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Abstract

The aim of the dissertation work is to prepare and characterize a multi-layer fabric for
buffering thermal shocks from the environment using a phase change material (PCM)
and protection against leakage of PCM in the liquid state (above and in the phase change
region)

Although there have been various PCM contained textiles, there are still some problems
with their practical use. The amount of PCM in fibers or fabric is limited when they
significantly deteriorate other properties (e.g., mechanical property, breathability etc.).
The multi-layer fabric is composed from PCM-loaded layer, barrier layer and protective
layer. By controlling the interfacial adhesion of melting PCMs on barrier layer or
protection layer, the leakage phenomena were totally avoided. The PEG and paraffin
wax were selected as PCMs in such multi-layer fabric. The maximum loading amount
of PCMs in the multi-layer fabric was 45 wt%. Correspondingly, the overall enthalpy
value of the multi-layer fabric was high as 78 J/g, which supported thermal buffering
effects

Besides, the introduction of metal microparticles in the PCM-loaded layer was able to
enhance heat transfer through the whole multi-layer fabric.

Furthermore, the breathability of the multi-layer fabric was also realized by modifying
PCM-loaded layer. The PCM-loaded layer was split to system of air pockets and PCM
pockets. However, the heat transfer through the breathable multi-layer fabric became
complicated. The size of air pockets was strongly connected to the mutual heat transfer
between PCM pockets and air pockets.

The research work not only provided an alternative to have a textile containing PCM,
but also extended the application of nanofibrous membranes in smart textiles. It has
been verified that the nanofibrous PUR membrane incorporated into the multilayer
textiles meets the requirements of preventing PCM leakage during phase changes and
ensures their practical use.

Keywords: PCM, PUR nanofibrous membrane, PCM leakage, interfacial adhesion,
thermal energy storage, thermal buffering effect, metal particles, breathability



Abstrakt

Cilem disertacni prace je pfipravit a charakterizovat vicevrstvou tkaninu pro tlument
tepelnych Sokl z okoli s vyuzitim materialu s fazzovou zménou (PCM) a ochranu pied
unikem PCM v kapalném stavu (nad a v oblasti zmény faze). Ackoli jsou znamy
textilie obsahujici PCM v rizné form¢ (obvykle zapouzdienych v mikro kapsulich),
existuji stale problémy s jejich praktickym pouZzitim. Mnozstvi PCM ve vldknech nebo
tkaninach je omezené, protoze se vyznamné zhorsuji jiné vlastnosti (napf. mechanické
vlastnosti, prodysnost atd.). Navrzend vicevrstva textilie se skldda z vrstvy plnéné PCM,
bariérové vrstvy a ochranné vrstvy. Rizenim mezifazové adheze roztavenych PCM na
bariérové vrstvé nebo ochranné vrstvé bylo zcela zabranéno jevu Uniku. PEG a
parafinovy vosk byly vybrany jako vhodné PCM v pfipravené vicevrstvé textilii.
Maximalni mnozstvi PCM v pfipravené vicevrstvé tkaniné bylo 45 % hmotnostnich
procent, coz vyrazn¢ prevySuje mnozstvi kapsuli PCM na textiliich. Celkovéa hodnota
entalpie vicevrstvé tkaniny byla také vysoka, tj. 78 J/g, coz podporovalo tepelné tlumici
efekty.

Kromé¢ toho zavedeni kovovych mikrocastic do vrstvy plnéné PCM o zvysilo pienos
tepla celou vicevrstvou textilii.

Zlepseni prodysnosti piipravené vicevrstvé tkaniny byl také realizovano tipravou vrstvy
plnéné¢ PCM. Vrstva plnénd PCM byla rozdélena na vzduchové kapsy a kapsy
Optimalni velikost vzduchovych kapes byla siln€¢ ovlivnéna vzajemnym pienosem tepla
mezi PCM obsahujici kapsami a vzduchovymi kapsami.

Vyzkumna préace poskytla nejen novou alternativu k piipravé textilii obsahujici PCM,
ale také rozsifila aplikaci specidlnich nanovldkennych membran v inteligentnich
textiliich. Bylo ovéfeno, ze nanovlakennd PUR membrana zaclenéna do vicevrstvé

rrrrr

jejich praktické pouziti.

Kli¢ova slova: PCM, PUR nanovlakenna membrana, unik PCM, mezifazova adheze,
akumulace tepelné energie, tepelny tlumici efekt, kovové castice, prodysnost
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1. Introduction
Phase change materials (PCM) are a group of materials that adsorb/release thermal
energy during their phase transition. The PCM could be applied in various fields,
including building materials, solar energy storage, the thermal management of the
electronic system, food storage, smart textiles, and so on [1-6]. The discussions of the
PCM related to the PCMs classification, the preparation of PCMs, the application of
PCM have been reviewed in various published works [2,7-14]. Besides, the toxicity,
health hazards, and commercialization of PCMs are reviewed by S.S. Chandel et al [15].
It is also reported that the market revenue of the PCMs is increasing with rate of 19 %
and can reaches 5.1 billion dollars, which is shown in Figure 1 (A).
Especially, the PCM-incorporated textiles have attracted more and more attention even
from academics (Figure 1 (B)) (PCMs publications are determined by search ‘phase
change material’ for ‘abstract’ or ‘title’ or ‘keyword’, and PCM-incorporated textile
publications are determined by search ‘phase change material’ and ‘textile’ or ‘fabric’
or ‘yarn’ or ‘fiber’ for ‘abstract’ or ‘title’ or ‘keyword’). It is well known that the first
introduction of PCM into textiles was realized from NASA in the early 1980s, which
was aimed to improve the thermal protection against the extreme temperature
fluctuation in the outer space. The basic working principal of PCM-incorporated
textiles is the realization of thermal energy storage when the phase transition of PCM
between the solid and liquid phase while the temperature of PCM during the phase
transition is little altered. Besides, the thermal resistance of the PCM-incorporated
textiles is enhanced when there is the phase transition of PCM. Now, there are various
commercial PCM-incorporated textile products over the globe (e.g., air condition
thermal fiber from Outlast company, Smartskin fabric, Triangle R&D and so on), which
is shown in Figure 1 (C). The main function of the PCM-incorporated textiles includes
thermal regulation, heat protection, thermal energy harvesting and so on (Figure 1 (D)).
The main reasons for the rapid development of the PCM textiles could be two aspects:
1) The first aspect is based on the various functional applications of textiles. It is
indicated that the concept of ‘textile structures’ include fiber, yarn, and fabric [16].
Since the successful fabrication of the ultrafine fibers via the advanced technologies,
the flexibility of the ultrafine fibers supports the high compatibility with various
other materials. Besides, the yarns are considered a special structure where the twist
enhances the mechanical property. The release/store of the mechanical property in
the yarns could be realized. In addition, the fabric is a stable porous structure. By

modifying the fabric, various applications are proposed, including the antibacterial

1



property, oil/water separation, particle filtration, thermal regulation, Joule heating
property, optical property, EMI shielding etc. [17-26].

2) The second aspect is based on the usage of the PCM. The usage of the PCM is
proposed to enhance the thermal regulation and thermal energy storage, and also
supports the light radiation-thermal energy conversion, solar-thermal energy
conversion, and so on [27].

Although there has been a great achievement in PCM-incorporated textiles, there are

still some challenges. The limited thermal energy storage of PCM-incorporated textiles

is found, which is caused by limited mass of PCMs in the textiles and confined
crystallization of PCMs in the textiles. So, how to effectively increase thermal energy
storage and thermal buffering effect of PCM-incorporated textiles should be focused
on. Besides, the thermal energy storage efficiency of PCM-incorporated textiles is low.

Enhancing the thermal energy storage efficiency of PCM textiles can support other

applications, which is also necessary to be solved.

This dissertation work is in the form of commented set of published scientific papers

dealing with preparation, characterization and testing of multi-layer fabric for buffering

thermal shocks from the environment by using of PCM. Full texts of four most
important papers where I am first author are in appendix. In total, the set of scientific
paper contains 20 research works published in impact factor journals and 17 conference

paper. There were 5 published chapters in scientific books.



Figure 1 Necessity to develop PCM-incorporated textiles (A: Current market revenue
of PCMs and their podcast, B: publications related to PCMs and PCM-incorporated
textiles from Scopus, C: famous commercial products, and D: function of PCM-

incorporated textiles for human

2. State of the Art

2.1 Suitable PCM for textiles

It is well known that the PCM is classified into two types: inorganic PCM and organic
PCM [28]. However, the phase separation and corrosion property of inorganic PCM are
found, which make inorganic PCMs unsuitable for textiles. So, the organic PCM are
used for textiles, which includes paraffin wax, fatty acid, polyethylene glycol and so
on. However, the leakage and low thermal conductivity of the organic PCM are the
main problems for the practical applications. To avoid leakage, microencapsulated
PCMs (MPCM) and form-stable PCMs (FSPCM) have been proposed [29-31].

® PCM capsules (MPCM)

MPCM has been the most industrial technology and its application in textiles has been
studied for decades [32,33]. The summary for the MPCM is shown in Figure 2 (A).
The MPCM consists of supporting materials as shell and PCM as core, where stability



of thermal energy storage and phase transition of MPCM is enhanced [34]. The biggest
advantage of MPCM is the good encapsulation of PCMs. Besides, there are various
preparation methods for development of MPCM, such as suspension-like
polymerization, photo-induced microencapsulation, interfacial polymerization etc.
According to the shell type of MPCM, there are three MPCM, including organic MPCM,
ceramic MPCM and metallic MPCM. Among three MPCM, the organic MPCM are
usually for textiles since they have no corrosion and easy control. However, the poor
mechanical property of the organic MPCM is found, which results in unexpected
destroy of MPCM during their coating on fabrics. Besides, the overall thermal
conductivity of the MPCM reduces the heat transfer efficiency. In addition, the
encapsulation efficiency of MPCM requires modification and the reproducibility of the
MPCM is difficult [33].

® Form-stable PCM (FSPCM)

FSPCM is an alternative to avoid leakage of PCM and realize thermal energy storage,
which is shown in Figure 2 (B). FSPCM is usually prepared by filling PCM into porous
materials (e.g., zeolite, aerogel, foam etc.) [29,35-38]. Although the leakage of molten
PCMs can be avoided, the self-crystalline behavior of the encapsulated PCM in the
FSPCM is significantly confined and thermal energy storage and phase transition
behavior of the FSPCM is different from pure PCM [39,40]. Besides, the environment
could have a side effect on the phase transition behavior and thermal energy storage of
FSPCM. For example, our recent work revealed that a significant side effect of hot and
humid environment resulted in a reduced overall thermal energy storage of

PCM/expanded graphite composites [41].
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Figure 2 Current problems of PCM (A: MPCM, and B: FSPCM)

2.2 Incorporation of PCMs into textiles

2.2.1 PCM containing fibers

For PCM containing fibers, the PCM are trapped in the fiber matrix. Various
technologies are used to prepare the PCM containing fibers, including electrospinning,
centrifugal spinning, molten spinning, solution spinning, dry-jet quenching spinning,
interfacial polyelectrolyte complex spinning, vacuum impregnation, and injection
spinning [44]. Then, the various polymers have been successfully used as the
supporting materials for the storage of the different PCMs, including polyester (PET),
polyvinyl alcohol (PVA), polyurethane (PUR), and etc. Although there is a great
achievement in PCM incorporated fibers, some drawbacks or problems remain to be
solved.

As shown in Figure 3 (A), two key factors are taken into consideration for the PCM



containing fibers. Firstly, the PCM loading amount of the PCM containing fibers is
limited, which is related to the mechanical property. Higher PCM loading amount
reduces the mechanical property of PCM containing fibers although increase the
thermal energy storage. Especial for MPCM containing fibers, the recommended
maximum MPCM loading amount is 10 wt% [28]. Secondly, there is a strong
confinement of PCM inside the PCM containing fibers, which results in reduced
thermal energy storage. Besides, it is reported that the PCM containing fibers have a
stable phase transition behavior after heating/cooling cycles. However, the mechanical
property of the PCM containing fibers after heating/cooling cycles should be different
from the one without heating/cooling cycles since the crystalline structure of the PCM
inside the PCM containing fibers is altered, although there are no research works to
report.

The PCM containing fibers are also for fabrication of PCM-incorporated yarns or PCM
containing fabrics. In this case, the similar problems are found as described.

Apart from such PCM containing fibers, the coating of PCM on the fibers is an
alternative. However, it is not standard as PCM containing fibers and there are few
works related to such topic.

2.2.2 PCM containing fabrics

For PCM containing fabrics, the pad-dry-cure coating method is the most popular to
have a coating of MPCM (or FSPCM) on the fabric [5,42,43]. To enhance the ability of
MPCM (or FSPCM) on the fabric, the binder is necessary to be used. Then, such
MPCM (or FSPCM)-coated fabrics have thermal regulation behavior. Although there
are some achievements in the MPCM-coated fabrics, some problems remain to be
solved, which is shown in Figure 3 (B).

Firstly, the MPCM loading amount on the fabric is limited and shorter thermal buffering
effect is suggested. Secondly, the surface chemistry and mechanical property of
MPCM-coated fabrics are changed since there is a coating by using binders. The type
of binders significantly affects thermal comfort (e.g., moisture management etc.).
Thirdly, the breathability (e.g., air permeability, water vapor permeability) is reduced
since there is a MPCM (or FSPCM) coating layer on the fabric surface. Fourthly, loss
or damage of MPCM possibly happens because of external mechanical damage (e.g.,
due to washing, abrasion). The leakage of the MPCM also possibly happens during the

coating process.



Figure 3 Current problems of PCM-incorporated textiles (A: PCM containing fibers,
and B: PCM containing fabrics)

2.2.3 Characterization of PCM-incorporated textiles

There are various methods to characterize thermal buffering effect of PCM-
incorporated textiles (Details are given in 9.5 in APPENDIX 1). Among all the
methods, the temperature-time curve (T-history) is the most convenient one to
characterize thermal buffering effect. The whole T-history or selected points only can
be used for characterization of thermal buffering effect of PCM [42,45]. Besides, the
protection time of the PCM-incorporated textiles has been proposed. This time is
determined by the time corresponding to half of difference of final and initial
temperature [46]. However, such characterization of T-history cannot provide the exact
thermal buffering effect range of the PCM-incorporated textiles.

Kinetics of temperature changes are formally expressed as rate equation of first order
is equivalent to so-called Newton’s cooling law (used of course for both cooling and
heating), which is expressed by equation (1).

aT _

- T-T)/t (1

dt
Where, T7is the final temperature of sample (for #—o0), 7; is the initial temperature of
sample, T is the sample temperature in time ¢ and t is the cooling (heating) rate
constant.
By integrating of this differential equation in suitable limits (from =0 where 7= T7; till

time ¢ where temperature is 7), the integral form is expressed in equation (2).

Tr—T = (T; —T)e /* (2)



Formal linearization of equation (2) is expressed by equation (3):

In[(T; = T)] =Wn[(T; - T;)] — t/7 (3)
The t can be therefore approximately related to slope of dependence y = In (7'-77) on
x =t by linear least squares method.
Figure 4 (A) and (A’) present one example for standard application of Newton’s
cooling law. For the common fabric, the temperature-time curve (T-history) is classic,
and the parameters of Newton’s cooling law are interpretated with physical meaning,
and the relevant thermal property of fabric (e.g., thermal conductivity, thermal
resistance etc.) can be estimated [27]. To extend the application of this model for better
fitting of complex T-history curves with different parts, the different models are
proposed for individual parts [28]. As a result, the calculated heating or cooling
constants corresponds to different parts of T-history. For PCM-incorporated textiles, the
T-history curve consists of three parts, including first sensitive heat storage part with
solid PCM, latent heat storage part with solid-liquid PCM and second sensitive heat
storage part with liquid PCM. By formal splitting of kinetic equation (2) into the three
parts of T-history of PCM-incorporated textiles can be estimated. More precise is to
integrate rate equation (1) for different parts of T history in different limits.
For Part I, obviously the lower limit is # = 0 and 7 = T;. This part is bounded by end

point (¢;. T7) which is constraint. Then, the modified equation (4) is obtained.

=Ty _ -/t
TL'_Tf =€ (4)

For Part 11, the lower limit starts from the point of # = #; and 7'= T;and ends at the point
of t =t; and T'= T>. Then, the modified equation (5) is obtained.

TTr _ p-(t-ta)/T (5)
T,-Tf

For Part II1, the lower limit is at point of # = #> and T'= 7> and higher limit could be at
point of = ¢; and 7 = T. Then, the modified equation (6) is obtained.

TTr _ p-(t-t3)/T (6)
T3-Tf

It should be noticed that the use of equation (1) assumes here that for all parts have an

equilibrium temperature (e.g., 7y. To having the turning points for three parts, the plot
of ln[(T — Tf)] against ¢ can be used. By observing the three linear segments in this

plot, the three parts corresponding to solid phase state of textile and PCM, phase
transition state of PCM and liquid phase state of PCM are suggested. A pure empirical

model based on exponential model expressed in equation (7) is proposed. The 4 is the



factor, and the parameter with subscript /, 2, 3 in equation (7) represents three parts of
PCMs (solid phase state, phase transition state and liquid phase state).
_h
Ti + Ale 71
_L2
T =\T, + Aye © (7)

i3

Ty + Aze =
However, it is hard to obtain the turning points for three parts from T-history curve. By

having logarithm for equation (7), the three linear parts can be obtained. By observing
the linear segments in the plot of ln[(Tf — T)] aganist #, the three parts corresponding
to solid phase state, phase transition state and liquid phase state are suggested. After
having linear fitting for each part of ln[(Tf — T)] aganist ¢, the parameters including

A and 7 can be found. By having intersection points of adjacent linear equations, the
turning points at time ¢ are found. Then, the nonlinear fitting models according to
equation (7) for full heating T history is used. By taking errors into consideration, the
theoretical turning points (time and temperature) for phase transition are estimated by
having the intersection points of adjacent nonlinear model in equation (7). Figure 4
(B) and (B’) present one example for standard application of modified Newton’s
cooling law.

Besides, the thermal insulation (/) can provide the potential overheat injury of PCM-
incorporated textiles when the PCM-incorporated textiles reach heat balance during
heating process, which is expressed in equation (8). The 7} is the temperature of the

heater and 7’ is the environmental temperature.
I'=(Ty—Tp)/(Th — T;) (8)



Figure 4 Example for application of Newton’s cooling law (A: heating curve with
standard Newton’s cooling law, A’: standard plot of ln[(Tf — T)] against ¢, B: heating
curve with modified Newton’s cooling law, and B’: nonlinear regression model for

ln[(Tf — T)] against f)

3. Motivation and aims

It is well known that the leakage of PCM during heating/cooling cycles is governed by
viscosity of molten PCMs and interfacial adhesion between molten PCMs and fabrics
if the pure PCMs are coated on fabrics directly. From this point of view, the multi-layer
fabric structure with barrier layers covering the PCM-loaded layer (pure PCM-coated
fabrics) is promising to avoid leakage [47]. For the selection of the barrier layers, the
nanofibrous membranes are advantageous. There are two reasons:

1) By controlling porosity and surface chemistry, various nanofibrous membranes

have been applied for oil/water separation, air filtration etc. [48—52].
2) The high resistance against mass transfer of nanofibrous membrane-coated fabrics

have been proposed [53,54].
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From this point of view, the nanofibrous membranes can be used as barrier layer to

resist against the penetration of molten PCMs.

In this work, we first tried to use nanofibrous membranes in the fibrous multi-layer

PCM system. As shown in Figure 5, the fibrous multi-layer PCM system consists of

PCM-loaded layer, barrier layer and protection layer. The PCM-loaded layer is PCM-

coated fabric. The viscose nonwoven fabric was selected as substrate for coating of

various organic PCM (e.g., PEG, PW, myristic acid etc.) since the viscose nonwoven
fabric is porous and has a good interfacial adhesion with organic PCM. The PCM-
coated fabrics have a mass percentage of PCMs ranging from 80 wt% to 90 wt%. The
nanofibrous membrane is used for barrier layer as described. Because of weak
mechanical property of barrier layer (nanofibrous membrane), the protection layer was
used to avoid damage of barrier layer under external environment. The commercial PET
knitted fabric was selected for protection layer. Still, it is necessary to avoid the effect
of liquid on the PCM inside the fibrous multi-layer PCM system. Although net PET
film has a low surface energy and hydrophobic property, the fibrous structure of PET
fabric would result in wicking of solution. Then, the alternatively commercial PET
fabric with hydrophobic coating (5 uL water contact angle of 122°) is also selected as
protection layer. The details about used fibrous materials are given in Table 1, and their

structure and morphology are shown in Figure 6.

The main objectives of this work include four aims by following strategy as shown in

Figure 5:

» The first objective is to find suitable multi-layer fabric structures to contain PCM.
The multi-layer fabric structure is composed of PCM-loaded layer, barrier layer
and protection layer and stabilized by using commercial fibrous tape to connect
each layer. Firstly, three different organic PCMs with similar melting/solidifying
points are used, including PEG 6000, paraffin wax (PW) and myristic acid (MA)
(Table 2). Besides, the different fibrous multi-layer PCM systems with different
structures are prepared, which is given in Table 4. After investigating leakage
phenomena of PCM from the fibrous multi-layer PCM system, the selected fibrous
materials in the multi-layer fabric containing PCM will be proven. The wetting
behavior of molten PCM on various fibrous materials will be also estimated, which
are considered for leakage phenomena.

» The second objective is complex characterization of thermal property of the
prepared fibrous multi-layer PCM system. The thermal energy storage and phase

transition behavior of the suitable fibrous multi-layer PCM system will be
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investigated by using differential scanning calorimetry (DSC). In addition, the
thermal buffering effect will be evaluated by recording heating/cooling T-history
curves. Especially, the application of Newton’s cooling law is to characterize
heating T-history of the fibrous multi-layer PCM system.

» The third objective is to improve the thermal energy storage efficiency of the
suitable fibrous multi-layer PCM system. Different metal particles (MP) including
copper (Cu), aluminum (Al), silver (Ag), iron (Fe), and zinc (Zn) will be introduced
in PCM-loaded layer to increase thermal conductivity supporting energy storage
efficiency (Details of MP are given in Table 3). Correspondingly, thermal energy
storage, phase transition behavior and thermal buffering effect of the MP-
incorporated fibrous multi-layer PCM system will be investigated.

» The fourth objective is to improve the breathability of the fibrous multi-layer PCM
system. The PCM-loaded layer of the fibrous multi-layer PCM system will be
modified and consists of PCM pocket and air pocket. The breathability, thermal
energy storage, phase transition behavior and thermal buffering effect of the multi-

layer PCM fabrics will be investigated.

Table 1 Details for fibrous materials (mean+tstandard error)

Fibrous Areal density  Thickness Diameter of Water Surface

materials fiber contact  porosity
angle” (%)

Viscose 4741.21g/m*>  0.33 £ 0.02m 13.844.79um 0° 155+1.

nonwoven m 3

fabric

PET knitted 200£2.35g/m 0.57 £ 0.0lm 12.5£1.49m  0° 4.1%+1.2

fabric 2 m

PET knitted 212+2.51g/m 0.54 £ 0.0lm 13.57+1.05p 122+2.1 6.3%1.1

fabric with 2 m m 0

hydrophobi

c coating

PU 6.0+1.02g/m?> 0.1£0.0lmm 292+132nm  131+2.1 3.5+1.2

nanofibrous ¢

membrane

*: water contact angle values were measured after 5 min deposition
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Figure 5 Basic structure of a fibrous multi-layer PCM system and development strategy

Figure 6 Structure and morphology of used fibrous materials (A, B, C, D:
macroscopical images of viscose nonwoven fabric, PU nanofibrous membrane, PET
fabric and PET fabric with hydrophobic coating; a, b, ¢, and d: SEM images of viscose
nonwoven fabric, PU nanofibrous membrane, PET fabric and PET fabric with

hydrophobic coating)

Table 2 Details of used organic PCMs
Label Materials Melting point from Sigma
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Aldrich datasheet (°C)

PEG 600 Polyethylene glycol with molecular 17-22
weight of 600
PEG 1000 Polyethylene glycol with molecular 33-40
weight of 1000
PEG 1500 Polyethylene glycol with molecular 43-49
weight of 1500
PEG 4000 Polyethylene glycol with molecular 53-58
weight of 4000
PEG 6000 Polyethylene glycol with molecular 58-63
weight of 6000
PW Paraffin wax 58-62
MA Myristic acid 52-54
Table 3 Details of metal particles (MP)
MP type Diameter (D50) (um)
Cu 35.00
Al 51.47
Ag 23.00
Fe 25.00
Zn 3.60
Table 4 Description of multi-layer PCM fabrics
Sample Protection layer Barrier layer PCM-loaded
code layer
Clma PET fabric - MA-coated
C2ma PET fabric PU nanofibrous viscose fabric
membrane
C3ma PEG fabric with -
hydrophobic coating
Cama PEG fabric with PU nanofibrous
hydrophobic coating membrane
Clpw PET fabric - PW-coated
C2pw PET fabric PU nanofibrous viscose fabric
membrane
C3pw PEG fabric with -
hydrophobic coating
Clpw PEG fabric with PU nanofibrous
hydrophobic coating membrane
Clpeg PET fabric - PEG-coated
C2pEG PET fabric PU nanofibrous viscose fabric
membrane
C3peG PEG fabric with -

14



hydrophobic coating
Céprg PEG fabric with PU nanofibrous
hydrophobic coating membrane

4. Construction of A Fibrous Multi-layer PCM System

Various fibrous multi-layer PCM systems have been developed according to Table 4.
At first, the leakage of PCM textiles should be solved. After checking leakage
phenomena of different combinations of fibrous multi-layer PCM system, two structure
of the fibrous multi-layer PCM systems without leakage were successfully obtained.
The first one (C4pw)) was the sample consisting of polyester fabric with hydrophobic
coating as protection layer, PU nanofibrous membrane as barrier layer and PEG-coated
viscose fabric as PCM-loaded layer. The second one (C4prg)) was the sample
consisting of polyester fabric with hydrophobic coating as protection layer, PU
nanofibrous membrane as barrier layer and PEG-coated viscose fabric as PCM-loaded

layer.

4.1 Mechanism to avoid leakage

It is noticed that the leakage phenomena could be a result of interfacial adhesion
between molten PCMs and fibrous materials. The contact angle of molten PCM
droplets on the fibrous membrane were investigated. As a result, molten PW droplets
can be only on the PU nanofibrous membrane and have a stable contact angle of 110°.
Molten PEG droplets can be only on the PU nanofibrous membrane and have a stable
contact angle of 130°. The weak interfacial adhesion between molten PW and PU
nanofibrous membrane was found, and the weak interfacial adhesion between molten
PEG and PET fabric with hydrophobic coating was found (Figure 7). Especially for
C4rea), the successful barrier for resistance of molten PEG was realized by both PET
knitted fabric with hydrophobic coating as protection layer and PU nanofibrous
membrane as barrier layers (More details are shown in published work 9.1, 9.2 and 9.4
in APPENDIX 1).

So, a combination of weak interfacial adhesion of molten PCMs and fibrous materials
and the use of nanofibrous membrane in fibrous multi-layer system accounted for no

leakage phenomena.
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Figure 7 PCM loading situation inside the fibrous multi-layer PCM system and analogy
of fibrous multi-layer PCM system to MPCMs

Besides, the PCM (including PEG and PW) were well kept inside the sample C4 fibrous
multi-layer PCM system containing PET fabric with hydrophobic coating as protection
layer. So, the fibrous multi-layer PCM system can resist the side effects from external
environment (e.g., rubbing, water pouring etc.).

For MPCM-coated fabrics, we have reported that the MPCMs are possibly destroyed
during padding-coating-drying method. For example, the phase transition and enthalpy
values are changed when compared with net MPCMs. It is proposed that the leakage of
MPCMs happens because of unexpected mechanical property of their shells. However,
the fibrous multi-layer PCM system should be a relatively better control of phase

transition and enthalpy values under different external environments because of PET
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fabric with hydrophobic coating as protection layer.

4.2 High PCM loading performance in the fibrous multi-layer PCM system

The PCM loading performance is essential for thermal behavior of the PCM-
incorporated materials, including encapsulation efficiency, PCM loading amount,
relative crystalline degree and working temperature range.

The PCM loading amount (p) is directly related to the thermal energy storage, and
higher PCM loading amount supports the higher thermal energy storage. Besides, the
self-crystalline behavior of the PCM inside the PCM-incorporated materials is altered
because of the confined space for crystallization (e.g., MPCMs, PCM containing fibers,
form-stable PCM etc.). The predicted relative crystalline degree () of the PCM in the
PCM-incorporated materials also supports the higher thermal energy storage. The DSC
method is usually for the relative crystalline degree by using equation (9), where
AHp, sqmpie 18 the measured melting enthalpy value of sample (J/g), p is the PCM
loading amount and AHJ, p¢y, is the theoretical melting enthalpy value of PCM. The
calculation of the relative crystalline degree is based on the PCM loading amount. It is
noticed that paraffin wax has a solid-solid phase transition and solid-liquid phase
transition. So, the equation (10) modified from equation (9) could be used to reveal
characterize the experimental relative crystalline degree (x), where AH,, pcy 1s the
measured melting enthalpy value of the PCM. The experimental relative crystalline
degree obtained from equation (10) only reveals the effect of PCM-incorporated textile
on the self-crystalline behavior of PCM. Indeed, it is difficult to determine the practical
PCM loading amount in PCM containing fibers, MPCMs and other PCM-incorporated
composites. Instead of the PCM loading amount, the encapsulation efficiency (1) is
proposed as a result of PCM loading amount and relative crystalline degree of
encapsulated PCMs, which is the ratio of the measured enthalpy value (AHgmpie) Of
the PCM-incorporated materials to the measured enthalpy value (AHpy,) of net PCMs
(equation (11)). Besides, the overall enthalpy value (AH,, operqu) of the fibrous multi-
layer PCM system is calculated according to equation (12). The p,yerqu 18 the PCM

loading amount of the whole fibrous multi-layer PCM system.

AHmsam;ale
= - 9
Xo AHT, pon XD ©)
AHmsample

= —msample 10

X AHpm,pcMXp (10)
AH !

N =X 100% (11)
PCM

17



AHm,sample

AHm,overall = T X Poverall (12)

Especially, there were several characterizations of the fibrous multi-layer PCM system.
The first one was that the fibrous multi-layer PCM system had a similar structure as
MPCMs and was analogical to the MPCMs as shown in Figure 5. From this point, the
fibrous multi-layer PCM system was in fact the ‘big’ PCM encapsulations. The second
one was that the fibrous multi-layer PCM system was already a composite fabric and
can be incorporated into commercial textiles. So, the overall PCM performance of the
fibrous multi-layer PCM system was presented and compared with current reported
PCM products (including MPCMs, PCM containing fibers, and PCM containing fabrics)

for the advantages.

4.2.1 Encapsulation efficiency of the fibrous multi-layer PCM system and current PCM
products

The encapsulation efficiency and molten enthalpy values of the fibrous multi-layer
PCM system (C4pw) and C4pec,6000) Was 55 % and 73 J/g, and 44 % and 78 J/g,
respectively. As shown in Figure 8 (A), the fibrous multi-layer PCM system had a
relative low encapsulation efficiency and molten enthalpy values when compared with
MPCMs [55-70] (All values are given in Table 10-1 in APPENDIX 2). According to
equation (11), the encapsulation efficiency is strongly influenced by AH,; sqmpie and
AHp, sampie 1s significantly affected by PCM loading amount. So, the encapsulation
efficiency can be increased by having relatively higher PCM loading amount in the
fibrous multi-layer PCM system containing protection layers with small areal density.
The ideal maximum encapsulation efficiency of the fibrous multi-layer PCM system
was infinitely close to the fibrous multi-layer PCM system without protection layer
(e.g., UPWV) with encapsulation efficiency of 78.9 %, which is comparable with
reported MPCMs. The ideal maximum molten enthalpy value of the fibrous multi-layer
PCM system (C4pw)) can reach 105 J/g and have a medium center in the Figure 8 (A).
The fibrous multi-layer PCM system also has a comparable encapsulation efficiency
with PCM containing fibers. As shown in Figure 8 (B), the encapsulation efficiency of
the fibrous multi-layer PCM system (C4pec,60000 and C4pw)) is higher than most
reported PCM-reported fibers [71-82]. The encapsulation efficiency can be increased
by using thin fibrous materials (e.g., ultrafine nonwoven fabric) as protection layers.
The ideal maximum encapsulation efficiency of the fibrous multi-layer PCM system

(C4pw)) is close to UPWV and the highest among the samples in Figure 8 (B).
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Figure 8 Comparison of this work with MPCM (A) and PCM containing fibers (B) in

PCM encapsulation efficiency

4.2.2 PCM loading amount of the fibrous multi-layer PCM system and current PCM
products

As described in published work (9.1, 9.2, and 9.3 in APPENDIX 1), the optimal
maximum loading amount of PW and PEG in the PCM-loaded layer is around 90 wt%.
By taking the mass of nanofibrous membranes and PET fabrics with hydrophobic
coating, the optimal maximum loading amount of PW and PEG in the fibrous multi-
layer PCM system reached 46 wt%.

As shown in Figure 9 (A), the PCM loading amount in the fibrous multi-layer PCM
system is very close to most of PCM containing fibers [72,78,81-84] (All values are
given in Table 10-2 and APPENDIX 2). Besides, the PCM loading amount in the
fibrous multi-layer PCM system is much higher than PCM containing fabrics as shown
in Figure 9 (B). So, the high PCM loading amount in the fibrous multi-layer PCM

system was found.

Figure 9 Comparison of this work with PCM containing fibers in PCM loading amount

19



(A) and with PCM containing fabric for potential applications (B)

4.2.3 Experimental relative crystalline degree ratio of PCM in the fibrous multi-layer
PCM system and current PCM products

The experimental relative crystalline degree ratios of PCM in the fibrous multi-layer
PCM system and current PCM products are shown in Figure 10. [73,78,80,82,85—88]
(All values are given in Table 10-3 in APPENDIX 2). Obviously, the PCMs in the
fibrous multi-layer PCM system have highest relative crystalline degree ratio (>95%).
The little confinement of the fibrous multi-layer PCM system on the self-crystalline
behavior was found.

The reason is that the PCM-loaded layer is the PCM-coated viscose nonwoven fabric
and PU nanofibrous membrane just slightly affected the self-crystalline behavior of
PCM. In contrast, the supporting materials for other PCM products resulted in a strong
confinement. For PCM containing fibers, the self-crystalline behavior of the PCM in
the fiber matrix was affected by the fiber diameter and interfacial adhesion between
PCMs and fiber materials. The similar reason was also for MPCMs and other form-

stable PCMs (e.g., PCM/aerogel composites).
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Figure 10 Comparison of this work with other reported work in crystallinity of PCM

4.2.4 Controlled working temperature range and selected applications

It had been proved that the PEG and PW were suitable in the proposed fibrous multi-
layer PCM system. The thermal behavior (including phase transition and enthalpy value)
of PEG was up to the molecular weight and the thermal behavior of PW was up to the
carbon numbers. In this case, various PEGs with different molecular weights were used
as PCMs in the fibrous multi-layer PCM system.

As shown in Figure 11, the working temperature ranges of the fibrous multi-layer PCM
system was successfully controlled by using different PEGs while the enthalpy values
were very close although there was a slight increase when the PEG with higher
molecular weight was used (All values are given in Table 10-4 in APPENDIX 2).
The enthalpy values of the fibrous multi-layer PCM system were higher than the PCM
products from famous Outlast company while the working temperature range of the
fibrous multi-layer PCM system were easier to be controlled.

Besides, enthalpy values of the fibrous multi-layer PCM system were smaller than the

21



PCM-incorporated materials from literature. However, the overall thermal energy
storage of the fibrous multi-layer PCM system can be increased by having relatively
higher PCM loading amount in the fibrous multi-layer PCM system containing

protection layers with small areal density.
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Figure 11 Comparison of this work with current PCM-incorporated products in the

field of working temperature range and enthalpy values

4.2.5 Thermal buffering effect of the fibrous multi-layer PCM system

To reveal thermal buffering effect of the fibrous multi-layer PCM system, PEG 6000
and PW were selected as PCM, respectively. The higher melting point of PEG 6000 and
PW than room temperature could provide an understanding of thermal buffering effect.
Figure 12 (A) present full T-history of multi-layer fabric without PCM (reference
sample), multi-layer fabric with PEG 6000 (C4pEG.6000) and multi-layer fabric with PW
(C4pw). Obviously, the thermal buffering effect was found in the C4peG,6000) and Cdpw
samples when compared with C4reference Sample without PCMs. Generally, the time for
each sample to reach selected temperature during T-history was available to

characterize thermal buffering effect. By taking phase transition of PCM into
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consideration, both the time to reach 65 °C during heating process (#1,65), and the time
to reach 40 °C during cooling process were selected (z40). The 740 value of reference
sample, C4peG,6000), and Cdpw was 4s, 207s and 108s, respectively. From this point of
view, the sample C4peG 6000y had the better thermal buffering effect than C4pw).

To further reveal the temperature increasing rate in each part in the heating T-history
curves of all the samples, the modified Newton’s cooling law was used to characterize
by referring equation (4)-(7).

Especially, the application of modified Newton’s cooling of to characterize the heating
T-history was valid only when Biot number (B7) of the sample should be smaller than
0.1. Since T-history for the samples was measured under room temperature, the free
convection was taken into consideration. Then, the free convection coefficient (4) was
chosen as 8 W m? K-!. According to equation (13), Bi number was calculated. The L
(mm) was the thickness of the sample, and the £ (W m™ K'!) was the thermal
conductivity of the sample. Both L and k£ were measured by using ALAMBETA setup
a[41]. As aresult, the calculated Bi number value of C4reference), C4(PEG,6000), and C4pw)
ranged from 0.1 to 0.2. So, the modified Newton’s cooling las could roughly evaluate
the heating T-history [42].

T
Bi = . (13)

As shown in Figure 12 (B), good fittings for three linear parts including solid phase,
phase transition phase and liquid phase were found. After having the intersection points
of estimated x and y values from Figure 12 (B), the fittings for heating T-history curves
were found and shown in Figure 12 (C). By calculating the intersection points of
estimated ¢ and 7 values, the time (Zynase) and temperature (7pnase) for phase transition
range of multi-layer PCM fabrics were determined.

As shown in Figure 12 (D), the sample C4pEc,6000) had higher #,h4se and Tprase values
than the sample C4pw, which also supported that C4pec sample had better thermal
buffering effect than C4pw.

In addition, the thermal insulation values (/) of all the samples were calculated
according to equation (8), and were schemed in Figure 12 (E). The T) was the
heating temperature of 80 °C and T, was the room temperature. As a result, both
sample C4prg,6000) and C4pw had lower 7 values than C4reference from heating T-history,
which was caused by large amount of still air in C4reference Sample.

By comparing with other methods of reported work (9.5 in APPENDIX 1), the
application of Newton’s cooling law can not only exactly determine the thermal

buffering effect but also predict the T-history.
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Figure 12 T-history of multi-layer fabrics containing PW and PEG (A), plots of In [7F
T§] against ¢ (B), heating T-history with fitting models (C), estimated phase transition
range (D) and evaluation of thermal buffering (E)

5. Enhanced heat transfer efficiency

Different metal microparticles (Cu, Al, Ag, Fe and Zn) are introduced in the PCM-
loaded layer to enhance the heat transfer efficiency according to published work (9.2
and 9.3 in APPENDIX 1). The Fe microparticles are the best one of six different
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microparticles to be introduced in PCM-loaded layer.

The thermal conductivity values of the Fe-incorporated fibrous multi-layer PCM
system (C4(pEG,6000,F¢)) are smaller than 0.1 W K-! m!, which is schemed in Figure 13
(A). Especially, the thermal conductivity of the Fe-incorporated fibrous multi-layer
PCM fabrics (C4(peG,6000,Fe)) is 0.0573 W K-! m!, which is just slightly higher than the
fibrous multi-layer PCM fabrics (C4pEc,6000)) With thermal conductivity of 0.0543 W
K! m!. Besides, the comparison of the Fe-incorporated fibrous multi-layer PCM
fabrics with neat PCMs or other PCM-incorporated materials (including PCM
containing fibers, MPCMs, carbon-based PCM composites and metal-based PCM
composites) is also shown in Figure 13 (A) [74,82,89-105] (Table 10-5 in APPENDIX
2), and the Fe-incorporated fibrous multi-layer PCM fabrics have lowest thermal
conductivity. The main reason is that the fibrous multi-layer PCM system contains five
layers and fours layers are fibrous materials with small thermal conductivity. The used
viscose nonwoven fabric has a thermal conductivity of 0.0298 W K-! m'!, and PET
fabric with hydrophobic coating has a thermal conductivity of 0.0693 W K! m.
Besides, the PCM-loaded layer has a small thermal conductivity. The PEG-coated
viscose fabric (UPEGVe000) has a small thermal conductivity of 0.0395 W K-! m*!, and
the PEG/Fe-coated viscose fabric (UPEGVeooo,rc) has a small thermal conductivity of
0.0654 W K'! m'..

Although the overall thermal conductivity of the Fe-incorporated fibrous multi-layer
PCM system is small, the incorporation of Fe microparticles in the PCM-loaded layer
enhances the heat transfer efficiency. On one hand, the thermal conductivity of the
PCM-loaded layer (UPEGVeooore) is increased 65.6%. On another hand, the
temperature of C4pka,s000,Fe) increases faster than C4pea 6000), as shown in Figure 13
(B). Figure 13 (C) presented the estimated phase transition range in detail. However,
the phase transition range of C4(pG,6000.Fe) started later and lasted longer than than
C4pEG,6000). The C4(pEG,6000,Fe) has a phase transition for 47.06 s while the temperature
is increased 6.52 °C. The reason is that the heat transfer through the whole fibrous multi-
layer PCM system with or without Fe microparticles is indeed non-uniform during
phase transition. The surface temperature of the fibrous multi-layer PCM system with
or without Fe microparticles is affected by the thermal conductivity, thickness, molten

points etc.

25



Figure 13 Estimation of thermal conductivity enhancement of Fe-incorporated fibrous
multi-layer PCM system (A: comparison with PCM products, B: T-history of Fe-
incorporated fibrous multi-layer PCM system, and C: thermal buffering range of Fe-
incorporated fibrous multi-layer PCM system)

6. Controlled breathability by modifying PCM-loaded Layer

There is no breathability since PCM-loaded layer is a composite where there is no path
for air or water vapor to penetrate. For the fibrous multi-layer PCM system,
introduction of air pocket is an alternative to enhance mass transfer and incorporate

other materials for functions [106]. To realize breathability, the PCM-loaded layer is
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modified and consists of air pocket and PCM pocket (PEG-coated viscose fabric). The
PCM pockets are uniformly distributed between two barrier layers with certain air gaps.
Since the PCM-loaded layer comprises of PCM pockets and air pockets, as shown in
the Figure 14 (A), the possibility of PEG leakage within the PCM-loaded layer must
be considered. At first, there was no PEG leakage observed through the fibrous multi-
layer PCM system after heating/cooling cycles, either from the vertical or planar
direction. As explained in the Sec. ‘4>, The combination of the weak interfacial
adhesion between molten PEG and the protection layer (PET fabric with hydrophobic
coating) and the use of a PU nanofibrous membrane in the fibrous multi-layer PCM
system were responsible for this outcome.
However, it was observed that the diffusion of molten PEG within the PCM pocket
inside the fibrous multi-layer PCM system was strongly linked to the amount of loaded
PEG. For instance, Figure 14 (B-i) displays the leakage phenomena of sample
UPEGV 0.1 with mass ratio (Rpzec) of PEG to viscose fabric of 10:1, where the PEG has
dispersed throughout the PCM pocket and air pocket, resulting in obvious leakage.
However, when the mass ratio of PEG to viscose fabric in the PCM-loaded layer was
reduced to 5:1, the sample UPEGVs.; exhibited a clear boundary between the PCM
pocket and air pocket, and minimal diffusion of molten PEG was detected (Figure 14
(B-ii)). The following reasons are found:
® When there was a higher loading amount of PEG in the PCM pocket as shown in
Figure 14 (B-iv), some PEGs were located outside of the viscose fabric. Before
heating process with pressure, the PCM pocket ideally had a width of Dy and
thickness of Ly. During the heating process with pressure, the PEG outside of the
viscose fabric was forced to move along the fabric surface direction because molten
PEG was movable. Then after heating process with pressure, the dimension of the
PCM pocket was changed and Dy became D; and Ly became L;. The Dywas smaller
than D; and Ly was higher than L;. Consequently, during heating and cooling cycles
with pressure, the PEG outside the viscose fabric melted and began to move along
the fabric surface direction, leading to leakage phenomena. For example, the
UPEGV 0.1 had a PEG diffusion and instability of PEG encapsulation.
® However, when the PEG loading amount was limited as shown in Figure 14 (B-
iii), the majority of PEG was efficiently adsorbed by the viscose fabric, despite of
a very small amount being outside the fabric. It was supposed that the movement
of molten PEG inside the viscose fabric was not affected and dimensions including

thickness and length were not significantly changed. In details, Dy and Ly values

27



were almost same as D; and L;. After undergoing heating and cooling cycles under

pressure, the PEG located outside of the viscose fabric is completely melted, while

still remaining within the coverage of the PCM pocket.
Therefore, the optimal PCM-loaded layer for creating a breathable fibrous multi-layer
PCM system is the PEGVs.; with a Rpge ratio of 5:1.
By modifying the size of the PCM pocket and the breathability of the fibrous multi-
layer PCM system was modified. When the size of the PCM pocket was decreased from
3 mm to 2 mm, the air permeability of the breathable fibrous multi-layer PCM system
was increased from 4.6 mm/s to 9 mm/s under 100 Pa, and water vapor permeability of
the breathable fibrous multi-layer PCM system was increased from 31.4 m? Pa W-! to
43.4 m? Pa W-L. Although the breathability was realized, there is no comparability of
the breathable fibrous multi-layer PCM system with other work [107—112], which was
shown in Figure 15Figure 15 (A) (All values were given in Table 10-6 in APPENDIX
2). This is attributed to the presence of two layers of PU nanofibrous membranes.
However, the overall air permeability could be enhanced by having non-uniform
placement and form of the PCM pocket inside the fibrous multi-layer PCM system.
Besides, the overall enthalpy value of the breathable fibrous multi-layer PCM system
was 7.8 J/g, which was higher than majority of the MPCM-coated fabrics (Figure 15
(B)) (All values were given in Table 10-7 in APPENDIX 2). By combining with
breathability and use of nanofibrous membrane, the breathable fibrous multi-layer PCM
system has a potential in special applications (e.g., mask etc.).
Since there were air pockets and PCM pockets in the breathable fibrous multi-layer
PCM system, there was a heterogenous heat transfer through the whole breathable
fibrous multi-layer PCM system. As shown in Figure 14 (C), the air pocket faster
reached the final stable temperature while it took a longer time for PCM pocket to reach
the final stable temperature. Besides, it was found that the phase transition of the PCM
pocket always started from the boarder between PCM pocket and air pocket and
diffused to the center of PCM pocket from FLIR video. Such phenomena were caused
by heterogenous heat transfer through air pocket and PCM pocket. There was only
thermal convection for air pocket while there was ideally the thermal conduction for
PCM pocket. However, the temperature change rate was higher than PCM pocket when
the phase transition starts. Then, the heat transfer from the air pocket to the PCM pocket
happened. As a result, the phase transition of PEG at the perimeter of the PCM pocket
commenced earlier and exhibited a quicker rate of change due to the coupling of

thermal conduction and thermal convection. In contrast, the phase transition of PEG at
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the center of the PCM pocket was solely impacted by thermal conduction.
Additionally, the comparative analysis with previous research highlighted the adaptable
nature of the permeable fibrous multi-layer PCM system, depicted in Figure 16 (A-i),
(A-ii) and (A-iii). Therefore, it is recommended that breathable fibrous multi-layer
PCM system are suitable for various human body parts (e.g. safeguarding the chest,
arms and legs) with optimal compatibility with textiles.

In addition, a PET fabric with hydrophobic coating was utilized as a protective layer,
proposing waterproof and self-cleaning capabilities for the breathable fibrous multi-
layer PCM system. The majority of dyes were simply drop out as depicted in Figure
16 (B-i), (B-ii) and (B-iii), whilst water droplets were efficiently deposited on the
fibrous multi-layer PCM system surface as presented in Figure 16 (C). Therefore, in

practical application, PEG as phase change material (PCM) could be well safeguarded.

Figure 14 Diagram for breathable fibrous multi-layer PCM system (A), control of
leakage phenomena (B), diagram for T-history curves of air pocket and PCM pocket (C)
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Figure 15 Comparison of this work with air pocket-introduced MPCM-coated fabric
(A) and MPCM-coated fabrics without air pocket (B)

Figure 16 Flexibility (A), self-cleaning property (B) and hydrophobicity (C) of the
fibrous multi-layer PCM system

7. Conclusion
This dissertation is conceived as a summary of published scientific and professional

works, where the author of this thesis the the first author. In order to emphasize the
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topicality of the studies topic, the novelty and author motivation to research activities,

the work is supplemented with citations of other research works published in the given

area.

The present work established a fibrous multi-layer PCM system. The fibrous multi-

layer PCM system consisted of PCM-loaded layer, barrier layer and protection layer.

The fibrous multi-layer PCM system could meet various applications and practical

situations. The following conclusion have been drawn:

® By controlling the interfacial adhesion of molten PCMs on barrier layer or
protection layer, the leakage phenomena were totally avoided. The PEG and
paraffin wax were suitable as PCMs in such fibrous multi-layer PCM system. The
advantage of the fibrous multi-layer PCM system over other PCM textiles was the
PCM loading amount. The maximum loading amount of PCMs in the multi-layer
PCM fabric was 45 wt%. The overall enthalpy value of the multi-layer PCM fabric
is high as 78 J/g. Besides, the working temperature of the fibrous multi-layer PCM
system is easily adjusted by using different PCMs. In addition, the PCM
performance of the fibrous multi-layer PCM system could be improved by using
the protection layer with small areal density.

® The Newton’s cooling law was successfully modified to characterize the heating
T-history of the fibrous multi-layer PCM system. Especially, the thermal buffering
effect was exactly determined by applying Newton’s cooling law. The
mathematical prediction of the T-history of fibrous multi-layer PCM system was
also realized.

® The thermal enhancement of the fibrous multi-layer PCM system was realized by
introducing metal microparticles in the PCM-loaded layer. The overall enthalpy
value of the fibrous multi-layer PCM system containing metal microparticles was
higher than 50 J/g.

® The breathability of the fibrous multi-layer PCM system was realized by modifying
PCM-loaded layer, and the PCM-loaded layer was separated into PCM pocket and
air pocket. There was a limitation of PCM loading amount in the PCM pocket of
the breathable fibrous multi-layer PCM system. Besides, higher air pocket inside
the fibrous multi-layer PCM system resulted in better breathability. However, the
breathability was small since there were two layers of nanofibrous membranes
inside the fibrous multi-layer PCM system. Still, the introduction of the air pocket
provided an alternative to enhance breathability. Besides, the PCM pocket and air

pocket had different T-history behaviors because of their different thermal
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resistances. It was found that the size of air pocket was strongly connected to the

mutual heat transfer between PCM pocket and air pocket.
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10. APPENDIX 2-details for comparison

Table 10-1 Comparison of this work with MPCMs in enthalpy values and encapsulation
efficiency

MPCMs type Method Encapsulation Enthalpy Ref.
efficiency (%) (J/g)
This work (PW as Fibrous multi- 26.5 73 This work
PCMs) layer fabric with
system protection
layer
This work (PW as Fibrous multi- 65.8 108 This work
PCMs) layer fabric without
system protection
layer
This work (PEG as Fibrous multi- 44.8 78 This work
PCMs) layer fabric with
system protection
layer
Paraffin/MUF MPCMs In-situ 77.1 134 [55]
N-octadecane/MF polymerization  84.3 185.1 [56]
MPCMs
Pentadecane/MUF 50.6 84.5 [57]
MPCMs
N-tetracosane/MF 72.4 134.7 [58]
MPCMs
Paraffin/H-SiC- 65.1 93.2 [59]
modifed MF MPCMs
1-dodecanol/MPF 88.6 169.5 [60]
MPCMS
Oleica acid/Ag,O-UF 54.8 71.7 [61]
MPCMs
Coconut oil/MF 76.2 81.9 [62]
MPCMs
1-dodecanol/MF 40.9 79.5 [63]
MPCMs
Paraffin/nanoplatelets 55.1 110.7 [64]
laden/UF MPCMs
Caprylic/UF MPCMs 59 93.9 [65]
Methyl laurate/nano- Interfacial 83.3 147.71 [66]
TiO2-PU polymerization
Paraffin/PU 80.2 153.9 [67]
Paraffin/crosslinked Suspension 66.5 93.1 [68]
PMMA polymerization
Paraffin/poly(styrene 41.1 62.4 [69]
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divinylbenzene-acrylic

acid)

N-octadecane/PMMA  Emulsion 70 102.7 [113]
MPCMs

Paraffin/PMMA 72.5 75.6 [70]

Table 10-2 Comparison of this work with PCM containing fibers in enthalpy values
and encapsulation efficiency (The sample with maximum encapsulation efficiency are
selected)

PCM  containing Method Encapsulatio Enthalp Loadin Ref.
fibers type n efficiency y(J/g) g
(%) amount
(Wt%)
This work (PW as Fibrous multi- 55.3 73 45 This
PCMs) layer  fabric work
system with
protectio
n layer
This work (PW as Fibrous multi- 78.9 105 83 This
PCMs) layer  fabric work
system without
protectio
n layer
This work (PEG as Fibrous multi- 31.6 78 45 This
PCMs) layer  fabric work
system with
protectio
n layer
N-octadecane/PVP  Coaxial 35.65 80 - [71]
electrospinnin
g
N- Emulsion 37.6 20 44 [72]
OCTADECANE/sil electrospinnin
k g
Parrffin/MWCNT/  Injection 52.8 74 - [73]
PP
MP-LA/PAN fiber  Blending 47.5 89 - [74]
electrospinnin
g
MES/PET Blending 44 90 - [75]
nanofiber electrospinnin
g
Dodecanol Emulsion 33.8 65 - [76]
laurate/PVA electrospinnin
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nanofiber

MA-
TD/kapok/PET
PEG/PU

PEG/PAN

PEG/PVP

PEG/silk
fibroin/CS/PDMS

PEG/PP
PEG/BN/CNF/CS

MPCM/cellulose

g
Immersion

Coaxial
electrospinnin
g

Coaxial
electrospinnin
g

Centrifugal
spinning
Solution-
freezing
spinning
Injection
Interfacial
polyelectrolyt
e complex
spinning
Dry-jet
quench
spinning

wet-

39

333

49

67.3

75.7
58.5

77

60

70

130

118

102
103

129

41

86

83
71

78

[77]

[78]

[79]

[80]

[83]

[81]
[82]

[84]

Table 10-3 Comparison of this work with PCM-incorporated composites in relative

crystalline degree ratio

Sample Relative crystalline degree  Overall melting Ref.

ratio (%) enthalpy value

J/g)

C4PEG,6000) 98 78 This work
Céepw) 95 73 This work
UPWV 95 105 This work
PW/EG/PP fiber 97 116 [73]
PW/PVDF fiber 73 79 [85]
PW/MCNTs/PP 93 107 [73]
fiber
PW/CS MPCMs 85 98 [86]
PW/EG 97 114 [87]
composites
PEG/PU fiber 81 60 [78]
PEG/PVP fiber 94 130 [80]
PEG/BN/CNF/CS 82 103 [82]

fiber
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Table 10-4 Comparison of this work with PCM-incorporated composites in overall
enthalpy and phase transition range

Sample Melting point (°C) Overall melting Ref.
enthalpy value
J/g)
C4PEG,6000) 63.14 78 This work
C4(pEG 4000) 62.13 75
C4(pEG,1500) 51.14 65
C4(pEG,1000) 39.13 68
C4pEG,600) 23.48 52
C4(pEG,6000,Fe) 62.42 53
Céepw) 56.91 73
PEG/PU fiber 53.9 60 [78]
PEG/BN/CNT/CF 58 103 [82]
fiber
PEG/PVP fiber 52.7 130 [80]
PEG/SWCNT 56.68 179 [73]
composites
PEG/Sle 56.6 103 [89]
composites
PEG/Sle/Cu 582 100 [89]
composites
PW/EG/PP fiber  53.73 116 [73]
PW/PVDF fiber  57.79 79 [85]
PW/MCNTs/PP 53.64 107 [73]
fiber
PW/CS MPCMs  61.8 98 [86]
PW/EG. 57.19 114 [87]
composites
PW/MCNTs/PP 93 107 [73]
fiber
Outlast fabric-1 29.13 13.24 From our lab
Outlast fabric-2 30.07 36.4
Outlast fabric-3 30.59 23.69

Table 10-5 Comparison of this work with other reported work in thermal conductivity

Sample Thermal Overall enthalpy  Ref.
conductivity (K W= value (J/g)
1 m-l)
C4pEG,6000) 0.0543 78 This work
C4(PEG,6000,Fe) 0.0573 52 This work
PEGVe000 0.0395 153 This work
PEGV000,Fe 0.0654 111 This work

PEG 0.297 178 [89]
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PW 0.22 150 [90]

SA 0.26 190 [91]
PW/carbon fiber 1.73 192 [92]
PW/carbon nanotubes 0.71 158 [90]
MA/SA/carbon 0.225 148 [93]
nanotubes

N-eicosane/carbon 0.28 157 [94]
nanotubes

LA/SA 0.71 99 [95]
graphene/diatomite

Palmitic 1.08 163 [96]
acid/melamine/EG

Dodecanoic 0.57 156 [97]
acid/graphene

PEG/GO/GN 1.43 178 [97]
PW/graphene 3 140 [98]
aerogel/copper foam

Myristyl alcohl/copper ~ 0.48 154 [99]
foam

n- 1.39 154 [100]
Eicosane/Fe304/S10,/Cu

nanoparticles MPCMs

LA/Cu 0.36 172 [101]
PW/AI 1.27 102 [102]
SA/SiO2 0.56 135 [103]
PEG/Ti407 0.34 130 [104]
MA-LA/copper 0.238 85 [74]
nanoparticle/PAN

nanofiber

PEG/BN/CNF/CS fiber 4 48 [82]
PEG/F-SiO2/PA 6 0.06 6 [105]
nanofiber

Table 10-6 Comparison of PCM pocket of breathable SFPEs with MPCM coating area
of air pocket-incorporated MPCM-coated knitted fabric [107]

Sample PCM pocket (J/g) Overall air permeability (mm/s)
Breathable fibrous 123 4.6t09

multi-layer PCM

systems

MPCM-coated knitted 37 973

fabric via printing
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MPCM-coated knitted 23 1440
fabric via coating
MPCM-coated knitted 13 2173
fabric via padding

Table 10-7 Comparison of overall enthalpy values of reported PCM textiles with this

work

Sample Overall enthalpy Air permeability Reference
values (J/g) (mm/s)

Breathable fibrous 4.8to 7.8 4.6t09 This work
multi-layer PCM
systems
MPCM-coated jute 10 500 [108]
fabric
MPCM-coated 8.9 46 [112]
hydrophobic PET
knitted fabrics
MPCM-coated 1.8 29 [112]
hydrophobic
PET/cotton woven
fabrics
MPCM-coated 2.08 49 [112]
PET/cotton/carbon
woven fabric
MPCM-coated PET 3D 1.85 489 [112]
knitted fabric
CA-coated cotton fabric  34.1 1333 [109]
SA-coated cotton fabric  29.5 1280 [109]
MPCM-coated PET 4.4 440 [110]
knitted fabric
MPCM-coated fabric 6.8 7.2 [111]
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11. Future prospects

>

The thermochromic multi-layer PCM fabrics will be prepared by incorporating
thermochromic pigments on the protection layer. The potential applications are the
fibrous visual temperature indicators.

The multi-layer PCM fabrics will be realized the electric-thermal energy

conversation by using conductive fabrics as protection layers. It can save the
electrical power for Joule heating because the excess heat is stored by PCMs.

To construct a multi-layer fabric to store fatty acid by controlling interfacial

adhesion between used fibrous materials and molten fatty acid.

The thermal enhancement of the multi-layer fabric remains to be improved

although there has an achievement in the introduction of metal particles in the
multi-layer fabric.
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