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POLITECNICO DI TORINO

Abstract

Master of Science

Personal Thermal Management via Engineered Optical and Transport
Phenomena

by Francesco SIGNORATO

The energy demand for cooling has nearly doubled in the last twenty years, namely
the worldwide energy request went from 3.6 EJ in the years 2000 to 7 EJ in 2019.
Recent studies reveal that if the efficiency in cooling technologies will not increase,
then in the next twenty years the energy request will more than double due to the
an higher human activity, urbanisation and climate change effects . Personal ther-
mal management aims to control the local temperature of the body providing a sus-
tainable cooling effect that can potentially save both energy and money. This work
presents a numerical and experimental characterisation of both mass and heat trans-
fer through smart polyethylene (PE) fabrics that exploit the simple structure of PE
to guarantee both high transparency in the infrared region to enhance radiative heat
transfer with the environment and visible opacity. Here, the performances of differ-
ent PE fabrics are compared with conventional textiles (e.g. cotton) both in indoor
and outdoor conditions. The higher cooling capacity that PE textiles demonstrate
makes them a cheap and affordable solution to diminish the energy demand for air
conditioning in a sustainable way.
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Chapter 1

Introduction

This chapter gives a general classification of personal thermal management tech-
nologies, with a focus on the latest discoveries on infrared transparent fabrics for
sustainable cooling.

1.1 Personal Thermal Management

Personal cooling technologies aim to guarantee the human comfort for different en-
vironmental conditions. A unique definition of comfort is still not present in the
literature, but the ASHRAE (American Society of Heating, Refrigerating and Air
conditioning) gives a very general definition [1] that can be adopted for the scope
of this work: "condition of mind which expresses satisfaction with the thermal en-
vironment". If referring to indoor comfort, in general this is guaranteed with air
conditioning systems (AC) which require relatively large consumption of electric
energy. The international Energy Agency (IEA) has estimated that the demand for
cooling energy has increased from 3.6 EJ in 2000 to 7 E]J in 2019 [2], thus innovative
technologies are pivotal to increase cooling efficiency and diminish the energy de-
mand. At present, the most promising complementary solutions to AC systems are
based on personal thermal management technologies which, rather than regulate
the temperature of a whole environment, focus directly on the local regulation of the
human body temperature.

1.2 Human Body Thermoregulation

The temperature of the human skin is the result of a energy balance between the
body and the environment. In particular, when the heat is generated within the
body by the metabolic rate M, it is spread over the whole body by blood circula-
tion. Thus, the heat is transferred by the blood to the skin, namely the body sur-
face, by conduction. Here, the clothes behave as resistance for heat, which is finally
exchanged with the environment by convection C, radiation R, conduction K and
evaporation of sweat E. The thermal equation of the body can be derived in differ-
ent forms [3], but Yazdi proposes a more general definition that well describes the
different contributions that affect the skin temperature [4]:

M—-W=E+R+C+K+S

where W is the mechanical work performed by the body thanks to the metabolic
rate M and S the heat storage, note that if the net gain of heat is null, then S = 0
and the body is in heat balance, on the contrary if S > 0 its tempearture will start
to increase. The majority of the heat, nearly the 75%, is dissipated by radiation and
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convection, the rest mostly by evaporation, thus the properties of the clothes are
pivotal to reach the most comfortable temperature for the skin, in general 37 °C, for
different conditions of the environment.

1.3 Classification of Personal Cooling Systems

Personal cooling systems can be divided in three categories based on the different
physics guiding the technology [4]:

e Air Cooled Garments (ACG): convection
e Liquid Cooled Garments (LCG): conduction
e Phase Change Garments (PCG): latent heat

In ACG, convection and evaporation are the two main sources of cooling: an exter-
nal compressor, embedded in the fabric, forces cold air on it to increase the velocity
of the flow thus enhancing the heat exchange. LCG present a network of small pipes
and tubes under the fabric that spread a cold liquid, which in general is water, on
the surface of the body. Once the liquid is heated up by the heat from the body, the
fluid comes back into a refrigerating tool that cools down the fluid. Finally, PCG
are based on the latent heat storage of phase change materials (PCM): the heat that
the body produces is absorbed by the PCM, which typically is water or a paraffin.
Specifically, when the temperature of the body increases, the heat is absorbed by the
PCM in the liquid phase, then when the body temperature decreases again, the PCM
solidifies and the heat is transferred back to the body.

All these technologies target in general cooling in extreme environments, like mili-
tary applications, firefighters garments, or high performance clothes for professional
athletes. Thus, all these solutions turn out to be very expensive and generally very
bulky to be adopted by common users. For this reason, in 2014, a group of re-
searchers from Massachusetts Institute of Technology (MIT) patented an innovative
solution for personal cooling [5], which is based on radiative cooling (see section
2.4.2): "Infrared Transparent Visible Opaque Fabrics", (ITVOF). The goal of the this
technology is to be applied to the whole population, not only to specific sectors of
the textile industry. Moreover, since the latter is based on cheap recycled materials
this could represent a low cost and sustainable solution to introduce in the market.

1.4 Polyethylene Fabrics

The ITVOF technology is completely passive [6], thus it does not require any sort of
external energy source to guide the cooling process. Based on tailored optical prop-
erties of polyethylene, it enhances the radiative heat exchange with the environment
thus increasing the comfort for the human body (see section 2.4).

The technology consists in making polyethylene fibers from recycled plastic with
specific weaving parameters, i.e. diameter of the fibers or the distance between
tibers. Besides having interesting optical properties, the use of polyethylene can
guarantee other important advantages, in fact it allows to [7]:

e reduce the carbon footprint: the production of cotton requires infrastructures
both for the growth and the cultivation management, thus enabling a huge
demand for energy and large CO, emissions [8].
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e reduce water consumption and pollution: the general procedure for dying
clothes consists in immersing them in coloured water, then to wash them with
hot water and re-immerse them in coloured water. The process is repeated
several times until the colour is stable over the washing cycles. It has been
estimated that 200 L of water are used the produce 1 kg of fabrics, thus in-
creasing the water consumption and streams pollution during the discharging
phase of the dyed water [7]. Both the production and colouring process of PE
instead can be developed with alternative techniques, e.g. nano particles em-
bedded in the fibers during the fabrication process for the colouring, that does
not require the use of water.

FIGURE 1.1: Pollution of streams due to the dying process of com-

mon textiles. On the left the Nashua River (MA, USA), in which dyed

water was poured, on the right the clean water after that a waste treat-
ment system has been installed (Figure from [7]).

An issue linked to the use of polyethylene for garments is that PE does not present
polar groups in its structure, thus it shows hydrophobic properties that clash with
comfort requirements for human body. In fact, fabrics require hydrophilic properties
so that the sweat produced by the human body can spread within the garment to
enhance its evaporation. In the literature, PE is generally woven with hydrophilic
material [9], e.g. cotton, to split the radiative contribution of comfort R and the
evaporative one S between the hydrophobic PE and hydrophilic cotton, respectively

[9].

1.5 Outline of the Research

This research has been carried out at Massachusetts Institute of Technology at the
Mechanical engineering department in the Rohsenow Kendall Heat Transfer Lab-
oratory under the supervision of Prof. Gang Chen and Dr. Svetlana V. Boriskina,
who conceived the idea of smart polyethylene for personal thermal management
[6]. Specifically, this work aims to deepen the following topics, which in the docu-
ment will be called T1, T2, T3:
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T1. Gain a better understanding about the surface chemistry of polyethylene fab-
rics and their hydrophilicity (see section 4.2).

T2. Experimentally characterise the water transport properties of different types
of textiles and create a mathematical model that is able to predict the sweat motion
within the clothes (see section 4.3).

T3. Experimentally characterise the thermal performances of different textiles on
the human body both in indoor and outdoor conditions. (see section 4.4).

To do so, Chapter 2 gives an insight on the interaction between light and matter,
with a specific focus on thermal radiation. In addition, it presents the experimental
set up that has been used to test the thermal performances of the ITVOF technology.
Chapter 3 introduces the mathematical formulation and the experimental methods
to account for the spread of water (which mimics human sweat) within the fabric.
Finally, Chapter 4 presents the main results of the activity that are then summarised
in Chapter 5.



Chapter 2

Absorption and Scattering of Light

The main physics involved in the study of polyethylene fabrics cooling capacity are:

e interaction between matter and light, in particular thermal radiation, that al-
lows to describe the different responses of the fabric when it is exposed to
waves with different wavelengths.

e water mass transport through porous media, that describes both the spread of
sweat in the garment and the evaporation rate towards the environment.

This chapter address the first topic. Note that the study of the interaction between
light and matter is a broad topic, within this section only the interactions between
light and small particles will be proposed in the framework of the Maxwell’s equa-
tions. Instead, a quantum mechanic approach is out of the scope of this work.

2.1 Basic Theory of Scattering and Absorption

Matter is constituted by atoms which are in turn made of charged subatomic parti-
cles, namely electrons and protons. When atoms are hit by electromagnetic waves,
charged subatomic particles start to oscillate because of the electric field of the ex-
ternal radiation. The latter oscillations emit in turn electromagnetic waves in all the
space directions: this second emission is called "scattering". Moreover, when illumi-
nated by waves the electrical charges can transform part of the electromagnetic en-
ergy in thermal energy: this is called "absorption". Absorption is linked to the natural
vibrational modes of the electrons, thus when the external frequency of the wave is
equal to the natural frequency of the charged subatomic particles these one will ab-
sorb energy by converting the vibrational energy into thermal one. The equivalent of
this process in vibration mechanics is the classical mass-spring system which when
excited to its natural frequency present the maximum frequency response, thus the
maximum oscillation possible. Similarly, electrons excited to their natural frequency
can be imagined to show bigger oscillations, that due to impacts with other electrons,
are transformed into thermal energy.

2.2 Basics of Classic Propagation Theory

In the literature there are three different models to approach the description of solid
state physics [10]:

e Classic

e Semi Classic



6 Chapter 2. Absorption and Scattering of Light

e Fully Quantum

This work focuses on the first, since the light is described as an electromagnetic
wave governed by Maxwell’s equations and the medium, namely the matter, as a
dipole oscillator. In the second approach, the atom is described through quantum
mechanics, but the light still with a wave description. Finally, the third theory relies
on quantum mechanics both for the light and the medium. Below, an introduction
to Maxwell’s equations and the dipole oscillator model are proposed, since they
constitute the basis of classic propagation theory.

2.21 Notions of Electromagnetism

The physical framework in which scattering and absorption can be described is the
electromagnetic theory. The fundamental equations to deal with those problems are
the Maxwell’s equations, whose expressions for a macroscopic field are reported
below [11]:

V-B=0 2.2)
oB

VXE+5-=0 (2.3)

vXH:]F+a£ (2.4)

E is the electric field, B the magnetic induction and Jr, pr are the current and charge
density, respectively. The electric displacement D and the magnetic field H can be
computed as:

D =¢eE+P (2.5)
H = E - M (2.6)
Ho

where iy and €y are the permeability and dielectric constant of void respectively,
while P is the polarization and M the magnetization. In addition, also the constitu-
tive equations must be considered:

Jr = cE (2.7)
B=uH (2.8)
P = eoxE (2.9)

where o, y and x are the conductivity, permeability and susceptibility of the medium.
To keep a general approach, instead of considering an harmonic electromagnetic
tield that can not be always the case, Maxwell’s equations are analysed by Fourier
transform as follows (considering null charge density pr):

V:-D(w)=0 (2.10)

V-B(w)=0 (2.11)

V x E(w) = iwB(w) (2.12)
(

V x H = Jp(w) —iwD(w) (2.13)
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where w is the frequency of the wave. Obviously, the Fourier transform is applied
also to the constitutive equations:

Jr(w) = 0E(w) (2.14)
B(w) = pH(w) (2.15)
P(w) = egxE(w) (2.16)

An other important quantity for the analysis of scattering and absorption is the so
called Poynting Vector, which describes the amount of energy transferred per unit of
surface and unit of time by the electromagnetic wave. Given the electric field E and
magnetic field H, the Poynting vector is defined as:

S=ExH 2.17)

In general, since the instantaneous Poynting vector is difficult to measure, a time av-
eraged quantity is more common. In addition, if one considers electric and magnetic
fields to be harmonic, the time averaged Poynting vector reduces to:

S= %Re(EC x HY) (2.18)

where E. and H, are the complex functions related to the harmonic wave. The modu-
lus of the Poynting vector is called irradiance and has the measure unit of Wm 25~ 1.
The last property to label a wave is the so called "polarization”. The polarization
plane is the one that contains the electric field and the direction of propagation of
the wave; the vibration plane, on the contrary, is the one containing the magnetic
field and the direction of propagation. Three types of polarization can be identified:
linear, circular and elliptic. A wave is said to be linearly polarized when the direction
of oscillation of the electric field is fixed in time: in that case vertical and horizon-
tal polarization are possible. When the oscillation of the electric field rotates along
the direction of propagation, the wave in general is elliptically polarized; in the par-
ticular case in which the semi axis of the ellipse are equal, the wave is circularly
polarized. In the most general case of elliptic polarization, other key parameters
must be defined:

e Handedness: describes the sense of rotation of the ellipse, namely right or left
handed. The most common notation is to define a right handed elliptically po-
larized wave the one in which the oscillation ellipse is clockwise with respect
to an observer that is looking the wave approaching him.

e Ellipticity: ratio of the semi axis of the ellipse.

e Azimuth: angle defined by the major axis and a conventional direction.
These three parameters and the irradiance are the so called "ellipsometric parame-
ters" and fully describe a wave of a given frequency.
2.2.2 Hypothesis of the Dipole Model

The dipole model gives a description of the medium in which light propagates and
interacts. According to this classical model, there are three different types of oscilla-
tors into the matter, each with its proper resonant frequency [10]:

e atomic oscillators
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e vibrational oscillators

o free electron oscillators

Atomic oscillators

In the oscillator model, the atom is described from a mechanical perspective as if the
nucleus is connected through a spring to its electrons. Thus, the spring represents
the attraction force between a positive nucleus and a negatively charged electron,
being described through an elastic constant Ks;. The presence of a positive and a
negative charge generates an electric dipole, whose intensity depends on constant
K;. In addition, an equivalent mass can be introduced if one consider the reduced

mass y:
1 1 1
— =4+ — (2.19)
1 e MmN

where m, and my are the mass of the electron and the nucleus, respectively. Un-

der this perspective, the "mechanical" dipole has a resonant frequency that can be

computed as:

wo = K (2.20)
K

that represents the dipole oscillations due to the presence of bound electrons within
the atom. It naturally follows that each atom can have more than one resonance
frequency, as also experimentally seen by emission and absorption spectra. At equi-
librium, the dipole oscillates by emitting waves at their resonant frequencies. The
oscillations of the dipole are mainly due to the movement of electrons x(t). In fact,
the nucleus, which is heavier, tends to be stationary, thus the oscillations of electrons
produces themselves a time dependent dipole moment:

p(t) = —e-x(t) (2.21)

Based on this, when an atom interacts with an external wave with frequency w, two
alternative scenarios are possible:

e if the external frequency w is equal to the resonant frequency wy, then the atom
oscillates at resonance with larger oscillations and it absorbs energy from the
external wave, whose decay can be described through Beer’s model:

I(x) = Ipe ™™ (2.22)

where I is the intensity of the wave before interacting with the medium at
x = 0 and k the attenuation coefficient.

e if the frequency w is different from the resonance one, the atom will be trans-
parent to the incoming wave, without absorbing it. In that case, as it happens
in purely mechanical vibrating systems, the atom oscillates with the same fre-
quency of the external field but with a phase difference, which translates in a
different velocity of the outgoing wave as described by the refractive index:

c

n=- (2.23)

where c is the light speed and v the speed of the outgoing wave.
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Vibrational oscillators

In addition to atomic oscillators, namely dipoles that are present within the atom,
also vibrational oscillators can be introduced if considering a compound, for exam-
ple a ionic compound, e.g. salt. In this case the bound electrons are closer to the
Cl atom than to Na ones, thus if considering the whole lattice instead of the single
atom, also in this case a dipole is present.

These oscillations present lower frequencies as can be noticed in equation 2.20, due
to an higher reduced mass. For this reason, in general, absorption peaks due to vi-
brational oscillators are common in the infrared region 102 — 103 Hz rather than at
10 — 10 Hz, as for atomic oscillators. In the case of external waves with frequency
w that interact with these compound, the same considerations that have been de-
scribed for atomic oscillators are valid.

Free electron oscillators

The above mentioned oscillators are based on bounded electrons, but if considering
metals or other materials, there can also be electrons that are free and not bounded.
In that case, the force between free electrons and the nucleus is zero, since it can
be imagined that K; elasticity constant of the spring is null. Thus, in this case, the
resonant frequency for free electron oscillators is wp = 0

2.2.3 Frequency Dependent Absorption coefficient

Knowing the hypothesis on which is based the dipole model, it is cumbersome to
show how the absorption of the medium strongly depends on the frequency of the
incident wave.

As an example, here a single atom with a unique resonant frequency wy is consid-
ered. The interaction of the wave with the atom is described exactly as a mechanical
vibrating system, namely as damped single degree of freedom (SDOF) that under-
goes an external harmonic force of frequency w [10]. In this case, a single degree
of freedom is sufficient, since the nucleus mass is considered much greater than the
one of the electron, thus the oscillations of the nucleus are neglected. The equation
of motion for a SDOF system is:

mdz—x—km d—x+mw2—F(t) (2.24)

g Mgy T '

where F(t) is the external harmonic force, 7 is the damping coefficient, m the mass
of the system and wy its natural frequency. In the case of a electromagnetic problem,
the latter equation can be re-written for the mass of electron m, as:

d>x dx
Me + mey g + mew} = —eE(t) (2.25)

where E(f) is the external electric field and e is the charge of the electron.
Supposing that E(t) has the form:

E(t) = Epexp(iwt), (2.26)
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then the response of the system x(t) has the same form of the external field with the
same frequency but a phase shift ¢:

x(t) = Xoexp(iwt — ¢), (2.27)

where Xy € C is the amplitude of the response. By substituting equation 2.27 in
equation 2.25 and doing some simple algebra, the final expression of Xy can be com-
puted as a function of the external frequency w:

_oh

_ e
Xo= oo (2.28)

It follows that only if the external field has a frequency similar to the natural fre-
quency of the system the oscillations of the electrons turn out to be large (Figure
2.1), in all the other cases they have a reduced intensity depending on the damping
factor, which in the case of electromagnetic problem represents the possible collision
with phonons.

——¢=0.1
—— (=02
——(=03

FIGURE 2.1: Absolute value of the response Xj as a function of the
frequency of the external field w for different value of damping =

a(r)

The movement of atom X, generates a dipole moment which varies in time as de-
scribed by equation 2.21. If considering a number N of atoms, then the "macroscopic
polarization" P,.s, namely the dipole moment per unit volume can be expressed as:

N€2 EO
e (Wi — w? —iyw)

Pos=N-p=—N-e-x(t) = (2.29)
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Based on equations 2.5 and 2.16, the electric displacement becomes:
D = €oE + €gXE + Pres (2.30)
and under the assumption of isotropic material, D can also be expressed as:
D = ep€,E, (2.31)

where €, is the relative dielectric constant. By equating equations 2.30 and 2.31, then
€, can be extracted:

NEZ EO
=1 , 2.32
elw) =1+x+ me (Wi —w? —iyw) (232)
where the real and imaginary components are:

Ne? wt — w?
=1 0 2.33
ereal(w) X+ Me€0 ((U% — w2)2 + (’)’(U)z ( )

Ne? w

€imag (@) = ; (234)

meeq (f — )2+ (yw)?

Experimental studies [10] show that the absorption coefficient a is related to the
imaginary part of the dielctric constant €44 (w):

a(w) <= €ipag(w) (2.35)

which confirms the different absorption peaks of the matter as a function of the fre-
quency w of the incident radiation.

2.3 Scattering and Absorption by Arbitrary Small Particles

In general, in absorption and scattering problems, also the cross sectional area is
employed to describe the interaction light - particle, to give a sense of the specific
amount of energy that is absorbed or scattered. To introduce this quantity, a simple
example of Maxwell’s equation solution is proposed [11].

In this problem a given particle of a given shape, material and refractive index is
illuminated by an incident electromagnetic wave E;, H;; we want to calculate the
electric and magnetic field both in the surrounding E,, H, and within the particle
Ei, H; (Figure 2.2) . The solution to this type of problem is obtained by solving
the Maxwell’s equations; in this section the case of an arbitrary particle shape is
proposed. In the following analysis, the hypothesis that the incident field can be
Fourier transformed in the series of plane monochromatic waves holds. If so, the
simpler case of plane monochromatic incident field can be considered:

E; = Egel(kx—wt) (2.36)

where w is the angular frequency, k the wave number k = 27” and A the wavelength.
The electric field in the surrounding can be written as the sum of the scattered and
the incident one:

E, =Es+E (2.37)
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SCATTERED

(E,,H,)

\t
—_— \

INCIDENT
(E.,H)

FIGURE 2.2: The incident electromagnetic wave E;, H; illuminates a
particle of given shape, material and optical properties. The dipole
oscillations within the particle cause both the scattered field Es, Hs in
the surrounding and the field within the particle E;, H; (Figure from

[11]).
Remembering equations 2.12 and 2.15, it is possible to obtain that:
V x (VX E) =iwuV x H (2.38)
and by applying equation 2.5:
V x (V x E) = w?ueE (2.39)
where the curl of a curl is:
Vx(VXE)=V(V-E)-V-(VE) (2.40)
By combining equations 2.40 and 2.39, the vector wave equation can be obtained:
V2E+KE=0 (2.41)

where k> = w?ue. Thus, an admissible solution is a electric field that satisfies the
vector wave equation and is divergence free; the corresponding magnetic field can
be calculated by equation 2.12. Now that the equation to solve has been obtained
(see equation 2.41), the proper boundary conditions must be set. Discontinuities are
present in the domain, in particular at the interface between the particle and the
medium, thus here the conservation of energy must be guaranteed. To do so, it is
possible to demonstrate [11] that it is sufficient to impose the equality between the
tangential component of both electric and magnetic field in the medium and in the
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particle:
(Ea(x) —Ei(x)) xn =20 (2.42)

(Ha(x) — Hi(x)) xn =0 (2.43)
Once that also the boundary conditions are set, the problem is fully defined:
VPE+KE=0
V?H+kH =0
(Ex(x) —E1(x)) xn =0
(Ha(x) — Hi(x)) xn =20

(2.44)

The assumption to perform Fourier analysis of the incident wave allows to compute
the solution as the superposition of the fundamental frequency by using the linearity
of the aforementioned problem 2.44. In particular, the solution of an arbitrary polar-
ized wave can be obtained thanks to the superposition of linearly polarized waves.
The solution of the problem is space dependent, thus let us fix a local reference frame
X,y,z in the centre of the particle and imagine to compute the solution along the scat-
tering direction e, which is inclined of the azimuthal angle ¢ with respect to the
incident direction z and of the scattering angle 0 with respect to the x axis (Figure
2.3).

The z direction, namely the direction of the incident radiation, is called forward di-
rection and with the scattering direction r forms the scattering plane T. The incident
electric field E; lays in the plane x-y, since it is perpendicular to the direction of prop-
agation, and can be decomposed in two directions:

e ¢|;, parallel to the scattering plane
E|; = cos(®)Ey; + sin(¢)Ey; (2.45)
e ¢, ;, perpendicular to the scattering plane

E ;= sin(¢)Ey — cos(¢p)Ey; (2.46)

In the far region condition, that is far enough from the origin, the scattered electric

N
field is supposed to be transverse (e_r> - Es = 0) and can be computed as:

ikt
Es = 2.47
T —ikr 47)
thus it can be decomposed as following:
= — —
Es = EHseHs +Eiseqs (2.48)

By remembering the linearity of the problem, the solution can be written as linear
function of the incident wave:

E ekr=2) 15, 831 [Ey;
ls| — > " |22 ©3 lli
|:ELS:| —ikr |:S4 S1:| |:Eii:| (249)

where the elements of the scattering matrix S are in general complex functions of the
scattering angle and azimuthal one. This procedure has shown how the solution for
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1]

INCIDENT BEAM

FIGURE 2.3: Solution of the Maxwell problem along the scattering
direction r. The local reference system x,y,z is placed in the centre of
each particle (Figure from [11]).

the scattered field is in general computed in scattering problem for a monochromatic
plane incident wave.

To compute the absorbed field, an energetic approach is easier to be implemented:
imagine to illuminate the particle and place a detector of area A behind it, in that
case the extinction energy, namely the one that the detector can not measure due to
the presence of the particle, is equal to the sum of both the absorbed energy and the
scattered one (Figure 2.4). Thus, the extinction energy can be computed as:

Wext = Wa + Ws (2.50)
where:
—
Wext = — / Sext - €rd A (2.51)
W, = / S, -e/dA (2.52)
W, = — / S, ejdA (2.53)

where S.yt, Ss and S, are the extinction, absorbed and scattered Poynting vector,
respectively.
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FIGURE 2.4: A detector of area A is placed behind the illuminated

particle, the energy that the detector can not measured, namely the

extinction energy is the sum of both the scattered and the absorbed
one (Figure from [11]).

Knowing the solution for the scattered field, the energy transfer W,,; and Ws can
be calculated. In particular, an x polarized incident electric field is assumed, so the
scattered field thanks to equation 2.49 can be computed as:

eik(r—z)

E. =
° —ikr

X E; (2.54)

where X is the vector scattering amplitude that can be obtained thanks to equations
3.13 and 2.46:

X = (Sycos(¢p) + Sgsin(qb))eﬁs + (Sacos(¢) — Slsin(qb))efs (2.55)

In general, rather then using the energy transfer W, surface-specific quantities, e.g.
cross sectional areas (m?) are introduced. These quantities represent the ratio be-
tween the energy transfer and the incident radiation:

W, 47
Coxt = Tm = pRe(X - ex)9=0 (2.56)
1
W 271 |X|2
G = T / / (2.57)
Co=—— = Cext — Cs (258)

L
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2.4 Thermal Radiation

2.4.1 Fundamentals

The main three mechanisms to transfer thermal energy are conduction, convection
and radiation. Conduction is associated to heat transfer due to collisions between
molecules for solid and liquid, and to free electrons interactions in solid. The process
that guides convection is very similar to conduction, but new molecules with lower
kinetic energy are continuously provided to enhance the heat transfer mechanism
(advection). The equations that govern these two process are in general linearly
proportional to the temperature difference between the two systems involved in the
heat transfer. The first is described by the Fourier’s law:

g=—kVT (2.59)

where g is the specific heat in (W /m?), k the thermal conductivity in (W/mK) and VT
is the temperature gradient measured in K/m. The second mechanism is described

by correlation in the form of:
g="hT-Tx) (2.60)

where F is the convective heat transfer coefficient measured in W/ (m?K), T the
temperature of the oncoming fluid and T the temperature of the body.

The third mode of heat transfer, namely radiation, is very different from the other
two. In this case, heat is conveyed through electromagnetic waves. More specifi-
cally, thermal radiation is defined by the electromagnetic waves whose wavelength
ranges from 0.1um to 100um, meaning that it includes part of the ultraviolet till the
mid infrared region (Figure 2.5).

Wavelength (jm)

10° 10° 0 1n*

I T T | : : T T T T
Thémmadl radiation
| |
X rays ,
x -1| Ultravidlet || Infrared
. Hentzian waves
Gamma rays |
| |
| |
14 Lllll{ l'}.' i
[
| | | ] | I | ] | | |
10 | l[il'—. l”LB [”lF ]’-i'm ]”'.a JII:'? 1“;'- lII:l I:J;I'J
| Visible range | Frequency v (5-1)

FIGURE 2.5: Electromagnetic spectrum (Figure from [12]).

The part of the electromagnetic spectrum approximately between 0.4 and 0.7um em-
beds the visible light. The largest portion of thermal radiation includes the infrared
region, which can be further subdivided in:

e Near infrared— 0.7 — 1.4um
e Short wavelength infrared — 1.4 — 3um
e Mid wavelength infrared — 3 — 8um

e Long wavelength infrared — 8 — 15um
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e Far infrared — 15 — 1000um

In addition, this third mode of heat transfer differs from the other two since it does
not require a medium to propagates and, moreover, it is proportional to the fourth
power of temperatures:

goc T — T4 (2.61)

An other concept to introduce when analysing the thermal radiation is the "direc-
tionality". In particular, by considering an emitting surface dA, this emits radiation
in all the directions since its temperature is different than 0K. To account for the
radiation only in one direction, the azimutal angle p and polar angle 6 must be in-

troduced, so that the direction 7 is fully defined (Figure 2.6)

A

i T
FIGURE 2.6: Description of the direction vy
through the polar angle 6 and the azimutal angle j; d represents the solid angle
which is defined as d% (Figure from [12]).

Thanks to this, the total radiative heat flux ® is used to compute the following spe-
cific property:

_— PP

A = dAcos(B)owor

where i, , represents the spectral intensity which accounts for the fact that the be-
haviour of the emitting surface depends both on the wavelength A and the direction
w. Thus, it is defined as the heat flux emitted per unit of surface per unit wavelength
per unit solid angle in a specific direction.

(2.62)
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To consider the radiation emitted in all the wavelength, equation 2.62 can be inte-
grated for all the thermal spectrum obtaining the total intensity I,:

I, = / i dA (2.63)

which represents the heat flux emitted per unit of surface per unit of solid angle in a
specific direction:
2D
hL=————
dAcos(B)ow
Instead, to account for all the directions, equation 2.62 can be integrated over a whole
semi sphere to obtain the hemispherical spectral emissive power:

(2.64)

ey = /i)wcos(ﬁ)dw (2.65)

which represents the heat flux emitted per unit area per unit wavelength considering
all the directions:
%9
7 940A
Finally, by integrating equation 2.66 over all the wavelengths, the total emissive
power E is computed as:

(2.66)

E= /eAd/\ = /IAcos(ﬁ)dw = gj (2.67)

In thermal radiation problems, a benchmark system that is generally introduced is
the so called "blackbody". The latter consists in an ideal body that absorbs all the in-
cident radiation without reflection or transmission. When considering the emission,
the black body is a Lambert emitter, namely the emitted radiation does not depend
on the direction. The emispherical spectral emissive power for a black body can be
computed through Planck’s law [12]:

27thc?
ex —72 ¢ (2.68)

B 25 (en'T — 1)

where c is the speed of the light, k;, the Boltzmann'’s constant and / the Planck’s con-
stant. Thus, for a black body, the spectrum is unique at a given temperature (Figure
2.7). In this case, equation 2.67 can be developed exploiting the diffuse emitter prop-
erty of the black body and the Planck’s law for the spectral emission, thus integrating
over a semi-sphere:

2 prt/2

E, = /IAcos(lB)dw = / / Ixcos(B)sin(B)dpdo = (2.69)

o Jo

/2
—onl, / cos(B)sin(B)dp = rl, (2.70)
0
and exploiting equation 2.68:

E, =oT* (2.71)

where ¢ is the Stephan-Boltzmann constant, thus pointing out that for a black body
the emissive power is only function of the temperature.
More generally, the quantity "emissivity" is introduced for real bodies. The latter is
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defined as:

= — 2.72

€=E/ (2.72)

where E is the emission of the real body and Ej the one of the corresponding black

body at the same temperature. In general, the emissivity depends not only on the
temperature, but also on the wavelength and the direction of propagation.

‘“_

E

E 1x10" . - . .

w

| =

g 8x10" - -
(=}

[=1% Elack body temperature l]b

g gx10"

= X107 4 - 1500K 5
w o

E

@ 4x10" .
L

[&]

a

W 2x10" - -
=

[=5

w

= 0 - - . - T v T T T

E 0 2 4 6 8 10 12
I

Wavelength % [pm]

FIGURE 2.7: Hemispherical spectral emissive power of a black body
for different temperatures (Figure from [13]).

2.4.2 Radiative Cooling

As described in section 1.4, one of the most important process that allows polyethy-
lene fabrics to be a possible breakthrough innovation for the cooling industry is the
so called "radiative cooling". The latter, whose mathematical framework is the one
depicted in the previous paragraphs, is defined as the mechanisms through which a
system cools down thanks to radiative heat transfer with an other system, e.g. the
environment. Most importantly, this cooling mechanism differs from the other three
(ACG, LCG, PCQG) since it is completely passive, meaning that the cooling process
occurs naturally without the need of an external energy source.

When analysing radiative cooling in the open ambient, the main contributions in
the energy balance of the system under investigation are [14] (Figure 2.8):

1. Radiative heat emitted from the system at temperature Ts — g,,4(Ts)
2. Conductive and convective heat losses — gjoss
3. Heat absorbed from the sun— g1,/

4. Heat exchanged with the atmosphere — g,

where the net cooling power (W) of the system g,¢ cooling can be computed as:

Anet,cooling = qrad(Ts) ~ Yloss — Ysolar — qatm (2'73)
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FIGURE 2.8: Thermal balance for a system that shows radiative cool-
ing (Figure from [14])

1. Radiative heat

The radiative heat emitted by the system can be computed thanks to equation 2.67
and considering the definition of emissivity in equation 2.72

co 2w /2
Grad(Ts) = As /O /0 /0 esycos(B)sin(B)dpdodA (2.74)

Specifically, when considering personal thermal management application, the sys-
tem under investigation is the human body, thus further information about the emis-
sion from the skin are necessary.
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FIGURE 2.9: Experimental emission spectrum of white skin (Figure
from [15]).
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The first studies concerning this topic were performed in the early XXth century by
Hardy [16] for medical applications, and further experiments have been conducted
on real samples of skins in 1973 by Sketekee [15]. The latter shows that the emissivity
of the skin is nearly unitary in the interval between 3 and 14 um, thus the human
body can be considered as a black body emitting between the mid (MWIR) and the
large wavelength infrared (LWIR) (Figure 2.9). More recent and accurate analyses
show that the emissivity is constant between 3 and 14 um [17], specifically the body
can be considered as a black body at a wavelength of 10.6pm [18].

2. Conductive and convective heat losses

Other than radiation, other sources of heat losses are conduction and convection. In
the simplest case, the losses can be accounted thanks to equation 2.60:

Qioss = NAs(Ts — Tenv) (2.75)

where T,y is the temperature of the environment and / is an heat transfer coeffi-
cient that encompasses both conduction and convection [19]. If T,,, < Ts then the
losses would be negative, providing a positive effect on the cooling process of equa-
tion 2.73; on the contrary, in sub-ambient radiative cooling applications where the
temperature of the environment is higher than the one of the system T,,, > T, the
overall losses generate a negative effect on the temperature of the system that would
be increased.

3. Sun

The absorbed heat from the sun can be computed with the following expression [19]:

Gsun = AS/O 6(/\/ esun)IAM,l.S(/\)d/\ (2-76)

where 0y, is the angle at which the system is facing the sun and I 1 5 is the irradi-
ance of the sun (Figure 2.10), which shows a peak in the visible region.

1.8
1.6
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12 AM 1.5 Solar Spectrum
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Spectral radiative power (W-m?-nm™)

0'8.3 0.4 1 2 4
Wavelength (um)

FIGURE 2.10: Spectral radiative power of the sun with an air mass
coefficient AM of 1.5 (Figure from [14]).
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For many applications the air mass coefficient, which is defined as:

1
AM = ———, 2.77
c0s(Osun) 2.77)

is considered to be equal to 1.5, meaning that the zenith angle is 05, is 48.2°. In this
case the irradiance is 1000 W /m?, slightly lower than solar illuminance beyond the
atmosphere, which is 1357 W /m? [20].

4. Atmosphere

The atmosphere is composed mainly of nitrogen, oxygen and it behaves as a semi
transparent radiative source in the infrared region. Thus, the heat absorbed by the
system due to the radiation emitted from the atmosphere can be computed as [14]:

co /2
Gatm = AsTT / / s Lnmsin(B)dBdA (2.78)
0 0

where I, is the radiative intensity of the sky and a; the absorptivity of the system.
One of the key element that allows to have radiative cooling for human body is the
so called "atmospheric window" (Figure 2.11).
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FIGURE 2.11: The continuous line describes a model for the trans-
mission of the atmosphere in the infrared region which shows the
so called "atmospheric window" between 8 — 13um, the spectrum in-
stead shows measured data for a cooler that emits in the atmospheric
window to fully exploit the radiative cooling effect (Figure from [19]).

In general, the atmosphere limits the radiative transfer between an object on the
earth and the universe since it is a participating media that partially absorbs the
emitted radiation. Despite this, in the range between 8 — 13um it is highly transpar-
ent to the radiation. Thus, the heat exchange between the human body, which can
be considered as a black body at 10.6pm, and the universe is enhanced.
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2.4.3 Absorption Spectra of Common Textiles

Based on the previous considerations, an ideal fabric for personal cooling applica-
tions should be:

e highly reflective in the visible range, so that it does not absorb the radiation
from the sun and it is opaque to the human eye,

e highly transparent in the infrared region, so that it can transmit the heat emit-
ted from the human body.

Specifically, if considering the radiation coefficients the ideal garment would show
the characteristics reported in Table 1.

Table 1. Radiative properties of an ideal fabric for daytime radiative cooling
AM 15 LWIR-MWIR

A 0 0
T 0 1
R 1 0

Unfortunately, the common materials used in the textiles industry, e.g. cotton, show
very different properties, , as shown in Table 2.

Table 2. Radiative properties of common fabric used in textile industry: cotton
AM 15 LWIR-MWIR

A 0.1 1
T 0.5 0
R 0.4 0

This explains the poor thermal comfort that these garments provide during sum-
mer periods, where the ambient temperature is high. The high absorptivity in the
infrared region causes the fabric to heat up and then to re-irradiate radiation to the
body, which causes sweat and low comfort. A similar effect is caused by the low re-
flectance and higher transmittance in the visible region, which allows the radiation
from the sun to easily reach the human body and increase its temperature.

These characteristics are due to the molecular structure of the different fabrics. As
reported in [7], the most common garments such as cotton or polyester, which nowa-
days is very used for athletic fabrics, have a complicated molecular structure (Fig-
ure 2.12, 2.14) that translates in an higher number of absorption peaks, e.g. in the
infrared region (Figure 2.13, 2.15).
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Cotton is a fiber mostly made of cellulose, which is a natural compound made of
glucose molecules (Figure 2.12).
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FIGURE 2.12: Molecular structure of cotton (Figure from [7]).

This complicated molecular structure reflects into an high absorptance in the MLIR
and LWIR (Figure 2.13), which does not allow the heat emitted from the body to be
transmitted into the environment.
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FIGURE 2.13: Infrared spectrum of cotton (Figure from [7]).
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Similar results are obtained with polyester. The latter is a polymer that along its
carbon chain presents ester functional groups (Figure 2.14).
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FIGURE 2.14: Molecular structure of polyester (Figure from [7]).

Also in this case the absorptance is very high in the infrared region, in addition the
transmittance results to be even lower than the one of cotton (Figure 2.15), thus lower
performances in terms of radiative cooling are expected with pure polyester.
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FIGURE 2.15: Infrared spectrum of polyester (Figure from [7]).
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On the contrary, polyethylene has a simpler molecular structure formed just of carbon-
oxygen bonds (Figure 2.16).

FIGURE 2.16: Molecular structure of polyethylene (Figure from [7]).

As demonstrated by [6], polyethylene presents fewer absorption peaks in the in-
frared region (Figure 2.17), thus having very similar characteristics to the one of an
ideal fabric for radiative cooling.

@

100 1
OJ Absorptance

|

|

2]
o

Transmittance

(%)

sy
o

— —

Reflectance

I v T T

6 8 10 12 14
Wavelength (micron)

FIGURE 2.17: Infrared spectrum of polyethylene (Figure from [7]).
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244 Experimental characterisation

The different absorption properties that the materials shows, reflect in different ther-
mal performances. Thus, when they are used as human body garments, they allow
to achieve different human skin temperature according on how much they reflect
solar energy and transmit the infrared one. This section present the experimental set
up that has been used to simulate the performance of the different garments (Figure
2.18).

[ ? PO
Acquisition,
system
White painted ‘- White painted
heater i heater
Bare skin temperature Fabrlc:emperature
* -_—_—_—
B : Y
i 1 i
Insulation box Ir:isulati%m box

Amperemeter Power supplier

FIGURE 2.18: Experimental set up to assess the thermal performances
of different garments.

Two specular set ups are built to record both the performances of the bare skin and
the one of the skin covered with the garment. The human skin is simulated with
a white painted heater that can provide a variable thermal load, similar to the one
generated by the human metabolism. The skin is placed onto an insulation box
(EPS, expanded polystyrene) to avoid thermal losses with the support, so that only
the thermal performances due to different radiation properties of the fabrics can be
evaluated. The temperatures of the system have been measured with three thermis-
tors (Omega, Series 44000, depicted with a black dot in Figure 2.18):

e T1 to measure the temperature of the environment (open air or lab, depending
if the experiment is performed outdoor or indoor, repsectively)

e T2 to measure the temperature of the bare skin in the centre of the heater

e T3 to measure the temperature of the skin under the fabrics in the centre of the
heater

The power is supplied to the heaters thanks to a power supplier controlling the input
voltage: the heaters have been connected in parallel to assure the same power to both
of them. An amperometer has been connected to compute the current circulating in
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the circuit in series with the power supplier. Thus, the power (W) generated by the
single heater can be computed as:

pP=-—- (2.79)

where V is the voltage imposed by the power supplier and I is the current read with
the amperometer at the end of the circuit, which is supposed to be equally split in
the two heaters (which have the same electrical resistance).

The experiments have been performed both in indoor and outdoor conditions, and
the common protocol that has been followed for each type of fabric is:

1. Switch on the two heaters (without any garment yet) and wait for the station-
ary temperatures

2. Once reached the steady state, place the fabric upon one of the two heaters and
wait for the achieving the steady state again

3. Finally compute the difference between the stationary temperatures:
AT = Teovered — Tskins (2.80)

where T4 is the stationary temperature of the skin covered with the fabric
and Ty, is the stationary temperature of the bare skin.

This procedure has been applied to different types of garments and materials. For
radiative cooling applications, the lower the AT between the skin covered with the
fabric and the bare skin, the better it is. In fact, in that case, the garment allows to
transmit a much higher portion of the heat emitted by the radiator, thus enabling a
better thermal comfort for the human body.
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Chapter 3

Transport in Porous Medium

This chapter addresses the second phenomenon involved in personal thermal man-
agement application, namely transport in porous medium. The latter is responsible
for the spread of sweat through the fabric: in general, a wider and faster spread
allows a faster evaporation of the sweat, which guarantees a better comfort for the
human body.

The topic of water transport in porous medium is very wide: in this section the
mathematical formulation for an isothermal single phase flow is presented, then a
insight about the experimental procedures to characterise the main transport param-
eters is proposed.

3.1 Physical background

Considering a porous medium, the porosity ¢ is defined as the fraction between the
volume of the pores and the total volume of the medium:

Vpores
q> Vtot (31)
In general, a formulation based on continuum approach is used also for porous
medium, thus a representative element volume (RVE) is introduced [21]. The size
of the RVE is bigger than that of the pores, so that averaged quantities, e.g. velocity,
are robust and not affected by the RVE size. When shifting towards a continuum
formulation, the quantities of interest can be averaged in two ways:

e over the total volume of the medium V;, thus encompassing both the fluid
and the solid

e over the volume of the fluid Ve

For example, considering the velocity of the fluid, the average fluid speed over the
total volume V;,; is denoted as v and is called Darcy velocity. On the contrary, the av-
erage fluid speed over the volume of the fluid is denoted as V' and called intrinsic av-
erage velocity. The relation between the two is expressed by the Dupuit-Forchheimer
relationship [21] :

v=¢V. (3.2)
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3.1.1 Continuity Equation

After introducing a continuum model, the classical conservation law for the fluid
mass can be expressed:

2
47% +V - (pf0) =0 (3.3)

where p¢ is the density of the fluid, ¢ the porosity of the medium and v the Darcy
velocity. Specifically, for the case of transport in fabric, a further consideration about
the porosity is necessary. The structure of the garment, which consists of multi fil-
ament yarns woven into textiles, allows the water to spread only within the yarn,
while the space between different yarns remains saturated of air (Figure 3.1).
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FIGURE 3.1: The fabric is composed of different yarns (black circle)

woven one with the other to form the textiles. The yarn itself is com-

posed of multiple fibers of diameter Dy, the water can spread only

within the yarn, thus the space between different yarns remain satu-

rated of air. In fact, if observing the picture on the right, the fabric is

completely wet, but the space within the yarn is saturated of air and
the black background can be easily seen.

For this reason the "effective wicking porosity” must be introduced. The latter con-
siders that water can spread only between the single fibers D separated one from
the other by the average minimum distance D;. On the contrary the space D),
namely the space between different yarns, is saturated of air. Thus, the wicking
effective porosity can be expressed as:

Pe = 4’(1 - Sirr,air) (34)
where Sj;; 4, is the irriducible fraction of air defined as:

Vnw,pores

Sirr,air -

3.5
Vpores (3-3)
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and Vi, pores represents the not wetted volume of the pores between the yarns.
For this reason, equation 3.3 for the specific case of fabric can be re-written as:

o
pe 3L+ (o0) =0 (3.6)

3.1.2 Momentum Equation

In continuum mechanics, the momentum equation is often expressed in term of the
Navier - Stokes equation, here an analogue formulation for porous medium is pro-
posed [21]. The first experimental studies concerning this topic have been performed
by Henry Darcy at the beginning of the XIX century, where he found out that the
speed of the fluid is directly proportional to the pressure difference. In the case of
unidirectional flow, the relation becomes:

Kor
0 = —ﬁg (3.7)

where v is the Darcy velocity (m/s), K is the specific permeability (m?) which is an
intrinsic property of the medium and does not depend on the type of wicking fluid,
p is the dynamic viscosity of the fluid (m?/s) and dp/dx is the pressure gradient
(Pa/m) along the direction of motion x.

More generally, for an anisotropic material the Darcy relation can be expressed in

matrix form as:
1 K., 0 0 oP/ox

v =——10 K, 0] |aP/dy (3.8)
0, 10 o0 k.| |ap/oz

Based on Darcy’s studies, other researchers retrieved a formulation of the momen-
tum equation for porous medium by analogy with the Navier Stokes” equation. For
example, in 1957 Wooding [21] developed equation 3.7 by considering also gravity

and inertial effects:

v 3 H
of [5 + (V- V)v} = -vp-Fo, (3.9)

which represents a specular formulation of Navier Stokes” equation with an addi-
tional momentum sink represented by the Darcy term — &0, due to the resistance
that the porous medium exerts on the wicking fluid.

In textile applications, it is very common to express the position of the water front
in the porous medium as a function of time. If considering equation 3.3 under the
incompressible limit assumption, the latter becomes:

V.o=0 (3.10)

Then, by substituting the Darcy relation 3.7 in equation 3.10:

Ko*P
_= = 11
o =0 (311)
which can be simplified as:
02P
= 0. (3.12)

9x2
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The latter is a ordinary differential equation whose solution is in the form:
P(x) =c1x+co, (3.13)

being ¢ and ¢, two constants that can be identified by imposing two boundary con-
ditions.
P, as explained in section 3.1, represents the intrinsic average pressure, in particular:

P = p + pgh, (3.14)

where p is the hydrodynamic pressure and / the height of the fully saturated water
front (sharp front approximation).

When considering a vertical imbibition process (along x direction), the two bound-
ary conditions can be formulated as:

P = patm atx=20 (3.15)

P = patm + pghs — pc at x = hy (3.16)

The first boundary condition represents the entry averaged pressure of the liquid
into the fabric; the second is the averaged pressure at a general front at height h
(function of time) which is a mechanical balance between the atmospheric pressure
Patm, the pressure due to the column of liquid pgh; and the capillary pressure p.
which drives the wicking adsorption in the capillary.

By imposing the equations 3.15 and 3.16 in the expression for the pressure in equa-
tion 3.13, the two constants can be computed:

C2 = Patm (317)
€1 = pg — % (3.18)
f
Thus equation 3.13 becomes:
P(x) = patm + pgx — Z;x, (3.19)

which expresses the averaged pore pressure at a general liquid front position.

By considering the incremental change in the front position, namely dh(/dt, to be
equal to the intrinsic averaged velocity at the water front, the following relation
holds [22]:

dh
ke A (3.20)
dt (,be
By exploiting the Darcy relation 3.7, the right hand side can be re-written as:
o __ kadp (3.21)
Pe Pept dx
and when substituting equation 3.19 in the latter expression:
v K /pc
= L . 3.22
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Finally, equating equations 3.22 and 3.20:

”Zif_ - (Pf ) (323)

This expression is a ordinary differential equation in s ,which can be solved thanks
to separation of variable technique and by imposing that /1¢(t = 0) = 0. In this case
the solution becomes:

2,52
K
’ — oghy = Pcpgey ' (3.24)

The latter is an implicit expression, thus to make it explicit the Lambert function W
can be used [22]. This function in general is used to transform an expression of the

type:

pe | i

y = W(z)e"(z) (3.25)

into a second one of the type:
z=W(y). (3.26)

Specifically, in this case it is possible to obtain that:

Pc
-
I~ bg

1+w( -1- f;;ipcf)] (3.27)

that gives an expression for the liquid front position during time.
In the simpler case where the effect of gravity is neglected, equation 3.23 can be
integrated obtaining;:

2Kp.
he = Vi (3.28)
/ Pet

that is commonly known as Lucas-Washburn equation.

Concluding, equations 3.28 and 3.27 can be used to model the wicking of water
within the fabric knowing the three main parameters that identify the properties of
the medium:

e Wicking effective porosity ¢,;
e Capillary pressure p;

e Permeability K.

3.2 Experimental Characterisation

This section shows the experimental method that has been used to compute the three
main parameters regulating the wicking process within the garment, namely the ef-
fective wicking porosity ¢,, capillary pressure p. and intrinsic permeability K. After
this, an overview about the uncertainty quantification of the experimental results is
proposed.
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3.2.1 Wicking Effective Porosity

The effective wicking porosity ¢, is computed thanks to the so called "mass method",
under the assumption of sharp front approximation [23]. The latter implies that be-
tween the fully saturated zone, namely where the fabric is totally wet, and the fully
dry zone, namely the zone that has still to be reached by the fluid, there is no transi-
tion zone of partial wetting.
Under this assumption, during a vertical imbibition test (Figure 3.2) the mass of wa-
ter absorbed by the fabric my can be expressed by recalling the definition of density
[23]:

mf = prf = Ahf(l)epf (329)

Metal bar

Balance

IR Camera Hanged
sample

Water
basin

Ol

Vertical stages

FIGURE 3.2: Experimental set up used to compute the effective wick-
ing porosity ¢,

In particular, if considering an interval of time At = t — ty, the latter equation can be
re-written as:

map = pgVy = Ahprepy, (3.30)

where V is the volume of the water within the porous medium, A = 5 is the cross
section of the sample whose average thickness and width are 5 and @ respectively,
and hy; the height reached by the liquid front after the time At. The width of the
samples is measured with a calibre in five different positions, while their average
thickness is evaluated by a micrometre superimposing the specimens, repeating the
measurement in five random position on the sample, and dividing the average re-
sult by the number of specimens to reduce the relative error.

The set up aims to measure two main quantities that are usefull to compute the
porosity:
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e the imbibition mass m;
o the height reached by the liquid front after a certain interval of time /¢

To measure the mass, a precision balance is placed on a vertical stage. A cantilever
metal bar is fixed on top of the balance and used to hang the textile samples. A
second vertical stage is used to support and move the distilled water. Six samples
of the material under investigation are prepared and vertically dipped into distilled
water for five and ten minutes, respectively. The procedure is repeated with three
different samples of the same textile type, and the results averaged.

0.5

03! S | Dewetting

0171 Wetting + wicking

0 500 1000 1500 2000
Time [s]

FIGURE 3.3: Profile of the imbibition mass in a vertical test ,which
shows three different phases: wetting, wicking and dewetting

The transient behaviour of the imbibition mass shows three different phenomena
(Figure 3.3):

1. Initial step due to the formation of the meniscus between the water basin and
the fabric (wetting), and contemporary initial wicking

2. Wicking only absorption, here the mass is absorbed through the fabric by cap-
illarity

3. Final step when the sample is extracted from the water basin (de-wetting pro-
cess), and the meniscus is detached from the fabric.

The wicking mass m; that is present in the equation 3.30 is computed accounting
just for the wicking process in step 2, thus the initial wicking in step 1 has been ne-
glected.

For each sample, the height reached by the front hy; is recorded with an infrared
camera and then measured thanks to a support vector machine algorithm imple-
mented in Matlab. (Figure 3.4).
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5 min 10 min

FIGURE 3.4: Frames of the infrared camera used to compute the im-

bibition height ha; after 5 and 10 minutes. The left infrared image

is converted in a black and white frame by using Matlab software in
order to measure the height of the front.

By knowing the two quantities ma;, ha; and using the expression 3.30, the wicking
effective porosity can be computed from the slope of the curve (Figure 3.5):

Ahpr = ampy (3.31)

Ah

a = (pw¢)_1

} m

FIGURE 3.5: Plot of the imbibition height h5; as a function of the im-
bibition mass m;, the slope of the curve is fit on the experimental
data and it is proportional to the effective wicking porosity ¢..

>

where the parameter « is computed through least square fitting and is used to com-
pute the porosity as:

Pe (3.32)

~apr
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3.2.2 Capillary Pressure

The experimental set up used to compute the capillary pressure p. is the same used
for the wicking porosity. In fact, based on Jurin’s law, the capillary pressure can be
computed as:

Pc = Pfghmaxr (3.33)

where 4y is the maximum height reached in a vertical imbibition test (Figure 3.2).
In this case, the scale is used only to check that the suction of water has reached a
stationary state (Figure 3.6). at this instant the stationary imbibition mass is reached
and the height is recorded with the infrared camera.
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FIGURE 3.6: Transient profile of the imbibition mass used in a vertical
imbibition test.

The imbibition mass is considered at steady state when the standard deviation of
1000 samples is lower than 1072 ¢, considering a sampling frequency of 3 samples/s.
The measure is repeated with three samples and results averaged.
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3.2.3 Water Permeability

After computing the wicking effective porosity and the capillary pressure, the per-
meability can be fitted using the model of Lucas-Washburn (Figure 3.2).

Experimental data .t
0.05 —-—- Lucas-Washburn model -
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FIGURE 3.7: The Lucas-Washburn model is used to fit the horizontal
experimental imbibition distances in order to extract the value of the
permeability K. The error bars are computed based on equation 3.38.

In this case, the fitting parameter © is introduced:
har = OVt (3.34)

The least square method is applied to experimental data performed in a horizontal
imbibition process (Figure 3.8), so that the effect of gravity is negligible and the Lu-
cas Washburn model holds (Figure 3.7).

Finally, the permeability K (%) can be extracted from the fitting parameter © as:

_ O¢ep
K = T (3.35)
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QS

FIGURE 3.8: Horizontal imbibition test used to measure the wicking
distances at a given time /i;.

The horizontal set up consists in a basin of distilled water where the left extremity of
the fabric is immersed 1 mm; the fabrics lays on a hydrophobic support of Teflon, so
that only the capillarity effect due to the fibers is considered. Moreover, the advanc-
ing front in time is recorded with an infrared camera, whose frames are then post
processed with Matlab software to compute the imbibition distances ;.

3.2.4 Uncertainty Quantification

The expanded uncertainty on the experimental measurements has been computed
according to the NIST standard [24]:

U =ky/u? +u3, (3.36)

where u 4 expresses the uncertainty component estimated by statistical analysis of
the measured values (type A), up refers to the uncertainty components evaluated by
other means (type B), e.g. a priori information of the instruments such as calibration,
accuracy and resolution, and k=2 is the coverage factor.

Uncertainty on the wicking distance

For what concerns the uncertainty on the measured position of the water front h; ;,

it is computed as:
_ (M N (N
Unpy = \/(2\/5) + <2\£> ’ (3.37)

where 15 is the length of the fabric immersed in the water basin, which is of 1 mm
for horizontal imbibition tests and of 2 mm for vertical tests both considered as uni-
formly distributed, u i is the thickness of the water front considered with a triangu-
lar distribution probability.
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The expanded uncertainty is thus computed as:

N, 2
X Wia R72

Unw = K\ —72 N’

(3.38)

where R =

max(hAt'i);mi"(hAt'i) is the statistical uncertainty within the repetitions N.

Uncertainty on the wicking effective porosity

The expanded uncertainty for the wicking porosity is computed based on the ex-
pression 3.31 and the fitting parameter «:

Al’lAt — KM At.

Recalling that:

476 -

xpo f

the contributions that affect the uncertainty come both from the uncertainty on the
water front position h1p; (computed in the previous section) and the measurement of
the thickness and width 3, @ that are used to compute the area A. Introducing the
quantity Y;:

Y; = Ahpyi, (3.39)

its standard uncertainty can be computed as:

2 2 2
(v 2Y; 2Y;
Uy; = <ahAt,iuhN,i) + (as—iusi> + (awl “wi> ’ (340)

where the standard uncertainty us, and u, are computed as:

: max(G; ;) — min(G; ;) ?
- Ue L) ij
ug, = (2\@) +< 5 > , (3.41)

being G either w or s, the index j = (1;...;5) the five repetitions of the measurement
for the i-th sample, and u, = 1073m and u, = ‘%510_6711 the resolution of the mea-
surement instrument for the width and thickness, respectively.

Finally, the fitting parameter « and its standard uncertainty s, are used to computed
the expanded uncertainty on the porosity as:

2

WS“ (342)

e

Uy, =k

Uncertainty on the permeability

The permeability is computed thanks to equation 3.34:

hat = OVt
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thus its the standard uncertainty ug ; is:

2 2 2
. aKl' aK,‘ aKi
MK,Z = (a@)M®> + (apcupf> —+ <&¢e, u‘Pt’ (343)
where ug is the standard uncertainty on the fitting parameter as from the least
square method, u,, = pguy,, is the standard uncertainty on the capillary pres-

sure evaluated from the standard uncertainty on the maximum height, and uy, is
the standard uncertainty on the wicking effective porosity, evaluated as described
in the previous section. Finally, the related expanded uncertainty can be evaluated
according to equation 3.38.
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Chapter 4

Results

This chapter aims to present the main findings of the research, which specifically
addresses the three topics presented in section 1.4: T1, T2 and T3

Different types of low density polyethylene textiles with different weaving parame-
ters have been analysed (Figure ), in particular:

e Woven PE: multiple yarns are woven perpendicularly one with the other to
form the grain

e Knitted PE: a single yarn is looped to form the grain. Specifically two variants
with different yarn thickness, namely Knitted 1 and Knitted 2, are tested.

In addition, other materials have been used as benchmarks to compare their proper-
ties with the ones of polyethylene fabrics:

e Dyneema: commercial material composed of ultra high molecular weight knit-
ted polyethylene to which micro-particles are added in each fiber to increase its
strength. Generally it is not used for personal fabrics since its very high rigid-
ity makes it more suitable for other applications, e.g. ropes for constructions
or cut resistant gloves.

e Polyester: largely adopted in textile industry for high performance clothes

e Cotton: one of the most common material for textiles

e
4
SR
ey
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,

,

FIGURE 4.1: Polyethylene fabrics used in the characterisation: woven,

knitted1, knitted2, Dyneema. The two knitted samples differs for the

yarn thickness, which is 0.28 mm for the first and 0.43 mm for the
second.
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4.1 Structural Characterisation

The polyethylene fabrics have been produced by external industrial partners, i.e.
AFFOA Advanced Functional Fabric of America, thus a structural characterisation
is needed to measure the real diameters of the fibers and gain a better insight on the
weaving technique.

This structural characterisation is performed with the Zeiss scanning electron mi-
croscope (SEM), model Merlin, shown in Figure 4.2. In this technique, the samples
must be electrically conductive, thus they were coated with a 50 nm carbon layer to
increase the conductivity of the material. The resolution of SEM is around 20 nm,
meaning that you can not achieve enough resolution to distinguish atoms as it is
possible with other techniques, e.g. transmission electron microscope (TEM).

o

FIGURE 4.2: Zeiss scanning electron microscope, model Merlin, used
for the structural characterisation of textiles.
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The frames that the SEM is able to capture allows to measure both the diameter of
the fibers and the diameter of the yarns. Here, some examples for woven PE (Figure
4.3, 4.4) and Dyneema (Figure 4.5, 4.6) are reported.

FIGURE 4.3: SEM image of the woven PE, which shows the yarn
structure typical of woven textiles. The yarn diameter is about 800

pm.

FIGURE 4.4: SEM image of the woven PE, which shows fiber diameter
about 25 um.
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200 um |\ 1

[S———

FIGURE 4.5: SEM image of the Dyneema, which shows the yarn struc-
ture typical of knitted textiles. The yarn diameter is about 600 um.

FIGURE 4.6: SEM image of the Dyneema, which shows fiber diameter
about 20 um.
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4.2 Surface Chemistry

This section addresses the research topic T1, namely it gives some insights about the
surface chemistry of polyethylene fabrics.

4.2.1 FTIR Measurememts

In general, polyethylene is a non polar molecule thus it presents hydrophobic prop-
erties [25]. Hydrophobic materials are not common in fabrics, since they are not
comfortable for human body and they do not allow the spread of sweat within the
cloth for its evaporation. In the textile industry it is common to apply plasma treat-
ment to convert hydrophobic material into hydrophilic ones [25]; unfortunately this
process requires expensive machinery.

In the case of woven PE and knitted PE to lower the production cost, it has been
decided to exploit the high temperature reached during the extrusion of the single
fibers to make them partially oxidised. The partial oxidation introduces polar bonds
in the PE molecule, which enables the hydrophilicity of the material.

To assess the modification introduced during this process, the FTIR-ATR measure-
ment has been used (Figure 4.7).

. B e — il
S T 111 T

FIGURE 4.7: Particular of an FTIR machine (Thermo Electron Corpo-
ration, model Nicolet Continuum) equipped with a germanium crys-
tal which is in direct contact with the fabric under testing.
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The Attenuated Total Reflectance (ATR) is one of the most common technique among
the Fourier Transform Infrared Reflectance (FTIR) methods to experimentally under-
stand the structure of a tested material. In this technique, an IR beam is directed on a
crystal, in our case germanium, which must have a refractive index higher than the
material under testing, in our case polyethylene textiles. The beam, when reflected
by the crystal, generates an evanescence wave that penetrates into the sampling ma-
terial. By varying the wavelength of the input IR beam and analysing the intensity
of the output wave, the main information about the structure can be identified.

The tests have been performed for all the PE fabrics for three different ageing of
the material (Figure 4.8):

e New: benchmark material for polyethylene, just after surface oxidation treat-
ment;

e Old, 5th cycle: material used for five cycles of wetting and natural drying. Here

the material is only partially oxidised, since the usage destroys some polar
bonds;

e Old, hand-washed: it is used as benchmark to characterise pure polyethylene
fabrics before the oxidation treatment. The "hand-washing" protocol consists
in rubbing by hand the "New" material with distilled water to eliminate the
chemical bonds that have been introduced during the oxidation treatment.

LLDPE-2
i
-C-H stretching
sym. -C-C roc_t(ing
asym. | 2848 cm’ 719 em
2918 cm’’
-C-H bending
1463cm™
| |
>
@
S
2
Old, 5th cycle
-C-0 stretching
1107 cm’
(0, : New ¢
i
! I ! I ! I A ! I
4000 3500 3000 1500 1000

Wavenumber (cm™’)

FIGURE 4.8: FTIR results obtained for a sample of knitted 2 polyethy-

lene. Three samples of the same material with different usage have

been tested: "New", "Old, 5th cycle", "Old, hand washed". Note that

the noise between 3200 cm~! and 4000 cm~! is just due to the not
perfect contact between crystal and fabric.
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The three samples present the classic absorption peaks of polyethylene, namely
the so called:

e asymmetric, at 2918 cm !

e symmetric, at 2848 cm !
e bending, at 1463 cm !
e rocking, at 719 cm 1.

However, the "New" sample shows a singular peak at 1107 cm~!, which is not
present in pure polyethylene ("Old, hand washed") and is typical of carbon oxygen
polar bonds —C — O.

4.2.2 Wettability

To verify that the presence of polar bonds —C — O due to the oxidation treatment can
change the hydrophilicity properties of the material, some wettability experiments
have been performed (Figure 4.9).

LS )
-\
%

FIGURE 4.9: Experimental set up to perform wettability test: a sy-

ringe pump (Harvard Apparatus, model PHD ULTRA) is connected

through a small pipe to a needle which provides small droplets of
water on the surface of the fabric under testing.

The experimental set up consists in a syringe pump to feed a controlled flow rate
of water through a small pipe, whose end is connected with a needle. The needle
is placed vertically on top of a flat hydrophobic support, on which the fabric to test
lays. The movement of the syringe pump allows to provide small droplets of water
on the surface of the fabric, an high resolution camera is used to observe the motion
of the droplet. These experiments are commonly used in the textile field to measure
the dynamic contact angle [26]. Differently than in solid surface or hydrophobic
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membrane where the contact angle is static, for hydrophilic fabrics the contact angle
changes in time due to capillary actions.

The test has been performed both for knitted and woven polyethylene samples in
the "New" and "Old, 5th cycle" configurations. The results confirms that the new
material presents strong hydrophilic properties, thus the contact angle after 1 s tends
to zero due to capillary actions (Figure 4.10). On the other hand, in the old sample
partially oxidised the spread of water is more slower, it takes 40 approximately, due
to a little presence of —C — O bonds (Figure 4.11).

Os 0.1s 1s

FIGURE 4.10: Example of wettability test for a new woven PE sample,
the droplet of water due to capillary action spreads in less than 1 s into
the fabric.

Os 20s 40s

FIGURE 4.11: Example of wettability test for a old woven PE sample,
in which the partial oxidation of the surface makes the droplet spread
slower than in the new sample.

4.2.3 Wet - Dry Cycles

At present the oxidation treatment is not stable in time, meaning that after a certain
number of washing cycles the fabrics come back to hydrophobic properties. To as-
sess the durability of the oxidation process, some vertical imbibition tests have been
performed and the heights reached in the different repetitions measured after two
benchmark times: 5 and 10 minutes. After every repetition, the sample naturally
dries at ambient temperature for 24 hours. Besides the woven and knitted PE sam-
ples also the commercial PE (Dyneema) has been tested.

The Dyneema sample show the fastest decrease of the hydrophilic property dur-
ing the different repetitions (Figure 4.12 (b)): after the second wicking test both for 5
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and 10 minutes, the height becomes a fourth of the initial one. In addition, after the

fifth cycle, the material becomes completely hydrophobic with null wicking proper-
ties.

a Woven PE b Dy
0.12 0.12
[ Rep 1 - Rep 1
[ Rep 2 [ Rep 2
01 [IRep 3 1 04 l:l Rep 3
- | | Rep 4 - | | Rep 4
[ Rep 5 [ Rep 5
0.08 _I_ 1 0.08
£ E1 £
:5’ 0.06 1 -5’ 0.06
(5] (5]
T T
0.04 1 0.04
0.02 ' I 1 0.02 '
0 10 . . B ml
5min 10 min 5min 10 min

FIGURE 4.12: The plots report the height reached after 5 and 10 min-
utes during a vertical imbibition test up to the fifth cycle of drying.
The Dyneema after the first washing cycle shows a rapid degrada-
tion of water transport properties becoming, after the fifth cycle, com-
pletely hydrophobic. The error bars are computed with equation 3.38.

The woven PE and knitted PE (1) show a more stable behaviour than Dyneema, but
still the height reached after the fifth repetition is lower than the 50% of the initial
one (Figure 4.12 (a) and 4.13 (a)).

a o1 Knitted lidpe 1 b 012 Khnitted lidpe 2
[ Rep 1
[ Rep 2
[Rep3
0.1 0.1 || pERep 4
[ERep 5
0.08 0.08
E E
5008 5008
[ Q
T T

0.04 0.04

0.02 0.02

5min 10 mi;\ %min 10 min

FIGURE 4.13: The plots report the height reached after 5 and 10 min-

utes during a vertical imbibition test up to the fifth cycle of drying:

the knitted 2 sample is the one that shows the most constant results

over the different drying cycles. The error bars are computed with
equation 3.38.

The most promising results have been obtained with the second version of the knit-
ted sample, where the height during the subsequent repetitions is much more stable
(Figure 4.13 (b)). Future works will concentrate on the surface treatment process to

make the hydrophilic property more stable in time in order to assure more stable
comfort for the human body.
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4.3 Water Transport Properties

This section addresses research topic T2, namely it gives quantitative results about
the parameters presented in section 3.2 to describe the water transport within the
fabrics.

4.3.1 Wicking Effective Porosity

The wicking effective porosity has been computed thanks to the procedure presented
in section 3.2.1. The plots that correlate the wicking height hs; and the imbibiton
mass 1 are presented below.

a -6 b -6
B %10 Woven PE 5 %10 Dyneema
HH  Experimental data HH  Experimental data
1.8 Numerical fitting q 1.8 Numerical fitting
16 16
1.4 14
4
& 1.2 o 12
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4 5
< 08 < 08
0.6 0.6
0.4 0.4
0.2 0.2
0 . . . . . . . 0 .
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0 0.1 0.2 0.3 0.4 0.5
MA@ M @

FIGURE 4.14: The plots report the experimental vertical imbibition
height as function of the imbibition mass for woven PE (a) and
Dyneema (b) fabrics. The numerical fitting is obtained thanks to
equation 3.32 and the uncertainty is computed based on equation
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FIGURE 4.15: The plots report the experimental vertical imbibition

height as function of the imbibition mass for knitted PE version 1 (a)

and knitted PE version 2 (b) fabrics. The numerical fitting is obtained

thanks to equation 3.32 and the uncertainty is computed based on
equation 3.40.

By fitting the slope of the these curves (see equation 3.32), the effective wicking
porosity ¢, with its expanded uncertainty (see section 3.2.4) can be obtained:
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Table 3. Wicking effective porosity ¢,

Material pe Uy,
Woven PE 0.29 0.02
Dyneema 0.27 0.05
Knitted PE1 0.39 0.12
Knitted PE2 0.33 1le-8

4.3.2 Capillary pressure

The capillary pressure can be computed through the measurement of the maximum
capillary height from Jurin’s law (see section 3.2.2). The values of the maximum
capillary height obtained from vertical imbibition tests are the following:

Table 4. Maximum capillary height /1,

Uy,,.. - 1073 (cm)

Material Hypax (cM)
Woven PE 13.8
Dyneema 14.5

Knitted PE 1 164
Knitted PE 2 15.3

8.4
53
6.1
5.0

Hence, the value of capillary pressure p. and the expanded uncertainty U, are com-
puted thanks to equation 3.33, with results shown in Table 4:

Table 5. Capillary pressure p.

Material pc (Pa)

Uy, (Pa)

Woven PE 1353.8
Dyneema 1422.5
Knitted PE1 1608.8
Knitted PE2 1500.9

0.82
0.5
0.6
0.5

The knitted PE samples perform better than Dyneema and woven PE in term of
wicking distance, namely they can reach a larger maximum wicking distance, which
can potentially enhance a faster evaporation of the sweat towards the environment.
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4.3.3 Permeability

The general method to compute the permeability is presented in section 3.2.3. The
hypothesis to use the Lucas-Washburn model (see equation 3.28) is that the material
is perfectly rigid, meaning that it does not undergoes any mechanical deformations.

This assumption turns out to hold only for woven PE and Dyneema: in these cases
the value of permeability computed from horizontal imbibition tests, can be used
in the vertical model in equation 3.27 to retrieve the experimental imbibition height
obtained in presence of gravity (Figure 4.16).

Dyneema
0.16 T T

-
s

— - — Model no gravity L
0.14 - Modelwithgravity -7
Il Experimental data ’,-”

Height [m]

Height [m]

0 100 200 300 400 500 600 700 100 200 300 400 500 600 700
Time [s] Time [s]

FIGURE 4.16: By knowing the porosity and the capillary pressure,
horizontal imbibition tests are performed to fit the permeability, in
this case the experimental heights correspond to the ones from 0 to
50 s, approximately. This value is used as input for the model in
presence of gravity to recover the experimental vertical data whose
heights correspond to the interval 200 s to 600 s, approximately. In
this case, since the two materials are perfectly rigid, the gravity model
with constant parameters can be used. The grey span is obtained con-
sidering the expanded uncertainty on the value of porosity and capil-
lary pressure in the model with gravity. Here, the "Model no gravity"
and "Model with gravity" are based on equations 3.28 and 3.27, re-
spectively.

On the contrary, in the case of knitted PE samples, the materials show high deforma-
tions due to the weight of the absorbed water. Hence, a model that takes into account
the shrinkage of the material has been introduced to retrieve the experimental verti-
cal heights that, with a constant parameters model 3.28, can not be predicted (Figure
4.17).

An exponential correction for the permeability that allows to consider the change
in the material properties during time has been introduced. The latter accounts for
the fact that the shrinkage of the material causes a decrease in the pore radius and
a subsequent increase of the viscous losses. The value of Kj, obtained from the hor-
izontal tests has been corrected by introducing two constant A, B proper of each
material. The first one is proportional to the rate of deformation of the material,
while the second one gives information about its stationary behaviour:

K= Kh((l —B)-e 4 B) 4.1)
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FIGURE 4.17: Introduction of model for permeability that accounts
for the deformation of the material during time. The value of per-
meability K}, is obtained from horizontal imbibition tests using the
"Model no gravity" through equation 3.28, whose heights correspond
to the interval of time 0-30 s, approximately. When considering ver-
tical imbibition tests, whose experimental heights correspond to the
time interval 30-600 s, the "Model with gravity" based on equation
3.27 with the value of permeability Kj, can not be used to recover the
experimental data. In this case another model that takes into con-
sideration the deformation of the fabric must be introduced: "Model
gravity and deformation", according to equation 4.1.

The values obtained in the horizontal tests and their expanded uncertainty are re-
ported below:

Table 6. Permeability in horizontal tests Kj,

Material Kj, -10712 (m?) Uy, (m?)
Woven PE 3.9 0.01
Dyneema 3.7 0.02
Knitted PE 1 15.6 0.02
Knitted PE 2 34.7 0.001

and the corrective dimensionless parameters for the model accounting also for the
mechanical deformation are:

Table 7. Correction parameters A, B
Material A B

Knitted PE 1 +oo 0.13
Knitted PE2 2.2-10"2 0.35

The +oco value for knitted 1 PE sample means that the deformation is so fast that
the material in vertical imbibition test can be modelled with a constant permeability

value of:
K=K, B 4.2)

The different rigidity of the two materials can be easily shown by comparing the
imbibition heights in horizontal and vertical tests. In fact, the two materials show
different behaviours during horizontal wicking (Figure 4.18 - "Horizontal model"),
while in vertical tests they present similar performances (Figure 4.18 - "Gravity model
with deformation"). This change from different performances in horizontal tests to
similar ones in the vertical case, demonstrates the different rigidity of the material.
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FIGURE 4.18: The comparison between horizontal and vertical tests

clarifies the different rigidity of the materials that produce different

values for the constant A, B. The two materials show different per-

formances during horizontal wicking, while their different rigidity

implies that they present similar performances in vertical tests. The

"Horizontal model" and "Gravity model with deformation" are based
on equations 3.28 and 4.1.
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44 Indoor and Outdoor Thermal Performances

This section addresses the research topic T3, specifically it shows the thermal effects
of different textiles on the temperature of the human skin, as described in section
244,

Recalling that, for daytime sub - ambient radiative cooling applications the differ-
ence between the temperature of the bare skin and the covered skin should be min-
imised, the results for indoor (Figure 4.19) and outdoor (Figure 4.20) conditions are
reported below.

Indoor
4.5 T

Knitted1 Knitted2 Cotton Woven PEDyneema PET

FIGURE 4.19: The plots shows the difference between the tempera-

ture of the skin covered with a fabric T and the bare skin T;;, in in-

door conditions. The knitted samples show a lower temperature dif-

ference with respect to common garment, e.g. cotton, and sportswear

made of polyester (PET).The error bars are computed with equation
3.36 considering 60 min of steady state for each material.

For what concerns indoor conditions, the most promising materials are knitted PE
1 and knitted PE 2, which show better thermal performances than common mate-
rial, i.e cotton, but also of technical material such as polyester (PET). Specifically,
knitted PE 1 shows a 1.3°C decrease in temperature and 0.9°C in the case of knitted
PE 2 with respect to cotton, which is used as benchmark material. A similar exper-
imental set up is used also by [9], in this case the polyethylene fabrics are coated
with polydopamine, then a second layer of cotton is introduced to form the so called
"PDA-nanoPE-mesh". In the latter case, the difference between the covered skin and
the bare skin present better results for indoor conditions, e.g. a decrease of 2°C with
respect to cotton. It is worthy to underline that the "PDA-nanoPE-mesh" solution
shows better thermal performances than the knitted PE samples, but the structure is
more complex, since a double layer configuration is used to give hydrophilic prop-
erties to the material.
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For what concerns outdoor experiments, similar results are obtained also in this con-
ditions, where the optimal performances of knitted PE samples are confirmed over
the other materials, e.g cotton and polyester (PET).

Outdoor

Knitted1 Knitted2 Cotton Woven PEDyneema PET

FIGURE 4.20: The plots shows the difference between the temper-

ature of the skin covered with a fabric T and the bare skin T, in

outdoor conditions.The error bars are computed with equation 3.36
considering 60 min of steady state for each material.

Concluding, [7] predicts that a decrease of 1-2 °C in the human skin temperature
can potentially diminish the use of air conditioning by 30 %, which could save a
significant amount of money and decrease the CO, emissions.
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Conclusions

This chapter summarises the work presented in the thesis, finally a graphical com-
parison of the performances of different fabrics is proposed.

Concerning the surface chemistry, the hydrophilicity of the testing materials is guar-
anteed thanks to a partial oxidation of the surface during the production of the fibers.
This process allows to lower the production cost with respect to apply plasma treat-
ment [25] or a multi layered structure [9].

A model for predicting the water mass transport has been introduced, specifically
for the samples with high rigidity, e.g. woven PE and Dyneema, a classical imbi-
bition model can be applied (see equations 3.27 and 3.28). On the contrary, for the
materials that show higher mechanical deformations during the imbibition process
due to the weight of the water, a correction for the permeability has been introduced
(see equation 4.1), in order to retrieve the experimental data.

Finally, an experimental set up to test the thermal effects of different garments on
the human skin has been introduced.

By comparing the main parameters that has been measured in the thesis (see Fig-
ure 5.1):

e Porosity,
e Maximum capillary height,
e Permeability,

¢ Indoor temperature difference with respect to cotton (Dt Indoor), which is com-
puted from figure 4.19 by subtracting: (Tcotton — Tskin) — (TrE — Tskin),

e Outdoor temperature difference with respect to cotton (Dt Outdoor), which is
computed from figure 4.20 by subtracting: (Tcotton — Tskin) — (TrE — Tskin),

e Wicking distance in vertical imbibition test at 10 min, after the 5th washing
cycle,

it turns out that the knitted PE samples perform better in nearly all the parameters.
Specifically, they guarantee a faster spread of the water, e.g. higher permeability,
that allows the sweat to rapidly move through the fabric, thus enhancing its evapo-
ration and a better comfort.

Concerning thermal comfort, they show positive temperature difference with re-
spect to cotton fabrics: both in indoor and outdoor conditions, Dt Indoor and Dt outdoor,
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respectively. This implies that when the human body is covered by knitted PE fab-
rics, the temperature of the skin is lower than when using common cotton garments.

—— Woven PE

— Knitted PE 1
Knitted PE 2

— Dyneema

1

Porosity

Wicking distance after 10min, 5th cycle

Dt Outdoor Maximum capillary height

Dt Indoor Permeability

FIGURE 5.1: Radar plot of the main parameters that characterise

the wicking and thermal properties of polyethylene fabrics. All the

parameters have been adimensionalized considering the maximum
value of each parameters among the different materials.

In the future, further works will concentrate on optimising the oxidation treatment
to make it more stable in time. In addition, the effect of evaporation will be cou-
pled to the radiative thermal effect on the skin temperature. The ultimate goal is to
find the optimal structural parameters of the fabric, which allow to assure the best
comfort possible to the human body for cooling applications.
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