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ABSTRAKT

Tepelné vlastnosti netkanych textilii a jinych textilnich materiald jsou jednémi
podobné technické textilie. Tepelné vlastnosti textilii mohou byt ovlivnény mnoha faktory
jako napf. tepelné vlastnosti samotného materialu, struktury vlakna textilie, pfize a latky,
okolni podminky jako teplota, vlhkost a pohyb vzduchu. Rtzné okolni podminky mohou vést
k riznym mechanismiim pienosu tepla (vedenim, salanim a zafenim) a ptenosu vlhkosti.
Préce byla zpracovana v mnoha oblastech (1) navrh a vylepSeni testovaciho zafizeni pro
hodnoceni tepelnych vlastnosti textilii za riiznych podminek; (2) hlubsi porozuméni pienosu
tepla v textiliich; (3) pfesnéjsi predikovani tepelnych vlastnosti textilii na zakladé
analytického modelu; (4) navrh a pouziti textilnich produkti v souvislosti s jejich pouzitim
véetné ekonomicky vyhodného vyuziti zdroji. Ackoliv je na trhu mnoho méficich a
testovacich zafizeni pro zjiStovani tepelnych vlastnosti textilii, neni v nabidce Zadny, ktery
by nabizel méfeni textilii béhem kazdodenniho pfenosu tepla salanim. Je také dobie znamo,
ze kazdy material se za riznych podminek chové jinak. Navic absence testovaciho zatizeni a
komplexnost textilni struktury stéZzovala hloubé&ji porozumét pienosu tepla v textiliich. Na
druhou stranu velice malo praci se zminovalo o vlhkych textiliich uvolnujici teplo, coz by
mohl byt jeden z ovliviiujicich faktorti. V teoretickém vyzkumu existuje nékolik analytickym
modeld pro odhad tepelnych vlastnosti textilii, ale vSechny tyto modely jsou zjednoduSené
pro struktury pfize, latka/netkana textilie ignorujici pienos tepla salanim a zavislost tepelné
vodivosti na teploté. Na zaklad¢ vySe uvedenych probléml nemiize byt spravné odhadnuto
chovani textilii z hlediska tepelnych vlastnosti a je zapotiebi jeste¢ dalsiho vyzkumu
Vv optimalizaci produktt v souvislosti s jejich pouzitim.

Proto byly v této praci vySe zminéné problémy studovany pro lepsi porozuméni tepelnych

vlastnosti textilii. Tato dizertani prace obsahuje sedm kapitol. Prvni kapitola uvadi ¢tenaie



do problematiky pienosu tepla v textiliich (vedenim, salanim a zafenim), predkldda méteni
teplotni vodivosti/odporu textiliich ve formé vlakna a textilie. Je v ni uveden provedeny
experimentalni a teoreticky vyzkum diserta¢ni prace, coz byl hlavni cil. Druha kapitola se
zabyva vlivy na nékteré parametry, jako je tvar a velikost pora, distribuce poért, délka hlavni
osy péru a kontaktni plocha pro tepelnou vodivost porézniho materialu/textilie pomoci
numerickych simulaci zatizené naro¢nym hledanim vhodnych vzorkti a spolehlivych
vysledkt numerickych metod. Také je v této kapitole porovnana tepelnd vodivost textilii z jiz
existujicich analytickych modelii a jinych numerickych simulaci ke zjisténi rozdili mezi
nimi. Treti kapitola hodnoti tepelnou vodivost netkanych textilii s vysokou porovitosti (nad
95%) pod vlivem salajiciho tepla. Je zkouman vliv porozity, velikost a tloustka pord na
tepelnou vodivost a také je stanoven pomér pienosu tepla vedenim, salanim a zafenim. Ctvrta
kapitola studuje prodysSnost a tepelny odpor textilii béhem ptenosu tepla salanim, pro které
bylo sestrojeno samostatné méfici zafizeni. Pata kapitola se zabyvd numericky vlivem
struktury na tepelny odpor textilie béhem salani tepla. Déle je zde feSena distribuce lokalni
teploty, lokalniho tepelného proudu, lokalniho/primérného koeficientu pienosu teplat a
lokalnich Nusseltovych cisel textilie a porézniho materidlu za plsobeni pifenosu tepla
vedenim a salanim. Sestd a sedma kapitola shrnuje vysledky prace do zavéru a dal§iho

badani.



ABSTRACT

Thermal property of non-woven and other textile fabrics is one of most important aspects for
their applications in protective clothing, sleeping bags and related technical textiles. The
thermal property of textiles can be influenced by many factors, such as thermal property of
materials, structure of textiles in forms of fiber, yarn, and fabric, surrounding conditions
including temperature, humidity, and air movement. And the different surrounding conditions
would result in different heat transfer mechanisms (heat conduction, heat convection, and
heat radiation) and moisture transfer. Therefore, a lot of work has been doing in thermal
property of textile in the following aspects: (1) design and improve testing devices for
evaluating the thermal property of textiles under various conditions; (2) deeply understand
the heat transfer process in textiles; (3) predict the thermal property of textile more accurately
by analytical model; (4) design and apply the textile products to meet various applications,
and utilize the resources in an economically efficient way. Even though a lot of the testing
instruments which are available to evaluate the thermal property of textiles under conductive
heat transfer. There still has no any commercial instrument for measuring the thermal
property of textile under convective heat transfer, which happens almost everywhere in daily
life. And it is well known that the performances of one material would be quite different
when it is under different conditions. Besides, the lack of testing instrument and the
complexity of textile structure increase the difficulty to deeply understand the heat transfer
process in textiles. On the other hand, very few work reported in heat release when the textile
absorbs liquid/moisture, which could be also one important factor influencing the thermal
property of textiles. In theoretical research, there are several analytical models for predicting
the effective thermal conductivity of textiles, but all of the models simplified the structures of

yarn and fabric/non-woven fabric, ignored the convective transfer heat in textiles, and



ignored the temperature dependent thermal conductivity. Based on the above problems, the
performances of textiles in thermal property still cannot be precisely predicted, and plenty of
experimental work is still needed for optimizing the products or for meeting various
applications.

Therefore, some of the above problems were studied in this work in order to understand more
about thermal property of textiles. This dissertation consists of seven chapters. Chapter one
introduced the three heat transfer mechanisms (conduction, convection, and radiation) in
textile, presented the measurements of thermal conductivity/resistance of textile in forms of
fiber and fabric, introduced the experimental and theoretical research work has done in
thermal property of textile, and the aim of this work. Chapter two studied the effect of some
parameters which are pore shape, pore size, distribution of pores, major-axis length of pore,
and the contact area on thermal conductivity of porous materials/textiles by numerical
simulation owing to the difficulty in finding suitable samples and the reliable results from
numerical method; and also compared the thermal conductivity of textiles from some existing
analytical models and from numerical simulation to know about the difference among them.
Chapter three evaluated the thermal conductivity of nonwoven fabrics with very high porosity
(>95%) under heat conduction, investigated the effect of porosity, pore size and thickness on
thermal conductivity, and also determined the ratio of heat transfer causing by conductive,
convective, and radiative. Chapter four studied the air permeability and thermal resistance of
textile under convective heat transfer, for which one self-designed device was constructed;
investigated the effect of porosity, pore size and pore’s area ratio to total sample’s area on air
permeability and thermal resistance. Chapter five studied the impact of structure on the
thermal resistance of fabric under heat convection numerically. The local temperature

distributions, local heat flux distributions, local/average heat transfer coefficients, and local



Nusselt numbers of fabrics taken as plate and porous material under conductive and
convective heat transfer were investigated.

Chapter six and chapter seven gave the conclusions and the future work.
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1 INTRODUCTION

Textiles have been being one part of people’s daily life, are widely used for clothing,
protection, fashion statement, and technical applications [1, 2]. In order to apply textiles
properly, a lot of properties of textile are needed to be evaluated. Among them, thermal
property of non-woven and other textile fabrics is one of most important aspects. For instance,
the clothing as ‘the second skin’ of human body needs to provide a pleasant state for human
body in both hot and harsh conditions since the temperature of human body has a big
influence in physiological response (as shown in table 1.1). Under the conditions of comfort,
the mind is alert and the body operates at maximum efficiency. In contrast, serious
physiological disorders or even death may occur if the temperature rises or falls to extreme
levels. Besides, textiles are used for the thermal protection and insulation applications in
order to conserve the thermal energy due to their excellent thermal insulation property.
Therefore, the effective thermal conductivity/resistance of textiles has been studying in order
to deeply understand the heat transfer process in fibrous structure materials, in order to
predict, design and apply the textile products to meet various applications, and utilize the

resources in an economically efficient way.

Table 1.1 Physiological responses at different body temperatures[3]

Body temperature (°C) Physiological response

43.3 Brian damage, fainting, nausea
37.8 Sweating

37 Normal

<37 Shivering and goose bumps
<32.2 Speechless

26.5 Stiff and deformed body
<26.5 Irreversible body cooling

1.1 THE THERMAL CONDUCTIVITY OF TEXTILES

Physical property of a material related to application of heat energy is defined as a thermal
property. The absorbed heat energy by a material may be transported to cooler regions if
temperature gradients exist, and ultimately, the material may melt. Heat capacity, thermal
expansion and thermal conductivities are few very important properties that are often critical

in the practical and engineering applications of materials[4].
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The thermal conductivity of a material is a measure of the ability of the material to conduct
heat, can be defined as the rate of heat transfer through a unit thickness of the material per
unit area per unit temperature difference[5]. A high value for thermal conductivity indicates
that the material is a good heat conductor, and a low value indicates that the material is a poor
heat conductor or insulator. From micro point of view, the thermal conductivity of solid
electrically insulating materials is affected by the scattering of phonons. The phonon
scattering is considered to be introduced by imperfections in the material. For example,
crystal or amorphous boundary, defects, chemical bridge points, and the ends and
entanglements of the molecular chains can scatter phonons and interfere with the thermal
transmittance in polymer materials[5]. In the case of polymer fibers, the thermal conductivity
in fiber direction depends on the crystallinity, orientation, crystal size, length of molecular
chains, chemical bridge points, and morphologies composed of crystal and amorphous[6].
From the macro point of view, the thermal conductivity is affected by the components of
material like composite[7-9], by the structure of material like porous material[10-12], by the
heat transfer mechanisms such as conduction, convection, and radiation[13-16], by the

surrounding conditions such as temperature and humidity[17, 18].

Generally, heat can be transferred in three different modes: conduction, convection, and
radiation[5]. All modes of heat transfer require the existence of a temperature difference, and

all modes are from the high-temperature medium to a lower-temperature one.

1.1.1 HEAT CONDUCTION

Heat conduction is the transfer of energy from the more energetic particles of a substance to
the adjacent less energetic particles of a substance as a result of interactions between the
particles. In gases and liquids, conduction is due to the collisions and diffusion of the
molecules during their random motion. In solids, it is due to the combination of vibrations of
the molecules in a lattice and the energy transport by free electrons. And heat transfer in
conduction states that the rate of heat conduction through a plane layer is proportional to the
temperature difference across the layer and the heat transfer area, but is inversely
proportional to the thickness of the layer, which can be mathematically expressed by

Fourier’s law[5],

dT
— kAL
Qons dx (1.1)
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Where Qcong is heat flow by conduction (J), k is thermal conductivity (W-m™-K™), A is the
heat transfer area normal to the direction of heat transfer (m?), dT/dx is the temperature
gradient (K/m), which is the slope of the temperature curve on a T-x diagram. Heat is
conducted in the direction of decreasing temperature, and the temperature gradient becomes
negative when temperature decreases with increasing x. The negative sign in Eq. 1.1 ensures

that heat transfer in the positive x direction is a positive quantity.

1.1.1.1 Effective thermal conductivity of yarn

The effective thermal conductivity of yarn is always taken as the combination of thermal
conductivities of yarn material and air. Kavlany[19] took the yarn as fiber-air matrix and
assumed that the yarn complies with the system of series arrangement (figure 1.2). According

to Kavlany’s theory, the effective thermal conductivity of yarn can be given by,

ke kf/ka

ke ok, [k, +1-¢ (1.2)

Where ke is effective thermal conductivity (W-m™-K™), ks is the thermal conductivity of fiber,

ka is the thermal conductivity of air, and ¢ is the porosity of the yarn.

Qout

|

_/\/\/\/_/\/\/\/_

Rf Ra
Figure 1.1. Fiber-Air matrix of a twisted yarn as a system of resistances[20]

Militky[21] introduced yarn twist coefficient to predict the effective thermal conductivity of
yarn since Neckar[22] found that the mean packing density/porosity of yarn is a function of

yarn twist. And the effective thermal conductivity is given by[21],



(1.3)

Where ke is effective conductivity (W-m™-K™), ki is the thermal conductivity of fiber, ka is
the thermal conductivity of air, and ¢ is the porosity of the yarn, Z is yarn twist coefficient.
Z=1 indicates all fibers are perpendicular to the direction of heat flow, Z=2/3 for random
fiber orientation and Z =5/6 for half of fibers being random and the other half being normal to

the direction of heat flow.

1.1.1.2 Effective thermal conductivity of fabric
Bogaty[23] firstly described the thermal conductivity of a textile material as a fiber-air
mixture. And the thermal conductivity is given by,

fka

k, = A(V Kk, +V,k,)+B| —2—

V .k, +V,k, (14)
Where the effective thermal conductivity k. of a textile material is described by the volume
fractions V¢ and V, and the thermal conductivities ki and k,, of the solid fiber and air,
respectively. The first term of the right side of this equation describes an ideal model of a
fabric construction whose fibers are totally parallel to the flow of heat, while the second term
describes an ideal model of a fabric construction whose fibers are totally in series to the flow

of heat (A and B are the parallel and series fractions).

1.1.2 HEAT CONVECTION

Convection is the mode of energy transfer between a solid surface and the adjacent liquid or
gas that is in motion, and it involves the combined effects of conduction and fluid motion[5].
The faster the fluid motion, the greater the convection heats transfer. The rate of convection
heat transfer is observed to be proportional to the temperature difference, and is conveniently

expressed by Newton’s law of cooling as[5],

Qconv = h& (TS _TOO) (1'5)

Where h is the convection heat transfer coefficient (W/(m?-K)), A is the surface area through

which convection heat transfer takes place (m?), Ts is the surface temperature (K), and T, is

the temperature of the fluid sufficiently far from the surface (K). The convection heat transfer

coefficient h is the most important parameter for evaluating the rate of heat convection,
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which is not a property of the fluid. It is an experimentally determined parameter whose value
depends on all the variables influencing convection such as the surface geometry, the nature
of fluid motion, the properties of the fluid, and the bulk fluid velocity. And the heat transfer
coefficient h also can be expressed by,

L, (1.6)
Where Nu is Nusselt number, ke is the thermal conductivity of the fluid (W-m™-K™), L is the
characteristic length (m). And the overall heat transfer in terms of Nusselt number around a
circular cylinder is typically correlated by a power law relationship,
Nu=C-Re" Pr" (1.7)

Where m and n are constant exponents, and the value of the constant C depends on geometry
and flow, Re and Pr are Reynold number and Prandtl number, respectively. Several empirical

correlations of the overall heat transfer under heat convection are given in table 1.2.

Table 1.2 Empirical correlations for the average Nusselt number for force convection [24-28]

Cross section of cylinder ~ Correlation fluid Range of Re

Circle Nu = 0.989 Re®33° pr¥3 0.4< Re <4

4< Re <40

40< Re <4000
4x10°< Re <4x10*

Nu = 0.911Re** pr'*
Nu = 0.683Re*** Pr?
Nu =0.193Re***® Pr?

Gas or 4x10%< Re <4x10°
Nu = 0.027 Re®*® Pr*® liquid 10%< Re <10’
0.62Re® Pr¥?
Nu = 0.3+ e
[1+(04/Pr)” |
x[1+(Re/282000) "
Square Nu = 0.102 Re%¢5 pr¥3 Gas 5< Re <10°
Square (tilted 45°) Nu = 0.246 Re%%8 pr¥3 Gas 5< Re,<10°
Hexagon Nu = 0.153 Re®®* pr¥? Gas 5< Re <10°
Nu = 0.160 Re®*® Pr*? 5< Re, <19500
Hexagon (tilted 45°) Gas 5
Nu =0.0385Re®"® Pr'? 19500< Re,<10
Vertical plate Nu = 0.228 Re®™3! pr¥3 Gas 4x10°<Re, <15000
Ellipse Nu = 0.248 Re%®2 pr¥3 Gas 2500<Re, <15000
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1.2.3 HEAT RADIATION

Radiation is the energy emitted by matter in the form of electromagnetic waves (or photons)
as a result of the changes in the electronic configurations of the atoms or molecules. Unlike
conduction and convection, the transfer of energy by radiation does not require the presence

of an intervening medium[5].

Stefan—Boltzmann law states that the total energy radiated per unit surface area of a body in
unit time is directly proportional to the fourth power of the black body’s thermodynamic

temperature T (also called absolute temperature),
Qrad = 8AO-(TW4 —Ti) (1.8)

Where Qraq is the heat flow by radiation (J), ¢ is the emissivity of the body surface, o is the
Stefan-Boltzmann constant, 5.67 x 10® W/(m*K?), A is the surface area of the radiating

object (m?), T is the wall temperature and T, is the ambient temperature (K).
When the radiation happens between two objects, the generally known equation characterized

by the fourth power of temperature[29, 30],

Urag ZU(T14 _T24)/(€£1+g£l _1) (1.9

Where Qraq i the heat flux by radiation (W), ¢; and ¢; are the emissivities of the body one and
body two, T; and T, are the surface temperatures of body one and body two (K). Equation
(1.9) can be approximated by a linear one with the use of the mean temperature T,=(T1+T,)/2,

Oug =40Ts (&1 +5," -1)(T,-T,) (1.10)

Therefore, the radiation heat transfer coefficient hy,q can be defined by[31],

hay =40T3 (& +5," 1) (L.11)

Hes Lubos[32] proposed one formula to determine the radiation heat transfer coefficient

through textiles, which is given by,

3 0.188h(v-1
N, = 0T o (v-1)u
2/e-1 N (1.12)
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Where u represents the filling coefficient of the fabric, and v is the (idealized) portion of
fibers oriented vertically to the isotherms in the fabric. The terms h and o present the

thickness and the radiation constant, and ¢ and r are the mean emissivity and radius of fibers.

Kaemmerlen[33] reported that radiation heat transfer coefficient can be obtained by,

_160T,;
"3 (113)

Where fr is the Rosseland average extinction coefficient.

1.2 MEASUREMENT OF THERMAL CONDUCTIVITY OF TEXTIELS

Strictly speaking, the real property of materials can never be obtained since there is no
instrument or testing device which can get rid of error. Besides, the property of materials will
be different when they are evaluated in various instruments, different standard and under

different conditions.

1.2.1 MEASUREMENT OF THERMAL CONDUCTIVITY OF SINGLE FIBER

The interest in measuring the thermal conductivity of fibers is twofold. From the fundamental
point of view, the measurement of the temperature variation of the thermal conductivity of a
crystalline solid allows the investigation of structure defects, phonon-phonon interactions and
eventually, in good electrical conductors, electron-phonon interactions[34]. The advantage of
the thermal conductivity method as regards structural defects is that it complements the
information obtained on a microscopic basis by other techniques since gives an overall view
over the entire sample[35, 36]. The second point of interest is that thermal conductivity
measurements permit determination of the value of this parameter, which is important to
know in a practical device in order to be able to account for heat transfer. However, it is not
an easy work to measure the thermal conductivity of fiber due to its particular geometry and
very fine diameter. Specifically, there are three difficulties for measuring the thermal
conductivity of single fiber. The first one is the contact problem between heater and fiber; the
second one is the contact between thermal sensor and fiber, and the last is the heat loss from
heater due to conduction and radiation, and heat loss along the fiber.

1.2.1.1Thermal potentiometer method

The thermal potentiometer is a steady-state apparatus for measuring thermal conductivity.
And the schematic diagram of the thermal potentiometer testing device is showing in figure
1.2, which was elaborated by Piraux [37]. In this system three guards are needed. The first
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guard, Gy, shields the sample heater, Hs, in order to reduce both heat losses arising from
conduction through the current leads and radiation from the heater itself. Two other guards,
G and Gy, reduce heat losses via the thermometer wires from the two points, C; and C,, on
the sample where the temperature sensors are connected. A compensating heater, Ho, is
wound around guard Go. A differential thermocouple senses the temperature difference
between the sample heater, Hs, and the guard, Go. All the leads in contact with the sample
heater, including those of the differential thermocouple, ATy, are thermally anchored to the
heater guard, Go. Two more compensating heaters, H; and H,, are wound around G; and G,
respectively. Two differential thermocouples, AT; and AT,, whose output leads are thermally
anchored to G; and G, respectively, sense the temperature differences between C; and G; and
C, and G,, respectively. An additional differential thermocouple, ATg, measures the
temperature difference between G; and G,. When the sample heater, Hs, is energized,
temperature gradients are induced along the sample and supports. As a result, the heat
generated in Hs flows, not only through the sample, but also through the heater and guard
supports, So, So, S1, S1, Sz, and S, . In order to minimize heat losses through the leads and
structure members, heaters Hy , Hy and H, are adjusted until the temperature differences
between Hs and Gy , G; and C; , G, and C; are zeroed[37].

The experimental procedure is as follows. Firstly, the sample heater, Hs, is energized in order
to establish a temperature difference between the heater, H, and the heat sink. Then the
currents in the three guard heaters (Ho, Hi and H,) are adjusted to minimize the temperature
differences (AT, ATy and AT,). At this point, the signal from thermocouple AT i is recorded,
yielding a precise value for the temperature difference along the sample between the points
C; and C,. This temperature difference is then used, together with the cross-sectional area of
the sample and the distance between the points C; and C,, to calculate the thermal
conductivity of the fibers[38].

This apparatus measures a fiber sample’s thermal response to a controlled thermal gradient. It
is capable of measuring the temperature dependence of the thermal conductivity with a high
degree of accuracy[39]. However, this method is more suitable for the particular case of
carbon fibers, whose thermal conductivity is high at high temperatures and low at low
temperatures, than for other types of fibers (polymers, glass, etc) whose thermal conductivity
is usually very poor at all temperature. As a result of the low thermal conductivity of fibers,
the main problem in the entire temperature range is relative to the connecting wires. That is

those wires feeding the sample heater with current and those measuring the corresponding
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voltage, those of the temperature sensors on fiber and the leads for thermopower
measurements. Indeed, since the sample has a very small diameter, it is technically difficult
to find metallic wires of reasonable length and small enough diameter yielding a thermal
conductance which is negligible with respect to that of the fibers. The problem is even more
pronounced for the heater leads, which should have good electrical conductivity. Besides,
since the fibers are small, it is practically impossible to hang the temperature sensors and the
heater on them and insure good thermal contact. Therefore, the thermometers sensing the
temperature on fiber, and the heater must be supported mechanically by some other means.
This will introduce new heat losses by conduction through solids. Moreover, when increasing
the temperature of heater the heat loss by radiation from the heater and fiber become
increasingly important and should be accounted for.

9,

Gy b TR

<

Sample

s,
i

( Z
[_] Aluminum [ copper B stainless steel /

Heat sink

Figure 1.2. Schematic diagram of the thermal potentiometer testing device[12, 37]

1.2.1.2 Short-hot-wire method

This method reported by Zhung[40-42] was used to measure the thermal conductivity of
single fine fiber. The schematic diagram of testing device and physical model are shown in
figure 1.3.

The principle of this method is to attach one end of the test fiber to one hot wire which was
fixed and supplied with a constant direct current to generate a uniform heat flux; another end

of the test fiber is to connect a heat sink which is maintained at the initial temperature during
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the entire measurement. Therefore, the thermal conductivity of test fiber can be calculated
from a series of equations after determining the heat generation rate and average temperature
of the hot wire since the temperature at the junction point of the hot wire and test fiber
depends on the values of the thermal conductivity of the hot wire and the test fiber, the heat
generation rate of the hot wire, and the heat transfer coefficients around the hot wire and test
fiber. But this method asks a vacuum condition and small Biot number. On the other hand,
the results have a higher uncertainty based on theoretical analysis even for very high thermal
conductivity carbon fiber.

Hot wire Test fiber

/

Heat sink frame
Current terminal

N

\ A
U U Voltage terminal

] h
<] [ h2
Hot Wire I Hot Wire II
S [
Test Fiber /

Fr
Figure 1.3. Schematic diagram of testing device (A) and the physical model (B) [40]

1.2.1.3 Angstrom’s apparatus
The schematic of Angstrom’s set-up is given in figure 1.4, which consisted of a computer, a

multimeter, an interface, and a testing unit surrounded by a water-cooled evacuated test
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chamber. A periodic thermal wave was applied to the sample by a synthesized
function/sweep generator. Moreover, in order to minimize gas conduction and convection
heat losses, an absolute pressure lower than 10 mbar was provided[12]. This method is
based on the fact that, if one end of a sample is periodically heated, the temperature along the
sample varies with the same period but with diminishing amplitude. Therefore, the thermal
diffusivity can be determined by measuring the amplitude decrement and the phase
difference[43]. Although the temperature wave travels along the sample with finite velocity,
the phase varies. Measurement of the amplitude decrement and the phase difference enables

the thermal diffusivity to be determined according to the following expression,

L2
a=

Where L is the distance between temperature sensors; At is the time delay (the time taken by
the thermal wave to travel from one sensor to the other), and AT, and AT, are the amplitudes
of the thermal wave measured by the sensors nearest to the heat source and far away from the
heat source, respectively. Thermal diffusivity is related to the thermal conductivity by the

following expression,
k=a-p-c (1.15)

Where a is thermal diffusivity, p is density, and c is heat capacity.

The principle and the apparatus are compendious, but the accuracy of experiment was easily
influenced by the surrounding conditions, in addition, this method is measuring thermal

diffusivity.
Testing Unit
Computer
| System
Power
Multimeter Interface Supply
[
Function
Generator
[ Wave
Rectifier

Figure 1.4. Schematic view of Angstrom’s apparatus Set-up
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1.2.1.4 Composite including fibers

Measurement of thermal conductivity of fibers is practically difficult since most of the
measurement techniques require solid materials. However, the thermal conductivity of fiber-
reinforced composite laminates and the resin are easily measured. Thus, the ability of
accurately predicting the thermal conductivity of fibers through the composite and resin

properties is highly desirable.

The principle of this method is to measure the effective thermal conductivity of composite by
conventional method (hot guarded plate method)[44-46], and then to calculate the thermal
conductivity of each composition according their volume fraction. In addition, the
arrangement of fiber’s orientations should be taken into consideration due to the anisotropy
(axial and radial) of fiber in heat conduction [47, 48]. The simplified arrangements of fibers

in composite are given in figure 1.5.

For the parallel structure, the physical problem and the equivalent thermal circuit for parallel

thermal resistance can be described through the heat conduction equation (1.1),

Simplifies to,
Qt = keA (Tout _Tin )/L
:Qf +Qr
:(kf x A +erA)X(Tout_Tin)/L (1.16)
Therefore,
ke =k Vi +kV, (1.17)
And

k_pf k. /k -V,

kY, (1.18)
Where Q is the total heat flow through composite, Qs and Q, are the heat flow through fiber
and resin, respectively, ke, Ko, and k, are the thermal conductivities of composite, fiber in
parallel stucture and resin, Toy and Ti, are the temperatures of both sides of composite, L is
the thickness of composite, A;, As, and A, are the areas of composite, fiber and resin, Vs and V;

are the volume fraction of fiber and resin.

Similarly, the fiber thermal conductivity of fiber for the series structure can be expressed by,
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K, = e (kV, +kV,)

=
Tk (1.19)

Where K is the thermal conductivity of fiber in series structure.

This hot guarded plate method is simple and easy to operate, and the results are reliable. The

thermal conductivity of fibers can be easily obtained after determining the volume fraction of

each component. But the accuracy of thermal conductivity of fibers would be influenced by

the fiber orientation, size, shape, and the void fraction in composite [49-52].
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Figure 1.5. Parallel and series structures of fibers in composite

In addition, some researchers have used laser flash analysis of a unidirectional composite
sample to measure the thermal diffusivity of fibers, but this method is considered less reliable
than steady-state methods[12, 53]. In the laser flash method, the fiber component of the
thermal diffusivity must be estimated using the rule of mixtures. Thus, fiber volume fraction
and fiber alignment must be accurately measured. Additionally, values of density and heat
capacity of the sample are needed in order to estimate the thermal conductivity. The
uncertainty associated with the heat capacity and density measurements adds to the

uncertainty of the thermal conductivity measurement.

1.2.2 MEASUREMENT OF THERMAL CONDUCTIVITY OF TEXTIELS
Two principles, which are guarded hot plate principle[54, 55] and photopyroelectric
technique [56-58], are widely applied for determining the thermal conductivity/resistance of

textiles even though various instruments come out in market.
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1.2.2.1 Alambeta

The principle of Alambeta instrument is based on guarded hot plate principle which is
simplified described in figure 1.6. Alambeta instrument enables the quick measurement of
both steady-state and transient-state thermal properties (thermal insulation and thermal
contact properties). The instrument consists of two measuring heads between which the test
specimen is placed. Both measuring heads are equipped with thermocouples and so-called
heat flow sensors. The lower measuring heads is adjusted to the ambient temperature by
suitable cooling means; the upper, heated measuring head is adjusted to a controlled constant
differential temperature (the temperature difference on sample’s both sides can be 40°C or
20°C). The heat flow sensors act up at the contact faces of both measuring heads under a
200Pa or 1000Pa contact pressure. When upper measuring head is lowered on the measuring
specimen the heat flow at the upper surface and the underside of the test specimen can be
measured[54]. The fundamental measuring principal implies the measuring and processing of
the heat flows in dependence of time. At last, the values of thermal conductivity, thermal
diffusion, thermal absorption, thermal resistance, the ratio of maximal to stationary heat flow
density, and stationary heat flow density at the contact point. The instrument also determines

the fabric thickness.

This method is widely accepted in measuring thermal conductivity/resistance of textiles [31,
56, 59-61]. Especially, it can give thermal resistance directly since the thickness of samples
can be obtained during the measuring process. As the fabric thickness can depend on the
locally applied pressure, the resulting precision of the calculated thermal resistance might be
affected by this thickness measurement precision. However, the precision of measurement
could be affected by sample’s thickness since the edges of sample cannot be insulated and the
heat loss will happen at the edges.
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Figure 1.6. Schematic diagram of guarded hot plate method

1.2.2.2 TCi-Thermal property analyzer

The principle of TCi analyzer (standard numbers are EN61326 and EN61010) is based on
PhotoPyro-Electric principle, whose schematic diagram of is shown in figure 1.7. TCi
analyzer is comprised of a sensor, which has a central heater/sensor element in the shape of a
spiral surrounded by a guard ring. The guard ring generates heat in addition to the spiral
heater, thus, approximating a one-dimensional heat flow from the sensor into the material
under test in contact with the sensor. The voltage drop on the spiral heater is measured before
and during the transient. The voltage data is then translated into the effusivity value of the tested

material.

The TCI analyzer is firstly to measures the voltage output of the sensor, and then to convert
the temperature change into equivalent voltage signal change by assuming that there is a
perfect linearity correlation between the sensor’s resistance and its temperature. After that

two equations are applied to get the thermal conductivity,

AT =(11284G+1) [(e, +e,) (1.20)

Where AT is the change in sensor surface temperature, G is power flux supplied to sensor, t is

time, e; and e; are equivalent effusivity of sensor and sample, respectively.

e, =kpoc, (1.21)

Where k is thermal conductivity of sample, p and c, are density and specific heat of sample.
Therefore, the precision of TCI analyzer mostly depends on the sensor’s calibration in

temperature, conductivity and effusivity, and different calibrations are required for materials
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with dissimilar thermo properties. For instance, it is necessary to calibrate solids and liquids
separately. Measuring a liquid with a calibration made for solids, or vice versa, will generate
an invalid result. In addition, the density and the specific heat of material are needed since
this method for determining the thermal conductivity of the material is based on the effusivity

measurement.
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Figure 1.7. Schematic diagram of PhotoPyro-Electric method

1.2.2.3 ASTM standard testing method
This method is based on guarded hot plate principle to measure the steady state heat transfer
properties of textile materials in convective and non-convective modes, and the detail

information of testing set-up of ASTM standard D1518 is shown in figure 1.8[55].

The unidirectional flow conditions are obtained by the guarded hot plate surrounding the test
plate. The test area comprises a square copper plate, being surrounded by a guard ring of the
same metal and same thickness. The width of the guard ring is the same on all sides. The
guard ring minimizes the lateral heat losses. The test plate and the guard ring are heated
separately. The temperatures of the test plate and the guard plate are sensed by resistive
temperature detectors. Insulation has been provided to prevent bottom heat losses with the
help of reflective insulation. A wind tunnel is attached to the instrument with a suction fan by
which airflow at various speeds can be obtained over the fabric surface. Heat flow rate can be
measured by noting the current and voltage input to the test plate heater. Therefore, the
thermal resistance of the fabric in a natural and forced convective mode can be obtained by

the following formula,
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:(Tt _Ta)A\ “R

R abric c
= Q (1.22)

Where T; is the temperature of the test plate; T, is the temperature of the air; A; is the area of
the test plate; Q; is the watt given to the test plate; Rsapric 1S the thermal resistance of the fabric
and R is the contact thermal resistance which builds up due to the thin still air film over the

test plate when no fabric is placed on the top[62].

But there is no commercial instruments produced according to this standard. Besides, the
sample is covered by plates, and the air flow can’t go through sample or even can’t contact
the surface of sample. Therefore, this method didn’t simulate some real conditions when the

wind moves facing textiles and penetrates the textiles.
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Figure 1.8. ASTM D1518: Standard Test Method for Thermal Transmittance of Textile Materials

1.3 RESEARCH IN THERMAL CONDUCTIVITY OF TEXTILES

As mentioned previously, owing to the importance of thermal conductivity of material in
their application, a lot of work has done in evaluating the thermal conductivity of textiles.
However, almost all of the thermal conductivity of textiles is evaluated under heat
conduction[2, 31, 32, 59, 60, 63, 64] due to the limitation of existing testing instruments and
the difficulties of producing one instrument to meet various real conditions in human’s daily
life (temperature range, convection conditions, and humidity, etc.). Theoretically, if only
consider the conduction mechanism in textiles or porous materials, thermal conductivity
should decrease continually with decreasing bulk density, finally approaching the

conductivity of the gas filling the void spaces. However, nonwoven fabrics typically show
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first a decrease and then an increase in the apparent thermal conductivity with decreasing
bulk density. This suggests that other heat transfer mechanisms must contribute appreciably
to the apparent thermal conductivity of these materials[5]. Esra[59] reported that the thermal
conductivity of fabrics made of hollow fiber and solid fiber from the experiment didn’t
demonstrate significant difference because the porosity of fabric played a more important role
than the porosity of fibers. Lizak[60] stated that the thermal conductivity of fabric from
hollow fibers got lower thermal conductivity than the fabric from solid fibers, but the
difference was not significant. Stuart and Holcombe[65] have published data for polyester
and polypropylene nonwovens showing an increased role in fiber conduction at high
solidities. Heather[66] investigated the thermal insulation of three type of fibers (solid fiber,
hollow fiber and grooved fiber) in terms of various denier, interstitial void fractions,
interstitial void media, and orientations to the applied temperature gradient to evaluate their
applicability. And their results indicated that the best conductive insulation is achieved for a
high-void-fraction configuration with a grooved fiber cross section, aerogel void medium,
and the fibers oriented normal to the heat flux vector. The experiments of Hager and
Steere[67] show that fiber conduction accounts for only 0.3% of the total heat transfer in high
porosity fibrous structure. Strong[68] studied glass fiber systems, found that solid conduction
could account for 6-7% of the total, but they obtained these results with highly compressed
samples (solidities 10-19%), and so a large degree of fiber-fiber contact might be expected.
Monika Baczek investigated the thermal conductivity of nonwoven fabrics; found that the
ratio of thermal conductivity by radiation to conduction was about 15%[31]. Therefore, there
appears to be a consensus that heat flux passing through textile or a porous medium may in
general be represented by several mechanisms: conduction through solid fibers, conduction
through air in the interfiber spaces, free and forced convection, and radiation[69]. However,
there is no instrument for evaluating the thermal conductivity/resistance of textiles under heat
conduction, heat convection and heat radiation simultaneously. Fortunately, some kinds of
heat transfer mechanisms can be ignored in some cases, for instance, the convective heat
transfer can be ignored when the speed of air flow is very small, and the convective and the
radiative heat transfer can be ignored when the temperature difference is small. Based on heat
transfer in conduction, some analytical models were proposed to predict the thermal

conductivity of textiles.

The first analytical model for predicting the thermal conductivity of textiles was reported by

Bogaty[23], whose mathematical expression is described in equation (1.4). In his model, the
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volume fraction of air and textile material, the orientations (the heat flow is parallel and
perpendicular to the fiber) of fibers, and also the percentage of fibers in parallel and series
arrangement are taken considerations. For simplified cases, this model can be applied if all
the fibers are parallel to the heat flow or perpendicular to the heat flow. But for real structures
of textiles or nonwovens, it is very difficult to determine the orientations of fibers as well as
the percentages of fibers in parallel and series arrangement. Therefore, this model cannot be
widely used. Since the difficulties from Bogaty’s model, Militky[21] simplified the model by
assuming that the parallel and series arrangements of fibers have the same quantity in textiles,
therefore, the average value of the parallel and the series models can be used for the thermal
conductivity of textile. Faleh [48] stated one polynomial predicting model which needs to get
the coefficient from every practical experiment for evaluated the thermal conductivity of fiber
in composites. Maxwell-Eucken model [70, 71] was used for materials with continuous phase
and dispersed phase. It assumes a dispersion of small spheres within a continuous matrix of a
different component, with the spheres being far enough apart so that the local distortions to
the temperature distributions around each of the spheres do not interfere with their neighbors’
temperature distributions. Wang [72] deduced a mathematical expression for co-continuous
structural materials based on Maxwell-Eucken model, but his model also can be expressed by
the series and parallel models. Levy’s [73] gave a model based on the Maxwell-Eucken
model, but levy’s model was derived solely by algebraic manipulation, with no stated
physical basis. Ismail[74] developed a mathematical model for predicting the effective
thermal conductivity of plain woven fabric containing circular warp yarns and elliptic weft
yarns. In this model, the fractional concept is adopted, which means the thermal resistances
of solid parts and gas parts are calculated separated first, and then the total thermal resistance
according to the combinations of solid and gas parts can be obtained. But this model is only
convenient for simple structures. Even these analytical models are available, all of them
assumed that the air in textiles is stagnant, no heat loss/thermal resistance happens in contact
area, the pore size and pore shape don’t have influence in thermal resistance. And according
to the literature research, there lacks of analytical model for thermal conductivity of textiles
under convective heat transfer and radiative heat transfer. Kothari[11] proposed a model for
prediction of thermal resistance of woven fabrics by using thermal electrical analogy
technique. Yoshihiro[64] developed structural models of yarns, plain weave fabrics and plain
weave fabric/resin composites and theoretical formulas for the effective thermal conductivity
which were derived from these models. Zhu[10] developed a fractal effective thermal

conductivity model for woven fabrics with multiple layers. Das[9] developed a mathematical
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model for prediction of thermal resistance of multilayer clothing in non-convective media.
Matusiak[75] developed a model of thermal resistance of woven fabrics and considered
cross-section of yarn as square shape. But the prediction models for special-shaped fibers and

yarns are missing.

On the other hand, moisture transmission through a textile material is not only associated
with the mass transfer processes, but also related to heat transfer. During the transmission of
water molecules through textile materials, they are absorbed by fiber molecules due to their
chemical nature and structure. With an increase in humidity, the heat transfer efficiency of
the material increases. And the adsorption of moisture/liquid of textiles is inevitably
accompanied by exchange of heat or energy, which will cause temperature changes of textiles
at the same time[76-78]. It makes the small environment between human body and cloth
system more complicated. The increased temperature due to the production of heat on the
surface of the material led to the decrease of the rate of moisture vapor transmission [79-81].
King and Cassie[77] observed that in a textile material, immersed in a humid atmosphere, the
time required for the fibers to come to equilibrium with the atmosphere is negligible
compared with the time required for the dissipation of heat generated and absorbed by the
fibers when regain changes. On the other hand, this kind of heat would be helpful for
moisture evaporation and would provide a much warmer condition for human body in a
period of time. In other cases, the heat of liquid absorption could result in the deterioration of
textile’s qualities when the textiles packed and the heat cannot dissipate quickly. And this
kind of heat also could be one reason for spontaneous combustion of warehouse where stored
a lot of textiles. Therefore, it is very important to investigate the temperature change of

textiles when they are absorbing moisture/liquid.

1.4 NUMERICAL SIMULATION

Although the most reliable information about a physical process is often given by actual
measurement, however, it would take plenty of time and labor force to carry out
measurements for evaluating, designing and optimizing a product. In addition, there are
serious difficulties of measurement in many situations, and the measuring instruments are not
free from errors. In contrast, a theoretical prediction works out the consequences of
mathematical models rather than those of an actual physical process. In a theoretical
calculation, both the realistic conditions and ideal conditions can be simulated in a very short
time comparing with practical experiments. Besides, more detail information can be provided

by computer. And numerical method has been widely used in every area due to its reliable
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accuracy, flexibility for both realistic conditions and ideal conditions, and more detailed

information.

The use of numerical simulations to study effective thermal is very common and several
different numerical methods have been employed, including boundary element methods,
finite difference methods, and finite element methods. Boundary element methods may be
thought of as a special class of finite element methods. Finite difference methods have the
potential for simplicity and lower computing requirements than finite element methods, while
finite element methods have the advantage that the discretization process is not constrained
by regular node positioning, and they are therefore more suitable for irregular geometries and
spatially variable properties and conditions. Carson[82] and Dasgupta [83] stated that the

numerical simulation for heat transfer had good agreements with the experimental results.

1.5 AIM OF THIS WORK

The aim of this work includes:

(1) Investigate the factors which would influence the thermal conductivity of textiles under

conductive heat transfer by numerical method,;

(2) Study the effect of structure on the effective thermal conductivity of high porosity
textiles;

(3) Study the factors of thermal resistance of textiles under convective heat transfer;

(4) Investigate the temperature changes of textile during the adsorption process.
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2 STUDY ON THE EFFCTIVE THERMAL CONDUCTIVITY OF
TEXTILES BY NUMERICAL METHOD

In this chapter, several widely used analytical models and the numerical method for
prediction the thermal conductivity of textiles are compared, and also the factors which
would influence the thermal conductivity are investigated by numerical method due to the

difficulties in experiments.

2.1 METHODOLOGY

In order to compare the accuracy and difference of analytical models and numerical
simulation, textiles with variables in terms of pore shapes, volume fractions, pore size, pore
distribution, cross section of pores, and contact area were adopted. For simplification, two
kinds of materials which have thermal conductivity of k; (=0.4 W-m™.K™) and k, (= 1 W-m’
L.K™), which can be any kinds of materials for the aim is to compare the accuracy and

difference of analytical models and numerical simulation.

2.2.1 FOURIER’S LAW OF HEAT CONDUCTION

2.2.1.1 Thermal resistance networks
Thermal resistance network is one effective method to analyze thermal conductivity of
porous materials, but it’s only suitable for simple structure porous materials. And this method

is based on Fourier’s law. One simple example is given in figure 2.1.
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Figure 2.1. left: structure of one porous material; right: The corresponding thermal resistance

networks
The following equations are used for calculating the effective thermal conductivity of porous

material with square and rectangular inclusions.
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L (2.1)

R, =
a-h-k,
L L, L (2.2)
= + + . R =, R = !R =
Ro =Rt Rua R, Ry = s R =g R =
R L (2.3)
c-h-k,
R _ RaRbRC (2.4)
* R,R,+R,R +RR,
2.5
- (2.5)
A.Rtot

Where ki and k; are thermal conductivities of material 1 and material 2, ke represents
effective thermal conductivity of porous material (W-m™-K™), Ry Ry, Rc and Ry represent
thermal resistance of zone a, b, ¢ and total thermal resistance (K/W), A is area where heat

flow goes through (m?), and other symbols represent the dimensions as shown in figure 2.1.

Heat flow by infinitesimal method. Unfortunately, it’s not easy to distinguish the sub-regions
of a porous material including circular and elliptic inclusions; therefore, the differential
concept was adopted. The geometrical model is divided into infinitesimal area (figure 2.2),
and accumulated the heat flow from each infinitesimal area, then calculated the effective
thermal conductivity by Fourier’s equation. Owing to the symmetry of the geometrical model,
only half part was taken into consideration. The heat flow and effective thermal conductivity
can be obtained from following equations,
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S,

Figure 2.2. The geometrical model of porous material including circular pore

The heat flow goes through material can be divided into two parts, Q1, heat flow goes

through both inclusion and covering material (J); Q2, heat flow only goes through covering
material (J).

%:IS AT -h-dx (2.6)
2 0 2 2 2 2
L-2,/(D/2)" ~x +2\/(D/2) X
k2 kl

Q_ jL/ZAT'_h'dX 2.7)

2 Joz Lk,

QL _ (2.8)

ke =7 (Q=Q+Q)

Where L and A are distance (m) and area (m?) of heat flow goes through, D is diameter of

circular inclusion (m), h is thickness of porous material (m), AT is temperature difference

(K).

Similarity, the expressions for effective thermal conductivity of porous material including
elliptic inclusion are,

Q _Ia AT -h-dx (2.9)

7_0 _ 2 _|h2y2/.2 2 h2y2/42
L-2¢b*-b’x*/a’ 2¢b*-b’x*/a
k2 kl
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Q _vrAT hx (2.10
2 T Lk,

K = Q-L (2.11)

¢ OAAT

Where a is the length of major semi-axis in x direction (m), b is the length of minor semi-axis

in 'y direction (m).

2.2.2 SOME ANALYTICAL MODELS

Some models for predicting effective thermal conductivity of porous materials are shown in
table 2.1.

Table 2.1. Some effective thermal conductivity models of porous materials

Models Effective thermal conductivity equation References

Series-parallel 1 k, =gk +(@1-9) k, K = kK, [21]
L g+ (-9) kK

k, =(kp +ks)/2

Series-parallel 2| =ks/2(m_1) [72]
K, =J/ P
1= k N
b kp :Zizlkivi

Maxwell-Eucken 2k, +k, _2(kl _|<2)\,2 [70, 71]
S 2Kk, + (K —k, )V,

Levy’s C 2k, +k, —2(k, —k,)F [73]
© 2k +k, +(k —k,)F

__2G-1+2y, - \J(2/G-1+2v,)" -8v,/G
- 2

(kl_kz)z
(k +k,)* +kk, /2

Note: ¢ is volume fraction of material 1, k, and ks are TC of materials with parallel structure and
series structure, kjand v; are the thermal conductivity and volume fraction of ith material, ke is
effective thermal conductivity of porous material.
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2.3 NUMERICAL SIMULATION

Numerical methods include finite difference methods, boundary element methods, and finite
element methods which have the advantage that the discretization process is not constrained
by regular node positioning, and they are therefore more suitable for irregular geometries and

for spatially variable properties and conditions.

Therefore, the finite element models were set up to simulate a three-dimensional steady-state
thermal conductivity measurement apparatus. One of geometrical models and grid topologies
of simulations are given in figure 2.3. The boundary conditions imposed on the model faces
were: one side was kept at constant temperature while its opposite side was subjected to heat
flow; the other two sides were kept thermally insulated. Hence, after getting temperature
distribution of porous material, the effective thermal conductivity can be calculated from

equation (8).

Insulated
paje[nsuy

=R i ANEREE
o] ]

Figure 2.3. Geometrical model and grid topology
And the governing equations used in numerical simulation are,

[C(T)T}+IK(TI{T}=[Q(T)] (2.12)

Where {T} represents temperature matrix, [C] represents specific heat matrix, [K]
represents thermal conduction matrix, [Q] represents heat flux vector matrix, {T} is the
derivative of the temperature with respect to time.

Therefore, the equation for steady- state thermal analysis is
[KI{T}={Q} (2.13)
Where {Q} is the heat flux vector at nodes.
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Simulation 1. Four types of inclusion shapes which were square (SI), rectangle (RI), circle
(CI), and ellipse (EI) were investigated; and the volume fractions of inclusions were from
10% to 70%.

Simulation 2. The inclusion sizes were from 0.12% to 30% of total size of porous material,
and the inclusion volume fraction was kept constant.

Simulation 3. Six distributions of inclusions were investigated, and the inclusion volume
fraction was kept constant. The circles represent fibers, and the rest represents another

material.

Figure 2.4. Different distributions of pores
Simulation 4. The major semi-axes of elliptic inclusions were from 41.52% to 95.49% of the

total cross section length of porous materials, and the inclusion volume fraction was kept
constant.

Simulation 5. The contact length/area between inclusions was from 0% to 63% of inclusion
length, and the inclusion volume fraction was kept constant.

2.4 RESULTS AND DISCUSSION

Some of the simulated results from Ansys are given in figure 2.5.
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(a) temperature distribution of sample with 4
pores

(c) temperature distribution of sample with 25
pores

(e) temperature distribution of sample with
random distribution 4 of pores

000079015
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0.00066893
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— 0.00054771
4 0.0004871
0.00042649
0.00036588
0.00030527 Min

10007975
0.00073628
0.00067504
0.00061379
0.00055254
0.00049129
0.00043004
0.00036579
0.00030754 Min

0.00087133
0.00086914
0.00076695
0.00066477
0.00056258
0.00046039
0.0003582
0.00025602 Min

(F) heat flux distribution of sample with random
distribution 4 of pores
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20 Min

(g) temperature distribution of sample with
random distribution 6 of pores

e

20.265
20227
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20,152
20.114
20076
20,038
20 Min

(i) temperature distribution of sample with
larger major axis length

(k) temperature distribution of sample with
smaller major axis length

38

0.00091793
0.00079218
0.00066642
0.00054067
0.00041491
0.00028915 Min

(h) heat flux distribution of sample with random
distribution 6 of pores
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0.00096118
0.00088432
0.00080746
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- 0.00065373

1 0.00057687
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(1) heat flux distribution of sample with larger
major axis length

 0.00077832 Max
0.00072268
0.00066703
0.00061139
0.00055574
0.0005001
0.00044445
0,00038881
0.00033316
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(m) heat flux distribution of sample with smaller
major axis length



0.0010968
0.00094038
0.00078395
{ 0.0006275
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0.00031461
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(n) temperature distribution of sample with (1) heat flux distribution of sample with smaller
smaller contact area contact area

70531
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0.00056777
1 0.000499

1 0.00043023
000036146
0.00029269
0.00022392 Min

- 0.000

(o) temperature distribution of sample with (p) heat flux distribution of sample with larger
larger contact area contact area
Figure 2.5 Temperature distrubtion and heat flux distribution of samples from numerical simulation

By using Fourier’s law and equation (1.1), the thermal conductivity from simulation can be
easily obtained, and the thermal conductivity from analytical models can be obtained by

Matlab, which are given in table 2.2 and table 2.3.
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Table 2.2 Thermal conductivity of samples including different porosity and pore shape from

analytical models and simulation

Thermal conductivity (W-m™*-K™)

Pore shape Porosity ~ Fourier’s  From ME Levy’s
(%) law simulation PSM1 model model PSM2
square 10 0.8984 0.9091 0.9048  0.9143 0.9212 0.9157
20 0.8205 0.8278 0.8246  0.8364 0.8473  0.8408
30 0.753 0.753 0.7548  0.7652 0.7784 0.7731
40 0.6924 0.6868 0.6925 0.7 0.7138 0.711
50 0.6361 0.6265 0.6357 0.64 0.6533  0.6532
60 0.5837 0.5721 0.5831 05846 0.5964 0.5988
70 0.5344 0.523 0.5339  0.5333 0.5429 0.5469
Rectangule 10 0.9318 0.916 0.9048  0.9143 0.9212 0.9157
20 0.8636 0.8361 0.8246  0.8364 0.8473 0.8408
30 0.7955 0.7622 0.7548  0.7652 0.7784 0.7731
40 0.7273 0.6964 0.6925 0.7 0.7138 0.711
50 0.6591 0.6345 0.6357 0.64 0.6533  0.6532
60 0.5905 0.5747 0.5831 05846 0.5964  0.5988
70 0.5227 0.5176 0.5339  0.5333 0.5429 0.5469
circle 10 0.8964 0.9124 0.9048  0.9143 0.9212 0.9157
20 0.816 0.8305 0.8246  0.8364 0.8473 0.8408
30 0.7458 0.7553 0.7548  0.7652 0.7784 0.7731
40 0.6822 0.6868 0.6925 0.7 0.7138 0.711
50 0.6232 0.6234 0.6357 0.64 0.6533  0.6532
60 0.568 0.5643 0.5831 05846 0.5964 0.5988
70 0.516 0.5081 0.5339  0.5333 0.5429 0.5469
ellipse 10 0.8752 0.8803 0.9048 09143 0.9212 0.9157
20 0.7858 0.7987 0.8246  0.8364 0.8473 0.8408
30 0.7182 0.7331 0.7548  0.7652 0.7784 0.7731
40 0.6654 0.6757 0.6925 0.7 0.7138 0.711
50 0.6228 0.6234 0.6357 0.64 0.6533  0.6532
60 0.5876 0.5695 0.5831 05846 0.5964 0.5988
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Table 2.3 Thermal conductivities of samples with variables in terms of pore size, pore

distribution, major axis length and contact depth

Pore TC Distribution  TC Major axis TC Contact TC
number length (mm) Depth (mm)
1 0.7553 1 0.768 0.23873 0.7102 0 0.753
4 0.7645 2 0.74627 0.2 0.7331  0.02 0.7576
9 0.7669 3 0.753 0.15915 0.753 0.04 0.7692
16 0.768 4 0.7576 0.1545 0.7553  0.08 0.7937
25 0.7692 5 0.7508 0.13263 0.7645

6 0.7225 0.11937 0.7669

0.1038 0.77

Remark: the samples including circular pores with 30% porosity, the unit of TC is W-m™K™,

and the distribution types are given in figure 2.4.

2.4.1 COMPARISON OF RESULTS FROM SOME MODELS AND RESULTS BASED
ON FOURIER’S LAW

Comparing with the results based on Fourier’s law, analytical models would be less accurate
since these models were either based on some assumptions or based on experimental results.
During the experimental process, there are serious difficulties of measurement in many
situations, and the measuring instruments are not free from errors. Therefore, the results
based on Fourier’s law were taken as reference values and the accuracy of analytical models
was checked by comparing with the reference values. In order to evaluate the accuracy of
analytical models easier, the deviation was adopted (table 2.4). The deviation, D, can be

obtained from the following equation,

Kk, (2.14)

kF

e

D:‘

Where &’ represents the TC from models or numerical simulation, ke represents the TC based

on Fourier’s law.

The effective thermal conductivity from analytical models and based on Fourier’s law had
slight difference at each volume fraction, and the effective thermal conductivity decreased as
the increase of volume fraction of inclusions owing to the lower TC of inclusion (figure 2.6).
The deviations of effective thermal conductivity from analytical models are shown in table

2.4. Every analytical model has its advantages and limitations due to assumptions. Based on

41



this work, PSML1 has better predicting accuracy than the other models. The results from
PSM1 provided the smallest deviation when the inclusion shapes were square, circle, and
ellipse comparing with the results from other models, especially when the inclusion shape
was square. The reason could be that the geometrical model is regular and easy to be divided
into bulk sub-regions, which is more close to the thermal resistance networks analysis
method. ME model is usually derived from a specific assumed physical structure as
mentioned above, but it also can provide results which have good agreement with the results
based on Fourier’s law. PSM2 extended the application of ME model to co-continuous
structure porous materials, but it did not improve the accuracy of ME model since all
assumptions were based on ME model. Levy’s model added one coefficient to ME model,
which in some conditions can improve the accuracy of predicting results. Moreover, the
accuracy of effective thermal conductivity from analytical models was influenced by
inclusion shapes. For PSM1 and ME, they have better predicting results for square and
circular inclusions than rectangular and elliptic inclusions; for PSM2 and LM, the better
predicting results were for square and rectangular inclusions. Some researchers stated that the
prediction of the TC of porous materials has proven to be a difficult task. Part of the difficulty

may be due to an over-simplification of the structure[49].
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Figure 2.6. Comparison of results from some models and results based on Fourier’s law
FSI: results of square inclusions based on Fourier’s law; FRI: results of rectangular inclusions based
on Fourier’s law; FCI: results of circular inclusions based on Fourier’s law; FEI: results of elliptic
inclusions based on Fourier’s law; PSM1: parallel-series model 1; MEM: Maxwell- Eucken model,;
LM: levy’s model; PSM2: parallel-series model 2
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Table 2.4. Deviation of effective thermal conductivity from analytical models

Pore Parallel-series model  Parallel-series ME model Levy’s model
shape 1 model 2
Max. Mean Max. Mean Max. Mean Max. Mean

deviatio deviation deviatio deviatio deviatio deviatio deviatio deviatio

n (%) n n n n (%) n n n
(%) (%) (%) (%) (%) (%)
Square 0.9 0.24 2.69 2.48 1.94 1.05 3.37 2.68
Rectangl  4.24 3.46 4.63 2.34 3.81 2.65 3.86 1.83
e
Circle 3.47 1.83 5.99 4.19 3.35 2.67 5.21 4.38
Ellipse 3.08 3.39 7.64 5.49 6.54 4.32 8.38 5.86

2.4.2 COMPARISON OF RESULTS FROM NUMERICAL SIMULATION AND
RESULTS BASED ON FOURIER’S LAW

The ETC of porous materials from numerical simulation and results based on Fourier’s law
were given in figure 2.7. As mentioned above, the results based on Fourier’s law were taken
as reference values. And then, the accuracy of numerical simulation was checked by
comparing with the reference values. The maximum deviation and mean deviation of
effective thermal conductivity from numerical simulation were given in table 3. Porous
material including rectangular inclusions gave the biggest deviation, and the circular
inclusions provided the smallest deviation. Generally, the deviations from numerical
simulations were less than 3%, which provided enough accurate results. On the other hand,
comparing with the analytical models, the numerical simulation is suitable for any types of

inclusion shapes.
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Figure 2.7. Comparison of effective thermal conductivity from numerical simulation and results based
on Fourier’s law
NSI: results of square inclusions from numerical simulation; NRI: results of rectangular inclusion
from numerical simulation; NCI: results of circular inclusions from numerical simulation; NEI: results
of elliptic inclusions from numerical simulation

Table 2.5. Deviation of effective thermal conductivity from numerical simulation

Inclusion shape Square Rectangle Circle Ellipse
Maximum deviation (%) 2.13 4.24 1.78 3.08
Mean deviation (%) 1.22 2.95 1.09 1.5

2.4.3 EFFECT OF PORE SHAPE ON EFFECTIVE THERMAL CONDUCTIVITY

It has been discussing that the inclusion shape has the potential to influence the effective
thermal conductivity of porous materials [49, 84]. In this work, four types of inclusion shapes
which were square, rectangle, circle, and ellipse at different volume fraction were
investigated based on Fourier’s law of heat conduction. For rectangular and elliptic
inclusions, the dimensions are also related to the inclusion shapes even though the volume
fractions could be the same. Therefore, one side length of rectangular inclusion and the major
semi-axis of elliptic inclusion were kept as a constant which was 80% of porous material’s
side length. The porous material including elliptic inclusions gave smallest effective thermal
conductivity. Square and circular inclusions in porous materials showed very similar results,
which has the same result with Carson’s work[82]. Rectangular inclusions showed the

biggest effective thermal conductivity, which does not have an agreement with Carson’s
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result[82], because in his work, the dimension of rectangular inclusions were set as 2:1, and
these inclusions were distributed randomly. These different results indicated that the
dimensions of inclusion also could be one factor which would influence effective thermal
conductivity of porous materials. Comparing with the effective thermal conductivity of
porous materials including different inclusion shapes with the same volume fraction, the
biggest difference can reach to 10.67% (figure 2.8), which revealed that the inclusion shape is

a significant factor.
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Figure 2.8. effective thermal conductivity of porous material including different pore shapes

2.4.4 EFFECT OF PORE SIZE ON EFFECTIVE THERMAL CONDUCTIVITY

Some researchers[49, 82] stated that the effect of porosity on thermal conductivity cannot be
described solely by volume fraction. And Carson[82] reported that the effective thermal
conductivity of porous materials with different inclusion sizes were similar over the range of
volume fractions. In this work, the effective thermal conductivity decreased obviously as the
increase of inclusion size (figure 2.9). The possible reason is that the small inclusions
increased the interface area, which is helpful for dissipating heat when they contacted with

better conductor.
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Figure 2.9. Effect of pore size on effective thermal conductivity of porous material

245 EFFECT OF DISTRIBUTION OF PORE ON EFFECTIVE THERMAL
CONDUCTIVITY

Generally, the distribution of inclusions has the same effect with the inclusion shape since
different combination of small inclusions can form different structure of a larger inclusion.
The difference between the largest and smallest effective thermal conductivity was 6.3%.
Comparing with these results corresponding to the distribution, the smallest effective thermal
conductivity happened when more inclusions are at cross section (distribution 6), and the
opposite case is distribution 1. In order to confirm the conclusion that the inclusion length
ratio in cross section would influence effective thermal conductivity, one more simulation

focusing on the cross section length of inclusion was carried out subsequently.
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Figure 2.10. Effect of pore’s distribution on effective thermal conductivity of porous material

2.4.6 EFFECT OF MAJOR-AXIS LENGTH OF PORE ON EFFECTIVE THERMAL
CONDUCTIVITY

Based on the conception of parallel and series structures, the cross section length of
inclusions should have effect on effective thermal conductivity of porous material. Therefore,
elliptic inclusions with different dimensions at the same volume content were investigated.
The results showed that effective thermal conductivity was inversely proportional to the cross

section length of inclusions, and the biggest difference reached to 8.45%.
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Figure 2.11. Effect of major-axis length of pore on effective thermal conductivity of porous material
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247 EFFECT OF CONTACT LENGTH/AREA AMONG INCLUSIONS ON
EFFECTIVE THERMAL CONDUCTIVITY

Heat conduction happens only when materials contact with each other, and the larger the
contact area is, the faster the heat conduction will be. The results suggested that the contact
had a significant effect on effective thermal conductivity, and the biggest deviation was
5.41% which was not very large difference due to the small different of thermal conductivity
of these two materials. This simulation also can be used to analyze the effective thermal
conductivity of yarns with different packing density.

I
®
S

Thermal conductivity (W/(m-K))
e o o e
~] ~l ~] ~
(@) ~ o0 O

e

~

W
T

1 " 1 A L A 1 " 1 L 1

0 10 20 30 40 50 60
Contact length of inclusions (%)

Figure 2.12. Effect of contact length among inclusions on effective thermal conductivity of porous
material

2.5 CONCLUSIONS

Effective thermal conductivity of some porous materials with simple structure was
investigated by analytical models and numerical simulation in this work. Significant
conclusions drawn from the results were: (1) analytical models can provide accurate
prediction in some cases, but it is not unrealistic to expect an analytical model to predict
accurate results for all porous materials by only considering volume fraction; (2) numerical
simulation can provide more accurate results than analytical models’, and is more flexible for
any structures; besides, numerical simulation could be a good way to evaluate effective
thermal conductivity of textiles with complicated structures and experimental conditions due
to the difficulties in experiment; (3) more important parameters need to be considered for
improving analytical model, such as inclusion shapes, the length ratio of inclusions in cross

section, and contact area.
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3 STUDY ON THE THERMAL PROPERTY OF HIGH POROUS
NONWOVEN FABRICS

3.1 INTRODUCTION

In nonwoven fabrics, pores of all geometrical shapes are possibly formed and the pore sizes
could be in a large scope due to the randomly arrangement of fibers. Thereby, heat transfer
through nonwoven fabrics may in general be represented by several mechanisms: conduction
through solid fibers, conduction through air in the interfiber spaces, free convection, and
radiation[69]. Despite the fact that there are several mechanisms operative in the transfer of
heat through nonwovens, the phenomenon can be quantified by an effective thermal

conductivity for the nonwoven.

In theoretical work, the most widely used model for predicting effective thermal conductivity
was proposed by Bogaty[23], who took the textiles as a fiber-air mixture and assumed that
the air is stagnant. In Bogaty’s model, the volume fraction of each material and the
orentations of fibers are needed. Due to the difficulty of determining fiber’s orentation,
Bogaty’s model was simplified by Militky[21], who assumed the fibers were arranged in both
series and parallel structures. He also proposed that the average value from these two kinds
structures was the effective thermal conductivity of textiles. These two models had good
agreements with the experimental results in some cases. Other concepts for describing the
heat conduction through textiles were either based on thermal resistance network or
differentiation[9, 64, 74, 75], which need to over simplify the structures of textiles. In
addition, for some materials with complicated physical structures, these models are not

appropriate.

The heat convection in textiles is often ignored due to its complexity. But the natural
convection could exist when the temperature difference on both side of textiles and the pore
size of textiles is big enough.

Two techniques were used for determining the heat radiation, one is called direct method,
which is based on the study of the interaction between the fiber and radiation via the
resolution of the Maxwell equations. The resolution was done with the Mie theory and made
it possible to obtain radiative properties of a single fiber. The radiative properties of the
medium were given by averaging the properties of a fiber over size and orientation

distributions within the medium[85, 86]. The second method is an inverse method based on
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the inversion of the radiative transfer equation starting from measurements of reflection and
transmission [87, 88]. Methods of determining heat radiation were reported in literatures, but
they require determination of the scattering parameter and emissivity of the hot and cold side
boundaries. These parameters are beyond the scope of this paper, and we will address them,

for the materials reported here in a future paper.

In this work, the thermal conductivity of nonwoven fabrics with various parameters including
areal density, porosity and thickness was evaluated to investigate the effect of structure on the
thermal property. Components of thermal conductivity, convection, and radiation were also

estimated.

3.2 METHODOLOGY

3.2.1 MATERIALS AND MEASUREMENTS

The polyester hollow fiber, supplied by the Sinopec Yizheng Chemical Fibre Company
Limited (Suzhou of China), was used to prepare nonwoven fabrics in a carding machine and a
needle-punching machine. The nonwoven fabrics were conditioned in a constant temperature

and constant humidity box for 24 hours before measurements.

The thermal conductivity of fiber was evaluated by measuring the thermal conductivity of
composites including fibers and polymer [48]. In this work, a bundle of hollow fibers were
put into PEO solution in which the air bubbles were removed by a vacuum pump. After
drying, the thermal conductivity of composite were measured, and the thermal conductivity

of fiber could be calculated.

The thermal conductivity of composites and nonwoven fabrics were measured by an
Alambeta instrument, which enables quick measurements of both steady-state and transient-
state thermal properties. The temperature difference between the upper and bottom heating
plates which were directly contact with the both sides of nonwoven fabric was constant (10°C
or 40°C), and then the instrument directly measured the stationary heat flow density and the
sample thickness under a pressure of 200Pa or 1000Pa pressure[54]. At last, the values of
thermal conductivity, and thermal resistance were determined accordingly. The average

values of five repeated measurements were adopted.
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3.2.2 DETERMINATION OF THE CHARACTERISTIC OF FIBER

3.2.2.1 Fiber geometric characteristic and density
The profile of hollow fiber was observed by scanning electron microscope and was taken as

cylinder. Fiber diameter was around 45+5um, hollow diameter was 22+3um.

The air volume content in hollow fiber can be determined by using image processing analysis
by matlab. Firstly, the SEM images of fibers were imported into matlab, converted the SEM
images into binary images, and then extracted the hollow area and the fiber area (as shown in
figure 3.2), at last, an in-house Matlab code was developed to calculate the area ratio of fiber

material and the hollow part to the total area. The mathematical expressions are given by,

\
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Figure 3.1. Images of hollow fibers

&y = Af /A (313.)
& =A/A (3.1b)
e=¢&,/& (3.1c)

Where & is ratio of fiber area to total area of figure 3.2, ¢y is ratio of hollow area to total
area of figure 3.2, ¢ is porosity of hollow fiber, A;, An, and A; are the areas of fiber cross-
section, hollow cross-section and the total area of figure 3.2, respectively. The air volume

content in hollow fiber was 27+8% based on the above method.
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Figure 3.2. (A) The cross-section area of fiber material (white); (B)The cross-section area of hollow
(white)

And hollow fiber density was 1034kg/m® which was calculated from the following equation,

n-m
= 3.2
ph 7Z'r2| n ( )

Where py, is hollow fiber density (kg/m®), n represents the number of fibers, m represents
mass of single fiber (kg), r is the diameter and hollow diameter (m), | represents length of

single fiber (m). And the density of fiber material, p;, can be easily obtained by equation,

pr = (3.3)

3.2.2.2 Fiber thermal conductivity

It is very difficult to measure the thermal conductivity of a single fiber due to its fine
diameter. Therefore, one widely used method[48] for evaluating the thermal conductivity of
fiber is to measure the thermal conductivity of the composite specimen including a bundle of
the fibers, and then the thermal conductivity of the fiber can be calculated. On the other hand,
numerous analytical models for predicting the effective thermal conductivity of composites
were developed in recent years. The numerical results were in good agreements with
experimental results[21, 70-73]. In this work, the thermal conductivity of PEO was 84.7x107
W/(m-K), the effective thermal conductivity of the composite, 3.12% fiber and 96.88% PEO
in volume, was 86.6x10° W/(m-K). According to Equation (8), the thermal conductivity of
fiber was 119.2x10° W/(m-K).
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3.2.3 DETERMINATION OF THE CHARACTERISTIC OF NONWOVEN FABRICS

In nonwoven fabrics, pores of all geometrical shapes are possible due to the randomly
arrangement of fibers (as shown in figure 3). And there is no doubt that the pore size and the
pore shape have important influence in convective heat transfer. We assumed that the pores
in nonwoven fabric are evenly distributed cylinders. And then, the mean effective pore

diameter of nonwoven fabrics is given by Verschoor[89],

(3.4)

Where D is the mean effective pore diameter, d is the mean fiber diameter, ¢, is the mean

porosity of the nonwoven fabric. The porosity of nonwoven fabric is given by,

4, :(1—&}100% (35)

Where p, and py, are the density of nonwoven fabric and hollow fiber, respectively.

SEM MAG: 100 x DET: BE Det + SE Det 3
HV. 30.0 kv DATE: 1011113 um Vega @Tescan
VAC: Hivac Device: TS5130 TU Liberec

Figure 3.3. Image of nonwoven fabric

3.3 RESULTS AND DISCUSSIONS

3.3.1 THEORETICAL ANALYSIS OF CONDUCTION, CONVECTION, AND
RADIATION

The effective thermal conductivity of nonwoven fabric ke is given by

Qcon +Qconv +Qra
, = ~oma i (3.6)
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Or

K, =K. g +K k

e conv +

rad (37)

where Qconds Qconvs and Qrag are heat flow through nonwoven fabrics by conduction,
convection, and radiation, respectively, A is the area heat flow going through, Az is the
temperature gradient on the both sides of nonwoven fabric, keong 1S the conductivity of the
nonwoven fabric due to conduction, ke is the conductivity of the nonwoven fabric due to

convection, and Kkaq is the conductivity of the nonwoven due to radiation.

Thermal conductivity Keong in this work can be obtained by applying Militky’s model, which
is given by[21],

KV, +k.V, K.k,

kcond = 2 + 2(kfva + kan ) (38)

Where kr and k, are thermal conductivities of fiber and air, Vs and V, are volume fractions of
fiber and air. The first term of the right side of this equation describes an ideal model of a
textile construction whose fibers are totally parallel to the flow of heat, while the second term
describes an ideal model of a textile construction whose fibers are totally in series to the flow
of heat.

We assumed that the pores inside nonwoven fabric are cylinders, then the conductivity of the

nonwoven fabric due to convection kcon, can be obtained by[34],

3
K, 9PATL by 1700
1%
3.9a)
s T ; (
0.059K, { gpATL Pr} 1700 < 92T pr - 7000 @.9b)
1% 19 .
k(;onv = gﬂATLS % gﬂATLS
0.212k{ . Pr} 7000 < 22— Pr <3.2x10° (3.9¢)
1 1
s 4 3 (3.9d)
0.061ka[gﬂA2T L Pr} 9AATL by . 3.2510°
19 19

Where k, is the thermal conductivity of air, g is gravitational acceleration, f is coefficient of
volume expansion, AT is the temperature gradient of both sides of nonwoven fabric, L is the
characteristic length of the pore in nonwoven fabric, » is kinematic viscosity of air.
Pr=(uCy/ka) is Prandtl number, 4 is dynamic viscosity of air, Cy, is specific heat capacity of

air ,and k is thermal conductivity of air. When equation (9.1) is applied, which means there is
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no convective heat transfer. And the conductivity of the nonwoven due to radiation, Krag, can
be obtained by [33],

_160T;
rad 3 ,BR

(3.10)

Where o is the Stefan-Boltzmann constant, ¢=5.669x10°W/m?*K* T, is the mean
temperature in the nonwoven fabric, and fr is the Rosseland average extinction coefficient. In
this work, the kraq Was estimated by equation (7) due to the parameter S is beyond the scope

of this paper. And k. can be obtained experimentally. The experimental results are shown in

table 3.1.

Table 3.1. Sample parameters vs. thermal property of nonwoven fabrics

Thickness Porosity Pore Ke Keond Krad
(mm) (%) diameter(mm) — (wym-Kk))  (WAmMK)  (Wi(m-K))
6.25+0.04 97.87+0.026 1.66+0.02 48.3+1.1 27.21 21.09
6.9+0.04 97.87+0.026 1.66+0.02 48.1+0.9 27.22 20.88
7.59+0.05 95.32+0.022 0.76+£0.012 46.2+1.1 28.1 18.1
96.12+0.021 0.91+0.013 47.5+0.8 27.87 19.63
97.07+£0.023 1.21+0.017 47.8+1.2 275 20.3
97.87+0.026 1.66+0.02 49+1.3 27.21 21.79
98.35+0.021 2.14+0.022 53.2+1.3 27.17 26.03
98.83+0.025 3.01+0.028 54.4+1.1 27 274
8.01+0.05 97.87+0.026 1.66+0.02 48.7+0.8 27.21 21.49
8.53+0.07 96.99+0.023 1.17+£0.016 47.9+1.2 27.71 20.19
97.32+0.027 1.32+0.019 47.9+1.3 27.53 20.37
97.64+0.028 1.5+0.018 48.3+1.4 27.34 20.96
97.87+0.026 1.66+0.02 49.6+1.1 27.23 22.37
98.07+0.027 1.83+0.023 50.2+1.3 27.1 231
98.16+0.028 1.92+0.027 51.2+1.2 27.05 24.15
98.30+0.027 2.08+0.029 52.4+1.4 26.96 25.44
98.33+0.028 2.12+0.03 53.1+1.1 26.89 26.21
9+0.06 97.87+0.026 1.66+0.02 48.9+0.9 27.21 21.69
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3.2 THE RELATIONSHIP BETWEEN DENSITY AND POROSITY

The density or the porosity of the nonwoven fabric is an important parameter to characterise
thermal properties. Obviously, the density of the nonwoven fabric is inversely proportional to
the porosity of nonwoven fabric according to equation (3.5), and the correlation between
them was given in figure 3.4. Meanwhile, the densities of nonwoven fabrics were in a more

wide range with respect to the porosities of nonwoven fabrics.
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Figure 3.4. The relation of density and porosity

3.3 EFFECT OF POROSITY ON THERMAL PROPERTY

According to the theoretical analysis, the convective heat transfer can be ignored due to the
critical value is much less than 1700 (equation 3.9a). Therefore, if only the conduction
mechanism was considered, effective thermal conductivity of nonwoven fabric should
decrease continually with the decreasing density or porosity. The effective thermal
conductivity should finally be close the conductivity of the air. However, the experiment
results showed big differences with the above speculation, which suggested that the heat
radiation must contribute appreciably to the apparent thermal conductivity of nonwoven
fabrics. Figure 3.5 showed the effective thermal conductivity of nonwoven fabrics and the
contributions of conductive and radiative heat transfer to the total heat transfer. Conductivity
heat transfer declined as the increase of porosity due to the very low thermal conductivity of
air, but the radiative heat transfer got intensive when the void space inside nonwoven fabric

became larger. At last, the effective thermal conductivity of nonwoven fabrics increased as
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the increase of porosity since the increased contribution from radiation was larger than the
loss from heat conduction. What’s more, the contribution of radiative heat transfer was

smaller than the conductive heat transfer to the effective heat transfer.
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Figure 3.5. Effect of porosity on thermal property

34 EFFECT OF EFFECTIVE PORE DIAMETER ON THERMAL
PROPERTY

It is well known that the heat radiation through air is much more intensive than through other
materials. Therefore, the radiative heat transfer would be more and more tense as the increase
of the pore size inside nonwoven fabric. When keeping the thickness of nonwoven fabrics as
constant, the effective thermal conductivity increased as the increase of effective pore size.
The increased effective thermal conductivity is due to the increased radiative heat transfer (as
figure 3.6 shown). The heat transfer ratio by conduction and radiation were almost the same

when the effective pore diameter was bigger than 2mm.
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Figure 3.6. Effect of effective pore diameter on thermal property

3.5 EFFECT OF THICKNESS ON THERMAL PROPERTY

If the porosity of nonwoven fabrics were kept constant, the change of thickness had no
significant impact on the conductive heat transfer and the radiative heat transfer. If the
porosity was kept constant, the nonwoven fabrics could be taken as a homogenous porous
material whose thermal conductivity would not be changed as the change of thickness.
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Figure 3.7. Effect of thickness on thermal property
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3.4 CONCLUSION

The thermal property of the nonwoven fabric with various structure parameters was
investigated in this study, some conclusions can be made based on the results, (1) both the
conductive heat transfer and radiative heat transfer contributed to the thermal property of
nonwoven fabrics; (2) the effective thermal conductivity of nonwoven fabric increased as the
increase of the porosity and the pore size, however, the thickness did not have a significant
influence on thermal conductivity of nonwoven fabric; (3) the ratio of radiative heat transfer
to total heat transfer increased as the increase of pore size ; (4) the ratio of radiative heat
transfer was smaller than the ratio of convective heat transfer when the pore size was smaller
than 2mm. Owing to the importance of surrounding conditions and experimental conditions,
more experiments with various conditions are still needed in order to understand the heat

transfer mechanisms more comprehensively.
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4 STUDY ON AIR PERMEABILITY AND THERMAL
RESISTANCE OF TEXTILE UNDER HEAT CONVECTION

4.1 INTRODUCTION

Nowadays, the thermal conductivity/resistance of textiles can be measured by several
methods and instruments, such as Alambeta[54], Tci analyzer[58], sweating guarded hot
plate[90], and the laser flash technique[91], which only considered the heat conduction. But
heat convection exists everywhere in real conditions when there is windy or when the object
is moving. And there is still no commercial instrument for evaluating the thermal
conductivity/resistance of textiles under convection conditions. On the other hand, the air
permeability is always one parameter relating to convective heat transfer[92]. Therefore, in
this chapter, one device for evaluating the thermal resistance of textiles under heat convection,

and investigate the effect of structure and air permeability on the thermal resistance.

4.2 MATERIALS AND METHODS

4.2.1 MATERIALS

Plain woven fabrics from different materials with various pore sizes were applied since the
aim of this work is to investigate the effect of structure (porosity, pore size, and pore area) on
the air permeability and thermal resistance under heat convection. Besides, it is not easy to
find the fabrics with various pore sizes from one kind of material. The specifications of

samples are given in table 4.1.

60



Table 4.1 The specifications of samples

Samples Areal Thickness  Bulk Density Porosity Pore size n
density (mm) density of fiber (mm?) %
(g/m®) (kg/m?) (kg/m?)
PA 142.7742.60 0.36+0.012 396.58+7.22 1150 0.66+0.006 0 0
PES 85.36+0.56  0.28+0.009 304.88+1.99 1370 0.78+0.001 0.0015+0.0008 0.82
Visc 85.38+1.16  0.19+0.007 449.37+6.11 1500 0.70+0.004 0.009+0.0003  1.57
Co45 198.1745.03 0.80+0.01 247.71+6.29 1540 0.84+0.004 0.044+0.0166 13.16
PP 177.66+2.87 0.82+0.013 216.66+3.50 946 0.77+0.004 0.096+0.0078 12.79
Co20 82.11+2.51 0.56+0.01 146.64+4.48 1540 0.90+0.003 0.188+0.0554  35.88

Note: PA represents polyamide, PES represents polyester, Visc represents viscose, Co45 represents
cotton fabric by using 45 Tex cotton yarn, PP represents polypropylene, Co20 represents cotton

fabric by using 20 Tex cotton yarn , n represents the ratio of pore’s area to sample’s area.

4.2.2 METHODS

The schematic diagram of self-designed testing device for evaluating thermal resistance of
textile under heat convection is shown in figure 4.1. This device consists of one heater which
provides hot air flow going through the testing sample, an air flow channel, a sample holder
which is in the air channel, two anemometers for recording the speed of air flow, three
thermocouples for recording the temperature on the both sides of sample, one data acquisition
module which connects the thermocouples with laptop and collect the data from
thermocouples, and one laptop which is able to save and read data. The output of heater was
42.35°C, velocity was 4.86m/s, and the heating time duration was 5s.

heat insulated

duct )
air outlet

- A S
T A WA W L

Juuuuuuyd
data acqusition
nininininininini

Figure 4.1. Schematic diagram of testing device. (1,4 are anemometers; 2,3 are thermocouples)
The air permeability of samples was measured by air permeability tester FX3300, which

measures airflow rate under constant air pressure drop. The morphology of samples was
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observed by Dino-elite digital microscope, which is able to measure the dimensions and areas
of sample and pores. The porosity of sample can be calculated by equation p =1 —
(Prabric/Priver) » P 1S porosity, prpric and priner are the densities of fabric and fiber,
respectively. Five measurements for each sample were given, and an average value and

standard deviation were determined.

4.3 RESULTS AND DISCUSSION

4.3.1 MORPHOLOGY OF SAMPLES

The images of samples were evaluated by Dino-elite digital microscope and given in figure
4.1. The magnitudes were 210 and 50 since the pore size of Co20 is too big. According to
the images, the pore size and the ratio of pore’s area to sample’s area can be obtained, and the
results are given in table 4.1. The pore size and the ratio of pore’s area to sample’s area of
polyamide were defined to be zero since it is too density to identify the pore size in two
dimensional image.

PA (210x)

Visc (210x) Co45 (210x)
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PP (210x) Co20 (50x)
Figure 4.2. Images of samples

4.3.2 AIR PERMEABILITY OF SAMPLES
Air permeability describes the rate of flow of a fluid through a porous material. And the

mathematical expression is given by,
q=Q/At (4.1)

And Darcy derived one equation for calculating the air permeability based on hydraulic
radius theory, which states that rate of flow is directly proportional to the pressure gradient

causing the flow[93]. The equation is as follows,

k. -A
g=—2P (4.2)
u-L
Or
k -A
Q:A.t.P_p (4.3)
u-L

Where q is the rate of flow (m/s), k, is the flow permeability coefficient (m?), Ap is the
pressure gradient (pa), « is the dynamic viscosity of the flow (pa-s), L is the thickness of
sample (m), Q is the volume flowing in time (m%), A is the cross-section area (m?) where flow

goes through, t is time.

The results of air permeability of samples from FX3300 are given in table 4.2 and figure 4.3.
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Table 4.2 Air permeability of samples under different pressure

Samples  10Pa (mm/s) Slope 20Pa Slope 30Pa Slope
PA 5.74+£0.103 0.574 12+0.187 0.6 17.02+0.22 5.67
PES 18.82+0.258 1.882 36.4+0.69 1.82 52.48+1.19 1.75
Visc 24.5+1.45 2.45 45.96+1.87 2.3 60.3+1.53 2.1
Co45 61.3+6.35 6.13 119+13.28 5.95 174.6+25.26 5.82
PP 133.2+12.29 13.32 214+8.746 10.7 316+24.36 10.53
Co20 740+22.34 74 1204+51.76 60.2 1592+31.14 53.07

Note: slope is the quotient of air permeability and pressure gradient, the smaller difference between
slopes for the same fabric, the better direct proportional relation between pressure gradient and air
permeability.

The air permeability showed one strong correlation with air pressure gradient according to
equation (4.2) and (4.3) as well as from experimental results. The rate of flow is almost
directly proportional to the pressure gradient based on the experimental results, but the slope
had a slight decrease when the pressure gradient becomes higher, especially for the samples

which have higher porosity, bigger pore size, or bigger pore’s area ratio.
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Figure 4.3. Effect of pressure gradient on air permeability

Owing to the different concepts in evaluating porosity, pore size, and the ratio of pore’s area
to total area of sample, there are no obvious relationships among them (table 4.1). Porosity
defines as the ratio of total void volume to the total volume occupied by the solid and the

void volumes[94], which is a general description of void part in materials, and it does not
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give the information about the pore size and the pore shape. The pore size and the pore’s area
ratio in this work were evaluated by two dimensional images. They can be used to determine
the size of air flow channel and the distribution of pores since the plain woven fabrics have
regular structure (figure 4.2). When the pore as a channel in material, the pore size and pore’s
area ratio must have more significant correlations than porosity with air permeability as well
as the thermal property under convective heat transfer since the speed and volume of air flow

are highly depending on the cross section area of air channel[95].

Some researchers[93, 96, 97] stated that there has one correlation between porosity and air
permeability coefficient/air permeability. Generally, the air permeability would increase as
the increase of porosity. But the air permeability of polyester and polypropylene fabrics in
this work has a big difference even they almost have the same porosity, and also the air
permeability of Co45 fabric is lower than the air permeability of polypropylene fabric even
the porosity of Co45 fabric is higher (figure 4.4). The reason of this phenomenon could be
due to the different pore sizes. Polypropylene fabric has the biggest pore size, which is
corresponding to the highest air permeability; polyester fabric has the smallest pore size,
which is corresponding to the lowest air permeability (figure 4.4 and figure 4.5). And there is
one significant relationship between pore size and air permeability, which increases as the
increase of pore size (figure 4.5). Besides, the pore’s area ratio has a directly proportional

correlation with air permeability (figure 4.6).
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Figure 4.4 Effect of porosity on air permeability
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Figure 4.6 Effect of pore’s area ratio on air permeability

4.3.3 THERMAL PROPERTY OF SAMPLES

4.3.3.1 Thermal conductivity of fiber
Since the aim of this work is to investigate the effect of structure (porosity, pore size and
pore’s area ratio) on the thermal property under heat convection, therefore, the results from

difference material need to be normalized. It means that the materials and the thickness

should be the same.
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The thermal property of fabrics was measured by Alambeta, and the results are given in table
4.3. Based on the results from Alambeta and the knowledge about porosity, the thermal

conductivity of fibers can be obtained by using equations (4.4) - (4.6)[21].
ko =gk, +(1-¢) k; (4.4)

kK (45)
) ¢kf +(l_¢) ka

k, = (ke +kg )/2 (4.6)

Where k, and ks are thermal conductivity of fabric when the fibers are parallel and series to
the heat flow, ke, ka, and ks are the thermal conductivity of fabric, air and fiber, respectively, ¢
is the porosity of fabric.

Table 4.3 Thermal property of samples

Samples  Thermal Thermal resistance  Thermal diffusivity Thermal
conductivity of of fabric of fabric conductivity of fiber
fabric x10° (K/W) x10® (m?/s) x10° (W/(m-K))
%107 (W/(m-K))

PA 40.18+1.46 8.99+0.829 0.0435+0.0024 95.16

PES 31.93+1.32 8.77+1.78 0.0843+0.02 76.67

Visco 31.25+0.61 6.08+0.933 0.0413+0.0095 55.83

Co45 41.1941.45 19.42+2.01 0.1132+0.0125 214.03

PP 42.8+0.758 18.92+1.03 0.1081+0.019 162.05

Co20 34.56+0.647 16.4+1.19 0.1613+0.01282 211.85

4.3.3.2 Temperature difference on the both sides of samples

The temperatures on both sides of samples were monitored responding to time by one self-
made device as described above, and the results are given in figure 4.7. According to
Fourier’s law and Newton’s law of cooling, we can simply define that the bigger temperature
difference on both sides of sample, the more heat energy blocked by the sample, which also
means that the sample has better thermal resistance.
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Figure 4.7. Temperature distributions on the both sides of samples (A: PA; B: PES; C: Visc; D: Co45;
E: PP; F: Co20)
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According to Fourier’s law,

4.7
o adl (4.7

dx

Then we can get,

a_1Q (4.8)

x k A
an_19 (®9)

dx.  k A

Where Q is heat flow, k is thermal conductivity of material, A is the cross-sectional area
which the heat flow going through, dT is the temperature difference on both sides of sample,
dx is the thickness of sample, dT; is the temperature difference on both sides of sample i
(i=PA, PES, Visc, Co45, PP, C020), dx; is the thickness of sample i, k; is thermal conductivity

of fiber material i.

The maximum temperature difference (shown in figure 4.7) and the normalized maximum

temperature difference (from equation 4.9) on both sides of samples are given in table 4.4.

Table 4.4 Maximum temperature difference on the both sides of samples

Samples Max. temperature Normalized Max. Velocity through he

difference (°C) temperature difference dT/dx fabrics(m/s) (W/(m2-K))
(°C/mm)

PA 30.98+0.49 86.05+1.47 0 --

PES 30.53+0.43 87.85+1.29 0.02 21.97
Viscose 29.66+0.50 85.41+1.5 0.03 32.95

Co45 30.29+0.81 85.16+2.43 0.06 65.91

PP 15.34+0.93 32.04+2.79 0.23 252.65
Co20 4.09+0.43 17.05+1.68 0.76 762.4

Note: - - means the value cannot be calculated in this work.

Owing to the penetrating of air flow through the textile, the heat energy went through the

textile as well. The heat flow through textiles can be expressed by,
Q =CMAT =cpV AT =CcpAVAT (4.10)

And also can be given by,
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Qt = Qcond +Qconv = he AAT (411)

Therefore, the effective heat transfer coefficient he can be calculated by solving equations
(4.10) and (4.11)

h, =cpv (4.12)

The specific heat ¢ and density p of air at 50°C is 1005 J/(kg-K) and 1.093kg/m?,

respectively[98], the velocity values are given in table 4.4 based on experiment.

4.3.4 EFFECTS OF STRUCTURE ON THE THERMAL PROPERTY OF SAMPLES
Generally, the textiles having higher porosity blocked less heat energy under convective
condition (as shown in figure 4.8). However, the porosity is not the only factor which
influences the convective heat transfer. The pore size showed a more significant relationship
with the thermal property of textiles, the less heat energy blocked by textiles which have
bigger pore size (figure 4.9). And also as the increase of pore’s area ratio, the normalized
maximum temperature difference on the both sides of samples decreased (figure 4.10). Since
the heat energy was carried by air, therefore, the total heat energy amount which went
through samples depends on the rate of flow and the temperature gradient of air. As discussed
above, the structure of samples is a very important factor of air permeability as well as
thermal property. Therefore, the air permeability could be better to describe the thermal
property of textile under convective heat transfer, and figure 4.11 shows that the air
permeability is directly proportional to the normalized maximum temperature difference.
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Figure 4.8. Effects of porosity on thermal property of samples
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4.4 CONCLUSIONS

In this work, the effects of structure on air permeability and thermal property of textiles are
investigated, based on the experimental results, some conclusions can be draw: (1) the
structure of samples has a big influence in air permeability and thermal property; (2) the pore
size and pore’s area ratio have more significant effect on air permeability and thermal
property then porosity; (3) air permeability is directly proportional to thermal property under
convective heat transfer.
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5 3D NUMERICAL SIMULATION OF LAMINAR FLOW AND
CONJUGATE HEAT TRANSFER THROUGH FABRIC

5.1 INTRODUCTION

Textile as clothing is an integral part of human beings with a primary role to protect the body
against unsuitable environments by avoiding mechanical, thermal and chemical damages and
maintaining thermal balance, which means the clothing needs to be sensitive enough to the
environment and generates a reasonable thermal microenvironment around the body to help it
deal with external weather conditions. The exchange of heat follows distinct phenomena of
simultaneous conduction, convection, radiation. Heat transfer through conduction and
radiation has been well understood and documented [15, 99-103]. However, convective heat
transfer through fabric is difficult to model as there are no exact solutions for porous material
under heat convection as well as the limited research work in this area[92, 104]. The main
problem faced in heat convection is the calculation of heat transfer coefficients or Nusselt

number.

The equation of heat transfer coefficient is given by,

A
he 4 (5.1)
AT
Or
. 5.2
thu A (5.2)
X

The general equation of Nusselt number is given by,
Nu=CRe" Pr" (5.3)

Where h is heat transfer coefficient, g is heat flux, AT is temperature difference, 4 is thermal
conductivity, x is thickness of sample, Nu is Nusselt number, Re is Reynolds number, Pr is
Prandtl number, C, m and n are constants. However, these solutions are valid only for a
specific set of conditions, so for every new situation, a new set of empirical coefficients has
to be designed[5].

Beithou [105] studied the effect of the porosity of the porous medium on the Nusselt number
for natural convection and reported that with the increase in the porosity, there is a linear

increase in the Nusselt number. Hatch[106] confirmed that fabric structural features, not
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component fibers, are the most important controllers of thermal dissipation. Moreover heat
transfer is highly related to fabric thickness, bulk density and the air volume fraction. On the
other hand, numerical method has been widely used in every area due to its reliable accuracy,
flexibility for both realistic conditions and ideal conditions, and more detailed information.
Bhattacharjee [92] studied the heat transfer coefficient of fabric under natural and force heat
convection by numerical simulation, they found that the values from numerical simulation
had a good agreement with the values from experiment, however, the fabrics in their

numerical simulation were taken as plate without pores.

Therefore, in this work numerical simulation is applied to investigate the local temperature
distributions, local heat flux distributions, local/average heat transfer coefficients, and local
Nusselt numbers of fabrics taken as plate and porous material under conductive and

convective heat transfer.

5.2 PHYSICAL MODEL, BOUNDARY CONDITIONS,
GOVERNING EQUATIONS AND NUMERICAL METHOD

The 3-D geometric model consists of polyester fabric and air flow, which is shown in figure 1.
In order to save the computation time, the dimensions of polyester fabric were
30mmx4mmx0.8mm in length (x direction), width (y direction) and height (z direction), and
the dimensions of air flow above fabric were 30mmx4mmx4mm in length, width and height,
the dimensions of air flow below fabric were 30mmx4mmx2mm in length, width and height.
Therefore, the coordinates of geometric domain were X (0, 30), Y (0, 4), and Z (-2, 4.8). The
mesh quality of geometric models was evaluated by two parameters which were minimum
orthogonal quality and maximum aspect ratio. The minimum orthogonal qualities of
simulation 1 and 2 were over 0.99 and the maximum aspect ratios were around 7.56, which
mean the mesh qualities were very high. The minimum orthogonal quality and maximum
aspect ratio of simulation 3 were 0.28 and 15.6, which mean the mesh quality was also good
enough.

In order to simulate different conditions of human-clothing-environment, three kinds of

simulation were carried out.
Simulation 1: the fabric was taken as a plate and contact with human body;

Simulation 2: the fabric was taken as a plate having an air gap between human body and

fabric, and the air flow below fabric cannot move;
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Simulation 3: the fabric was taken as a porous plate having an air gap between human body
and fabric, and the air flow below the fabric can freely move. The pore’s diameter is 1mm,

and the distance between two pores is 2mm.

According to the objective of simulation, the boundary conditions were given: the
temperature contacting with human body was 310K, the temperature of air flow above fabric
was 273K at a velocity (5m/s). From the above known information, the following useful

information for simulation can be obtained:

The Mach number

M, = U,/ JkRT, (5.4)

The total pressure

3 K/(k-1) (5.5)
L [1+ le M j}
Py

The pressure drop

Ap=p,—p, (56)
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Figure 5.1. Geometric models and computational grid (A) geometric model of simulation 1; (B)

geometric model of simulation 2; (C) geometric model of simulation 3; (D) computational grid of
simulation 3.

The governing equations for calculation are given as follows. The heat conduction equation

for the solid part is:
V(A VT,)=0 (5.7)

The mass, momentum and energy equations as well as the ideal gas equation of state are

given by:
v.(pu):o (5.8)
2 (5.9)
V-(pUU)=—Vp+V- u(VU -Ev.m]
V-(PUH)=V-(4,VT,) (5.10)
p=pRT (5.11)

Where 4 is thermal conductivity of solid (W-m™-K™), 4 is Thermal conductivity of fluid
(W-m™-K™), I is the unit tensor.
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The partial differential equations governing the problem are reduced to a system of algebraic
equations using finite volume procedure. The discretization of the convective and diffusive
fluxes across the control surfaces is modeled using the QUICK scheme and the pressure-
velocity coupling is handled with the SIMPLE method. The convergence criterion is that the
residual variations of the mass, momentum and energy conservation equations become less
than 107,

5.3 RESULTS AND DISCUSSIONS

5.3.1 TEMPERATURE DISTRIBUTION IN XZ-PLANE

The temperature distributions (TD) and heat flux distributions (HFD) in xz-plane at y=2mm
are given in figure 5.2. The temperature gradually decreased from the bottom of geometric
model (human skin) to the top of air flow, and the temperature decrease on the fabric surface
and the air temperature increase in the near region of fabric surface, which indicated that the
heat conduction and heat convection were coupled numerically. In addition, the temperatures
of fabric and air close to the air flow inlet (left side of figures) were lower than the
temperatures close to the air flow outlet due to the cooling effect of cold air flow. And the
temperature distribution of simulation 3 is quite different with the other simulations due to

the existence of pores where the cold air flow can go through.

And the temperature distributions in xz-plane at y=2 were compared in figure 2D. For
simulation 1 and 2, the temperatures were decreasing gradually in the near region of bottom
(skin), but for simulation 3, the temperature was decreasing dramatically at the beginning
which is due to the air flow move much faster than the heat transfer rate by conduction. In the

region of air flow above fabric, the temperature distributions were almost the same.
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Figure 5.2. Temperature distribution in xz-plane (A) Temperature distribution of simulation 1 in xz-
plane at y=2mm; (B) Temperature distribution of simulation 2 in xz-plane at y=2mm; (C) Temperature
distribution of simulation 3 in xz-plane at y=2; (D) Temperature distributions of simulations in xz-
plane at x=15mm and y=2mm.

532 TEMPERATURE DISTRIBUTION AND HEAT FLUX
DISTRIBUTION ON FABRIC SURFACE

The temperature distributions and heat flux distributions on the fabric surface are given in
figure 5.3. The temperatures of fabric surface were higher and higher when it was further and
further to the inlet of cold air flow. In contrast, the heat fluxes were less and less. For
simulation 3, the temperature distribution and heat flux distribution had the same trend with
simulation 1 and 2, but the local temperature and heat flux were quite different due to the

difference of fabric structure and the air flow motion. And the air flow motion of simulation 3
is given in figure 5.4.
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Figure 5.3. Temperature and heat flux distributions on the fabric surface (A) Temperature distribution
of simulation 1 on the upper surface of fabric; (B) Heat flux distribution of simulation 1 through
fabric; (C) Temperature distribution of simulation 2 on the upper surface of fabric; (D) Heat flux

distribution of simulation 2 through fabric; (E) Temperature distribution of simulation 3 on the upper

surface of fabric; (F) Heat flux distribution of simulation 3 through fabric.

Figure 5.4. Velocity profile of simulation 3

The more clear comparison of temperature and heat flux distributions on fabric surface is
given in figure 5.5. The temperatures of simulation 1 and 2 were going higher as the distance
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increases since the cold air flow was cooling the fabric surface as well as heated by the fabric
surface at the same time. Therefore, the cooling effect of air flow was reduced as the increase
of distance, and then the temperature was higher as the increase of distance. For simulation 3,
the temperature and heat flux distribution were different at y=2 (the middle line of fabric
surface) and y=3 (the middle line of pores on the fabric surface) due to the air flow motion.
The temperature increased first, and then decreased at y=2 since the air flow below fabric had
more tense cooling at the outlet (figure 5.4). The temperature had a cyclical fluctuations at
y=3 since the cold air flow went through the regular solid-pore structure of fabric. With
respect to the heat flux distribution, the higher temperature was corresponding to the lower

heat flux.
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Figure 5.5. Comparison of temperature and heat flux distributions (A) Temperature distributions of
simulations in xy-plane at y=2mm and z=0 (upper surface of fabric); (B) Heat flux distributions of
simulations through fabric
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5.3.3 COMPARISON OF HEAT TRANSFER COEFFICIENT AND
NUSSELT NUMBER

In order to obtain the heat transfer coefficient of fabric under heat convection, the
temperature gradient and heat flux are needed according to equation (5.2), and the local heat

transfer coefficient is given by,

q (5.12)
h =——>——
(Tair _Tskin)
The local Nusselt number is given by,
Nu, =h,x/4, (5.13)

Substituting equation (5.12) into equation (5.13), then the local Nusselt number is given,

h X d, (5.14)

X
A Tao T

a skin

On the other hand, the Nusselt number is one function of Reynolds number (the ratio of
inertial force to viscous force) and Prandtl number (the ratio of molecular diffusivity of
momentum to molecular diffusivity of heat), which can be expressed generally by equation
(5.1). But for particular situations, the constants of C, m, and n are always different. And for

flat plate in laminar flow, the Nusselt number can be obtained by[5],

Nu, =0.332Re!* Pr¥? (5.15)
Where Re, = pux/u, and Pr, =v/c.

The heat transfer coefficient and Nusselt number are given in figure 5.6. Normally, the
relationship between Reynolds number and Nusselt number should be given, but in this
paper, the distance is given instead of Reynolds number since the Reynolds number is one
function of distance and the aim of this paper is to investigate the distribution of Nusselt
number on the fabric surface. The heat transfer coefficients and Nusselt numbers from
simulation 1 had a very good agreement with the results from equation (5.15) (as shown in
figure 5.6) since this model was derived from the geometry model of simulation 1. It also
indicated that the simulation process and results were correct and reliable. But the heat
transfer coefficients and Nusselt numbers from simulation 2 were much smaller than the
results from model due to the very low thermal conductivity of air gap, which slowed down

the heat transfer rate. The heat transfer coefficients of simulation 3 at y=2 had a general
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decrease trend and had a small fluctuations around the values from model. The fluctuation of
results is due to the different heat transfer rates of heat conduction through fabric and the heat
convection by air flow. The heat transfer coefficients of simulation 3 at y=3 had a similar
trend with simulation 3 at y=2, but the values were much higher than the values from model,
which indicates that the existence of pores increases the heat transfer rate. The Nusselt
numbers of simulation 3 at y=2 were fluctuant around the values from model, but the Nusselt
numbers of simulation 3 at y=3 were fluctuant and much higher than the results from model,
which means the heat transfer by convection is much higher than the heat transfer by

conduction.
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-
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Figure 5.6. comparison of local heat transfer coefficients and Nusselt numbers (A) comparison of
local heat transfer coefficient of model and simulation 1 and 2; (B) comparison of local heat transfer
coefficient of model and simulation 3 at y=2 and y=3; (C) comparison of local Nusselt number of
model and simulation 1 and 2; (D) comparison of local Nusselt number of model and simulation 3 at

y=2 and y=3.

In addition, the average heat fluxes through fabrics were obtained by area-weight average
method. There were 1346.9 W-m?, 342.3 W-m?, and 2520.4 W-m? for simulation 1,
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simulation 2, and simulation 3, respectively. Then, the average heat transfer coefficients of
simulations were 36.4 W-m?%K?* 925 W-m?2K? and 68.12 W-m?.K™, respectively.
Therefore, the thermal insulation of fabric will be much better when there has air gap
between fabric and skin. And the porosity will have a negative effect on thermal insulation

when there has air flow motion and the air flow penetrates the fabric.

5.4 CONCLUSIONS

The heat transfer coefficient and Nusselt number of fabrics in different conditions under heat
convection was investigated numerically in this work, and some conclusions can be draw

based on the results,

(1) The numerical simulation of flow and conjugate heat transfer through fabric can be an
accurate and reliable method according to the good agreement between the simulation results
and a well-known analytical model; (2) the stagnate air gap between fabric and skin plays a
positive role in increasing the thermal insulation, and the porosity of fabric has an negative
impact on increasing thermal insulation; (3) the local heat transfer coefficients and Nusselt
numbers of porous fabrics have big difference, and the skin would have difference thermal
feeling at different local area. In addition, more work is needed to be studied in order to
investigate the effect of pore size, pore’s distribution, the angle between air flow and fabric,

and the air flow velocity on the thermal insulation of fabric.
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6 CONCLUSIONS

The main contribution of this work is to investigate the thermal property of textiles, which

consists of four parts,

(1) Comparison of some widely used analytical models for predicting the thermal
conductivity of textiles under conductive heat transfer, and investigation of the factors
influencing the thermal conductivity of textiles by numerical method, and some conclusions

can be obtained,

Analytical models can provide accurate prediction when the structure of samples is simple;
the numerical simulation can provide more accurate results than analytical models’, and is
more flexible for any complicated structures; the effective thermal conductivity of textile will
be lower as the increase of porosity, pore size, and major-axis length, as the decrease of
contact area; and also the distribution of pores will influence the thermal conductivity of
textiles; therefore, a more delicate model is needed for predicting the thermal conductivity of

textile.

(2) Investigation of structure influencing the thermal property of textiles under conductive,

convective and radiative heat transfer, and some conclusions are as follows,

Both porosity and pore size influenced the thermal conductivity of textile having very high
porosity (>95%) under heat conduction; the effective thermal conductivity of textile was
contributed by conductivity heat transfer and radiative heat transfer, and the ratio of radiative

heat transfer reached up to 50% to the total heat transfer in some cases.

(3) Investigation of the effect of structure (porosity, pore size, and pore’s area ratio) on the air

permeability and thermal property of textile under convective heat transfer,

The structure of samples has a big influence in air permeability and thermal property; the
pore size and pore’s area ratio have more significant effect on air permeability and thermal
property then porosity; air permeability is directly proportional to thermal property under

convective heat transfer.

(4) Investigation of the impact of structure on the thermal resistance of textile under heat

convection numerically,

The numerical simulation of flow and conjugate heat transfer through fabric can be an
accurate and reliable method according to the good agreement between the simulation results

and a well-known analytical model; the stagnate air gap between fabric and skin plays a
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positive role in increasing the thermal insulation, and the porosity of fabric has an negative
impact on increasing thermal insulation; the local heat transfer coefficients and Nusselt
numbers of porous fabrics have big difference, and the skin would have difference thermal
feeling at different local area. In addition, more work is needed to be studied in order to
investigate the effect of pore size, pore’s distribution, the angle between air flow and fabric,

and the air flow velocity on the thermal insulation of fabric.
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7/ FUTURE WORK

In order to more comprehensively and deeply understand the thermal property of textile

under convection and moisture conditions, the future work should include,

(1) Improve the testing device for evaluating thermal property of textile under convective
heat transfer. This device should be able to measure the air velocity, air temperature,
temperature of sample on both sides, and heat flow or heat flux. And the samples should have
variables in porosity, pore size, pore’s area ratio to total cross-sectional area of sample, and

thickness.

(2) Investigate the thermal property/temperature changes of textiles during the process of

liquid absorption, and investigate the energy absorption during the dry process of wet textiles.

(3) Analyze the impact of structure of textile on heat and mass transfer by numerical method.
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