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Abstract: In industry, synthetic fibre reinforcements are
popular due to their cost-effectiveness and lightweight nature.
However, the non-reusability and non-degradability have
raised environmental concerns and prompted scientists to
explore more environmentally friendly alternatives. Natural
fibres are being investigated as potential replacements to
address these issues and promote sustainability. This study
investigated the effect of fibre loading and orientation on the
heat conductivity of polymer resins using a finite element-based
numerical model developed in our previous research. The
numerical analysis was conducted in ANSYS® modelling and
simulation using glass and sisal fibres in combination with
three distinct matrix materials (epoxy, polyester, and vinyl
ester). Different orientations (parallel, perpendicular, 45°, and
normal) and volume of fibre fractions (20-35%) were used for
the analysis. The properties of the materials were incorporated
into the ANSYS Engineering database, and the composite model
was divided into five segments to analyse the heat transfer. The
thermal boundary condition was implemented by keeping one
side of the cylinder at 120°C. The results showed that the
thermal conductivity of the composites decreased as the volume
fraction of natural fibres increased. Epoxy-based composites
exhibited better insulation performance than polyester and
vinyl ester-based composites. This study demonstrated the
potential of using natural fibres to improve the thermal insula-
tion properties of composites.
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1 Introduction

Composites are unique engineering materials that can be
tailor-made from various materials to suit specific applica-
tions. A composite material is created by integrating two or
more different materials, one acting as the matrix and the
other as reinforcement. Composite materials are used for
their thermal, electrical, mechanical, and tribological prop-
erties. They have several applications in modern industries
because of their advantages, such as their small weight and
thermal resistance. From a thermal point of view, fibre
orientation and loading are the main determinants of their
thermal properties. These factors determine the thermal
conductivity and distribution of heat flux throughout the
composite material [1-5].

Synthetic reinforcements like glass and carbon fibres
are widely used in fibre reinforce composite (FRC) as a
cost-effective alternative to expensive metal-based materials
[6]. This is primarily attributed to their lightweight and cost-
effectiveness. However, being non-recyclable and non-degrad-
able led to increasingly facing strict environmental regulations.
To solve this problem, researchers are trying to replace them
with natural fibres and biodegradable materials. Natural fibres
such as sisal, kenaf, bagasse, and hemp have been studied as
reinforcing materials for conventional polymer resins. Such
composites are often termed green composites and have
unique properties compared to conventional composites. Nat-
ural fibres are also obtained from sustainable sources, are
cheaply available, weigh much less, and are biodegradable
[7,8]. In addition, natural fibres can also offer unique thermal
insulation properties. Due to these attractive features, natural
fibres are increasingly researched for use in the automotive,
aerospace, textile, and construction industries.

For instance, Liu et al. [9] researched the transverse
heat conductivity of unidirectional epoxy composites rein-
forced with bamboo and abaca fibres through resin transfer
moulding. The study found a clear correlation between the
dosage of bamboo and abaca fibres and the composites’
thermal conductivity. An increase in bamboo fibre dosage
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made the composite more thermally conductive, and vice
versa was observed with the abaca fibres. Additionally, the
transverse thermal conductivity was significantly influenced
by the lumen structure rather than the structures and che-
mical components of the composites. Similar findings were
obtained by Zheng [10] in a study investigating the thermal
properties of hemp fibre bundles by focusing on their aniso-
tropic thermal conductivities. Their analysis used a 2D com-
putational composite model of unidirectional hemp fibre
bundles in a hypothetical matrix in ABAQUS. The same model
was incorporated with equivalent solid fibre, replacing the
bundle to check the influence of bundle homogeneity. It was
observed that the effective thermal conductivity of the com-
posite depends on the proportion of solid region and lumen in
the fibre.

The derived optional interrelationship’s predictions
were validated through comparison with an analytical model
derived from the interface interaction between circular matrix
and circular inclusions embedded in the matrix, showing good
agreement with the analytical results. The key findings include
the establishment of an optional interrelationship between the
thermal conductivity of the solid region and the fibre bundle
through curve-fitting techniques.

Rahman et al [11] have studied the effects of fibre
orientation and volume fraction on the thermal properties
of the laminated jute-reinforced polyester composite. It is
found that the thermal conductivity of the laminated jute-
reinforced polyester composite is increased with fibre
volume fraction and varied with fibre orientation.

Also, Ramanaiah et al. [12] have studied Sansevieria
natural fibre as reinforcement in preparing partially bio-
degradable green composites. The effect of fibre direction
and content on the thermal properties of composite was
investigated. The thermal conductivity of the composite
decreased with an increase in fibre content, and the oppo-
site trend was observed with respect to temperature. In
addition, the experimental results of thermal conductivity
at different volume fractions were compared with the the-
oretical model. The response of the specific heat capacity of
the composite with temperature as measured by differential
scanning calorimeter was discussed. The lowest thermal
diffusivity of the composite was observed at 90°C, and its
value is 0.9948 x 1077 m*s™".

Several similar studies are available on the manufac-
turing and analysis of FRC using natural fibres such as jute
[13,14], hemp [15], kenaf [16], bamboo [17], banana [18,19],
and sisal fibres [20-22]. However, most focused on these
composites’ mechanical performance and structural char-
acteristics [23].

A modern approach in this regard to optimize properties
and standardize processing methods of natural fibre-reinforced

DE GRUYTER

composites (NFRCs) is finite element modelling (FEM). FEM is a
sophisticated computational tool that enables engineers to
simulate experiments in a virtual environment. The benefits
include ease of interpretation of resulting graphs and a clear
understanding of the output of their designs under different
conditions. Additionally, it facilitates iterative analysis, enabling
refinement and optimization of the designs with high accuracy.
As such, FEM has become an invaluable tool for engineers
across a wide range of industries, and it can be utilized to
evaluate and design FRCs with superior thermal insulation
properties [24-26].

In this context, the temperature change of NFRC has
mostly been studied by modelling Fourier’s heat conduc-
tion equation [27-29]. A study by Shokrieh and Ghanei-
Mohammadi [30] presented a unit cell FEM for analysing
the thermal behaviour of composites. They focused on the
effects of different representative volume element config-
urations on the results. Similarly, Wang and Qin [31] devel-
oped a 2D hybrid finite element formulation for predicting
the effective thermal conductivity of FRCs. In another
study, Ahmadi et al. [6] used FEM to investigate the thermal
conductivities of multiphase composites reinforced by
carbon fibres. They examined the effects of interphase fea-
tures, fibre volume fraction, orientation, and arrangement
on thermal conductivity. Likewise, Javanbakht, Hall [32]
introduced a correction factor for fine-tuning, self-updating
capability of NFRCs’ numerical models considering the size-
effect of fibres.

In all of these studies, FEM proved to be a valuable tool
for studying the thermal behaviour of NFRCs. One parti-
cular aspect that has garnered significant attention is the
effect of the reinforcement’s orientation and volume on the
thermal conductivity of composites. The reinforcement
phase in composites, such as fibres or particles, can be
aligned in different directions relative to the applied heat
flux. The orientation of the reinforcement significantly
impacts the pathways available for heat conduction within
the composite material. It is pivotal in various applications,
including heat exchangers, thermal management systems,
electronic devices, and aerospace structures [20,33,34].

In numerical research on NFRC, ANSYS® modelling
and simulation has emerged as the predominant platform
for FEM analysis employing solid and shell elements.
However, from both industrial and academic perspectives,
a noticeable research gap exists regarding the thermal
characteristics of these composites [35,36], particularly
the impact of reinforcement orientation and volume on
NFRC’s thermal conductivity. Although previous research
efforts have explored 2D and 3D modelling of NFRC using
FEM [33,37-39], there is a dominance of 2D analyses [35],
indicating an unexplored avenue in terms of comprehensive
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understanding and characterization of NFRC’s thermal beha-
viour [37-40]. The transition to 3D modelling using ANSYS is
essential for capturing the intricacies of heat transfer in NFRC
and enabling more accurate thermal conductivity predictions.
Furthermore, optimising algorithms for determining the ideal
dosage and orientation of fibres in NFRC is essential for tai-
loring the material’s thermal properties according to specific
requirements.

2 Methodology

2.1 Numerical process methodology

A rigorous methodology was used to obtain numerical out-
comes on the thermal characteristics of various matrix/
fibre composites. The research study forming the theoretical
background of our modelling and simulation approach can
be reviewed in our previous work [40]. Also, this study and
our previous work [40] have been built based on experi-
mental work achieved in the last period and published
[41,42]. The FEM is a powerful computational tool for esti-
mating solutions to real-life engineering problems. Physical
phenomena occur in a continuum of matter ranging from
solid to gas, subject to field variables. These field variables
usually vary between points and possess a finite number of
solutions within that domain. This tool simplifies the problems
by converting the whole domain into a finite number of pieces
or elements. An approximate function could be associated with
the unknown field variables. Modelling of thermal can be car-
ried out using FEM programs such as ANSYS [41].

This research used ANSYS to analyse conductive heat
transfer through fibre composite bodies. Many practical
heat transfer problems require numerical methods, which
allow problems to be solved quickly. The effect of changes
in parameters can often be seen when a problem is modelled
numerically. A numerical formulation can also be per-
formed using partial differential equations. These equations
are replaced by discrete approximations, such as tempera-
ture fields that are approximated by the values at discrete
points. As a result, a computational mesh is formed (in
Cartesian or cylindrical coordinates), and the field is consid-
ered at consecutive time steps with a time increment At [43].
This type of modelling of a cylindrical composite is explained
in this chapter. In Figure 1, the flow of the numerical pro-
grammer of a cylindrical model is summarized.

Here, numerical tests were conducted using glass and
sisal fibres combined with three distinct matrix materials.
Our goal was to study the thermal properties of these
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Figure 1: Key steps involved in developing a cylindrical model.

composites and determine the impact of different matrix/
fibre combinations on the resulting characteristics. The
details of their components and fibre orientation proce-
dures of the study are illustrated in Table 1.

This study tools several assumptions to reduce the
complexity and successful convergence of the numerical
model to a solution. These are listed as follows:

* The heat transfer process within the composite material

is a steady state.

Fibres are perfectly organized in the matrix in a specific

pattern (parallel, perpendicular, 45°, normal)

There are no imperfections in the composite samples.

* The interfaces between fibre and matrix are perfectly bonded.

During the analysis, no phase changes or material trans-

formations occurred within the composite material.

The thermal conductivities of the materials are assumed

to be constant in all directions.

* Heat source applied to one end of the composite material
generates a uniform heat flux or heat generation rate.

2.2 Simulation setup

The development and execution of the numerical model
were carried out in the ANSYS programming design

Table 1: Types of fibre orientation in different composites

Type Fibre orientation Composite Volume
of fibre samples fraction (%)
Glass Parallel, Glass-epoxy 20-35
perpendicular, 45°, Glass-polyester
normal Glass-vinyl ester
Sisal Parallel, Sisal-epoxy 20-35
perpendicular, 45°, Sisal-polyester
normal Sisal-vinyl ester
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language. It is the main interface of the ANSYS software
and involves stages such as geometry design, meshing,
application of boundary conditions, and solution. These
steps make it possible to successfully observe the effects
of parametric variations on the developed model. The
numerical formulation can be achieved through partial
differential equations, which are then transformed into
discrete approximations, like the approximation of tem-
perature fields, using values at different points. This pro-
cedure produces a computational mesh, which may be
represented using cylindrical or Cartesian coordinates.
The field is then examined in a series of time steps with
an interval of At. The following diagram summarizes the
main steps and the order of the numerical program for a
cylindrical model.

2.3 Engineering data

The materials were incorporated into the ANSYS engi-
neering data bank through manual addition, as these were
not available through other means. This was necessary to
ensure that information was available for the respective
simulations and analyses. Table 2 lists the properties.

2.4 Numerical modelling of cylindrical
coordinates

Numerical modelling of cylindrical coordinates and heat
transfer has been investigated and researched by many
researchers [43-45]. Consider heat transfer across a cylinder
whose radius is r, and the heat transfer occurs in vertical
and radial directions in rotational symmetry around the z-
axis. Here, the temperature along with r in the z-direction at
a specific time t is given by [48,49]:

Table 2: Properties of fibres and resins used in the composites
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T=T(,zt). )]

A radial and a vertical thermal process, which is rota-
tionally symmetric around the z-axis, is considered for this
modelling. Here, the interval along “r” is divided into a mesh
having cell widths (as shown in Figure 2a) as follows [44,45]:

Ari,i=1,N. 2

The inner boundary is at r = rI, the outer boundary is
atr =ro, and the midpoint is at r = ri. Here, rI may be at the
z-axis and hence zero (as shown in Figure 2b).

Here, we have [44,45]

Arl
rl=rl+ %, 3

Arl—l+M @

2 2

ri=ri- 1+

In the aforementioned equation, “i” ranges from 2 to N.
If the widths of the individual cells are summed up, we
obtain the total annulus width as follows [44,45]:

N
dYAr=n- 1. ©)
i=1
The dimensions in the z-direction are shown in Figure
3a, and the cell widths in the z-direction are given as Azj. At
the middle point of cell (i, j), the temperature at a time step
of “n” is given by the following relation [44,45]:

Ti,j = T(ri, zj, nAt), 6

where the cell (i, j) shown in the figure is an annular sec-
tion of cylindrical shape and its dimensions are given
as [44,45]:

Ari ri’
- — <r<ri+— @]
ri 5, STsrit o,
. Azj Azj
- —<z%< —. ®)
Zj , SIS+

The volume of the cell can be given by using the
dimensions of the cell by the following relationship [44,45]:

Properties Sisal fibres Glass fibres Resin epoxy Resin polyester Resin vinyl ester
Density (kg'm3) 1,330 2,550 1,160 1,200 1,200

Young’s modulus (GPa) 20 72 3.7 3 3

Specific heat (kj-kg-"-C™") — 0.16 0.24 13 0.24

Poisson’s ratio 0.3 0.33 0.35 0.316 0.316

Shear modulus (GPa) 7.5 27 1.4 114 113

Bulk modulus (GPa) 19 70 4.2 27 27

Tensile yield strength (GPa) 650 2.05 — — —

Isotropic thermal conductivity (W-m~"K™) 0.07 0.04 0.35 0.05 0.15
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Figure 2: (a) Proposed cylinder for heat transfer study and (b) details of the meshes in the radial direction.

n[ri + M]2 - n[ri - ﬂ]z
2 2

The conductance (K) between two successive cells, i.e.,
cell (i, j) and [ (i-1,), could be given as [44,45]:

Aridzj2mri = Azj.  (9)

Ki- 05f
Azj

ri 1 + ri-05
ri-0.5 || 27Ai, j 27tri - 0.5

The conductance in the aforementioned equation is in
watts per kelvin (W'K). The thermal conductivity is given
by the term for cells, respectively. In addition, Ri-0.5 and j
represent an optional thermal resistance present at the
interface of two cells. The first term in the denominator
gives the value of the thermal resistance per unit height of
theri-1<r<ri- 0.5 annulus.

The heat conductance in the direction of the z-axis can
be given as a product of the area of the cell perpendicular
to the z-axis (2nriAri) and unidimensional conductance.
The equation is given as follows [44,45]:

(10)

1
2mAi - 1,]

+In

ri-1

) ln[ri— 0.5

The heat flows are shown in Figure 3b. The product of
temperature difference and conductance gives them. These

flows are used for all “i” and “j” and are as follows [44,45]:
Qi- 05,j=Ki- 05,j(Ti- 1,j- Tij), (12)
Qi,j- 05=Ki,j- 05(Ti,j - 1- Ti,j). (13)

In a time-step of At, an increase or a decrease in the
temperature takes place, and as a result, Ti is used for the
next time-step. Hence, the heat balance equation takes the
form as follows [44,45]:

AriAzj2mriCi, j(Ti, j — Ti, j)
=[Qi- 05,j- Qi+05,j+Qij- 05
- Qi,j + 0.5]At.

(14)

The choice of a stable time-step for the cell (i,) is made
by using the stability criteria given as [44,45]:
AriAzj2nriCi, j
Af < [ j27triCl, j ]
YK

Here, YK=Ki- 05, j+Ki+05, j+Ki, j— 05+ Ki,
j+0.5.

(15)

Ki,j- 05 = 2rridri The aforementioned criteria for numerical stability
[0~5A{j -1] + [O-SA{i] fri- 05, (1) must be satisfied for the cell (i), and the smallest time-
ALyt Aj step obtained is used to guarantee stability for all cells.
z b .
ad 08
4 Qpyr05
T; T
z - i ,
'J Azj - -1,/ A i+1,f
xl’,j - — - — -
Qi-05,; 4 Qi+06.
—&r, ]
r; Qi y-05
T r .
r; ij-1

Figure 3: (a) A mesh element in the cylindrical coordinates and (b) illustration of heat flows (W) to and from the cell (i, ).
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2.5 Numerical theory behind ANSYS
modelling

The first law of thermodynamics states that thermal energy
is conserved. Specializing this to a differential control
volume, the equation of the following form can be given
as (SAS, 2012) [44,45]:

oT
0=V.{q} + [E + {v}TVTJpc. (16)
In the aforementioned equation, the vector functions
are further explained as [44,45]:

0

o0x

d
Vector operator = V = @{aax/aay/aaz, an

9
oz

Velocity vector for mass transport of heat = {v}
Vx (18)
= Vy'
Vz
In the next step, the heat flux vector is related to the

thermal gradients by using the Fourier’s law of heat con-
duction as follows [44,45]:
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Figure 4: Specified convection surfaces.

{q} = -[DIVT, 19)

where [D] is the conductivity matrix, which is given as
follows [44,45]:

ky 0 0
[D]=]10 ky, O (20)
0 0 kzz

In the aforementioned matrix, the k,, K, and k,, are
the conductivity elements in the x, y, and z dimensions,
respectively. The equations could be combined to form a
compound equation as follows [44,45]:

Q = (=[D]VT) + % + aa—:'; + {v}TVT |pc, (21
oT
Q + V. ([DIVT) = [a + {v}TVT]pc. (22)
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Figure 5: Meshed model of the composite cylinder with details on nodes and elements.
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Figure 6: Developed models with different fibre orientations: (a) Normal, (b) perpendicular, (c) 45°, and (d) parallel.
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The aforementioned equation can be expanded to a
more familiar form as follows [44,45]:

or | or  or  or)
ac  Vax Vay " Vazf
ge 2], 2h]. 2
? ax\ ox) oyl ay| ozl oz/)

Here, it has been assumed that all effects are in the
global Cartesian system. Three boundary conditions are
considered for this system, and it has been presumed
that these conditions cover the entire element. These are
given as follows:

* Specified temperatures acting over the surface S1, T = T*

» The T* above is the specified temperature.

» Specified heat flows acting over the surface S2, as shown
in Figure 4, is given as [44,45]:
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-Q* = {n}{qg}T, 24

where {n} is the unit outward normal vector and Q* is the
specified heat flow.

2.6 Development of the model

The initial models were created by inputting information on
the constituent elements and components. The properties of
the composites were incorporated into the ANSYS Engineering
database per the previously specified table. In this case,
thermal conductivity and specific heat were the most critical
properties. The modelled composite cylinder was divided into
five segments to analyse the heat transfer. A meshed geometry
of the composite cylinder is shown in Figure 5.

a Infleunce of Orientaiton In 20% Sisal Fibre/Epoxy b Infleunce of Orientaiton In 25% Sisal
Fibre/Epoxy
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Figure 10: Orientation effect on sisal epoxy/fibre composites: (a) 20%, (b) 25%, (c) 30%, and (d) 35%.
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The cylinder’s overall length was fixed at 10 cm, while
the length of each segment was set at 2 cm. The thermal
boundary condition was implemented by setting the tem-
perature of one side of the cylinder to 120°C. This is known
as a Dirichlet boundary condition, specifying the exact tem-
perature value at the boundary. The other side of the cylinder
was set to a natural boundary condition, which specifies that
the heat flux at the boundary is zero. This means that no heat
can flow through the boundary. Figure 6 depicts the investi-
gation results into temperature differences over the length of
the cylinders with various fibre orientations.

2.7 Preliminary results

The preliminary results obtained in this study are shown in
Figures 7-9, and these results confirmed a successful construction
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of theoretical models concerning various composites in ANSYS.
The results also enabled a comparison of the synthetic and natural
fibre-based FRC about their thermal insulation or conductance.
The volume percentage of the fibres and their orientation
both had a considerable impact on the composites’ thermal
conductivity.

3 Results and discussion

3.1 Effect of orientation and volume in sisal
fibre/epoxy & glass fibre/epoxy

The sisal fibre orientation effect at various loadings on the
insulating capabilities of the epoxy-based composite is
shown in Figure 10. The insulation percentage of compo-
sites increased for all kinds of fibre orientations at all

a Influence Of Orientaiton In 20% Glass Fibre/Epoxy b Influence Of Orientaiton In 25% Glass Fibre/Epoxy
—@— Parallel Perpendicular 45 Degree Normal =@ Parallel Perpendicular 45 Degree Normal
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Figure 11:

Orientation effect on glass epoxy/fibre composites: (a) 20%, (b) 25%, (c) 30%, and (d) 35%.
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loadings. This decrease in thermal conductivity can be
attributed to the most significant influence of fibre load-
ings on the thermal conductivity of composites compared
to the epoxy matrix. Each loading developed a smooth
curve with time, and a consistent rise in the insulation %
was attained. For all time intervals, the fibre orientations
of perpendicular, parallel, and 45° exhibited values with
proximity, indicating slightly higher insulation percen-
tages than the normal orientation.

The insulating capability of the composites was
improved by increasing the fibre loading from 20 to 25%.
For example, after 90 minutes, the insulation percentage of
the 30% fibre loading was 0.1% higher than that of the 20%
loading. Similar variations, like increases or decreases in
insulation percentage, were observed at other times. This
is consistent with the findings of Kalaprasad et al. [46], who
found that the insulating capability of a composite improves
as the fibre content increases. This is because the fibres have
a lower thermal conductivity than the epoxy matrix, and

Theoretical study of the effect of orientations and fibre volume
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they form disrupted heat transfer pathways via fibre-ma-
trix interfaces. Moreover, they introduce porosity and voids
into the composite structure. These voids act as thermal
insulators to interrupt the heat flow, decreasing thermal
conductivity [34,38,47,48].

In a similar study, Devireddy and Biswas [19] also
investigated the impact of fibre orientation on the thermal
properties of natural fibre-reinforced epoxy composites.
They determined thermal conductivity following steady-
state heat transport simulations using the ANSYS software.
The loadings of fibres varied between 10 and 30% with
orientations in both normal and transverse directions to
the heat flow. A substantial decrease in heat conductivity
was observed after adding fibres to the epoxy resin, and
outcomes comparable to our study were achieved. NFRC
with fibres normally orientated (35%) instead of transver-
sally (44%). The fibre alignment parallel to the heat flow
direction is the primary cause of the usual orientation’s
lower insulation capabilities.
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Figure 12: Orientation effect on polyester composites/sisal fibre: (a) 20%, (b) 25%, (c) 30%, and (d) 35%.
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The glass fibre orientation effect at various loadings on
these insulating characteristics of the epoxy composite is
shown in Figure 11. As apparent, all loadings and orienta-
tions of glass fibre composites produced considerable insu-
lating patterns. In contrast, these parameters had a negligible
impact on the thermal conductivities of the composites. Such
behaviour may be explained by the glass fibres’ compara-
tively high thermal conductivity (>1 W-m K™ and isotropic
nature, as opposed to sisal fibres’ thermal conductivity of only
0.07 Wm ™K [46].

The thermal insulation properties of glass fibres are
isotropic, independent of fibre orientation. This is because
the iron ions (Fe?*) commonly found in glass fibres provide
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the electrons needed for thermal conduction [46]. Similarly,
a slight disparity in insulation percentage among the four
composites was observed at a specific time interval (90 min).
This observation indicates that an increase in glass fibre
concentration leads to a minor reduction in thermal con-
ductivity at a given temperature. This behaviour aligns with
the findings of Cao et al [49], who conducted modelling and
practical investigations on the thermal performance of glass
fibre-reinforced boards. It has been noted that the amount
of glass fibre improves thermal conductivity as the tempera-
ture changes [46]. This is because the iron ions in the glass
fibres become more mobile at higher temperatures, increasing
the composite’s thermal conductivity.
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Figure 13: Orientation effect on polyester composites/glass fibre: (a) 20%, (b) 25%, (c) 30%, and (d) 35%.
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3.2 Effect of orientation and volume in sisal
fibre/polyester and glass fibre/polyester

The sisal fibre orientation effect at various loadings on the
insulating capabilities of the polyester-based composite is
shown in Figure 12. The efficiency of sisal fibre-reinforced
polyester resin in thermal insulation is comparable to that
of epoxy resin composites. In a study by Mounika et al. [50],
the effect of bamboo fibre orientations on the thermal
properties of polyester-based composites was investigated.
The thermal conductivity of composites was measured
with bamboo fibres oriented at 0°, 45°, and 90° to the
heat flow direction. The results showed that the thermal
insulation capabilities decreased as the fibre orientation
angle increased. This is because the bamboo fibres aligned
parallel to the heat flow direction acted as thermal barriers,
preventing heat from flowing through the composite. How-
ever, the present study observed no such behaviour for
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sisal-polyester composites. It may be due to the different
properties of sisal fibres compared to bamboo fibres.

Figure 13 illustrates the impact of glass fibre orienta-
tion at different loadings on the insulation capabilities of
the polyester-based composite. Orientations b to d exhib-
ited higher insulation percentages across all time intervals.
In contrast, orientation deviated from this trend, possibly
due to the disparity in fibre loading compared to the other
cases. Previous studies employing ANSYS modelling have
similarly demonstrated the influence of fibre content on
thermal conductivity in glass fibre-based composites. More-
over, the insulation level increases at 25 wt% loadings and
slightly decreases beyond 45 wt% [51].

These finding also aligns with the study outcomes by
Idicula et al [52]. They strengthened polyester resins using
glass and sisal fibres. The thermal properties (specific heat,
thermal conductivity, and diffusivity) were examined with
fibre loading from 20 to 40%. The heat conductivity of
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Figure 14: Orientation effect on vinyl ester composites/sisal fibre: (a) 20%, (b) 25%, (c) 30%, and (d) 35%.
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NFRC was reduced by 16 to 22% compared to pure polye-
ster resin. On the other hand, adding glass fibres reduced
the thermal insulation provided by polyester resin. The
reason for this behaviour was the glass fibre’s high thermal
transfer characteristics.

3.3 Effect of orientation and volume in sisal
fibre/vinyl ester and glass fibre/vinyl
ester

The sisal fibre orientation effect on the insulating capabil-
ities of the vinyl ester-based composites at various loadings
is shown in Figure 14. The insulation characteristics of these
composites were also similar to polyester and epoxy-based
composites. As stated earlier, adding sisal fibres decreases
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the overall thermal conductivity of vinyl ester resin — the
usual orientation resulted in poor insulating values with
various sisal loadings. The insulation percentages obtained
in the other three orientations were similar and followed
the same pattern.

Figure 15 depicts how the glass fibre orientation affects
the insulating characteristics of the vinyl ester-based com-
posites at various loadings. The insulation capabilities of
these composites were similar to the glass fibre—epoxy
composites at all loadings. A recent study used glass and
natural fibres (vetiver, basalt) to make hybrid composites
based on the vinyl ester. ANSYS Workbench was used to
analyse these composites for thermal loadings that could
occur during the machining process. Both kinds of fibres
had similar results, and the vinyl ester’s thermal conduc-
tivity was significantly reduced. Modelling findings showed
that the natural fibre-based hybrid composites had lower

a Influence of Orientaiton In 20% Glass Fibre/Vinyl Ester b | Influence of Orientaiton In 25% Glass Fibre/Vinyl Ester
—@— Parallel Perpendicular 45 Degree Normal ~—@— Parallel Perpendicular 45 Degree Normal
70 70
60 60
o N N,J‘pfv
= o >
& 50 ao 50 o
o] il o
£ 3 y. 2
g 40 g 40 A
2 o}
& = 4
= 30 5 30 /P
£ 5 4l
= 20 2 20 -
wv j 4
£ = o
10 10
0 0
0 20 40 60 80 100 0 20 40 60 80 100
Time, min Time, min
Influence of Orientaiton In 30% Glass Fibre/Vinyl Ester d Infleunce Of Orientaiton In 35% Glass Fibre/Vinyl Ester
parallel Perpendicular 45 Degree Normal ——@— Parallel Perpendicular 45 Degree Normal
70 70
60 60 A2
/\/NN
EN X
= 50 > 50 - ad
S oo >~
g £ o
& 40 g 40 &
c 9]
£ = 4
&30 § 30 7
2 kS g’
£ 2 »
20 £ 20
10 10
0 0
0 20 40 60 80 100 0 20 40 60 80 100
Time, min Time, min

Figure 15: Orientation effect on vinyl ester composites/glass fibre: (a) 20%, (b) 25%, (c) 30%, and (d) 35%.
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Figure 16: Sisal fibre (loading of 35%) orientation effects on resin insulating characteristics by drawing the plot in MATLAB to represent the variations.

heat flux during machining than the glass fibre-based
hybrid composites [53].

3.4 Effect of fibre orientation

Figures 16 and 17 show the effect of sisal and glass fibre
orientation (45°) on the insulating properties of resins with
a 35% fibre loading. The results show that sisal fibres pro-
vide all three resins with insulating properties. However, all
three types of composites (sisal with three resins) exhibit the
same insulating characteristics across the entire time spec-
trum. A closer look at the graph revealed that sisal fibre
provides slightly higher insulation capability with epoxy,

compared to polyester resin and vinyl ester, by 0.078 and
0.05%, respectively. With glass fibres—epoxy, similar find-
ings were obtained under the same conditions, and they
showed 1.7 and 0.03% higher insulation percentages than
vinyl ester and polyester, respectively.

The fibre orientation effect on the insulation percen-
tage of the three different resins is seen in Figure 18. Unlike
epoxy, vinyl ester and glass fibre-reinforced polyester com-
posites demonstrated a maximum insulating percentage of
about 63.5% (comparatively more than the sisal fibre). In
contrast, such composites reached a maximum insulating
percentage of approximately 63% when sisal fibres were
included. Consequently, there was little to no difference
between the two groups of composites. In contrast to sisal
and glass fibre-based composites, which perform well as
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Figure 17: Draw the plot in MATLAB to represent the variations in glass fibre (loading of 35%) orientation effects on resin insulating characteristics.
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Figure 18: Effect of sisal and glass fibre (loading of 35%) orientation on insulating characteristics of three resins.

insulators, the epoxy resin obtained a significant perfor-
mance disparity. These observations align with the find-
ings of other research works [54,55]. Previous research has
shown that polyester composites have better thermal insu-
lation properties than pure polymer resin or glass fibres
[52,53]. This may be attributed to the interaction between
the fibre and resin. Sisal and other natural fibres often
adhere to polymer resin less effectively than glass fibres
[56-58]. This weak interaction between the two phases may
explain the poor insulating capability of vinyl ester/sisal-
polyester composites. Future research is needed to inves-
tigate the properties of natural fibres in more detail.

4 Conclusion

This research study successfully demonstrated the cap-
ability of ANSYS software in testing and validating theore-
tical models derived from our previous experimental works.
By employing this approach, we compared the thermal effi-
ciency of various natural and synthetic fibres. Our objective
was to quantify the heat conductivity of each sample and
test the mathematical model that correlates fibre orientation
and volume with heat conductivity. The results indicated
that composites containing more natural fibres exhibited
superior insulation properties. In contrast, composites with
a higher volume fraction of synthetic fibres displayed poorer
insulation characteristics. Remarkably, we achieved the fab-
rication of composites with significantly enhanced insulation
efficiency by orienting both natural and synthetic fibres at a
45° angle.

Furthermore, the epoxy-based composites demonstrated
superior insulation performance compared to polyester and
vinyl ester. This study showcased various thermal capabilities
in composites comprising natural and synthetic fibres. These
findings can contribute to bio-composite development via

numerical analyses. This study introduces significant view
that could help in designing better thermal insulation mate-
rials for buildings, aircraft, and spacecraft. Additionally, it can
help in designing better thermal insulation materials for high-
temperature industrial processes.
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