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ABSTRACT

Energy consumption is a critical factor in building design. Maintaining a comfortable
indoor temperature consumes high energy than other necessities such as lighting and
cooking. The building envelope is the main component of the building that transfers
heat between indoor and outdoor environments. During the daytime, a proper
ventilation system or an air conditioning system can control the heat in a building.
Insulation layers are also used under the roofing sheets to control the heat transfer
through the roof because a building’s roof contributes to a significant heat gain in

tropical countries.

Sustainable insulation materials have been more attractive in the last two decades due
to biodegradability, low embodied energy, availability, and non-toxicity. Sustainable
insulation materials are primarily fabricated using lignocellulose fiber (natural plant
fibers). Then it is mandatory to add binder material to adhere to fibers and the material
formulated as a composite material, and an air void should be introduced to the
combination of fiber and binder to increase insulation properties. Now the whole
material can be identified as a three-phase composite material. Thus, the volume
fraction of each phase (fiber, binder, and air void) is the most critical factor which

controls these composites’ insulation properties.

The insulation properties of the material can be analysed using experimental,
analytical, and numerical methods. Analytical and numerical methods are more
attractive than experimental methods. However, there are limited number of studies on
the effect of volume fraction with insulation properties in a three-phase composite. In
this study, the effective thermal conductivity (Kefr) of the composite was analysed
through the analytical and numerical models and validated through the experimental
results. The results concluded that the experimental results agreed with the numerical
and analytical results. Furthermore, a novel mathematical model has been proposed to
find the Kes of the three-phase composite using the analytical and numerical methods.
The proposed model shows better agreement with the experimental result. Therefore,

it can be used to develop this research area further.

Keywords: Building insulation, Composites, Coir fibers, Thermal conductivity
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CHAPTER 1
INTRODUCTION

Reducing energy consumption in the building sector is an essential need today. The
building sector consumes approximately one-third of the world’s global energy for
various applications [1]. As a result, it is responsible for one-third of global
greenhouse gas (GHG) emissions. The International Energy Agency (IEA) estimates
that the building sector will account for 53% of global energy consumption over the
next decade because of the human population growth and the change in the art of
living. Therefore, environmental issues are arising with the upsurge in energy
demands. CO emission primarily contributes to the greenhouse gas effect, which
increases the average global temperature. Further, CO. emissions and rising
temperature affect the natural ecosystem and human health [2,3]. Therefore, the
energy consumption of the building is a critical parameter to be considered in

building design.

AC
s 1 Lighting
T Equipment

S 1 [l Others

i | 56%

Figure 1.1: Typical building energy consumption in tropical countries [4]

The indoor comfort of a building is an essential objective, equating to other needs
such as privacy, security, and weather protection. According to Figure 1.1, a high
amount of energy is required to maintain the indoor atmosphere at a suitable thermal
comfort level. Therefore, considering the heat transfer through the building is very

important for the design work.



The building envelope is the main component contributing to the heat transfer in a
building. This is a physical barrier that separates the indoor and outdoor
environment of a building and protects the indoor environment from various
outdoor conditions such as wind, temperature, ultraviolet radiation, humidity, and
precipitation [5,6]. By being a thermal barrier, the building envelope controls the
indoor temperature and helps reduce the energy to maintain indoor thermal
comfort. Hence, controlling heat transfer through the building envelope can
drastically reduce the power requirement for cooling and heating. This decreases
the energy required for cooling in hot climates and heating in cold climates [7].

In a tropical country, the indoor temperature changes with the outdoor temperature
without an Air Condition (AC) system. Therefore, installing an air conditioning
system increases thermal comfort. Moreover, the AC load depends on the heat
transfer through the building envelope, and the energy cost highly depends on the
nature of the building envelope. In general, the heat transfer through the building
envelope can be reduced by the thermal insulation of the building envelope’s main
components. This method helps to increase energy efficiency by reducing the
temperature difference between indoor and outdoor temperatures [2,3]. The main
components of the building envelope are the floor, wall, doors, windows, and roof.
Among these components, the roof contributes to a significant heat gain to the
building. Because the roof is exposed to a direct beam of sunlight during the
daytime, 35% of solar thermal radiation enters the building through the roof. Also,
the roof represents the highest area of the horizontal surfaces [2,8]. Therefore,

controlling the heat transfer through the roof is vital to maintain energy serving.

Typically, the ceiling is limited in the cold climate as an insulator, but in the hot
climate, both mass insulators and reflective insulators are used for the insulation
[2]. However, the pitched type is the most common roofing method [9]. Therefore,
internal insulations are used below the roof structure for the pitch type of roofing
structure, where the insulation layers are installed under the roofing sheets [10].
The common types of roofing insulation materials can be identified as conventional
materials such as expanded polystyrene, extruded polystyrene, polyethylene,

rockwool, and fiberglass [2,3]. Nowadays, researchers are moving to develop



sustainable insulation materials from lignocellulose fibers (natural plant fibers)
since various environmental issues occur with conventional materials during raw
material supply, manufacturing process, on-site work, building operation, and
recycling [9]. These problems can be minimised using sustainable insulation
materials foamed by lignocellulose fibers. Sustainable materials are biodegradable,
have low embodied energy, and have a low cost for insulation. Therefore, the
environmental impact of sustainable materials is neglected, and hence sustainable
material is a good candidate for replacing conventional insulation materials [3].
Additionally, lignocellulose fibers have low thermal conductivity, low density, and
better mechanical properties, thereby helping to fabricate thermal insulation

materials.

However, the insulation material is formulated as a composite material from
lignocellulose fibers since it should contain a binder material to adhere to fibers.
Also, introducing air void into that combination provides better insulation
properties for the final product. Then the composite consists of three phases of the
entire structure, and the insulation properties depend entirely on the volume content
of these phases. Moreover, finding the behaviour of insulation properties with the

volume content of each phase is a huge challenge for scientists.

This research will develop an insulation composite material from a suitable
lignocellulose fiber with a natural binder for the roofing insulation. In fact, the
literature review will form the basis for selecting the suitable fiber. Next, the
behaviour of the thermal conductivity value will be evaluated with different
volume fractions of fiber, binder, and void because the composite’s thermal
conductivity value provides the main idea of heat transfer through the composite.
This research work will evaluate these values by analytical, numerical, and
experimental analysis. Then the development of a mathematical model based on

analytical and numerical results is a new approach for this research work.



With this aim, the following objectives are identified for this study.

1.1 Objectives

1. To select suitable bio-degradable natural fiber/s to make thermal insulation
composites.

2. To analyse the thermal conductivity of the fiber.

3. To analyse the behaviour of the thermal conductivity with the volume
fraction of each phase.

4. To fabricate the composite with high thermal insulation property.



CHAPTER 2

LITERATURE REVIEW

The primary objective of this research work is to find an internal thermal insulation
material for pitched type roofs. Selecting a suitable insulation material and evaluating
the thermal conductivity of the insulation material are the main steps to be followed in
this project. Therefore, it is essential to identify the types of roof insulation materials
before choosing a material for this application. Section 2.1 discusses the various types

of roof insulation materials.

2.1 Classification of roof insulation materials

Figure 2.1 illustrates the classification of roof insulation materials.

‘ Roofing insulation materials |

| Conventional materials ‘ ‘ Sustainable materials ‘
Organic materials ‘ ‘ Inorganic materials ‘ ‘ Animal fibers ‘ ‘ Plant fibers |
» Extruded polystyrene * Rock wool ‘ * Sheep’s wool ‘ * Flax
+ Expanded polystyrene » Glass wool * Hemp
+ Polyethylene * Mineral wool + Cotton
+ Polyurethane * Asbestos + Coir
* Reed

Figure 2.1: Classification of roofing insulation materials [9,11]

According to Figure 2.1, roof insulation materials are mainly categorised into
conventional and sustainable. Conventional materials can be subdivided into organic
and inorganic materials, while sustainable materials can be categorised into animal and
plant fibers [9,11]. According to their internal structure, they can also be classified as

fibrous, cellular, and granular [9,12]. Mineral, plant, and animal insulators mainly have



fibrous structures, and conventional organic materials have a cellular structure [9,12].
However, the sheep’s wool batts are costly due to high labour costs and loss of material
during manufacturing. Therefore, conventional organic, conventional inorganic, and
plant fibers are the most suitable materials for roof insulation. Figure 2.2 presents the

demand for these insulation materials.

conventional inorganic material
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Figure 2.2: The demand for thermal insulation materials [13]

According to Figure 2.2, conventional inorganic insulation products are the most
attractive insulation material globally. These materials are abundant in the world but
are non-renewable. Glass mineral wools, rock mineral wools, and asbestos fibers are
examples of inorganic insulation materials [2,12]. These inorganic materials show very
high performance for thermal insulation, high moisture absorption resistance, and fire
resistance than other conventional materials and are cheaper than the others [2,13].
However, those materials release toxic dust particles into the environment during
manufacturing and installation processes, health issues related to these inorganic fibers
were identified after the 20" century [13]. Exposure to an air-born concentration of
these dust damage lung functions [14]. Several countries have banned these products
[13] since the manufacturing process requires a high amount of energy, and

environmental pollution can occur due to high temperatures [9].



Conventional organic insulation materials are manufactured from organic materials
such as polystyrene, polyurethane, and polyethylene. These insulation materials are
used for various industrial applications due to their low price, availability, and high
performance as insulation materials. Nevertheless, these materials are much more
hazardous to the environment and human health because the addition of toxic

substances during the manufacturing process emits dangerous gases [14].

According to Figure 2.2, natural insulation materials represent about 5% of the total
market [13]. However, the demand for natural materials has increased over the last
twenty years because of the high manufacturing cost, the high energy requirement for
manufacturing, and the release of toxic substances during manufacturing and recycling
problems with conventional insulation materials [15]. Introducing natural plant fibers
can minimise these problems since they help mitigate the landfill problems and reduce
energy consumption for manufacturing [15,16]. The amount of CO in combustion
becomes neutral during their growing time at the end of the lifetime of the fibers [15].
Furthermore, high embodied energy is required to produce conventional materials than
natural fiber insulation materials [2]. This can be well explained by comparing the
energy required to produce glass fibers and kenaf fibers. A glass fiber takes 54 MJ of
energy to produce 1 kg, and a kenaf fiber takes 15 MJ of energy to produce that weight
of fiber. In addition, natural fibers are less dense than glass fibers. Therefore, more
quantity of natural fiber insulation materials can be manufactured from the same

energy.

The maintenance cost of machine tools is less due to the non-abrasive nature of fibers.
It provides a good working environment for workers because of the nontoxicity [16].
Additionally, natural fiber materials are readily available as a by-product of
agricultural industries. Fiber from oil palm, coconut, cotton, sugarcane, date palm, and
other natural fibers could be eco-friendly insulation materials for building applications
[17].

According to Section 2.1, lignocellulose fibers (natural plant fibers) can be used to
fabricate thermal insulation materials. However, it is mandatorily required to select a

suitable fiber for the internal insulation of the pitched type roof. Therefore, Section 2.2



focuses on various factors for the selection criteria for this application, comparing
those factors with existing natural fibers and selecting a suitable fiber that meets the

research work requirements.

2.2 Selection of lignocellulose fiber for roof insulation

The selection and installation of building insulation materials depend on various
factors. The application and working conditions of the building are the key factors for
selection. The thermal conductivity behaviour, reactance to moisture absorption,
mechanical behaviour, durability with thermal and biological resistance, and cost for
the given thermal performance should also be considered during the selection process

[9].

2.2.1 Application and working conditions
According to European Technical Approvals, the following six parameters should be
considered when selecting an insulation product for the building insulation [10].
1. Mechanical stability and resistance
Safety in utilisation
Safety in case of fire
Protection against noises

Health and the environment

o o~ w DN

Energy efficiency and heat retention

Therefore, identification of the application and working conditions is the prerequisite
for selecting insulation material [9]. The primary purpose of this project is to develop
an insulation material to use below the pitched type roofing cover. Natural plant fiber
could be selected to fulfil this requirement. Wood fibers, cellulose fibers, hemp, cotton,
flax, reed, and coconut fibers can be used under the roofing cover as an insulation

material under the above technical parameters of European technical approval [10].

2.2.2 Thermal conductivity of natural fibers
Thermal conductivity less than 0.065 W/mK is referred to as the insulation material in
building construction [9]. Figure 2.3 shows the thermal conductivity and density of

natural fibers with a thermal conductivity value of less than 0.065 W/mk.
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Figure 2.3: Thermal conductivity of natural fibers [1,14,18]

Here, the thermal conductivity values are given for some materials without a binder,
while other values are obtained from composites made of natural fibers. However,
Figure 2.3 indicates that the above materials can be used for building insulation

because their thermal conductivity values are less than 0.065 W/mK [18].

The fiber density of binder-less palm fibers, coconut fibers, and sugarcane fibers gave
optimum thermal conductivity values at 100 kgm3, 75 kgm, and 100 kgm3,
respectively. The respective thermal conductivity values were 0.055 W/mK, 0.0480
W/mK, and 0.046 W/mK in Manohar’s work [17]. The behaviour of thermal
conductivity with the density of the fiber bundle was carried out in this experiment.
The thermal conductivity of the fibrous batt was decreased with the density of the
fibrous batt until the optimum point and then increased after that point hence the
thermal conductivity value of loose-fill material is greater than close-celled materials
after the optimum point [17]. Cetiner experimentally investigated the thermal
conductivity as 0.0528 W/mK for oven-dried binder-less wood waste materials [19].

According to the literature, binder-less cotton stalk fiberboards were made with



densities of 150 — 450 kgm™ and the thermal conductivity varied from 0.0585 W/mK
to 0.0815 W/mK 117 kgm,

Sathishkumar reported thermal conductivity values of different fibers with epoxy resin
[20]. The smallest thermal conductivity value was 0.03 W/mK, which has cotton, and
the tertiary smallest value was 0.047 W/mK for coir fibers. The thermal conductivity
of fabricated samples can be arranged in the ascending order of cotton, sisal, coir, flax,
palm, and hemp [20]. The thermal conductivity of jute and hemp fiber is higher than
in cotton and flax because the lumen size of cotton and flax is larger than hemp and
jute, increasing the fiber insulation properties [21].

The thermal conductivity of fiber-reinforced clay bricks was measured according to
Rashid’s experiment [22]. Brick reinforced with coir fiber had the lowest thermal
conductivity. Thereafter, the thermal conductivity values increased in the order of
bamboo, sisal, and jute, respectively. Still, the thermal conductivity value of bricks
depends on the porosity level, density, and water absorption percentage [22].

Tangjuank investigated the thermal conductivity with pineapple and latex composite
[23]. Here, a composite with a density value of 210 kgm had a thermal conductivity
of 0.035W/mK. The composite is made of fiber: latex with 1:3 ratios. The pineapple
and natural rubber latex composite made by Kumfu had a thermal conductivity of
0.057W/mK with 338 kgm[24]. Also, coir fiber and natural rubber latex showed good

thermal insulation properties for building insulations [25,26].

Composites made from sugarcane, coconut, palm fiber, cotton stalk, wood waste, sisal,
jute, pineapple, hemp, and flax can be used as building insulation materials since their
thermal conductivity values are less than 0.065 W/mK as explained above.
Furthermore, cotton, sisal, coir, bamboo, and sugarcane have lower thermal
conductivity values than hemp, flax, jute, and palm, according to the above literature
results [17,20,21,22].

2.2.3 Density comparison of natural fibers
The thermal conductivity of a material depends on the material density. Therefore,
low-density materials can be used for insulation since molecular vibrations occur due

to the storing of heat energy in molecules. The temperature increases with molecular
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vibration, producing more molecular vibrations at higher temperatures [26]. This
argument is well reflected in the density value of solid palm fiber, coconut fiber, and
sugarcane fiber compared to thermal conductivity. The fiber density of palm fiber,
coconut fiber, and sugarcane fiber were 797 kgm, 755 kgm?, and 686 kgm,
respectively, with thermal conductivity values of 0.0555 W/mK, 0.0480 W/mK, and
0.0461 W/mK. The fiber density must also be reduced to lower the composite weight
[27]. Hence, the analysis of the density variation of natural fibers is an essential
parameter for selecting fiber for thermal insulation materials. Figure 2.4 illustrates the

density variation of different fibers.
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Figure 2.4: Density of natural fibers [15,27,28,29,30]

According to Figure 2.4, bamboo, oil palm, coir, and sugarcane fibers have the lowest

density values.

2.2.4 Structure of natural fibers

Lignocellulose is the basic constructional substance for the plant cell, and most types
of natural fiber structures are formed by lignocellulose substances [31]. Lignocellulose
contains cellulose, hemicellulose, lignin, pectin, waxes, and water dissoluble
substances [27]. The lignocellulose structure is a natural composite [27], and the

microfibril that produces cellulose gives reinforcement for the cell [27]. Cellulose
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microfibrils are mixed with hemicellulose and lignin matrix [11,27]. Therefore,
cellulose, lignin, and hemicellulose are the primary elements that alter the structural
properties of plants [21,31]. Additionally, oily substances and waxes give fiber
protection, and pectin contributes to fiber flexibility. Most microscopic fiber structures
are developed from primary, three secondary cell walls, and lumen. These cell walls
contain above lignocellulose substances, and the lumen is the cavity that contains air
[11]. It reduces fiber density and controls the heat, moisture absorption, and moisture
releasing of fiber [21]. Figure 2.5 presents the microscopic structure of the natural
fiber.

__—— Lumen

~——— SecondarywallS3

Hellically arranged
crystalline cellulose ¢
microfibrils 1y

~ SecondarywallS2

Amorphous

Region:mainly
ligninand
hemicellulose |

Disorderlyarranged
crystalline cellulose
microfibrils

Figure 2.5: Structure of natural plant fiber [11].

(Reprinted from Material and design, 47, Z. N. Azawa, B. F. Yousif, A. C. Manalo, and W. Karunasena,
A review on the degradability of polymeric composites based on natural fibers, 424-442, 2022, with
permission from Elsevier)

A single cellulose chain is arranged by intramolecular hydrogen bonds that form unit
cells using intermolecular hydrogen bonds. Linear stability is given by intramolecular
hydrogen bonds, and reinforcement is given by intermolecular bonds. Due to many
interconnected hydrogen bonds, these cellulose bonds cannot be easily dissolved in
moisture and alkaline. Celluloses are hydrophobic [31], and the cellulose content
increases fiber stiffness and rigidity. However, fiber flexibility decreases with the
cellulose content [27]. These celluloses can be found as thin microfibrils in plants [11],
formed by the linear accumulation of unit cells [31]. Such microfibrils provide fiber

tensile strength, but the magnitude of the tensile strength depends on the angle which
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makes the microfibrils and the central axis of the fiber. This angle is the microfibril
angle (MFA) [27].

As the MFA decreases, the tensile strength will increase, reducing the elongation at
the break [21]. Figure 2.6 shows the fundamental structure of cellulose.
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Figure 2.6: Fundamental structure of cellulose [31]

(Permission is granted subject to an appropriate acknowledgement given to D. D. Stokke, Q. Wu, and
G. Han, Introduction to wood and natural fiber composites,Wiley.)

Hemicellulose acts as a cementitious material between microfibrils in the fiber
structure by hydrogen bonds of the hemicellulose molecules [27]. These
hemicelluloses can be dissolved in dilute alkaline or acidic solutions and hydrophilic

[11]. Figure 2.7 presents the hemicellulose chemical structure.
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Figure 2.7: Chemical structure of hemicellulose [31]

(Permission is granted subject to an appropriate acknowledgement given to D. D. Stokke, Q. Wu, and
G. Han, Introduction to wood and natural fiber composites,Wiley.)

Lignin is the next main constituent in the lignocellulose structure. It is mainly
identified as amorphous due to various structure types. Lignin has aromatic structures

because it contains benzene rings, as shown in Figure 2.8. Lignin is hydrophobic due

13



to its aromatic structure and crosslinks among the molecules; it acts as a glue between
cell walls and gives rigidity to cell walls. Lignin is a thermoplastic material in nature.

These advantages can help composite manufacturing [31].

HO._
o

Figure 2.8: Fundamental structure of lignin [31]

(Permission is granted subject to an appropriate acknowledgement given to D. D. Stokke, Q. Wu, and
G. Han, Introduction to wood and natural fiber composites,Wiley.)

According to the above discussion, the lignocellulose fiber properties depend on the
chemical substances on the cell wall. Figure 2.9 shows how to change fiber properties

with cell wall substances.

Properties of Lignocelluloses Fibers

| | | |

Ultraviolet degradation Bio degradation
Lignin Hemicellulose

Strength Thermal degradation
Crystalline cellulose Hemiecellulose

I

Moisture absorption Fire degradation
Hemicellulose |
Flammability Char formation
Hemicellulose Lignin

Figure 2.9: Cell wall substances responsible for the properties of natural plant fiber

Chemical substances in the fiber vary between plants. Figure 2.10 provides lignin,

hemicellulose, and cellulose percentages of different fibers.
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Figure 2.10: Chemical compositions of various plant fibers [11,27]

2.2.5 Water absorption of natural fibers

Natural fibers are hydrophilic due to the presence of lignocellulose substances [16].
Therefore, they tend to absorb environmental moisture, resulting in fiber swelling at
the matrix. Fiber swelling reduces the matrix’s bonding strength [16], affects the
desired mechanical and thermal properties, and changes the composite dimension
[11,27]. Also, natural fiber composites tend to fail in moist environments, which causes

fiber swelling [11].

The water absorption ability of the natural fiber is the crucial parameter for designing
a natural fiber-reinforced composite [16]. Hemicellulose in the lignocellulose fiber
mainly contributes to moisture absorption. The amorphous region of the cellulose also
subscribes to this phenomenon. Water absorption is highly increased by
polysaccharide chains in hemicellulose [27], and the hydroxyl groups of substances
form hydrogen bonds with moisture. Water absorption rises with the hemicellulose
content, affecting fiber biodegradation because high water content influences the

microbial attack. Moreover, porosity and hollow cavities decrease fiber density but
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increase the moisture absorption of fiber. Dissolving cellulose is difficult in liquid, but
these liquids can remain between the microfibrils [11]. Lignin has a much lower water
absorption rate than other substances in the lignocellulose fiber [32]. The water
absorption rate linearly increases initially and reduces with prolonged duration,
following the Fickian behaviour [11].

Two water types can be identified during the moisture absorption process. Bound water
is found in cell walls and bonds with the hydrogen bonds in the hydroxyl group of
substances, whereas Free water occurs in voids created by a cell wall [27]. These voids
can be identified as a lumen of the cell, small cavities, and micro spaces in the cell wall
[31]. This free water is carried by the capillary action or tension forces. However,
dimensional changes result from bound water, and free water does not contribute to
thickness swelling [27] because secondary bonds break due to water absorption. It
produces a hydrogen bond with the hydroxyl group of the lignocellulose fiber. This
phenomenon causes fiber swelling [32]. Hence the free water content changes the total

mass of fibers but does not affect fiber properties [31].

Khuram studied the behaviour of moisture absorption in sisal, bamboo, jute, and coir
[22]. Jute fiber has maximum moisture absorption ability, and its chemical
composition makes it the most water-absorbent fiber among the best fibers [29]. The
smallest percentage of diameter change was indicated by jute than sisal, bamboo, and
coconut fiber. The cellulose content of the jute fiber can absorb moisture without
swelling the diameter. Furthermore, a secondary amount of water absorption was
observed by sisal fiber due to the high cellulose content. However, coir fiber had the
minimum water absorption value [22] since coir fiber is the most lignin-rich fiber
among natural fibers [29]. The diameter of the coir fiber increased by 3.53% after water
absorption; this was a comparatively small value with the diameter variation of sisal

and bamboo fiber.

Moisture absorption of wood fiber was higher than hemp and flax fiber, according to
Martin’s work [18]. Also, the moisture content of hemp was higher than flax fiber
because a large amount of water is absorbed by the high hydrophilic nature of hemp

fiber. When hemp is mixed with concrete, it takes a long time to settle and dry with

16



the excess moisture content of hemp fiber [16]. Hemp fiber can absorb high moisture
content, but this value is lower than jute and sisal, as shown in Ikbal’s work [19].

In Dewi’s experiment, coir fiber and palm fiber were mixed with polyester resin [33].
The required fiber volume of the composite was filled with 100% coir fiber in the first
sample. Then the volume of coir was gradually decreased, and the palm fiber volume
was increased up to 100% for the next samples. The first sample, which contained
100% coir fiber, provided the least moisture content and the least thickness swelling.
It shows that moisture absorption and fiber swelling are lower than palm fiber.
Furthermore, the initial coir fiber dimensions can be restored due to lignin and
cellulose contents [19]. Coir fiber absorbs less water than pineapple leaf fiber, as in
Mittal’s work [32], but pineapple absorbs moisture in levels between sisal and jute
[29].

Cotton fibers had hydrophilic properties due to their high cellulose content than other
natural fibers. Coir fibers contain the highest lignin percentage among other natural
fibers [16,29]. Therefore, coconut fibers are relatively waterproof and absorb the least

saltwater content than other natural fibers [29].

According to the above discussion, the water absorption behaviour order can be

adjusted as coir, bagasse, bamboo, flax, hemp, sisal, pineapple, jute, and cotton [29].

2.2.6 Mechanical properties of natural fibers

The mechanical properties of a fiber depend on structure, chemical composition,
microfibrillar angle, and defects. Microfibrillar angle is a crucial parameter for
defining the mechanical characteristics of fibers. A small microfibrillar angle gives
high stiffness and strength values [11] because low angle microfibrillar aligns along
with the central axis of the fiber direction and increases the tensile strength [30].
However, the ductility and elongation at the breaking point are increased by a high
microfibrillar angle [11,30]. Cellulose has higher strength and stiffness than other
lignocellulose substances [29]. Strength is given by the anhydride group and hydroxyl
group bond due to the covalent bond in cellulose [16]. Hence, cellulose content and
cell dimension increase Young’s module and tensile strength of the fiber [11,16]. As

mentioned above, the lower the microfibrillar angle, the higher the cellulose content,
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the higher length of the cell, and the high degree of crystallinity of cellulose will result
in high tensile strength [11]. Additionally, fiber porosity influences mechanical
strength because moisture absorption increases with the porosity level [30] and

moisture content affects the orientation and degree of crystallinity [11].

Hemp and jute fibers have the highest tensile strength values than other natural fibers
[11]. These fibers show the same behaviour for the stress-strain graph [29]. High
cellulose content causes the tensile strength to increase, so these fibers can be used for
reinforcing applications [16]. Hemp can act as a reinforcing material for various types
of applications due to its high stiffness and strength. Flax fiber has good strength
because of its high cellulose content. Pineapple leaf fiber has the highest tensile
strength among leaf fibers. The microfibrillar angle and high cellulose content are
relatively higher than other types of leaf fiber. Bamboo fiber has a high resistance to
force, but tensile strength is very low among plant fibers. Palm fibers have the same
hardness and toughness behaviour as coir fiber, but the elongation value at the breaking
point is higher than other natural fibers due to its highest value for microfibrillar angle
[29].

2.2.7 Thermal degradation of natural fibers

The chemical composition of lignocellulose fibers alters the mechanical and physical
characteristics. Hence the percentage of crystalline cellulose obtains the thermal
stability of the fiber. Higher content of hemicellulose and extractives cause fiber
degradation at low temperatures [34]. Investigating the lignocellulose fiber
degradation is vital because of possible thermal degradation during composite
fabrication and prolonged usage. Therefore, prediction and understanding of thermal

degradation influence the estimation of composite properties [35].

Natural fibers undergo two or more steps for thermal decomposition. The first stage of
decomposition is the evaporation of moisture and the decomposition of low molecular
extractives. The hydrophilic nature of fiber affects the first stage of decomposition,
and chemically bonded water is not involved in these phenomena [34,36]. Typically,
this type of decomposition occurs at a temperature of 50 °C to 150 °C. Then

hemicellulose degradation can be identified as the second step of degradation between
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the temperature range of 200 °C to 350 °C. Hemicellulose can be easily removed from
the cell structure due to the amorphous and randomness of the structure. CO and CO-
volatiles are generated as a result of hemicellulose degradation. However, the
hydrogen bonds between hemicellulose and cellulose increase the thermal stability of
hemicellulose. The third stage of decomposition is the paralysation of cellulose. A
well-ordered structure and branchless polymer chain affect the high thermal stability
at high temperatures. Therefore, cellulose pyrolysis occurs in the high-temperature
range of 320 °C to 400 °C.

Lignin degradation is identified as the fourth degradation [34]. However, lignin
degradation occurs in the entire range of heating from 100 °C to 900 °C. Various types
of branches with aromatic rings and the function of the chemical bonds lead to a high
degree of degradation [34,35].

The most common methods for thermal decomposition analysis are Thermal
Gravimetric Analysis (TGA) and Derivative Thermal Gravimetric Analysis (DTGA)
[36,37]. Mass loss of the sample relative to time and temperature is analysed by TG
and DTG curves. Figure 2.11 indicates the differences between TG and DTG.
Cellulose decomposition can be identified from the main peak of a DTG, and the
shoulder of the DTG curve indicates the decomposition of hemicellulose. The shoulder
peak does not appear in some cases due to the overlapping with the curve's main peak,

and the DTG curve's tail shows the lignin decomposition [37].
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Figure 2.11: Typical TG and DTG curves of natural fibers [11]

(Reprinted from Material and design, 47, Z. N. Azawa, B. F. Yousif, A. C. Manalo, and W. Karunasena,
A review on the degradability of polymeric composites based on natural fibers, 424-442, 2022, with
permission from Elsevier)

Due to their individualistic combination, various types of kinetic techniques are used
to analyse the thermal decomposition of lignocellulose fibers [34]. Different types of
model-free and model-fitting methods evaluate kinetic parameters taken by TG and
DTG. The model-free method is generally used to find kinetic parameters because of
its simplicity and accuracy [34,36]. Therefore, the most typical model-free methods
such as Kissinger, Flynn Wall Ozawa (FWO), and Friedman are used to determine the
activation energy (E.) of plant fibers [34]. The activation energy provides information
on the minimum energy required to initiate a reaction. Hence the finding of activation

energy for decomposition helps detect the thermal decomposition of natural fibers [37].

Analysing the TGA covers in Poletto’s work indicates that jute fiber has higher thermal
stability than sisal fiber [34]. A low percentage of bonded water due to the high degree
of crystallinity and low content of extractives of jute fiber may have produced this
result. The decomposing process of sisal starts at a low temperature. The contrasting

properties of jute fibers may have shown this result.
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Fei Yao determined the apparent activation energy of selected plant fibers [37].
Bagasse, bamboo, cotton stalk, hemp, and jute were chosen for this review. Here the
activation energy of fibers was determined by the above three types of model-free
methods. It was suitable for comparison of other fibers. The Ea value of jute fiber was
higher than hemp than that of Friedman and FWO, although the behaviour changed in
the Kissinger method. However, the E, values of jute and hemp fibers were at around
180 kJ/mol, and it is higher than the E, of bagasse, bamboo, and cotton stalk.

Apparent activation energies of coir fibers, sugarcane, banana pseudostem, and
pineapple leaf were observed by Siti using three kinds of model-free methods [35].
Here, the Ea values were reduced for coir, pineapple leaf, sugarcane, and banana
pseudostem, respectively. Coir fiber showed higher thermal stability than other fibers.
The highest content of lignin may have caused this result.

The Eavalues of alkaline-treated coir, jute, sisal, and areca were discussed in Shilpa’s
work [36]. Among these fibers, alkaline-treated coir fiber showed the highest Ea value.
The effectiveness of alkaline treatment for fiber will be discussed later in this review.

Furthermore, the E. value can estimate the lifetime of natural fibers and their
composites [38,39]. The Toop’s method was proposed as an efficient method for
estimating the lifetime of various composites consisting of reinforced coir fibers and

flax fibers reinforced in a polymeric matrix [38].

Eq Eq
Inty = -+ In g, P(X;) (2.1)

Analysing the above equation shows that the estimated lifetime (Intf) depends on the
activation energy of the material [38,39,40]. Therefore, fibers with higher activation
energy have a higher lifetime on the thermal. By analysing the result of the previous
studies, we identified that coir fiber has a longer lifetime of thermal degradation than
jute, sisal, pineapple, bamboo, sugarcane, hemp, and cotton stalk. The highest lignin
percentage in coir fiber influences this result because, in fibers, lignin is the most

difficult constituent to decompose [35].
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2.2.8 Embodied energy

The embodied energy is the energy involved in different stages of the material. It
involves different stages of extraction, production, transportation, installation, and
disposal. Also, embodied energy gives information on embodied carbon. Figure 2.12

presents the embodied energy of different natural fibers [3].
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Figure 2.12: Embodied energy of different natural fibers [3]

According to Figure 2.12, coir fibers have a minimum embodied energy of around 0.55
MJ/kg. Therefore, it releases the minimum greenhouse gases throughout the
production process. Also, it has a lower production cost due to the lower value of

embodied energy [3].

According to this discussion, thermal conductivity, water absorption resistance,
thermal degradation, density, elongation at the breaking point, and tensile strength can

be summarised using a weight of analysis data as shown in Table 2.1.
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Table 2.1: Weight of analysis data for fiber properties

Insulation Water Resistance Low- | Elongation | Tensile | Average
property | absorption | tothermal | density strength
(25%) resistance | degradation (10%)
(25%) (10%) (5%)
(25%)
Wood 2 1 1 1 1 5 1.50
Cotton 5 1 2 1 2 2 2.45
Flax 3 4 2 1 1 4 2.70
Coir 5 5 5 3 5 1 4.75
Sugarcane 3 4 2 3 1 1 2.85
Oil palm 2 2 1 4 3 1 2.20
Jute 1 2 3 2 1 3 2.05
Hemp 1 3 3 1 1 5 2.25
Bamboo 4 4 2 5 1 1 3.40
Sisal 4 3 2 1 1 4 2.70
Pineapple 3 3 2 1 1 5 2.50
Leaf fiber
Five types of point scales used in Table 2.1 are given in Table 2.2.
Table 2.2: Five types of point scales
Grade Very low Low Average High Very high
Score 1 2 3 4 5

According to Table 2.1, coir fiber has the highest grade point average among other
fibers and shows the minimum value for embodied energy. According to European

technical standards, it is suitable for insulation under the pitched type roof cover.
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After identifying the fiber type for the composite, we can consider the composite
fabrication. However, the composition of each phase (fiber, binder, and void) should
be identified before the fabrication. Because the volume ratio of each phase affects the
thermal conductivity of the material. The volume ratio of each phase can be identified
from the numerical, analytical, and experimental methods. Sections 2.3, 2.4, and 2.5
explain these methods.

2.3 A numerical method to analyse the thermal conductivity of composites

The Finite element method (FEM) can be identified as a dominant appliance for
finding the closest solution to a mathematical problem in numerical analysis. FEM can
adopt different simulation types for various functions of a physical system. FEM
generates the finite number of elements to find the unknown variable, and it is given
by assuming the closest function of individual elements [41]. Since laboratory
experiments generally take a long time to achieve steady-state conditions and much
more difficult to maintain those conditions during the investigation, finding a solution

through FEM is more effective in analysing the variation of physical parameters.

FEM has a higher degree of flexibility in design enhancement; it is a cost-effective and
a faster method of analysing results than experimental methods [42]. In previous
experiments, the thermal conductivity of composites was determined by software of
the ANSYS package used for finite element analysis [22,41,42,43]. This software has
been written by ANSYS Programming Design Language (ADPL) and easily simulates
a given problem [43].

A micromechanical model should be created for the ANSYS simulation, and some
assumptions were carried out for the simulation of composites in the literature as
follows [41,44,45,46].

e The matrix and fibers are microscopically homogeneously distributed
throughout the composite.

e The perfect bonding and negligible thermal resistance between fibers and the
matrix,

e Fibers having the same shape and size,
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e Uniform distribution of fibers, and

e Void-free in the composites

2.3.1 Generation of the unit cell

The thermal conductivity of a composite can be changed by either adding reinforced
material or changing the molecular orientation of the composite. Frequently, the
composition of the fibers or particles changes the thermal conductivity value of the
composite. Also, conductivity values depend on fiber orientation, which creates the
angle between the heat flux and the fiber [41]. Figure 2.13 shows the longitudinal and
transverse arrangement of fibers in a composite [47].

Heat flow Heat flow

a)

T~

Figure 2.13: Arrangement of the fiber direction - a) longitudinal, b) transverse [47]

Fibers

Thermal conductivity values for longitudinal (Figure 2.13a) and transverse (Figure
2.13Db) directions were considered in previous studies. The longitudinal arrangement
showed the highest value for thermal conductivity [41,44,46,48,49] because heat flux
is parallel to the fiber arrangement [47]. Analysing the thermal conductivity in the
transverse direction is more difficult. It varies due to the arrangement of the crystalline
lattice of the cellulose, the vast range of lumens, and fiber walls [49]. In the
longitudinal direction, the thermal resistance of the composite lamina is constant [44].
After identifying the fiber orientation, the micromechanical model for FEM should be

designed, as shown in Figure 2.14.
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Figure 2.14: Micromechanical arrangement of fiber—reinforced composites [50]

(Permission is granted subject to an appropriate acknowledgement given to S. Sihn and A. K. Roy,
Micromechanical analysis for transverse thermal conductivity of composites, Journal of Composite
Materials (vol. 45, no. 11) , pp. 1245-1255, Copyright © 2011 (SAGE Publications) , doi:
10.1177/0021998310382311.)

The frequent arrangement of fiber arrays can be identified as square or hexagonal unit
cells. It can be reduced as a periodic block with a unit cell model description. However,

a random array can simulate random fiber arrangement [44,50].

Rao studied the transverse thermal conductivity (Kr) of various shapes of fibers using
a square unit cell [44]. The centre fiber unit is surrounded by a square matrix, as the
square array pattern in Figure 2.14, and models have been extended to different fiber
shapes such as circular, square, elliptical, and rhombus. The horizontal elliptical model
indicated better insulation properties in the matrix dominated composite than in square
and circular fibers. However, elliptical fiber cannot attain a high volume fraction.
Therefore, selecting the fiber shape in the unit cell model is essential for thermal

performances [44].

The transverse thermal conductivity of hollow manila hemp fibers was simulated in
Sihn’s work [50]. Thermal properties of circular fiber were compared to a square fiber
with the same volume fraction of fiber with a constant volume of the lumen. Equal
conductivity values were identified up to 0.5 fiber fractions for both types of fiber
shapes. Additionally, the effect of fiber hollowness on Kt was simulated by a square

array. Furthermore, the unit cell was reduced to one-fourth of the cell to increase the
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simulation efficiency. Here Kt values were decreased by the fiber hollowness of the
matrix-dominated composite [46]. The Ky estimation of a fiber-reinforced composite
in Priya’s work is an example of a hexagonal array [45], and regular and random fiber
distributions on Kt were studied in Sangwook’s work [50]. The difference between
random fiber distribution and regular distribution Kt values was indicated at the higher
fiber volume, but the experimental results in Sangwook’s work was a well-accepted
random distribution [50]. The above studies show that the K value changes with the
fiber distribution in the matrix, volume fraction, fiber shape, and properties of parent

materials [46].

Furthermore, longitudinal thermal conductivity (K.) was simulated by Kumar Sahu
and Devieddy [41,43]. The cylindrical fibers of the cube lattice arrays are applied to a
3D model in FEM [41,43]. The short glass fibers and short banana epoxy matrix were
taken as two different sets of samples to evaluate the K. in Kumar Sahu’s work [41],
and the hybrid composite was made from short banana and jute fibers in epoxy resin
in Devireddy’s work [43]. These experiments show that FEM is a valuable method for

obtaining thermal properties compared to experimental results.

Kt and K. of the short jute and banana mixed composites have been simulated through
a unit cell of the square array [47]. Here the K. value was slightly higher than Kt
because the heat flux was parallel to the fiber orientation in the longitudinal orientation.
The percentage error between FEM and experiment was less in the longitudinal
direction because fibers touch with other fibers in the investigation, resulting in a lower
thermal conductivity of the composite. A cubic lattice array was developed with
spheres to evaluate the thermal conductivity of a composite of solid glass spheres and

polymer matrix [51].

A thermal evaluation of a composite board was carried out with layer formation of

fiber and resin [52]. It is an entirely different approach than the above discussion.

The importance of the role of the unit cell for FEM can be identified from the above
discussion, and the identification of unit cell type is essential for studying physical and
micromechanical properties. Boundary conditions should be applied after selecting the

unit cell.
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2.3.2 Boundary conditions

There are two approaches to finding the heat distribution through a unit cell [42]. In
the first method, the heat load is applied as a temperature of both opposing faces of the
unit cell while other faces are assumed to be adiabatic. Many works of literature have
followed this method [43,45,46,52]. Then thermal distribution through the composite
can be analysed through the Ansys software.

In the second method, the heat transfer coefficient at room temperature is calculated,
and heat load is applied as a temperature on a single face of the unit cell. Other faces
parallel to heat flow are assumed to be adiabatic [41,42]. Kumar Sahu’s work followed
this method to analyse thermal distribution [41]. Figure 2.15 shows the boundary
conditions in a unit cell according to the first method. Here, temperature loads are
applied to the top and bottom faces, and other faces are assumed to be adiabatic.

: A

+D C |

Figure 2.15: Boundary conditions in the unit cell [41]
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2.4 Analytical method to analyse the thermal conductivity of composites

The thermal conductivity of a material can be evaluated by the analytical method in
addition to the experimental method and the numerical method. Various types of
analytical models are available to evaluate the thermal conductivity of a composite.
This is because the results of the analytical method are more convenient than
experimentation. Further, numerical methods have some disadvantages due to the
development of complex geometry, and the evaluation is time-consuming.
Nevertheless, the FEM method can justify the results taken from the experimental and
analytical methods. However, the analytical method is faster and cheaper than other
methods. Furthermore, the effective thermal conductivity varies with the size and
shape of the fillers, distribution of filler material throughout the matrix, bonding
between the particles, and the thermal conductivity of constituents. Therefore, different
kinds of basic models and modified and semi-empirical methods are available to
evaluate the effective thermal conductivity of the composite material [53,54].

The macroscopic properties can be evaluated by different analytical models of a
heterogenic medium using the constituent materials’ thermal properties and volume
fraction. However, these heterogenic materials are assumed to be microscopically
homogenous in analytical models. These models are identified as effective medium
approximation (EMA) or effective medium theories (EMT) [53].

Five basic models of Parallel, Series, Maxwell-Eucken model (two forms), and
Effective Medium Theory (EMT), were adopted as the main models for developing
many thermal conductivity models [54]. Further, past studies have mainly used the
Rule of mixtures, Maxwell model, Bruggmen’s model, Rayleigh’s model, and Lewis

Nielsen model to measure the thermal conductivity of composites.

2.4.1 Rule of mixtures

Heat flow direction is assumed to be parallel in the material structure in the parallel
model and perpendicular in the series model. Commonly these models are called the
Rule of mixtures [54,55]. These parallel models can be extended to determine the Kers
of multi-component composites. These models are called standard mixture rule and

inverse mixture rule [54]. Sahu calculated Kefs for short banana fiber/epoxy resin and
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short glass fiber/epoxy using the rule of mixtures [41]. The highest deviation relative
to the experimental results is given by the rule of mixtures. Also, the calculated Kes
value of the rule of mixtures showed the highest deviation for the transverse direction
than other models [47,55]. A small deviation has been noted for the rule of mixtures
in the longitudinal direction [43,47,55].

2.4.2 Maxwell model

The Maxwell model can be identified as the first mathematical model to evaluate the
thermal conductivity of a heterogenic medium. Well-dispersion spherical particles in
the continuous matrix are the main assumption of the Maxwell model [53,54,56].
However, this model is validated under about 0.25 volume fraction. Thereafter, the
development of the Maxwell model was carried out by Eucken to predict the Kefs of
the continuous matrix, which contains multiple phases of filler particles [53]. However,
the Kerr of the composite made using epoxy and hollow glass spheres particles shows
distant values to the Maxwell model [51]. The short fibers in the epoxy matrix showed
a closer agreement with the experimental results but not FEM results [41,57]. The
above results signify that the evaluation of thermal conductivity depends on the
physical structure of the composite. Therefore, the five basic models do not apply to
all applications. As a result of the limitation of the five basic models, empirical and
semi-empirical models were introduced to evaluate the Kefr of composites. These
models were developed based on the sizes, shapes, and distribution of the fillers
throughout the matrix [54].

2.4.3 Bruggmen’s model

Bruggmen developed a model using different assumptions than Maxwell’s model [56].
This model can evaluate the thermal conductivity of spherical particles in a
homogeneous medium [41,56]. Nevertheless, Bruggemen’s model was chosen to
predict the Kers of short fibers in the epoxy matrix. However, Bruggmen’s and
Maxwell’s models show more variation in experimental results [41,57]. Bruggmen’s
model can predict the thermal conductivity of composites and also the thermal
conductivity of many forms of materials such as porous materials, nanofluids, and

space dust.

30



2.4.4 Rayleigh’s model

Rayleigh’s model has two forms: one form of Rayleigh’s model gives better outcomes
than Maxwell’s model for high volume fractions with spherical fillers. Another form
of Rayleigh’s model is important to predict Kess Of cylindrical fibers in a continuous
matrix [53]. It shows another aspect of predicting the thermal conductivity of
composites because fibers act as a filler material in many insulating materials rather
than spherical particles. Therefore, it is more interesting to study analytical models that
are cylindrical-shaped fillers embedded in a continuous matrix. Moreover, Rayleigh’s

model can determine the Ke in transverse and longitudinal directions.

2.4.5 Lewis Nielsen model

Lewis Nielsen model is a well-known empirical model to predict Kess in composites. It
does not consider the interfacial thermal resistance but can give accurate results up to
a volume fraction of 0.4. Additionally, it is applicable to a broad range of orientations
and shapes of fillers. The simplicity is identified as the main advantage of this model
[53]. Lewis Nielsen’s model was modified using the Halpin-Tsai model. Hence, this
model can determine Kesf in the longitudinal and transverse directions [56]. However,
Devireddy’s work better agrees with the experimental results with less fiber volume

fraction in the transverse direction [47].

The above description reveals that the Lewis Nielsen model can be used for composites
containing spherical or fibrous fillers embedded in a continuous matrix [43,51,55].
According to Bhaskara’s results, the final values of the hexagonal or square packing
arrangement in the cubic cell are very close to the unidirectional fiber arrangement
[55].

Also, this model can determine a mixture of three components [43,55,56]. The first
step is calculating conductivity for a mixture of the matrix and one filler. Next, the
total conductivity of the composite can be calculated with the conductivity value of the
mixture and the second filler [56]. Also, the Springer and Tsai Semi theoretical model

was introduced to find conductivity in the longitudinal and transverse directions [56].
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Table 2.3 summarises the filler shape that can be applied to the above mentioned

models and the maximum number of phases in that composite.

Table 2.3: Empirical models for analysing the Kes of the composite.

Model Filler shape No of phases
Rule of mixtures spheres or cylindrical Multiphase
EMT spheres two-phase
Maxwell Eucken spheres multiphase
Bruggmen spheres two-phase
Rayleigh cylindrical two-phase
Lewis Nielsen cylindrical Multiphase
Springer and Tsai semi cylindrical two-phase
theoretical model

Halpsin-Tsai cylindrical two-phase
Geometric model spheres Multiphase

The Rule of mixtures, Maxwell model, and EMT model are basic empirical models to
find Kerr. Maxwell Eucken and Bruggmen can be applied for spherical particles in a
continuous matrix. Further, Rayleigh’s model, Lewis Nielsen model, Springer and Tsai
Semi theoretical model, and Halpin-Tsai model are significant models for finding the
conductivity of cylindrical fillers in a continuous matrix. Additionally, the conductivity
of a multiphase component can be evaluated by the Rule of mixtures, Maxwell Eucken,
and Lewis Nielsen models. The geometric model can find Ket of a multi-component
system [54], but the deviation of results in the geometric model is higher than the rule
of mixtures, Halpsin —Tsai model, and the Lewis Nielsen’s model in Devireddy’s work
for hybrid fiber mixtures [43]. However, the Rule of mixtures, Rayleigh’s model, and
Lewis Nielsen model were frequently applied to evaluate the thermal conductivity of

fiber reinforced composite.

The above-discussed empirical models are defined to evaluate the Kef0f a solid-solid

system. However, it is more important to consider the Kess of a solid-gas system to
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develop insulation composites because the thermal conductivity value of a solid
material can be reduced by the incorporation of porosity into the material. Here the
thermal conductivity of air is lower than in the solid region [58,59]. Therefore, most
mineral wool insulators contain over 95% air volume [59]. Hence, 90% volume content
of air should be included in 1 W/mK of solid phase to produce materials with thermal
conductivity less than 0.1W/mK. However, heat transfer in porous material occurs with
vibrational conduction in the solid region, conduction due to the collision of particles
within the air gap, and radiation through the large pores or semi-transparent solid
region [58]. Therefore, the effective conductivity of a pore is defined as a summation
of the true conductivity of the pore and the apparent conductivity value on account of

radiation.

Nevertheless, at 4 °C, the apparent conductivity due to radiation in a 0.25 mm width
pore is negligible relative to the conductivity value of air. Also, the thermal
conductivity value due to radiation at 482 °C is considered to be the value of the true
conductivity of air at 4 °C. Further, the apparent conductivity value is equal to the true
conductivity for a width of 5 mm pores at 4 °C temperature [59]. Therefore, the
radiation effects should be considered at high temperatures and when large pores are
in insulation materials [58]. Moreover, values due to the radiation effect of Ankang’s
work show negligible changes in the effective thermal conductivity of the open porous
polyurethane foam [60]. Also, the effect of radiation on glass wool was neglected in

evaluating the thermal conductivity of glass wool insulation [61].

Convectional heat transfer through the pores can be neglected for pore sizes less than
5 mm [58,59] since the natural air movement is negligible when the surfaces are close
to each other. Hence the heat transfer through the conduction is greater than the heat
transfer through the convection. However, the convection value increases with the
width of the air gap, and conduction reduces at this time [62,63]. Therefore, the major
portion of the heat transfer below 200 °C is done by the conduction of air through the
insulator [64]. Also, thermal conductivity can be reduced with the increase of porosity,
and the results of Russell’s work concluded that the conductivity value of materials

with continuous air phase is lower than materials with a continuous solid phase [59].
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Therefore, most insulators are fabricated with fibrous materials such as glass wool and
asbestos wool.

The effective thermal conductivity of a porous material can be predicted using
analytical models. It can be derived as a two-phase mixture problem with a function of
a void fraction. Effective thermal conductivity of pore materials with 0.04 to 0.95 pore
volume fraction (Vp) was analysed through analytical models by Smith [58]. Here the
Maxwell-Eucken model shows a better arrangement for the Vp<0.15 samples. Also,
the 0.15<Vp<0.65 range of pore volume fraction shows a better arrangement with the
Landaure’s relation and materials with Vp>0.65 shows a better arrangement with the
Hashin-Shtrikman upper bond and the Rusell’s relation. This is because Vp<0.15

materials show close pores behaviour, and Vp>0.15 shows open pores behaviour.

In addition to the above models, several theoretical and empirical models are available
to find Kess in a porous composite. Progelhof and Throne’s empirical model and
Topper’s theoretical model are some example models to evaluate the thermal
conductivity of porous materials [56].

Theoretical models were recently developed to find Kes of two-phase composites.
Also, the results of these models were validated by comparing experimental, available
theoretical models and FEM [41,43,65,66]. These developed models showed better

agreement with experimental results than previously available analytical models.

2.5 Experimental procedure to analyse the thermal conductivity of natural fiber

composites

The experiment procedure follows two main steps, i.e., composite processing and
measuring the thermal conductivity of the fabricated material. The first step in the
fabrication process is the surface treatment for fibers. After that, selecting the binding
material and selecting the fabrication process are the critical steps in the fabrication.
Finally, thermal conductivity can be measured from the most suitable method. These

points are mainly discussed in this section based on past studies.
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2.5.1 Alkaline treatment for fiber surface

Lignocellulose fibers contain cellulose and hemicellulose as major constitutions.
Therefore, these functional groups are highly polarised due to the hydroxyl groups.
These hydroxyl groups give a hydrophilic nature to natural fibers because the hydroxyl
groups form hydrogen bonds with water.

Industrial applications of natural fibers are limited due to the absorption of moisture
from the environment, which results in weak adherence between the hydrophobic
matrix and the fibers. This poor adhesion creates a higher void gap between the matrix
and the fibers. Hence it leads to the uptake of more moisture into the composite
[11,28,32,67]. This moisture absorption causes changes in the stability of the
composite dimensions, poor mechanical bonding between the matrix, and the
phenomenon of excessive degradation of the composite. Therefore, it is more
important to reduce the hydrophilic behaviour of fibers with a suitable pre-treatment
process for the fiber that reduces moisture absorption and increases the bonding
strength of the matrix and fibrous material [32]. These pre-treatment methods can be
identified as a surface coating for the fiber surface and a bulk treatment for the fibers
[11]. Bulk or chemical treatment reduces the water absorption of the fibers, thereby
reducing the number of reactive groups in the fibers, resulting in a rougher and cleaner
surface by removing surface impurities. Hence chemical treatments increase the

adhesive properties of fibers and the matrix [28].

The surface coating reduces the moisture absorption rate rather than lowering the water
absorption properties of the functional group and removing the impurities in the fibers.
From the above point of view, chemical treatment can be chosen as the most suitable

fiber pre-treatment method [11].

Different chemical treatments can be identified, such as alkaline, acid, oxidizing, and
compiling agents [28,32,68]. The alkaline treatment has been used in past studies as
the most popular treatment for lignocellulose fibers [28,32,67] because it is an
inexpensive method and can partially remove substances such as impurities, waxes,
pectin, hemicellulose, and lignin [32,69]. Sodium hydroxide (NaOH) and potassium

hydroxide (KOH) are the most commonly used substances for alkaline treatment, and
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NaOH is often used for this treatment [11]. These amorphous and impure substances
are sensitive to reacting with alkaline substances. It produces Fiber-ONa by reducing

the amorphous region of the fiber, as shown below [69,70].
Fiber-OH + NaOH — Fiber O—Na+ + H>O + impurities

The above reaction seems to remove the amorphous region of fibers with waxes and
oily substances on the fiber surface. As a result, it contains more cellulose to produce
better adhesion with the matrix [20,69]. After the alkaline treatment, Fourier
Transform Infra-Red Spectroscopy (FTIR) analysis can observe changes in functional
groups [28,32,68] because lignocellulose fibers contain different functional groups
such as hydroxyl (OH), Carbonyl (C—O), carboxyl (COOH), and methylene (CH2)
[28]. Figure 2.16 shows the FTIR analysis of untreated coir fiber [68]. Mittal
performed the FTIR analysis for PALF fibers and coir fibers treated with various types
of concentrated NaOH [32].
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Figure 2.16: FTIR spectrum of untreated coir fiber [68]

(Reprinted from Handbook of natural fibers, 1, L. Mishra, and G. Basu,, Coconut Fiber: Its structure,
properties and applications, 231-255, 2022, with permission from Elsevier)

According to Figure 2.16, the aromatic C-O stretching for lignin is about 1250 cm™
and wavenumber 1509 cm™ is associated with aromatic ring stretching of lignin. Also,

the peak at 1608 cm™ is represented by lignin [68]. Pectin, hemicellulose, and lignin
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show a peak at 1731 cm ! due to the C=0 stretching of aldehyde and ester, which
disappears after alkaline treatment with NaOH [32]. Also, the stretching vibration of
the OH group of cellulose and lignin shows a peak at 3375 cm ™! [68]; this provides an
active site for the better addition of the fiber-matrix interface. Such peak increases in
treated fiber are due to the higher availability of OH groups after removing pectin,
wax, and adhesive gummy substances from the surface. Furthermore, the increase in
peaks at 1000, 1250, and 1600-1650 conforms to removing surface impurities [32].
The peak at 1038 cm™ shows the cellulose C-O-C stretching. According to Mittal’s
experiment [32], an increase of peaks is noted at low concentrations of alkaline
treatment due to the removal of impurities, and these peaks decrease with increased
alkaline concentration. Therefore, it is essential to consider the alkaline solution
concentration since excess concentration removes the crystalline region of the fiber
structure. Some amount of lignin is removed with the alkaline treatment, but the lignin
content does not significantly change the mechanical properties of the fiber, and the
researchers believe that the remaining lignin content is sufficient to cover the fiber
surface. Hence, the excess amount of lignin does not influence fibers’ mechanical

properties [16].

Removal of wax and other non-cellulose materials increases the surface roughness of
the fiber, as confirmed by the Scanning Electron Microscope (SEM) analysis [28,67].
It also reduces the fiber diameter and increases the fiber aspect ratio. Hence, the fiber

tensile strength decreases due to the area reduction.

The surface roughness and the higher aspect ratio give better interface adhesion
properties to the matrix and fiber. Moreover, the mechanical properties of composite
will increase due to the expansion of the number of reactive sites of the cell wall, and
it gives better wetting properties to the matrix and fiber interface. Therefore, the better
addition of the composite overcomes the strength reduction of fiber [16,20,28].
Previous studies have observed fiber shrinkage, apart from the mechanical properties
of the fiber after the mercerisation process. The reason may be the structural shrinkage
of the fiber [16]. Further, the moisture absorption nature of coir, and pineapple leaf
fiber with the percentage of NaOH treatment was studied by Mittal [32]. The

concentration of this solution was considered as the ratio of NaOH weight to water
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volume [32,33,67,69]. Here, water absorption was increased up to the saturation point
and reduced after that point. Water is absorbed up to the saturated point by the capillary
action because the contact angle and pore diameter change after the alkaline treatment.

Water absorption decreases after the saturated point with the NaOH percentage due to
the hydro-elastic property of fibers because excess water penetration interrupts the
secondary bond of cellulose and makes a hydrogen bond with cellulose. It increases
the fiber swelling and closes the small pores, which reduces the capillary action of the
fiber [32]. This water, absorbed by the 2" action, can be identified as bonded water,
which affects the thickness swelling of the fiber [27].

The water absorption percentage with immersion time was studied for treated and
untreated fiber in Mittal’s work [32]. During the first ten hours, the water absorption
rate greatly increases and shows saturated behaviour. Therefore, the immersion time is
recommended to be more than ten hours. However, some literature works have taken

the immersion time as less than 10 hours [20,28,33].

Agrawal investigated thermal properties with oil palm fiber and phenol-formaldehyde
composite [71]. It appears that thermal properties such as thermal conductivity and
diffusivity values increased after the alkaline treatment [21,71]. Shalwan [72] observed
the insulation characteristics of epoxy and sisal composites, and disclosed that the
insulation properties of the treated fiber decreased in the composite (with treated
fibers). This allows concluding that chemical treatments of fiber alter the insulation
characteristics of the composite because the resin distribution throughout the
composite is homogeneous. The air gap at interfacial positions will further decrease,
increasing the thermal conductivity of the whole composite. Nevertheless, researchers
recommend treated fibers due to the better adhesive properties between the resin and

fibrous material [72].

The mercerising process increases the thermal stability of fibers by removing
hemicellulose, lignin, and other impurities from the fiber surface. This phenomenon
was studied in Kabir’s work [69]. Figure 2.17 shows the TGA analysis for treated and

untreated jute fibers.
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Figure 2.17: TGA analysis for treated and untreated jute fibers [69]

(Reprinted by permission from M. M. Kabir, M. Islam, and H. Wang, Mechanical and Thermal
Properties of Jute Fiber Reinforced Composites, 2013, 71-77.)

As shown in Figure 2.17, the thermal stability of treated fibers is higher than that of
the untreated fibers in the second stage of pyrolysis due to the removal of lignin and
hemicellulose from the fiber surface. It increases the activation energy to initiate the
reaction [28]. Therefore, increasing the activation energy increases the lifetime of the
fiber.

However, excess concentration of the alkaline solution degrades the crystalline
cellulose. Hence, the thermal stability of the fiber reduces drastically [28].
Furthermore, the mechanical characteristics of the fiber are decreased as a result of
extensive damage to the cell wall [20]. Therefore, it is vital to maintain the appropriate

concentrations for fiber treatments.

The above discussion shows that observation of thermal stability and moisture
absorption properties with the concentration of alkaline treatment is interesting for
future results. The fabrication process can be followed after completing the alkaline
treatment, according to past studies. Then adhesive material should be selected at the
beginning of the fabrication, and Section 2.5.2 describes the available adhesive

materials for coir fibers.
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2.5.2 Adhesive materials for coir fibers

The matrix’s main purpose is to effectively transfer the fiber load throughout the
composite by fiber adhesion. Typically, fibers in the composite are the primary media
for load-bearing, and the matrix acts as the media to maintain fiber orientation while
protecting fibers from environmental effects [73]. Thermoplastic and thermosetting
polymers are the existing matrix materials for natural fiber composite processing.
Thermoplastic polymer shows a solid-state within the specific temperature range, and
then it becomes a rubbery state and liquid state, respectively, with increasing
temperature. It will return to the solid-state with subsequent cooling.

Thermosets polymers have chemical reactions beginning with heating resulting in
polymerisation into a solid that does not transfer into the liquid state upon heating.
Therefore, Thermoset polymers undergo thermal degradation with heating. However,
most natural fiber composites are fabricated with thermoset resins [31] because
thermosetting resins have a much lower viscosity than thermoplastic polymers, which
allows the liquid to be introduced into fibers with low pressure at room temperature.
Therefore, these composites can be manufactured by a simple processing method such
as hand layup, resin transfer method, compression moulding, and injection moulding
method. Also, the thermoset matrix provides better adhesive and mechanical properties
with natural fibers such as jute, coir, sisal, flax, and pineapple leaf fibers [73].
Thermoset materials produce a high-cross link density during the polymerisation
process, and it increases the composite strength. Therefore, thermosetting resins are
the best material to fabricate natural fiber composites than thermoplastic materials.
Commonly available thermoset resins are polyester, polyurethane, urea-formaldehyde,

and epoxies [74].

However, epoxies show more significant properties than other thermoset polymer
resins. Mainly it has the characteristic of sticking to anything [31]. Also, these resins
have better chemical and mechanical properties, durability, and high thermal and
dimensional stability. These materials contain 100% solids; therefore, solvent content
after the curing is negligible. As a result, it shows excellent dimensional stability after

curing due to the negligible amount of shrinkage [73,74].
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Past research activities have used epoxy resins to fabricate insulation composites with
lignocellulose fibers due to their good thermal stability and adhesive characteristics.
These composites show better insulation and mechanical properties with lignocellulose
fibers. Epoxy resin reacts with lignin and makes crosslinks between resin and lignin
after the curing process. This reaction phenomenon can be confirmed by the results of
FTIR spectra [75]. Therefore, the better reactive property between the lignin and epoxy
will provide an improved adhesive property between lignocellulose fibers and epoxy

resin.

However, the non-biodegradability of these synthetic polymers is the main drawback
of biocomposite processing [73]. Therefore, researchers are taking steps to use natural
based raw materials to process the adhesives. Basically, natural adhesives can be
extracted from animals or plants: i.e., milk protein, blood protein, starch and lignin
[31]. Among these origins, natural rubber (NR) latex has significant adhesive
properties with coir fibers. Therefore, many products like mattresses, automobile parts,

and pots are fabricated from NR latex and coir fibers [76].

In general, latex is an emulsion containing polymer microparticles in an aqueous
medium with protein, sugar, alkaloids, resins, alkaloids, and gums. NR Latex is found
as a milky sap in Hevea brasiliensis trees that can be coagulated by espousing to air
[26]. The attractive properties of NR latex to use as a natural adhesive are the high tack
and tack retention properties, better flexibility, good strength after the vulcanising, and
good moisture retention properties [77]. Therefore, it is used to fabricate thermal
insulation materials with lignocellulose fibers. Insulation mats were fabricated with
coir fibers and NR latex in Srimal’s work [25,78,79,80], and the thermal conductivity
value was close to the value of glass wool. Likewise, thermal insulation boards were
fabricated from pineapple leaf fibers and NR latex in Tangjuank’s experiment [23] and
Kumfu’s experiment [24]. So-me studies have attempted to introduce coir fibers into
the NR to fabricate tire treads. Edirisinghe and co-workers [76] introduced NR latex-
coated coir fibers into the NR compound. This experiment proved that the compound’s
mechanical properties could be increased by NR latex-coated fibers than non-coated

fibers.
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Thuraisingam developed a bio-adhesive with NR-latex and lignin [77]. This compound
shows better chemical, mechanical, and morphological properties. Hence, it is
concluded that a combination of NR-latex and lignin gives better adhesive properties.
Also, lignin is the main compound in coir fibers, and as mentioned above, NR latex is
a better adhesive material for coir fibers.

NR latex can be selected as a natural binder for coir fibers, according to the above

discussion.

It is also important to study the available fabrication methods for composite
fabrication. Section 2.5.3 discusses the available fabrication methods.

2.5.3 Fabrication technique for natural fiber composites
The following methods are often employed in composite fabrication.

e Hand layup technique

e Compression moulding technique

e Injection moulding method

e Vacuume-assisted resin transfer moulding technique

e Pultrusion technique

From the above techniques, the hand layup method is the most cost-effective and time-
efficient method of producing natural fiber composites [15]. Also, this method is used
to fabricate unidirectional or woven fibers with any type of fiber size to fabricate a
reinforced fiber composite. Therefore, it can be identified as the oldest method of
fabricating woven composites [81]. Hence, it is used to fabricate composite materials
for various research activities [41,43,55]. Further, this method can create complex
shapes for automobile applications. The fabrication process follows a few steps, such
as applying a releasing agent to avoid sticking the sample on the mould surface, then
placing fiber layers on the mould surface, and manually applying the resin using a
brush. Finally, the trapped air is removed using a roller by pressing the resin and fibers
and distributing them evenly through the mould [82]. Figure 2.18 shows the hand layup

method for the composite fabrication.
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Woven reinforcement Gel coat

Figure 2.18: The hand layup technique [82]

(Reprinted from Durability and Life Prediction in Bio composites, Fiber-Reinforced Composites and
Hybrid Composites, M. Raji, H. Abdellaoui, H. Essabir, C. A. Kakou, R. Bouhfid, and A. E. K. Qaiss,
Prediction of the cyclic durability of woven-hybrid composites, 27-62, 2019)

Particulate composite can be fabricated by a prepared short fiber. Short fibers are
prepared from the chopped long fiber. Then it is mixed with the polymeric resin, and
the mixture is poured into the prepared mould [15]. The product quality varies with the
operator’s skill [81]. The low cost and convenience of the fabrication process make

this process widely available for research activities.

2.5.4 Experimentally determining the thermal conductivity of insulation material
The two primary methods for determining the thermal conductivity of a material are
steady and transient. In the steady-state method, the values are taken after obtaining
the absolute thermal equilibrium point of the specimen. At this stage, the temperature
of the material does not vary with time. However, this method has disadvantages over
the transient method, such as expensive apparatus and time to achieve a steady-state.
However, this method gives accurate results for dry materials, while the transient or
non-steady method gives the results during heating. Therefore, this method is

comparatively faster than the steady-state method.

The temperature range measurement can be divided into three main categories, i.e.,
below room temperature, room temperature, and above room temperature. Therefore,
by considering the operating temperature and the thermal conductivity value of the
insulation material, the guarded hot plate (GHP), heat flow meter, and hot disk method

can be used to measure the thermal conductivity of insulation materials. The GHP and
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heat flow meter methods are steady-state methods, and the hot disk method is a

transient method.

Guarded hot plate

This is the most common method for finding the thermal conductivity of insulation
materials. Also, this is an absolute method since heat loss due to the radiation and
convection to the environment and the conduction through the wires of the
thermocouples is minimised in this method [83]. A constant temperature gradient is
developed in this method for the known thickness, and the heat flow is maintained
throughout the sample. The major disadvantages of this GHP method are the extended
time duration to achieve a steady-state and the need for a high-temperature difference
for the experiment. Besides, the experiment requires a large sample size, which
increases the thermal contact resistance between the thermocouple and the sample
[83,84].

Heat flow meter

Determination of the absolute value of the heat flow through the sample is difficult in
the GHP method. Therefore, a comparative technique can overcome this problem
without directly considering the heat flow. The heat flow meter method can be
identified as a comparative technique. This method has more advantages than the GHP
method, such as less time consumption with accurate results, and it is easier to handle
when experimenting with insulation materials [85]. In this method, a heat flux
transducer determines the sample’s thermal conductivity. This transducer is calibrated
by the standard specimen with a known thermal conductivity value, and then the
measurement of the sample is taken by Fourier’s law of heat conduction [83]. This
method shows errors in the results of compressible materials because thickness
reduction occurs due to the compression load of the transducers. According to
Fourier’s law, that phenomenon gives completely different results for the experiment.
Moreover, this thickness reduction greatly affects the density of the compressible
materials. Therefore, the thermal conductivity value changes due to the density

variation of the test material.
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Hot Disk method

This method is similar to the hot wire method, which contains an expanded wire strip.
Both thermal diffusivity and thermal conductivity can be measured using the hot wire
method. Also, this method is used for the thermal conductivity of electrically
conductive materials and insulation materials such as polymer, mineral, ceramics,
liquid, powder, glass wool, composites and materials which have anisotropic thermal
properties. It shows attractive advantages like negligible contact resistance between
the specimen and the sample, faster than the steady-state method, availability of
different sensor sizes, and the size of the specimen being smaller than other methods
[85].

The metal strip or metal disk is covered with an electrical insulation material with high
chemical and mechanical resistance [84]. It should be placed between two identical
samples of the specimen, as shown in Figure 2.19. Then the metal strip is heated with
a small current passing through the wire. This increases the temperature of the wire
disk, and this temperature extremely changes with the properties of the two specimens.
Therefore, the temperature properties of the sample can be determined by detecting an
increase in the temperature of the metal disk over a short period. This time duration

takes a few seconds, which is the main advantage of the hot disk method [83].

Specimen Heat Flux

Heater/Sensor

Figure 2.19: Hot disk method [85]

(2016, N. Yuksel. Originally published in the Review of Some Commonly Used Methods and Techniques
to Measure the Thermal Conductivity of Insulation Materials under CC BY 3.0 license. Available from:
http://dx.doi.org/10.5772/64157)

The thermal conductivity of commonly available materials is measured at room

temperature using the hot disk method in Saleh’s work [84]. Here experiment results
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of polyurethane and polystyrene insulation materials show better agreement with the
manufacturer’s claimed values. Also, the conductivity values of lower and higher
density glass fiber samples are 20% and 12% higher than the manufacturer’s claimed
values, respectively. When the same experiment was conducted for rock wool, it
showed better compatibility with the sample with a low-density value. These results
indicate that the hot disk method is the most suitable method for measuring the thermal

conductivity of compressible insulation materials.

According to the literature review in this chapter (chapter 2), the following conclusions
are identified;

The conventional type materials are the most widely available materials for the roof
insulation. However, researchers are moving to develop sustainable insulation
materials with lignocellulose fibers due to the health and environmental issues of
conventional materials. These natural fibers naturally occur in agricultural wastes,
grasses, and plant wastes such as sisal, jute, coir, pineapple leaf fiber, oil palm fibers,
hemp etc. According to the review, coir fibers exhibits significant properties over other
fiber such as low thermal conductivity, low density, high resistance to absorb moisture,

higher elongation at the breaking point, and high thermal stability.

Also, for the fabrication process binder material should be added to the adhere fibers.
Further, introducing air voids into the fiber and binder combination increases the
insulation properties. However, finding the thermal insulation behaviour of the
composite with a combination of three-phases is a new approach. So, finding the
behaviour of the thermal conductivity with changes in the composition of three-phases
by numerical, analytical, and experimental is a new research area currently. Further,
validation of the results can be done by the comparison of the results obtained from

numerical, analytical, and experimental.
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Then the following steps are identified to fulfil the research objectives:

1. Selection of plant fiber for roofing insulation.

2. ldentification of the alkaline treatment concentration and studying the thermal
stability of coir fiber.

3. Determination of the transverse thermal conductivity of fiber.

4. Determination of the thermal conductivity of latex.

5. Analysing the thermal conductivity of the three-phase composite using the
analytical, numerical, and experimental methods.

6. Development of a mathematical model to predict the thermal conductivity of
the composite.
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CHAPTER 3

IDENTIFICATION OF THE CONCENTRATION OF THE
ALKALINE TREATMENT AND STUDYING THE THERMAL
STABILITY OF THE COIR FIBER.

A comprehensive literature review was performed on lignocellulose fibers to select a
suitable fiber for roofing insulation. A set of lignocellulose fibers such as wood, coir,
cotton, flax, sugarcane, oil palm, jute, hemp, bamboo, sisal and pineapple leaf fibers
were selected for the roofing application. Then the physical, mechanical, and chemical
properties were compared to select the best fiber for the roof insulation. Hence, the
comparison was based on the thermal conductivity, reactance to moisture absorption,
mechanical properties, thermal stability, and embodied energy to select a suitable fiber
for roofing insulation. Among the above lignocellulose fibers, coir fibers exhibits
significant properties over other fiber such as high resistance to absorb moisture, low
density, low thermal conductivity, higher elongation at the breaking point, and high

thermal stability. Therefore, coir fibers selected as the fibrous material for this study.

After selecting of coir fibers the first step is the identification of the alkaline treatment
and the studying the thermal stability of the fiber. Therefore, these steps are well

described in this chapter.
3.1 Introduction

The main constituents of coir fibers are cellulose (32%-43%), hemicellulose (0.15%-
0.25%), and lignin (40%-45%) [16,21,31]. In addition to that these fibers contain waxy
and oily substances on their fiber surface in the natural condition. These lignocellulose
substances help to absorb environmental moistures in the natural condition and cause
the fiber swelling throughout the composite [16]. It leads to reduce the bonding
strength between fiber and matrix [16], change the dimensional stability, mechanical
properties and thermal properties of the composite [11,27]. Further, it increases the
bio-degradability of fiber due to high microbial attacks in wet conditions [11]. Then it

is mandatory to follow a pre-treatment process to remove impurity substances from the
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fiber surface before the fabrication. Alkaline treatment is the most popular treatment
method for the lignocellulose fibers [28,32,67,83] The reason for that is it removes
waxes, hemicellulose, lignin and other impurity substances from the fiber surface and
is an inexpensive process [32,69]. Sodium hydroxide (NaOH) are the commonly
available methods for alkaline treatment [11]. Following reaction (Equation 3.1)
occurs after the alkaline treatment [69,70].

Fiber-OH+ NaOH — Fiber O—Na + H>O+ impurities (3.2)

Therefore, it is clearly shown that the amorphous region of fiber can be easily removed
from the alkaline solution by producing Fiber O—Na+. Thereby, treated fibers contain
more cellulose and higher surface roughness, which provides better adhesion between
the fiber and matrix [20,69]. However, excessive concentration of alkaline treatment
will be caused crack propagation and defibrillation [32]. Hence, the identification of
the appropriate concentration of the alkaline solution is a key factor for the fiber pre-

treatment.

In this chapter, the appropriate concentration has been identified by analysing SEM
images, FTIR spectra, and mechanical properties of untreated and treated fiber samples
with different NaOH concentrations. Further, the thermal stability of untreated and
treated samples were observed by differential scanning calorimetry (DSC). After
identifying the appropriate concentration for NaOH solution, the lifetime analysis was

determined for the fibers treated with that concentration.

3.2 Methodology

3.2.1 Surface treatment for fibers.

Weight to volume ratio of 2%, 4%, 6%, and 8% concentrated NaOH solutions were
prepared from 98% NaOH. Then coir fibers were soaked 24 hours at room temperature.
Here the solution to fiber weight ratio was maintained at 1:25 [87]. After 24 hours
fibers were washed out from deionized water 5 to 6 time until pH value was taken 7.
Then fibers were dried at 60 °C for 24 hours to get a constant weight.

Additionally, coir fibers were soaked for 24 hours in deionized water and the same

procedure was drying produce was followed to produce untreated fibers
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3.2.2 Analysing the surface properties of fibers.

Scanning electron microscopy (SEM) images were taken for the treated and untreated
fibers with 10 kV of processing acceleration voltage and x750 magnification.

Fourier transform infrared spectroscopy (FTIR) was used to analyse the surface
chemical composition of treated and untreated fibers. FTIR values were taken from
Nicolet IS 10 instrument with a wave number range of 600 cm™ to 4000 cm™,

3.2.3 Analysing the mechanical properties of fibers.

Changes in the mechanical properties are evaluated by fabricating a composite with
epoxy and coir fibers [88]. The mechanical properties change with the fiber volume
fraction and fiber length in the composite. Therefore, the tensile strength was observed
for various fiber volume fractions and lengths to identify the critical length and the
maximum fiber volume fraction that give the highest tensile strength. Various NaOH
concentrations were applied to the identified critical length. The composites were
fabricated with the identified fiber volume fraction, and the tensile strength of the
composites was tested to identify the effect of alkaline treatment. These steps are
explained below.

3.2.3.1 Fabrication of the composite.

Fibers (the coir fibers for this research work were selected from the Minuwangoda area
in Sri Lanka) were washed with water to remove residual particles and dust and dried
at room temperature at 30 °C for 10 min. The purpose was to evaporate excess moisture

on the fiber surface before the fabrication process [89].

Coir fibers were cut into various lengths and fabricated composite with epoxy resin to
produce different volume fractions of fiber to epoxy resin, as shown in Table 3.1. The
conventional hand layup method was applied here. The hardener and epoxy were
mixed at the 1:2 weight ratio per manufacturer recommendations, and epoxy resin was
poured into the metal mould [250 mm x 125 mm x 25 mm dimensions], so the coir
fibers lay upon the epoxy resin. The fiber and epoxy combination was then compressed
to 2.5 mm for the desired composite volume. The mould was allowed 24 hours under
the compression load to complete the curing process. Figure 3.1 provides the

composite fabrication process.
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Table 3.1: Fiber length and the volume fractions of the composite.

Fiber volume fraction Fiber length
0.1 lcm 2cm 3cm 4 cm 5cm
0.2 lcm 2cm 3cm 4cm 5cm
0.3 lcm 2cm 3cm 4cm 5cm
0.4 lcm 2cm 3cm 4cm 5cm
0.5 lcm 2cm 3cm 4cm 5cm

1. Fiber layup 2. Compression the fiber — epoxy 3. Fabricated composite
combination

Figure 3.1: Composite fabrication process.

Next, the fabricated composite’s tensile strength was tested according to ASTM D
3039 standard [90]. For this, the samples were cut into dimensions of 250 mm in
length, 25 mm in width, and 2.5 mm in thickness. Figure 3.2 illustrates the sample
preparation and the tensile test performance.

1. Sample preparation

3. Tensile test

2. Prepared sample according to
ASTM D 3039

Figure 3. 2: Sample preparation and performance of the tensile test

The critical length of the fiber and maximum fiber volume fraction of the composite

could be identified after the tensile test. Then a new bundle of coir fiber was cut into
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the critical length values and performed the alkaline treatment for the fibers with 2%,
4%, 6%, and 8% of concentrations. The composite samples were prepared with the
identified fiber volume fraction, and tensile strength was measured according to ASTM
D 3039 standard to compare the effect of alkaline concentration on the tensile
properties of the composite [90].

3.2.4 Differential scanning calorimetry (DSC)

DSC analysis was conducted by DSC 250 for untreated and treated fibers. The
experiment was conducted with the heating temperature range of 0 °C to 400 °C at a
heating rate of 10 °C/min in a nitrogen atmosphere.

3.2.5 Thermogravimetric analysis (TGA) and activation energy

Appropriate concentration for the fiber treatment can be selected by analysing results
of SEM, FTIR, and DSC. Then TGA was carried out on four different fiber samples
treated at the identified appropriate concentration. Here, thermal analyser SDT 650
was used for this analysis. The samples (5 mg to 8 mg) were heated to the temperature
range of 25 °C to 700 °C with five different heating rates of 5, 10, 12, 15, 20 °C/min

in an argon atmosphere [35].

3.3 Results and discussion
3.3.1 SEM image analysis

Wax;, oily, and impurity
substances

Figure 3. 3: Plane view of untreated coir fiber (x750)

Figure 3.3 shows the plane view of untreated fiber. Waxy and gummy like substances
can be seen on the untreated fiber surface. Although, there is no surface roughness on

the fiber surface. This leads to reducing the adhesive properties between fiber and
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matrix of the composite. Then the SEM image analysis for 2%, 4%, 6%, and 8% is as

follows.

Cleaner surface

Figure 3.4: Plane view of 2% alkaline treated coir fiber (x750)
Figure 3.4 shows the plane view of 2% alkaline treated coir fiber. The surface
roughness of the fiber was increased with regularly distributed pin holes throughout
the fiber surface after the alkaline treatment. The reason for that is the removing of

waxy, impurities and gummy substances from the fiber surface.

Rough & fibrilled
surface

Figure 3.5: Plane view of 4% alkaline treated coir fiber (x750)

Figure 3.5 shows the plane view of 4% alkaline treated coir fiber. The Surface

roughness of the fiber is higher than Figure 3.4. Also, there are more number of pin
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holes can be seen. It can be concluded that the more amount of substances were

removed from the fiber surface than 2% alkaline treatment.

Vertically distqibuted |
cracks -»

Figure 3.6: Plane view of 6% alkaline treated coir fiber (x750)

Figure 3.6 shows the plane view of 6% alkaline treated coir fiber. Vertically distributed
cracks can be seen on the fiber surface. It shows that excess concentration causes to
damage the fiber cell. It is due to the much removal of the cellulose content of the fiber

[32].
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Vertically & horizo
distributed craicn o

Figure 3.7: Plane view of 8% alkaline treated coir fiber (x750)

Figure 3.7 shows the plane view of 8% alkaline treated coir fiber. The propagation of

the surface crack can be seen in vertical and horizontal directions. Also the smooth
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appearance of 2% and 4% treated was disappeared at the high concentration of alkaline
treatment.

The above results suggest that the alkaline treatment can increase the surface roughness
of coir fiber, but excess concentrations will damage the fiber cell structure, causing

crack propagation on the fiber surface.

Further, observation of the changes in the chemical composition of the fiber surface is
critical to identify the effect of alkaline treatment.

3.3.2 FTIR spectrum analysis
The FTIR analysis help to identify changes of various types of functional groups in the
coir fibers. The functional groups of carbonyl (-CO), hydroxyl (-OH), carboxyl (-
COOH), and methylene (-CH2) in lignocellulose substances on fiber surface were
identified from this FTIR spectrum [28,68]. Figure 3.8 shows the FTIR spectrum for
untreated and treated coir fibers.
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Figure 3.8: FTIR spectrum for untreated and treated coir fibers

A broad distribution of peaks can be identified between 3200 cm™ to 3550 cm™. These

peaks are associated with the stretching of intermolecular bonds of O-H stretching for
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cellulose and lignin [68]. Also, wavelength 2917 cm ™ is related to the C-H stretching
of vibration in CH> and CH groups in hemicellulose and cellulose [86]. Untreated coir
fiber contains high amount of Hemicellulose, pectin, and lignin. These compounds
contain ester and aldehyde. Therefore, it shows C=0 is stretching at 1731 cm™ [32].
Here the peak at 1506 cm™ is related to the stretching of the aromatic ring of the lignin
and 1235 cm™? peak is associated to the aromatic C-O stretching of lignin [68].
Moreover, the highest peak at the 1024 cm™ shows the C-O-C stretching of the
cellulose [32].

Figure 3.9 compares the changes of the transmittance for the main peaks of the treated
fibers compared to the untreated fiber.

3.0 |—=— C=O stretching
{|—®— Aromatic C-O stretching
2.5 4|—*— Aromatic C=C stretching
||—¥— C-H stretching
20 O-H stretching

C-O-C stretching

1.54

1.0

0.5 +

Change of transmittance (%)

0.0 +

-0.5 T T T v T T T

NaOH concentration (%)

Figure 3.9: Comparison for the changes of the transmittance for the main peaks

The highest peak intensity for the C=0 functional group (1732 cm™) is shown by
untreated coir fiber sample. It is reduced after the treatment process. It can be
confirmed that the reduction of the C=0 functional group after the treatment.
Therefore, it clearly shows the removal of hemicellulose and pectin from the fiber

surface. Nevertheless, the 6% sample shows higher intensity than 2%, 4% and 8%
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samples. It might be due to exposure to internal C=0 functional groups after crack
propagation. But it was reduced after the 8% Treatment due to the excess amount of
concentration will be dissolving the internal hemicellulose, pectin, and lignin.
However, the minimum intensity value is shown by the 4% concentrated sample.
Hence, it concludes that 4% sample has the minimum hemicellulose, pectin, and lignin

content on the fiber surface.

Removing of pectin, wax, gummy substances and hemicellulose is confirmed by
variation of peak intensity of C=0 stretching. Therefore, the intensity of Aromatic C-
O stretching, Aromatic C=C stretching, C-H Stretching, O-H stretching of cellulose,
and C-O-C stretching is increased to 6% treated sample due to the higher accessibility
of infrared energy. However, the peak intensity of these functional groups decreases
as the NaOH concentration increases. Therefore, it concluded that excess concentration
is caused to propagate cracks on the fiber surface, and it leads to extract excess amount
of cellulose and lignin from the fiber surface.

3.3.3 Mechanical properties
Figure 3.10 presents the effects of the tensile strength of the composite with various

fiber volume fractions and fiber length.
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Figure 3.10: Effect of the composite’s tensile strength with the fiber volume fraction
and fiber length

The tensile strength of the composite changes with fiber length and fiber volume
fraction. The tensile strength increases up to 3 cm of fiber length and decreases after 3
cm. The reason is fiber accumulation decreases with fiber length, which reduces the
composite’s tensile strength. Kuburi [91] studied the effect of coir fiber length on
tensile properties with a low-density polyethylene matrix and disclosed that 3 cm
length fibers gave the maximum tensile strength [91]. However, the matrix types and

fiber properties could change the maximum length.

The tensile strength increases up to 0.2 of fiber volume fraction and decreases after
this fiber point because the insufficient filling of the matrix occurs at the high fiber
volume fraction, leading to poor adhesion between the fiber and the matrix.
Dharmarathne [89] and Prakash [92] evaluated the relationship between the tensile
strength and the fiber load in a low-density polyethylene matrix. The maximum tensile

strength was given by 20% - 30% of fiber volume fraction in Dharmarathne’s work
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[89], and the 30% fiber volume fraction produced the highest tensile strength value in
Prakash’s work [92]

According to the above analysis, 3 cm of fiber length at the 0.2 of fiber volume fraction
gives the maximum tensile strength. Therefore, 3 cm is higher than or equal to the
critical length, and it can be applied to study the composite mechanical properties
further.

A new bundle of coir fiber was cut to the value of 3 cm, and the fibers were subjected
to the alkaline treatment with 2%, 4%, 6%, and 8% of concentrations. The composite
samples were prepared with a 0.2 fiber volume fraction, and tensile strength was
measured according to ASTM D 3039 [90] standard to compare the effect of alkaline
concentration on the mechanical properties of the composite.

Tensile strength composites made with treated and untreated fibers were compared, as
presented in Figure 3.11.
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Figure 3.11: Comparison of tensile strength of composites

According to Figure 3.11, the tensile strength of the composite increases with the
alkaline concentration, possibly due to the better interfacial bonding between the fiber
and the matrix [69]. It may be due to the removal of hemicellulose and impurity
materials from the fiber surface, which increases the surface roughness of the fiber
[69]. Also, the surface roughness increases with the alkaline concentration, and cracks
are formed on the surface at the higher alkaline concentration, according to the SEM
image analysis. Therefore, it will increase the bonding strength between the fiber and

matrix and cause the transfer of greater strength from fiber to the matrix.

Then the results of sections 3.3.1, 3.3.2, and 3.3.3 can be summarized as follows,

The surface roughness of the fiber surface can be increased by removing of non-
cellulose and wax materials from the fiber surface. This surface roughness of the coir
fiber increases with the concentration of alkaline solution and excess amount of
treatment can damage the fiber cell. This phenomenon can be confirmed by the SEM

image analysis.
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Also, Removal of wax, non cellulose and cellulose with the concentration of alkaline
treatment can be monitored by the FTIR analysis. It confirmed that cellulose and lignin
will be removed at excess concentration of the NaOH.

Also, the tensile strength of the composite samples continually increases with the
alkaline treatment due to the high surface roughness and removal of impurity
substances from the fiber surface. However, the 4% concentration can be selected as
the best concentration for the fiber treatment among 0%, 2%, 6%, and 8% weight to

volume ratios for coir according to results in sections 3.3.1, 3.3.2, and 3.3.3.

Furthermore, the effect of 3%, 4% and 5% should be studied for the best selection.
Following Figure 3.12 shows the SEM images of 3%, 4% and 5% for comparison
surface properties.
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Figure 3. 12: SEM images of coir fibers (x750), a) 3% NaOH treated fiber, b) 4%
NaOH treated fiber, ¢) 5% treated fiber

The surface roughness of Figure 3.12b) of 4% NaOH treated fiber is higher than Figure
3.12a) of 3% of NaOH treated fiber. The fiber shown in Figure 3.12c) for 5% of NaOH
treated fiber has started to degrade. Therefore, 4% NaOH shows better surface
properties from the SEM analysis. The previous SEM analysis results and FTIR
analysis denote that 4% NaOH concentration is the best concentration for the fiber

treatment.
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3.3.4 DSC analysis of coir fibers

The location and magnitude of the exothermic and endothermic peaks of the DSC
curve show the material’s thermal phase transformation during heating. Endothermic
peaks provide the details of sample phase transition, evaporation, dehydration, melting,
and pyrolysis [11,69]. Exothermic peaks provide the details of chemical reactions,

oxidation, crystallisation, decomposition, and combustion [69].

According to the results of SEM analysis and FTIR analysis, the 8% sample shows a
high degradation on the fiber surface. Therefore, the untreated and the treated samples
were subjected to thermal analysis with concentrations of 2%, 4%, and 6% by DSC

analysis. The results of the DSC analysis are presented in Figure 3.13.
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Figure 3. 13: DSC analysis for untreated and treated coir fibers

Both the untreated and treated samples give an endothermic peak between the
temperatures of 5 °C to 170 °C. This peak arises due to the evaporation of moisture

from the fiber surface [69]. The moisture evaporation temperature of untreated fiber
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shows the minimum value. This result concludes that untreated fiber contains the

maximum moisture content.

Secondly, both untreated and treated samples show an exothermic peak at the
temperature range of 260 °C to 320 °C related to the degradation of hemicellulose [69].
However, the decompose temperature (272 °C) of hemicellulose in treated samples is
higher than that in the untreated sample. The decompose temperature of the 4% treated

sample shows the maximum value.

Thirdly, untreated fiber shows an endothermic peak at the temperature region 296 °C
to 390 °C, whereas the treated fiber shows exothermic peaks at the region 300 °C to
360 °C compared to untreated fiber. These peaks are related to the degradation of
cellulose and lignin substances [69]. The untreated fiber contains high amounts of
lignin and cellulose. This leads to absorb high energy to degrade the fiber, which
causes to show an endothermic peak during the decompose. However, the 4% sample
shows the highest temperature value (317 °C) for the third stage decompose. Therefore,
according to the discussion of DSC analysis, 4% sample shows the highest thermal

stability due to the removal of impurities and hemicellulose from the fiber surface.

The decompose of the fibers followed the first, second, and third decompose stages, as

summarised in Table 3.2.

Table 3.2: Thermal analysis of untreated and treated fibers

temperature (°C)

Fiber treatment 1% stage 2" stage 39 stage
- Moisture -Hemicellulose - Cellulose
evaporation and lignin decompose
temperature (°C) decompose temperature (°C)

Untreated fiber 17.91 264.43 305.47
2% NaOH treated 25.55 271.76 306.21
4% NaOH treated 20.06 272.73 317.07
6% NaOH treated 24.43 265.91 313.52

The 4% alkaline treated sample shows better surface roughness, chemical composition,

and thermal stability according to SEM analysis, FTIR analysis, tensile strength
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analysis, and DSC analysis. Further, it is better to study the lifetime of the fiber 4%
alkaline treated sample. After identification of the appropriate concentration for the
treatment lifetime analysis should be done for that treated sample. The activation
energy for the decomposition should be calculated to find the lifetime of the fiber. The
following sections are concentrated on how to find activation energies for the
decomposition and the lifetime analysis of the treated sample. However, identifyingthe
decomposition stages of the degradation is a critical factor. Therefore, the TG analysis
was done to identify the decomposition stages.

3.3.5 TG analysis
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Figure 3. 14: TG and DTG curves for 4% treated fiber at a heating rate of 5 °C/min

Figure 3.14 shows the TGA curve and differential thermal gravimetric (DTG) curve,
obtained at a 5 °C/min heating rate for 4% treated fiber. Two main steps of
decomposition could be identified as evaporation of water in the temperature range of
25 °C to 150 °C, and the second stage that follows the decompose of lignocellulose

substances in the temperature range of 175 °C to 430 °C [11,35].
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3.3.6 Activation energy

Mainly, the activation energy (E.) helps to detect the thermal decomposition of
lignocellulose fibers. The activation energy provides the minimum energy requirement
for initiating the reaction [37]. The model-free method was used to find the kinetic
parameters due to the method’s accuracy and simplicity [35,36]. The Flynn Wall
Ozawa (FWO) method, Kissinger Akahira Sunose (KAS) method, and Friedman
method were applied to find the activation energy of the coir sample treated with the

appropriate concentration [35].

Here, Thermal analyser SDT 650 was used for this analysis. The samples (5 — 8 mg)
were heated to the temperature range of 25 °C to 700 °C with five different heating

rates as 5, 10, 12, 15, 20 °C/min in an argon atmosphere [37].
Then the calculations were done using FWO, KAS, and Friedman methods as follows.
Equation 3.2 gives the FWO method,

Ing =C—1.052 E,/RT (3.2)

Where, S is the heating rate in °C/min, C is a constant, Ea is the decomposition
activation energy in J mol?, R is the gas constant, and T is the temperature in K. Here,
the decomposition activation energy for each conversion rate was calculated by the
slope of the line that plotted In 8 versus 1/T [35].

Equation 3.3 gives the KAS method:
In(B/T?) = In[AR/(E.xg(x))] + (1/T)(E./R) (33)

Where X is the degree of conversion as given by x = (moe-my)/(Mo-ms), Mo is the initial
sample mass, m; is the sample mass at time t, and ms is the final mass. The
decomposition activation energy for each conversion rate was calculated by the slope
of the line that plotted In(8/T?) versus 1/T [35].

Equation 3.4 presents the Friedman method:

In(dx/dt) = In[Af(x)] — E,/RT (3.4)
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f(x) is the reaction model. The decomposition activation energy for each conversion

rate was calculated by the slope of the line that plotted In(dx/dt) versus 1/T [35].

Figures. 3.15, 3.16, and 3.17 indicate the plots for the FWO method, KAS method, and

Friedman method, respectively.
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Figure 3.17: Linear plots of Friedman method obtained at different degrees of
conversion

The conversion rate of 0.1 gives the activation energy for the first stage decomposition
of moisture evaporation. Lines between the conversion rates of 0.2 to 0.6 are parallel
to each other in the above three methods, and it implies that the possibility of the single
reaction mechanism occurs at that conversion rate with the starting of the second stage
of decomposition at the conversion rate of 0.2 [35] However, the reaction mechanism
is changed after the 0.6 conversion rate due to the complex reactions of fiber

constituents at the high temperature [35].

Table 3.3 summarises the activation energies obtained from the above three methods

for the conversion rates of 0.1 to 0.9.

67



Table 3.3: Activation energies calculated from three methods for conversion rates of
0.1-0.9

Conversion FWO method Kissinger method Friedman method

rate Ea R? Ea R? Ea R?
(kJ/mol) (kJ/mol) (kJ/mol)

0.1 34.39 0.9901 28.45 0.9852 17.45 0.8420
0.2 109.67 0.8916 100.74 0.8738 146.22 0.9490
0.3 143.22 0.9708 133.86 | 0.9666 138.54 0.9791
0.4 145.95 0.9811 136.35 | 0.9783 136.34 0.9612
0.5 143.08 0.9730 133.27 0.9689 126.81 0.9088
0.6 131.69 0.9933 121.64 | 0.9921 85.89 0.9256
0.7 55.31 0.9743 44.37 0.9986 30.28 0.9830
0.8 71.32 1.0000 58.88 1.0000 84.45 0.9794
0.9 113.65 0.9952 99.68 0.9940 118.41 0.9179

The decomposition activation energy is changing from 109.67 - 145.95 kJ/mol, 100.74
- 136.35 kJ/mol, and 85.89 -146.22 kJ/mol in the FWO method, KAS method, and
Friedman method, respectively, in conversion rate of 0.2 to 0.6. The average activation
energy (134.72 kJ/mol) obtained from the KAS method is higher than other methods
in the conversion rate of 0.2 to 0.6. The same observation can be found in Siti’s work,

and the activation energy was 200 kJ/mol, obtained from the Kissinger method [35].

3.3.7 Lifetime analysis for 4% treated fiber

The life time of the natural fibers can be calculated from the Ea value [38,39], and the
estimated lifetime depends on the activation energy of the material, as shown in
Equation 3.5 [38,39,40]. Here, Toop’s method was used to estimate the lifetime of coir

fibers.
logt; = E,/2.303RT; + log( (E,/BR). P(Xf)) (3.5)

Where tsis the estimated lifetime to failure (min), Tt is the failure temperature (K), and

P(Xs) is the function that depends on the activation energy at the failure temperature.
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The main decompose started at the 0.2 conversion rate. Therefore, it is better to find
the lifetime of 4% alkaline treated coir fiber at daytime temperature. The method to
find the temperature in the daytime is described in section 3.3.6.1. The average
activation energy obtained from the three methods is E=128.88 kJ/mol at the 0.2
conversion rate. The slowest heating rate, 5 °C/min, was selected for this study [94].
The temperature was T. = 500 K at this heating rate and conversion rate of 0.2. Then
the E/RT value was calculated and used to find the log P(Xf) from the numerical
integration table in the reference [40]. The antilog value of P(Xf) was calculated next,
and the lifetime of the fiber was calculated using Toop’s equation [40,94].

3.3.6.1 Measuring the daytime temperature under the roofing cover.

Mainly roof insulation materials are installed under the roofing cover. Then, it is better
to measure the temperature under the roofing cover in the daytime. Therefore, the
temperature under the roofing sheet was measured for five days to find the maximum
temperature. Here, the sensor of the thermometer was placed between the asbestos
roofing sheet and a wooden ceiling panel. Also, the selected building is located in
Homagama, Sri Lanka.
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Figure 3.18. The estimated lifetime of 4% treated coir fibers
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Figure 3.18 shows the estimated lifetime vs. failure temperature for 4% alkaline treated
coir fibers obtained by Toop’s method. The maximum average temperature for five
days is 49.2 °C. The lifetime value of the 4% treated coir fiber sample is 1.32x10°
hours (15 years) at 49.2 °C. However, the estimated lifetime was analysed from the
activation energy value taken from the decompose curves gained at an inert atmosphere
without considering mechanical loading and weather conditions [39]. Nevertheless,
the above results show that 4% alkaline treated coir fibers have better thermal stability

at the daytime temperature.

According to the above results, the 4% alkaline treatment was identified as the
appropriate concentration than 2%, 6%, and 8%. Also, it shows a good lifetime at the

maximum average temperature of daytime.

After identification of the appropriate concentration for the fiber treatment. It is
important to find the transverse thermal conductivity of treated fibers. Because it is
used to determine the effective thermal conductivity (Ketr) of the composite using
numerical and analytical methods. Therefore, the chapter 4 describes the way how to

find the transverse thermal conductivity of the treated coir fiber.

3.4 Conclusion

The alkaline treatment can remove the lignocellulose substances, oil, and wax
contained on the surface of untreated coir fibers. This will change the fiber’s surface
roughness, the chemical composition of the fiber surface, as well as the thermal

stability.

The changes in the surface roughness of fiber can be observed using SEM analysis.
The concentration of the alkaline solution increases the surface roughness. However,
an excess alkaline concentration will damage the fiber surface. Therefore, it will
increase the bonding strength between the fiber and matrix and cause to transfer of
greater strength from fiber to matrix. Also, the FTIR analysis can confirm the changes
in the chemical composition of the fiber surface. It gives the details of the removal of

cellulose, hemicellulose, lignin, and other impurities.

Nevertheless, the excess concentration of the alkaline treatment removes the cellulose

and lignin from the fiber surface. The fiber thermal stability increases with the alkaline
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concentration, but excess alkaline concentration reduces the thermal stability.
Therefore, according to the above results, the 4% alkaline treatment was identified as
the appropriate concentration than 2%, 6%, and 8%.

The activation energy of the 4% treated fiber could be determined by model-free
methods such as FWO, KAS, and Friedman methods. Also, it provides information
regarding the minimum energy requirement of the first stage and second stage fiber
decomposition. The first stage decomposition occurs at the 0.1 conversion rate and the
second stage decomposition occurs at the 0.2 to 0.6 conversion rate. Therefore, the
lifetime analysis of the fiber at 0.2 is important before the fabrication process. Then
the 4% treated fiber shows 1.32x10° hours (15 years) at 49.2 °C. The lifetime value
reduces with the temperature. Hence, it is critical to maintain the time and the

fabrication temperature to avoid fiber degradation.
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CHAPTER 4

DETERMINATION OF THE TRANSVERSE THERMAL
CONDUCTIVITY OF FIBER

4.1 Introduction

The thermal conductivity of each phase is required to determine the Ke of the
composite using numerical and analytical methods. However, determination of the
transverse thermal conductivity of a single fiber is challenging. Therefore, in this
chapter, a method is suggested to find the transverse thermal conductivity of a single
fiber. In the previous studies the Kess value of the composites has been evaluated from
analytical methods by substituting the thermal conductivity of each phase. For this
study, the inverse calculation method is used. Here, the K Of the composite and
thermal conductivity of the matrix were determined, followed by analytically defining
the thermal conductivity value of fibers. With that aim, two-phase composite was
fabricated by coir fibers and epoxy resin with different volume fractions. Then the
thermal conductivity was measured for pure cured epoxy and fabricated composite
using the hot disk method. Next, the transverse thermal conductivity of the fiber was
calculated using Rule of mixtures, Maxwell’s model, Lewis Nielsen model, and

Rayleigh’s model. Then the results were validated by numerical analysis.

The above analytical models were selected based on the accuracy of past studies
[41,43,47]. The Ke of a composite can be basically calculated from the Rule of
mixture. The Rule of mixture has two types of modes: parallel and series models. In
the parallel model, the heat flow direction is supposed to be parallel to the fiber
orientation, and the series model fiber orientation is perpendicular to the heat flow in
this model [54,55]. Maxwell’s model is the first identified analytical model to evaluate
the Kefr in a heterogenic medium. Mainly it is applicable for a structure with well-
distributed spherical particles in a matrix phase [53,54,56]. This model provides
accurate results up to 0.25 of volume fraction [53]. Rayleigh’s model is a popular

model that evaluates the Kess of a composite with continuous fibers. It can also be
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applied for mixtures with a higher volume ratio than the Maxwell model [53]. Among
these models, Lewis Nielsen’s model is an attractive model to determine Ketf in
transverse and longitudinal directions [56]. This simple model is applicable to a wide
range of filler shapes and orientations that gives higher accuracy, up to 0.4 volume
fractions, without considering the interfacial thermal resistance [53]. Therefore,

transverse thermal conductivity of the fiber was calculated using these models.

Further, it is important to validate the above results using another experimental
method. Therefore, a binderless compacted coir fiber disk was prepared, and the
thermal conductivity of the disk was measured experimentally. Then the thermal
conductivity of coir fibers was calculated using Laundre’s equation. The results of this
method helped to validate the results of the previous method and it will be discussed

in this chapter.

4.2 Methodology

4.2.1 Density measurement of coir fibers

Coir fibers were pre-treated using 4% concentrated NaOH. Then the density of fibers
was measured using the Archimedes method using a 25 ml volume density bottle. The
market available canola oil was used as the submerged fluid because it has low
viscosity and surface tension which leads to coats the fiber well [95,96]. The fiber
density (Priner) Was calculated as per Equation 4.1.

(w2-wi) W4-wi
(W4-W1)—(W3-W2) 25

Pfiber = (4.2)

W1 is the weight of the density bottle, W- is the weight of the density bottle with fibers,
W3 is the density bottle with canola oil and fibers, and W4 is the weight of the density

bottle with canola oil. All weighted values are given here in grams (g).

4.2.2 Fabrication of the composite

The fiber length should be uniaxial to get uniform distribution [73]. However, if the
aspect ratio is higher than 15 then it can be taken uniaxial oriented fibers according to
the Lewis Nielsen model [43,56]. But practically, too long fiber gives a curliness and
it reduces the uniformity. Therefore, coir fibers were cut into 5 mm length by

considering the above parameters. The hand layup method was used to fabricate the

73



composite. Therefore, fibers were mixed with epoxy resin to produce different volume
ratios of fiber to epoxy resin, as shown in Table 4.1. Here, the volume fraction is
limited up to 0.1 of fiber to matrix volume fraction. Because values obtained from the
analytical models in past studies are well agreed with the experimental values within
the fiber to the matrix volume fraction of 0 to 0.1. Then the mixture was poured into
the wooden mould with 50 mmx 100 mm x 10 mm dimensions. Here, the hardener

and epoxy were mixed as the 1:2 weight ratio as per manufacturer recommendations.

Table 4. 1: The volume fraction of fiber to epoxy resin

Sample | Weight of fibers | Volume of epoxy | Volume fraction of fibers (vs)
no. (9) (ml) and epoxy (Vm)
1 1.15 49 Vi=0.02, Vin=0.98
2 2.30 48 Vi=0.04, Vin=0.96
3 2.875 47.5 V= 0.05, Vm=0.95
4 4.60 46 Vi=0.08, V= 0.92
5 5.75 45 Vi=0.10, Vm=0.90

The mould was allowed 48 hours to complete the curing process, and the K of the
samples were measured using the hot wire disk [83,85], as shown in Figure 4.1.
Therefore, each sample was cut into two similar parts as per the requirement of the
instrument setup. Then, the sensor of the hot wire disk was placed between the
separated sample and the Kef of the composites was measured. Here, the temperature

of the sensor was maintained at 30 °C.
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Sensor

Figure 4. 1: Measuring the thermal conductivity of the fabricated composite

4.2.3 Calculation

The thermal conductivity of coir fibers was calculated after measuring the Kefs of the
composite by using existing analytical models for a solid-solid system. Here, the Rule
of mixtures, Maxwell model, Rayleigh’s model, and Lewis Nielsen model were used

to determine the transverse thermal conductivity of coir fibers.

Here, the fiber orientation is perpendicular to the heat flow. Therefore, a series model

was necessary to analyse the Kesf in this orientation, as given by Equation 4.2.

1
Kerr = v, 77 (4.2)
Km' Kf
Where Kn is the thermal conductivity of the matrix, Vi is the volume fraction of the

matrix, Ks is the thermal conductivity of fiber, and Vs is the volume fraction of fiber.

Equation 4.3 provides the Maxwell’s model.

2Ky + Ky — Vi (K — Kf)

K.rr = K, 4.3
T T 2K + K + Ve (K — Kp) (43)
Equation 4.4 gives the transverse thermal conductivity of Rayleigh’s model.
Keff _ 2Vf
Km 1+ C1—V§+C2(0.30584V (*+0.013363V B+ ) (44)
Where ¢, = -L5m and ¢, = ~Lm
Kf—Km Kg+Km

Equation 4.5 presents the Lewis Nielsen’s model.
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X X l1+ABVfl (4.5)
ff = ————— .
¢ ™|1- BV
X4 L
_Km — —Pm
WhereB_:,fﬁA and lP—1+( oy )Vf

The values for the constant ‘A’ in various systems is given in Table 4.2. Here, the
aspect ratio of the fibers is greater than 15. Then the dispersed phase can be taken as
uniaxial oriented fibers according to the Lewis Nielsen model. Also, the direction of
heat flow is perpendicular to the fiber direction and the ‘A’ value can be selected as
0.5.

Table 4.2: Values for ‘A’ for various systems [43,47].

Type of dispersed phase Direction of heat flow A

Cubes Any 2.0
Spheres Any 1.50

Aggregate of spheres Any 2.50

E —_
Randomly oriented rods aspect ratio = 2 Any 1.58
Randomly oriented rods aspect ratio =4 Any 2.08

Randomly oriented rods aspect ratio =6 Any 2.8
Randomly oriented rods aspect ratio = 10 Any 4.93
Randomly oriented rods aspect ratio = 15 Any 8.38
Umniaxial oriented fibers Parallel to fibers 2L/D

Uniaxial oriented fibers Perpendicular to fibers 0.5

The values for the constant ‘pm’ in various systems is given in Table 4.3. Also, the
packing type can be taken as uniaxial random. Therefore the value of © m’ is equal to

0.82.
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Table 4.3: Values for ¢m for various system [43,47].

Shape of Particle Type of Packing P
Spheres Hexagonal close 0.7405
Spheres Face centred cubic 0.7405
Spheres Body centred cubic 0.60
Spheres Simple cubic 0.524
Spheres Random close 0.637
Spheres Random close 0.601
Rods of fibers Uniaxial hexagonal close 0.907
Rods of fibers Uniaxial simple cubic 0.785
Rods of fibers Uniaxial random 0.82
Rods of fibers Three dimensional random 0.52

4.2.4 Finite element method

The results of the analytical method were validated by the finite element method, using
the Ansys software package [22,41,42,43]. Assumptions considered during the
simulation are, fibers and matrix are microscopically and homogeneously distributed
throughout the composite, fibers have the same shape and size, fiber and matrix have
a perfect bonding, thermal resistance between two phases is negligible, and void-free
through the composite [22,41,42,43].

Normally, fibers are randomly distributed throughout the matrix in a composite;
therefore, the random arrangement is difficult model. Therefore, the micromechanical
model can be simplified as an isolated unit cell that has a three-dimensional physical
model with a periodic arrangement of cylindrical fibers in epoxy cubes [41,43] because
coir fibers have an approximately circular cross-section, as shown in the scanning
electron microscope (SEM) image in Figure 4.2. It provides an additional advantage

for the analytical and numerical modelling of the composite.
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Figure 4.2: Cross section of a coir fiber (x1000)

Further, the fiber distribution of a single unit cell could be identified as a square
pattern and hexagonal pattern, as shown in Figure 4.3 [45-47].

a) b)

Figure 4.3: Fiber distribution in a) Square pattern, b) Hexagonal pattern

The above unit cells are simplified as a quarter unit cell, as shown in Figure 4.4, to
reduce the complexity of geometry and computing time [45]. It is vital to adopt an
orthogonal coordinate system that represents the fiber direction on the z-axis; the x-
axis is the plane of the unit cell, which is perpendicular to the fibers, and the y-axis is
perpendicular to the plane of the unit cell and perpendicular to the fibers. Here, the

fiber Diameter was measured using primo star iLED microscope and the average

78



Diameter was 201.6 pm, and the length of the unit cell was calculated corresponding

to the volume ratio of 0% to 0.1%.

a)

400,00 (urm)

b)

600.00 (um) Z/I\ 5

Figure 4. 4: A quarter unit cell of a) Square array, b) Hexagonal array

4.2.5 Boundary condition for FEM to analyze thermal conductivity

For finding the Kt of the unit cell, the heat load was applied as a temperature for both
plane face (30 °C) and opposite face (25 °C) to obtain a temperature difference of 5
°C. Remaining faces are considered to be adiabatic [44,45,52].
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The heat distribution throughout the unit cell was analysed by Ansys software, and the
thermal conductivity of the unit cell was calculated by Fourier’s law, as shown in

Equation 4.6.
Qx =-K (dT/da) (4.6)

Where K is the thermal conductivity of the unit cell, dT/da is the temperature gradient
in the x-direction, and Qx is the heat flux along the x-direction.

4.2.6 Preparation of coir fiber specimen to measure thermal conductivity.

A cylindrical-shaped specimen was prepared by compressing 5 mm coir fibers without
using a binder [98]. Here, a 20 Mpa pressure was applied on 6.61 g coir fibers with a
mould diameter of 25 mm. The thermal conductivity reading was obtained from the

hot wire disk after removing the specimen from the mould, as shown in Figure 4.5.

LY S8 S

1. Main parts of the mould 2. Filling the mould using fibers

Fiber disk

3. Compressing the fibers
4. Compacted fiber disk

5. Measuring the thermal conductivity

Figure 4. 5: Preparation of binder-less coir fiber disk

4.3 Results and Discussion

4.3.1 Thermal conductivity of coir fabricated composite
In this study, the Kers of the fabricated composite was experimentally measured by a

hot-wire disk. Here, the temperature of the sensor was maintained at 30 °C. Figure 4.6
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shows the Kess Vvalues of fabricated epoxy based composite with different volume
fractions.
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Figure 4.6: The Kefr of the epoxy based composite

The effective thermal conductivity of the composite was increased with the fiber

volume fraction. It shows that the thermal conductivity of fibers is higher than the
thermal conductivity of epoxy.

The transverse Kesr 0f the composite for each fiber loading and the thermal conductivity
value of epoxy were substituted to the rule of mixtures, and Maxwell’s, Rayleigh’s,
and Lewis Nielsen’s models, to find the fiber thermal conductivity. Table 4.4

summarises the calculated thermal conductivity values of fibers for each volume
fraction.
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Table 4.4: Thermal conductivity values obtained from each model for the respective
fiber volume fraction

Fiber Kefr Of Kt from K¢from K¢from K¢from
volume composite Rule of Maxwell Rayleh’s Lewis
fraction mixture model model Nielsen
model

0.02 0.2286 0.2946 0.2815 0.2836 0.2825
0.04 0.2302 0.3172 0.2992 0.3029 0.3049
0.05 0.2315 0.3432 0.3140 0.3199 0.3249
0.08 0.2333 0.3209 0.2960 0.2999 0.3138
0.1 0.2340 0.3133 0.2976 0.3015 0.3028
Average Ks value 0.3192 0.2977 0.3016 0.3058

Then the calculated average kr values (0.3192 W/mK, 0.2977 W/mK, 0.3016 W/mK,
and 3058 W/mK) obtained from each model were re-substituted to Rule of mixture,
Maxwell, Rayleigh’s, and Lewis Nielsen models for validation of the results and
identification of the value closer to the experimental values. Then the re-substituted ks
values to Maxwell, Rayleigh’s, and Lewis Nielsen models could be graphically
represented as per Figure 4.7.
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Figure 4. 7: Behaviour of thermal conductivity of fiber with analytical models a)
Thermal conductivity value of 0.3192 W/mK, b) Thermal conductivity value of
0.2977 W/mK, c) Thermal conductivity value of 0.3016 W/mK d) Thermal
conductivity value of 0.3058 W/mK

The models show a variation with the regression line of the experimental values
according to Figures 4.7a) — d). The reason is the difference in the assumption during
the development of micromechanical models of the analytical models, such as fiber
shape, distribution, and interfacial contact between the matrix and fiber material. Also,
void formation in the composite and changes in the orientation of fibers may have
caused this situation. Therefore, it is better to consider percentage errors with the
regression line, shown in Figure 4.7 a)-d), to select the average K. Thus, the percentage

errors with the regression line in Figure 4.7 a) are shown in Table 5.
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Table 4.5: The percentage errors with the regression line in Figure 4.7a)

percentage error (X)

Fiber Experimental Percentage error

volume value Rule of | Maxwell | Rayleigh’s Lewis

fraction (Values on mixture Nielsen

regression line)

0.02 0.2290 0.0218 0.1136 0.0742 0.0393
0.04 0.2303 0.0347 0.2301 0.1520 0.0912
0.05 0.2340 0.0390 0.2857 0.1905 0.1169
0.08 0.2330 0.0343 0.4678 0.3218 0.2189
0.1 0.2343 0.0299 0.5888 0.4138 0.2901

Average percentage error (X) | 0.0319 0.3372 0.2305 0.1513
Mean value of average 0.1877

According to Table 4.5, the mean value of average percentage error for rule of
mixtures, Maxwell, Rayleigh’s, and Lewis Nielsen is 0.0708. The same procedure was
followed to find the percentage error in Figure 4.7 b)-d) and results are summarised as
Table 4.6.

Table 4. 6: Mean value of X in Figure 4.7a) — d)

Figure no | Substituted K value (W/mK) | Mean value of E
4.7a) 0.3192 0.1877
4.7b) 0.2977 0.2029
4.7¢) 0.3016 0.1321
4.7d) 0.3058 0.0923

The substitution of the Ks value of 0.3058 W/mK produced a minimum percentage
error of 0.0923. Therefore, the thermal conductivity of coir fiber can be taken as 0.3058
W/mK. It is important to validate this value using a numerical method, and section

4.3.2 discusses the numerical analysis for the validation.
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4.3.2 Numerically validating the thermal conductivity of fibers
The value of 0.3058 W/mk was validated from the numerical methods using square
array pattern and hexagonal array pattern. Figure 4.8 provides the temperature

distribution in square and hexagonal array patterns for the 0.1 fiber ratio.

a)

30 Max
! 29444
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— 28.333
27,778
27.222
— 26,667
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b)
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29444
28.889
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27.778
27.222
— 26,667
26,111
29,556
25 Min

Figure 4.8: The temperature distribution in quarter unit cell a) square array pattern b)
hexagonal array pattern

The temperature distribution is uniform in the upper region of Figure 4.8a). However,
it shows an uneven distribution around the bottom region of the quarter unit cell due
to the presence of fiber. Also, the temperature distribution is uneven in the top and
bottom regions of Figure 4.8b) due to the presence of fibers. But it will show a uniform

distribution in the middle region of the quarter unit cell.
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Figure 4.9 shows the comparison of the experimental, and numerical results.
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Figure 4.9: Comparison of experimental, and numerical results

According to Figure 4.9, the values obtained from the numerical method overlap with
the regression line of the experimental values. Hence, the transverse thermal
conductivity of the coir fibers can be accepted as 0.3058 W/mK according to the results

of experimental, analytical, and numerical methods.

4.3.3 Thermal conductivity of compacted coir fibers

The average thermal conductivity of the compacted coir fiber disk is 0.1982 W/mK,
and the density is 0.936 gcm™. According to this density value, the compacted fiber
disk contains a 0.2280 volume fraction of air. However, to predict the thermal
conductivity of coir fibers, Laundauer’s equation was used to calculate the thermal
conductivity of coir fibers because the structure is open porous when the volume
fraction is in the range of 0.15 < Vp < 0.65. Equation 4.7 provides the Laundaure’s

equation.
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Kerr = 2% - 1)+ ka2 = 30) + {16, G% — ) + K2 = 3R +
81(pr}1/2] (4.7)

Where K, is the thermal conductivity of air at 25 °C, and V, is the volume fraction of
air.

According to Equation 4.7, the calculated value of the thermal conductivity of coir
fibers is 0.2797 W/mK. The results obtained from the compacted fiber disk is close to
the value of 0.3058 W/mK obtained from Section 4.3.1. However, the variation of the
results in the Section 4.3.1 and Section 4.3.3 may be due to the interfacial thermal

resistance in the structure.

4.4 Conclusion

In this study, a composite material was fabricated using epoxy and coir fibers for
different fiber loadings. Then the Kets 0f the composites was measured. Here, the Kest
of the composite was higher than the thermal conductivity of pure epoxy, and the Kes
was increased with the increasing fiber loading in the composite. Hence, it concluded
that the thermal conductivity of coir fibers is greater than epoxy. Then it is possible to
analytically determine the thermal conductivity of coir fibers using the experimentally
measured Kefr values. Therefore, the analytical models are a practical approach of
finding the thermal conductivity in coir fibers due to the close relation with the
experimental values. The transverse thermal conductivity of the fiber could be taken
as 0.3058 W/mK by the comparison of the results obtained from the analytical models.
Additionally, validation of the transverse thermal conductivity value of 0.3058 W/mK
using the numerical method will add value to this work. Here, the numerical results
and experimental results were overlapped in each other and it proved that the 0.3058
W/mK could be taken as the thermal conductivity of the fiber. Further, a binder-less
compacted fiber disk was prepared and measured the thermal conductivity of the disk
to validate the results obtained from the previous method. Here, the void content of the
disk was 22.8%, which shows an open pores structure. Therefore, the thermal
conductivity of fiber was calculated using Laundauer’s equation and the value was
0.2797 W/mK. However, this method could be used to validate the value of 0.3058
W/mK, even if the difference between the value of 0.2797 W/mK.
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CHAPTER 5

DETERMINATION OF THE THERMAL CONDUCTIVITY OF
LATEX

5.1 Introduction

The attractive properties of NR latex to use as a natural adhesive are the high tack and

tack retention properties, better flexibility, good strength after the vulcanising, and

good moisture retention properties [77]. Also, NR latex has significant adhesive

properties with coir fibers. Therefore, it is used to adhere fibers to each other to

maintain the permanence of the composite structure. A combination of NR latex and

coir fibers produces many products like mattresses, automobile parts, and pots [76].

Therefore, it is used to fabricate thermal insulation materials with coir fibers in this

research work.

The following requirements of the latex compound should be fulfilled for the
fabrication [99]:

a)

b)

d)

The vulcanising system should be provided with a high-quality cure during the
process.

A very thin film of latex should be applied on coir fibers, and it will be at the
risk of oxidation. Therefore, it is essential to add an effective antioxidant to the
compound.

Typically, the latex compound should be applied to fibers using spraying.
Therefore, it is important to maintain the compound without agglomeration to
prevent the spray gun nozzle blockage. Also, the mechanical stability of the
compound should be maintained at an adequate level. These objectives can be
maintained by adding dispersion media during the compound preparation.
Additional wetting agents should be added to the compound to obtain adequate
wetting properties. However, an excessive amount of stabilisers and wetting

agents will cause a fine mist during spraying. The recommended application is
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the slightly large droplets which flow through the fiber surface, and they should
join together at the fiber intersection.
Therefore, the following formula is used to produce the latex compound. A suitable

formulation is given below [99].

A suitable formulation is given below. Parts by weight
60% concentrated NR latex 167
10% KOH solution 5
20% vulcastab LW 2.5
50% Antioxidant TQ (phenolic type) dispersion 2.0
50% ZMBT dispersion 2.0
50% ZDC dispersion 2.0
50% Sulphur dispersion 5.0
50% ZnO dispersion 6.0
50% China clay as required

5.2 Measurement of the total solid content of the latex compound

Total solid content (TSC) is the percentage by weight of latex which is non-volatile at
a defined temperature. “The standard method is as described in ISO 124:1985 [100].
It involves heating a test sample to constant mass in an oven at 100 °C for 2 hours at

atmospheric pressure. The TSC value is calculated using the following Equation 5.1”.
M,

TSC = —x100% (5.1)
M,

Where M; is the weight of the test portion before heating, and M is the weight of the
test portion after heating.

Here, the TSC values obtained for the above formula are 58.98%, 58.79%, and 58.90%.
The average TSC value is 58.89%.
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5.3 Determination of the thermal conductivity of latex with aging time

The thermal conductivity of a material can change with the material degradation.
Therefore, it is necessary to measure the thermal conductivity of latex with the ageing
time. With that aim, eight sheets of 0.2 cm thickness were prepared using the
compounded latex batch. These sheets were vulcanised at 150 °C for 40 min. The
thermal conductivity of one sample was measured 24 hours after the vulcanisation
process (Sample A), and others were subjected to the ageing process up to the
maximum duration of 7 days. Table 4.1 provides the prescribed period for the samples.
Here, the temperature was maintained at 70 °C following ASTM D 573 standard [101].

Table 5.1: The prescribed period for the samples

Sample A B C D E F G H

Aging 0 lday | 2days | 3days | 4days | 5days | 6days | 7 days
time day

Figure 5.1 presents the prepared latex samples after the aging process.

Figure 5.1: Prepared samples after the aging process

Then the thermal conductivity of the samples was measured using the hot-wire disk

method. Figure 5.2 presents the thermal conductivity of aged samples.
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Figure 5.2: Thermal conductivity of aged samples

According to Figure 5.2, sample A, before the ageing process gives the maximum
thermal conductivity value, and sample H aged for 7days, gives the minimum thermal
conductivity value. Further, the thermal conductivity of the compounded latex reduces
with the ageing time, probably due to the reduction of cross-link density of the samples
due to oxidation [102] and it will reduce the thermal conductivity of the latex [103].
However, the relative decrease in the thermal conductivity of the H sample with respect
to A sample is 8.46%. However, the total reduction of the Kefr will be less than 8.46%
according to the empirical models, and the modification of the compound is

recommended for future studies.

5.4 Determination of the thermal conductivity of latex after the vulcanised

process.

According to the above formula, the latex compound was prepared and cured for 24
hours. It was heated to 120 °C for the vulcanised process for one-and-half hours [99],
and the sample’s thermal conductivity was measured using a hot wire disk as Figure
5.3.
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Latex sample

Sensor

Figure 5.3: Measuring the thermal conductivity of the fabricated composite

5.5 Conclusions

Thermal conductivity values

K1 =0.1758 W/mK

Kz =0.1725 W/mK

Ks =0.1725 W/mK

Then the average thermal conductivity = 0.1736 W/mK

Analytical and numerical methods can use to evaluate the Keffof the insulation material
after identifying the thermal conductivity of latex and the coir fiber. Chapter 6
discusses evaluating the Kes of the insulation material using analytical, numerical, and

experimental methods.
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CHAPTER 6
ANALYSING THE THERMAL CONDUCTIVITY OF THE
INSULATION MATERIAL

6.1 Introduction

The mixture of latex (binder material) and the fiber can be identify as a composite
material. Further, the insulation properties of this composite can be increased by
introducing air voids into the combination of fiber and binder material because the
thermal conductivity of air is lower than the solid region [58,59]. Then the material
structure will be formulated as a three-phase composite material. After that, the
insulation properties of the composite material depend on the volume fractions of each
phase (fiber, binder, and air). The Keft mainly decides the material’s insulation

properties.

The Ketf 0f a composite can be evaluated using experimental, analytical, and numerical
methods [41,43]. Analytical and numerical evaluation methods are followed before the
experimental methods due to their cost-effectiveness and efficiency [42,54]. In these
methods, the first step is to analyse the conductivity of a mixture of matrix and one
filler. Then the Kes of the composite can be analysed with the conductivity value of
the mixture and the second filler [56]. However, this composite type contains a solid-
solid phase (binder and fiber) and a solid-gas phase (binder, fiber, and air). Therefore,
it is vital to analyse the Kefr with analytical models available to find the Kefrin a solid-

solid system and the Kefrin a solid-gas system.

Maxwell’s model, Rayleigh’s model, and Lewis Nielsen’s model are mainly used to
find the Kest 0f a solid-solid phase as discussed in chapter 4. Additionally, it is essential
to study the available analytical model to study the Kess in a solid-gas system. Smith
evaluated the thermal conductivity in a porous media analytically and experimentally
for the pores fraction 0.04 to 0.95 [58]. Here, different analytical models show
closeness with the experimental values for different pore volume fractions (Vp).

Maxwell Eucken model shows better agreement with the experimental up to V, 0f 0.15
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because the material can be taken as a close pores structure when the V, is less than
0.15. Also, Landauer’s relation shows a better agreement within the Vp range of 0.15
to 0.65 [58]. Hashin-Shtrikman’s upper bond and Russell’s relation show better
agreement for the V, higher than 0.65. In addition to these models, some models such
as Progelhof and Throne empirical model and Topper theoretical model are available
to measure Kesr 0f a pores composite material [56].

In this chapter, the Kesr of the solid-solid phase was analysed by analytical and
numerical methods. Then the Kesthe solid- gas phase (whole insulation material with
the latex, coir fibers, and air void) was analysed by the analytical, numerical, and

experimental methods.

6.2 Evaluation of the Ke¢r 0f solid-solid phase

In this section, the Kes of the solid-solid phase was measured using analytical and
numerical methods. The methodology is described as follows,

6.2.1 Methodology

6.2.1.1 Fabrication of the composite.

Microscopically analysis of the cross section of the composite should be carried before
the analytical and numerical analysis. Because the development of the analytical and
numerical models will depend on the internal structure of the composite. Therefore,
the composite should be fabricated to analyse its internal structure. The following steps
are described the composite fabrication process. Also, the same fabrication method is

used to analyse the Kess 0of composite using the experimental method.

Uniaxially oriented fibers give an even fiber distribution. Hence it is important to select
a fiber length by avoiding the curliness of the fiber. Therefore, fibers were cut into 5
cm length, the fiber layer was a layup, and latex was sprayed on that layer. This
procedure was continued until getting the desired volume fraction of fiber and latex.
The fiber and latex combination was then compressed to get the designed thickness (1
cm) of the composite [25]. Figure 6.1 shows a cross-section of a composite was

observed using an optical microscope.
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Coir fibers Air voids

Latex

Figure 6. 1: A cross sectional view of the composite (x100)

According to Figure 6.1, the fabricated composite contains a solid-solid phase and a
solid-gas phase. Therefore, the first step was to analytically and numerically evaluate
the conductivity of a mixture of fiber and latex. Then the Kes of the composite was
analytically, numerically, and experimentally evaluated with the conductivity value of

the mixture (latex + fiber) and air voids.
6.2.1.2 Analytical methods to find the thermal conductivity of a solid-solid phase

The thermal conductivity of the solid-solid phase was calculated from Maxwell’s
model, Rayleigh’s model, and Lewis Nielsen’s model. However, the transverse
thermal conductivity was analysed from these models because the transverse
orientation of fibers gives the maximum insulation properties. The equations for
analysis of transverse thermal conductivity using Maxwell’s model, Rayleigh’s model,
and Lewis Nielsen’s model are given in chapter 4. Here the thermal conductivity value
is 0.3058 W/mK for coir fibers and 0.1736 W/mK for compounded latex.

6.2.1.3 Development of a unit cell for numerical analysis

The numerical method was used to validate the results obtained from the analytical
models. Ansys software package was employed for the numerical analysis in this
study, considering the following assumptions: The continuous and the discontinuous
phases are microscopically homogeneously distributed, have a negligible thermal

resistance between the two phases, and discontinues phase has the same size and shape
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[41,43,44,45]. According to Figure 6.1, the fabricated composite contains a solid-solid
phase and a solid-gas phase. Therefore, the first step was to numerically evaluate the
conductivity of a mixture of fiber and latex.

6.2.1.4 Development of a unit cell for the solid-solid phase

The solid-solid phase contains fibers and latex. Therefore, it can be assumed as a two-
phase composite. Latex can be taken as the matrix material. According to Figure 6.1,
fibers are randomly distributed throughout the matrix. However, fiber and matrix
combinations can be simplified as an isolated unit cell with a periodical arrangement
of three-dimensional physical models which contain cylindrical fibers in latex cubes
[41,43]. The periodic arrangement of unit cells in a composite could be identified as a
hexagonal array pattern and square array pattern [44,47,50]. Further, reducing the
computational time and complexity of the geometry is essential. Hence, the hexagonal
unit cell and the square unit cell can be simplified as a quarter unit cell, as shown in
Figure 6.2 [44].

a)

Figure 6.2: A quarter unit cell of a) Hexagonal array b) Square array

Z-axis represents the fiber direction in Figure 6.2, and Y-axis and X-axis represent the
perpendicular plane for the fiber. The fiber diameter was 200.16 um when measured
using the primo star iLED microscope, and the unit cell dimensions were calculated

corresponding to the volume fraction of fiber to latex.
6.2.1.5 Boundary conditions for unit cell.

The heat load was applied as a temperature in both opposite faces in the XZ plane. A
temperature of 30 °C was maintained on the top face in the XZ plane, and 25 °C was

applied to the bottom face in the XZ plane. Other faces are parallel to the Y direction,
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and those are assumed to be adiabatic [45,46,52]. The heat distribution and the thermal

conductivity of the unit cell were analysed using Fourier’s law.

6.2.2 Discussion
Figure 6.3 illustrates the temperature distribution of the hexagonal model and square
model for solid-solid phase at 0.1 fiber volume fraction.

a) b)
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Figure 6.3: The temperature distribution in the quarter unit cell a) Hexagonal

array b) Square array
The temperature distribution is uneven in the top and bottom regions of Figure 6.3a)
due to the presence of fibers. But it will show a uniform distribution in the middle
region of the quarter unit cell. Also, the temperature distribution is uniform in the upper
region of Figure 6.3b). However, it shows an uneven distribution around the bottom

region of the quarter unit cell due to the presence of fiber.

Figure 6.4 compares Kefr0f solid-solid phase using analytical methods and numerical
methods.
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Figure 6.4: Thermal conductivity of the solid-solid phase using analytical, and
numerical methods.

The maximum fiber volume fraction of the square unit cell is 0.78. Therefore, the
above analysis was made up to the fiber volume fraction of 0.7. However, the Kt of
the solid-solid phase is increased with the fiber volume fraction. Except for Maxwell’s
model, numerical models and analytical models show minor deviations with each other
up to 0.4. Maxwell’s model is the first analytical model to predict Ketr, and the main
assumption in the model is well dispersed spherical particles in the continuous matrix.
It may give a higher deviation for the results. Also, Sahu analysed the thermal
conductivity of short fiber reinforced composite using analytical models. Maxwell’s
model shows a higher deviation from the experimental results [41]. Lewis Nielsen’s
model was the most popular model to predict Kes in literature due to good correlation
with the experiments [43,47]. However, the Lewis Nielsen model was created up to
0.4 volume fraction, and it gives inconsistent results for the higher volume fractions
[53]. Nevertheless, Lewis Nielsen’s model is a good analytical model to predict Kettin
the composite containing random fiber distribution [43,47]. Therefore, the values
obtained from Lewis Nielsen’s model are used for further analytical analysis in the

solid-gas phase.
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Moreover, the main assumption in Rayleigh’s model is parallel cylinders embedded in
a continuous matrix [53]. It may cause a closer relationship between the square model
and Rayleigh’s model throughout the variation of the fiber volume fraction. Therefore,
this relationship is important to justify the results obtained from the square model.
Also, the square model is close to other analytical models than the hexagonal model.
Then, the values obtained from the square model are used to further numerical analysis
in the solid-gas phase. According to the limitation of the Lewis Nielsen model, the
maximum fiber volume fraction is assumed to be 0.4 for further analysis. Therefore,
the Kerf value in the solid-solid phase is 0.2166 W/mK for the analytical analysis and
0.2167 W/mK for numerical analysis at the 0.4 fiber volume fraction. Also, maximum
fiber volume fraction of 0.4 will be taken for the experimental analysis of the

composite.

6.3 Evaluation of the Kefr of solid-gas phase

6.3.1 Methodology
6.3.1.1 Analytical methods to find the thermal conductivity of the solid-gas phase
Landaure’s equation and Hashin-Shtrikman’s upper bond model are used to find the
thermal conductivity of the solid gas phase.
Hashin-Shtrikman’s upper bond model is given by Equation 6.1.
301 = V) (Kp = Km)

3K, — V,(K, — Ki)

Where K is the thermal conductivity of air, and V is the volume fraction of air.

6.3.1.2 Numerical method to find the thermal conductivity of solid-gas phase.
Development of a unit cell for the solid-gas phase

According to Figure 6.1, the composite contains a solid-gas phase. However, the pore
size changed with the volume fraction of the composite [58]. Smith studied the thermal
conductivity of porous materials. Here, the low pore density shows a close pore
structure, and the high pore density shows the open pore structure [58]. Russell
represented cubic model structures to analyse the thermal conductivity of a pores
structure [59]. In this study, pores are represented by cubes and surrounded by the

uniform thickness of solid walls for the close pores structure. Also, solids are
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represented by cubes in the open pores structure, and it is surrounded by the uniform
thickness layer of air [59].

Further, if the volume ratio of dispersion media is higher than 0.786, then cubic
structures should represent the structure [44]. Therefore, cubical structures are selected
to analyse the thermal conductivity of the solid-gas phase. However, the thermal
conductivity of the close pore structure and the open pore structure were separately
analysed as Figure 6.5.

a) b)

Figure 6.5: A quarter unit cell of a) close pores structure b) open pores structure

As explained in numerical analysis in solid-solid phase, a quarter unit cell was used
for the numerical analysis. The air region is represented by the middle cube in 6.5(a),
and it is surrounded by solid due to close porosity; the solid region is represented by
the middle cube in 6.5(b), and it is surrounded by air due to the open porosity. The
thermal conductivity values of the solid region were taken by the solution of numerical
analysis in the solid-solid phase for the respective volume fractions of latex and fiber
of the composite. The conductivity value of air was taken as 0.0258 W/mK at 30 °C
by assuming negligible radiation and convection heat transfer [58,59,60,61]. Also, the

boundary conditions are applied as numerical analysis described in section 6.2.1.5.

6.3.1.3 Experimental method to find the thermal conductivity of solid-gas phase.
The sample preparation of the composite follows as the methodology given by 6.2.1.1.

Also, the composition of fiber, latex and air is given in Table 6.1.
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Table 6.1: Composition of the fabricated insulation material

Volume fraction | Volume fraction of | Weight of the Volume of the
of fiber : latex Void : solid fiber (g) latex (ml)
0.4 0.1 207 458.48
0.4 0.2 184 407.54
0.4 0.3 161 356.60
0.4 0.4 138 305.65
0.4 0.5 115 254.71
0.4 0.6 92 203.77
0.4 0.7 69 152.83

Here, practically the designed thickness (1 cm) of the composite can be obtained up to

0.7 of the void to solid ratio. Therefore, the fabrication is limited to the point of 0.7 of

void: solid volume fraction.

The Kefr of the insulation material was measured using the hot wire disk method, as

shown in Figure 6.6.

Composite
sample

Sensor

Figure 6.6: Measuring the Kesr of the insulation material
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6.3.2 Discussion
Figure 6.7 presents the temperature distribution of close pores structure and open

pores for the solid-gas phase at 0.1 air volume fraction.

a) b)
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Figure 6.7: The temperature distribution in the quarter unit cell a) close pores

structure b) open pores structure.

The temperature distribution is uneven throughout the unit cell in Figure 6.7a).
However, Figure 6.7b) shows a negligible uneven distribution at the top end corner of
the unit cell. Because the surrounded cubic structure has a negligible thickness

compared to the middle cube in the open pores structure.

The numerically obtained results are compared with analytical results in Figure 6.8.
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Figure 6.8: The Kefs of the insulation using analytical, and numerical methods

The Kesr Of the insulation material (solid-gas phase) is reduced with the increase of
pore (air) volume fraction (Vp). However, the results obtained from different models
show some variation with each other. The reason is that the models were developed by
considering the various types of assumptions such as distribution of discontinuous
phase throughout the matrix, size, and shape of the discontinuous phase, bonding
between the phases, and the thermal conductivity of constituents. According to Smith’s
work [58], Maxwell’s model has a close porosity for the pore volume fraction less than
0.15. Also, Figure 4.9 within the range 0 < Vp < 0.15 of Maxwell’s model shows a
closer relationship with the numerical results in close pores structure [58]. Smith’s
work shows that the experiment results are closer to the results of Landauer’s model

[58]. He found that if the V; is between 0.15 and 0.65, Kefr follows Landauer’s model.

In our work, the numerical results in close pore structure are closer to Landauer’s
model. Further, according to Smith’s work, experimental results have a closer
relationship with Hashin-Shtrikman’s upper bond with the high pore fraction above
the V, > 0.65. However, the open pore structure shows a closer relationship with

Hashin-Shtrikman’s upper bond models for the V, > 0.65. Therefore, these results
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conclude that the Kesr of a pores structure can be analysed through the numerical

method. However, the numerical model structure varies with the pore volume fraction.

The accuracy of analytical and numerical results was compared with the experimental

results. Figure 6.9 shows the Kesr values of fabricated insulation material with different
pore volume fractions.

Thermal conductivity (W/mK)
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Figure 6.9: Thermal conductivity of the fabricated insulation material

The Kefr of the insulation material was reduced with the pore volume fraction. It
confirmed that the thermal conductivity of the composite could be reduced by
introducing air voids into the solid-solid phase material. Figure 6.10 illustrates the

comparison of the regression line of the experimental results with analytical and
numerical values.
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Figure 6.10: Thermal conductivity of the insulation material using analytical,

numerical, and experimental methods

The experimental values are slightly higher than those obtained from analytical and
numerical models. It may be due to some assumptions considered during the
development of analytical models, such as fibers being distributed in the matrix as a
regular periodical array. However, fibers are randomly distributed throughout the
matrix, and these random fibers can touch each other. Some fibers can also be oriented
in the longitudinal direction due to randomness that causes error percentage in the
thermal conductivity in experimental and analytical models. This phenomenon can be
confirmed by the cross-section view of the composite in Figure 6.1. The moisture
content of the composite increases the thermal conductivity. Table 6.2 shows the

moisture content of the fabricated composite samples.
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Table 6.2: Moisture content of the fabricated composite

Pore volume fraction | 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Moisture content (%) | 7.09 | 7.62 | 6.71 | 7.33 | 6.79 5.78 6.22

According to Figure 6.9, the experiment results are closer to Maxwell’s model than the
other analytical model; in the numerical model, it is closer to the close pores structure.
It concluded that the fabricated materials show close pore behaviour in thermal
conductivity analysis. However, considering the above factors, the analytical and
numerical models used for the close pore structure agree well with the experimental

results.

Comparing the Kefr of the composite using market-available insulation materials is
important. Therefore, Mcfoil and a glass wool sheet were selected to measure Kefrusing
a hot wire disk. Mcfoil is the product name given by Macbertan Private Ltd. Mcfoil is
produced from polystyrene, and glass wool sheet is produced from glass wool and
thermoset resin. The thermal conductivity of Mcfoil is 0.0446/mK, and the thermal
conductivity of glass wool sheets is 0.0475 W/mK. The minimum value obtained from
the developed insulation material is 0.0741 W/mK at 0.7 pore volume fraction.
However, according to the analytical and numerical model in Figure 6.4, the thermal
conductivity of the solid-solid phase increases with the coir fibers. Hence, 0.4 fiber:
latex ratio was selected for this experimental analysis. Further, the Kesr of the insulation
composite can be reduced by lowering the volume ratio of coir fibers, according to
Figure 6.4. Therefore, the authors recommended analysing the Kes of the insulation

material by decreasing the coir fiber content in future studies.
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6.4 Conclusion

This study presents a system to find the effective thermal conductivity of a three-phase
composite by analytical, numerical, and experimental methods. The process primarily
focused on analytical and numerical methods. Here, the composite contains latex,
fiber, and air voids.

Evaluating the Kefs follows two steps. The first step is calculating conductivity for a
mixture (solid-solid phase) that contains the matrix (latex) and one disperse phase
(fiber). Next, the total conductivity of the composite can be calculated with the
conductivity value of the mixture and the second disperse phase (air). The Kes latex
and fiber were evaluated using analytical and numerical methods, and the square array
pattern and hexagonal array pattern were employed for the numerical analysis. The
results obtained from the square array pattern are used for further numerical analysis

due to the closeness with the analytical models than the hexagonal array pattern.

Numerical analysis was performed with the close pore structure model and open pore
structure model for the solid-gas phase. These results were compared with the available
analytical models. The findings concluded that the experimental analysis has a
relationship with the close pores structure. However, experimental results show a slight
variation with analytical and numerical results due to the fiber orientation and the
moisture content. Nevertheless, numerical and analytical results are useful methods to
find Kets of the composite before the experimental methods. Also, the Ket of the
developed insulation material is slightly higher than the thermal conductivity of market
available materials. However, it could be lowered by reducing fiber volume fraction in
the composite material by analysing the numerical and analytical results in the solid-

solid phase.

According to Chapter 6, the Kers 0f the composite can be evaluated using analytical
and numerical methods. Here, analytical models are useful to justify the accuracy of
the numerical models, but no specific equation is available to find the Kefr of the
composite. Therefore, Chapter 7 will discuss the development of a mathematical model
to predict the Kesr of the composite. The development of the mathematical model is

based on the models used for numerical analysis in Chapter 6.
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CHAPTER 7

DEVELOPMENT OF AMATHEMATICAL MODEL TO PREDICT
THE THERMAL CONDUCTIVITY OF THE COMPOSITE.

7.1 Development of a mathematical model for solid-solid phase.

According to Chapter 6, the internal structure of the composite can be identified as the
solid-solid phase and the solid-gas phase. Therefore, models should be separately
developed for the solid-solid phase and solid-gas phase. The first step is developing a
model for the solid-solid phase. Here, the square unit cell is used to develop the model
for the solid-solid phase according to the results of the numerical analysis in chapter 6
[43,47], and also considering the following assumptions: Fibers and the latex phases
are microscopically homogeneously distributed, have a negligible thermal resistance
between the fiber and latex, and fibers have the same size and shape [43,47]. Figure
7.1 demonstrates the 3D view of the square unit cell for the solid-solid phase.
| Q
F

(i

A B

%k%/f
v

Figure 7.1: The three-dimensional view of a square unit cell for the solid-solid phase

Where Q is the total heat flux, and the heat flow direction is assumed to be top face to
bottom face. The thermal conductivity of solid-solid phase, latex, and fiber are given
by ks, ki, and ks, respectively. The length of the unit cell is represented by ‘a’. Further,

the unit cell can be simplified as a quarter unit cell in Figure 7.2.
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Figure 7.2: The three-dimensional view of a quarter unit cell for the solid-solid phase

Modelling
Heat transfer in the quarter unit cell occurred with the combination of series models.

The series models in the quarter unit cell should be identified as per Figure 7.3.

1 a/2

dy I i I

AN HM
a2

Figure 7. 3: The series models in the quarter unit cell
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The above quarter unit cell is divided into two parts. Then the thermal resistance of the
element can be calculated by the combination of the resistance of each part. The Kes
of the element was calculated using the equal law of specific thermal conductivity.

Part 1 contains latex and fiber (matrix and fiber), and part 2 contains latex. Part 1 and
part 2 have the mean conductivity coefficient of ki and ko, respectively. Also, part 1
has the thickness of hi, which is equal to the radius of the fiber r, and part 2 has the
thickness of h,.

Thermal resistance for part 1

Part 1 contains the fiber and matrix. Hence the Kefs of part 1 is given by the combined
effect of the fiber and matrix. Then apply the Fourier’s law of heat conduction for the
thin piece with the thickness of dy as indicated in Figure 7.3. The thermal conductivity

of (k1) of part 1 is given by equation 7.1.

Q+Q kA kfA
kl = (liT S — %-[— % (71)
()4

A, A, and A are the cross-section area of matrix, fiber, and part 1, while Q and Qrare
the heat flows across the cross-section area of the matrix and fiber, respectively. The
temperature difference between the two sides of the thin piece is denoted by dT. Then
the thermal conductivity of part 1 can be calculated by integrating equation 7.2 over

the complete thickness of part 1.

Ry (—kfl + —k’:;lf) dy
kl = -]. h (7.2)
0 1
1
ky = hl—A(lel + ksVy) (7.3)

Where, V| and Vr are the volume of matrix and fiber respectively in part 1.
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Thermal resistance for part 2

There are no fibers in part 2. Therefore, the value of the matrix material gives the
thermal conductivity of part 2.

ha
k, = f k 7.4
2 l hz l ( )

The Ketr of the quarter unit cell (ks) is given by the combination of the thermal
conductivity of part 1 and part 2, and equation 7.5 provides Ks.

kg =22 = U2 (7.5)

S RA  (Ri+Ry)A

R, R1, and R are the thermal resistance of the quarter unit cell, part 1, and part 2,
respectively.

hy hi
R, = = 7.6
1 M%(k[V[‘I’kaf)A lel+kaf ( )
S
Ry= 1 (7)

Substituting equation 7.6 and equation 7.7 into equation 7.5, the Kess of the solid-solid

phase is given by equation 7.8.

Where ¢ is the volume fraction of fiber in the solid-solid phase.
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7.2 Development of a mathematical model for solid-gas phase.

According to numerical analysis in Chapter 6, close pores structure shows better
agreement with the pore volume fraction range up to 0.65. Therefore, the close pores
structure is selected for developing the mathematical model. Here, cubes represent
pores and are surrounded by the uniform thickness of solid walls for the close pores

structure. Figure 7.4 presents the close pores structure for the modelling.

Q
E l F
D ¢ b
/| K, G
i
b
Al : B

Figure 7.4: The three dimensional view of the close pores structure for solid-gas
phase

Where Q is the total heat flux, and the heat flow direction is assumed to be top face to
bottom face. The thermal conductivity of the solid-gas phase, solid-solid phase, and
the air is given by kr, ks, and ka, respectively. The length of the unit cell is represented

by ‘b’. The unit cell can be simplified as a quarter unit cell as in Figure 7.5.
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Figure 7.5: The three dimensional view of quarter structure for solid-gas phase

Modelling
The heat transfer in the quarter unit cell occurs with the combination of series models.

The series models in the quarter unit cell can be identified in Figure 7.6.

b/2

AN

b/2

Figure 7.6: The series models in the quarter unit cell for solid-gas phase

The above quarter unit cell is divided into two parts. Then the thermal resistance of the
element can be calculated by the combination of the resistance of each part. After that,

the equal law of specific thermal conductivity can find the Kes of the element.
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Part 1 contains the solid-solid phase and air void, and part 2 contains the solid-solid
phase. Part 1 and part 2 have the mean conductivity coefficient of ks and ks,
respectively. Also, part 1 has the thickness of hy, and part 2 has the thickness of ha.

Thermal resistance for part 1

Part 1 contains the solid-solid phase and air void. Hence, the Kefs of part 1 is given by
the combined effect of the solid-solid phase and air void. Then apply the Fourier’s law
of heat conduction for the thin piece with the thickness of dy. The thermal conductivity

of (ks) of part 1 is given by equation 7.9.

ho = e = e b 79
dy

Where, As, A, and B are the cross-section area of the solid-solid phase, air void, and
part 1. Qs, and Qa are the heat flows across the cross-section area of the solid-solid
phase and air void, respectively. The temperature difference between the two sides of
the thin piece is given by dT. Then the thermal conductivity of part 1 can be calculated

by integrating equation 7.10 over the complete thickness of part 1.

n (B + fafe) gy
ks = f - (7.10)
0 1

1
h.B

ks = — (ksV, + koV) (7.11)

Where Vs and V. are the volumes of the solid-solid phase and air void, respectively, in
part 1.

There is no air void in part 2. Therefore, the value of the solid-solid phase gives the

thermal conductivity of part 2.

hz d
ko= K, Z2-k (7.12)

s - Rs
0 h'2
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Then the Kefs of the quarter unit cell ( kt) is given by the combination of the thermal
conductivity of part 1 and part 2. Equation 7.13 gives the kr.

b/2 _ b/2
RTB (R3+R4)B

ky = (7.13)

Where Rt, Rs, and R4 are the thermal resistance of the quarter unit cell, part 1, and part
2, respectively.

2
Ry = ——2 = (7.14)
ill_B(kSV5+kaVa)B ksVs+kgaVy
— Nz
Ry= 32 (7.15)

By substituting equation 7.14 and equation 7.15 into equation 7.13, the Kefs of the
solid-gas phase is given by equation 7.16.

kepr = / (7.16)

1 1 1
| 1
2
1V2_ 4 |4k
2) a

@, is the volume fraction of air in the solid-gas phase.
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7.3 Discussion

Figure 7.7 compares the developed model with analytical and numerical models in

the solid-solid phase.

0.26 -{|{Analytical methods

—®— [ewis Nielsen model
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_||[=— Rayleigh’s model

Numerical methods
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Figure 7. 7: Comparison of the thermal conductivity in the solid-solid phase using

mathematical model, analytical, and numerical models

The proposed model deviates from analytical and numerical models at the lower fiber
load. However, it shows a closer relationship with the Maxwell model. Further, the

model is getting closer to the Lewis Nielsen model at the high fiber load.

The comparison of the developed model with analytical, numerical, and experimental
methods in the solid-gas phase up to 0.7 pore volume fraction is given in Figure 7.8.
The Kesf value in the solid-solid phase is 0.2166 W/mK for the analytical analysis and
0.2167 W/mK for numerical analysis at 0.4 fiber volume fraction, according to Section
4.3. Therefore, the Kesr value in the solid-solid phase of 0.2207 W/mK is obtained from
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the proposed mathematical model at the 0.4 fiber volume fraction. Therefore, the value
of 0.2207 will be used for the comparison in Figure 7.8.
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Figure 7. 8: The comparison of the Kefrof the insulation material using mathematical

model, analytical, numerical, and experiment methods in solid-gas phase

The proposed model shows a better agreement with the Lewis Nielsen model and
Maxwell model below the 0.25 pore volume fraction than numerical results. Also, it is
closer to the regression line of the experimental results than the Maxwell model below
0.25 pore volume fraction. The deviation between the numerical and the proposed
models decreases with the pore volume fraction. However, considering the above
results, the proposed model has a closer agreement with the experimental results below
0.25 pore volume fraction, and Maxwell’s model agrees more with the experimental

results.

The value of 0.2166 W/mK in the solid-solid phase was substituted to Maxwell’s
model to find the Kefr of the solid-gas phase (whole material). The value of 0.2166
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W/mK is obtained from Lewis Nielsen’s model. Therefore, the analytical values in
Figure 7.8 combine two different models. Nevertheless, the proposed mathematical
model is developed to find Kes in the solid-solid phase and Kes in the solid-gas phase.
Therefore, the model is unique for this application and agrees better with the
experimental methods than numerical and analytical methods. This can be used for
further analysis in this research area.

7.4 Conclusion

A mathematical model was suggested to find the Kefs of a three-phase composite based
on the numerical analysis in Chapter 6. The proposed model agrees better with the
experimental results. Also, the model is used to analyse Kefs of solid-solid and solid-
gas phases without considering other analytical models. Therefore, it can analyse Kest

of fibrous-type insulation materials which contain air voids.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

The conventional type materials are the most widely available materials for roof
insulation. However, researchers are developing sustainable insulation materials with
lignocellulose fibers due to the conventional materials’ health and environmental
issues. These natural fibers are found in agricultural wastes, grasses, and plant wastes
such as sisal, jute, coir, pineapple leaf fiber, oil palm fibers, and hemp. According to
the literature review, coir fibers exhibit significant properties over other fibers, such as
low thermal conductivity, low density, high resistance to absorb moisture, higher
elongation at the breaking point, and high thermal stability.

Coir fibers contain lignocellulose substances, oil, and wax on the surface of the natural
condition. These substances can be removed from the fiber surface by alkaline
treatment. However, the excess concentration of the alkaline treatment will damage
the fiber surface. Hence, identifying appropriate concentrations is vital before the

fabrication.

The appropriate concentration can be evaluated by SEM analysis, tensile properties of
the fiber, FTIR analysis, and DSC analysis. According to this analysis, 4% alkaline
concentration was identified as the appropriate concentration for the treatment. Also,
the activation energy of 4% treated fiber could be determined by model-free methods,

and it helps determine the fiber lifetime.

Binder material should be added to adhere to fiber without taking fiber alone. Further,
air voids should be introduced into the fiber and binder combination to increase the
insulation properties. The Kesof the insulation material can be analysed by analytical,
numerical, and experimental methods, and knowing the thermal conductivity of each

phase is necessary for analytical and numerical analysis.
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However, finding the Ky of the coir fiber is challenging. The two-phase composite was
fabricated with coir fibers and epoxy with different volume fractions. Next, the thermal
conductivity was measured for the fabricated composite and epoxy using the hot disk
method. Finally, the Ky of the fiber was calculated using available analytical models,
and the determined value was 0.3058 W/mK. Also, the thermal conductivity of the
compounded latex was selected as the binder material, and the value was 0.1736
W/mK. These values helped analyse the Kefr of the insulation material by analytical

and numerical methods.

The Kess of the insulation material was determined by analytical, numerical, and
experimental methods. The microscope image analysis confirmed the fabricated
samples have a close pore structure. Further, the behaviour of analytical and numerical
models that are used to close pores structure is near to the experimental results.
However, a slight difference was noted between the analytical and numerical models
with the experimental results due to fiber orientation and moisture content. Still, the
numerical and analytical methods were used throughout to find the Kt of the
composite before the experimental methods.

There is no specific equation to find the Kesr of the composite, which contains fibers
and air voids. Therefore, a mathematical model was introduced to find the Kes of the
composite. The proposed model shows better agreement with the experimental results.
Finally, the behaviour of the Kefr of the composite was identified with the variation of
the volume fraction of each phase analytically, numerically, and experimentally. It
concluded that the Kesf of the composite increases with the fiber volume fraction and

reduces with the volume fraction of the air voids.

8.2 Recommendations

The authors recommended analysing the Kess0f the composite by considering moisture
content. Then the whole structure will become a four-phase composite. Analysing the
Kesr Of the four-phase composite using numerical and analytical methods is a new
research area. Also, the authors recommend analysing the Kesr for less fiber volume

fraction. It can be fabricated further as a product with a combination of reflective and
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mass insulators. Finally, measuring the insulation performance under the roof during

the daytime is recommended.
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APPENDIX A

ANALYSING THE MECHANICAL PROPERTIES OF COIR
FIBERS EXTRACTED FROM DIFFERENT PLACES

The coir fibers for this research work were selected from the Minuwangoda area in Sri
Lanka. A first experiment with a coir fiber epoxy-based composite was described in
chapter 3. Here, the tensile strength of the epoxy-based composite was prepared to
identify the critical volume fraction and the critical fiber length. However, fiber
properties can vary with the place that fibers were extracted. Therefore, it is better to
compare the fiber properties with different places that were extracted. Then two more
fiber samples were selected from Kurunegala area and Tangalle area. The critical
length in chapter 3 was 3 cm and the critical volume fraction was 0.2. Therefore, 3 cm
fiber samples were prepared from the other two samples and the composite samples
were prepared from the volume fraction of 0.1, 0.2, and 0.3. The results of the tensile
strength for samples that were taken from Minuwangoda, Kurunegala, and Tangalle

areas shows in Figure A.1.
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Figure A.1: Effect of the composite’s tensile strength with the fiber extracted area.
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The highest tensile strength is given by fibers that were taken from the Tangalle area
at 0.1 fiber volume fraction. Other samples show the maximum value at 0.2 fiber
volume fraction. Therefore, results concluded that the properties of composite change

with the place of the fiber which was taken for the experiment.
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