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Abstract: The aim of this paper is to carry out a rheological study of the pressing of pine
wood sawdust, after which obtaining briquettes from the same wood material with a
hydraulic installation and analyzing their properties. In order to know the rheological
behavior during pressing, the fractions resulting from sorting the sawdust with 4 x 4,
3 x 3,2 x 2,and 1 x 1 mm? sieves were used, respectively, six fractions (the fraction larger

than 4 x 4 mm? and the smaller one of 1 x 1 mm?

are added) and a specific pressing
device, placed on a universal testing machine. The results obtained in the rheological study
showed that the obtained density does not increase proportionally with the pressure, the
best results (density of 1030 kg/m?) being obtained at a pressure of 180 MPa. Within the
briquettes, higher densities were obtained for the sawdust fraction smaller than 1 x 1 mm?,
but the breaking strength was higher for the fraction larger than 4 x 4 mm?. As a general
conclusion, it was found that pine sawdust is easily compressible, and the briquettes

obtained from it have good properties for use in combustion.

Keywords: rheology; pressing; pine wood; shavings; briquette; wood waste; calorific value;
briquette resistance

1. Introduction

In Europe, wood waste represents a renewable energy source and plays an important
role in the field of energy. Wood waste represents a substantial part of the biomass wood
waste, by regulating its properties but also by optimizing their use. Currently, the inex-
haustible source of wood waste is the forestry processing industry. This must be evaluated
in order to find the ones efficient methods of energy. For example, the amount of sawdust
produced differs from one woodworking process to another, by 13% for softwood sawmills
with a capacity of 50,000 m3/year, 9.6% for hardwood lumber of 180,000 m? capacity /year,
3% for flitch with 4300 m3 logs/year capacity, 17% to 22% for solid wood doors and solid
wood furniture, 3% for strip parquet flooring, 15% for wood parquet, etc. [1,2].

Wood briquettes are densified lignocellulose materials that contain a large amount
of concentrated energy in a low volume. Their calorific value is higher because of low
moisture content and could be kept because they are follies. Their main advantage refers
to the fact that briquettes use wood biomass, respectively, the remains that fall to the
primary processing of wood in the form of lumber or logs [3].The decomposition of these
lignocellulose materials in nature (regardless of the shape and size of these remains) would
lead to the elimination of a quantity of carbon dioxide in nature, equivalent to that absorbed
by the tree during its life [3-5]. To this ecological aspect of the briquettes, the existence of
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a renewable and sustainable fuel product can be added that meets the needs of mankind
for heating homes and cooking food in the countryside, sometimes even for obtaining
electricity by cogeneration.

The use of different wood species in as many combinations as possible can lead to the
realization of a great category of combustible materials that could be used in the heating of
rooms [6] obtained hollow-core wood briquettes made from two species such as spruce and
oak wood. Comparison with the classic types of briquettes was carried out in order to be
able to find some advantages and disadvantages of these briquettes. The results obtained
show that there are few differences between the characteristics of hollow briquettes and
those of classic ones [6]. Also, the biomass briquettes market size is expected to reach
USD 612.6 million by the end of 2026. Classic briquettes differ from hollow core briquettes
by the pressing method and equipment [6-9]. Given the economic character, it is completely
possible to fit these briquettes in the field of cooking and heating [10,11].

Among the softwood species, pine trees have a dominant growth both at European and
world level. The forested area worldwide is very different, pine trees being among the most
widespread softwood species on the globe, with almost half of the world’s forests area. Also,
the top three countries with the largest forest reserves are the Russian Federation, Brazil,
and Canada, from which the largest quantities of wood remain is resulted (Figure 1) [12-14].
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Figure 1. Global forest fund distribution [12-14].

Wood species with a low quality represent one of the main directions of development
of the forest industry [15]. The reorientation of the industry from the export of unprocessed
wood to the production of products with high added value implies the improvement new
technologies for the processing of extracted wood from forestry [15-18].

Usually, branches and tree tops remain at the cutting site, which leads to the loss of
raw materials that could be used in the woodworking industry. Moreover, this practice
leads to the pollution of forest ecosystems and an increased risk of fires during the warm
season of the year [1,16]. At enterprises specializing in the production of timber products,
production waste such as sawdust and wood chips are not used to the required extent;
however, these are valuable raw materials that can be used for the production of new
materials as briquettes and other purposes [19-22].

When logs are cut and lumber is produced, various sizes and shapes of waste are
generated. The main constituent of this waste is shredded wood as the particle size,
configuration, and production method can vary. Wood waste, including sawdust and
fine chips, is then sent for recycling, used to produce steam and energy, or stored in piles
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and taken to a landfill. The share of chip sifting can be up to 8% of the total volume of
chopped wood. One of the approaches to solving the problem of using shredded wood is
its processing and subsequent use in wood briquetting production and household use. An
example of the implementation of this approach is the grinding of wood with subsequent
pressing in the form of fuel briquettes [23-25].

To develop the theory of compaction, it is important to take into account the depen-
dence of the deformation properties of a conglomerate on its density. In other words, for
the effective use of wood waste, place an important role the rheological behavior of crushed
wood during the processing of the raw material. The study of the rheological behavior of
crushed wood is an important aspect when considering the technology of its processing
and use [26-28]. Rheology refers to the study of the flow properties of materials when
subjected to mechanical forces and deformations. Shredded wood is a composite material
consisting of various particles of different sizes and shapes. Rheological properties are
determined by the interaction of particles, their concentration, and structure. Important
parameters characterizing the rheological behavior of crushed wood are compressibility,
viscosity, plasticity, elasticity, and flowability of the material under various conditions. The
study of the rheology of crushed wood during uniaxial pressing is promising, both in the
fundamental aspect of the study of bulk materials, and in the significance applied, for
example, for the production technology of briquettes [29-31] or building materials. In the
process, the material is subjected to pressure in one direction, which leads to its compaction
and the formation of semi-finished of a certain shape and size. The rheological characteris-
tics of the material affect its ability to be pressed, formed and the strength of the resulting
briquettes. A deeper study of the rheology of shredded wood makes it possible to optimize
the parameters of the pressing process, to select optimal conditions and technologies for
processing wood waste. Such research help to increase the efficiency of the wood use and
decrease the negative impact on the environment.

The objectives. This paper was directed in two main directions. First of all, the
purpose of this paper is to study the rheological behavior of crushed wood pine during
uniaxial pressing, to determine the optimal parameters of pressing, and also to study the
effect of fractional composition on compressibility and burst resistance of the resulting
briquettes. Secondly, the objectives of the paper are directed towards the briquettes obtained
from pine sawdust by means of a briquetting machine with hydraulic drive, determining
the mechanical, physical, and calorific properties of the compacted piece, including the
rheological behavior.

2. Materials and Methods
2.1. Rheological Behavior of Shredded Pine During Uniaxial Pressing

Studying the rheological aspects of the uniaxial pressing of pine (Pinus sylvestris L.)
wood crushed was made by various fractional compositions. This material was obtained
from a planning machine from Reghin (Romania) when some pieces of timber with a
medium annual ring width of 2.2 mm and a medium width of latewood of 0.9 mm were
processed. The kinetics of the deformation of crushed pine wood was studied on a constant
speed of movement of the press also using some rheological aspects. Rheological aspects—
foreign curves were made for various fractions with ten replicates for each.

Materials are presented to study the rheological aspects of uniaxial pressing of crushed
pine wood of various fractional compositions. The deformation modality of crushed
woods was studied by displacement of the press piston using a rheological aspect. Rhe-
ological deformation curves have been constructed for six different fractions (d < 1 mm;
1mm <d<2mm; 2 mm<d <3 mm; 3mm <d<4mm;d>4mm). The object of study
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was pine wood from shaving waste with six fractional compositions and dried at the 10%
in the drying pot (Figure 2).

Figure 2. The sawdust used during the experiment (fractional composition of pine wood in the

(d)

form of shavings): (a)-fraction greater than 4 mm; (b)-fraction of 3-4 mm; (c)-fraction of 2-3 mm;
(d)-fraction of 1-2 mm; (e)-fraction less than 1 mm; (f)-unfractionated sawdust (whole).

Before the weighing operation, the wood was laid successively layer by layer in a
metal mold (Figure 3) to the edges, after which it was weighed on an electronic balance
from Bucharest (Romania) with a measurement accuracy of 0.1 g. The diameter of the
working volume of the mold was 25 mm and the maximum height was 80 mm.

Figure 3. Scheme of a metal mold used in the compression of briquettes. 1—rod; 2—cylindrical shape
of the piston; 3—body; 4—filling of the cylindrical space with the studied sawdust composition;
5—device base.

Calculation of bulk density is carried out according to the following formula:

)

where
m is the mass of the sawdust, g;
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s—cross-sectional area of loading mold, cm?;
h—is the height of the mass layer, cm.

_ P

Pr = pwsl 2)
where p—actual density, in g/cm?; pws—density of the wood substance, equal to 1.53 g/cm?.
The deformation of the studied compositions was carried out on a universal test
machine “INSTRON 3369 at a constant speed of 5 mm/s. The measurement accuracy
provided was 1%. The entire experimental series was carried out in room conditions. The
prepared metal form shown in Figure 3, with the composition under study, was installed
under the piston of the test machine. A load was applied to the piston, under the influence
of which the rod deformed the volume of the filler, and the mixture was compacted to a
maximum load, upon reaching which the load was removed, and the compact was removed.
With the help of the software of the test machine INSTRON 3369, rheological curves of the
relationship between stress and deformation were constructed (the general characteristic
shape of the curve is shown in Figure 4), from which one can appreciate the rheological

properties of the studied composition and the optimal compressibility conditions.

&P

Tension
Tension

Deformation Deformation

(a) (b)

Figure 4. Typical appearance of the pressure-rheological deformation curve: (a): first stage; (I)-weak
increase in tension with increasing deformation; (b)-2nd stage (II)-intense nonlinear increase in
tension with a slight increase in deformation.

With the universal machine, the dependence of the density on compaction was ob-
served. The density dependence of compacts on the compaction pressure was determined
using a universal compression machine. The applied pressure ranged from 20 to 200 MPa
in increments of 20 MPa. The form with the mixture was installed under the piston of
the compression machine to which constant pressure was applied. After compaction and
holding the compact under constant pressure for 30 s, the compact was removed, then its
mass and height were measured, and the density was calculated at each applied pressure.

The result of the diverse composition of shredded pine wood on the strength of
compacts when was obtained without the use of adhesive was studied using a developed
installation (Figure 5).

As a strength criterion, resistance to destruction during a free fall from a height of 2 m
was used. To do this, a compacted product was installed on the platform, then the locking
rod holding the platform with a rope was pulled, and the sample under the influence of
gravity falls on a steel plate, always in the same place. Experiments were carried out with
samples obtained at low values of compaction pressure from 20 to 60 MPa, since more
compacted samples are less susceptible to destruction under these conditions. After each
fall, a change in the mass of the compact was recorded, a critical indicator was a loss of
mass of the compact by more than 20%.
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5

Figure 5. Scheme of the installation in free fall: 1—sample; 2—string for tablet unlocking; 3—locking
rod; 4—steel plate; 5—device base.

2.2. Methodology for Briquettes

Pine wood shavings obtained from a planning machine had so-called dimensional
characteristics, which is why its granulometric composition was determined using the
following dimensions of the sorting sieves: 4 x 4,3 x 3,2 x 2and 1 x 1 mm?, meaning
five different fractions were determined (with ten replicates for everyone). To this, unfrac-
tionated sawdust was added. The electrical fractionation installation is shown in Figure 6,
where the body of the device, the sieves, and the columns for compact fixing of the sieves

during vibrations are observed.

Figure 6. Device with electric vibrations for sieves sorting of pine shavings.

Of the same material used in the previous sub-chapter, namely pine wood shavings
(Pinus sylvestris L.) briquettes were made using a hydraulic installation with two pistons
(one for supplying material and the other for compressing the agglomerate to the density
of briquette). The typology of the briquettes and the size of the chips of the various chips
are visible in Figure 7.

Density of briquettes. The wood shavings conditioned and sorted into the six distinct
fractions (less than 1 mm, between 1 and 2 mm, between 2 and 3 mm, between 3 and
4 mm, larger than 4 mm and unfractionated) were subjected to briquetting operation on a
briquetting installation with hydraulic actuator type GOLD Star (Brasov, Romania). The
compression parameters used were the temperature of 18 °C and the relative humidity of
65% to obtain a constant moisture content of about 12% [32-34]. Then, the dimensions of
each of the 14 briquettes of each group were determined (Table 1), and the density was
determined using the following calculation relation:

_ 4dm
Po =

10°[kg/m?] 3)
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where
m—is mass of samples, in g;
d—diameter of the briquette, in mm;
I—length of the briquette, in mm;
14 replications of the test were performed.

(d) (e) ®

Figure 7. Briquettes made from pine shavings: (a)—higher than 4 mm; (b)—between 3 and 4 mm,
(c)—between 2 and 3 mm, (d)—between 1 and 2 mm, (e)—lower that 1 mm, (f)—from total saw-dust.

Table 1. Initial parameters of pine wood shavings and values of obtained compaction density.

Height, Pressing Bulk Density, Compacted Relative Density

Particle Size Mass, g cm Height, cm g/cm Density, g/cm? g/cm3
A:d <1 mm 3.122 49 0.6 0.131 1.060 0.693
B:1<d<2mm 3.195 5.3 0.7 0.123 0.930 0.608
C:2<d<3mm 3.382 5.7 0.8 0.121 0.862 0.563
D:d>4mm 3.358 6.7 0.8 0.103 0.855 0.559

Determination of agglomerate density and compression ratio between briquettes and
wood shavings. To determine the density of uncompressed wood shavings, a graduated
cylinder in units of volume [cm®] was used, which was filled up to a certain height. By
weighing the distinction between the mass of the wood shavings cylinder, the mass of the
hollow cylinder was determined. This represents the mass of the wood material used to
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determine this density. The density in the loose state of the wood shavings was determined
by dividing mass to volume [35].

There were 10 replications of the same test.

Calorific value of pine wood shavings. To determine the calorific value of crushed pine
material, it was tableted in small pellets of about 0.8 g, corresponding to the technology but
also the dimensions of the installation for determining the upper calorific value (HCV) and
lower (LCV) [31]. The determination installation was prepared by placing the nichrome
wire and cotton wire in the calorimetric bomb and filling it with technical oxygen up to a
pressure of 30 atm [36-38].

The results obtained for the 10 replications of the test, in the form of high and low
calorific value, were analyzed statistically.

The formula used by calorimetric bomb was as follows:

Tf — Ti M]

- an - ch [ ] (4)
where

k—calorimetric coefficient;

Tf—ﬁnal temperature in calorimetric vessel, in °C;

T;—initial temperature in calorimetric vessel, in °C;

m—mass of the analyzed sample, in g;

Qnw—the quantity of heat eliminated by the nichrome wire, in MJ /kg;

Qcw—the quantity of heat eliminated by burning the cotton wire, in MJ /kg.

Ash content of briquettes. Ash content was determined by taking a few grams of very
fine material that passed through the 1 x 1 mm? sieve [39]. It was dried to anhydrous
value in order to eliminate moisture as an influencing factor of the ash content. The actual
determination was made by using a ProTerm calcination furnace (Ploiesti, Romania), at a
temperature of 750 °C [39,40]. The crucibles and wood samples were weighed using an
electronic balance with an accuracy of 3 decimals. The calcination was carried out by means
of metal crucibles, resistant to high temperature, whose mass was taken into account when
determining the ash content, with the following formula:

Ac = 72100 [%] )
S
where

mg—mass of calcined ash, in g;

ms—mass of dried material sample.

In order to protect the calcination furnace against smoke and soot resulting from the
calcination of the wood material, before placing in the calcination furnace, the crucible with
the wood material was arranged above a flame from a butane gas cylinder until the flame
was stopped, thus obtaining a black ash (as opposed to be calcined one that had a light gray
color), whose black ash content was determined with a similar relationship to the previous
one (Equation (5)).

Ten replications were made for this test.

Compression resistance. This mimics the crushing action of the briquettes while
stationary under the action of the weight that is above them [41,42]. It is considered that
the burst area of briquette is its longitudinal section, which is why the calculation formula
is as follows:

:FmﬂX[ N
dx1 ‘mm?

] (6)

Oc

where
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Fjiuxy—maximum crushing force, in N;

d—briquette diameter, in mm;

[—briquette length, in mm.

Ten replications were made for this test.

Abrasion of briquettes. This determination mimics the friction action of the briquettes
between them during transport to the beneficiary. For this, a set of 5 briquettes were
taken from each batch of manufacture, having a maximum length of 25 mm in order to
abrase them.

Ten replications were made for this test.

Statistical analysis. The main statistical parameters were determined, namely the
arithmetic mean, the survey median, the standard deviation and the coefficient of variation.
Also, when using variation graphs, statistical parameters of standard statistical deviation
type and Pearson’s coefficient R? were used.

3. Results
3.1. Results Regarding Agglomerate Compaction

In the case of these tests, the density compression curves were obtained as a function
of pressure. The optimal compressibility parameters in the case of fractions with particle
size smaller than 1 mm, reach some high densities at low pressures (pzag = 1.03 g/ cm?
la P = 180 MPa). Other fractions studied had about the same compressibility and density
Pzag in the range of 0.85-...0.90 g/ cm? at P = 140-...160 MPa. Due to the elastic expansion
after the removal of the load, the additional increase in the pressing pressure did not lead
to an increase in the density.

Also, regarding the mechanical properties of the compacts made, the greater strength
of the compacts was obtained when a part of size greater of 4 mm fell. These results can be
used to optimize the process of pressing shredded wood and find more efficient methods
of using wooden resources. Then, the dependence of applied pressure and compact density
was established. On this basis, an assessment of the compactness of bulk materials was
made, which allows, in the future, the selection of the pressure necessary to ensure a certain
density value (Figure 8).

120
100

Pressure, MPa
MR O ®©
S & 5 &

o

0 10 20 30 40 50 60 65 70 75 80 85 90 95

Deformation, %

—— A B C D

Figure 8. Some rheological curves for different fractional compositions of shredded pine wood: A:
d<1;B:1<d>2,C:2<d>3;D:3<d <4.

The density of compaction is equal or approximately equal to the density of the
maximum compact (density of woody substance) (Table 1).
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As a result of the experiments, compression curves were obtained graphs of the
dependence of the compaction density on the applied pressure. Figure 9 shows the resulting
dependency graphs.

1200
1000
800
600 Z

400

Density, kg/m?3

200

0 50 100 150 200 250

Pressure, MPa

——A B C D

Figure 9. Compression curves “density-pressure” for different fractional compositions of shredded
pine wood: A:d<1;B:1<d<2;C:2<d<3;D:d >4

The study of the results of the different compositions of shredded pine wood on
strength was carried out on pressed parts in a low range of pressing pressures (20, 40, and
60 MPa). The use of compacts obtained at high pressures did not allow us to trace the
influence of fractional composition using this test method due to their high strength. The
test results are shown in Figure 10.

In a free fall from a height of 2 m, all parts pressed under a pressure of 20 MPa
(Figure 10a) of the fractions d < 1,1 <d <2 and 2 < d < 3 mm lost more than 20% of their
mass after the first all. The compact with larger fractions d > 4 mm failed after four falls.

Mass lost, g
o (S
[ B, |

o

0 1 2 3 4
Drop number
—o—A B C D

(a)

Figure 10. Cont.
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Figure 10. Absolute reduction in mass during free fall of samples from the studied compositions
of shredded pine (A:d <1;B: 1 <d <2;2 <d <3;d >4), compressed under pressure: (a) 20 MPa;
(b) 40 MPa; (c) 60 MPa.

The results of compacts obtained at a pressure of 40 MPa (Figure 10b) correlate with
past performance. Compacts made of a coarse fraction d > 4 mm had the highest resistance
to destruction during free fall, the loss of critical mass occurred after 14 falls. Other
compacts in fractions d < 1,1 <d <2 and 2 < d < 3 mm failed after four, three, and five falls,
respectively. When testing compacts obtained at a pressure of 60 MPa (Figure 10c), the
same tear resistance during free fall was demonstrated by compacts from the fraction
d > 5 mm, critical fracture, which occurred after the 20th fall. Other compacts in fractions
d<1,1<d<2and2<d <3 mm failed after 14, 12, and 7 falls, respectively.

3.2. Results Regarding Wood Briquettes

Wood shavings granulometry. Based on the 10 rows of mass values determined at
the sieves sorting of pine wood shavings, different percentages were determined for each
fraction (by dividing the mass fraction by the total mass of the sample taken), as seen in
Figure 11.
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25 y =-3.2214x% +21.319x - 18.72
R2=0.7794
20 174 18.7

Percentage, %
=
S

a1
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1.8 -'."" . .
o M=

sieve >4 sieve3-4  sieve2-3  sieve 1-2 sieve <1
Sieve dimension, mm
Figure 11. Wood shavings granulometry.

Bulk density of wood shavings. Following the methodology expressed in Section 2 of
the paper, we obtained the bulk density of unfractionated wood shavings (113.7 kg/m?,
with a standard deviation of 10.5 kg/ m?3 and a coefficient of variation of 0.092), but also of
each fraction (Figure 12).

sieve<1 [ 119.9
sieve 1-2 —15.1
sieve 2-3 G 1 06,7

Sieve size, mm

sieve3-4 I 9 5
sieve >4 96 4

0 20 40 60 80 100 120 140
Bulk density of the talus, kg/m?

Figure 12. Bulk density of talus is related to sieve size.

Density of briquettes. The density of the obtained briquettes for each fraction was
expressed separately, determining the arithmetic mean, the standard deviation, and the
coefficient of variation for the 14 determined values (Table 2).

By repeating the procedure for determining the effective density of briquettes for all
five distinct fractions considered, it was found that the variation range of briquettes was
between 820.5 and 915.1 kg/ m?3 (Figure 13).

From the previous figure it can be seen that the general tendency of the density of
briquettes is to increase once the particle size decreases, demonstrating once again that
small particles compact much better than large ones.

The degree of compaction of the briquette. The compaction of briquettes was deter-
mined both according to the density level of the bulk sawdust compared to the density
of briquettes (850.7/113.7 = 7.48 times) and the level of the wood species used (density
Pinus sylvestris 560 kg/ m?) (850.7/560 = 1.34 times, or an increase of 34%). Regarding
the variation in this degree of densification with respect to the particle size of the wood
shavings, the principles exposed to the density variation according to the particle size were
observed, obtaining compaction coefficients of 8.5, 8.29, 8.12, 7.63, and 7.62 times.
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Table 2. Density of briquettes made of pine shavings; fraction greater than 4 mm.
S M@ Cpe Lehow o
1. 22.1 41.66 19.6 827.61
2 229 40.92 19.4 858.81
3 30.9 40.89 28.93 813.77
4. 27.1 40.87 25.62 806.69
5. 224 40.54 20.35 853.19
6 30.9 40.85 27.83 847.61
7 35.5 41.81 31.67 816.86
8 31.1 41.27 29.33 793.06
9. 50 41.51 42.46 870.59
10. 36.9 41.69 34.81 776.94
11. 314 40.66 32.6 74217
12. 21.8 41.25 19.78 825.11
13. 33.1 41.15 29.7 838.42
14. 259 41.23 22.04 880.62
Mean 30.14 41.16 27.43 822.84
Std.dev. 4.86
Coeff. of variation 0.006

Smaller than 1 mm [+ 9151
Between 1-2mm [ 8834
Between 2-3mm [+ 866.5

Beteen 3-4mm [ 825.1

Sieve dimension, mm

i Greater than 4 mm | 820.5
Total sawdust |G 850.7

0 200 400 600 800 1000 1200
Density, kg/m?

Figure 13. Density of briquettes depending on particle size (for o pressure of 20 MPa).

If we take into account the wood density of pine wood of 1.53 g/cm?, we will find a
ratio of densities or relative density of 0.53, 0.54, 0.56, 0.57, and 0.59, respectively, a reserve
of compression-compaction of briquettes resulting from various fractions, of 46.3%, 46.1%,
43.3%, 42.2%, and 40.1%, respectively.

Calorific value of pine shavings. The calorific value of pine wood in the form of pellets
with mass around 0.8 g was 19.14 M]/kg for anhydrous wood, and when the briquette
moisture content was 10% the high calorific value was 17.32 M] /kg and the low one was
17.02 M] / kg (Figure 14a). These values are among the highest of resins, along with those of
Virginia juniper and yew (values of only 18.8 M]/kg are identified in fir and spruce), all of
these due to the high resin content of 2.8%—4.3% [42]. The average calorific value or energy
of the other wood species is around 18.6 MJ /kg [42]. Also, based on these values and other
values determined during combustion in the calorimetric bomb, a combustion speed of
760 kJ /min and a calorific density of 16.59 kJ/ cm?® was determined (Figure 14b) [42,43].
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Figure 14. Energy density (a) and calorific value (b) depend on the moisture content.

Breaking resistance of briquettes. The resistances were small, due to the fact that the
entire section of the briquette was taken into account, respectively, A = d x 1. Other authors
did not take into account the cross-section of the briquette [43] or took into account only
the deformed surface or their linearity (Figure 15).
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Figure 15. Breaking resistance of briquettes.

Abrasion of briquettes. This determination showed that the specimen was quite
compact and do not crumble when rubbed on a sorting sieve with mesh dimensions of

4 mm (Figure 16).
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Figure 16. Abrasion of briquettes.

Ash content. The resulting value of the ash content was 0.55%, a good value consider-
ing that softwood species contain silicates and oxide (0.06% N, 0.42% P, 18% Ca, 0.97%, Mg
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and 2.27% K), which could easily increase the ash content. The explanation is given by the
fact that a high content of resin was removed at the time of drying. Black ash with a value
of 14.12% generally contains fine charcoal, after the volatile substances have been removed
from the wood and the flame has disappeared (Figure 17).

0.55

14.42

m Black ash = Calcined ash

Figure 17. Content of calcinated and black ash of pine wood shavings.

4. Discussion

The first stage of the rheological curve (observed in Figure 8) was characterized by a
linear increase in tension with increasing deformation. Deformation of the volume of the
material occurs as a result of the movement of particles relative to each other, that is, the
voids are filled. These aspects were identity to other studies [43]. The second stage of the
rheological curve corresponds to a steep nonlinear increase in tension with a slight increase
in deformation. At this stage, the movement of particles occurs due to accommodation
(adjustment) between them and partly due to deformation of the volume of particles. This
stage requires great effort to further deform the material. It is this stage that is of the
greatest technological interest, since at this stage a certain plastic deformation accumulates
in the material, providing strength [43]. For the third stage, with a significant increase in
pressing pressure, the deformation practically does not increase.

For a more detailed analysis of the pressing process at the second stage of the rheolog-
ical curve, the dependence of the compact pressure density (compression curves) was built.
In other words, for the pressure range from 20 MPa to 200 MPa, the density values were
obtained. When the maximum density was reached (the height of the compaction does not
decrease, deformation does not occur), we moved on to the text composition.

It was established that the fraction d <1 mm has the best compressibility indicators
(maximum density p = 1.03 g/cm3 at a pressure of 180 MPa). Other fractional compositions
that were studied 1 <d <2 mm; 2 <d <3 mm; d > 5 mm have approximately the same
indicators of compressibility (p = 0.90 g/cm?® at P = 160 MPa; p = 0.88 g/cm? at P = 140 MPa;
p = 0.85 g/cm? at P = 140 MPa). This is because smaller particles have a larger contact
area with each other, which contributes to better adhesion and the formation of a denser
compact structure. As a result, at the same pressing pressure, the fraction with a particle
size lesser than 1 mm reaches higher density [43].

A further increase in compaction pressure above a certain level does not lead to an
increase in compaction density. This may be due to the phenomenon of elastic relaxation
after removal of the load. When the pressure is released, the compact can easily return to
its original shape and increase in volume, limiting the possibility of increasing the density.

The increased strength of the fraction of shredded wood with a particle size of more
than 4 mm can be associated with several factors [43]. First, large particles have a higher
initial density compared to small particles, which can help strengthen the internal bonds



Forests 2025, 16, 267

16 of 19

and structure of the compact. Higher density can lead to increased resistance to mechanical
forces, which contributes to increased strength. Second, a fraction with larger particles
can provide a larger contact area between particles when forming a compact. This can
contribute to better adhesion among particles and increase the mechanical strength of the
compact. The combination of these factors leads to the fact that the fraction with larger
particles can form a stronger and more stable structure inside the compact. This promotes
better distribution and reduces the likelihood of failure when exposed to external forces.

Different percentages of granulometry explain why the density of briquettes obtained
from different fractions is different, and the density of unfractionated wood shavings
does not overlap the average density of all fractions. The characteristics shape of the
curve has been identified in other specialized works in the field for willow or oak [43].
It was observed from Figure 8 that those smaller particles settle better on the surface of
the cylinder, obtaining a higher density, but the maximum difference from the density of
unfractionated wood shavings did not exceed 20.6%. A lower value of the density of wood
shavings, lower than that of sawdust by about 200 kg/m?> [43], was also observed and
having smaller particles lays better and significantly increases the bulk density. The values
of calorific power are among the highest of resins, along with those of Virginia juniper and
yew (values of only 18.8 MJ/kg are identified in fir and spruce), all of these are due to the
high resin content of 2.8%—4.3%. The average calorific value of the other wood species is in
addition 18.6 M] /kg [43].

Evenifitis clearly seen that once the particles of the briquettes decrease, the percentage
loss by friction also decreases, as observed in Figure 16, it is the exponential regression
curve that best approximates (R? = 0.95) the variation in friction losses depending on the
grain of the briquettes. It is observed, in this respect, that the regression curve flattens
at small grain values, respectively, starting with the 1-2 mm sieve the decrease that is no
longer as large (a decrease of 0.03%) as at the first two sieves (a decrease of 2.33%) [43].

Considering the complexity of the problem addressed, the authors intend to continue
research in the field of this work, considering a multiaxial pressing of pine sawdust with
different specifical pressures between 20 and 60 MPa. An objective is also to obtain
briquettes from pine sawdust with mechanical briquetting installations, which would
make it possible to obtain densities of over 1.000 kg/m?.

5. Conclusions

The obtained results highlight the importance of fractional composition, compaction
pressure, and compact resistance to optimizing the compaction process of the crumbled
wood material. The best compressibility results (p = 1.03 g/cm? at P = 180 MPa) were
obtained when using a fraction with a particle size d < 1 mm. The other studied frac-
tions with particle sizes from 1 to 4 mm demonstrate approximately the same compress-
ibility (p =0.90 g/cm?® at P = 160 MPa; p,ag = 0.88 g/cm? at P = 140 MPa; respective
p = 0.85 g/cm? at P = 140 MPa). A further increase in pressure does not lead to an increase
in compact density.

The methodology developed and applied to assess the strength of compacts by mea-
suring the absolute loss of mass during their free fall from a height of 2 m showed that
compacts with a particle size fraction d > 4 mm have the highest resistance to fall, which
allows us a fundamental understanding of the influence of the particle size of shredded
wood on the strength characteristics of compacted parts.

It was established that fractions with particle sizes less than 1 mm had the best
compacity parameters and achieved high densities at low pressures (p = 1.03 g/cm? at
pressure of 180 MPa). The other fractions that were studied had the same compacity and
density p in an interval of 0.85-0.90 g/cm? at a pressure of 140-160 MPa. A greater increase
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in pressing did not lead to a density increase due to elastic deformation after removal of
the load. The greater strength of compacts was determined for a fraction more than 4 mm
in size fell is used.

All the results obtained by this kind of research could be used to optimize the process of
pressing shredded wood and develop more efficient methods for using wooden resources.

An optimum particle size of 2-3 mm was found to correspond to an acceptable density
of 866.5 kg/m? and an acceptable resistance to compression breakage of 0.87 MPa.

The degree of expansion of the briquettes was found after their exit from the extrusion
channel with a rheological level of briquettes at 34%.

We found a degree of compaction of the structure in relation to the bulk density of the
wood shavings of 7.48% and 1.34.% in comparison to the density of the pine, respectively, a
very good compaction—compression reserve of 40.1% in relation to the density of the wood
substance of this wood species.

Increasing the wooden density of briquettes by 40.1% compared to pine wood repre-
sents a major advantage in the subsequent uses of these wood briquettes, broadening the
base of their uses.
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