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ABSTRACT

The thermal conductivities and electrical resise

tivities of seven electrically conductive fabrics and one
electrically insulative fabric were measured, The following
fabrics were tested: a 100% spun nylon, which was elec-
“trically insulative; four electrically ccnductive fabrics

containing metal (nylon/stainless steel blend, 100% stain-

less steel, glass fibre/stainless steel blend, and polyester/
brass blend); and three electrically conductive fabrics con-
taining carbon {("Graphite Cloth", glass fibre/carbon blend,
~and olefin/carbon blend),
| The thermal conductivitiés were measured on a

guarded hot plate apparatUs. The fabrics containing carbon
fibres were found to have higher thermal conductivities than E
all other test fabrics, The quantity of metal fibre in the
fabrics did not influénce thermal conductivity in a uniform

pattern, The conductivities of fabrics containing metal in

continuous filament form were high but the fabric containing

kS

metal in staple form had a conductivity comparable to

conventional fabrics,

The electrical resistivities of all test fabrics
were measured using an. ohmmeter and circular electrodes,
Warp and weft strips of anisotropic fabrics were also meas-

ured with the ohmmeter and electrode clips, The electrical

resistivities of all fabrics containing metal were lower




than those of &ll metal-free fabrics. The resistivities

of fabrics containing metal in continuous filament form were
lowest,

Application of the results to design of electrice-
ally heated clothing was discussed, The quantity of elec-
trically conductive test fabric required to maintain man's
equilibrium therﬁal comfort was'theoretically determined
for a model situation based on physiclogical, climatic, and
apparél conditions typical of those encountered in a cold

environment,
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-INTRODUCTION

The current development of northern trade routes
and interest in improving the habitabiliiy of Arctic areas
has renewed the need to consider clothihg préducad for cold
environments, Concerned individuals and groups, particular-
ly the military, have extensively studied cold weather:
‘clothing since World War II, Both physioclogical needs of
fhe.body and designs for clothing assemblies to meet these
needs have been well documented by such authors as Newburgh
(35), Burton and Edholm (9), Kenchington (28), Turl (46),
Alexander (2), and Fourt and Hollies (16).

Safety, economy, comfort; mobility, and thermal
exchange have been considered important for the design of
‘prétective clothing, ‘These considerations often impose
incompatible requirements, so that attainihg maximum effi-
ciency in one aspect is only possible with a reduction in
efficiency in another, For example, optimum thermal insula-
tion is ofteﬁ obtained with additional layers of clothing
which may hamper bodily movement and interfere with moisture
exchange between the body and the environment, As a conse-
bquence of this incompatibility, a clqthing assembly that
satisfies all the requirementS'fﬁr cold climates has not
been reported in the literature,

Thermal exchange and the rate of bodily heat loss
through garments are largely controlled by the thermal




conductivity of the fabrics, Fabrics and clothing must

allow for a comfortable rate of exchange between man and his
environment, under both varying climatic conditions and
degrees of activify.

One method of mainfaining thermal equilibrium at any
level of activity without excessive bulk would be to provide
supplemenﬁary heat of electrical drigin, regulated acéording
toqbodily needs, The principle»was utilized in apparel
desigﬁed for World War IIVpilots, but ﬁrovad Qnsuccessfui
owing to technological inadequacies, Batteries or genera-
tors of adeduate power and sufficient lightness to be
carried on the body were not available, Moreovertthe con-
.ducting wires in the fabrics were subject ?0 broken connec-
tions that resulted in power failures (35),

Recent produétion of electrically conductive fabrics
which appear to be capable of overcoming past difficulties
and satisfying requiremenfs for cold weather clothing motiv- ‘
ated the present invesfigation. 'The use of such fabrics in
heated clothing assemblies is complicated by a lack of know-
ledge about the thermal conductivity and the electrical
resisfivity of the fabrics, and the influence of the latter
property on the former,

The electrical resistivity of textiles has been
investigated, but methods have been designed for testing

fabrics of high resistance and interest has been focused




upon the dissipation of static electricity., Previous
techniques are not suitable for measuring the resistivity of
those electrically conductive fabrics which are capable of
geneiating heat, |

The major purpose of the presenf research was to
measure the thermal conductivity and electrical resistivity

of

seven eiectrically bonductiva fabrics, four containing
metal and three containing carbon; and an electrically
insuiative Tabric, An additional objective was to apply the
thermal and electrical resﬁlts in a theoretical determination

of the feasibility of using electrically conductive fabrics

to heat clothing.




REVIEW OF LITERATURE

Study of electrically conductive fabrics in relation
to their application in heated clothing involves the concept
of heat generation resulting from resistance to an electric
current, The fabric property associated with heat trans-
mission in garments is thermal conductivity, and that assoc~
iated with electrical conduction is electrical resistivity,
The iiterature review therefore considers: (1) electrically
conductive fabrics, (2) measurement of fabric thermal con-
ductivity, and (3) measurement of fabric electrical resist-
ivity,

Because investigators havé used varying terminology,
the Following definitions explain terms relevant both to the
literature review and the present work,

Thermal Cbnductivitv. The rate of heat flow across

unit area of a méterial under unit temperature gradient is
referred to as the thermal conductivity (53), This term
refers to heat transmission through fabrics by conduction,
and is numerically equal to the fabric thickness divided by
its thermal resistance,

Thermal Resistance, The ratio of the temperature

difference acress a thermal path to the rate of heat flow
along that path defines thermal resistance (39), The therm-
al resistance of a flat, homogeneous material is inversely

proportional to its thermal conductivity (11), The




effectiveness of a fabric in preventing heat transmission

from an uncovered object is referred to as the thermal
insulation of the fabric (31),

Electrical Resistance. The electrical resistance of

a material is defined by Ohm's Law as:
R =< ¢e-1

where R is the resistance, V is the voltage,applied, and I
is the current that flows (26),

Electrical Resistivity., For a material of cross-
sectional area A and length L,‘resistivity is defined mathe=
maéically as:

¢ = %% ohm~-metres (26), vos?

For the special case of a square fabric of thickness d, the

’
resistance (R ) may be expressed in ohms per square, Since:

A = Ld
and R = % ool

Electrically Conductive Fabrics

Electrically heated élothing may offer a practicable

solution to the problems encountered with conventional cold




climate clothing for two. reasons: (1) an. internal heat

source reduces the need for thick and cumbersome garments,
and (2) the heat can be adjustedvto be compatible with the
rate of bddily heat loss, Field trials with electrically
heated wire glovés have demonstrated additionally that:

1, Supplementary heat permits a longer tolerance to
cold and contributes to dexterity,

2, VWhen the body is adequately heated less insula-
tion‘isfrequired on the extremities,

3. The most efficient way to maintain comfort in
tﬁs hands is to supply heat not to them but to the body.

4, The possiﬁilities of supplying.heat to the body
should be investigated (43),

For use as resistance heating units in garments,
electrically conductive fabrics containing conducting fibres
have superior performance characteristics relative to elec—
trically wired fabrids. Fabrics containing wires are
necessarily inflexible and unreliable as a heat source be-
cause breakage of one wire arrests current flow, Flexibil-
ity, formability, sewability, and a relatively soft hand may
be retained in fabrics which contain‘conducting fibres, The
fibres are distributed eitﬁer as continuous filaments in a
conducting yarn or as staple fibres in a fabric blend, The
resultant distribution patterns provide alternate pathways

for an electrical current and loss of a single carbon or




metal yarn reduces performance only imperceptibly (21), The

magnitude of current wﬁich the fabrics can accommodate is
controlled by varying such fabric structure factors as fibre
content and weave pattern, Carbon fabrics, for example,
have been constructed to have resistivitiés ranging from 0,2
to 30 ohms per square (21), Conductive fabrics are readily
fitted with‘electricél connections for use with a power sﬁpw
ply. Metal-containing fabrics can be soldered, and light
clamping pressure can be applied to carbon-containing fab-
rics (21, 13). The electrical perxformance of conductive
fabrics is consistently good because theif properties do not
change appreciably over time or under varying conditions,
Metal fibres have a high oxidative and corrosive resistance
and carbon fibres are chemically inert (17, 25, 21),

The advantages of electrically conductive fabrics
are realized, then, in'fabrics cqntainingveither metal or

carbon as the conducting material,

Fabrics Containing Metal Fibres

The information related to metal-containing fabrics
is largely in the form of descriptive advertising literature,
It specifies neither the therhal caonductivity or electrical
resistivity of the fabrics, nor thé manner in which the
fabrics could be used in heated garments,

The Ryujin Company of Japan has produced electrically

conductive fabrics, designated as either sheet or cloth




heaters (15). The sheet heater consists of metal yarns

woven with glasS or synthetic fibre yarns, The resultant
fabric is coated with an unidentified conducting material,
The éloth heater contains both metal and insulated yarns in
- the warp direction, The weft yarns are impregnated Qith an
‘unidentified conducting material, The manufacturer claims
that both heaters are flexible and are intended for use‘with
low voltage electrical supplieé. Technical literature
‘refefring to their use in clothing assemblies was not avail-
able,

Both the Brunswick Corporation Metallic Fibres Div-
ision and the Hoskins Manufacturing Company have recently
produced extremely fine metal fibres processible on textile
maéhinéry (48, 17, 25), Stainless steel has been found to
be well suited to such production, Although stainless steel
fibres were designed principally to discharge static elec-
tricity in carpets, they also have been used to generate
heat because they offer moderaté resistance to electric
current flow (48, 7), | |

Metal fibres in staple and continuous filament form
have been used alone or blended with other fibres (49), The
. fabrics produced from them possess a flexibility and drape
comparable to those of conventional textiles (48, 49), The
fibre and fabric properties have been used to advanfage in

heated seat pads, draperies, bedding, and diving suits (7),




Some,experimental work has been done in using the metal- .

containing fabrics in heated sleeping bags and vests but

unfortunately the information is proprietary (8),

fabrics Coptaining Carbon

7 Electrically conductive fabrics have been preocduced
Containing carboﬁbin the form of bofh carbon and gréphite
fibres., Relative to metal yarns, carbon and graphite yarns
have a low abrasion resistance and flex life, As a result
the écopa of their application is more limited in unrigide
ified textile structures (50), Carbon and graphite fibres
have'been used‘mainly in reinforced composites{ particularly
in the aerospace industry, but they have alsoc been used in
‘cqnventional textile fabrics (41).

According to the manufacturer, the electrical resis-
tance of graphite fibres is higher than carbon fibres, and
it is moderately high bompared to metals (33, 18), Since
both carbon and graphite fibres conduct electricity, howéver,
and both are capable of producing heat when traversed by an
electric current, they haVe,beén used in conductive fabrics
(41), Their possible influence on the thermal insulating
power of the fabrics has not been describsd in the litera-
ture, | |

"Graphite Cloth"1 is an electrically conductive

1Trade name of ‘Union Carblde Corporatlon Carbon
Products Division, :
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fabric made from very pure, flexible graphite filaments of
fine diameter. Its principal applications have been indus-
trial, but as the fabric can be connected toc a portable
power supply utilization of it as a heating element in clo-
thing -may be possible (13).

Carbon filaments can be used in combination with
non-conducting fibres to make an électrically conductive
fabric and most often they.havevbeen used‘with glass because
of similarity in the fibre properties, Although the flexi~
bility, hand, and controlled electrical resistivity of the
resulting fébrics appear to be suitable for use in heated
garments, such an application has not been reported in the
literature (47, 21, 14),

Information concerning the thermal conductivity and
electrical resistivity of fabrics, and the effect of conduc-
ting fibres on the thermal conductivity is fundamental to
using electrically conductive fabriés in the design of heat-
ed-clotﬁing. Absence of such information in the literature

created a need to examine those aspects of the fabrics,

Measurement of the Thermal Conductivity
of Fabrics

Marsh (30), G. J, Morris (31), and Fourt and Hollies
(16) have reviewed extensively the numerous methods for

measuring fabric thermal conductivity. In early
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investigations the greatest 'difficulty was found to be
obtaining accurate thickness measurements (53, 31). The
compressibility of fabrics requires that the position of the
fabric surface be arbitrarily fixed by measuring thickness
with the fabric under a definite pressure, Inva recent
investigation, Rowlands (42) found a marked hysteresis in the
load-thickness graph of fabrics and a large variation of
thickness at low pressufes. |

M, A, Morris (32) suggésted that the accuracy of
fabric thermal conductivity measurements might also be
affected by inclusion of air layers, The effective thickness
o% fabrics with rough or irregqular surfaces'can be consider-
ably increased if air is held between layers of fabric, or
between fabrics and the apparatus, Because fabrics are
relatively thin materials and air is an insulator, the
effect of an air layer can be sufficiently large to increase
the measured thermal resistance and creaté large errbrs. |

Early investigators frequently failed to control
heat transfer by processes other than conduction, Heat
transferred in the air—filledvinterstices of the fabric by
means of radiation or convection, or from changes in the
fabric moisture content, may have influenced resulting data
(39, 30).

Although there are many techniques for measuring

fabric thermal conduétivity, they fall essentially into one
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of the three following categories: - rate of cooling method,

1

constant-temperature methed, and double-plate method (30
31’ 16)‘

Rate of Coolind Method

The rate of cooling method primarily determines the
rate of heat loss from a hot cylinder, sphere, single plate,
etc. through'a fabric whiéh surrounds the hot body and whose
outer surface is exposéd‘to the air, The techniques are
simple, results are direct, and fabrics are tested without
~an applied pressure, Results may vary however, because of
the lack of uniformity of fabric fit and tension over the
hot body, and with the specific apparatué and temperature
used (30), Furthermore, the temperature difference between
the fabric surface and surrounding air can not be accurately
measured, Numerous adaptations of the rate of cooling tech-

nique are described in the literature (31, 36, 37, 40),

Constani-Temperature Method

Constant-temperature methods measuréAthermal conduc~
tivity from the energy required to maintain a hot body at a
constant temperature when it is covered with a fabric,
Morris (31) preferred the techﬁiques in this category
because: (1) the experimental conditions can be more easily
controlled; (2) the heat energy supplied to the body is cal-

culated from electrical measurements, which are simpler, and
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more accurate than direct temperature measuremeh{o; and,

(3) the situation approximates wearing conditions in that
body temperature is approximately constant, the outer sur-
face of clothing 'is exposed to still or ﬁoving’air, and
adjustable air gaps éan be left betWeeﬁ the hot body and the
fabric, | |

In previous research heat losses from the hot body
in any direction other than through the fabric were often
not controlled, ‘Lateralland downward heat flow from the hot
body have been prevented in more recent constant-temperature
investigations by the .addition of a surrounding guard ring
maintained at the same temperature as the hot plate,

| The ASTM standard method for testing thermal trans-
~mission through fabrics requires the use of a guarded hot
plate apparatus housed in a copper hood (3), This modifica-
‘tion provides a controlled atmosphere, but as a result the
apparatus is slow to reach steaay-state conditions,

Tallent and Worner (44) measured the heat supply
required to maintain a cylinder at body temperatﬁre with and
without a covering sleeve of test fabric, Due to inadequate
provision for unidirectional”heat loss through the fabric,
the results were suitable only for comparisons and could not

be considered as absolute measurements (16),

. Double-Plate Method

The double~plate method determines the heat flow
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rate through a fabric held between: two metal plates main-
tained at different temperatures, The fabric specimen(s)
may be in contact with one or both sides of the hot plate,
Morris (31) has outlined the disadvantages of the method as
follows:

1. Maihtenaﬁce and operation of the apparatus are
complicated, |

2. .The teét period is lengthy,

3., Because the fabric is compressed between the
plates and air is entrapped between each ﬁlate and the fab-
ric,, the results qppl&~only to the particular apparatus used
and the ‘pressure under which the fabric is held,

The Cenco-Fitch apparatus is a double~plate appara-
-tus which determines fabric thermal resistance from the rate
of:temperature rise of the cold plate, Relative to the
singlé guarded hot plate it is reported to be inexpensive
and -easily operated, and to have a short test period, It is
therefore better suited for general use in the textile ind-

ustry (52), Wing and Monego (52), using a range of fabric
types and thicknesses, deveiéped an equation showing the
relationship between thermal insulation data obtained on
~both the Cenco-Fitch and guarded hot plate apparatus,

David (12), and Clulow and Rees (11) modified the
double-plate method Ey,placiﬁg a heat transfer disc of known

resistance in series with the fabric specimen with respect
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to heat flow between the plates, Since thermal resistance
is proportional to the temperature difference across a res-

istor, and the resistance of the disc was known, the invest-

igators were able to calculate the fabric resistance, The

technique was rapid and accurate (16).

Measurement of the Electrical Resistivity
of Fabrics .

The majority of studies pertéining to electrical |
resistivity of textiles have focused upon‘measurement of the
electrical resistivity of fiEres and yarns, Hearle {19) re-
viewed the few studies :eporting measurement of fabric §
. electrical.resistance, He pointed out that the data is
~difficult to interpret because the path of the electrical
current is complicated and dependent upon the_area of con-
tact between neighbouring fibres and between the fibres and

electrodes,

Researchers investigating fabric properties have
been concerned with the ability of the fabric to accumulate
and hold an electrostatic charge, Fabric resistance data

resulting from both the circular and parsllel electrode sys-

tems has been discussed in the literature (29, 45, 22, 38,
23, 51, 6), Both AATCC (1) and ASTM (5) have published
standard test methodé for measuring fabric resistance, the

former requiring parallel electrodes, and the latter,
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suitable for use with either electrode arrangement, While
circular electrodes give a measure of average resistivity in
a radial diregtion, parallel electrodes measure the resist-
ivity in a single direction,

Previous methods have been designed for testing
conventional fabrics of very high resistaﬁce. The resist-
~ance range of the instruments used is too high to be suit-

able for measuring the electrical resistance of conductive

fabrics,




METHOD OF STUDY -

The thermal conductivity and electrical resistivity
of seven electrically conductive fabrics and one electric-

ally insulative fabric were measured,

Fabrics Studied and Measurement
of Basic Properties

The test fabrics and their characteristics are des-
Cribéd in Table 1, Seven fabrics were selected as repre-—
sentative of the commercial or experimental electrically
condUct%ve‘Fabrics available in Fall, 1969. Four contained
metal and three contained carbon as the conducting materials,
One éléctrically insulative fabric, a 100% nylon (fabric 1),
was éhosen for comparison with tﬁe electrically conductive
fabrics, It was similar in weight and fibre content to one
of the conductive fabrics, 90% nylon/10% stainless steel
blend (fabric 2), The fabric suppliers and their addresses
are listed in Appendix A, |

The quantities of conducting fibre differed in the
warp and weft directions of fébrics 4, 5, 7, and 8 (glass
fibre/stainless steel blend, polyester/brass blend, glass
fibre/carbon‘blend, olefin/carbon blend); thus, electrical
properties would differvaccording to the direction of meas-
urement, In contrast to these anisotropic fabrics, the

remaining fabrics were isotropic and the fibre content was




Table 1, Test Fabrics and their Characteristics

Carbon Yarns

carbon yarn between
every 2 ends, filament
fibre yarns

_Fabric Fibre ‘Weight Thickness Packing
"~ Number Content Construction (g/%m.z) at 0,50 psi Fraction
' (cm.,) a
1. 100% Spun Nylon Plain weave, staple 0.014 0.038 0.313
fibre yarns
2, 90% Nylon/10% Satin weave, staple 0,017 0,061 0,226
Stainless Steel fibre yarns
3. 100% Stainless Twill weave, filament 0,050 0,025 0,257
- Steel fibre yarns
4, Glass Fibre with Plain weave with 1 0.021 0,051 0.168
Stainless Steel metal yarn between
Yarns every 50 picks and
every 65 ends, fila-
‘ ment fibre yarns
5. Polyester with Basket weave with 6. 0.018 0,051 0,249
Brass Covered metal covered yarns
Yarns between every 190
picks, filament
fibre yarns
6,  Graphite Plain weave, fila- 0.008 0.028 0.195
ment fibre yarns
7. Glass Fibre with Plain weave with 1 0.044 0.038 0.466
Carbon Yarns carbon yarn between
every 12 ends, fila-
ment fibre yarns .
8., - Olefin with Plain weave with 1 0.026 0.061 0,401

81l
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identical in both warp and weft directions,

Fabric quantity was limited but allowed for one pair
of thermal conductivity test specimeﬁs for all test fabrics
with the exception of fabrics 3, 7,‘and.8 (100% stainless
steel, glass fibre/carbon blend, olefin/carbon blend) for
which the method was modified, The thermal conductivity
specimens were all of adequate size for the electrical fe-
sistivity measufemeqts, The small number of specimens per
fabric was considered to be adequate for the present study
since interest in making inter-fabric comparisons was great-
er than in obtaining absolute values,

Prior to all measurements and testing, the speci-
mens were pressed lightly with a cool iron to remave surface
wrinkies and folds, They were then conditioned according to
CGSB standards (10),

Weights and thicknesses were measured for all fab-
rics and were used to calculate packing_fraction, thermal
- conductivity, and electrical resistivity.

The fabric characteristics were determined as fol-
loﬁs:

1. Weight per unit area: A die cut circle with a
diameter of 5,08 cm, and an area of 21,25 cm,2 was weighed
to an accuracy of i.IZI.[JUCHZH g. on a Sartorious digital analy-
tical balance, Weight was expressed in grams per square

centimetre,
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2, Thicknesst: A Frazier Compressometer with an

anvil 2,54 cm, in diameter was used to measure thickness

according to the CGSB recommended procedure (10), A pres-
sure of 0,50 psi was selected to approximate the pressure of
the thermal conductivity apparétus, The results are express-

ed as an average of ten measurements, to an accuracy of

*0.003 cm.

The method was modified slightly to measure fhickn
ness;of fabrics contalnlng carbon yarns (7 and 8) because
the test fabrics were available only in narrow strips (10,2
cm, wide), -As it was.necessary to have larger specimens for
determining both thickness and thermal conductivity, three
stripé of a fabric, at least 32 em. long, were placed adja-
cent to one another and held together at the ends with
masking tape. This modified specimen allowed for a measure
of the selvedges as well as the central portion of the Tab-
rib. Therefore, out of the total ten thickness readings,

- five were taken on the selvedges of the fabric, and five on

the central portion when selvedges had been cut off. A mean
was calculated for each.areae The average thickness of the

test specimen was then determined by the relationship:

de = Pd + P.d
: s s cc
where dF = average test specimen thickness {(cm,)

P = proportion of test specimen constituting

selvedge




3, Packing Fraction: The packing fraction, defined

i

= remaining proportion of test specimen

o

thickness of selvedge (cm,)

“thickness of central portion (cm,),

21

as the proportion of the fabric's volume otcupied by fibre,

was determined from fabric thickness and weight according te

the following formulae (26):

For homogeneous fabrics,

.

and for binary blends, -

T

-SF

P P
1.2
{m +€2}

packing fraction

fabric weight per unit area (g./cm.z)

and ?2

and P

i

.

= fabric thickness‘(cm.)

densities of fibres 1 and 2
. 3
respectively (g,/cm.”)

proportions by weight of fibres

1 and 2 reépectively.'

Measurement of Thermal Conductivity

=
where b =
o
A=
dF_
A€1
P1
Apparatus

A guarded double-plate apparatus for measuring
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thermal insulation was used to determine the thermal con-

ductivity of the test fabrics, It was similar to the

"National Research Council, Automatically Controlled, 12
Inch, Simplified Guarded Hot Plate Apparatus" and met ASTM
fequi%ements (4, 34), A photograph of the apparatus (Figure
1) includes:

1. An automatic self-contained control system for

the cold plate temperatures (extreme left),
2, A manual balancing potentiometer (upper left
centre) from which the hot plate temperature was determined,
-3, Two direct digital voltmeters (lower left

cehtre)ifrcm which the potential difference and cold plate

temperature were determined,

4, The plate assembly consisting of a central hot
plate between two cold plates (right centre and figure 3),
5. The control system for the hot plate (extreme

right),

The guarded double-plate apparatus used had been

designed for use with insulating materials and it was adap=

ted for textiles in the following manner. In order to

obtain a more precise determination of air gaps in the
thickness of the plate and fabric assembly, metal pins were
inserted in and protruded from the top external corners of
eagh cold plate. A micrometer, having an accuracy of iD,DD1

in, (0,003 cm,), was used to measure the thickness of the
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XX HIX]

Guarded Hot Plate

N.R.C.

Figure 1,
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plate assembly between the outer ends of the pins,

Basic thickness of the entire plate assembly was
determined from ten measurements of the component parts at
. each end of the apparatus, i.e, central hot plate and sach
cold plate (Figure 2), The mean basic thickness for the
East end of the assembly was 5,356 in, (13,604 cm,) and
5.409 in, (13.739 cm,) for the West end,

| Six coil springs were used to hold the cold plate-
fabric~hot plate assembly together during testing., The
following method was.used to approxiﬁate the pressure of the
spriqgs.énd plate assembly, Blocks of wood were held to a
bathroom scale by means of the six springs and the entire
unit, representing the thickness of the plate assembly, was
held in a vertical position while the force in pounds was
read .directly. from the scale, The force per unit area was
then calculated. The resulting value was close to 0,50 psi,
the pressure therefore selected in determining fabric thick=-
ness with the Compressometer,

The central hot plate, a six inch square (15,24 cm,);
was calibrated over a temperature range of -10°C, to sa°cC,
This temperature was then referenced to a direct reading
manua; balancing thermocouple potentiometer accurate to
iZ‘pvu The tempgrature of the water-cooled cold platés was
controlled to fD.UZDC. and was referenced to a direct read-

ing digital voltmeter accurate to tBJpv. Using calibration




EAST  END

Pins for
<" measuring
thicknesses

&

WEST END

Te51 Fabrtcs To Be Paa‘ d
Here

%= thickness of the north cold plate
¥~ thickness of the south cold plate

r,,.ihlckness of the hot plote ond guard ring

gxi—-bosxcthxckness of the opparotus without test spec:mens in place
i}

Figure 2, . Debermlnatlon of the Bas:nc Thickness of‘ the . Guarded
' Hot Plate Appara’cus :

IR
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graphs and the output in millivelts read from these instru-

ments, the temperatures were determined with an accuracy of

'tD.ZDC. The guard ring temperature was controlled automat-
ically by means of thermocoupleé to have the same tempera-
ture as the central hot plate and provide unidiiectional

heat flow,

The potential difference across the'céntral.heate:

was read directly from a digital voltmeter accurate to fD,D1
volts, Since the resistance of the central heater was
exactly 6,000 ohms, the power and heat flow rate were deter-

mined. from the. .relationships:

p o L2
= R
P
and Q=J
where P = power (watts)

V = potential difference (volts)

R = resistance (ohms)

U = heat flow rate (cal,/sec,)
J = Joule's mechanical equivalent of heat

(4.2 joules/cal.),

Preparation of Specimens

Two specimens, each a 29 cm, square with two small
tabs extending from one edge, were cut from all the test
fabrics with the exception of fabrics 3, 7, and 8 (100%

stainless steel, glass fibre/carbon blend, oclefin/carbon
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blend), Only one specimen was cut from fabric 3 due to a
limited fabric quantity, This was paired with a specimen of
~fabric 1 (100% nylon) for testing since their thicknesses
were similar, Specimen preparation for fabrics 7 and 8 has
been previously discussed in referencg go thickness measure-
ments (page 20), The ﬁhermalyéohductivity speciﬁens consis-
ted of both selvedges and central portions of fébrics 7 and

B,

Procedure for Measuring Thermal Conductivity

‘Thermal conductiyity measurements were obtained at
room temperature and humidity, The spebimens were not in
hygroscopic equilibrium with the room when tested. One test
specimen was placed on each side of the hot plaﬁe énd sec-
ured in place at the top by means of masking tape and the
fabric tab extensions, The cold plates were then eased
towards the specimens until contact was made, Three heavy
coil springs were ﬁositioned on each end .of the total assem-
'blybto hold it together, Figure 3 illustrates placement of
the springs on the assembly and the position of the guarded‘
hot plate between the th water-cooled cold plates, For
each test, precautions were taken to:

| 1, Place the coil springs in the same position,
between pencil markings on the outer surfaces of the cold
plate insulation material,

2. Allow the cold plates and hot plate'to.hang




Figure 3. Plate Assembly with Test Fabrics in Place
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freely from thé supporting rods and therefore to remain in
the same position,

3. Ensure the absence of dust or foreign mattei on
the pins, plates, and miciometer shafts,

4, Ensure that no properties of the platés (eg.
rough edges) or of the test specimens (eg, irregulafities
and qreases) interfered with the contact of the fabric
sbecimens and plates, The specimen dimensions were 1.5 cm,
less ;than the plate dimensions toc allow for possible rough-
ness at the outef edges of the plates,

With the fabric specimens in place the assembly was
brought to the steady-state operating conditions, The témp-
erature difference between the plates was kept as large as
possible, The aim was to approach a hot plate temperature
of 33°C, (man's average skin temperature), and a cold plate
temperature of ZODC, (room temperature), In no case, how-
eQer, was the hot plate temperature greater than 26,70°C, or
the cold plate temperafure less than 15,83°C, The potential
difference requiied to maintain the temperature difference
was read directly from the digital voltmeter and recorded,
In order to randomize any effect of differences in the test
specimens or air gaps; the test specimens were interchanged
and placed on opposite sides»of’the hot plate and the proce-

dure was repeated,
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Procedure for Measuring Thickness

Thickness measurements of the total assembly with

fabric specimens in place were made between the ocuter edges
of ‘the pins at each end of the plates when steady-state con-
ditions had been attained., With the exception of 100%
stainless steel (fabric 3), five thickness readings were

made with a micrometer both when the specimens“were in the

firsi position with respect to the hot plate, and when the
specimens were interchanged, The mean of each set of five
méasﬁrements‘was calculated, - Prior to each measurement the
springs were remoVed; the specimené and plates‘WEre adjusted
and repositioned; and the springs were replaced. The aim of
this procedure was to. minimize the effect of systematic and

operator differences, With each reading, care was taken to

obtain flat contact between the micrometer shafts and the
ends of the pins, Problems with fabric 3, permanent creases
and.-strong tendencies to ravel and to curl, interfered with

smooth placement of the specimen between the plates, It was

therefore not possible to obtairn more than one thickness
measurement for each specimen arrangement,

The overall thickness (measured with the micrometer

from pin to pin at both East and West end pins) consisted of
the following: (1) the thickness of both cold plates and
of the central hot plate, (2) the thickness of both fabric

specimens, and (3) the thickness of any air gaps between the
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hot plate, the sbecimens,'and the pold plates, The differ-
ence between the overall thickness and the sum of the basic
thickness plus the specimen thicknesses was attributed to
air gaps., The air gap on each side of the hot plate was
taken as half this difference, The thermal conductivity of
'the air layer, at a temperature equal to the mean of the hot
and cold plate temperatures, was thén determined from con-
stants reported by Kaye and Laby (27). The thermal resis-
tance of the air gaps was subtracted from the total thermal

resistance to obtain the value reported for the fabric,

Cglcﬁ;ﬁﬁiogs

The known values of heat flow rate and temperature
were subséituted in the heat flow equation and used to cal-
culéte thermal resistance, Heat flow through the test
specimens was equal to the ratio of the teﬁperature differ-

ence across them to the thermél resistances of the fabric

and air:
.= =T o Ty-T¢
RF + RA RF + RA
1 2
- where é = heat flow rate per unit area (cal./m;zsec,)

TH and TC = temperature of the hot plate and
cold plates respectively (°C,)
Re  and Re = fabric thermal resistance of each

specimen (m,zsec;OC./cal.)




'RA'= thermal resistance of each air gap

(m,%sec.®C, /cal,),
Thermal resistance per unit area is determined from the

‘relationship:

d
R = o5

Therefore the conductivity was calculated from:

g
k = Ra
" where k = thermal conductivity (cal,/m.sec.®C,)

d =bthickﬁess‘(m.)

R = thermal resistance (m.zséc.oﬁ,/cal.)

A = area of specimen or air léyer covefing the
central hot plate, through which heat
flows (m,%),

These thermal resistances and conductivities were
calculated from experimental data using an Olivetti-Underwood
Programma 101 desk computer, Detaiis of the program and
operating instructions, are presented in-Appendix C.

The meén of the thermal conductivity of the speci-
mens in the fiis%barrangement with resﬁect to the hot'pléte

and. in the interchanged pdsition was reported,

Measurement of Electrical Resistivity

The ring method of measuring electrical resistivity

has previously been used to determine charge dissipation in
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a radial direction across-a fabric surface. Because it is

a standard method it was selected for the present investi-

gation, It does not, however, lend itself to anisotropic
fabrics and is less apprgpriate.for measuring electrical
~resistivity when current can flow in only one direction, as
in electricallyoheated fabrics, The strip method was used

to measure the resistivity in the warp and weft directions

of anisotropic fabrics. As it was found to be.sénsifive to
contact between the specimen and electrodes, it was not
suitable for fabfics 1, 2, 3, and 6. A vacuum-tube
multimeter-2 bépable of measuring resiétanceé éver the réﬁge
of‘D.2 to 109 ohms, ah adequate range for testing electric-

ally conductive fabrics, was used in both methods,

Ring Method A
Apparatus. The circular electrodes illustrated in
Figure 4, consist of an inner brass ring with a 1,27 cm,

radius and an outer brass ring with an 8,89 cm. radius., The

rings were fitted with sockets to readily abcommodate the
ohmmeter leads, and were joined together by means of th:ee

plexiglass rods, Thé lower surfaces of the rings were bev-

elled to a fine edge so that the weight of the rings was

concentrated on the edge and improved cbhtact between the

, ' ZModel "T77", manufactured by .Phaostron Comﬁany, 151
Pasadena Avenue, South Pasadena, California, .
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nquﬁvefernﬂno; ‘ plexiglass rods

test fabric

sEradius of inner ring electrode
.L=radius of outer ring electrods -

Figure 4, Circular Electrodes Used for the Determination of
: Fabric Resistivity <
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' eléctrodes and test sample., The electrode design was
developed from the circular arrangement used by Lewis (29),
Procedure, The fabric specimens measured for elec-
trical resistivity were fﬁe‘same specimens @ used in deter-
mining thermal conductivity; The test specimen was placed
on a hard, non-conducting surféce and smoothed without
excessive tension, Prior to each measurement the ring
electrodes were cleaned.with sandpaper to remove any oxides,
The rings were then placed on the specimen with the bevelled
edge down, With the anisotropic fabrics the central ring
was placed on at least one conducting yarn, The leads from
the ohmmeter were inserted in the electrode sockets and the
rings were pressed on the fabric quickly and released, After
a time lapse of one minute the electrical resistance was
read directly from the ohmmeter, The procedure was repeated
on the face and back of both specimens of each test fabric,
except fabric 3 (1DD%>stainless.steel) for which there was
only one specimen, With fabric 2 (90% nylon/10% stainless
steel blend), the needle of the chmmeter fluctuated. f@o
different intermediary substances, silicone grease and
electrode paste, were applied to the brass rings on separate
trials in an attempt to obtain a constant needle deflection,
buf ﬁeither was effective, The resistance values were
obtained, therefore, from a visual average over the period

of one minute,
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Calculations. The fesistivity of eaéh,test fabric
was calculated by aQeraging fhe resistance for face and back
of both specimens and using the following formula:

e o .

¢ = RZ'WdF loge ;f,

where (= resistivity (ohm-metres)
R = the measured resistance {ohms)
dp = fabric thickness (metres)

r = outer ring radius (metres)

“H
]

inner ring radius (metres).

The resistance in ohms/square was calculated as the
ratio of the resistivity to the fabric thickness (equation

3, page 5),

Strip Method

Apparatus, Small sprihg clips of the alligator type
attached to the ohmmeter leads served as the electrodes for
measUring the resistance of fabric strips.

Preparation of Specimens, A warp and weft strip of

- fabric of a measured_léngth and width equal to the ‘distance
between. two cbnéecutive conducting filamenfs were cut frﬁm
the anisotropic test fabrics (4, 5, 7, and B)."A small“
piece of aluminium foii‘was folded over both ends of the
fabric strip to improve contact with the electrodes,
Procedure, A fabric strip was placed on a hérd, non-

conducting surface and was smoothed without excessive tension,
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An electrode clip was attached to each end of the strip and
the electrical resistance was read directly from the ohm-
meter after a time lapse of one minute,

Calculations. The resistivity of the warp and weft

direction of each anisotropic test fabric was calculated
from equation 2 (page 5), - The resistance in ohms/square was
then calculated as the ratio of resistivity to fabric thick-

ness (equation 3, page 5),




RESULTS AND DISCUSSION

The findings and discussion concerning the thermal
conductivity and electrical resistivity of the test fabrics

and the feasibility of using them to heat clothing follow,

Thermal Conductivity

Table 2 contains the mean observed values and rank
“orders of thermal conductivity, and the thermal resistances
for {he test specimens, A discussion of the results related
to fabrics containing carbon follows that related to fabrics

containing metal fibres,

Fabrics Cbntaininc Metal Fibres

Fabrics 2, 3, 4, and 5 (90% nylon/10% stainless
steel blend, 100% stainless steel, glass:fibre/stainless
steel blend, polyéster/brass blend): contained varying
amounts of metal fibre but they did not have appreciably
greater thermal conductivities than fabric 1 (100% spun ny--
lon) which did not contain metal fibres, Thus, the quantity
of metal fibre in these fabrics did not appear to influence
the thermal conductivities.

VThe;observed thermal conductivity of fabric 3 is
not reported because .the observed»;esistance is believed
to be largely a reflection of the‘iesistance of;large air

gaps, The difficulties in manipulating the test




~Table 2, Thermal Conductivity

~~Fabric Number’ Temperature Mean Thermal Observed - Rank
and Difference Temperature - Resistance Thermal Urder
Fibre Content AT=T ~-T.(®C,) T=T_ +T.(0C,) m.¢sec,BC, Conductivity
H™'C H™'C R -4
) : o cal». kF—X1O
~cal,
cm,sec,°C,
1. 100% Nylon 9,13 21,91 0.031 1,21 2.5
2. 90% Nylon/10% 10,04 21,38 0.061 1,00 1
Stainless Steel
3. 100% Stainless . 8,48 22.36 0,029 - -
, Steel
4, Glass Fibre/ 9,93 20,93 0.039 1,30 4
Stainless Steel ' .
5. Polyester/ 9.43 21.44 0.042 1.21 2.5
Brass
6. VGraphite 5,48 23,64 0,009 3.04 T
7. Glass Fibre/ 8,21 22,48 0.009 1,67 6
Carbon
8, O0Olefin/Carbon 8,15 22,32 0.035 1.35 5

6€




Specimen3 were responsible for the influence of the air gaps.
Comparison of the thermal conductivity of fabric 2

with fabrics 4 and 5 indicated that the fabric containing

cintimately blended staple metal fibres (fabric 2) had a

- lower conductivity than the fabrics containing continuous
filament metal fiﬁresi(d and 5).

Earlier investigators have reported'that for any.
given thickheéé, less dense fabrics have lower the;mal con-
ductivities (31),  Fabric 1, with a larger packing fraction
(greatar_dénsiiy) thah‘fabric 5, might therefore be expected
ﬁo héVe tﬁe greater Valué'pf thermal ;ondq@tivity, The
measured coﬁductivity of the fabrics proved to be identical;
thus, the preseqceAbf metal may have augmented the conduc-
tivity of fabric 5,

Although fabrics 4'aﬁd 5 were of equal thickness and
- the packing fractions‘indicated that. fabric 4 was not as
dense as fabric’S,'fabriCMS was found to have the lower
thermal cohductivity, Continuous filament metal,yafns
- formed a narfowlﬁondhcting strip in'fabriCAS.u‘Thé strip
appeared to be thlnner and may have had a lower degrcD of

contact w1th ‘the plates than the rest of the fabrlc

‘Fabrics Containina Carbon

The presence of carbon in fabrics 6, 7, and 8.

3Described in the Method, page 300
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'("GraphitefCloth",'glass fibre/carbon blend, dlefin/carbon

blend) increased their thermal conductivities over those of

all_tést fabrics not"containing?carbon; .Both fabriés 7 and
_ B.were found to conduct-well, owing to their high packing
vfractions relative to other fabrics éndsthe presence of car-
bon, .

The observed thermal conduct1v1ty of fabric 6 was -

relat1VPly hlgh The total thermal r851stance was very low

and uhereTore it was.not p0551ble to maintain a very large

temperature difference between the plates durlng testlng.
,The 1nfluence of air gaps was greater w1th fabrlc 6 because”
- 1t was of low thlckness, and the thlckness of air gaps rep-

resented a larger proportlon of total thickness,

Electrical Resistivity

The mean electrieal resistivity values of the test

fabrics ‘as obtained with the circular electrodes are presen-

ted in Table 3 and those obtained on strips of fabric are
presented in Table 4, The rank order and range of each

‘resistivity value is tabulafed‘for the ring method. Refer-

-ence to variatioﬁ in the reéults,.the effect of tehsion,.ahd
the effect of fabric anisotropy on the results precedes a’
discussion of the findings,

Variation was observed in the riﬁg-method resistiv-’

ity values between specimens of the same test fabrics, The




Table 3, Electrical Resistiyity-Ring Method

Fabric ) ' - Resistivity Rank Range Resistivity
Number Fibre Content | (ohm-metres) Order = (ohm-metres)  (ohms/square)
' - * *
1. 100% Nylon >4,6 x 10° 8 SR >120 x 10°
2, 90% Nylon/10% 5 | | 3
T ‘Stainless Steel 5.9 x 10 5 0.20 x 10 9.7
3. 100% Stainless _g% ' ’ %
Steel <3,1 x 10 1.5 - <12
' | -3 -3
~Glass Fibre/ ' 3 : _
4, back -tainless Steel 1.6 x 1073 0,20 x 1073 3.1
. o 3% : ' *
5. Polyester/Brass <1,2 x 10 1.5 L - <2,4
6. Graphite A 2.3 x 1077 4 - i 8.2
7. Glass Fibre/Carbon 0,52 7 0.30 1400
8. 0lefin/Cazbon 30 x 1073 6 20 x 1077 49

*_ :
- These values were calculated from off-scale measurements and include the
contribution of fabric thickness and cross-sectional area o




Table 4, 'Elec{rical.Resiét@vity—étrip Method

4  ‘Resistivity _
Fabric . - Warp Direction B ' Weft Directign
Numbexr (ohm-metres) (ohms/square) * (ohm=metres) (ohms/square)
C ' L, =3 ' S : a3 ' .
4, L 2,0 . x° 10 3.9 0.39 x 10 v 0.76
o =6 S ' 6% B*
5, 25 x 10 0.05 - >0.5x 10% 9.8 x 10
o ’ -3 _ - S oA 6% 8
L 11 x 10 3B, . . %0.4x 100 >7,8 x 10
SR -3 » o 6* RPN
8, q.36 x 10 : 0.59 - >0,6 x 10", >12 x 10

Thesa values were calculated from off<scale measurements and 1nclude the
contrlbutlon of fabric thickness and cross- sectlonal area

974
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exceptions were fabrics_1, 3, 5, and 6, Fabrics 1, 3, and
5 (100% nylen, 100% sfainless steel, polyester/brass blend)
had a very high or very low electrical resistivity and dif-
terences between specimens Qe;e not detectable, Fabrie 6
("Graphite Cloth") was isotropic. Hersh and Montgomery (23)
. alsouexperienced_Variation between specimens‘and suggested
ﬁhatgthe disparity was due to unevenness in yarn structure
and to differenceseie fibrefto-fibre contact, A similar
effect is believed to be operative in the present results,

Fabric 2 (90% nylon/10% stainless steel blend) was
sensitive to tension applied across the fabric, The elec-"
trical resistivity decreased as tension was applied owing to
.1nterm1ttent contact between the staple metal flbres. No
othef fabrics showed the same effect, Hearle (20) found a
v_tendency for yarn resistance to decrease or increase with
1ncr8831ng tension depending on fibre Content but the
effect was very small,

- The nature of the electrodes and their contact with
_the‘test'specimens prevented exact duplication of the
 results given by the ring and strip methods, The strip
method showed that electrical eonductivity was neg;igible in
the weft direction of those anisotropic fabrics.that can-
tained conducting yarns only in the warp direction (fabrics
S, 7, and 8), The eslectrical resistivity in the warp direc-

tion of fabric 4 (glass fibre/stainless steel blend) was
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greatervthan that in the weft direction because there

were féwer stainless steel filaments in the warp direction.
A dlscuss¢on of the results as related to metal-

containing fabrics, carbon- contalnlng fabrics, and the elec-

trically insulative fabric follows,

Fabrics.Containinq'Metal Fibres

: Fabrics é, 4, and 5 (1000 stalnless steel, glass
fibré/stainless steel blend, and polyester/brass blend)
_cont;ined metai in continucus filament form, Fabric 2 (90%
nylon/10% stainless steel blend) contained staple metal
fibrés.

Febric 3 did not offer any detectable resistance to
current flow between the circular electrodes and that of
fabric 5 was very low., A étrip of fabric 5 had a negligible
electrical resistivity in the warp difection. In both fabw
rics the metal in contiruous filament form provided a direét
path for the current, The resistivity of fabric 5 in the
warp: direction was very low and it was oft-scale when meas-
‘ured by the ring method., Beeause there were no conducting
yarns in the weft direction and its electrical resistivity
wasuéreat, all the current flowéd through the brass yarns in
tﬁe warp directioh irrespective of the geometry of the elec-
frode arrangement used tovméasure it, Both arrangements

measured the same unidirectional current flow,

Because the conducting yarns in fabric 4 were at the
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surface only infrequently on the back of the fabric, mean
electrical resistivity values obtained by the ring method
were reported for both surfaces, The face of the fabric
exhibited a lower resistivity than the back, .

The electrical resistivity of fabric 5 was lower
.‘than;that of the face of fabric 4 with both measuring
techniques, Although both specimens contained continuous
filament metal yarns, those in Fabric‘d provided a greater
numbér of possible current pathways because of the intersec-
tion of metal yarns from both the Qarp and weff directions,
These pathways were broken‘when fabric 4 was cut into strips
so that its resistivity was sligHtly higher when‘measured by
the strip method, For the face of fabric 4 the :esistivity
obtained.f:om the ring'method was moré similar to the weft
direction strip iesistivity than to the higher warp direc-
tion resistivity, iThis indicates that the circular elec-
trodes were capable of ﬁéaéuring‘the lower resistivity,

- The electrical-resisﬁivity of fabric 2 which con=-
tained staple metal fibres was higher than that of all the
fabrics ccntaining metal in continuous filament form, In
the latter fabrics tHe pathways provided for the electrical
current were therefore more direct, Fabric 2 had a lower
resiétivity than fabric 1. These fabrics were alike in |
fibre content except for the presence of stainless steel

fibres in fabric 2, The metal resulted in a greatly reduced
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- resistivity in fabric 2,

Fabrics Containinag Carbon

Fabrics 7 (glass Fibre/tafboq'blend)'ahd Si(blefiﬁ/
carboh blend) contained eleétrica11y conductive:cérﬁon varns,
Fabric 6 ("Graphite Cloth") consisted of graphite filaments
'a&ﬁylng greater than 99% carbon (18),

: The electrlcal resistivity of fabric 6 was found to
_bé lower than that‘of fabrics 7 and 8, It<was higher than
”théﬁresistivities of all the fabrics cohtaining continuous
filémént metal fibres énd iow?r:tﬁgn:ﬁhéAfébrie‘cbntainiﬁg_i
sfaﬁle metél'fibres. | | |

| Fabric 8 was woven'with a carbon yarn betWeén gvery

twq-endé of olefin, -It therefore had & much lower electric~ 
al fesistivity than fabric 7 whicﬁ was woven with a carbon
yarn between every 12 énds of glass fibre. The ratioc of the
resistivities,'fabric 7 to fabricVS,‘aS given by the ring
method was 17:1, and by the strip method in the warp direc=-
tion it waé 31:1, Since the c1rcular electrodes measured
the res:stance to current flowing simultaneously in1ail
dlrectlons, the flow in. any 51ngie dlrectlon was décreaséd,
~and ‘the electrlcal r851st1v1ty of that dlrEptan ihéfééSed;"
Wlth the strip method, the current flowed'only in tEé warp‘
dlrectlon because the r551st1v1ty in the weft direction of
these fabr*cs approached 1nf1n1ty. ConSEquently the dlfferm

ence in the IEolSthlty of fdbrlcs 7 and 8 averaged over all
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'directions (rinq_method? was less pronounced than the dif-
ference in the Wérp directions (strip méthod);

The electrical resistivities of the specimens
contalnlng.carbcn yarns were higher than the resistivities
of all the m=tal~conta1n1ng specimens, The fabrics contain-

~ing pontlnuous filament metal fibres had lower résistivities

than all three carbon-containing fabrics,

Electrically Insulative Fabric.

Fabric 1 (100% nylon) was found to have the highest
reéistivity, It was beyond the range of the ohmmeter, and
relative to the §esistiVity of test fabrics containing con-
ducting carbon or metal fibres, it was considered to be

infinite,

Feasibility of U51ng Electrically Conductive
Fabrics to Heat Garments

The quantity of each test fabric required to prodﬁce
a given amount of heat in a given situation can be determin-
ed theoretically fr6m~the metabolicboutput and the ambient
v‘conditiows The rate of heat loss depends upon the rate of
body heat generation, the temperature difference between the
skln and the env1ronment and the resistance to heat loss
offered by clothing, Heat loss in excess of heat ggneréted
is equivalent to the exira heat required to maintain the

body temperature, and it can be supplied by proper selection
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of a power source-and an electrically conductive fabric,

The following physiological, environmental, and.
apparel conditions, typical of those encountered in a cold
climate, will be referred to in determining the thermal
requirements for Heated‘garments:

~PhVSiDloaiGald, A man engaged in -light activity

_genératesvheaf at the rate of 20 Cal./cm.zsec. At equilib-
rium thermal cdmfort his average skin temperature isvj3OC¢

The_&btal surface heat transfer coefficient at his body sur=-
face is 5,0 x 1074 cal./cm.zsec.DC,- The surface area of his
body is 1.7 x.10% cm,?, |

EnvironmentalS, With a light wind and a cloudy day

ithé meient temperature is —1DDC,

Aggarel; The éverage thickness of conventional cold
~climate clothing is 1,5 cm., and its thermal conductivity is.
1.0 x 1074 cal./cm.'sec.DC.s Absence of ény other thermal
‘resistance,béfween the skin and the clothing was assumed,
The power source is a 12-volt battery,7 |

From the preceding data, the total heat flow was

‘calculated as 25,3 x 1074 cal./cm.zsec, (Appendix B), While

4 \ . . . .
- Values-based on information given in references 35
and 53,

SSElected arbitrarily as representative conditiens,
6§“grg, footnote 4,

7sugra, footnote 5,
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the thermal resistance of the test fabrics is very small

relative to the clothing and surface resistances, the effect

.of these electrically conductive fabrics on the total resis-:

tance is not accurately known, Since heat was generated at
20 cal,/cm.zsef,, the heat debt was 5,3 x 10—4,cal./cm,258c.
and for the entireﬂbody surface area it was 9,0 cal,/sec.,
or 37, 8 watts, The resistance required to produce 37 8
watts with a 12 volt battery is 3, 8 Dhms, .The typical
lengths ande;dthskof electrlcally conductive fabric strips
capable of supplyiﬁg 3.8 ohms of resistance are presented in
Table 5,

' ‘The electrically conductive fabrics most useful for
supplying heat to clothing would‘be those which could pro-
vids the required resistance from a piece of fabriﬁ having
appropriate dimensions fo; use in garments, The fabric
dimensions must not exceed those of the garment nor concen-
trate the Heat in too small an area, To meet these require-
ments, the fabric mﬁst havé‘a»moderate electrical resistive
| ity., Fabric 1 (100% nylon) was found to have a very higH

electrical resistivify and was not feasible for use in heat-
uihg apparel, In addition to a mode:ate electrical resistiv-
ity, a low thefmal cohdUctivity Which would not increase
'hegt lpss wduld be desirable., The present results indicate
“that fabriciz_(9ﬁ% nyldn/1p%;stainless steel blend) best

fulfills. the requirements, Fabric 3 (100% stainless steel)




Table 5,  Quantity of Eléctrically,ﬂonductive Fabric
Required to Provide 3.8 Ohms Resistance '
: . ‘ Dimensions of Strip
. Fabric ' Resistivity f{centimetres)
Number Fibre Content (ohm-metres) Length Width
6% ~11
1. 100% Nylon - >4,6 x 10 <31 x 10 10
-3% v 5
2. 90% Nylon/10% Stainless Steel 5,9 x 10 3 20 3 . 20
L E :
3, 100% Stainless Steel <3.1 x 1073 3.1 >100
4, warp Glass Fibre/ 2,0 x 10~ ‘ 27 30
4. wett -tainless Steel 0.39 x 107° 50 10
5, warp Polyester/Brass . | 25 x 1Of6 ' 78 o 1
» - * .v N
6. Graphite | 2,3 x 1073 25 50
7. warp Glass Fibre/Carbon 11 x 1073 13 100
8; warp Olefin/Carbon 0.36 x 1072 64 10

* ' -
These values were obtained by the ring method., The remaining values were

obtalned by the strip method

g
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was not suitabie due to its weight and tendency té curl, In
practice, strips 6r squares of the remaining test fabrics
~ could be conhectéd in parallel in a garment to provide the
:required heat, either distiibuted-evenly across the garment,

or concentrated in specific areas,




SUMMARY.

The thermal conductivity and electrical resistivity
of seven currently available electrically conductlve fabrlcs
(three containing carbon and fouxr contalnlng mecal fibres),
and one electrically insulative fabric were measured,

| Thermal éonductivity was measured on a double-plate
apparatus cohsisting of a’guérded hot plate between two cold
platés, An ohmmeter was used with circular electrodes to
meaere the electrical resistivity of all fabrics, While
- the circular electrode arrangement was required to accurate-
ly measure the resistivity of unlformly conducting fabrics,
a parallel arrangement was required to accurately measure
the iesiétivity of}énisotropic fabrics, The ohmmeter was
therefore used to determine the resistivity of warp and wefit
direction strips of anisotropic fabrics,

The three fabrics conféining carbon were found to
have higher thermal conductivities than all others, The
quantity of metal fibre in the fabrics did.not appear to in-
fluence thermal cOnductivity.in a uniférm patéérﬁ. However,
fabrics containing metal in continuous filamenf form were
found to.havelhigher:thermal conductivities than the fabric
containing intimately blended staple metal fibres,

The fabric which contained neither metal nor carban
was found to have the highest electrical r851st1v1+y, Fab- -

rics contalnlng metal in continuous filament form were found
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to have the lowest résistivityo'”The electrical Fesistivity
of fabrics”contaiﬁing metal in either continuéus filament
or'staple‘?ormvwas:.lower‘than-the.resistiVity_bf all metal-
free fabrics,

The fesults wére appliea in a theoretical deter-
mination of the quantity of electrically conduptive fabric
.:equiréd in a heaéed garment to ﬁaintain thermal comfoft
under a typical set of physiological .and climatic conditions,
The test fabric containing intimately bleﬁded staple metal
fibres was well suited for use ‘as a r851stance heatlng unit
in clothlng because 1t had a.moderate electrical r851st1V1ty
and a low thermal conductlylty;"The electrically insulative
fabric and the 100% stainless steel fabric were not found to‘
be‘feasible choices for'use in clothing because the resis-
tivities were too high and too low respectlvely.

The guarded hot plate was originally designed for
-use with thick materials of high 1nsulat10n. When testing
“thin fabricé of high conductivity for the preseht wofk;vthe

‘critical variable was found to be measurement of fabric and .

air gap thicknesses, For future research, a scaling down of =

the piate assembly to gbrresﬁdnd to‘theAlqwér thicknegs of
fabrics ié-recbmm?nded,. Since errors in thickness meaéﬁre-
ments wﬁuld be reduced in proportion to. the number of fabric
layers tested, and further, #he effept.pf air gaps between

fabric layers in”garments would be simulated, use of the
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guarded hot plate to measure the thermal conductiivity of
- test specimens cdnsistihg'of layers of fabrics is also

recommended,
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APPENDIX A~

Sourcé of Test Fabrics

The test fabrics were obtained from the following

sources:
Te© 1UD% spun nylon, -Type 200, purchased from Testfabrics
¢Ihcorp0rated, 55 Vandam Street, New York,vNew York,

1DD13 “U,S,A,

62

2. 90% nylon/10% stainless steel staple blend, glass fibre/

§ stalnless ‘steel blend, and 100% stalnless'stEél supplled

by Brunswick Corporatlun Technlcdl Products DlVlSlOﬁ,

69 West sthlngton Surmet Chlcago, IlllﬂOlS, 60602
U.S.A,
3. Polyester/brass blend, purchased from Ryujin Company

Limited, C.P.0. Box 1714, Tokyo, Japan,

4, T"Graphite Cloth", Grade WCJ; "Ucar" Electrically Conduc-

tive Cloth, Style 9967 (glass fibre/carbon blend); and

"Ucar" Electrically Cbnductive Cloth, Style 9962A

‘(olefih/carbon bland) purchased from Union-Carbide

Canada Limited, Metals and Carbon Department 123 Eglin-

ton Avenue East, Toronto 12,»Canada.v




APPENDIX B

Equations Used in Calculation of the Quantity
of Electrically Conductive Fabric Required
‘to Maintain Thermal Equilibrium

The resistance per unit area of clothing to heat

transfer is determined from the felationshipf

“where

R
R
oy
k

.

0

X o

resistance (m,zséc,DC;/cal.)
thickness (m,)

conductivity (cal./ng~se;;?tq)
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'The surface resistance to heat transfer is given by

the relationship:

The sum of these resistances gives total resistance

It

cps

2

. o
surface resistance (m, “sec,”C./cal.)

total suxrface heat transfer coefficient_

(cal,/m,zsec,oc.).

to heat tranéfer,

The rate of heat flow from the man to the environ-

where

0

i

T -1

.menf is determined as follows:

[e~4

Ry

heat flow ratev(cal}/m,zsec,)

ambient temperature (°C,)
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skin temperature (°C,)

- —
oo

T = total rgsistancg to heétvtraﬁsfei

(m,zsectoﬂ;/cal.L.
Jouie’s'méchanical'equivalent of heat is used to convert
heat flow to power, thus: .

P =0Q x J

il

where power'(wath)

P
0 = heat flow rate (cal,/sec,)
J

il

Joule's equivalent (4.2'joules/cal.)_
Hence, the'resisfance'required to produce the power

is givén‘by the relationship:

RV
=P
where R = resistance (ohms)

V = potential difference (valts)
P = power (watts),
The quantity of fabric required to provide the resis-

tance for a strip of fabric is calculated from the relation-

'shiﬁ:
eL
R =. A
Hence L = RA-
| P |
where  R.= resistance (ohms)

0 = fabric feéistivity (ohm-metres) -

L = fabric length (m,)




A = fabric cross-sectional area, the préduct
of width and thickness (m,z).
The'resiéfancé'per'square is- determined from the

relationship:

R'= ¢
dF
where R ‘= resistanCE‘(ohms/square)

i

¢

resistivity (ohm-metres)
dFv% fabric thickness (m,)
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since the resistance in ohms/square is the same irrespective

of the size offfhe squére;




APPENDIX C

Program for Olivetti- Underwood Programma 101
and Typical Values Used in the Calculation

of Thermal Condu511V1ty

66

Program
Instructions

Operation Instructions

‘Values

Typical

Av
s .
l
AX
8t

RS

{Enter potential- difference. (volts)

Enter femﬁerature difference (°C,)

‘Enter air gap thickness (em,)

”Print‘fabric reSistancé ansecvoC /cal )

Press V

If same fabric on both sides, press W

Enter thermal conductivity of air
(cal,/cm.sec.®C, ) (x10~4)

13,08

10,02

0.006

0.61

0,058
0,061

Enter fabric thickness {cm,)
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Program
Instructions

Operation Instructions

Typical
Values

Ao

/6
v

KY

A¢
/¢

Print fabric thermal conductlv1by
(cal./em,sec,®C,) (x10"%4)
If different fabric on each side, ﬁreéS,Y

Enter thermal conductivity of air
(cal /cm, sec, °C, ) (x1074)

Ente; thermal resistance of knbwn fabric
(m,%sec.®C,/cal,)

Printzunknown fabric thermal rééistance
(m,“sec.®C,/cal,)

Enter fabric thickness (cm.)“

Print unknown fabric thermal conductivity
(cal,/cm,sec,9C,) (x10~4)

1;04




