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Abstract: The development of this research work seeks to determine the mechanical behavior of
the compacted mixture of pine sawdust and rice husk by varying the mass percentages of these
biomasses obtained in briquettes, with the purpose of being marketed. The finite element software
ANSYS is used to corroborate the results obtained for the samples named AIO, BIO and CIO with
rice husk mass percentages of 25, 50 and 75, respectively. In the computational simulations, Young’s
moduli of between 651 and 813 MPa and a Poisson’s ratio of 0.8 were found for all samples. In
compression tests, Von Mises stresses of between 87 and 90 MPa and Von Mises strains between
0.09 and 0.12 m/m were found. Free-fall tests showed von Mises stresses below 4.24 MPa. It was
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1. Introduction

Biomass is an organic material that comes from plants and animals, and is a renewable
source of energy. This material contains stored energy from the sun. Plants absorb energy
from the sun in a process called photosynthesis. When biomass is burned, the chemical

energy in the biomass is released as heat. Biomass can be burned directly or converted into
liquid biofuels or biogas that can be burned as fuel [1,2].

The constant need for sustainable energy is on the rise due to urbanization, population
growth and development. The transformation of biomass resources could increase energy
supply and promote the energy mix. One way to harness biomass resources is by using
densification, which is the application of pressure to form solid fuels that have advantages
for domestic and industrial application [3-5].

Some of the research that has been developed in South America about the use of these
residues, which are also called biomass because of their belonging to the group of energy
products and renewable raw materials that originate from organic matter, includes the
investigation carried out by Cabrales et al. [6].

In this work, the mechanical characterization of biomass briquettes made from African
palm oil residues was carried out, where the results showed the feasibility of developing
products of this type with raw materials available in Colombia [6]. Another piece of
Attribution (CC BY) license (https:// ~ academic research developed by engineers Vargas, Atuesta and Sierra focused on reviewing
creativecommons.org/licenses /by / a mixture composed of coal in specific percentages measuring both chemical, energetic
40/). and physical properties, focusing on impact resistance. The results showed improvements
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by increasing the portion of coal in the mixture in terms of calorific value, but with poor
results with respect to the environmental level, with residues well above those indicated
by regulations for the production of briquettes or pellets [7]. Several investigations use
biomasses or mixtures of these, for example, rice husks, sawdust from different kind
of wood such as oak, pine, araucaria, among others, corn residues and some species of
long grasses, which contain a high percentage of lignin content which is responsible for
improving the physical and mechanical properties during densification.

One of these investigations mechanically evaluated mixtures of lignocellulosic residues
after being subjected to densification processes, in order to be physically and mechani-
cally characterized to determine their compressive strength, particle size, moisture and
microstructure. Based on these studies, it was concluded that, during the biofuel confor-
mation, an additional binder to the lignin that each of them possessed was not needed,
due to the moisture present in them. The bonding bridges were increased when it was
activated by the high stresses on the biomass, which guaranteed greater durability and
flexibility [8-10].

The researcher Lubwama et al. indicated that in order to evaluate the mechanical
behavior of these composite materials, it is necessary to carry out different types of tests [11].
The research article by Lisperguer and Solis [12] studied the effect of pine and rauli wood
flour on the mechanical properties of wood-plastic composite materials, when incorporated
in percentages of 10% and 20% into the polymeric matrix. These mixtures were made in an
extruder-injector machine for single screw plastics. In order to obtain the tensile strength
and impact resistance, tests were carried out according to ASTM 256-93 and ASTM 638-00
standards. As a result of these tests, a strong increase in tensile strength was found when the
replacement percentage is 10% by weight of wood flour, reaching an increase of 40% more
than the pure polymer used (PP). When the weight of the polymer is replaced by 20% of
the weight with this biomass, the resistance decreases until reaching values similar to pure
thermoplastics. For the impact resistance, it was recommended to use wood filler up to 10%
of the weight. Another piece of research, ref. [13], investigated the compressive properties
of composites of wood particles and cements. A total of 22 samples of Portland cement
(Type I) and yellow pine particles were manufactured. These properties were obtained by
performing the compression test in an INSTRON machine with a loading rate of 0.12 cm per
minute and following the procedure described in ASTM D1037-78. The deformation-load
curves showed significant non-linearity and indicated that this composite has the capacity
to absorb energy. In addition, it was determined that the mechanical properties have
directional dependencies due to the orientation of the wood particles caused by pressing
during manufacture [14].

The study by Gong et al. [15] examines the effect of particle size and wood flour content
on the properties of polystyrene, wood-plastic ratios 10:90, 30:70 and 50:50 and particle sizes
of 40, 50, 65 and 100 mesh, to evaluate the tensile, flexural and impact bending strength;
the tensile test was performed in a universal machine ASMF-100, under ASTM D790-02,
with a speed 5 mm/min and a load cell of 900 N. For the bending test, the aforementioned
standard was used with a speed of 4 mm/min and a load cell of 900 N. Finally, the impact
bending test was carried out under ASTM D 5628-96 using a 0.1724 kg scientific instrument
in free fall. The results show that the mechanical properties are strongly influenced by
wood flour content and particle size.

The purpose of this research is to study the behavior of the mechanical properties
of compacted or densified mixtures when varying the percentage of pine sawdust and
rice husk mass, by means of simulation models developed in ANSYS V20, licensed using
the finite element method. This will contribute to the selection of suitable mixtures of
the above-mentioned biomasses, because the briquettes need high mechanical durability
to maintain high quality during transportation, loading and other logistic steps for the
different conditions of storage and handling after densification with the purpose of being
commercialized [16-18].
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Some effective experiences in the use of biomass resources are the projects developed
in the province of Hubei China, where densified raw materials have been used for energy
production, with the purpose of using the country’s agricultural production residues [19].

Other studies have evaluated the technical and economic feasibility of the production
of biomass briquettes. In this study, the potential use of waste from mixtures of waste
paper, sawdust and carbonized rice husks was determined in informal economy sectors,
demonstrating the possibility of economic exploitation for the supply of domestic energy
in small businesses [20].

The study in [21] aims to demonstrate the technical and economic feasibility of co-
gasification schemes with biomass and pre-combustion of coal and petroleum coke mixtures
with biomass available in the Mediterranean area, resulting in a 16% reduction of fossil
CO2 emissions with a net power loss of less than 6%, indicating that biomass mixtures
become attractive alternatives as an energy alternative.

2. Materials and Methods

In order to develop the computational simulations using ANSYS software, it is nec-
essary to characterize the biomasses that compose the specimens that are the object of
this study. The mechanical characterization of pine sawdust was extracted from the re-
search carried out by Holm, Henriksen, Hustad and Sonrense [22], in which a differential
with mechanical properties identical to those of pine wood is proposed, with the purpose
of establishing the mechanical properties of a pine sawdust particle. The results of the
physical-mechanical properties are shown in Table 1.

Table 1. Mechanical properties of Softwood pine [22].

Modulus of
Elasticity EL (MPa)

Softwood pine 6634 383 0.337

Species Density (kg/m?3) Poisson’s Ration

For rice husk an average Young’s modulus for rice husk close to 2600 MPa was
found [23]. For the determination of this magnitude, rice husks were sun-dried in an open
field before storage, these were further dried in an oven at 100 °C for 24 h before measure-
ments and stored in a sealed container. The husks were measured using image processing
software, finding an average length and width of 7.14 & 1.68 mm and 1.24 & 0.27 mm, re-
spectively, from 264 randomly chosen samples, the characteristics of sawdust corresponded
to particles with dimensions less than 1 mm [23] and were air-dried. Rice husk properties
were measured by performing uniaxial load tests along the rice husks. The tensile test spec-
imen was prepared by bonding both ends of an undamaged rice husk with a high-strength
epoxy (Loctite®). The thickness and length of each husk sample was measured using a
micrometer. The sample was then loaded into a universal testing machine with a 10 N cell
load at a rate of 0.5 mm/s until failure. The stress—strain curves of the rice husks were plot-
ted with the average of all the tests on the rice husks. The results obtained are in agreement
with the study conducted by Ziyong Chen, Yangzi Xu, and Satya Shivkumar [24], in which
the tensile elastic properties exhibited by seven rice husk varieties were determined.

2.1. Determination of Experimental Parameters

The development of the research consists of two work phases: the experimental phase
and the simulation phase; the experimental phase consisted of mixing pine sawdust and
rice husks, with mass proportions of 25%, 50% and 75% of rice husk biomass, and then
compacting it to form briquettes using compression time of 20 s and a heating temperature
of 90° Celsius. For each established proportion of the rice husk (combinations) 18 samples
were made for the experimental study [25]. For each combination mentioned above, the
height, diameter, Young’s modulus, Poisson’s coefficient and compressive strength were
measured, as well as the densities of the biomasses used for the manufacture of specimens.
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Table 2 shows the manufacturing parameters, physical and mechanical properties
established in the experimentation for the aforementioned samples.

Table 2. Physical-Mechanical Properties of briquettes.

Physical-Mechanical Samples
Properties of Briquettes AIO BIO CIO
Mass % of Rice Husks 25 50 75
Compression time (s) 20.00 20.00 20.00
Compaction temperature (°C) 90.00 90.00 90.00
Average Bulk density (kg/ m?) 1124.25 1097.08 1069.91
Density of pine sawdust (kg/ m?) 396.36 396.36 396.36
Density of rice husk (kg/m3) 279.75 279.75 279.75
Compressive force (KN) 56.44 56.44 56.44
Average Young’s modulus (MPa) 719.82 818.71 917.59
Poisson’s Coefficient 0.13 0.13 0.13
Average Height (mm) 47.63 48.67 49.54
Average Diameter (mm) 30.18 30.17 30.20

In the simulation phase, the experimental results were used as input data necessary
for the development of the simulations in the finite element software. Samples AIO, BIO
and CIO containing mass percentages 25%, 50% and 75% of rice husk, respectively, were
selected, this is because they are the samples that can be subject to commercialization.

2.2. Computational Modelling

For the computational modeling of the mechanical behavior of compacted mixtures of
pine sawdust and rice husks in the finite element software ANSYS Workbench V20, the
homogenization method was used. This method consists of establishing a Representative
Elementary Volume (RVE), which represents the physical, mechanical or thermal behavior
of the composite material. The component in charge of performing the homogenization of
composite materials is the Material Designer, available in the software.

The computational model used to carry out the homogenization does not evaluate the
porosity because it only allows the establishment of two phases (matrix and fiber), therefore,
the effects of this will not be reflected in the results to be obtained in this simulation.
Consequently, it is expected that the simulated results will have a small difference to the
experimental results, but with similar behavior of the mechanical properties. The software
defines the size of the RVE, cylindrical fibers are used and the user sets their positions in
the three axes [26].

The simulation process considers the following; pine sawdust and rice husk were
established as matrix and fiber, respectively, within the composite material to be constructed.
This consideration was taken because rice husk particles have a more constant morphology,
size and weight than pine sawdust particles. The incidence of the increase in the percentage
of rice husk mass on the mechanical properties of the compacted briquettes is determined.
The density of pine sawdust and rice husk is entered into the engineering data of the
Designer material, and increased according to the compression ratio resulting from the
densification process. The mechanical behavior of the matrix was adjusted to the different
orientations and positions of the pine sawdust particles, for this reason it was established
that its behavior is close to an isotropic material, exhibiting a Young’s modulus very similar
to the radial Young’s modulus of a particle of this biomass.

2.3. Simulation Process

In the Engineering Data of the Material Designer add-on, the two materials repre-
senting pine sawdust and rice husk were created, with the mechanical properties shown
in Tables 1 and 2. In the densification process, the density of the pine sawdust and rice
husk mixture increases as the volume change produced by compression occurs, keeping
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the mass without significant changes, so it is assumed to be the same before and after this
process [27-30]. The following calculations are used to obtain the densities of the biomass
after being compressed (0’4057 €' rice nusk), the results are shown in Table 3. To achieve

this, the density and volume of each specimen p, (%) , Vp (m3), listed in Table 2, are

used, where A, is specimen area and ¢, specimen diameter.

Pp = 7;; 1)
mp = pp X Vp 2)
my = pp X (hy x Ap) (3)

When the mass of the specimen my, is found, the mass of the sawdust (75444,5¢) in kg,
and the mass of the rice husk (12,;c, ;,5¢) in kg, are calculated, taking into account the mass
percentage of each component of the specimen (%m).

My = Msgwdust + Mpyysk (4)

mp = my X YoMsquwdust + mp X VoMM sk (5)

With the mass of each biomass, the volume of each biomass is obtained (vs;ydust,

: 3
Orice husk) mm-.

Msqwdust
Psawdust = % (6)
sawdust
Myice husk
Price husk = v (7)
rice husk
Msqwdust
Vsawdust = D (8)
sawdust
Myice husk
Vrice usk = 15— 9)
rice husk

When these volumes are added together, the volume of the mixture (V) that will
make up the test specimen is determined.

Vmix = Vsawdust + Vrice husk (10)

Finally, the volume change that occurred in the densification process (AV) was calcu-
lated to find the density of each biomass after being compressed.

V..
AV = Zmix (11)

VP
O saqwdust = Psawdust < 14 (12)
0'rice husk = Price husk X AV (13)

Table 3. Densities of pine sawdust and rice husks upon compaction.

K K
Samples AV p/sawdust(er%) p/rice husk (Hg)
AIO 3.13 1241.41 876.18
BIO 3.34 1325.73 935.70
CIO 3.54 991.22 991.22

Type of RVE: By observing the internal organization of the materials that make up the
sawdust and rice husk specimens, the RVE Chopped Fiber Composite was selected [31,32].
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Geometry of the RVE: For the construction of the RVE it is necessary to determine the
volume fraction occupied by the fiber and its geometry. The volume fraction of the fiber is
the volumetric portion occupied by the rice husk inside the specimen (see Table 4). It is
calculated with Equation (14).

V..
%Vfiper =~ (14)
mix
Table 4. Percentage of fiber volume in the RVE.
Samples Vsuwdust(cms) Viice husk (Cm3) o/"Vﬁber
AIO 71.90 33.96 0.32
BIO 47.94 67.92 0.59
CIO 23.97 101.88 0.81

The fiber is predefined with cylindrical morphology by the software; therefore, it was
guaranteed that the length and diameter for a rice husk defined in the software were similar
to the real dimensions. This was achieved by consulting academic articles on the subject.
The relationship between the diameter and length of a fiber was found (see Table 5), with
the following information: the unit mass of rice husk (my,) is between 2.5 mg and 4.5 mg
and average length L; of 7.14 mm [33,34]. With these data, the diameter of a single fiber
(¢f) mm, was calculated, as well the aspect ratio obtained as the quotient between the
length of the fiber and the diameter, as seen below.

mfu

= 15
Orice husk X AV ( )

Viu

[(%56 Kg + & Kg) /2]
Vi, = (16)
f Kg
279.75 X8 » AV

7T
Viu =L < o X s> (17)
14
=TT (18)

_ |V 19
qbf_ fo% ( )

Table 5. Diameter and aspect ratio of a fiber in the RVE.

Samples mg, (ug) ¢ (mm) L¢lgys
AIO 3.5 8.44 8.46
BIO 3.5 8.17 8.74
CIO 3.5 7.94 9.00

Type of solution: The output data from Material Designer are for orthotropic materials,
therefore, three elastic modules (Eyx, Ey, E;) and three Poisson’s coefficients (vyy, vyx, Vxz)
will be obtained for the RVE.

3. Results

The compression test is carried out to determine the capacity of the briquettes to
support crushing loads. A Shimadzu UH-I 50 kNI universal machine is used for this test,
the installation is shown in Figure 1.
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Figure 1. Compression test installation.

The following are the results of the compression test for the percentages of rice husk
under study, it is observed that the compressive strength is in the range between 9700 and
10,000 kg/mm?, finding a very low dispersion among the data obtained, These measure-
ments are shown in Figure 2.

80% To% 50% 25%
Rize husk (%)

Figure 2. Compressive stress results.

Using optical microscopy with an Olympus CX21 equipment, which provides a magni-
fication of 700x (0.70 x 1000), the inclination of the rice husk within the densified material
was established, obtaining an approximate value between 30° and 60°, it is identified that
the distribution is random and corresponds to the accommodation of the material without
external interference, some of the micrographs obtained are shown in Figure 3.
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T AT

Figure 3. Optical micrographs of the densified material in longitudinal direction.

The rice husk inclination angle will be used in the homogenization of the densified
material for the construction of the Representative Elementary Volume (RVE) in the Ansys
Workbench V20 software.

Using the established parameters, the AIO, BIO and CIO specimens are conformed,
guaranteeing that this inclination is present for each of the models, taking into account
the importance of its incidence in the values found for Young’s modulus and Poisson’s
coefficient, in the longitudinal axis of the specimen in the experimental phase, of the
compacted material of this biofuel.

3.1. Simulation of Compression Test

The process of simulating the compression test on the specimens was performed in
ANSYS Workbench V20 using Static Structural [35,36] as shown below.

Homogenization of the compacted material: To simulate the mechanical behavior of
the compacted sawdust and rice husk mixtures in the ANSYS finite element software, the
homogenization method was used. This method consists of establishing a Representative
Elementary Volume (RVE), which represents the physical, mechanical or thermal behavior
of the composite material. The component in charge of performing the homogenization of
composite materials is the Material Designer, available in ANSYS Workbench V20.

Considerations: Rice husk was established as a fiber within the composite material.
This consideration was taken into account because rice husk particles have a more constant
morphology, size and weight than sawdust particles. Therefore, it is more practical to de-
termine the incidence of the increase in the percentage of rice husk mass on the mechanical
properties, if it is evaluated as a fiber in the composite material.

When defining the density of rice husk in the Engineering Data of the Designer
material, it was increased according to the compression ratio used in the compaction
process. The Chopped Fiber Composite type of RVE was chosen to be used. The orientations
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and positions within the RVE of these fibers are random, much like rice husks within the
compacted mixture.

Limitations: In the ANSYS add-in used to carry out the homogenization, it does not
evaluate the porosity because it only allows the establishment of two phases (matrix and
fiber), therefore, the effects of this will not be reflected in the results to be obtained in
this simulation.

Simulation Process: The simulation process of the densified biomass mixture was
carried out in ANSYS Workbench using the Material Designer, initially the materials were
defined; in the Engineering Data cell of the Material Designer add-on, the two materials
representing matrix and fiber were created. In addition, the values of the densities of these
biomasses after being compressed were recorded. In the compaction process, the density
of the biomass mixture increases when the volume change produced by the compression
occurs, maintaining the mass without significant changes, so it is assumed that it is the
same before and after this process.

Geometry: The specimens were constructed in the software according to the height
and diameter for each specimen (AIO, BIO and CIO), obtained during the experimental
phase. In addition, two solids were created representing the actuator of the compression
testing machine and a fixed contact surface with the bottom face of the specimen, as shown
in Figure 4.

Cylinder

Specimen

0.000 0.350 0100

EEE— — ]
0025 Q075

Figure 4. General setup of the compression test.

Physical-mechanical properties: Young’s modulus, density and Poisson’s ratio values
are used for each specimen (see Table 2). These properties are transferred to the Static
Structural engineering data.

Type of Contact: for the contact between the contact surfaces between the actuator and
the specimen, and between the specimen and the fixed surface, rough contact was used
because the direction of motion is perpendicular to the contact area between the surfaces,
this being important since it allows small slips between these areas.

Boundary conditions: To obtain the stresses and deformation by von Mises criterion
exhibited by the pine sawdust and rice husk specimens when compressive loads were
applied, a compressive force distributed on the upper face and a fixed restraint at the base
of the specimen were established.

The magnitude of the force is dependent on the duration of the test and limited by
the compressive strength value of all specimens in the experimental phase, determining a
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maximum compressive force Frmax with magnitude 56.44 kN. The deformation was found
by performing preliminary tests using the Fmnax with simulation times no longer than a
quarter of a minute, finding deformation values very close to each other. With this, the
deformation in each simulation was established and the approximate duration of each test
proposed in this item was found, using Equation (20).

deformation (2)

20
deformation velocity ( (20)

Fest = m
m X min)

When the duration of the test was obtained, a force as a function of time was created in
the Static Structural, with the expressions of Equation (22). The results are shown in Table 6.

Fc _ Fmaxtest (21)
ttest
F (t) = F; X tgest (22)

Table 6. Diameter and aspect ratio of a fiber in the RVE.

Samples deformation (I) teest (8) F(t) (N)
AIO 0.12 1.50 37,627 x time
BIO 0.11 1.30 43,415 x time
CIO 0.10 1.16 48,655 x time

3.2. Free Fall Test

The objective of this test is to analyze the stresses and deformations presented by pine
sawdust and rice husk specimens an instant after impact against a surface, the importance
of this study lies in determining the impact strength of the specimens, in order to establish
the conditions for their safe storage and transportation. This study consists of letting
the specimen fall freely by gravity from a height of 2 m and 5 m, varying the angles of
inclination of the lower face of the specimen from 0°, 45° and 90° with respect to the impact
surface, in order to analyze the concentration, magnitudes of stresses and deformations
(von Mises) in each specimen. The free-fall test specimen simulation process was performed
in ANSYS Workbench V20 using Explicit Dynamics as shown below [37,38].

Geometry: The specimens are constructed in the software according to the height and
diameter for each sample, taken in the experimental phase (see Table 3). The bottom face
of the specimen is also oriented with respect to the plane of the impact surface having the
impact angles indicated above, as shown in Figure 5.

Definition of Properties: Young’s modulus, density and Poisson’s ratio values were
taken for the exposed specimens tested. These properties were established in the Engineer-
ing data of Explicit Dynamics. Likewise, concrete and structural steel were selected as
materials for the impact-bearing surfaces. Their properties are in the materials database of
the software.

Loads and restraints: The specimens are only under the effect of the load produced by
their mass and gravity (weight) when allowed to fall freely. On the impact surface a fixed
clamping is placed in the space so that the effects of gravity do not make it fall, this ensures
the impact between these two elements.

Initial velocity: the specimens are 1 m from the impact surface, this height was used
for the proposed simulations at heights of 2 m and 5 m. This was possible by imposing an
initial velocity to the specimens according to the final velocity of the missing path (1 m and
4 m) for each case of study, in order to reduce the computational load. For this purpose, the
Drop Height component in Explicit Dynamics of the ANSYS V20 software was used.
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ez _ EEE———
0° 45° 90"
Figure 5. General set-up of the free-fall test, using impact angles of 0, 45 and 90°.

4. Discussion
4.1. Mechanical Behavior of the Densified Material

The geometric configuration for the RVE of the materials that make up the AIO,
BIO and CIO specimens were obtained by using the physical-mechanical parameters
incorporated as input data for the execution of the homogenization of the biofuel composite
material. As can be seen in the RVEs shown in Figure 6a—c, the fiber inclination was
established between 30 and 60°, approaching the internal organization of the materials that
make up the densified material identified in the experimental phase.

(a) (b) (c)
Figure 6. RVE for the samples, (a) AIO; (b) BIO; (c) CIO.

Modulus of elasticity obtained by experimental simulation are shown in Table 7.

It is observed that the modulus of elasticity found by simulation increases with
increasing percentages of rice husk mass (fiber) in the RVE, behaving similarly to the results
found experimentally. A difference is observed between the Poisson’s coefficients found
in the simulation and those obtained experimentally; this is because in the computational
model it was not possible to incorporate the porosity, because in the Designer material
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complement only two phases are established in the composite: matrix and fiber. These
results however are related to the behavior observed in the research [39].

Table 7. Mechanical properties of RVE.

Samples Young’s Module E, (MPa) Poisson’s Coefficient vyy,
AIO 651.61 0.08
BIO 758.86 0.08
CIO 813.10 0.08

4.2. Compressive Strength

The values of stresses and von Mises deformations obtained by computational simula-
tion for the AIO, BIO and CIO samples are shown in Table 8.

Table 8. Von Mises stresses and Equivalent Strains resulting from the compression test.

Equivalent Stress Von Mises  Equivalent Strain Von Mises

Samples Max. (MPa) Max. (m/m)
AIO 90.09 0.12518
BIO 88.41 0.10802
CIO 87.82 0.09573

Regarding the magnitude of the compressive stresses for the AIO, BIO, CIO samples,
it can be seen that there is a difference of approximately 8% with respect to the values
obtained from the simulated model, this difference is mainly due to the fact that it was
not possible to include the porosity in the simulation models, and when the briquettes are
subjected to compression loads, these voids behave as stress concentrators and initiators of
cracks that cause the specimens to fracture during the compression test.

The von Mises stress distribution that the specimens presented in the compression
test in the software have a behavior similar to that shown in Figure 7a. It is observed
that the highest stresses are on the edge of the upper and lower face of the specimens,
these are generated by the contact with the fixed base and the solid that compresses this
biofuel [40,41]. Figure 7b shows the image of a specimen experimentally failed during the
compression test.

() (b)

Figure 7. (a) Von Mises stress distribution for the simulated sample; (b) Briquette failed in experi-
mental test.
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4.3. Impact Tests

The results obtained from the free-fall impact tests are shown in Table 9, which shows
the equivalent stresses and von Mises” deformations for each configuration proposed in the
computational model.

Table 9. Von Mises’ stresses and strains obtained in the impact test.

; Von Mises Stress Von Mises Strain
Height of mpact Max. (MPa) Max. (m/m)
1 ax. a ax. m
Samples  pallm)  Angle
Concrete S. Steel Concrete S. Steel
0° 1.412 1.527 0.001962 0.002122
2 45° 0.146 0.069 0.000301 0.002675
ATO 90° 0.886 0.376 0.001234 0.000523
0° 4182 3.845 0.005811 0.005342
5 45° 0.306 0.276 0.001119 0.000666
90° 2.160 1.306 0.003004 0.001823
0° 1.360 1.359 0.001662 0.001660
2 45° 0.141 0.141 0.000229 0.000230
BIO 90° 0.812 0.813 0.000992 0.000993
0° 4.234 4.236 0.005172 0.005174
5 45° 0.180 0.180 0.000732 0.000733
90° 2.1780 2.182 0.002661 0.002666
0° 2.3013 2.300 0.002508 0.002507
2 45° 0.1558 0.156 0.000210 0.000210
1o 90° 0.8250 0.825 0.000900 0.000901
0° 3.1178 3.122 0.003398 0.00340
5 45° 0.2228 0.223 0.000499 0.000499
90° 1.7178 1.7220 0.001873 0.001877

For the magnitudes of the von Mises stresses and strains found from the free fall
tests for the two proposed heights, the following was analyzed: the mechanical energy
(Em) is the sum of the kinetic energy (Ej) and the potential energy (E,) as shown in the
following expression.

Ey =Ec+Ep (23)

It is known that the potential energy just before the impact is zero; therefore, the
potential energy just before the impact is zero.

En = Ec (24)

Knowing that the kinetic energy is the work needed to accelerate a body or, in math-
ematical terms, is the product between the mass of the specimen and the integral of the

acceleration, we obtain:

2
mpy*x U
Em=—"p— (25)

The final velocities (v) that the specimens reach before touching the impact surface are
governed by the equation established for the falling motion, starting from their maximum
height value with zero initial velocity, as shown below. The final velocities (v) that the
specimens reach before touching the impact surface are governed by the equation estab-
lished for the falling motion, starting from their maximum height value with zero initial
velocity [42,43], as shown below:

2
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2
where m;, is the mass of the specimen, g is gravity and £ is the height between the specimen
and the impact surface. Equation (27) shows that as the free fall height increases, the
mechanical energy during the impact will be greater, and with it the impact force, within
the proposed study model; as a consequence, the von Mises stresses and deformations will
be greater for the 5 m free fall test with respect to the results obtained in the 2 m tests, this
behavior is shown for the two impact surfaces, and in each of the specimens, as shown
in Figure 8.

(27)

®m2m =5m H2m #5m
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g
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Figure 8. Maximum stresses and deformations in the impact test. (a) Maximum stresses in impact
test with concrete impact surface; (b) Maximum deformations in the impact test with concrete impact
surface; (c) Maximum stresses in the impact test with a structural steel impact surface; (d) Maximum
deformations in the impact test with structural steel impact surface.

The results of the impact tests presented by the AIO, BIO and CIO specimens showed
that positioning the bottom face of the specimen at 0° with respect to the impact surface,
would produce higher von Mises stresses and deformations and the simulations using
an impact angle of 45° obtained the lowest values; this behavior is similar in the results
obtained for the two impact surfaces. For example, for the impact simulations between the
AIO specimen and the concrete impact surface at 2 m height, maximum von Mises stresses
of 1.41, 0.15, 0.89 MPa were obtained with impact angles of 0°, 45° and 90°, respectively.
Similar behaviors were observed for the structural steel surface.

The stresses presented by the AIO, BIO and CIO specimens did not exceed the elastic
limit or failure stress of the specimen, which for the computational modeling was estab-
lished close to and lower than the value found experimentally for the compressive strength,
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therefore, when evaluated by the von Mises criterion this biofuel would not fail with the
conditions proposed in each simulation model.

The developed research did not address the properties related to burning briquettes,
however, in the specialized literature, researches have been found that use rice husk
concentrations similar to those used in the developed study, in the research [44], gross
calorific value (MJ/kg) has been determined using the standardized norm DIN 51900, in
this it was found that for concentrations of rice husk of 100% the gross calorific value was
17.04 (M]/kg), for concentrations of rice husk 75% and rice straw 25%, the gross calorific
value was 17.37 (M] /kg), and for concentrations of rice husk 30%, rice straw 60% andrice
husk ash 10%, the gross calorific value was 16.92 (M]/kg), finding minor differences in the
energetic power for the different concentrations.

In the work developed by Jamradloedluk and Wiriyaumpaiwong [45], the use of rice
husk for the production of briquettes in combination with bagasse has been proposed,
obtaining an average combustion temperature of 115 °C for briquettes with 80% rice husk
and 100 °C for briquettes with 60% rice husk and 85.5 °C for briquettes with 20% rice husk.
Additionally, it was indicated that the mechanical properties, density, ultimate stress and
toughness increased with an increased mixing ratio (rice husk/charcoal quantity).

The development of the research allowed the establishment that the computational
simulations contrast with the results found experimentally, in relation to the magnitudes
of the limit work effort, before breakage, and in this way the specimens formed according
to the estimated mixtures of 25%, 50% and 75% of rice husk mass, can guide the scientific
community and marketers of biomass briquettes, in relation to the most appropriate
percentage combination for the formation of briquettes from the mixture of rice husk and
pine sawdust.

This research incorporates the experimentation of mixtures of rice husks and pine
sawdust, established from the previous bibliographic review on the subject studied, com-
putational analysis models have been developed using ANSYS V20 software, which have
been validated from the experimental results, The main conclusions are the behavior of
efforts and deformations of the analyzed mixtures with the purpose of establishing which
of these has better mechanical properties that favor their conformation and transport in the
event of being commercialized. The methodological application of this study can serve as a
basis for other biomass mixtures that can be used in the regions of origin.

5. Conclusions

When comparing the experimental and simulated results of Young’s modulus, relative
errors were found between 7.31% and 11.39%. The behavior obtained in the experimental
and simulated tests of the AIO, BIO and CIO samples corroborates that increasing the
percentage of rice husk mass increases the Young’s modulus, obtaining samples with better
mechanical characteristics for their commercialization, storage, transport and handling,
within their useful life as biofuel.

It is observed that the specimen with a higher rice husk content shows a higher
modulus of elasticity. It was also evidenced that the longitudinal modulus of elasticity
increased in relation to the rice husk content in the biomass mixture. This relationship
between the increase in husk mass and the longitudinal Young’s modulus was produced
by the orientation range of the fibers (30 to 60°) within the matrix.

The results obtained in the compression tests showed von Mises stresses between
87.89 and 90.09 MPa, obtaining values very close to each other, and being very similar to the
behavior obtained in the compressive strength tests that were performed experimentally.
However, the higher percentage of husk mass, the smaller the equivalent von Mises
deformations will be.

In the simulation model, the contact between the upper and lower surfaces of the spec-
imen influenced the origin of the highest von Mises stresses in this region, because when
the compressive load is applied on the longitudinal axis, the specimen increases its cross-
sectional area, causing slippage between the specimen surface and the actuator surface.
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The results of the free fall test presented by the AIO, BIO and CIO specimens showed
that positioning the lower face of the specimen at 0° with respect to the impact surface
would produce higher von Mises stresses and deformations than those presented in the
simulations performed for specimens that used an impact angle of 45°, obtaining the lowest
values; this behavior was similar for the concrete and steel surfaces.

The briquettes that presented the best mechanical behavior for commercialization were
those with a 75% rice husk content, obtained with a compression force of 56.4 kg during a
time of 20 s, at a temperature of 90 °C; these results were corroborated by experimental
tests and computer simulations.

For the development of the computational simulation, the material designer add-on of
the ANSYS V20 software was used, for which two interfaces representing pine sawdust
and rice husk were selected. This is a novel procedure, since it allows the determination
of properties separately for each material, facilitating the formation of a Representative
Elementary Volume (RVE), which represents the physical, mechanical or thermal behavior
of the composite material.

In general, there are not many sources of specialized information related to the be-
havior of briquettes obtained from the mixture of rice husks and pine sawdust. The
experimental basis of the study, supported by computer simulations, makes the results
obtained become a primary source of information in relation to the lack of knowledge on
the subject under study. This enhances the commercial decisions to be taken in this respect.

Author Contributions: O.A. conceived, designed and performed the experiments, analyzed the data
and wrote the paper; N.A. contributed in the analysis tools and provided technical advice, L.G.
contributed with methodology and resources. All authors have read and agreed to the published
version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: The authors would like to thank the Research Department at the Universidad
de Ibagué, Universidad Nacional de Colombia and the Universidad Cooperativa de Colombia for
their support provided for the development of this research.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Jungers, ].M,; Fargione, ].E.; Sheaffer, C.C.; Wyse, D.L.; Lehman, C. Energy potential of biomass from conservation grasslands in
Minnesota, USA. PLoS ONE 2013, 8, €61209. [CrossRef]

2. Bridgwater, T. Biomass for energy. J. Sci. Food Agric. 2006, 86, 1755-1768. [CrossRef]

3. Ibitoye, S.E.; Jen, T.C.; Mahamood, R.M.; Akinlabi, E.T. Densification of agro-residues for sustainable energy generation: An
overview. Bioresour. Bioprocess. 2021, 8, 1-19. [CrossRef] [PubMed]

4.  Espinoza-Tellez, T.; Montes, ].B.; Quevedo-Leén, R.; Valencia-Aguilar, E.; Vargas, H.A.; Diaz-Guineo, D.; Diaz-Carrasco, O.
Agricultural, forestry, textile and food waste used in the manufacture of biomass briquettes: A review. Sci. Agropecu. 2020, 11,
427-437. [CrossRef]

5. Qi ], Li H; Wang, Q.; Han, K. Combustion Characteristics, Kinetics, SO, and NO Release of Low-Grade Biomass Materials and
Briquettes. Energies 2021, 14, 2655. [CrossRef]

6.  Cabrales, H.; Arzola, N.; Araque, O. The effects of moisture content, fiber length and compaction time on African oil palm empty
fruit bunches briquette quality parameters. Heliyon 2020, 6, €05607. [CrossRef]

7.  Boada, L.E.A.; Vargas, ES. Caracterizacion Fisico-Quimica de Pellets Producidos a Partir de Mezclas 50/50 Carbon Bitumi-
noso/Madera Residual. Inf. Técnico 2015, 79, 18-25. [CrossRef]

8. Cayuela, M.L.; Sanchez-Monedero, M.A.; Roig, A.; Sinicco, T.; Mondini, C. Biochemical changes and GHG emissions during
composting of lignocellulosic residues with different N-rich by-products. Chemosphere 2012, 88, 196-203. [CrossRef]

9. Li, H.; Liu, X,; Legros, R.; Bi, X.T,; Lim, C.J.; Sokhansanj, S. Pelletization of torrefied sawdust and properties of torrefied pellets.

Appl. Energy 2012, 93, 680-685. [CrossRef]


http://doi.org/10.1371/annotation/dcd700ef-e870-41d2-bfd1-068aa5b8b717
http://doi.org/10.1002/jsfa.2605
http://doi.org/10.1186/s40643-021-00427-w
http://www.ncbi.nlm.nih.gov/pubmed/34414064
http://doi.org/10.17268/sci.agropecu.2020.03.15
http://doi.org/10.3390/en14092655
http://doi.org/10.1016/j.heliyon.2020.e05607
http://doi.org/10.23850/22565035.133
http://doi.org/10.1016/j.chemosphere.2012.03.001
http://doi.org/10.1016/j.apenergy.2012.01.002

Resources 2022, 11, 32 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Zepeda-Cepeda, C.O.; Goche-Télles, ].R.; Palacios-Mendoza, C.; Moreno-Anguiano, O.; Nufiez-Retana, V.D.; Heya, M.N.; Carrillo-
Parra, A. Effect of sawdust particle size on physical, mechanical, and energetic properties of pinus durangensis briquettes. Appl.
Sci. 2021, 11, 3805. [CrossRef]

Lubwama, M.; Yiga, V.A.; Lubwama, H.N. Effects and interactions of the agricultural waste residues and binder type on
physical properties and calorific values of carbonized briquettes. Biomass Convers. Biorefinery 2020, 1-21. Available online:
https:/ /link.springer.com/article/10.1007 /s13399-020-01001-8 (accessed on 7 March 2022). [CrossRef]

Solis, M.E.; Lisperguer, ]. H. Impact and Tensile Strength of Wood-Plastic Composite; Informacon Tecnologica: La Serena, Chile, 2005;
Volume 16, pp. 21-25. Available online: https://www.scielo.cl/scielo.php?script=sci_arttext&pid=50718-07642005000600004&
Ing=es&nrm=iso&tlng=es (accessed on 7 March 2022).

Garab, J.; Keunecke, D.; Hering, S.; Szalai, ].; Niemz, P. Measurement of standard and off-axis elastic moduli and Poisson’s ratios
of spruce and yew wood in the transverse plane. Wood Sci. Technol. 2010, 44, 451-464. [CrossRef]

Flores-Hernandez, M.A.; Gonzalez, I.R.; Lomeli-Ramirez, M.G.; Fuentes-Talavera, EJ.; Silva-Guzman, J.A.; Cerpa-Gallegos, M.A ;
Garcia-Enriquez, S. Physical and mechanical properties of wood plastic composites polystyrene-white oak wood flour. J. Compos.
Mater. 2014, 48, 209-217. [CrossRef]

Gong, A.; Kamdem, D.; Harichandran, R. Compression tests on wood-cement particle composites made of CCA-treated wood
removed from service. In Environmental Impacts of Preservative-Treated Wood Conference (on Line); 2004; pp. 8-11. Available online:
http:/ /ccaresearch.org/ccaconference /post/pdf/Presentation_Kamdem.pdf (accessed on 29 January 2020).

Arjmandi, R.; Hassan, A.; Majeed, K.; Zakaria, Z. Rice husk filled polymer composites. Int. J. Polym. Sci. 2015, 2015, 1-32.
[CrossRef]

Stolarski, M.J.; Szczukowski, S.; Tworkowski, J.; Krzyzaniak, M.; Gulczynski, P.; Mleczek, M. Comparison of quality and
production cost of briquettes made from agricultural and forest origin biomass. Renew. Energy 2013, 57, 20-26. [CrossRef]
Dyjakon, A.; Sobol, L.; Krotowski, M.; Mudryk, K.; Kawa, K. The Impact of Particles Comminution on Mechanical Durability of
Wheat Straw Briquettes. Energies 2020, 13, 6186. [CrossRef]

Meng, L.; Alengebawy, A.; Ai, P, Jin, K.; Chen, M.; Pan, Y. Techno-economic assessment of three modes of large-scale crop residue
utilization projects in china. Energies 2020, 13, 3729. [CrossRef]

Romallosa, A.R.D.; Kraft, E. Feasibility of biomass briquette production from municipal waste streams by integrating the informal
sector in the Philippines. Resources 2017, 6, 12. [CrossRef]

Sofia, D.; Giuliano, A.; Barletta, D. Techno-economic assessment of co-gasification of coal-petcoke and biomass in IGCC power
plants. Chem. Eng. Trans. 2013, 32, 1231-1236. [CrossRef]

Holm, ].K.; Henriksen, U.B.; Hustad, ]J.E.; Serensen, L.H. Toward an understanding of controlling parameters in softwood and
hardwood pellets production. Energy Fuels 2006, 20, 2686—2694. [CrossRef]

Jearanaisilawong, P.; Eahkanong, S.; Phungsara, B.; Manonukul, A. Determination of in-plane elastic properties of rice husk
composite. Mater. Des. 2015, 76, 55-63. [CrossRef]

Chen, Z.; Xu, Y.; Shivkumar, S. Microstructure and tensile properties of various varieties of rice husk. J. Sci. Food Agric. 2018, 98,
1061-1070. [CrossRef] [PubMed]

Nifio, A.; Arzola, N.; Araque, O. Experimental study on the mechanical properties of biomass briquettes from a mixture of rice
husk and pine sawdust. Energies 2020, 13, 1060. [CrossRef]

Cardozo, J. Evaluaciéon mecanica por simulacion computacional de la mezcla de aserrin y cascarilla de arroz. Bachelor’s Thesis,
Universidad de Ibagué, Ibagué, Colombia, 2020.

Trubetskaya, A.; Leahy, J.J.; Yazhenskikh, E.; Miiller, M.; Layden, P; Johnson, R.; Monaghan, R.F. Characterization of woodstove
briquettes from torrefied biomass and coal. Energy 2019, 171, 853-865. [CrossRef]

Sharma, A.; Wang, S.; Pareek, V.; Yang, H.; Zhang, D. CFD modeling of mixing/segregation behavior of biomass and biochar
particles in a bubbling fluidized bed. Chem. Eng. Sci. 2014, 106, 264-274. [CrossRef]

Anggraeni, S.; Girsang, G.C.S.; Nandiyanto, A.B.D.; Bilad, M.R. Effects of particle size and composition of sawdust/carbon from
rice husk on the briquette performance. J. Eng. Sci. Technol. 2021, 16, 2298-2311.

Gama, N; Ferreira, A.; Barros-Timmons, A.; Evtuguin, D. Polyamide 6/modified pine bark particle composites for additive
manufacturing. J. Mater. Sci. 2021, 56, 1-13. [CrossRef]

Muralikrishna MV, V.; Kumari, T.S.; Gopi, R.; Loganathan, G.B. Development of mechanical properties in banana fiber composite.
Mater. Today Proc. 2020, 22, 541-545. [CrossRef]

Kumar, S.S.; Muthalagu, R.; Chakravarthy, C.N. Effects of fiber loading on mechanical characterization of pineapple leaf and sisal
fibers reinforced polyester composites for various applications. Mater. Today Proc. 2021, 44, 546-553. [CrossRef]

Quiceno Villada, D.; Mosquera Gutiérrez, M.Y. Alternativas Tecnoldgicas Para El Uso de la Cascarilla de Arroz Como Com-
bustible [En Linea]. 2010. Available online: https://red.uao.edu.co/bitstream/10614/1327/1/TME00462.pdf (accessed on
25 September 2020).

Favaro, S.L.; Lopes, M.S.; de Carvalho Neto, A.G.V,; de Santana, R.R.; Radovanovic, E. Chemical, morphological, and mechanical
analysis of rice husk/post-consumer polyethylene composites. Compos. Part A Appl. Sci. Manuf. 2010, 41, 154-160. [CrossRef]
Ramasamy, S.; Ismail, H.; Munusamy, Y. Effect of rice husk powder on compression behavior and thermal stability of natural
rubber latex foam. BioResources 2013, 8, 4258-4269. [CrossRef]


http://doi.org/10.3390/app11093805
https://link.springer.com/article/10.1007/s13399-020-01001-8
http://doi.org/10.1007/s13399-020-01001-8
https://www.scielo.cl/scielo.php?script=sci_arttext&pid=S0718-07642005000600004&lng=es&nrm=iso&tlng=es
https://www.scielo.cl/scielo.php?script=sci_arttext&pid=S0718-07642005000600004&lng=es&nrm=iso&tlng=es
http://doi.org/10.1007/s00226-010-0362-2
http://doi.org/10.1177/0021998312470149
http://ccaresearch.org/ccaconference/post/pdf/Presentation_Kamdem.pdf
http://doi.org/10.1155/2015/501471
http://doi.org/10.1016/j.renene.2013.01.005
http://doi.org/10.3390/en13236186
http://doi.org/10.3390/en13143729
http://doi.org/10.3390/resources6010012
http://doi.org/10.3303/CET1332206
http://doi.org/10.1021/ef0503360
http://doi.org/10.1016/j.matdes.2015.03.042
http://doi.org/10.1002/jsfa.8556
http://www.ncbi.nlm.nih.gov/pubmed/28722221
http://doi.org/10.3390/en13051060
http://doi.org/10.1016/j.energy.2019.01.064
http://doi.org/10.1016/j.ces.2013.11.019
http://doi.org/10.1007/s10853-021-06443-7
http://doi.org/10.1016/j.matpr.2019.08.189
http://doi.org/10.1016/j.matpr.2020.10.214
https://red.uao.edu.co/bitstream/10614/1327/1/TME00462.pdf
http://doi.org/10.1016/j.compositesa.2009.09.021
http://doi.org/10.15376/biores.8.3.4258-4269

Resources 2022, 11, 32 18 of 18

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Stasiak, M.; Molenda, M.; Barida, M.; Gondek, E. Mechanical properties of sawdust and woodchips. Fuel 2015, 159, 900-908.
[CrossRef]

Oveisi, E.; Lau, A.; Sokhansanj, S.; Lim, C.J.; Bi, X.; Larsson, S.H.; Melin, S. Breakage behavior of wood pellets due to free fall.
Powder Technol. 2013, 235, 493-499. [CrossRef]

Petchwattana, N.; Covavisaruch, S. Mechanical and morphological properties of wood plastic biocomposites prepared from
toughened poly (lactic acid) and rubber wood sawdust (Hevea brasiliensis). J. Bionic Eng. 2014, 11, 630—-637. [CrossRef]
Montiano, M.G.; Diaz-Faes, E.; Barriocanal, C. Partial briquetting vs direct addition of biomass in coking blends. Fuel 2014, 137,
313-320. [CrossRef]

Thliza, B.A.; Abdulrahman, F.I.; Akan, ]J.C.; Chellube, Z.M.; Kime, B. Determination of compressive strength and combustibility
potential of agricultural waste briquette. Chem. Sci. Int. J. 2020, 29, 30—46. [CrossRef]

Demirbas, A.; Sahin-Demirbas, A.Y.S.E. Briquetting properties of biomass waste materials. Energy Sources 2004, 26, 83-91.
[CrossRef]

Bello, R.S.; Onilude, M. A. Physico-mechanical characteristics of high density briquettes produced from composite sawdust. J.
Appl. Sci. Environ. Manag. 2020, 24, 779-787. [CrossRef]

Panwar, V.; Prasad, B.; Wasewar, K.L. Biomass residue briquetting and characterization. J. Energy Eng. 2011, 137, 108-114.
[CrossRef]

Brand, M.A.; Jacinto, R.C.; Antunes, R.; da Cunha, A.B. Production of briquettes as a tool to optimize the use of waste from rice
cultivation and industrial processing. Renew. Energy 2017, 111, 116-123. [CrossRef]

Jamradloedluk, J.; Wiriyaumpaiwong, S. Production and characterization of rice husk based charcoal briquettes. Eng. Appl. Sci.
Res. 2007, 34, 391-398.


http://doi.org/10.1016/j.fuel.2015.07.044
http://doi.org/10.1016/j.powtec.2012.10.022
http://doi.org/10.1016/S1672-6529(14)60074-3
http://doi.org/10.1016/j.fuel.2014.08.012
http://doi.org/10.9734/CSJI/2020/v29i130156
http://doi.org/10.1080/00908310490251918
http://doi.org/10.4314/jasem.v24i5.8
http://doi.org/10.1061/(ASCE)EY.1943-7897.0000040
http://doi.org/10.1016/j.renene.2017.03.084

	Introduction 
	Materials and Methods 
	Determination of Experimental Parameters 
	Computational Modelling 
	Simulation Process 

	Results 
	Simulation of Compression Test 
	Free Fall Test 

	Discussion 
	Mechanical Behavior of the Densified Material 
	Compressive Strength 
	Impact Tests 

	Conclusions 
	References

