Density Packing Porosity
Type Layers g[cm2 mm g/m2 g/cm Factor
Cotton " 1 7 4,928 279.007 0.057 0.037 0.953
14 4.243 269.351 0.064 0.042 0.958
21 '3.489 247.806 0.071 0.046 0.954
2 7 10.283 576.521 0.056 0.037 0.963
14 8.414 571.367 0.068 0.044 0.955
: 21 7.553 '551.218 0.073 0.048 0.952
3 7 15.211 855.598 0.058 0.038 0.962
' 14 12.657 840.718 0.059 0.039 0.961
21 11.053 799.023 0.072 0.047 0.953
. Wool 1 7 4.202 171.778 0.041 0.031 0.968
14 3.174 164.261 0.052 0.039 0.960
' v 21 2.879 183.713 0.065 0.049 0.950
2 7. 8.886 347.393 0.039 0.030 0.970
14 " 6.595 364.404 0.057 0.043 0.957
. 21 5.189 338.171 0.065 0.049 0.950
3 7 13.765 581.597 0.042 0.032 0.968
14 11.123 584.155 0.053 0.040 0.960
21 8.002 518.784 0.065 0.049 0.951
Polyester 1 7 4.775 ©115.862 0.024  0.018 0.982
14 2.758 107.725 0.039 0.028 0.972
21 2.479 - 126.363 0.051 0.037 0.958
2 7 8.771 214.674 0.024 0.018 0.982
14 - 5.248 210.024 0.040 0.029 0.971
_ 21 4.906 248.619 0.051 0.037 0.963
3 ' 7 14.097 350.066 0.025 0.018 0.982
- 14 9.121 = 356.150 0.039 0.028 0.972
21 6.886 354.304 0.051. 0.037 0.963
.?;%Zi— 1 ‘ 7 1.968 117.838 0.059 0.043 0.957
14 1.775 - 131.982 0.074 0.053 0.947
' 21 1.646 122.721 0.074 0.053 0.946
2 7 3.576 229.283 0.064 0.046 0.954
' ' 14 3.430 254,122 0.073 0.053 0.947
21 3.059 247.961 0.081 10.058 0.942
3 7 5.379 - 349.602 0.065 0.047 0.953
14 4.803 358.282 0.075 0.054 0.946
21 4,011 340.612 0

.085 0.061 - 0.939

: —
* Based on an average of four measurements
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*
Table 2. Descriptive Analysis of Fabrics

Fabric Pressure Thickness Weight- Density | Packing Porosity
g/cm2 mm g/m g/cm -Factor

Nylon 7 117 70.086 0.604 0.530 0.470
14- ' ' 111 1 69.685 0.627 0.549 0.451
21 112 69.117 0.612 i 0.537 0.439

Cotton 7 - .337 '104.915 | 0.311 0.203 0.797
14' .313 105.703 0.338 0.221 0.779
21 .297  104.586 0.351 0.229 0.770

~ % Based on an average of twelve measurements
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Plate Between Two Cold-Plates with

Plexiglas Spacer Mounted at Upper Section of Guard Plate.

Central Hot-Plate and Guard

Plate 2.
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4., A manual balancing &igital.voltmeter (lower right-D) from

which the hot- and cold-plate temperatures were determined.

| Two coil springs were used to hold the cold plate~fabric-hot
plate-fabric-cold platé assémbly together during testing. Pléxiglas
spacers (Pléte 3) were used to separate the cold- and hot-plates at a
précalculated distance from each other. This enabled the plates to exert
ia predetermined pressure on the fabric-batt assemblies held between
them.

TvFigure 3 illustrates the dimensions of the platés‘and the tem;
peratures at which the plates were maintained during testing. The "cen-— .
tral hotfplate, a 101.6 mm square, was maintained at é temperature of
33%. This.temperatuxe was referenced to a direct reading automatic bal-
“ancing thermocouplé‘potentiometer accurate to + 2uv. The temperature of
the water-cooled cold-plates, each a 152.4 mm square, was maintained at
llOCAduring testing, and was controlled by an automatic self-contained
éystem,accurate to + 3uv. Using‘calibration.charts (Tables 5 and 6,
Appendix "B") and output in millivolts, read frém the manual balaﬁcing
voltmetér, the temperatures were détefmined with an aécuracy of + O.ZOC;
The guard-heater temperature was automaticaliy controlled By means of
thermocotiples to maintain the same temperature:as the central hot-plate
and, thus, prévide unidirectional heat flow across the system.'

Design and Use of Plexiglas Spacers

Thickness measurements at a given pressure were determined for
the batt assemblies and for each of the outer- and lining-fabrics.

Plexiglas spacers were_cut'to an accuracy of + .02 mm from the values
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obtained for the thickness meaéurement of the batt assemblies and the
.fabric—baft assemblies. Eight spacers were cut for each thickness mea-
sufement. .Four of these spacers were placed at each corner of one side
of the guard plate and the remaining four were blaced at each corner of
the other side of the guard pléte (Plate 3). Spacers were held in place’
by a silicone-dielectric '4—Compoﬁnd' - Doﬁ Corning. The precision-cut
spécers were used to sepafate the hot- and cold-plates during testing.
This resulted in a specificvpressure being exerted on the test spécimens.
It was under such pressures that the thermal conductivities of the var—.
‘ious combinations of textile assemblies were measured.

Plexiglasvwas selécted as the spacer‘material, in this study,
for its versatility. Piexiglas can easily be precision-cut to size and
can easily be mounted on either side of the guard plate. In addition,
plexiglas was readily available, relétively inexpensive, and, in itself,
actéd as a heat insulator. It therefare‘did not conduct heat from the
hot plate to the cold plates.

Procedure for Méasuring Heat Flow

" Thermal conductivity ﬁeasurements were_obtaine& at ambient temQ
petature and humidity (25 + 2°C and 42 + 4% RH). The specimens were con-
ditioned for a minimum of 72-hours and were therefore in hygrqscopic equi-~-
librium with the room conditions when tested. APlexiglas spacers were
attaéhed-at.each corner on either side of the guard plate. One-half of
£he pair of the 5att— or fabric-batt-asseémblies were placed on either
side of the hot plate. The test specimehs were held in position by hand

and the cold plates were eased towards the specimens until they made
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contact with the plexiglas spaéers. One coil spring was then positioned
at each side of the total cold piate*fabric-hot plate-fabric—~cold plate
assémbly to hold the assembly together. Plate 3 illustrates placement
of the plexiglas spaéérs, batt assemblies, and éprings, and the position
_of the guarded hot-plate between the two water-—cooled cold-plates.
Throughout the sfudy the nylon outer-fabric was placed in contact with
the‘cold platesvapd the cotton lining-~fabric in confact with the hot
.plate. To make room fof plexiglas spacers during testing each specimen
was clipped away at an angle at each corner (Figure 4).

With the assemblies in place the total system was brouéht to -
bsteady—state operating conditions. The temperature difference between
the plates was kept as large as possible to a maximum of 5°C. The aim
was to approach a hot-plate temperature of 33°C-man's average skin tem-
pérature, aﬁd.a cold-plate temperature of lloc—average temperature of a
féll season day. Under no circumstancés was tﬁe hot-plate temperature
allowed to go above 33.6°C and the cold-plate temperature allowed to go
below 10.3°C. The potential difference required to maintain the temper-
ature difference between the plates w#s calculated manually noting the
difference betweén the temperature of the cold plates from that of'the
hot ?iate. The resistance of the central hot-plate was determined at
,6?0217 ohms., |

Computation of Thermal Conductivity and Thermal Resistance

Thermal conductivity measurements of the batt assemblies, outer-

and lining-fabrics, and fabric-batt assemblies were calculated manually

from the relationshipf
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Figure 4. Specimens Clipped at an Angle at Each Corner.
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Ko—9L
At A
and
2
q = = X 3.41443

where K = thermal conductivity (cal/m sec °0)
| q = heat flow rate (cal/m2 sec)
: L = thickness ' (m)
At = temperature gradient (T hot - Tbcoldg OC)
A= afea of spécimen covering central hot-plate through
which heat flows ( m2 )
V = main heater voltage (volts)
R = resistance of central hdt—plate
( 6.0217 ohms)

The guarded hot-plate apparatus was not capable of measuriﬁg
the thermal'conductivity of one‘layerlbf either of the nylon-or cotton-
Testfabrics. . Uniform heat flow could not be obtained when testing a
éingle layer of the Testfabrics because these fabrics were too thin. -
Since the»relaﬁionship between thickness and thermal resistance is under-—
stood to be more or less linear, the thermal conductivity of a number of
layers of each of the Testfabrics was measured.

- Four separate thermal conductivity measurements were conducted
for eéch of the nylon- and cotton-Testfabrics in decreasing order using
eighteen-, sixteen-, fourteen-, and then fwelve—layers of fabric. These

four measurements were converted to thermal resistance values and

plotted on a thermal resistance-thickness graph. Extrapolation was.
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utilized to estimate the thermal resistance values for one layer of
eaéh_of the nylon- and cotton-fabrics. The use of extrapolation was
considered to be a more accurate method of finding the thermal resis-
tance of single 1ayer$ of Testfabrics.

The 'kr_lown values for vassembly thickness, thermal conductivity,
and test—éeétion area were applied in the.following relationship to cal-

culate thermal resistance per unit area:

where R = thermal resistance o (m2 sec °C/cal)
'L = thickness (m j
K = thermal conductivity> (cal / m sec °c)

A = area of specimen Qovering central hot-plate
thfough which heat flows ( m2 )
‘The thermal conductivities and thermal resistivities were calculated
manually using a compact portable Digi;matic D-8 Electronic Calculator.

Statistical Analysis

Thermal resistances of batt assemblies and fabric-batt assem-
‘ blies werelénalyzed as féctorial experiments with three factors -~ multiplé
léyers, fiber type, and pfessure level, within a completely randomized
design. A t-test was conducted to test the différence between mean ther—
_ mal resisténce values for batt— and fabric-batt-assemblies. Correla-
ﬁion coefficients and multiple regression equatioﬁ constants were cal-
culated to show the relationship between fhickneés, preséure, and thermal
resistance values for'the-batt— and fabric-batt-assemblies. All caicu~

lations were made on an 0livetti-Underwood Programma 603 desk computer.
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DISCUSSION OF RESULTS
A series of graphs and tables have been prepared to present
thermal resistance values for the batt— and fabric-batt-assemblies and

to show the relationship of these values with the main factors - multiple
layers, fiber type, and pressure level. Figures 6, 7, and 8 show the
relationship between the thermal resistance of the fabric-batt assem-

blies and the main factors. The reiationship between thermél resis-

' taﬁce of the assemblies and the two-way interactions of the main factors
are dgpicted in Figures 9,12, and 15. Simpler vieﬁs of the relationships
between thermal resistance of the aséemblies and the interrelationships
are illustrated in Figures 10 and 11, 13 and 14, and 16 and 17. The
thermal resisténce values and corresponding thickness measurements of
the batt asseﬁblies and fébric—batt assemblies, under.each of 7-g/cm2,

14 g/émz, and 21 g/cm2 pressure level are recordedbin Table 3. Table 8
(Appendix "C") provides the_resuits of percentagé changes in thermal re-
sistance between that for batt assemblies and ﬁhat for fébric—batt assem-

.Eliés. Table 9 of Appendik."c“ contains the mean tﬁermél resistance
values of the assemblies as a function of the number of batt layers,
fiber type, and pressure level, while Table 10 (Appendix '"C") contains
the mean thermal resistance values of the assemblies as a function of
the iﬁterrelationships of these factors. ' The analyses of variance for
thermal resistance of batt assemblies and fabric-batt assemblies are
presented in Appendix "D" (Table 13). Table 15 (Appendix "D") contains

the correlation coefficients and multiple regression equation constants
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which show the relationship béfween pressure, thickness, and thermal re-
sistance for the assemblies.

It shoqld be noted that separate analyses of the thermal re-
sistance values were made for batt assemblies aﬁd fabric—batt‘assemblies.
The relatioﬁship‘between these separate analyses is considered first to
provide a foundation for discussion of the main factors in the experi-

ment.

Thermai Resistance of Batt Assemblies and

T

Fabric—-Batt Assemblies

The mean thermal resistance values for the batt assemblieé and
fabric-batt assemblies were 3.29 mzsec °C/cal and 3.40 m?sec OC/cal, re;
spectiveiy. A simple t-test indicated, with 99%.confidence, that there
was no significant‘difference between the meén thermal res:i_stancé valueé.

Thermal resistance and thickness meésurements of the nylon-
andlcotton—Téstfabrics were measured. ‘Figure 5 illustrates the relation-
ship between thermal resistance values and thickness measurements of the
Testfabrics. These values are recorded in Table 7, Appendix "C". The
thermal resistance of one layer of each of thé nyloﬁ— aﬁd cottoﬁ—fabrics
has Been estiméted by means of extrapolation, given by the broken lines
in Figure 5. Thermal resistance values for.a single 1ayef‘of nylon and
cotton (Table 7, Appendix "C") were found quite small in relation to that
for bétt‘layers (Table 3), probably falling within the error région of
the thermalbrésistaﬁce measurements for>the batt layers. The addition
of the nylon- and cotton-fabrics did not substantially increase the

thickness measurements for the fabric-batt assemblies from that for the
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Table 3. Measured Values of Thermal Resistance for Batt- and ¥Fabric-Batt-—
Assemblies of Various Fiber Types*

. Number Batt Assemblies Fabric-Batt Assemblies
Pregsure of Thermal Thermal
Level Batt Fiber Resistance Thickness §esistance Thickness
. g/ cm2 Layers Type n“sec °C/cal mm m sec °C/cal mm
7 1 Cotton 2.39 4.93 2.63 5.34
: Wool 2.33 4,20 2.41 4.71
Polyester 2.55 4.77 2.51 5.25
Multifiber 1.24 o197 1.28 2.43
2 ~Cotton . 5.41 10.28 5.11 10.74
Wool 4.74 8.89 4.84 9.34
Polyester 4.20 8.77 3.99 9.22
Multifiber 1.99 ©3.51 2.09 4.03
.3 Cotton 7.78 17.24 8.13 17.70
Wool 6.83 13.76 7.05 14.21
Polyester 6.58" 14.09 6.35 14.53
Multifiber 2.95 . 5.38 2.97 5.82
14 1 Cotton 2.09 4.24 S 2,22 4.67
: Hool 1.81 3.17 1.84 3.60
Polyester 1.61 2.76 1.69 3.19
Multifiber 1.19 1.77 1.30 2.21
2 Cotton 3.92 8.41 4.17 " 8.83
' Wool 3.57 6.59 3.70 7.01
Polyester  2.89 5.25 2.82 5.67
‘Multifiber 1.89 3.43 2.15 3.86
3 Cotton 5.95 14.48 6.79 14.93
Wool 5.38 11.12 6.05 11.54
Polyester 4,42 . 9.12 4.57 9.53
Multifiber 2.64 - 4,80 2.74 5.22
21 1 Cotton 1.60 3.49 1.84 3.91
Wool 1.63 . 2.88 1.78 3.31
Polyester - 1.36 2.48 1.49 2.89
Multifiber 1.23 1.65 1.04 2.06
-2 . Cotton 3.49 7.55 “3.81 7.97
Wool - 3.12 5.19 3.01 5.60
Polyester 2.81 4.91 2.76 5.31
Multifiber 1.71 3.06 ' 1.72° 3.46
3 "Cotton 4,80 " 11.03 5.31 11.43
~ Wool 4.50 8.00 4.40 8.40
Polyester 3.68 6.88 - 3.64 '7.29
2.19 4,01 2.39 4,42

Multifiber

* Based on an average of two thermal resistance measurements.
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‘batt assemblies. This is probébly due to the fact that thickness of the
Testfabrics'was insignificant in comparison to that.of the batt layers.
The addition of the Testfabrics produced larger thermal re-
sistance values,’iﬁ general, for assemblieé of wool-, cotton-, and
mﬁltifiber—batts (Table 8, Appendix "C"). However, in six out of nine
cases the thermal resistance for polyester batt assemblies was greater
than that for polyester fabric-batt assemblies. It is possible that the
nyion— and cotton-Testfabrics reacted with the polyester batt to a much
greater extent than with the other fibrous batts effecting an increase |
~in thermal conductivity through the assembly by altering the still air
" components of the batt. Further, the surface of a fibrous batt is less
uﬁiform than that of a ﬁoven‘textile fabric. Therefore, when a fabric
layer is added to a batf layer a thin air-film can be entrapped between
them, held in the void spaces created by the roughness of the batt sur- .
face. This layer of air can éct as aﬁ insulator if convection can be
avoided. Since wool- and cotton- fiber masses produce batts possessing
rather irregular surfaces, it ié quite likely that a thin film of air
_céﬁld have been entrapped betweén the nylon~ and cotton-fabric layers
and these batt layers, iﬁ the present study, to improve thermal fesis—
tance values for the wool- and cotton- batt assemblies., Since thermal
resistancebvalues for polyester fabric-batt assemblies were less than
that'for polyester batt assemblies the development of air layers between
the fabric- and battilayersiappears to be negligible. This could sug-
gest that the polyester batt had a ﬁore uniform surface than did the

wool= or cotton-batts. Since the thermal resistance values for the nylon-
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'énd cotton-Testfabrics were quite small iq comparison to that for the
batt layers, and if little or no air was held between the fabric- and
batt-layers, then the thermal resistance of the polyester fabric-batt
assemblies ﬁould be similar to that for the polyester batt assemblies:

| It has been established by statistical anélysis that the ther-’
mal resistance values for the batt assemblies. and fabric-batt assemblies
are similar. Thus, in the following section, in which factors whiéh
have influenéed the thermal resistance values are conéidered, discué—
sions of thé,thermal resistance of éhe assemblies will be considered
fogether.

' Factors Considered in the Thermal Resistance Study

Thg different factors — multiple layers, fiber type, pressure
level, and the two-way interactions between these factors - multiple
1ayers by fiber type, multiple layers by pressure level, and pressure
level by fiber‘type, significantly effécted thermal reéistance values
for the assemblies considered in this study. Each was significant at.
the .01 level. Discussion of tHe factors and interaﬁtion of these fac~-
tofs will be confined to consideratibn of the above‘significant main |
factors and interrelationships.

It should be recalled from the outline of the éxperimental pro-
cedure that three of the fibrous batts - cotton, wool, and polyester
méintéined similar porosity under applied pressure while the porosity
of the multifiber batt differed from these three. Because of'thié
fﬁndamenfal difference in the mﬁltifiber batt it was not compared with

the other batts unless warranted by the nature of the results.
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Multiple Layers of Batts
i The statistical analysis (Table 13, Appeﬁdix "' indicétes ‘
thermal resistance values for the assemblies were effeéted by the number
of batt layers, significant at the .0l level. Figure 6 illustrates the
relationshiﬁ betwgen thérmal resistance and the number of batt layers.
This illustration shows as the number of batt layers were increased,
from one- to. two- to three-~layers, the thermal resistance values in- '
creased. Hbﬁever, Tabie 3 indicates that thermal.resistance values did
nét double as the batts were increased from one- to two—layers, nor didi
they increase three—foid when the batts were increased from one- to three-
1éyers. Tﬁe corresponding thickness measurements for the assemblies fol-
lowed a similar trend. This phenomenon was more prbnounced for polyester—
.and multifiber—batt assemblies.
As‘mentioned in the 'Experimenfal’Procedure' the fibrous batts
were cut and chosen at random to be pléced into 1ayer—combinations to
form an aésembly.‘ It is possible that one batt—layer of the 1ayer—¢om-
bination was not.identical,in‘thickness to the next. This would account
fér'the deviation in thickness measurement as the number of batt layers
were increased from one- to twd—layers and from one- to three-layers.
Further, most fibrous batt surfaces are irrggular possessing a random
'hills and valleys' configﬁration.' It is quite likely, when batt layers -
are.piaced oh top of one another the surface fibers suffer displacement
allowing the hills_and valleys to interlock, to a certain extent. The
result of this interlocking would be a reduction in the maximum height

one batt-layer could be held away from the next -batt layer. By interlocking
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of the hills and valleys air tﬁat would normally be held in the void
spaces of the irregular batt surface would be forced out displaced by
fibers Whicﬁ possess a higher thermal conductivity than air. The re-
-sult would be not only a réduction of the maximum thickness but also a
‘reduction of the maximum thermal resistance fdr each batt layer in the
éssembly. If this occurs thickness and thermal resistance measurements
- for the batt assembly would not be an additive factor from those for the
single batt—iayer. During actual ﬁeSting the fiBrous batt—layers were
difficult to distinguish between when in the assémbly, Also, upon sepaf—
ation 1t was evident that surface fibers of one batt-layer had iﬁter-
ldcked with surface fibers of'a second batt-layer.

The calculated F-values given in Table 13, Appendi# "D'" show
the numbér of batt layers had the most pronounced effect of the main fac-
tors and interactions of these factors on changes in thermal resistance
. of the asseﬁblies. A number of researéhers (1,10,28,30) found that in-

' ‘creasing thickness was the most important property governing the»increase
in thermal resistance of fabric- and batt-constructions. The result of
increased thérﬁal resistance with an increase in number of batt layeré;
fouﬁd in the present study, correlatés with findings of these researchefs.
.Fibé? Type

‘The statistical analysis given in Table 13 (Appeqdix "D") shows
that é qhangevin fiber type had an effect on thermal resistance values
of the batt- and,fabric—batt-assemblies, significant at a level of .01.
In addition, the calculated F—values indicate fiber type was second in

importance in effecting thermal resistance of the assemblies.
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Figure 7 illustrates'a downward sloping line éhowing the rela-
tionship between fiber type and thermal resistance. The cottonvbatt pro-
duced the_largest thermal,resistance.values. This result appears reason-
able in Vieﬁ of the thickness measurements of each of the batt fiberftypes
(Taﬂle_l). ‘It was expected thermal resistance qf assemblies of multifiber . -
batt would be lower than that of assemblies of cotton-—, Wooi—, and poly-
ester-batts, sincé ﬁhickness measurements of the‘multifiber batt were
less than that for the dther fibroué batts.: Figﬁre 7 gives evidence:to
support this suggestion. |

Pressure Level of Compression

Thermal résistanée‘values for the batt-and fabric-batt-assem-
blies were measured under 7 g/cmz,'l4 g/cmz, and 21 g/cm2 pressure.
Figure 8 illustrates as pressure level was incfeased the thermal resis-
tance values for the assemblies decreased. The statistical analysis
given in Table 13, Appendix "D" indicates pressure level was significant
at a lével of .01 in effecting thermal resistance of the assemblies.

Researchers have inveétigated effects of applied pressure on
thermal resistance of single fabric-layers, fabric assemblies, and single
.batt;layers. bFredérick (11), Fourt and Harris (12), and Weiner and Shah
(30) . found imposed pressure reduced the thickness of these textile con-
st;uctions, which in turn, reduced their thermal resistance. It was
expecfgd the pressure imposed altered thé thickness of the air layers
between the fabric layers of the fabric assembly, as Qell,as reducing
- the air components of‘the batt layers. Results of decreases in ther-

mal resistance for the assemblies as pressure level was increased, in

OF MANITCBA
PRSI

5 N « Lﬁg ;‘;w




» 7
A Q7
' _
2]
i =
z _ &
w <
a E .
< O =
— -
O
£ 3 o 8
i @ § 4
5 o T o
©g w @
8Nm Ow
zZz & 3 8 £ 3
e 2
2 <
N =
g o 2 o
- i
S ¥
x | — < | —
"y =
= i
: » _ T : ‘ :
0 l | l 1 =0 L | | |
COTTON WOOL POLYESTER MULTIFIBER COTTON WOOL POLYESTER MULTIFIBER

FIBER TYPE - - FIBER TYPE

1%

Figure 7. Relationship Between Fiber Type and Thermal ‘Resistance for Batt— and Fabric-Batt-Assemblies.




R A e ST & S BSOS S rmnenme s SR e

THERMAL RESISTANCE OF BATT ASSEMBLIES ,

|
m
=
o % -
o)
<
- E
51— g 5
8 o
~ —_ N
& a D P 4
< 5
(aV]
£ 3 g £ 3
' Q
=
| 5
2 %) 2
T8
(e
=
| — = [ —
&
| = | |
e/ ] | ] oL/ ]
K 7 14 21 d 7 14 2
PRESSURE LEVEL , g /cm? ~ PRESSURE LEVEL ,g/cm?

Figure 8. Relationship Between Pressure Level and Thermal Resistance for Batt- and Fabric-Batt-Assemblies.

I~
£




45

the present study,‘corresponds'with results found fof fabric assem-
blies and single batt—layers.

| When pressure level was increased from 7 g/cm2 to 14 g/cm2
thicknéss of assemblies of polyester batts was éompressed by a greater
percentage fhan was thickness.of asgsemblies of wool- or cotton-batts
(Table 3). This same trend occurred with thermal resistance values for
aséemblies of pplyester batt. This compression effect on the polyester
batt, under:-l4’g/cm2 pressure, could be effécting the slope of the line
in Figure 8. Morton and Hearle's (23) research wés considered to sup-
port this theory. After compressing different staple fiber-masses under
a known préssure the wool fiber-mass was found to have a higher compres-
sional resilience than the polyester fiber-mass. Further, Morton and
Hearle noticed thét the polyester fiber-mass maintained avparticular
crushed appearance after the compression. They beiieved.this appearance
to be the'result of compressing the fibers beyond elastic limits at
poiﬁts-where the fibers crossed one another. The result is a reduction
"~ in the air—holdihg capabilities of these fibers which would decrease
the thermal résistance of the mass. The reduced thermal resistance for
 assemblies of polyester batt, in the present study, may also be attrib-

uted. to compressing the fibers to their elastic limits.

Interaction Of Multiple Layers by Fiber Type

o The two-way multiple layers by fiber type interrelationship
was significant at a level of .01 in effecting the thermal fesistance
of the assemblies. Figure 9 illustrates as the number of batt 1éyers

of the assemblies were increased, assemblies composed of each of the
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fibrous batts, the thermal resistance values increased. The slope of
the lines in Figure 9 appéar similar to the slope of the lines shoﬁn in
Figure 6, fér the cotton-, wool-, and polyester-batts. It is suspected
the number of batt layers had a more pronounped‘effect than did the
chemical nature of the fiber on thermal resistance of the assemblies.
Thermal resistance values of single layers of cotton-, wool~-,
and polyester—bgtts_wefe similar (Figure 9). When the batt layers were
inéreased from one- to two-layers and from one- to three-layers, however,
assemblies of cotton produced higher thermal resistance values. Table i
'indicates.cotton batt—layeré were initially thiékér than wool- or poly-
ester-batt-layers. As batt layers were added together to form an assem-
bly there was avhighef percentage increase in thickness for assemblies
of cotton than for assemblies of wool and polyester. This would explain
the increase in distance between the lines illustrated in Figure 9.
Simpler graphs illuétrating felationshiﬁs between‘thermal re~
sistance as a function of fiber type and number of batt layers, under
each of the_three pressure levels, are depicted in Figures 10 and 11;
Cotton fabric-batt assemblies produced the largest thermal resiétance‘
yaiues of the selected fabric—batt assemblies (Figure 11). As men-
» tioned previously, this was expected since the cotton batt mainfained
the 1a£gést thickness measurements of the fibrous batts tested, under
the tﬁree pressure levels. This.trend was not found with fhermal re~
sistance values for Batt assemblies (Figure 10). Singlg batt;layers
. of cotton, wool, and polyester had similar effects on thermal resis-

tance under 7.g/cm~2 pressure, whereas single battélayers of wool and
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. ' 2
cotton had similar effects under 21 g/cm” pressure. Thermal resistance
values for assemblies of two— and three-layers of cotton were greater,

however, than thermal resistance values for assemblies of two- and three- -

layers of wool and polyester, under the three pressure 1evels.,»These-
- results might suggest thét a fibrous batt of given thermal resistance
‘value could be constructgd from any textile fiber by making the batt
sufficiently thick.

Interaction of Multiple'Layers by Pressure Level

The analysis of variance table (Table 13, Appendix "D") shows.
the two-way multiple iayer by pressure level interaction was significant.
at fhe .01 level in effecting thermal resistance of the assemblies.
'Figure 12 illﬁstrates as pressure levgl was increaséd, for each batt
layer-combination, the thermal resistance for the assemblies decreased.
Mean thermal resistance values ffom which the illustrafions in Figure 12
were derived are given in Table 10, Apbendix "c".

Simpler graphs depicting tﬁe relationship between thermal re-
sistance as a function of the interaction effect between multiple layers
_vand pressure level,.for eachlof the fibrous batts,.are provided in

Figures 13 and 14, A single batt-layer of polyester produced larger

thermal resistance values than single layers of the other fibrous batts,
under 7 g/cm2 pressure. A single batt-layer of wool gave higher ther-

mal resistance readings than single layers of the other fibrous batts;

under 21 g/cm2 pressure (Figure 13). Fabric-batt assemblies with one-,
two—-, and three-layers of cotton batt (Figure 14) produced the largest

thermal resistance values of the selected fabric-batt assemblies.
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Frederick (11), Piefce and Ree; (24), and Weiner and Shah (30)
found thermal resistance of fabric assemblies and of single batt—layers
to be effected by the mechanical properties of the constituent fiber.
These researchers recognized that batts made from one fiber type could
provide better thermal resistance than batts made from another fiber
type due to'inhefent variations in stress-response characteristics of
different fibers. Fibrous batts that produce higher thermal resistance
should therefore maintain greater thickness under equivalent preSsure.
conditions.

Kaswell (17), Morton and Hearle (23),Vand Rees (25) ﬁommented
on the compressional resilience of different fibers. They found wool to‘
- have the greatest loftiness and greafest ability to retain loftiness qf

thé’cotton—, wool~, and celiulose acetate-fiber masses they tested.
Morton and Hearle found wool staple—fiber mass to possess higher per-
centage compressional resilience than bolyester staple~fiber mass, under
severe pressure conditions. Perhaps the difference in thermal resistance
for assemb1ies of wool—, cottoﬁ—, and polyester-fibers, in the present |
étudy, might'also be attributed to the meéhanical properties of the
- fiber, especially to their compressional resilience.

Interaction of Pressure Level by Fiber Type

Figure 15 illustrétes a series of downward sioping linés. These
linés indicate as pressure level was increased from 7 g/cm2 to 14 g/cm2
to 21 g/cm2 the. thermal resistance for the assemblies decreased. The
slope of these lines in Figure 15, for the cotton-, wool-, and polyester-

batts, are similar to those depicted in Figure 8. This might suggest
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that pressure level was exhibiting the most pronounced effect on the
thermal resistance of the assemblies, and, that the chemical nature of

. the fiber was not having an appreciable effect. The thickness maintained

by the particular fibrous batt, under applied Pressure, is suspected. of
effecting the thermal resistance valueé.

Decreases in thermal resistaﬁce values for assemblies of wool-
and cotton-batts were similar as pressure level was increased (Figure

15). Assemblies of polyester batt reacted differently, however, especially

under 14 g/cm2 pressure. Under this pressure level the wool- and cottén—
batts maintained greater thiékness than did the polyester batt (iable'B);
Further, the decrease in thickness for the polyester batt was by a
greater percentage than that for the cotton~- and wool-batts. The slope
of the lines fér polyester assemblies, illustrated in Figure 15, are
suspected of being a result of.this sharper décrease in thickness ex-
hibited. The compréssional resilience of the polyester fiber apfears

to have been more severely altered, under 14 g/cm2 pressure, to a point
Qhere the fiber became less resilient than the wool- or cotton-fibers.

This theory“is in keéping with Frederick's (11), Pierce and Rees's (24),

and Weiner and Shah's (30) concept on the compressional resilience of
different fibers.
Aelion and Brown (1), Burton and Edholm (8), Fanger (10), and

Kaswell (17) pointed out that thermal conductivities of different fibers

are similar. They concluded from this that fabric thermal resistance
-is independent of fiber chemistry. The suggestion, in this chapter,
that chemical make-up of the fiber did not alter the thermal resis-

" tance of the assemblies is in line with these researcher's findings.
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Further, the points corresponding to each of the cotton-, wool-, poly-
ester—, and multi-fibers in Figure 15 moved closer together as pressure

. > 2 .
level was increased to a maximum of 21 g/em”. It is reasomable to expect

" that if pressure level was increased still_furfher these points would
continue to move closer together until they eventually overlapped. This
would give evidence to conclude that chemical make-up of different fi-
bers is'not impor;ént in determining thermal resistance of textile fa-

“brics.

Figures 16 and 17 illustrate simpler views of the relationship
between tﬁermal resistance of the assemblies as a function of the in-
teraction effect betweeﬁ pressure level aﬁdAfiber type. A single batt~
.layer of polyester produced 1argér thermal resistance values'than did
éingle layers of the other fibrous batts, under 7 g/cm2 pressure. How-
‘evér, under 14 g/cm2 pressure, singie batt-layers of wool and cotton
‘produced 1arger-thermal resistance values. The compression effect on
polyester became apfarent under the 14.g/cm2 pressure level. Similar
trends ﬁere found with thermal resistance values of fabric-batt assem—

blies (Figﬁre 17).  These findings indicate further, with the applica-

tion of pressure, differences in thermal resistance are given for as-
semblies which differ in fiber content. These results correlate with
findings of Frederick (11), Fourt and Harris (12), Kaswell (17), and

Weiner and Shah (30), which have been discussed previously.

Figure 17 shows thermal resistance values for fabric-batt
assemblies containing one- and two-layers of multifiber batt increased

. 2 2 .
as pressure level was increased from 7 g/cm” to 14 g/cm”. These increases
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were 1.6% and 2.9%, respectively (Table 12, Appendix "C"). It is likely
that initial thickness of the multifiber batt was too small to be sub-

stantially influenced by a pressure increase of this magnitude. Also,

a film of air could have been entrapped between fabric- and batt-layers
when the nylon- and cotton-Testfabrics were added. The overall result
would be an increase in the thermal resistance for these assemblies.

‘Regression Analysis for Thickness, Pressure, and Thermal

Resistance of the Assemblies

- Correlation coeffiéients and multiple regression equation
constants ﬁere éalculated in an attempt to reinforce the statistical
and non—statistical inferences given in this study; These values are
recorded in.Tablé 15, Appendix "D".‘ The correlation coefficients for
the asseﬁblies show anbextremely low correlation between the effects
of thickness and pressure on thermal resiétance values. As has béen
discussed in the previous sections, the calculated F-values (Table 13,
Appendix ''D") indicates that the number of batt layers.of the assembly
had the most pronpﬁnced effect while pressure level exhibited the least
pronounced effect én the thermal resistance value§ of the-assemblies;

The higher correlation coefficient values recorded for polyester rein-

forces the suggestion that the polyester batt was more sensitive to
pressure than were the other three fibrous batts tested.

The correlation coefficients indicate that the thickness of

the assemblies is in inverse relationship with pressure exerted on the
assemblies. It was found, in this study, as pressure applied to the

assembly was increased the thickness of the assembly decreased. This
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trend was outlined in Table 3 and illustrated in Figures 8 and 12. The
regression line constant for thickness, b2, indicates that the slope of

the regression lines for cotton-, wool-, and polyester-batts were similar.

The slopes were displaced progressively up'thé Y-axis (as the 'a' value
increases) from each other with increasing order from polyester to wool
to cotton. Figure 9 illustrates this trend pointing out that the sloﬁes'
. were not parallel. This wasvconsistent with results of thickness mea-—

surements for the selected fibrous batts presented in Table 3.




Chapter 5
SUMMARY AND RECOMMENDATIONS

The present research investigated thermal resistance values

of textile assemblies formed in a manner to resemble a cold-climate
outer—garment. Thermal resistance of single~ and multiple-layers of
different fibrous batts was measured using a guarded hot-plate apparatus
eqﬁipped with a 6-inch guardéd>hot—plate designed specifically for tex-—

tile use, following modified ASTM Method D:1518. Test specimens were

mounted between a hot- and cold-plate until thermal equilibrium was
attained at which time thermal conductivity was measured. Thermal con-
ductivity valugs were made for batt layers alone and for batt 1ayéré

held between layers of nylon- and cotton-Testfabrics, under imposed pres-
sure conditions, in a testing atmosphere of 25 + 2°C and 42 + 47 RH.

Thermal resistance values for the textile assemblies.were

statistically analyzed as two - 3 X 4 X 3 analyses of variance. The
 first analysis considered thermal resistance for the batt layers while
the second analysis considered thermal resistance for fabrics and batt

layers in combination. Factors considered in the analyses of data were:

three batt layer-combinations - single-, double-, and triple-layers of
batts; four fiber types of batts - cotton, wool, polyester, and a multi-

: . 9
fiber mixture; and three pressure levels of compression - 7 g/em, 14 g/cmz,

~and 21 g/cmz. Significant main effects were obtained on both analyses 

for these factors, each significant at the .01 level.
The number of batt layers was the most important factor effect-
ing thermal resistance values. Results indicated as the number of batt

layers of the assemblies were increased the thermal resistance values
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for the assemblies increased. The thermal resistance values did not
double when batts were increased from one- to two-layers nor did the
Qalues increase three-fold when batts were ihqreasedvfrom one- to

three layers. The fact.that batts were cut and chqsen at random such
that thickness measurement of one batt-layer was not identical to the
next may be a partial explanation of this phenqménon. One layer of

. each éf the'cotton—, wool-, and polyester-batts produced similar thér—
mal resistance values. As the'number of batt layers were increased,
‘however, the cotton batt produced the lafgest values. The present study
was not deSigned.to consider number of batf layers necessary for»optimum
thermal'resistance for the assemblies. Thus; a recommendation for future
research wquld be to conéider the amount of batt layers needed to produce
- optimum thermal resistance in such assemblies.

Results indicated Testfabric layers effected thermal resistance
values for the assemblies., _It might be worthwhile? therefore, to con-
sider the thermal resistance of other fabrics suitable as oufer— and
lining—fabrics‘fér use in cold—climate outerwear, in order to gain in--
formation on thermal resistance of a selection of textile fabrics. The

present study was not designed to determine if an interaction effect
exists between the fabric layers and other variables considered, on ther-
mal resistance values. A recommendation for further study,btherefore,
would be to establish if this intéraction effect exists, possibly by
considering the Testfébric layers, as Wéll as other suitable fabric
"layers, as a_foﬁrth factor in the analyses of variance.
Fiber type had an effect on thermél resistance for ﬁhe‘aséémf

blies but to a lesser extent than did the number of batt layers. It was
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suspected the chemical nature of the fiber type was not having a pro-
nounced effect on thermal resistance values. Instead, the thickness

maintained by the particular fiber, under applied pressure, was ex-

plained as effecting thermal resistance values. In order of increasing
thermal resistance fiber types were: multifiber; polyester; wool; and

cotton. This was reasonable in view of thickness measurements presented

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

properties of the selected fibrous batts. A suggestion for future study

would be to obtain different fibrous batfs possessing physical charac-
teristics even mofe similar than thdse consideréd, possibly each having
an identical physicai property. This would enable a better basis for
combaring thermal resistance values of different fibrous batts.

The attainment of thermal resistance values qf other fiber
#&pes available for use in batt make—ub for cold-weather outerwear
would be another‘recommendation for further study. This would provide
a range of.information on changes in thermal resistance with fiber type.

Also, the study of thermal resistance with different fiber types could

provide more extensive information on the effects of compressional re-

silience of these different fibers.
Pressure level had less of an effect on thermal resistance for

the assémblies than did the number of batt layers or fiber type. Results

showed as pressure'level was increased to a maximum of,21 g/qm2 the ther-
mal resistance for the assemblies decreased. The polyester batt was found
to be more sensitiﬁe to pressure than were the other fibréus batts tested.
Higher percentage compféssion of the polyester batt was possiblyidue to

compressing the polyester fiber to the elastic limit. A recommendation
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for future study would be to examine the pressure effect on polyester

fiber, specifically, in order to validate results of the present study
and to determine the reason for this pressure.effect. Also, since
pressure levél had an effect on thermal resisfance values it appears
reasonable to consider pressure levels higher than the 21 g/cmz, possibly
to 35 g/cmz, as given in the standard testing progedures; Congidering

more than three pressure levels in any one study'would be a suggestion

for future research since this would provide more direct information into

effects of pressure on thermal resistance values.

'Batts made from one fiber type have been found to provide bet-
ter thermal resistance than batts made from another fiber type due to
inherénﬁ stress-response variations for'differént‘fibérs; In the
present study, the cotton batt produced the‘largest ﬁhermal reéistance

values. However, this study was not designed to measure thermal re-

sistance of the textile assemblies after pressure had been applied

cpntinuously, over time, as would happen with a cold-climate outergar-—
ment in ﬁsé. ‘Therefore,'the cotton batt should not be considered
specifically, as the better fibrous batt of those seleqted in this study;
in terms of high thermal resistance. A recommendation for future study
would be to investigate thermal resistance for different fibrous batts

as pressure is imposed on a continuous basis, over a periodbof time.

This might provide information for the recommendation of a fiber type

-which maintains & high compressional resilience and thus high thermal

resistance.
The two-way interactions between the factors were found to

significantly influence thermal resistance for the assemblies. Each was

i
=
v
[N
I8
5
[k




66

éignificant at the .01 level. This indicated the importance of consid;
ering the number‘of batt layers, fiber type of batt, and pressure level
of compressibn, as they interrelate, to obtainloptimum thermal resis-
tance. Results showed the multiple layers by fiber typé.interaction'

had the most pronounced effect of the significant interactions, on ther-

'mal resistance values. This was reasonable in view of the significant

main effects for factors —multiple layers and fibér‘type. Results gave’

evidence ﬁq suggest that thickness of the assemblies and pressure applied
to the assemblies effected a bhange in thermal resistance, while the

chemical nature of different‘fibers did not have a pronounced effect on

“the values.

A t-test, significant at the .01 level, showed no difference
between thermal resistance for batt layers alone ana for fabrics and
batts in combination. Thermal resistance values of one layer bf:each
of the Testfabrics were found quite small in comparison to that for the
batt layers.

Results-of the present study were correlated with and examined
in view of previous research findings. Correlation coefficients and
multiple regression equation constants shoWing thevrelationship between
preésure, thickness, and thermal resistance for the assemblies wefe
calqulated'and used to reinforce findings from the present research.
Results of the analysis suggested further that thickness of the assem-
blies exhibited the most pronounced efféct on thermal resistance yalues
while pressure level exhibited the least pronounced effect. The analysis

gave evidence to suggest interdependence between thickness measurements

énd pressure applied to the assemblies. Also, results of the analysis




i
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provided information suggesting sensitivity of the polyester batt to
pressure.
Based on results of the present study, improved thermal re-

sistance of a fabric-batt assembly used for cbld—weather conditions could

be achieved by increasing the number of batt layers between the outer—

and lining-fabrics of the assembly, ﬁntil optimum thermal resistance is
obtained. However, the increase in thermal'resistance,‘for all fiber‘
typés, with an inérease in batt-layer number, in the present study, was
found to.be modified by-the specific fibér type involved, as well as by
the degree to which the batts were compressed. ‘fiber type of batt, there-
fore, should be selected on the basis of its ability to withstand compres—
sion, since maintenance of thickness is important to the attainment of
high ﬁhermal resistance.

~The preseﬁt study dealt only ﬁith new textile materials and
theréfore the éffééts of wear on thermal resistance was not determined.
In order to obtain additional information on thermal resistance of cold—
weather outergarﬁents it might be worthwhile to introdﬁce a study to
éonside; thermal resistance with wear, and perhaps with sbme refurbishing
processes such as laundering or dry cleaning. These suggestions appear

reasonable since it is necessary to maintain the thermal resistance of

a cold-climate outergarment with use, over time.

Throughout the present study, thermal resistance hgs been
established as an imporfant consideratidn for textile assemblies used
to form a cold-weather outergarment. The goal has been fo obtain an
outergarment which provides adequate warmth without heavy Weight.' The |

present research considered the effects of some important variables on
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textile assemblies which have been formed in a manner similar to such
outergarments. The recommendations for further study, in this. chapter,

are expected to provide additional information into thermal resistance

of cold-climate outérwear.
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TEST FABRIC




75

Polyester

Table 4. Source of Test Fabric
Fabrics Supplier
Nylon -Test fabric Incorporated, New Jersey, New York, U.S.A.
Cotton Test fabric Incorporated, New Jersey, New York, U.S.A.
Batts Supplier
Cotton Toronto Quilting and Embroidery, Winnipeg, Manitoba,
Canada
Multifiber Toronto Quilting and Embroidery, Winnipeg, Manitoba,
: Canada : A '
~ Wool "Metav''-Brandon Milis, Brandon, Manitoba, Canada

"Métav"—Brandon Mills, Brandon, Manitoba, Canada




APPENDIX "B"
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‘Table 5. Calibration Chart for Cold Plates
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Millivolt

Millivolt

Temperature ' Temperature
Reading oC Reading oc
.486 10.0066 .510 11.0859
. 487 10.0516 511 11.1308
.488 10.0965 .512 11.1758
.489 10.1415 .513 11.2208
. 490 10.1865 514 11.2657
491 10.2314 .515 11.3107
- .492 10.2764 .516 11.3557
493 10.3214 .517 © 11.4007
. 494  10.3663 .518 11.4456
. 495 10.4113 .519 11.4906
. 496 10.4563 .520 11.5356
497 10.5012 .521 - -11.5806
.498 10.5462 .522 11.6255
.499 10.5912 .523 11.6705
.500 10.6361 524 11.7155
.501 10.6811 .525  11.7604
.502 10.7261 .526 11. 8054
.503 10.7711 .527 11.8504
.504 10.8160 .528 11.8954
.505 10.8610 .529 11.9403
.506 10.9060 .530 11.9853
.507 10.9510 .531 12.0303
.508 10.9959 .532 112.0752
.509 11.0409 .533 12.1202




Table 6. Calibration Chart for Hot Plate
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Millivolt Temperature Millivolt Témperature
-Reading ' oC Reading "0C
1.384 31.9846 1.408 33.0441
1.385 32.0288 1.409 33.0882
1.386 32.0729 1.410 33.1324
 1.387 32,1171 1.411 33.1765
1.388 32.1612 1.412 33.2206
1.389 32.2054 1.413 33.2648
1.390 32.2495 1.414 33.3089
1.391 32.2936 1.415 © 33.3531
1.392 © 32.3378 1.416 33.3972
1.393 32.3819 1.417 . 33.4413
1.394 32,4261 1.418 33.4855
1.395 32.4702 - 1.419 33.5296
1.396 32.5144 1.420 33.5738
1.397 32.5585 1.421 33.6179
1.398 32.6026 1.422 33.6621
1.399 32.6468 1.423 33.7062
1. 400 32.6909 1.424 33.7504
1.401 32.7351 1.425 33.7945
1.402 32.7792 1.426 33.8386
' 1.403 32.8233 1.427 33.8828
1. 404 32.8675 1.428 © 33.9269
1.405 32.9116 1.429 33.9711
1.406 32.9558 1.430 34.0152
1.407 32.9999 1.431 34.

0593
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Table 7. Measured Values of Thermal Resistance for Cotton and Nylon
Testfabrics - ' '

: Cotton ._ ' ‘ Nylon
Number of Thermal : _ Thermal
Fabric Resistance Thickness esistance Thickness.
Layers m sec °c/cal " Tm  m'sec °C/cal . omm
18 1.19 - 5.71 1.01 3.35
16 1.10 5.08 0.94 "3.12
14 . 1.05 b. bk 0.88 2.89

12 0.91 3.8 0.79 2,69

% Based on an average of two.thermal resistance measurements; thickness
measurements calculated at 7g/cm2 pressure level.
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Table 8. Percent Change in Thermal Resistance Values Between Batt— and

Fabric-Batt-Assemblies .

. *
Percent Change in Thermal Resistance Value(%)

~ Number of ‘Fiber 7g/cm? ] l4g/cm? 21g/cm?
Batt Layers Type . pressure pressure _ pressure

T ~ Cotton +10.0 + 6.2 +15.0

Wool + 3.4 + 1.7 + 9.2

Polyester - 1.6 + 4.9, + 9.6

Multifiber + 3.2 + 9.2 _18.3

2 : Cotton - 5.9 + 6.4 + 9.2

Wool + 2.1 + 3.6 - 3.6

PolyeSfer - 5.3 - 2.5 - 1.8

Multifiber + 5.0 +13.7 + 0.6

-3 | Cotfon + 4.5 +14.1 +10.6

Wool + 3.2 +12;4 - 2.3

_Polyester - 3.6 + 3.4 - 1.1

Multifiber +0.7 + 3.8

+9ol

* Based on an average of two thermal resistance measurements.

Thermal Resistance of Fabric-Batt Assemblies -
Thermal Resistance of Batt Assemblies

% change = |

Thermal Resistance of Batt Assemblies
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Table 9. Mean Thermal Resistance for Batt— and Fabric-Batt-Assemblies as
as Function of the Main Factors

Batt Assemblies ‘Fébric—Batt Assembliés
Mean Thermal Mean Thermal
Resistance SD Resistance Sb
A m2sec 9C/cal m2sec 9C/cal
. % . i
Number of Batt Layers
1 L5 0.48 1.84 - 0.52
2 _ 3.31 : 1.15 3.35 71.09
3 - ’ 4.81 1.76 5.03 1.87
. %%
Fiber Type
Cotton ' 4.16 2.02 b.ohy - 2.11
Wool 3.77 1.75 3.90 1.85
Polyester 3.34 1.60 3.31 1.52
‘Multifiber 1.89 0.63 1.96 0.68
_ 2
Pressure Level, g/cm
7 - 4.08 2.17 4,11 2,18
14 ‘ © 3,11 1.54 . -3.34 1.76
21 o 2.68 1.24 2.77 1.30

* Based on an average of twenty-four thermal resistance measurements.

*% Based on an average of eighteen thermal resistance measurements.
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Table 10. Mean Thermal Resistance for Batt— and Fabric-Batt Assemblies as a
Function of Interaction Effects of the Main Factors

-Batt Asserblies Fabric-Batt Assemblies

Numbex Pressure - Mean Thermal Mean Thermal
of Batt Fiber Level Resistance SD Resistance SD
" Interaction Layers ,Type g/cm?2 m2sec OC/cal - m2sec 9C/cal
Multiple ' : _
Layers X 1 Cotton - - 2.03 0.40 2.23 0.39
Fiber Type 2 - 4.27 1.01 4.36 0.67 .
3 - 6.18.  1.50 . 6.74 1.41
1 Wool - 1.92 0.36 - 1.63 0.31
2 - 3.81 0.84 3.85 0.92
3 - 5.57  1.18  5.83 1.34
1 Polyester - 1.8 0.63 1.90 1 0.54
2 - 330 - 0.78 3.19 0.69
3 - 4.89  1.51 4.85 1.38
1 Multifiber - 1.22 0.03 121 .  0.14
2 - 1.8 0.14 1.99 ' 0.23
3 - 2.59 0.38 2.70 0.29
_ Pressure - ) )
Level X B 1 — 7 2.13 0.60 2.21 0.62
‘Multiple — 14 1.67 0.38. 1.76 0.38
Layers*™ — 21 1.45  0.19 1.56 0.36 _
2 —_ 7 4.08 1.48 4.01 1.36 P
B 7 3.07  0.89 3.21 0.90 f
- 2 2.78  0.77 2.82 0.86 o
E J— 7. 6.03  2.12  6.12 2.23 :
’ - 4.60  1.45 5.04 1.79
—_ 2 ' 3.79 1.17 3.93 1.24
Pressure : ’
Level X .- Cotton 7 - 5.19 2.70 5.29 2.75
_Piber Type W = - 1% 3.99  1.93 4.39 2.29
- 21 3.30  1.61 _ 3.65 1.7
- Wool 7 4.63 2.25 4.77 2.32
- 14 : 3.59 1.78 _ 3.86 2.11
- 21 3.08 1.43 3.06 1.31
-  Polyester 7 4.4 2.03 4.28 1.94
- - 14 2.97 1.41 3.03 1.45
- 2 ' 2.62 . 1.17 2.63 1.08
-  Multifiber 7 2.06 0.86 2.11 0.84
- 14 1.91 0.72 2.06 0.72
- ' 21 1.71 0.48 1.72 0.67

* Based on an average of elght thermal resistance measurements.

- %% Baged on an average of six thermal resistance measurements.




Table 11. Percent Increase in Thermal Resistance for Batt— and Fabric—Batt-
Assemblies as the Number of Batts are Increased from One— to Two-Layers and
from One- to Three-Layers
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Prés_sure ) _ *
Level Number of Fiber Percent Increase of Thermal Resistance Valve (%)
cglem? Batt Layers Type Batt Assemblies  Fabric-Batt Assemblies
7 2 Cotton +126.4 + 94.3
Wool +103.4 +100.8
Polyester + 64.7 ° + 59.0
Multifiber + 60.5 + 63.3
3 Cotton +225.5 +209.1
' Wool +193.1 +192.5
- Polyester +158.0 +152.9
- Multifiber +137.9 +132.0
14 2 Cotton + 87.6 + 87.8
Wool - + 97.2 +101.1
Polyester + 79.5 + 66.9
Multifiber + 58.8 + 65.4
3 Cotton +184.7 $205.9
| Wool +198.2 +228.8
Polyester +174.5 +170.4
Multifiber +121.8 +110.8
21 2. Cotton +118.1 +107.1
Wool + 91.4 + 69.1
Polyester +106.6 + 85.2
Multifiber + 38.0 + 65.4
3 Cotton +200.0 +188.6
Wool +176.1 +147.2
‘Polyester +170.1 +144.3
Multifiber + 78.0 +129.8

* Based on an average of two readings using measured thermal resistance values
for one batt layer as control.
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Table 12. Percent Change in Thermal Resistance for Batt— and Fabric~-Batt—
Assemblies as Pressure Level ig Increased from 7g/cm? to ll‘;g/cm2 and from
7g/c? to 21g/cm?

Number of Préssure_Level Fiber Percent Chonge of Thermal Resistance Value .(%)

Batt Layers g/ ¢u? Type Batt Assewmblies Fabric-Batt Assermblies
1 14 Cotton -14.3 . -18.5
Wool -28.7 -30.9
Polyester ~58.4 . -48.5
Multifiber - C-42 + 1.6
.21 Cotton ~49.4 ~-42.9
Wool -42 -9 : - =35.4 ;
Polyester -87.5 ~68.5 ;
Multifiber - 0.8 - -23.1 f
2 18 Cotton - -38.0 2205
Wool - -32.8 ~30.8
Polyester -45,3 - -41.5
Multifiber - 5.3 _ + 2.9
21 Cotton ~55.0 -34.1
Wool ~51.9 ~60.8
Polyester = . -49.5 ~44.6
Multifiber -16.4 . =21.5
-3 14 Cotton : -~30.8 . =19.7
' Wool -26.9 -~16.5
Polyester -48.9 : -38.9
Multifiber ~11.7 - 8.4
21 Cotton -62.1 -53.1
Wool -51.8 -60.2
Polyester ~78.8 - =Th4.4

-* Based on an average of two readings using measured thermal resistance values
at 7g/cm2 pressure level as control. ' '
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~Table '13.
Batt—-Assemblies
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Analyses of Variance of Thermal Resistance for Batt- and Fabric-

Multiple Fiber Pressure _ ,
Item Layers Type Level AXB AXC BXC AXBXC Residual -Total
(CV (3) (©) ' ’
Batt Assemblies
ag 2 3 2 6 4 6  12- 36 71
'S8 205.80 97.15'- 45.61 24,35 9.56 9.71 1.82 3.30 397.31
MS 102.90' 32.38 22.81 4,06 2.39 1.62 0.15 0.09 -
F.0L 5.20 4,41 5.20 3.35 3.91 3.35 2.74 - -
S % * * * % *
F 1123.74 353.64  249.07 44,33 26.11 17.67. 1.66 - -
" Fabric-Batt Assemblies
df -2 3 2 6 4 6 12 36 71
ss . 225.52 ‘112.73  40.33 28.20 8.98 7.93 2.96 5.75 432.39
| MS 112.76 35.58 20.16 4.70° 2.24 1.32 - 0.25 0.16 -
F.01 - 5.20 4.41 5.20 3.35 3.91 3.35 2.74 - -
' ' * * * % %
F 706.06 - 222.77 126.26 - 29.43 14.06 8.27 1.54 - -

* Significant at the .01 level
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Table 14. Comparisdn of Mean Thermal Resistance Values for Batt- and .

Fabric-Batt-Assemblies

Mean Thermal

Type of Number of - Resistance
Assembly ’ Samples _ mZsec OC/cal SD t
Batt 36 3.29 1.73
10.2717
Fabric-Batt 36 3.40 1.80

% Significant at .0l level (t = 2.648).




Table 15. -Correlation Coefficients and Multiple Regression Constants Showing Relationship Between
Pressure, Thickness, and Thermal Resistance for Batt— and Fabric-Batt-Assemblies

Tyﬁe of Fiber | Pressure  Thickness . REZE:?Zice Corfelétion~ RegfeSsion Line Constants
Assembly  Type _g/cm2 mm mzsec OC/cal Coefficient a - b, b,

. Batt Cotton | X, | ' X, j Y ~0.08 ‘0-48 -1.69 15.73
Wool X, | X, Y -0.42 0.05 0.61 1 17.26
Polyester X, A X, : Y -0.53  -0.02 1.92 15.06

Multifiber X X, Y ' -0.25 0.14 -0.09 17,47 §
r;bric-sét£, Cotton X, X, | v _;0.26‘ 1.41 . ~5.18 15.01
Wool X, X vf. -2 028 0.92 16.75
Polyester X, X, Y 053 0.27 " 1.33 15.46
X ; X -0.26 0.32 -0.43 17.50

" Multifiber X
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