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Parameters to determine mechanical strength of charcoal in a hydraulic press
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ABSTRACT: The friability, an important quality parameter, is the ability of charcoal to generate fines when it is moved.
However, there is no standard for determining the compressive strength of charcoal beds. Thus, the objective of this work
was to evaluate some test parameters for determining the generation of charcoal fines in a manual hydraulic press. Charcoal
was produced with eucalyptus logs 7 years old, diameters of 10 to 12 cm, and length of 1 m in a circular surface kiln, with a
maximum carbonization temperature of 400 °C and a total time of 58 hours. For methodology evaluation, charcoal mechanical
tests were performed in a manual hydraulic press, using as test variables four charcoal granulometric ranges (12.7 to 19.5;
19.5 to 25.4; 25.4 to 31.7 and 31.7 to 50.8 mm) and five compressive loads (1; 1.5; 2; 3 and 5 t). The reference was the
drum test. The method of evaluating the mechanical strength using a manual hydraulic press is suitable for determining the
strength of a charcoal bed, because it represents the efforts that charcoal supports in industrial systems. The test parameters
recommended for determining the mechanical strength of charcoal, using a manual hydraulic press, are: compressive load of
one ton; charcoal with granulometry of 19.5 to 50.8 mm; average velocity of force application of 1 mm s™'; and, charcoal time
under pressure equal to 1 min.
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Determinagao de parametros para avaliagcao da resisténcia mecanica
de carvao vegetal em prensa hidraulica

RESUMO: A friabilidade, um importante critério de qualidade, é a capacidade de geragao de finos do carvéo vegetal quando
ele € movimentado. No entanto, ndo existe normativa para a determinagdo da resisténcia a compresséao de leitos de carvéo
vegetal. Assim, o objetivo deste trabalho foi avaliar alguns pardmetros de ensaio para determinagdo da geracédo de finos
de carvdo vegetal em prensa hidraulica manual. Toras de eucalipto com 7 anos, didmetros de 10 a 12 cm e comprimento
de 1 m foram carbonizadas em forno circular de superficie, com temperatura maxima de carbonizagao de 400 °C e tempo
total de 58 horas. Para avaliagdo do método, os ensaios mecanicos do carvdo vegetal foram realizados em uma prensa
hidraulica manual, utilizando-se como variaveis de ensaio quatro faixas granulométricas de carvéo (12,7 a 19,5; 19,5 a 25,4;
25,4 a 31,7 e 31,7 a 50,8 mm) e cinco cargas compressivas (1; 1,5; 2; 3 e 5 1). O ensaio de tamboramento foi utilizado como
testemunha. O método de avaliagéo da resisténcia mecanica pela prensa hidraulica manual é adequado para a determinagéo
da resisténcia de um leito de carvao vegetal, por representar os esforgos que o carvio vegetal suporta em sistemas industriais.
Os parémetros de ensaio recomendados para determinagéo da resisténcia mecanica do carvéo vegetal, utilizando-se prensa
hidraulica manual, s&o: carga compressiva de uma tonelada; carvao vegetal na granulometria de 19,5 a 50,8 mm; velocidade
média de aplicagdo de for¢a de 1 mm s; e, tempo de permanéncia do carvéo sobre presséo igual a 1 min.

Palavras-chave: friabilidade; granulometria; termorredutor
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Introduction

The use of charcoal as a raw material in the production
process of Brazilian steel mills positions Brazil as the largest
producer and consumer of charcoal in the world, with
consumption of 5.1 million tons in 2019 (IBA, 2020). Charcoal
is considered an excellent raw material for the steel industry
due to its quality as a fuel and reducer, its high degree of
purity and low polluting power (Protasio et al., 2014).

The use of charcoal in steelmaking processes requires
a material with sufficient mechanical strength to support
the layer of iron ore, without impairing the permeability of
the bed. This is one of the biggest obstacles to using this
thermo-reducer when compared to mineral coke (Assis et
al., 2016). Thus, the mechanical strength of charcoal should
be considered a quality parameter because the generation
of fines inside the blast furnace decreases the permeability
of the burden, which reduces productivity and compromises
proper operation.

The standards currently used to determine the friability
of charcoal, recommendations of the Centro Tecnoldgico
de Minas Gerais (CETEC) described by Oliveira et al. (1982)
and the Brazilian Standard NBR 8740 - Determination of the
breakage and abrasion index (ABNT, 1985) do not simulate the
real applicability of charcoal in industrial systems. These tests
are performed by a drum test that simulates the movement
of the material during handling and transport, however, these
methodologies were adapted for tests with charcoal based
on standards developed for coke, a less friable material.
Thus, these tests overestimate the results of charcoal fines
generation, impairing their accuracy.

Several studies have been conducted aiming to develop
new methods for determining the mechanical strength of
charcoal from the compression of individual pieces of charcoal
(Costa et al., 2017; Moutinho et al., 2017). However, these
tests are difficult to perform, due to the removal of crack-free
specimens, and do not reproduce the actual usage scenario.
This is because in steelmaking processes the charcoal load will
be submitted to compression efforts in several directions of
the pieces, since they are not kept arranged in an organized
and oriented way (Kurauchi, 2014; Veiga et al, 2016).

Due to the need to develop more efficient and standardized
methods to quantify the generation of charcoal fines caused
both by friction of the pieces during handling and transport
operations and by compression stress due to overload, the
objective of this work was to evaluate some test parameters
in @ manual hydraulic press to determine the generation of
charcoal fines.

Materials and Methods

Wood carbonization

For this study, randomly selected logs of Eucalyptus sp.
with 7 years of age, diameter varying between 10 and 12 cm
and length of 1.0 m were used. The charcoal was produced in
a masonry circular surface kiln, with internal measurements
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of 1.20 m in diameter; 0.90 m high on the side walls and 1.10
m high in the central part, with a volumetric capacity of one
meter of wood stereo. The kiln temperature was monitored
from five K-type thermocouples, one installed in the canopy
and four others on the side of the kiln. According to the
temperatures obtained, the air inlets were closed or opened,
and consequently, the carbonization was controlled. The
maximum final carbonization temperature was equal to 400
oC and total time equal to 58 hours.

Two carbonizations were necessary to produce enough
charcoal for the mechanical tests. It should be noted that after
the carbonizations, all the charcoal produced was mixed and
homogenized, becoming a single composite sample.

Mechanical characterization of charcoal
Drumming method

The determination of charcoal friability by the drumming
method suggested by CETEC and described by Oliveira et. al
(1982), with adaptations. To perform the test, a sample of
approximately 500 g of charcoal was weighed and classified
on a 25.4 and 37.5 mm sieve. The charcoal sample was
introduced into a cylindrical drum, made of steel, with
dimensions equal to 30 cm in diameter and 24.8 cm in length,
coupled to a motor that kept it at 30 revolutions per minute
and total time of 17 minutes.

At the end of the test, the drum was opened and the
charcoal sample was removed and classified on a 9.5 mm
sieve, weighing the mass that passed through this sieve, which
was considered as fines. The calculation of coal friability was
given by Equation 1.

Friability (%) = G“—fj 100 (1)
cm

where: Mf: Mass of fines (g); lcm: Initial charcoal mass (g).

The classification of the fines generated by the friability
test followed the methodology described by Oliveira et al.
(1982), shown in Table 1. The friability of charcoal determined
by the drumming method was considered as a control.

Table 1. Friability classification for charcoal by the friability
test.

Manual Hydraulic Press method

The determination of the percentage of fines generated
by the method with a Manual Hydraulic Press was performed
from the compression of a charcoal bed, without defined
direction. We used a 15-ton hydraulic press coupled to a
movable cylindrical container, made of 1045 steel, with 28.5
c¢cm in diameter and 20.5 cm in height (Figure 1).
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Figure 1. (A) Hydraulic press, coupled to a cylindrical container;
(B) Details of the cylindrical container and its respective lid.

The container, besides the side handles that facilitate
loading and unloading of the sample, also has a lid with
dimensions of 20.5 cm in diameter and 1.25 c¢cm thick with
two handles on its surface to facilitate opening and closing. In
order to have a uniform distribution of the compressive load
on the charcoal pieces, a circular elevation of 3.7 cm in height
and 5.07 cm in diameter was carried out in the center of the
lid to demarcate the place where the compressive load was
applied, in this way the pieces of charcoal were pressed at the
same point in a homogeneous way.

To perform the test, a sample of approximately 500 g of
charcoal was weighed and poured at an average height of 20
cm into the container, to ensure the random arrangement of
the pieces. Subsequently, the container was closed with its
respective lid.

The compressive stress was applied to the sample from
the piston of the press that maintained direct contact with the
lid of the container that distributed the load over the surface
of the coal. After reaching the desired pressure, the sample
was kept pressed into the container for one minute. This dwell
time was intended to homogenize the pressure distribution in
the material.

The mechanical tests using the Manual Hydraulic Press
method were performed using different parameters: four
charcoal granulometries (12.7-19.5; 19.5-25.4; 25.4-31.7;
31.7-50.8 mm) and five compression forces (1; 1.5; 2; 3; 5 t).
For each test, the average test execution time and the distance
traveled by the press piston until the total application of the
desired pressure were counted, and thus the average test
speed was obtained for each treatment, in order to ensure
its reproduction without operator interference. After each
test, the charcoal sample was classified on a 9.5 mm sieve,
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and the mass of charcoal with a particle size less than 9.5
mm was considered as fines and the friability calculation was
performed according to Equation 1.

Statistical analysis

The experiment was set up according to an entirely
randomized design in a 5 x 4 factorial scheme, consisting of
five compression forces (1; 1.5; 2; 3; 5 t) and four charcoal
granulometries (12.7-19.5; 19.5-25.4; 25.4-31.7; 31.7-50.8
mm), totaling 20 treatments and the control (drumming
method), with five repetitions.

The data were subjected to the Lilliefors test for normality
and the Cochran test for homogeneity of variance. Then,
analysis of variance (ANOVA) was performed and when
significant differences between treatments were established,
the Tukey test was applied at 5% significance level, and each
treatment was compared with the control by the Dunnet
test at 95% probability, using STATISTICA 8.0 software (Weip,
2007).

Results and Discussion

Mechanical characterization of charcoal

Regardless of the granulometry of the charcoal, it can be
seen in Table 2 that the higher the compressive load applied,
the greater the generation of fines, with average values
ranging from 15.92 to 55.36%, with the most significant
increase starting at a force of 3 tons. Kurauchi (2014) also
found an increase in fines generation with increasing applied
force during strength testing on charcoal fillers.

This occurs because charcoal is a friable material, that
is, of low mechanical strength, which suffers great influence
from the stresses received during the activities in which it is
involved, with considerable degradation, generating a large
amount of fines with each handling (Machado & Andrade,
2004). Thus, the greater the force applied to the charcoal, the
greater the amount of fines generated.

According to Pereira etal. (2016), the carbonization process
promotes a significant reduction in the thickness of the fiber
cell wall, which shows a glassy and brittle appearance and this
decrease in wall thickness is one of the factors that explain

Table 2. Mean values of the percentage of charcoal fines
generated as a function of the treatments evaluated in the
manual hydraulic press and drumming method.

Averages followed by the same lower case letters in the row (granulometries) and capital
letters in the column (strengths), do not differ by the Tukey test (p > 0.05). “**” indicate
non-significant differences and “*”indicate significant differences between the means
and the control, by the Dunnett test (all at 95% probability level).
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the lower density of charcoal compared to wood, besides
the loss of mass, a characteristic that has a high influence on
strength properties. Furthermore, according to these authors,
there is the formation of protuberances inside the rays, due
to thermal degradation of the material, and large cavities or
cracks along the rays in the heartwood region, which make the
charcoal a brittle material.

When evaluating the influence of charcoal granulometry
on the generation of fines, it is observed that the treatments
that generated more fines were those that used charcoal with
lower granulometry, in the range of 12.7 to 19.5 mm (Table
2). This fact was also observed by Kurauchi (2014), who, when
evaluating the mechanical strength of charcoal, in grain sizes
from 25.4t031.7 and 22.2 to0 25.4 mm, using a universal testing
machine, verified greater generation of fines for the material
with lower grain size. Veiga et al. (2016), when evaluating
the mechanical properties of Eucalyptus sp. charcoal
using specimens of different sizes for the performance of
compression tests parallel to the fibers, observed a decrease
in the modulus of elasticity and compressive strength with the
reduction in the longitudinal dimensions of the specimens.

This behavior would be related to the energy required to
compress charcoal with different granulometries, because
pressure is defined as the force applied on a given surface
or area, so when the contact area where the same force is
being applied is reduced, that is, charcoal pieces with lower
granulometry, the pressure in the system increases, causing
greater rupture of the sample. Assis et al. (2020), when
studying the effect of granulometry in the compression test on
charcoal beds, observed that the larger the granulometry, the
more energy was required in the process to reach the rupture
stress, i.e. larger pieces were more resistant to compressive
stress for the same applied force.

In addition, a charcoal sample with a smaller particle size
has a larger specific surface area, that is, more contact points
between the charcoal pieces under pressure during the test,
favoring the greater friability of this material.

However, for the 31.7-50.8 mm particle size, when
compressive loads of 2 and 3 t were applied, the generation
of fines was higher when compared to the 19.5-25.4 and
25.4-31.7 mm particle sizes. This fact probably occurred due
to the difficulty in arranging larger pieces, which leads to
greater surface abrasion and fragmentation, in addition to the
heterogeneity of the charcoal pieces.

Table 3 shows that the charcoal evaluated by the drumming
method (control) was classified as not very friable, while the
treatments with compressive load of 1 t in particle size ranges
from 19.5 mm did not differ significantly from the control
(Table 2), but were classified as medium friability charcoal, i.e.,
with a higher percentage of fines generation. However, it is
emphasized that this classification does not involve statistical
tests on the results but a classification in percentage ranges
for the friability value, where higher percentages indicate
more friable charcoals.

The lower generation of fines by the drum test in relation
to the one performed in the Hydraulic Manual Press is related
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Table 3. Classification of charcoal friability, according to
Oliveira et al. (1982), as a function of the treatments evaluated
in the manual hydraulic press and drumming method.

Where: VF: Very friable; QF: Quite friable; MF: Medium friability; NVF: Not very friable.
*: treatments that did not differ statistically from the control, by the Dunnett test, at the
95% probability level.

to the way the tests are performed. The compression test
in the hydraulic press is performed on a bed of charcoal
deposited randomly inside the container, so the charcoal
pieces are subjected to load application in several directions.
Thus, it is observed that the pieces of charcoal break and
break in different regions, generating fragments in different
sizes and proportions.

The friability measured by drumming occurs in a rotating
drum, simulating the transport and handling of charcoal,
without promoting a compressive load on the sample. Thus,
the fragmentation of the charcoal occurs due to the rupture
of preexisting cracks and fissures in the material, inherent to
the carbonization process, and also by abrasion of the pieces,
both factors contributing to the generation of fines. In this
method, the fines fraction generated after the test mostly
consists of charcoal dust only, and the granular fraction has a
rounded appearance. This shows that the coal parts subjected
to drumming suffer only wear due to abrasion of the parts
and by their surface fragmentation. According to Dufourny
et al. (2019), the less friable charcoal maintains its shape and
integrity during the drumming test, while the more friable
charcoal forms fragments of different sizes that offer more
surface contact for shock and abrasion within the drum, thus
increasing the percentage of fines produced.

Table 4 shows the average values of force application
speed (mm s?) as a function of the treatments. The analysis of
variance indicated that the speed of force application of the
test had an effect only on the compressive load.

Table 4 shows that the higher the compressive load, the
lower the test speed, with average values ranging from 0.67

Table 4. Average values of force application speed (mms?) as a
function of treatments in the manual hydraulic press method.

Averages followed by same capital letters in the column (forces), do not differ by Tukey
test (p 2 0.05).
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to 1.02 mm s™. This is because for the same area, the higher
the compression force applied during the test, the higher the
pressure in the system and therefore the lower the test speed.
This is due to the greater effort of the operator during the
application of force, to reach the pressure that the system
needed, spending more time for the same distance traveled
by the piston.

The average time for the tests in the hydraulic press was
1.32 minutes, including the time the charcoal sample remained
under pressure in the cylindrical container, one minute. The
test performed from the drumming test has an average time
of 17 minutes of rotation inside the drum, that is, when the
test is performed from the hydraulic press there is a reduction
of about 92% of the time to perform the charcoal friability
test.

Even if the drumming test does not accurately reflect all
the stresses submitted to the charcoal during transportation
and handling, the test reproduces at least the mechanisms by
which the degradation of this steelmaking input occurs, given
the importance of evaluating the resistance of the charcoal
against mechanical fragmentation, even if superficial,
because this is directly related to the permeability of the blast
furnace, influencing the speed of reaction (Veiga et al., 2016).
Furthermore, the only standard with any mechanical property
character is based on this methodology.

Therefore, the parameters recommended for use in
determining the mechanical strength of charcoal in a manual
hydraulic press were those that when compared to the
tumbling test did not show significant differences, being the
compressive load of 1 ton, granulometry of 19.5 to 25.4,
25.4 to 31.7, and 31.7 to 50.8 mm, average speed of force
application of approximately 1 mm s* and residence time of
charcoal under pressure of 1 minute.

Conclusions

Regardless of the granulometric range of the charcoal, the
higher the compressive stress the higher the generation of
fines.

The particle size range from 12.7 to 19.5 mm presented
greater generation of charcoal fines compared to the others.

The method of evaluating mechanical strength by hand
hydraulic press is suitable for determining the strength of a
charcoal bed, because it represents the stresses that charcoal
endures in industrial systems.

The parameters to be adopted to standardize the method
are: one-ton compressive load; charcoal with particle
sizes between 19.5 and 50.8 mm; average speed of effort
application of approximately 1 mm s; and, permanence time
of charcoal submitted to a compressive load of 1 minute.
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