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Abstract

This study focuses on the thermophysical characterizations of composite ma-
terials made from polypropylene reinforced with residues and fibers from Bo-
rassus wood from Chad. These properties are experimentally determined at
different temperatures using the hot wire method of the “FP2C” machine,
where the hot wire probe is inserted between two specimens. The values of the
thermal conductivity in powdered Borassus wood range from 0.170 W/mK to
0.182 W/mK for female wood (FNTF) and from 0.169 W/mK to 0.173 W/mK
for male wood. For the female and male fibers, the thermal conductivity values
range from 0.137 W/mK to 0.157 W/mK for the female and from 0.138 W/mK
to 0.168 W/mK for the male. The thermal effusivity of the residues and fibers
of Borassus wood varies from: 509.6 Ws"*/m?K to 543 Ws"?/m’K for the pow-
der of female wood and from 524.6 Ws"?/m?K to 547 Ws"?/m’K for the pow-
der of male wood. For the fibers of Borassus wood, the values range from 410.6
Ws"2/m’*K to 523.6 Ws"*/m?K for the female wood fibers and from 420.3
Ws"*/m’K to 480.3 Ws"*/m’K for the male wood fibers. These results are im-
portant for the applications of Borassus wood residues and fibers in construc-
tion works regarding the thermal insulation of habitats.
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Sheets, Thermal Properties, Characterization

1. Introduction

The determination of the thermophysical properties of construction materials
plays a very necessary role in a large number of scientific and industrial fields [1].
This determination can be carried out using several methods, and in our case, we
have chosen plant-based materials: Borassus wood [2]. These materials are cur-
rently of great interest due to the energy crisis and the housing crisis in several
developing countries, particularly in Chad, where the income of a large majority
of the population only allows for the construction of social economic housing [3].
Climate change, which is one of the greatest concerns of our century, necessitates
the search for thermal comfort in housing. Moreover, Borassus Aethiopum is
available in all regions of Chad, with a renewable nature [4]. Wood as a material
requires very little energy, and the advantages of its use in construction are nu-
merous, such as bamboo, hemp, kenaf, and oak wood [5]. The performance of
Borassus in terms of thermal insulation of buildings remains scientifically little
known [6] and the research on the thermal characteristics of this species is the
focus of our concerns. This characterization could reduce energy consumption,
environmental impacts, and ensure healthy and comfortable indoor environ-

ments, knowing that we spend 80% of our time inside the building [7].

2. Methods and Materials
2.1. Materials

The residues and fibers are collected from the trunk of male and female Borassus
wood, aged approximately 30 to 40 years, felled in the Tandjilé province located
between 9°18'36" North latitude and 16°4'45" East longitude, in the Tchoua sub-
prefecture in southern Chad [8].

2.1.1. Grinding and Sieving of Residues into Untreated Flour

The residues of Borassus wood were left in the open air for two weeks to reduce
the moisture and sugar content. Next, they were cut into small pieces and sent to
an electric grinder of the brand Retsch Gmbh 5667 HAAN WEST-GERMANY [9]
with blades at a speed of 300 rpm for 180 seconds at the laboratory of the Institute
for Livestock Research and Development (IRED) in N’Djamena. The residues are

ground into powder with a size ranging from 0.1 to 0.5 um in diameter for Photo 1.

2.1.2. Thermal Properties of Materials

In the presence of one or more modes of heat transfer, the thermal properties of a
material are quantities that characterize its behavior [10]. These properties express
the behavior of the material subjected to steady-state transfers: thermal conduc-
tivity, thermal resistance, and emissivity, or subjected to dynamic transfers: ther-

mal diffusivity and thermal effusivity. The properties governing conduction and
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Photo 1. Electric machine for grinding residues into powder.

convection transfers are also called transfer properties because they are related to
the agitation of atoms and molecules in the medium that carry heat. They also
relate to the material’s ability to absorb thermal energy [11]. This thermal energy
can be absorbed to raise the temperature of the material or to transform it: heat
capacity, enthalpy of fusion, thermal expansion coefficient, etc. All the thermal
properties of a material depend on the nature of the body and its temperature. The
measurement of these properties is inseparable from the measurement of temper-
ature and the knowledge of the nature of the material: homogeneous or isotropic.
The measured values or the relationship of the quantity as a function of tempera-
ture [12] are given by the equation:

oT
d(m)=nL
grad(T) nan

(1)
2.1.3. Thermal Conductivities

In physics, thermal conductivity is the quantity introduced to measure the ability
of a substance to conduct heat in a construction material. In steady state, in the
simplest case of one-dimensional heat flow through a homogeneous wall of thick-
ness e and uniform temperatures 77 and 73, the heat flux @ is expressed in the
form [13].

(p=%><(T1—T2)><S (2)

where:
Sis the area of the lateral faces in m?;
eis the thickness of the sample in m;
@is the heat flow in W.
B pxe
Sx(T,-T,) 3)

T, —T,: the temperature difference in Kelvin (K).

Thermal conductivity measures the ability of heat to pass through a body more
or less easily in a steady state. It depends on the nature of the material and its
temperature [14]. The thermal conductivity of wood directly depends on its den-

sity, moisture content, and the considered direction, either parallel to the fibers in
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direction L or perpendicular to the fibers: directions R and T. The thermal con-
ductivity of wood is affected by various factors. High-density wood conducts heat
better than low-density wood due to the smaller proportion of porous space [15].
The low thermal conductivity of wood compared to that of other materials gives
wood the image of a warm and pleasant material, with great value as an insulating
material. The thermal conductivity values of wood and its derivatives are signifi-

cantly lower than those of most construction materials used in structures [16].

2.1.4. Thermal Effusivity

The thermal effusivity of a material characterizes its ability to exchange thermal
energy with its environment over time and is expressed in J/kg-K [17]. It is pro-
portional to the thermal conductivity A and the material’s inertia, more precisely
to its square root. Emissivity describes the speed at which a material absorbs or

releases heat and is given by the following formula [18]:

E=pc,A (4)

where: A is the thermal conductivity of the material in W/mK; p the density of the

material in kg/m?; ¢, the specific heat capacity of the material in J/kg-K.

2.1.5. Operating Principle of the FP2C Machine

The FP2C machine [19] is an easily portable device for instantaneous measure-
ment of the thermal conductivity and effusivity of solid materials (bricks, rocks,
building insulation, beams, gels...). This device allows for non-destructive testing
of materials on industrial production lines, insulation characterization, and the
metrology of thermophysical properties. The sectors of application are construc-

tion, ceramics, cosmetics, packaging, food products, and petroleum products.

2.1.6. Measurement Technique of the FP2C Device

The device combines two techniques for identifying the thermal characteristics of
materials: the wire, plane, and ring techniques, which rely on the use of shock
probes. The hot wire technique is a quasi-steady state method for measuring the
thermal conductivity of insulating materials (thermal conductivity up to 5 W/mK),
the hot plate technique, which is optional, is the transient method for estimating
thermal effusivity, and the hot ring technique, which is also optional, is the tran-

sient method for estimating thermal diffusivity.

2.2. Methods

2.2.1. Measurement Principle of the FP2C Device

These techniques rely on the use of shock probes for Photo 2. Their principle is to

locally produce a slight thermal heating of the material: a few degrees above the am-

bient temperature, and to measure this temperature increase over time: a duration

of a few minutes. Through a mathematical processing of this signal integrated into

the provided software, the identification of the thermal parameter is carried out.
The device consists of the following components:

- A power supply and signal conditioning box;
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- A power cable, a USB cord for the case/PC connection;

- A hot wire probe;

- An optional 50 X 50 mm? hot plate probe;

- An optional hot ring probe;

- A hot needle probe (optional;

- A hot probe (optional;

- A license for the software for managing and calculating equivalent thermal
conductivity using the wire method;

- A software license for calculating thermal effusivity (optional;

- A thermal diffusivity software license (optional), a PC (optional), minimum
configuration Windows 7, 8, or 10;

- 1 GB of disk space, 2 GB of RAM, one free USB port.

The PC for data
processing

Data acquisition
via the computer

The probe for
measuring the thermal
conductivity of the
specimen

Photo 2. Thermal characterization measurement device.

2.2.2. Determination of Thermal Conductivity

1) Principle of the hot wire probe

This method allows inserting the two samples between the probe, selecting the
power source, the time, and the correlation coefficient, and starting a thermal test
by stabilizing the temperature with the stab push button for 30 s to 1 minute. Once
the temperature stabilization is complete, we proceed to the test by pressing the
run button and waiting according to the chosen time and the different indicator
light colors. Depending on the results obtained, we proceed to the recording of
the data by the machine and the test curve for Photo 3.

Data acquisition
with its indicator
light on

The PC for data
processing records

The hot wire probe
between two test
specimens

Photo 3. Conducting the thermal conductivity test on the samples.

2) Practical implementation of the measurement

The experimental setup of the hot plate type shown in Photo 4 was used for the
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conductivity and thermal effusivity tests of our samples.

Photo 4. Experimental thermal testing device.

3. Results and Discussion

The analysis of this curve in Figures 1-4 allows us to observe the evolution of
thermal conductivity as a function of mass fractions in the different samples. This
curve from Figures 1-4 of the hot wire method has no relation to the determina-
tion of thermal conductivity but allows us to see the trend of conductivity evolu-
tion in the different samples as a function of mass fraction. Comparisons will be
made to see the samples that conduct heat poorly. The results we have presented
are the averages of the thermal tests on three samples per mass fraction: 10%; 15%;

and 20% in fibers and residues of Borassus wood.

Thermal conductivity curve of FNTF
—@— FNTF test tube

026 0.24

2 02 0.181
£ 0.174 o7

0 1 2 3 4 5
Mass fraction in (%)

Figure 1. Thermal conductivity curve of FNTF.

The thermal conductivities of the samples of Borassus wood residues and fibers
decrease as the mass fractions of powder or fibers increase.
Two opposing behaviors are observed: on the one hand, the introduction of

Borassus female wood powder (FNTF) from Table 1 into a polypropylene matrix
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Thermal conductivity curve of FNTM

—@—FNTM test tube
0.26 004
0.24
0.22
SE 0.2
0.173
< o1 0.172 0.169
2
= 016
0.14
0.12
0.1
0 1 2 3 4 5
Mass fraction in (%)
Figure 2. Thermal conductivity curve of FNTM.
Thermal conductivity curve of FibNTF
—@— FibNTF test tube
0.26
0.24
0.24
0.22
o 02
£ o
2 0.157
< 016
0.143 0137
0.14
0.12
0.1
0 1 2 3 4 5
Mass fraction in (%)
Figure 3. Thermal conductivity curve of FibNTF.
Thermal conductivity curve of FibNTM
—@—FibNTM test tube
0.26
0.24
0.24
0.22
= 02
N4
£ o 0.168
s -
= 0.16 0.149
0.138
0.14
0.12
0.1
0 1 2 3 4 5
Mass fraction in (%)
Figure 4. Thermal conductivity curve of Fints.
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Table 1. Values of thermal conductivity of FNTF samples.

Design.ation of 2(W/mK) Correla.tion Poner supply Ter.npeorature
specimens coefficient in (W) in (°C)
FNTF at 10% 0.181 38.2
FNTE at 15% 0.174 0.999 0.20 39.2
FNTE at 20% 0.170 37.5

induces a decrease in thermal conductivity as the mass fraction concentration of
the wood powder increases., on the other hand, the use of Borassus male wood
powder (FNTM) in a polypropylene matrix allows for an observation of a decrease
in the thermal conductivity value from 0.169 to 0.171 (W/mK) from Table 2. In
the same way that the increase in fibers in a polypropylene matrix increases ther-
mal conductivity, see Table 3 and Table 4. It seems that the use of Borassus wood
powder in the polypropylene matrix decreases its conductivity more than that of

pure polypropylene.

Table 2. Values of thermal conductivities of FNTM samples.

Design.ation of 2(W/mK) Correla.tion Poner supply Terlnpenrature
specimens coefficient in (W) in (°C)
FNTM at 10% 0.173 40.5
FNTM at 15% 0.172 0.999 0.20 46.03
FNTM at 20% 0.169 43.5

Table 3. Values of thermal conductivity of FibNTF specimens.

Design.ation of 2 (W /mK) Correla.tion Povtrer supply Tellnpenrature
specimens coefficient in (W) in (°C)
FibNTF at 10% 0.157 39.3
FibNTF at 15% 0.143 0.999 0.20 41.16
FibNTF at 20% 0.137 41.5

Table 4. Values of thermal conductivity of FibNTM specimens.

Design.ation of 1 (W /mK) Correla.tion Power supply Tel.npeorature
specimens coefficient in (W) in (°C)
FibNTM at 10% 0.168 39.75
FibNTM at 15% 0.149 0.999 0.20 44.53
FibNTM at 20% 0.138 42.95

The results of the thermophysical characterization of composites including Bo-
rassus wood fibers from Chad and their use as an inclusion in a polymer matrix

show a decrease in thermal conductivity as the amount of fibers or powders
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increases: these results are consistent with those of [20].

Thermal effusivity curve as a function of the mass fraction of FNTF

700
600
500
400
300
200
100

0

Thermal effusivity in (Ws!/2/m2.K)

mENTEF test tube

B ENTF test tube

585.95

I 54|3 528.3 509.6

pp a 0% FNFTF a 10% FNTF a 15% FNTF a 20%
585.95 543 528.3 509.6

Mass fraction in (%)

Figure 5. Evolution of thermal effusivity as a function of mass fraction of (10%, 15%, and

20%) of FN'TF.

Thermal effusivity curve as a function of the mass fraction of FNTM

620
600
580
560
540
520
500
480
460

Thermal effusivity in (Ws'2/m2.K)

B FNTM test tube

B FNTM test tube

585.95
547 546
' i |

PP a 0% FNTM a 10% FNTM a 15% FNTM a 20%
585.95 547 546 524.6

Mass fraction in (%)

Figure 6. Evolution of thermal effusivity as a function of mass fraction of (10%, 15%, and

20%) of FNTM.

Thermal effusivity curve as a function of the mass fraction of FibNTF

o)
E
= 700
—‘U}
600
z
£ 500
2
E 400
172]
@ 300
o
= 200
£
5} 100
£
0

M FibNTF test tube

M FibNTF test tube

585.95
496.3 523.6
I4106 I I
PP a 0% FibNTF a 10% FibNTF a 15% FibNTF a 20%
585.95 410.6 496.3 523.6

Mass fraction in (%)

Figure 7. Evolution of thermal effusivity as a function of mass fraction of (10%, 15%, and

20%) of FibNTF.
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Thermal effusivity curve as a function of the mass fraction of FibNTM

< 700
o
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r\:\e 600 T
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2}

g

2 200

<

g

5 100

=

H

0
PP 2 0% FibNTM & 10% FibNTM & 15% FIbNTM 2 20%

FibNTM test tube 585.95 4203 463 480.3
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Figure 8. Evolution of thermal effusivity as a function of mass fraction of (10%, 15%, and
20%) of FibNTM.

We observe in Figure 5 and Figure 6 a decrease in the thermal effusivity of the
samples as the mass fraction of the powder from male or female Borassus wood
increases. This decrease is due to the compaction pressure and also to the presence
of pores in the samples. On the other hand, we observe in Figure 7 and Figure 8
an increase in the thermal effusivity of the specimens as the mass fraction of male
or female fibers increases. This increase is sometimes due to the distribution and

cohesion of the fibers in the polymer matrix at the time of specimen fabrication.

Table 5. Values of thermal effusivity of FNTF specimens.

Design.ation of B (Wsuz /mZK ) Correla..tion Powlrer supply Terlnpenrature
specimens coefficient in (W) in (°C)
FNFTF at 10% 543 37.2
FNTF at 15% 528.3 0.999 2.5 37.3
FNTF at 20% 509.6 38.08

Table 6. Values of thermal effusivity of FNTM specimens.

Correlation =~ Power supply Temperature

Design.ation of B (Ws”z /mzK) . \ nper
specimens coefficient in (W) in (°C)
FNFTM at 10% 547 4291
FNTM at 15% 546 0.999 2.5 41.16
FNTM at 20% 524.6 36.16

We also observe two opposing behaviors: on one hand, the introduction of
Borassus female wood powder (FNTF) (Table 5) into a polypropylene matrix
induces a decrease in thermal effusivity as the mass fraction concentration of the
wood powder (flour) increases. On the other hand, the use of male Borassus wood

powder (FNTM) (Table 6) in a polypropylene matrix allows for a decrease in the
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Table 7. Values of thermal effusivity of FNTM specimens.

Designation of Correlation =~ Power supply Temperature

specimens B(WSM/ mZK) coefficient in (W) in (°C)
FibNTF at 10% 410.6 38.6
FibNTF at 15% 496.30 0.999 2.5 37.93
FibNTF at 20% 523.6 36.83

Table 8. Values of thermal effusivity of FibNTM specimens.

Designation of Correlation =~ Power supply Temperature

B(Ws"?/m*K

specimens ( / ) coefficient in (W) in (°C)
FibNTM at 10% 420.3 38.83
FibNTM at 15% 483 0.999 2.5 38.6
FibNTM at 20% 480.3 36.83

thermal effusivity value from 547 to 524.6 (Ws"?/m*K) compared to that of pure
polypropylene, which is 585.95 (Ws"?/m?K). Similarly, the increase in female or
male fibers in a polypropylene matrix increases thermal effusivity (Table 7 and
Table 8). It seems that the powder from Borassus wood in the polypropylene ma-
trix is more insulating: these results are consistent with those of [21].

The results of the thermophysical characterization of composites including Bo-
rassus wood fibers from Chad and their use as an inclusion in a polymer matrix
show a decrease in the thermal effusivity of the female and male powder and an

increase in thermal effusivity as the mass fraction of the fibers increases.

4. Conclusion

This work aimed at the thermophysical characterization of the residues and fibers
of Borassus wood from Chad. According to our results, the residues and fibers of
Borassus wood are very good insulators in thermal conductivity and thermal effu-
sivity. However, their appropriate use as composite construction materials for ther-
mal insulation requires mastery of their thermal properties. The fibers and residues
of Borassus wood were first agglomerated with the polymer matrix for their ex-
perimental characterization of thermal properties. After producing the samples
with different mass fractions of Borassus fibers and residues, we proceeded to de-
termine the thermal conductivity and thermal effusivity. This thermal conductiv-
ity varies from 0.170 W/mK to 0.182 W/mK for FNTF; from 0.169 W/mK to 0.173
W/mK for ENTM for the powder; from 0.137 W/mK to 0.157 W/mK for FibNTF;
from 0.138 W/mK to 0.168 W/mK for FibNTM for the fibers. Compared to other
structural materials, the residues and fibers of Borassus can be classified among

the best materials for thermal comfort in an atmospheric pressure habitat.
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