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Abstract

The aim of this study was to assess the energy consumption during milling and cut-
ting-milling of pine and poplar shavings and the determination of particle size distri-
bution (PSD) characteristics and mechanical properties of these materials. Cutting-
milling process required less energy (in kJ-kg™) than milling but maximum mass
flow rate of shavings was significantly higher and thus the effective power require-
ment of the knife mill during cutting also was higher. Comminution of plastic pop-
lar shavings was more energy-consuming than harder pine shavings. These features
influenced PSD, which was approximated with four mathematical models: Rosin—
Rammler-Sperling-Bennett (RRSB), normal, logistic and lognormal. On the basis
of the best fitting (Radjz) for RRSB, detailed PSD parameters were calculated and
all PSDs were described as ‘mesokurtic’, ‘fine skewed’ and ‘well-graded’. In com-
parison to milled shavings, cut-milled shavings had higher density, but were less
compressible and had lower unconfined yield strength. However, cut-milled shav-
ings had higher flowability because of lower cohesion and internal friction angles,
because after cutting-milling particles were more spherical than elongated particles
after milling. Cut-milled poplar shavings had more favourable mechanical param-
eters and better PSD characteristics, but required more energy for comminution than
pine shavings.
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Introduction

Wood shavings with particle size of 5-15 mm can be used directly to produce
briquettes, but pellets production requires smaller particles, below 3.2 mm (Mani
et al. 2003). In the mixture, smaller particles have higher specific surface, pore
size and number of contact points, which is beneficial for interparticle bond-
ing during agglomeration (Mani et al. 2004), increases bulk density and flowa-
bility of the biomass, decreases specific energy consumption during pelleting,
and improves granulator performance and pellet quality (Mayer-Laigle et al.
2018).

Material fragmentation requires energy consumption, which depends on the
biomass type, moisture, material properties, initial particle size, material feed
rates (Miao et al. 2011) and type and working parameters of the machine: tip
speed, milling yield, sieve size and clearance (Yu et al. 2003). The comminution
processes may include one or a combination of the following operations: cutting,
shearing, compressing, tearing (Miu et al. 2006) and coexisting fracture, break-
age, impact crash and twisting (Oyede;ji et al. 2020), friction and broken cohesion
mechanisms (Jung et al. 2018).

Hammer mills, knife mills and linear knife grid mills (Pradhan et al. 2018),
ball, beater, needle (pin) mills and shredders (Miao et al. 2011) were used for bio-
mass grinding. Knife and hammer mills are most useful for wood grinding (Miu
et al. 2006). Based on the literature, a hammer can be fixed or freely swinging
(Yu et al. 2003), but more logical is the assumption that a hammer is fixed and
a plate is freely swinging (Mugabi et al. 2019) and is termed as the beater. Knife
mills, where cutting is a main process, are useful for grinding the plant material
(Miu et al. 2006) and also work well at higher material moisture (Jewiarz et al.
2020). Hammer mills are able to grind harder materials with larger sizes (Miu
et al. 2006) and are more suitable for materials with lower moisture (Jewiarz et al.
2020).

The use of a knife mill instead of a hammer mill allowed for a double reduc-
tion in grinding energy consumption (in kJ-kg™!), with a slight deterioration of
the grinding effect of Scots pine, European beech, cup plant and giant miscanthus
(Jewiarz et al. 2020). Higher dust content in wood fuel powder was obtained by
four different hammer mills than by a knife mill (Paulrud et al. 2002). Mixtures
with higher dust content had stronger tendency to bridging, which was influenced
by the shape and size of the particles.

Influence of moisture content, particle size and shape of hammer-milled poplar
wood and corn stalks on the handling behaviour was analysed, and less bridging
for mixtures with lower content of long and hook-shaped particles and better flow
properties were found. Higher moisture is related to a greater angle of internal
friction and a greater tendency to form arcs or ratholes (higher normal stresses)
and more difficult rearrangement of particles, reducing the bulk density of the
mixture (Gil et al. 2013).
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Machines used in wood processing can perform various processes such as
cutting, chipping, hammering and shredding and, depending on the purpose,
various methods of measuring load and energy consumption are used (Warguta
et al. 2022). Throughput and specific energy consumption of chippers or saw-
mills strongly depend on the raw materials, machine size, machine type, and
specific machine settings, including knife (Kuptz and Hartmann 2014) and saw
blade sharpness. Power metres for checking the quality of power, data loggers for
a specific energy consumption trend (Gopalakrishnan et al. 2012) or electricity
metres (Kuptz and Hartmann 2014) are used for energy analysis and diagnostics
of electrical stationary woodworking equipment. The specific energy consump-
tion needed for wood processing by machines powered by combustion engines
can be determined on the basis of fuel consumption (Kuptz and Hartmann 2014)
or by measuring the torque and rotational speed of the tractor PTO. Targeted
research shows that individual machine settings, including regular knife sharpen-
ing or replacement, increase throughput and reduce energy consumption (Kuptz
and Hartmann 2014).

There are related processes in the comprehensive technology of pressure agglom-
eration of biomass such as feeding, grinding, fluidisation, mechanical/pneumatic
transport, blending, conditioning and storage in hoopers or bins (Xu et al. 2018).
A stable and continuous flow of comminuted material is important in these pro-
cesses, without the risk of its bridging, spontaneous agglomeration and separation.
Understanding the comminuted biomass properties related to the flowability allows
the design of reliable devices for its conversion. Stress caused by consolidation and
design solutions of technical devices used for transport, conversion or storage affect
the flow characteristics of the comminuted biomass (Stasiak et al. 2020).

Various test methods are used to assess the flowability of the comminuted bio-
mass (powders). In the test for a non-compacted mixture, angle of repose, AOR, is
determined (Stasiak et al. 2015). The particles packing properties in the mixture
are determined in the tapping test, and Hausner ratio, HR, and Carr’s Compress-
ibility Index, CI, are calculated (Rezaei et al. 2016). A more precise test for quan-
titative measurement of the comminuted biomass flowability is the consolidated
mixture test containing the standard shear procedure (Eurocode 1 2006), using
the Jenike shear cell tester or the Shulze ring shear tester (Salehi et al. 2017).
On the basis of shear results, materials can be quantified using unconfined yield
strength, o, flow index, ff,, cohesion, ¢ and angle of internal friction ¢ (Stasiak
et al. 2020). It is assumed that materials with the cohesion less than 2 kPa and an
angle of internal friction less than 30° can flow because of gravity (Fasina 2006).
Tests on non-compacted or tapped materials are better suited for the classifica-
tion of mixtures (powders), and the results of the shear tests can be helpful in the
design of technical equipment, such as silos and feeders. The properties of loose
materials allow to identify the cause of flow problems and differences between
materials (Fasina 2006). The choice of the analytical technique for comminuted
biomass assessment should be done on the basis of the ability to correctly restore
the state of stresses and densification in a potential technological process (Jin
et al. 2020). The result of the assessment of the comminuted material flowability
is influenced by material properties: texture and surface roughness and moisture
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content (Stasiak et al. 2020), particle size distribution and particles shape (Stasiak
et al. 2019), the level of consolidation (Stasiak et al. 2018) and temperature of the
system (Wilen and Rautalin 1995), (Tomasetta et al. 2014) and the ambient rela-
tive humidity (Ganesan et al. 2008).

However, there is a limited number of publications on the impact of the commi-
nution method on the energy consumption of the process (Jiang et al. 2017), com-
minution energy efficiency (Eisenlauer and Teipel 2021), particle size distribution
(Kratky and Jirout 2020) and flowability properties of wood shavings, intended for
the production of internal layers of chipboards or briquettes, and after further shred-
ding of the shavings for the production of pellets (Moiceanu et al. 2019).

The aim of this research was: (a) determination of energy consumption during
milling or cutting-milling of pine and poplar shavings; (b) quantification of the
effect of particle size on the wood shavings flowability properties; (c) development
of parameters characterising physicomechanical properties for raw and comminuted
wood shavings; (d) development of four mathematical models approximating PSD.

The novelty of this work is the comprehensive connection and analysis of PSD
characteristics approximated by mathematical models with mechanical properties of
pine and poplar shavings and with energy consumption during comminution of raw
shavings intended for the production of particleboards or moulded solid fuel.

Materials and methods
Materials

The starting material for the research was pine and poplar wood. Pine wood was cut
in a dedicated machine into shavings for production of particleboards, and poplar
shavings were made of sawmill residues in a laboratory shredder. The raw shav-
ings were obtained from the Research and Development Centre for Wood-Based
Panels, Ltd. in Czarna Woda. Physicomechanical properties of wood shavings were
investigated for three states: raw shavings, milled shavings and cut-milled shavings
(Fig. S1 of SI). Milling and cutting-milling were conducted in the knife mill at War-
saw University of Life Sciences.

Moisture content

The material moisture content was measured using the moisture analyser
(MA50/1.R, Radwag, Radom, Poland) with an accuracy of 0.001% (weight meas-
urement accuracy was 1 mg). Samples weighing approximately 2 g each were
automatically analysed. Moisture was analysed fivefold and results variability was
reported as a single standard deviation.
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Fig.1 Stand for measuring the energy consumption during biomass comminution; 1-knife mill, 2—elec-
tronic scales, 3—power quality analyser, 4-laptops for data acquisition, S—sample container, 6-feeding
piston, 7-knife disc, 8—sieve with 3 mm mesh diameter

Energy consumption measurements during raw shavings comminution

The stand for measuring the energy consumption of raw pine shaving comminu-
tion consisted of the knife mill (LMN-100, Alchem Group Ltd., Torun, Poland),
the power quality analyser EQUA Wally with WINEQUA software (Pro-Elektra,
Olsztyn, Polska), the electronic scales WPS 600/C with PomiarWin software
(Radwag, Radom, Poland) for mass recording via the RS 232 port and two lap-
tops for data acquisition (Fig. 1).

The knife mill worked both, in counterclockwise and clockwise rotation. In
counterclockwise rotation, the knives in cooperation with a 3 mm mesh sieve
comminuted the material by grinding and tearing, without cutting. In clock-
wise rotation, the knives cut the shavings on the counter-cutting edge and sub-
sequently ground, tore and cut them with 3 mm mesh sieve. These two shav-
ings comminution modes were called milling and cutting-milling, respectively.
The nominal rotational speed of rotor mill was 2880 rpm and peripheral cutting
speed was 15.39 m-s™'. The clearance between cutting and counter-cutting edge
was 1.15 mm and the knife blade angle was 45°. The knives were sharp. Com-
minuted shavings mass was weighed with an accuracy of 0.01 g and maximum
possible frequency of 2 Hz, and the voltage and current on the three phases were
measured with the maximum possible frequency of 50 Hz. A sample of raw shav-
ings with a mass of 55 g was milled for about 35 s and cut-milled for about 10 s.
Active power was measured in accordance with the PN-EN 50160 standard (PN-
EN 50160 2014). The power quality analyser measured three states (Fig. 2); after
turning on the power—power supply, after turning on the knife mill- idle power,
during comminution—power required to drive the mill under load.

The active power on the engine was determined as a sum of the power from the
three phases.
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Fig.2 Example of knife mill power characteristics with marked areas: turning on the power supply, the
idle power and the power of work under load; P,;;, P,;,, P, ;—power on the three consecutive phases,
t—time (points on the graph represent the instantaneous power values measured with 0.02 s interval)

Py,=Py+ Pyt Ppys )

where P, is the active power of three phases, W; P, P,, and P, are the active pow-
ers on the three consecutive phases, W.

The difference between the active power of knife mill under load P, and the
idling power P; is the effective power, which is a work (energy) performed by the
mill during comminution of shavings per unit of time.

P,=P,—-P, )

where P, is the effective power of the knife mill, W; P, is the active power of the
knife mill under load, W; P; is the idling power of the knife mill, W.

Comminuted shavings mass was measured with an electronic scale as a cumu-
lated value, therefore cumulated mass distribution m,. approximated by the modi-
fied Gompertz model (Velazquez-Marti et al. 2018), Eq. 3, was recalculated into
the instantaneous mass distribution m; (Fig. S2 of SI). After synchronisation against
time, it can be superimposed on effective instantaneous power distribution P,
(Fig. S3 of SI).

qm€
my =mmexp<—exp<m—(ﬂ—t)+ 1)) 3)

where my is the mass of comminuted shavings in time ¢, g; m,, is the final mass of
comminuted shavings, g; ¢,, is the maximum mass flow rate, g-s‘l; A is the knife
mill load equalizing lag time, s; ¢ is the comminution time, s; e is the Euler number,
e=2.71.
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An area under instantaneous power distribution is the work that needs to be done to
mill shavings in the knife mill and the work-to-mass ratio is the energy consumption
of the process, in kI'kg™!. Energy consumption of comminution is the mean amount
of energy used in the process of wood shavings comminution (milling or cutting-mill-
ing) per unit of dry matter. The areas under the curves of the instantaneous effective
power and mass distribution were calculated by numerical integration using trapezoidal
method and the energy consumption of wood shavings comminution, E; (Eq. 4) was
determined.

[ Pudt <N Poigr-1) + Pei() > (N MiGy—1) + Mi())
E=10321" 103 ¥ L N Ny Y Wy,
“4)

were E; is the energy consumption of shavings comminution, kl-kg™'; P, is the
instantaneous effective power of the knife mill, W, m; is the instantaneous shav-
ings mass, kg; ¢ is the comminution time, s; Af,, is the time interval in power
measurements, s; A, =0.02 s; Az, is the time interval in mass measurements, s;
At,,=0.5s; k=1, 2, 3, ..., N; N is the number of measurements for the analysed
distribution.

Shavings moisture was measured before and after each series of 8-9 measurements
for a given comminution system (wood species, comminution method). A moisture
analyser (MA 50/1.R, Radwag, Radom, Poland) with a mass measurement accuracy of
0.1 mg was used to control the material moisture content.

Particle size distribution

Raw shavings mixture samples with a volume of 10 I each were separated using the
oscillating screen separator (Fig. S4 of SI), according to ANSI/ASAE S424.1 standard
(ANSI/ASABE S424.1 2008). The sieve mesh sizes of 1.65, 5.61, 8.98, 18.0, 26.9 mm
and a pan at the bottom in the set were used. The sample separation time was 120 s. The
shavings after milling or cutting-milling were separated on a vibrating screen separator
(LAB-11-200/UP, Eko-Lab, Brzesko, Poland) according to ANSI/ASAE S319.4 stand-
ard (ANSI/ASAE S319.4 2008). A double set of six sieves with dimensions of: 0.056,
0.1, 0.15, 0.212, 0.3, 0.425, 0.6, 0.85, 1.18, 1.6, 2.36, 3.35 mm and a pan at the bottom
of each sieve set were used. 55 g samples were sieved for 600 s. The mass of the sam-
ple and separated fractions were weighed on an electronic scale (WPS 600/C, Radwag,
Radom, Poland) with an accuracy of 0.01 g. Each separation was conducted in fivefold.
Mass distribution in fractions and the mesh size allowed to calculate geometric mean of
particle size (xg), standard deviation (s,, dimensionless) and characteristic parameters
of particle size distribution. Particle size distribution density was approximated by four
models: Weibull (Weibull 1951), Rosin—Rammler-Sperling-Bennett (RRSB) (Rosin
and Rammler 1933), Eq. 5, normal, Eq. 6, lognormal, Eq. 7 (Yang et al. 2012) and
logistic, Eq. 8 (Weipeng et al. 2015), with modification of Su and Yu (2019).
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where f(x; xz, n) and f(x; u, o) are the density functions of the probability distribu-
tion, %; x is the particle size, mm; Ag, A,, A;, and Alg are the coefficients for curve
peaks in respective distributions, mm; x is the particle size for 63.2% of mass distri-
bution, mm; #n is the RRSB particle size distribution parameter (dimensionless); y is
the particle size arithmetic mean (index indicates distribution model), mm; o is the
standard deviation (index indicates distribution model), mm; indexes ,, ;, and ;, are
the indexes of normal, lognormal and logistic distribution models, respectively.

Selected models are widely used to describe particle size distributions of commi-
nuted materials (Su and Yu 2019), whose cumulative distributions have a sigmoidal
shape (Piatek et al. 2016). On the basis of the best-fitted RRSB density distribution
model, the particle size distribution parameters were calculated. Calculation formu-
las are shown in supplementary material (Table S1 of SI).

Packing properties test

In order to calculate parameters characterising packing indexes of wood shavings, aer-
ated bulk density and tapped bulk density were calculated. Raw shavings density was
tested in the cylinder with 154 mm diameter and 250 mm height, and the comminuted
shavings’ density was tested in the cylinder with size 53 mm and 160 mm, respectively,
taking into account the requirement of tenfold cylinder size in comparison to average
particle size. After putting shavings into cylinders, excess material was cutoff with a
sharp steel plate with caution to not densify loose particles. Cylinder with shavings
was weighted on an electronic scale (WPS 600/C, Radwag, Radom, Poland) with an
accuracy of 0.01 g, and aerated bulk density p, was calculated. Then, the cylinder with
the shavings was mounted on the vibrating separator LAB-11-200/IP with a tapping
frequency of 25 Hz and 2 mm vibration amplitude for 30 s tapping, with 750 stocks.
Tapping parameters were based on the preliminary results, as after this time no density
changes in the cylinder were observed. This criterion was used by Xu et al. (2018).
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After tapping, the distance between the upper edge of the cylinder and the surface of
material was measured using an electronic calliper with an accuracy of 0.01 mm. The
measurements were taken on nine points: four at regular distance on each of two per-
pendicular diameters and one on the axis of the cylinder, similar to research conducted
by Chevanan et al. (2010). The diameters of the circles were 82% and 58% of the cylin-
der diameter, dividing the surface into equal parts. The free volume above the shavings
surface was subtracted from the total volume of the cylinder and with known shavings
mass the tapped bulk density p, was calculated. Measurement was taken fivefold. Based
on these results, two important flowability parameters of wood shavings were calcu-
lated. One of them is a Hausner ratio (HR), which is the ratio of tapped bulk density to
aerated bulk density, calculated according to Eq. 9 (Xu et al. 2018).

Py
HR = —
Pa ©

where HR is the Hausner ratio (dimensionless); p, is the tapped bulk density, kg-m™;
p, is the aerated bulk density, kg-m™.
The second parameter is a Carr’s Compressibility Index (CI), which is the ratio of

difference between tapped bulk density and aerated bulk density to tapped bulk density,
Eq. 10.

Pt — Py
Py

Cr= (10)

Strength and flowability

The materials strength and flowability were determined using a direct shear tester with
a cylindrical cell with 60 mm internal diameter and 170 mm height. The tester was
designed and manufactured according to Eurocode 1 standard (Eurocode 1 2006). The
concept of this tester was based on Jenike apparatus and was improved using more
modern technological solutions. The tester was powered by an AG 5089 hydraulic
device (Fig. 3). Both devices were made by Rockfin Ltd., Nowy Tuchon, Poland. Tests
were conducted for normal pressures of 20, 30, 40, 50 and 60 kPa, taking into account
the mass of piston and analysed material bed above the shear plane, similar to Sta-
siak et al. (2015). Bed height after consolidation in each of the upper and lower cell
parts was 11.0+0.2 mm. The lower cell part was being pushed with servomotor with
0.048 mm-s~! speed, and shear force was measured using a CL 17 strain gauge trans-
ducer with a measuring range up to 100 kN. The horizontal displacement of the lower
cell part was measured with a laser distance gauge (LDS 100-500-S, Beta Sensorik).
Fivefold tests were conducted for each combination of parameters. The data acquisi-
tion and control system consisted of a personal computer that controlled input/output
(I/0) modules through a Hottinger Baldwin DMCplus (HBM, Darmstadt, Germany)
high-speed digital interface card. The measurement and control systems were driven by
CATMAN 2.1 software (HBM, Darmstadt, Germany), ensuring simultaneous acquisi-
tion of data and motion control at a sampling rate of 50 Hz.
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Fig.3 Test stand for direct shearing of comminuted material: 1-data acquisition system, 2-hydraulic
attachment to drive the screw mechanism moving the lower part of the shearing cell, 3—screw mecha-
nism driven by a hydraulic motor with a reductor, 4-laser distance gauge for lower part of shearing cell
displacement measurements, 5—strain gauge for measuring shear force, 6-movable, lower shear cell with
spacer discs to adjust the height of the material layer, 7-fixed, upper shear cell with a strain gauge, 8—pis-
ton with weights for material consolidation in the cell

With assumed normal stress values and experimental shear force—displacement
curves, tangential stress 7, Eq. 11, unconfined yield strength o,, Eq. 12, major consoli-
dating stress oy, Eq. 13 and flow index ff,, Eq. 14, were calculated (Littlefield et al.
2011).

7 = tan(p)o + ¢ (11)
2¢(1 + sin
5, = 2+ 5In9) (12)
cos@

) 2
A— \/Azsm - Tszspcos 17

(1 + sing) — —— (13)

c, =
! cos2p tang

f.=2
c= o (14)
where A = Ogp + c/tang, t is the shear stress, kPa; ¢ is the normal stress, kPa; ¢
is the angle of internal friction, °; c is the cohesion, kPa; o, is the unconfined yield
strength, kPa; o, is the major consolidating stress, kPa; ff. is the flow index and sub-
script ssp designates the value at the steady state point.
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Moreover, based on the experimental curves, the angle of internal friction was
calculated (Stasiak et al. 2019). To characterise the material flow, Jenike (1961)
proposed to use a major consolidating stress ¢, to unconfined yield strength o,
ratio, called the flow index ff,, a reciprocal of flow function FF. The flow index
allows to classify materials as non-flowing: ff, <1, very cohesive: 1<ff . <2,
cohesive: 2 < ff. <4, easy flowing: 4 < ff, < 10 and free flowing: ff.>10.

Angle of external friction shavings-chrome steel

The angle of external friction 6 for various forms of wood shavings on the chrome
steel plate surface, a material of which the agglomeration die was made, was deter-
mined by measuring the angle with an electronic protractor. The angle was deter-
mined as the minimal slope when particles of material started moving as the plate
slope increased. A material sample was evenly distributed over the plate surface,
while maintaining a layer thickness close to that of single particles. Measurements
were taken five times for each system.

Parameters selection

Parameters assessing physicomechanical properties of wood shavings were selected
by a feature correlation method to eliminate parameters whose values were strongly
correlated. The selection aimed to reduce the parameter number to the proposed
7+2 (Miller 1994), increasing information processing perception by humans.

The input to analysis was the correlation coefficient matrix R determined for the
analysed parameters, for which the inverse matrix R™! was created, R™! = R"/det(R),
where RT is the transposed matrix R, det(R) is a determinant of the matrix R (condi-
tion det(R)# 0 must be satisfied). For parameter strongly correlated with others, ele-
ments of R™! exceeded the value of 10. That meant wrong numerical determination
of the R matrix. The parameter was removed from the starting parameters set if the
diagonal value was > 10. Parameters were cyclically eliminated after one parameter
strongly correlated with others had been removed, the procedure was repeated. The
correctness of the obtained results was checked by calculating the identity matrix I,
I=RR".

Correlation coefficient matrices were calculated in Statistica v.13.3 software
(StatSoft Poland Ltd., Cracow). The determinant of matrix R (det(R)), inverse
matrices R™' and identity matrix I were calculated in Excel.

Statistical analysis

For the calculated parameters, characterising physicomechanical properties of shav-
ings, normality distributions were analysed using Kolmogorov—Smirnov (K-S) and
Lilliefors correction (K—S-L) and Shapiro—Wilk (S—W) tests. Homogeneity of vari-
ance for these parameters for different factors (wood species and shavings forms)
was tested with Levene and Brown—-Forsythe tests. According to K-S test results,
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H, hypothesis assuming normal distribution of these parameters (the p value was
greater than 0.20 for all cases) cannot be rejected. Based on the results of the Lev-
ene and Brown—Forsythe tests, it can be concluded that for most of the analysed
parameters there is no reason to reject the H,, hypothesis of homogeneity of variance
between the analysed factors.

The data were analysed for the influence of factors (wood species, form of shav-
ings (raw, milled, cut-milled)) on the physicomechanical properties of mixtures
(energy consumption parameters, particle size distribution parameters, flowability
and direct shear strength) with multivariate analysis of variance MANOVA with
Fisher-Snedecor (F) test. Statistical significance of differences between mean values
of parameters was checked by the Tukey’s test. Pearson correlation coefficient value
matrices were analysed and evaluated by synonyms for the descriptors (Hopkins
2000). The analysis was conducted at the significance level p=0.05. Cohesion and
angle of internal friction were determined with linear regression and parameters of
nonlinear models with nonlinear estimation procedure. Goodness of fit for models to
experimental data was evaluated with adjusted coefficient of determination, Radj2 (Su
and Yu 2019), which is a better criterion than coefficient of determination, Eq. 15.

(1-R*)(N-1)

WN-p-D
where ij2 is the adjusted coefficient of determination (expressed in %); R* is the
determination coefficient (dimensionless); N is the number of experimental data
points in a sample; p is the number of parameters in distribution density model.
Statistical analysis of research results was done in Statistica v.13.3 software (Stat-

Soft Poland Ltd., Cracow, Poland).

Ridj =1- (15)

Results and discussion
Comminution energy consumption of pine and poplar shavings

The starting physical parameters of raw pine and poplar shavings were similar as
their moistures were 7% (Table 1) and geometric means of particle size x, were
6.21 mm and 5.94 mm, respectively (Table S2 of SI). Comminution times of raw
shavings samples weighing 47-50 g were almost 4-times longer during milling than
cutting-milling and were 26.5-28.0 s and 6.9-7.9 s, respectively (Table 1).
Extending the milling process in comparison to cutting-milling substantially
reduced the load of the knife mill in the time domain (Fig. 4), and the effective
power requirement of the mill was almost 3-times lower during milling than cutting-
milling and amounted to 428—675 W and 1352-1660 W, respectively (Table 1). With
such reversed relations of effective power against comminution time, the energy
consumption of milling was 29% and 40% higher than those of cutting-milling for
pine and poplar shavings, respectively. The energy consumption for milling the pine
and poplar shavings was 234 and 417 kJ-kg™' (189 and 521 kWh-t™"), respectively,
and for cutting-milling 182 and 293 kJ-kg™' (23 and 33 kWh-t™!), respectively. In
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Table1 Average values and standard deviations of shavings moisture content, milling and cutting-
milling parameters of pine and poplar shavings and modified Gompertz model parameters and their fit
assessment

Parameter Milled shavings Cut-milled shavings
Pine Poplar Pine Poplar

Moisture content, MC, % 6.90* +0.12 7.02*+0.04 6.90+0.12 7.02¢+0.04
Sample mass, m,, g 48.3*+1.2 47.0°+2.8 50.1*+0.9 48.4%+2.1
Comminution time, ¢,,, s 26.5°+1.1 28.0°+1.1 6.9°+0.6 7.9°+0.3
Effective power, P,, W 428425 675°+36 1352°+99 1660° + 160
Energy consumption, Ej, kl-kg™' 234"+ 14 417935 1827+ 18 293°+25
Maximum mass, m,,, g 493+1.8 50.6+3.7 48.8+0.7 47.6+2.3
Mass flow rate, g, g-s™! 4.45+0.47 2.88+0.17 28.77+2.39 31.99+1.64
Lag feed, 4, s 6.89+0.86 3.85+£1.86 0.95+0.27 0.53+0.27
Coefficient of determination, R?, % 99.90+0.06 99.84+0.07 99.53+0.16 99.39+0.58
Global error, dg, % 1.83+0.65 2.06+0.58 3.35+0.91 2.22+0.62

*In each row, differences between values with the same letter are statistically insignificant at p <0.05

Fig.4 Mass distribution of 4.5

: . . t-milled shavi
milled and cut-milled pine and 4.0 cyrmiied shavings PIM
poplar shavings during the 35 l.":' - POM
comminution of raw material; IR - gi)ccl\f\/l
PIM-milled pine shavings, 3.0
POM-milled poplar shavings, oo 251 ,':Il
PICM—cut-milled pine shav- g 20 i
ings, POM—cut-milled poplar Ls l."l' 'E'| illed shavi
shavings Sy milled shavings
10§14
05 inding, .
0.0 = e
0 15 20 25 30

comparative pine wood comminution studies, the energy consumption of the ham-
mer mill is twice as high as that of the knife mill (Jewiarz et al. 2020) although abso-
lute values are significantly lowered and probably false.

Under optimal working conditions of hammer mills, the energy consumption of
milling pine wood to particle size of ds,=0.5 mm was 170 kWh-t™' and for poplar
130 kWh-t™! (Esteban and Carrasco 2006), therefore it was a reverse relation to the
present results. This was due to almost twice the moisture contents of these materi-
als (14.25% and 11.89%, respectively) and the inverse relationship of moisture to our
shavings. As mentioned, the energy consumption of milling depends on many fac-
tors, including the degree of particle size reduction. Hammer grinding of pine par-
ticles from 3.59 mm to 2.19 mm consumed 15.9 kJ-kg™! energy (Naimi et al. 2016).
Other studies indicate that the energy consumption of milling loblolly pine shavings
with 4.7% moisture on 1.20 mm and 3.18 mm sieve size was 125 and 82 kJ-kg™!,
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respectively (Hehar 2013). For comparison, a typical milling energy consumption of
hard coal is 7-36 kWh-t™".

Cutting-milling was more energy efficient, when sharp cutting edges of the knife
were cutting shavings and subsequently cut-off particles were mashed through a
sieve, than milling, when shavings were probably crushed, torn, bent, sheared and
twisted by the beats of the knife plates and later mashed through a sieve (Miu et al.
2006). These complex processes were probably dependent on instantaneous posi-
tion of the particles in relation to the knife, as well as the sieve and the counter-cut-
ting edge, which also participated in comminution. The longer milling time allows
the conclusion that the raw shavings were repeatedly rotated before fragmentation
into particles with sizes that allowed them to pass through the sieve of the knife
mill. Comminution of poplar shavings was more energy-consuming than pine shav-
ings and was 78% and 61% greater during milling and cutting-milling, respectively.
In comparison to pine shavings, longer milling time of poplar shavings and higher
energy consumption during comminution were caused by lower strength param-
eters of poplar wood than pine wood. Energy consumption and particle size can be
different for the same material with different moisture content, because the strength
properties of wood depend on the moisture content, and what is important not
always linearly dependent (Gerhards 1982). Poplar wood vs. pine wood at 16.1%
and 13.5% moisture, respectively, has a hardness of 27 MPa and 29 MPa, compres-
sion strength perpendicular to grain of 1.9 MPa and 2.2 MPa, compression strength
parallel to the grain of 18.2 MPa and 26.9 MPa, bending strength in the direction
perpendicular to the grain of 40.2 MPa and 56.8 MPa, bending strength in the
direction parallel to the grain of 2.2 MPa and 2.8 MPa, and modulus of elasticity
of 5 860 MPa and 12 750 MPa, respectively (Aydin et al. 2007). This variability in
the strength properties of wood significantly affected the variability in energy con-
sumption in the comminution process. Under the pressure of the milling elements,
the more plastic poplar vs. pine wood was crushed and macerated to a greater
extent, without splitting it into smaller particles. The harder pine cracked and crum-
bled more than poplar wood. These crushed and squeezed particles required more
force cycles than the milling elements in order to achieve the size that allowed the
particles to pass through the sieve. The consequence of the particles flattening was
a longer size of the milled poplar vs. pine shavings. A bigger particle size of milled
poplar vs. pine shavings was a result of particles squeezing. The explanation of this
process has not been presented in the available literature so far.

Although, the pressure on the feed piston was the same, the maximum mass flow
rate g,, was 6-11 times greater during cutting-milling than cutting. The maximum
mass flow rate g,, was determined on the basis of the modified Gompertz model,
which approximated the cumulative mass flow rate very well; R*=99.39-99.90%
and a global error of fit was 1.83-3.35% (Table 1). The results of the analysis
showed that a more powerful electric motor is required during cutting-milling than
during milling. However, the energy consumption during cutting-milling is lower
and more favourable and more plastic poplar shavings are more difficult to commi-
nute than harder pine shavings.
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PSD of milled and cut-milled pine and poplar shavings

PSD of raw pine and poplar shavings was bimodal and unimodal, respectively
(Fig. S5 of SI).

In the bimodal PSD of raw pine shavings, there was a large share (29.5%) of fine
particles with a size of 3.04 mm and large particles of 12.71 mm (37.0% share).
These shares exceeded the share (26.9%) for geometric mean of particle size value
of 6.21 mm. The bimodal distribution could result from the wood cutting pro-
cess involving the cutting of large shavings 30-100 mm length, 20-25 mm width,
4-6 mm thickness, a varied pine wood structure or a variable tearing mechanism of
solid pine wood with clear heartwood is visible harder than sapwood. In raw pop-
lar shavings the PSD share of particles around maximum value was more aligned,
which resulted from the less differentiated hardwood and sapwood compared to pine
wood. Since the bimodality was not very high, the PSD was analysed as stochastic
homogenous distribution (Rasteiro et al. 2008).

The PSDs differed according to the species of wood and the method of commi-
nution by milling and cutting-milling during energetic conversion of raw shavings.
Milled pine shavings PSD had a lower geometric mean of particle size x, (0.60 mm)
than poplar shavings (0.62 mm) and similarly the dimensionless standard deviation,
§, (2.06 and 2, 10, respectively) and standard deviation s,,, (2.29 mm and 2.49 mm,
respectively). Different PSDs were obtained after cutting-milling, as x, for pine
shavings was 0.51 mm, and for poplar shavings was 0.45 mm, respectively; however,
s, was 1.89 and 2.03, and s, was 1.63 mm and 1.70 mm, respectively. It was prob-
ably a result of the domination of cutting and tearing instead of cutting by knives,
where clearance of knife to counter-cutting edge was 15 mm and harder pine wood
was crumbling into relatively larger particles than plastic poplar wood.

Among the four models, the RRSB was the best fit to the PSD as adjusted coeffi-
cient of determination Radj2 was the highest and amounted to 81.19-98.66%, average
94.37% (Table 2). In the matched ranking, the next places were taken by the follow-
ing models: normal (on average Radj2=93.03%), logistic (90.70%) and lognormal
(88.41%).

The characteristics of particle sizes determined in models were oversized in rela-
tion to the geometric mean of particle size X, which is determined at 50% of mass
distribution. According to the theory by Rosin and Rammler (1933), the x; param-
eter is determined particle size for 63.2% of cumulative mass distribution undersize,
and, g, s 4, are the particle size arithmetic means in logistic, lognormal and nor-
mal models, respectively, which by definition are greater values than the geometric
mean. The PSD of raw shavings was relatively flatter than the PSD of milled and
cut-milled shavings, because n values in RRSB model were 1.88-1.94, 3.00-2.55
and 2.53-2.75, respectively. Larger standard deviations of the particle size in models
represent wider PSD and for raw and milled shavings, they were proportional to the
standard geometric dimensional deviations s,,,. Comparing the PSD characteristics
of shavings, it can be stated that cutting-milling caused more even PSD than mill-
ing. During the cutting-milling process, raw shavings were cut and smaller particles
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Table 2 Fitting of the coefficients of the RRSB, normal, lognormal and logistic models of PSD densities

for pine and poplar shavings, raw, milled, cut-milled and goodness of fit evaluation with Radj2

Model Parameters Raw shavings Milled shavings Cut-milled shav-
ings
Pine Poplar Pine Poplar Pine Poplar
RRSB Ag, mm 5.46 4.95 0.23 0.26 0.21 0.18
Xg, Mm 12.39 10.24 0.98 1.12 0.86 0.76
n 1.88 1.94 3.00 2.55 2.53 275
Radjz, % 81.19 93.56 97.79 98.66 96.65 98.39
Normal A,, mm 5.60 491 0.23 0.25 0.21 0.18
M, mm 9.96 8.16 0.86 0.95 0.74 0.66
0,, mm 5.95 4.72 0.33 0.41 0.33 0.27
Radjz, % 82.03 85.01 98.35 98.57 95.26 98.94
Lognormal Aj,, mm 6.57 5.56 0.25 0.29 0.23 0.20
g, MM 12.34 9.20 0.92 1.07 0.81 0.72
0}, MM 2.43 2.11 1.54 1.73 1.78 1.64
Radjz, % 70.33 93.46 93.74 91.17 89.85 91.93
Logistic Ay, mm 3.85 3.47 0.15 0.17 0.14 0.12
Hig» MM 10.08 8.23 0.85 0.95 0.75 0.66
0, MM 4.94 4.17 0.25 0.33 0.27 0.22
Radjz, % 78.71 81.58 98.81 96.24 90.96 97.91

Alg, A, A, A, coefficients for curve peaks in logistic, lognormal, normal and RRSB, respectively; xp,
particle size for 63.2% of mass distribution, RRSB parameter; n, RRSB particle size distribution param-
eter; G, G, G, particle size standard deviation in logistic, lognormal and normal model, respectively;
Hig> Hin» My Particle size arithmetic mean in logistic, lognormal and normal model, respectively; Radjz,
adjusted coefficient of determination

were impacted, abraded, and pressed against the sieve for further reduction in parti-
cle sizes.

Detailed distribution parameters were calculated on the basis of the best-fit
RRSB to PSD model (Table S2 of SI). 24 parameters in a feature correlation pro-
cedure were removed because they had very high positive values of Pearson cor-
relation coefficients, r=0.728-0.999. Five parameters were left after this elimi-
nation: geometric mean of particle size x,, standard deviation, dimensionless s,,
uniformity index /,, coefficient of gradation C, and graphic kurtosis K,. The first
two parameters; x, and sjare described above. The best uniformity of the par-
ticle sizes was characteristic for cut-milled pine shavings, I,=11.57%, in con-
trast to the lowest value of 1,=8.00% for poplar shavings. More uniform were
poplar than pine shavings after milling with I, of 9.75% and 8.61%, respectively.
Raw shavings were more diversified in case of uniformity as the I, was 9.41%
and 6.65% for pine and poplar, respectively. A reversed correlation characterised
the coefficient of gradation Cg, which was within the narrow range of 1.17-1.22
for all mixtures and it indicated that PSD was well-graded, as it was within the
range of 1-3 (Budhu 2007). The inverse relations of /, to C, are logical as PSD
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of good particle size uniformity had large proportions of particles with sizes adja-
cent to the mode value (Figs. S5b, d, e of SI). For milled and cut-milled shavings,
the proportion of particles around the mode value ranged from 73-79%, and for
raw shavings it was even higher and amounted to 93-97%. Particle size grada-
tion sequence could not be expected with such aligned particles, around mode
value. The more uniform PSD, the less leptokurtic the distribution with lower
graphic kurtosis K,. The PSD of cut-milled pine shavings was the least leptokur-
tic, K,=0.97. Since the K, values were in the very narrow range of 0.97-1.00, all
PSDs can be classified as “mesokurtic” (0.90<K,<1.11) (Blott and Pye 2011).
Moreover, the inclusive graphic skewness was 0.20-0.30, and the lowest was for
cut-milled pine shavings PSD (S;,=0.20) and for all PSDs was within the range
of 0.20-0.30, so all PSDs can be classified as ,,fine skewed” (4 0.1 gSig < +0.3).

Packing properties and shear test

Raw shavings, with significantly larger particles than comminuted shavings, were
characterised by a lower compressibility (HR=1.15-1.17 and HR=1.38-1.57,
respectively, and CI=0.14 and CI=0.27-0.36, respectively), lower flowabil-
ity (ff,=4.29-4.45 and ff.=4.29-15.22, respectively) and greater cohesion
(c=8.5-11.0 and ¢=2.3-8.7, respectively), and met the practical requirements:
HR < 1.25 and CI=0.05-0.15 (Table 3) (Stasiak et al. 2015).

Raw shaving can be classified between cohesive and easy flowing materials.
In relation to the raw shavings, both packing indexes HR and CI increased with
decreasing particle size of shavings, which was reflected in negative Pearson cor-
relation coefficients, —0.8875 and —0.9188, respectively (very high and almost
full correlation, respectively). Cut-milled shavings with particles smaller than the
particles of milled shavings had a higher tapped bulk density (by 14%) and aer-
ated bulk density (by 24%), but the ratios of these densities, HR were opposite
and amounted to 1.52 and 1.39, respectively. In comparison to the larger milled
particles, the voids formed between smaller cut-milled particles were more easily
filled by fine particles, whose share in the mixture was high.

Tapping caused easier dislocation, collapsing and consolidation in case of
smaller cut-milled particles vs. larger ones, increasing the density. The finer cut-
milled particles were more spherical than elongated particles left after milling
and therefore, HR was lower, confirming Hausner’s observations (Beaunac et al.
2022). Cut-milled poplar shavings had higher packing and flowability than cut-
milled pine shavings, because poplar shavings were smaller and, as mentioned,
were more plastic than pine shavings. Larger differences in the flowability prop-
erties were found for cut-milled shavings than for milled ones, as the cohesions
were 2.3 and 3.9 and 8.3 and 8.7, respectively and it was caused by differences
in particle sizes. As x, dimensions decreased, the ff, increased (negative correla-
tion, r=-0.410) and ¢ decreased (positive correlation, r=0.438), which indicates
that cohesion of finer cut-milled shavings decreased and their flow became better.
Similar results were found by Xu et al. (2018) in case of coal and glass powders.
The ff, and ¢ were strongly influenced by preconsolidation stress, o, which caused
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Table 3 Average values and standard deviations of mechanical parameters of raw, milled and cut-milled
pine and poplar shavings

Parameter Raw shavings Milled shavings Cut-milled shavings

Pine Poplar Pine Poplar Pine Poplar
P kgm™  116% 14 120°+ 1 2006 +2 155°+4 2299+ 1 213°+1
ppkgm™  135°+4 139°+2 294°+5 243%+5 3159+4 297°+5
HR 1.17°4£0.04 1.15°+0.01 147°£0.04 15794003 1.38°+0.01  1.39°+0.02
CI 0.14°+0.03 0.14°+0.01  0.32°+0.02 0.36Y+0.01 0.27°+0.01  0.28°+0.01
7, kPa 38.00+2.6 27.7°+0.7  354%+32  31.8°+08  26.8°+0.3 19.82+0.2
¢, kPa 11.0°+5.7  85%+24  87%+55  83®+18 39°x1.7 2.3*+0.7
R % 98.61 99.02 98.71 99.85 99.83 99.99
o, kPa 140°+19 109 +6 134427 119413 120™°+5 9842
o,, kPa 40.09+18.1 268%™ +6.1 30.1%+149 288*+49 134®+55 7.1242.0
ff, 44524295 429°+1.14 6.15°+4.40 429°+1.15 10.92°+6.42 1522°+6.11
@, ° 40.09+1.7 3152409 37.9%+47 350*+17 324406 25.32+0.2
®,° 239°42.6  17.8°+1.6 23.0°+6.1 21.0°°+1.6 21.0™+12  16.2°+05
P © 33.8°+42  25.6%+2.7 33.1™+84 304422 29.7%+17  23.7°+0.6
5, ° 151°+0.7  19.1°+0.8  29.7°+1.0  28.1°+0.5  34.7°+0.7 3220+ 1.4

*In each row, differences between values with the same letter are statistically insignificant at p <0.05

P aerated bulk density; p,, tapped bulk density; HR, Hausner ratio; CI, Carr’s Compressibility Index;
7, shear stress; ¢, cohesion; Rz, coefficient of determination; o;, major consolidating stress; o,, uncon-
fined yield strength; ff., flow index; ¢,, effective angle of internal friction; ¢, angle of internal friction
for determined flowability; ¢;,, linearized angle of internal friction; &, angle of external friction wood
shavings-chrome steel

shavings rearrangement creating tight, packed beds, which resulted in an increase
in shear stress 7 (Fig. S6 of SI). The highest 7 vs. ¢ characterised the raw pine
shavings and higher 7 values and bigger dynamic of changes were in the case
of pine shavings rather than poplar ones (Fig. 5), and the evidence for that is
@yin values (Table 3). Together with the decrease in particle size of comminuted
shavings, v decreased (positive correlation, r=0.363). The highest consolidat-
ing stress o, and unconfined yield strength o, were greater in case of pine shav-
ings than poplar shavings and decreased with x,; however, positive correlation
r=0.461 was noticed only between o, and x,. The finer the shavings, the lower
the unconfined yield strength.

The angles of internal friction ¢,, . and ¢;, were greater in case of pine shav-
ings than poplar shavings and were characterised by high correlation coefficients
values between them, r=0.873-0.983. These friction angles tended to decrease
with particle size decrease (Table 3), but no correlation was noticed between these
parameters. The angles of internal friction ¢,, ¢ and ¢;;, very highly correlated with
7 (r=0.720-0.958) and with ¢, (r=0.881-0.952). The results of internal friction
angles were generally consistent with the results presented by Miccio et al. (2011)
for woody biomass and by Stasiak et al. 2015) for sawdust and wood shavings.

On the other hand, the external friction angle 6 was negatively correlated with
X, (r=—-0.945, almost full correlation) and with effective angle of internal friction
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Fig.5 Shear stress (7) related to the consolidating stress (o) for pine and poplar shavings; raw, milled and
cut-milled; PIR-raw pine shavings, PIM-milled pine shavings, PICM—cut-milled pine shavings, POR-
raw poplar shavings, POM-milled poplar shavings, POCM-cut-milled poplar shavings

@,, r=—0.435. The shavings with larger particles and complex shape had a smaller
actual contact surface area with chrome steel surface and probably touched the
peaks of roughness, while the finer shavings were able to contact on a relatively
larger surface, which increased adhesion and external friction 6. Comminuted bio-
mass with larger particles and irregular shapes had worse flowability characteristics,
because it had tendency to create bridges and get stuck with protrusions (Mattsson
and Kofman 2003). The tendency to creating bridges depends on the share of long
and hook-shaped particles (Stasiak et al. 2015). Raw shavings were characterised by
such features, but after comminution processes the shavings were uniform and had
regular shapes, without hooks and therefore, their flowability increased.

Microscopic analysis of particles is needed for a better explanation of the con-
nection between shapes and sizes of particles with mechanical properties of wood
shavings.

Conclusion

The energy consumption during comminution of raw pine and poplar shavings was
determined. PSD characteristics of raw and comminuted shavings, their mathemati-
cal models and the influence of particle size on the mechanical properties of wood
shavings were determined. Estimated parameters are important in the design and
operation of technological machines. The energy consumption (in kJ-kg™!) of cut-
ting-milling was lower than milling and amounted to 182 kJ-kg™' and 234 kJ-kg™",
respectively, and 293 kJ-kg~'and 417 kJ-kg™!, respectively, but because the ratio
of maximum mass flow rate was a few times higher for this process, cutting-mill-
ing requires a much more powerful electric motor. Plastic poplar shavings were
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more difficult to comminute than hard pine shavings. Wood species and commi-
nution mode influenced the PSD. In the milling process, the harder pine shavings
were ground into smaller particles easier than plastic poplar shavings, which were
crushed. In the cutting-milling process, pine shavings split into relatively larger par-
ticles vs. plastic poplar shavings, which were easier to cut. The PSD was approxi-
mated with four mathematical models, which were ranked by goodness of fit based
on Radj2 evaluation, and the ranking was: RRSB (94%), normal (93%), logistic (91%)
and lognormal (88%). On the basis of the best-fitted RRSB model, detailed PSD
parameters were determined and all PSDs were defined as ,,mesokurtic”, ,.fine
skewed” and ,,well-graded”. Raw shavings, with larger particle sizes than com-
minuted ones, were characterised by lower compressibility (21%) and flowability
(55%). In comparison to the milled shavings, cut-milled shavings had a higher den-
sity (24%), but were less compressible (9%) and had lower unconfined yield strength
(65%). However, they had higher flowability (150%) because of lower cohesion
(63%) and angles of internal friction (18%), because after cutting-milling, the parti-
cles were more spherical than elongated particles after milling. Poplar shavings had
more favourable mechanical parameters but required more energy for comminution
than pine shavings. In conclusion, it can be suggested to improve a more favourable
cutting-milling process than just milling of raw pine and poplar shavings by keeping
them moister (about 15%), because such shavings are easier to cut. It is also reason-
able to use higher mass flow rates, as a result of which a lower specific energy of
comminution will be achieved.
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