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Abstract: The effectiveness and precision of transporting wood chips on the transport trailer or hopper
depends on an inclination angle, a conveyor belt speed, and length. In order to devise a methodology
aiding designing and the selection of technical and performance parameters (aiding the settings of
conveyor belt sub-assemblies), the authors carried out the simulation tests concerning wood chips
transport on the belt conveyor and their outlet. For the purposes of these tests, a simulation model
was performed in the Rocky DEM (discrete element method) software in the numerical analysis
environment and compared to analytical tests. The tested wood chips were taken from cherry plum
branches chipping processes (Prunus cerasifera Ehrh. Beitr. Naturk. 4:17. 1789 (Gartenkalender
4:189-204. 1784)), out of which seven basic fractions were separated, which differed mainly in terms of
their diameter from 5 mm to 50 mm and the length of 150 mm. The article presents the results of wood
chips ejection distance in the form of the 3D functions of wood chips ejection distance depending
on the conveyor belt inclination angle and belt speed. The results are presented for five conveyor
belt lengths (1 m, 2 m, 3 m, 4 m, 5 m). The tests also involved the conveyor belt inclination angle in
the range from 10◦ to 50◦ and the belt velocity in the range from 1 m/s2 to 5 m/s2. The numerical
test results demonstrate higher average values of wood chips ejection distance than designated in
the analytical model. The average arithmetical difference in the results between the numerical and
analytical model is at the level of 13%.
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1. Introduction

Wood chippers have various cutting mechanisms. The basic ones include: a cylindrical chipper [1],
a drum chipper [2], a disc chipper [3], a hammer chipper [4], or a spiral chipper [5]. Chippers for the
industrial production of biomass, with high capacity (indicated in scientific publications on the power
range from 130 kW to 900 kW [6]), have the wood chips outlet system based on the forced motion
of the cutting mechanism [2,3,7–11]. Chippers used on urban areas for tree care in parks, gardens,
and by-road surfaces are low power machines (Figure 1). The main task of their drives is supplying the
cutting mechanism with power; whereas wood chips transport is aided by the conveyor belt system
(Figure 2). The popular designs of low power chippers (in Europe, due to regulations on exhaust
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fumes emission, they are equipped with combustion engines with positive ignition with the maximum
capacity of 19 kW [12,13]), which is presented in Figure 1, where two out of four designs require
the conveyor belt system for loading wood chips. Transport assistance systems are requirements
in a flail chipper (Figure 1c) and a cylindrical chipper (Figures 1d and 2), whereas a drum chipper
(Figure 1b) and a disc chipper (Figure 1a) do not need any wood chips transport assistance mechanisms.
Conveyor belts for wood chips transport used with a wood chipper have an option of adjusting the
conveyor belt inclination angle and the belt travel velocity. Furthermore, at the purchase stage, it is
possible to select the conveyor belt length. All these parameters are to enable the effective and precise
transport of wood chips to the designated place, e.g., to a transport trailer or hopper transported
by forklifts. However, the authors notice the lack of tools aiding the selection of such parameters,
enabling the precise positioning and selection of drive and conveyor belt settings. This problem is
observed at the production stage and during operation.

Figure 1. Low power wood chipper: (a) disc chipper, (b) drum chipper, (c) flail chipper,
(d) cylindrical chipper.

Figure 2. Cylindrical wood chipper with the conveyor belt system, where: 1—cutting mechanism,
2—driving unit, 3—inlet channel, 4—outlet channel, 5—conveyor belt, 6—conveyor belt position
adjustment system.

There are the experimental and simulation tests available in the literature which concern processes
using wood chips. They refer primarily to the tests on the raw material as an energy product at the
various stages of processing and in various applications. The experimental tests analyze the impact of
chips origin due to the calorific value and exhaust fumes emission, e.g., on account of tree species [14],
mixture proportions [15], an acquiring method [14,16], a drying method [17], and pollution in the
event of wood chips from recycling [18]. There are also the descriptions of the methods of processing
wood chips to fuels in the form of ethanol fuel [19] or concentrated pellet [20]. The main group
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of articles concerning wood chips transport is constituted by studies focused on the description of
the delivery chain impact [21,22]. The analysis involves the aspects of transport monitoring [23],
delivery costs [24,25], transport means selection (car [26], railway [26], pipeline [27], and maritime [28]).
This topic is exceptionally important because as Gałęzia et al. indicates, in 2013, the transport of raw
material to the power plant constituted a main cost [29]. The authors notice the lack of simulation tests
and experimental tests concerning wood chips transport on conveyor belts, which may aid designing
and the selection of conveyor belts for wood chippers.

Among simulation tests related with wood chips, there are process simulations which concern
their production, e.g., fragmentation [30], modeling and particle measurement [31]. Another group
refers to describing simulations; these are simulations describing wood chip processing, e.g., during
compaction [32,33] or combustion [34,35]. Simulation tests also apply to indirect processes connected
with wood chips storage [36] and drying [37]. Among the simulation tests conducted on wood chips
transport (not referring to the delivery chain analysis), as one of few, Otto et al. tests from 2019 may
be mentioned, which describe wood chips transport with the use of extractors. The tests described
contributed to the improvement in the wood chips conveyance effectiveness during loading and
unloading processes through the optimization of extractors design to the specification of the material
being conveyed [38].

Literature studies indicate that modeling processes using conveyor belts are recognized
considerably. The first group of research papers refers to conveyor belt modeling and the material being
conveyed, whereas the other one focuses on the trajectory of the material outlet from the conveyor belt.
The first group involves works on the measurement and imitation of many phenomena affecting the
conveyor belt, e.g., impacts on the transport belt during loading [39–41], the mass continuous load on
the transport belt [42], the influence of contact forces in the pipe conveyor belt [43,44]. Other simulation
tests referred to material transported on the conveyor belt, e.g., in places causing the compaction of the
mass being transported [45], the distribution of loose materials on the conveyor belt [46], the design
of a feeding channel over the conveyor belt for uniform feeding [47,48]. The other main group of
tests connected with transport on conveyor belts refers to the material outlet from the conveyor belt.
The said studies determined the specifications and trajectories of materials going out from the conveyor
belt [49] and compared actual and simulation curves [46,50,51]. Such tests are conducted in order
to improve unloading effectiveness [52] and the assessment of the wear and tear condition of the
transport system [53]. The tests on the trajectory of material going out from the conveyor belt are
conducted mainly for loose materials or granulates, whereas there are no tests carried out for wood
chips. The simulation tests of wood chips going out from the conveyor belt may aid designing and the
selection of conveyor belts for various applications, but they also may support works connected with
sorting the material being fragmented.

Wood chips going out from the conveyor belt have a different size (Figure 3a). The varied size
of wood chips is characteristic for, inter alia, a varied weight. Since wood chips going out from the
conveyor belt, due to their weight, may, in theory, be ejected at different distances, a conveyor belt
outlet may be regarded as a segregation method. After the branches fragmentation by means of a
cylindrical chipper, larger branch pieces could be a new product on the market, which would be
competitive towards materials used for household fireplaces (Figure 3b,c). Separating thin branches,
leaves, and tiny chips allows for sorting a material with more advantageous energy properties [54].
The authors recognized the subject of the segregation simulation of materials with non-spherical
particles [55], with a few ingredients [56] or materials with varied geometry [57], and these tests were
characteristic for the use of a rotational drum [58]. In other numerical tests, an optical conveyor belt
was used, which is technically more advanced and which requires compressed air [59]. On the basis
of the literature study conducted, the authors of this paper noticed the lack of tests concerning the
segregation of fragmented materials with the use of a conveyor belt outlet.
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Figure 3. Chipped wood from a cylindrical chipper: (a) mixed, (b) as a commercial product, (c) separated
large sizes of wood chips.

The summary of the literature review shows that the research on the transport of fragmented
materials concerns mainly loose materials or granules. There are no analyzes of the transport of
cylindrical chips. The analysis of the transport of wood chips concerns mainly the supply chain of energy
material for power plants. The authors noticed the use of discrete element method (DEM) simulation
methods only in the work related to the transport of wood chips using extractors. The authors decided
to use DEM modeling to analyze the selection of the conveyor belt and its settings during the transport
of wood chips and compare them with the analytical model of chip ejection. An advantage of the FEM
(Finite Element Method) model is that it takes into account a greater number of variables influencing
chip ejection, including material collisions. In addition, the FEM analysis enables the observation of
the movement of the chips on the conveyor belt and allows to determine the settings, e.g., belt speed or
the inclination angle of the conveyor belt, which will prevent the ejection of the chips due to their back
rotation or uncontrolled rebound.

The paper presents the analytical and numerical modeling of wood chips going out from the
conveyor belt in the Rocky DEM (discrete element method) software. The selected numerical method
is applied for calculating the physical properties of a large number of objects in free movement,
e.g., for transporting loose materials, granulates or grains, the particles of any geometry. The discrete
element method (DEM) used by Rocky DEM software was proposed by Cundall and Strack [60],
which based on Newton’s second law and a proper contact model enables the numerical calculations of
single particles motion. In order to designate design and performance guidelines for the advantageous
loading of hoppers working with low power chippers, the impact of the conveyor belt inclination
angle was tested, along with conveyor belt movement speed and conveyor belt length on the motion
trajectory of wood chips from the cylindrical chipper fragmenting branches. In addition, the possibility
of segregating wood chips was analyzed in terms of their weight when going out from the conveyor
belt. The model devised and the results obtained will be used in designing effective transport systems
and selecting technical and operating parameters (inclination angle, belt velocity and conveyor belt
length depending on the hopper, i.e., its volume, loading capacity, length, width, and the height of a
loading edge).

2. Materials and Methods

The tests included a simulation imitating the conveyor belt adjusted to work with a low power
wood chipper (Figure 1); in other words, the conveyor belt was imitated. The conveyor belt width
was 400 mm and beams were distributed at the intervals of 300 mm. In order to imitate wood chips
transport in real conditions, the transport of wood chips was performed to a hopper with the following
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dimensions: length 4010 mm, width 2010 mm, and height 500 mm. It was assumed that the hopper
base is located at the ground level (Figure 4). Nevertheless, analytical the equations in (1) presented
in the paper enable the analysis of loading the hopper at different heights. The parameters changed
during the test was conveyor belt length in the range from 1 m to 5 m—with a stroke change every 1 m,
an inclination angle in relation to the ground from 10◦ to 50◦—with a change every 10◦ and conveyor
belt velocity from 1 m/s to 5 m/s—with a stroke change every 1 m/s (Figure 5).

Figure 4. Simulation model, where: 1—simulator of wood chips outlet from chipper, 2—conveyor
belt, 3—hopper.

Figure 5. The geometry and distribution of the system being tested, where: 1—conveyor belt, 2—hopper;
P1-P5—the initial position of the conveyor belt depending on the length.

The material transported imitated wood chips from the processes of fragmentation by means of
a cylindrical chipper (Figure 3). These were wood chips from cherry plum (Prunus cerasifera Ehrh.
Beitr. Naturk. 4:17. 1789 (Gartenkalender 4:189-204. 1784)), out of which seven basic fractions were
separated with the length of 150 mm, which differed mainly in terms of their diameter from 5 mm
to 50 mm. The geometry and dimensions of the wood chips being tested are presented in Figure 6,
based on the tests on sample mass with specified geometry, average material density was determined,
and it was accepted in the model as 750 kg/m3.
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Figure 6. The geometry and dimensions of the material being transported.

The simulation tests were carried out in Rocky DEM software, enabling the performance of a
numerical analysis by means of a discrete element method (DEM). In the present case, the Lagrange
model was used in the DEM method, which consists in tracking particles (wood chips) along the
coordinates. Generally, it is a meshless method because the volume is not reticulated, while, for the
purposes of these studies, the individual particles marked in Figure 6 were divided into surfaces.
The detailed amount of surface area (Faces) for each individual particle (A, B, C, D, E, F, G) is summarized
in Table 2 in the third column. The simulation starts with placing objects in specific locations and
applying initial velocity. The total simulation time was divided into a high number of time intervals,
and then, for each single interval, calculations were conducted on each object. Such calculations
for a single interval have the following procedure: searching for possible collisions for each object;
calculating physical properties for each object; and calculating object dislocation based on the physical
properties of objects.

The boundary conditions for the tested model are presented in Table 1, which characterizes the
properties of the transported material A—Wood chips (Particles), B—conveyor belt (Belt), and C—belt
conveyor frame (Boundary). For the purposes of numerical research, four properties of particles
and material were introduced: 1—density, 2—bulk density, 3—young’s modulus, and 4—Poisson’s
ratio. It is constituted by static and dynamic friction and restitution coefficient for the correlation
rubber–wood and rubber–steel [61,62] (Figure 7). During 10 seconds’ simulation, mixed wood chips
were supplied randomly to the conveyor belt in the quantities specified according to Table 2.

Table 1. The boundary conditions for the tested model: A—Wood chips (particles), B—conveyor belt
(Belt), and C—belt conveyor frame (Boundary).

Lp. The Name of the
Material Property Units

A-Particles B-Belt C-Boundary

Wood Chips Conveyor Belt Conveyor Belt Frame

1. Density kg/m3 750.00 1100.00 7850.00
2. Bulk Density kg/m3 450.00 660.00 4710.00
3. Young’s Modulus GPa 0.90 0.10 210.00
4. Poisson’s ratio [–] 0.45 0.50 0.30
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Figure 7. The values coefficient of friction and restitution for correlation: (a) rubber–wood,
(b) rubber–steel.

Table 2. Quantity of wood chips used in the simulation.

Type of Wood Chips
according to Figure 6 Quantity of Wood Chips Surface Area (Faces) for One

Particle (Wood Chips)

A 29 116
B 15 148
C 13 156
D 7 276
E 12 276
F 20 276
G 14 276

Total 110 1524

The simulation test was repeated in three trials for the selected experiment conditions. The test
results are distance intervals in which wood chip samples fell down and average values determined
from these intervals.

The analytical calculations defining the wood chips motion distance include a projectile Equation
(1). This is appropriate for the assumptions made that a wood chip is ejected from the conveyor belt
with constant velocity v and under constant angle α. In the models under tests, a wood chip outlet
point is conveyor belt end yo determining the conveyor belt distance from the ground. This equation
may be used for determining the wood chip distance of going to the ground and on the surfaces above
the ground simulating, e.g., the hopper edges.

y(x) = yo + x· tanα− x2
·

g
2·vo2·cos2α

, (1)

where: y(x)—wood chipper ejection trajectory (m), yo—distance of the conveyor belt end from the
ground (hopper bottom) (m), x—temporary position of the wood chip in relation to the ground (m),
α—conveyor belt inclination angle (◦), g—force of gravity (m/s2), and yo—wood chip ejection velocity
(m/s).

3. Results and Discussion

The analytical test results are presented in Table 2 with consideration of conveyor belt length
(1m, 2 m, 3 m, 4 m, 5 m), conveyor belt inclination angle (10◦, 20◦, 30◦, 40◦, 50◦), and belt velocity (1 m/s,
2 m/s, 3 m/s, 4 m/s, 5 m/s). The analytical model does not provide for the aerodynamic resistance of
wood chips; therefore, with such an assumption, each type of wood chips was ejected at the same
distance. For the needs of comparing the results of analytical and numerical (simulation) tests from
CAD (Computer Aided Design) 3D model of the stand, the conveyor belt end height was determined
from the hopper bottom for all five lengths and the inclination angle of the conveyor belt (Table 3).
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In order to preserve the complete comparability of the analytical and numerical (simulation)test results,
the conveyor belt end height was identical.

Table 3. The wood chips ejection distance was determined based on analytical calculations.

Conveyor Belt
Length (m)

Height of Conveyor
Belt End (m)

Conveyor Belt
Inclination Angle (◦)

Belt velocity (m/s)

1 2 3 4 5

Distance of Wood Chips Ejection (m)

1

0.70 10 0.39 0.82 1.28 1.79 2.35

0.86 20 0.43 0.93 1.51 2.18 2.95
1.02 30 0.44 0.99 1.65 2.44 3.37
1.1 40 0.42 0.95 1.63 2.46 3.46
1.3 50 0.38 0.89 1.54 2.35 3.33

2

0.83 10 0.42 0.88 1.38 1.92 2.51
1.06 20 0.47 1.01 1.64 2.35 3.15
1.30 30 0.49 1.09 1.79 2.62 3.59
1.57 40 0.49 1.09 1.83 2.71 3.76
1.70 50 0.43 0.98 1.67 2.52 3.53

3

0.90 10 0.44 0.92 1.43 1.99 2.59
1.19 20 0.50 1.07 1.71 2.45 3.27
1.55 30 0.53 1.17 1.91 2.78 3.78
2.05 40 0.55 1.21 2.00 2.94 4.03
2.40 50 0.50 1.12 1.87 2.77 3.83

4

1.05 10 0.47 0.98 1.53 2.12 2.76
1.50 20 0.55 1.18 1.88 2.67 3.54
2.25 30 0.63 1.36 2.20 3.16 4.24
2.72 40 0.62 1.36 2.22 3.22 4.37
3.11 50 0.56 1.24 2.05 3.00 4.11

5

1.10 10 0.48 1.01 1.56 2.17 2.81
1.79 20 0.60 1.27 2.02 2.85 3.77
2.61 30 0.68 1.45 2.33 3.33 4.45
3.35 40 0.69 1.48 2.40 3.46 4.66
4.01 50 0.63 1.38 2.25 3.26 4.42

The simulation test results concerning distance intervals at which wood chips were ejected are
presented in Tables 4 and 5. There are also average values (AVG), minimum values (Min), maximum
values (Max), and standard deviation (SD) for three repetition samples. The accepted variables:
conveyor belt length (A), conveyor belt inclination angle (B) and belt speeds are the same as for the
analytical model. The simulation of correct wood chip transport and outlet from the conveyor belt is
presented in Figure 8a, whereas, with higher velocity of the conveyor belt, wood chips are susceptible
to the higher probability of wood chips rotation and not reaching the set velocity at the belt conveyor
outlet. This contributes to the premature unpredictable dislocation of particles downward the conveyor
belt or their uncontrolled side ejection (Figure 8b). Therefore, for the conveyor belt inclination angle
of 50◦ in Tables 4 and 5, there are no results of the wood chip ejection distance (wood chips fell
beyond the conveyor belt and hopper, and it was not possible to determine the ejection distance).
This phenomenon occurs for the belt velocity exceeding 3 m/s.

Apart from the analysis of the wood chips ejection distance, there was also a trial conducted
concerning the verification of their segregation possibilities. On account of the varied velocity of
wood chips ejection v depending on the belt velocity and the geometry of the wood chips being
ejected, it was assumed initially that their ejection at various distances is possible, at the same time,
the implementation of the wood chips segregation process into various fractions is possible, as well.
Nonetheless, as the simulation tests demonstrated, the separation (segregation) of sample wood chips
is not possible (Figure 9). The reason for such a state are mutual clashes of particles during ejection
(flight) and the clashes and overturns of wood chips in the air, as well as their bumping onto the
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partitions of a three-chamber sorting box (Figure 9). The sorting box has 3 equal chambers with the
dimensions 0.6 m x 0.8 m, and with the edge height of 0.5 m.

Table 4. The wood chips ejection distance determined based on numerical calculations (the first part in
the range from 1 m/s to 3 m/s). Markings: A—conveyor belt length (m), B—conveyor belt inclination
angle (◦), AVG—average value, SD—standard deviation.

A B

Belt Velocity (m/s)
1 2 3

Distance of Wood Chips Ejection (m).

Min Max AVG SD Min Max AVG SD Min Max AVG SD

1

10 0.25 0.59 0.42 0.14 0.69 1.08 0.89 0.16 1.18 1.58 1.38 0.16
20 0.35 0.76 0.56 0.17 1.13 1.76 1.45 0.26 1.06 1.62 1.34 0.23
30 0.61 0.88 0.75 0.11 1.49 1.92 1.71 0.18 1.43 1.75 1.59 0.13
40 0.45 0.58 0.52 0.05 1.22 1.51 1.37 0.12 2.04 2.47 2.26 0.18
50 0.48 0.75 0.62 0.11 0.93 1.23 1.08 0.12 - - - -

2

10 0.5 0.87 0.69 0.15 0.96 1.38 1.17 0.17 1.1 1.64 1.37 0.22
20 0.43 0.85 0.64 0.17 1.12 1.63 1.38 0.21 1.84 2.37 2.11 0.22
30 0.31 0.71 0.51 0.16 1.53 2.16 1.85 0.26 1.72 2.17 1.95 0.18
40 0.57 1.03 0.80 0.19 1.71 2.16 1.94 0.18 2.8 3.32 3.06 0.21
50 0.58 0.86 0.72 0.11 1.64 2.07 1.86 0.18 1.84 2.27 2.06 0.18

3

10 0.42 0.84 0.63 0.17 0.96 1.35 1.16 0.16 1.45 2.22 1.84 0.31
20 0.53 1.06 0.80 0.22 1.05 1.62 1.34 0.23 2.05 2.98 2.52 0.38
30 0.61 1.12 0.87 0.21 1.13 1.76 1.45 0.26 2.49 3.23 2.86 0.30
40 0.34 0.72 0.53 0.16 1.38 2.03 1.71 0.27 2.41 3.01 2.71 0.24
50 1.04 1.42 1.23 0.16 1.16 1.82 1.49 0.27 2.08 2.74 2.41 0.27

4

10 0.35 0.85 0.60 0.20 1.25 2.15 1.70 0.37 1.8 2.53 2.17 0.30
20 0.41 0.96 0.69 0.22 1.8 2.61 2.21 0.33 2.13 2.92 2.53 0.32
30 0.79 1.31 1.05 0.21 1.56 2.2 1.88 0.26 3.33 4.07 3.70 0.30
40 0.72 1.33 1.03 0.25 1.35 1.84 1.60 0.20 3.17 3.97 3.57 0.33
50 0.64 1.11 0.88 0.19 1.9 2.57 2.24 0.27 2.48 3.19 2.84 0.29

5

10 0.15 0.67 0.41 0.21 0.89 1.76 1.33 0.36 1.52 2.38 1.95 0.35
20 0.19 0.79 0.49 0.24 1.05 1.97 1.51 0.38 2.07 3.01 2.54 0.38
30 0.78 1.43 1.11 0.27 1.37 2.26 1.82 0.36 3.21 4.05 3.63 0.34
40 0.25 0.68 0.47 0.18 1.85 2.55 2.20 0.29 3.19 3.89 3.54 0.29
50 0.40 1.05 0.73 0.26 1.2 2.25 1.73 0.43 1.58 2.4 1.99 0.33

- No results (wood chips fell out of the conveyor belt and load box).

Table 5. The wood chips ejection distance determined based on numerical calculations (the first part in
the range from 4 m/s to 5 m/s). Markings: A—conveyor belt length (m), B—conveyor belt inclination
angle (◦), AVG—average value, SD—standard deviation.

A B

Belt velocity (m/s)
4 5

Distance of Wood Chips Ejection (m)

Min Max AVG SD Min Max AVG SD

1

10 2.72 3.21 2.97 0.20 3.41 3.97 3.69 0.23
20 3.06 3.76 3.41 0.29 3.55 4.04 3.80 0.20
30 1.5 1.95 1.73 0.18 0.79 1.28 1.04 0.20
40 1.07 1.37 1.22 0.12 1.76 2.13 1.95 0.15
50 - - - - - - - -
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Table 5. Cont.

A B

Belt velocity (m/s)
4 5

Distance of Wood Chips Ejection (m)

Min Max AVG SD Min Max AVG SD

2

10 2.7 3.31 3.01 0.25 3.36 4.06 3.71 0.29
20 2.54 3.12 2.83 0.24 3.31 3.78 3.55 0.19
30 3.39 3.89 3.64 0.20 - - - -
40 3.01 3.57 3.29 0.23 3.41 4.03 3.72 0.25
50 - - - - - - - -

3

10 2.52 3.28 2.90 0.31 3.25 3.97 3.61 0.29
20 2.75 3.43 3.09 0.28 3.15 3.89 3.52 0.30
30 3.06 3.57 3.32 0.21 3.23 4.11 3.67 0.36
40 3.19 3.92 3.56 0.30 4.34 5.23 4.79 0.36
50 3.37 4.01 3.69 0.26 0.81 1.21 1.01 0.16

4

10 2.78 3.25 3.02 0.19 3.15 3.89 3.52 0.30
20 3.19 4.07 3.63 0.36 3.21 4.12 3.67 0.37
30 3.25 4.05 3.65 0.33 2.85 3.88 3.37 0.42
40 3.23 4.25 3.74 0.42 3.75 4.54 4.15 0.32
50 3.81 4.61 4.21 0.33 - - - -

5

10 2.06 2.85 2.46 0.32 2.59 3.2 2.90 0.25
20 2.55 3.63 3.09 0.44 - - - -
30 3.13 4.04 3.59 0.37 - - - -
40 3.52 4.35 3.94 0.34 3.77 4.64 4.21 0.36
50 3.78 4.01 3.90 0.09 - - - -

- No results (wood chips fell out of the conveyor belt and load box).

Figure 8. Wood chips transport in the simulation mode, where (a) correctly performed transport,
(b) incorrectly performed transport of wood chips (uncontrolled side ejection or rotation of wood chips
downward the conveyor belt).
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Figure 9. Image of the wood chips segregation sample.

The numerical analyses (simulation) of wood chips ejection differ in the distance of wood chips
ejection in relation to the analytical analyses. The differences between the numerical simulation and the
analytical equation may result from the omission of interactions between the particles (in the analytical
equation) and the failure to take into account the aerodynamic drag in the simulation model. In order
to compare the distances of wood chips ejection for numerical and analytical analyses, the results are
presented on 3D non-linear functions which were generated in Matlab 2015a using the surf (X, Y, Z)
function. The function plots the values in matrix Z (Range) as heights above a grid in the x-y plane
defined by X (Velocity) and Y (Inclination angle). The color of the surface varies according to the heights
specified by Z (Range). Such functions ensure the practical reading of wood chips ejection distance
depending on the conveyor belt inclination angle and the travel speed of its belt. The results of wood
chips ejection distance depending on the conveyor belt inclination angle and belt velocity for the
conveyor belt with the length from 1 m to 5 m are presented in Figures 10–14. The results of the
numerical analysis indicate that wood chips may be ejected at farther distances than the analytical
analyses indicate. In addition, based on the model, it is possible to determine the ranges of belt velocity
and conveyor belt inclination angle, at which wood chips ejection is hindered or prevented due to
their motion downward the conveyor belt or uncontrolled side ejection beyond the conveyor belt.
An average arithmetical difference in the results between the numerical (simulation) and analytical
modeling of wood chips ejection distance is 13%, whereas a trend is observed that, as the conveyor
belt inclination angle increases, a difference in the results between the numerical (simulation) model
and the analytical model increases, as well. It may be also noticed that the most consistent results
between the numerical (simulation) model and the analytical model are for the belt velocity of 1 m/s,
which is the lowest speed accepted in the tests; similar results were obtained in the study focused on
the transport of polyethylene granulate and corn grains [51].
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Figure 10. The 3D function of wood chips ejection distance depending on the conveyor belt inclination
angle and belt velocity for the conveyor belt with the length of 1 m (analytical calculations—net,
numerical calculations—surface).

Figure 11. The 3D function of wood chips ejection distance depending on the conveyor belt inclination
angle and belt velocity for the conveyor belt with the length of 2 m (analytical calculations—net,
numerical calculations—surface).
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Figure 12. The 3D function of wood chips ejection distance depending on the conveyor belt inclination
angle and belt velocity for the conveyor belt with the length of 3 m (analytical calculations—net,
numerical calculations—surface).

Figure 13. The 3D function of wood chips ejection distance depending on the conveyor belt inclination
angle and belt velocity for the conveyor belt with the length of 4 m (analytical calculations—net,
numerical calculations—surface).



Appl. Sci. 2020, 10, 9091 14 of 18

Figure 14. The 3D function of wood chips ejection distance depending on the conveyor belt inclination
angle and belt velocity for the conveyor belt with the length of 5 m (analytical calculations—net,
numerical calculations—surface).

The numerical analyses allowed for determining which conveyor set values are most appropriate
for the central ejection of wood chips to the hipper modeled in the software, whereas the comparison
of analytical and numerical results allowed for determining the accuracy of simulation tests in Rocky
DEM software in relation to numerical analyses, where an average arithmetical difference was 13%.
Furthermore, the most appropriate technical parameters were selected for the belt conveyor, which for
the belt velocity range from 2 to 3 m/s, with the conveyor length from 2 to 4 m and belt inclination
within the range from 20◦ to 40◦. Similar results for belt velocity were obtained for corn transport
by Hastie and Wypych [51]. While striving for the optimization of the setting parameters of the belt
conveyor, it may be stated that for higher belt velocity, it is necessary to apply lower inclination and
the other way round—for higher inclination—lower speed of belt travel is required. In addition,
the obtained test results demonstrated that, with the inclination settings of 50◦ and belt velocity of
5 m/s, the particles did not remain on the conveyor, but they fell out to the sides or accumulated in the
bottom part of the machine, which did not guarantee a proper transport process.

4. Conclusions

Modeling the transport processes for wood chips, and in particular their ejection, is an important
aspect in terms of loading transport trailers and hoppers. Setting parameters, such as belt velocity and
conveyor belt inclination angle, may determine the wood chips ejection distance. The 3D functions of
wood chips ejection distance, prepared in this article, depending on the conveyor belt inclination angle
and belt velocity, may help users and designers in selecting proper conveyor belt settings. A correctly
selected conveyor belt setting is significant because the wood chips tested are often used to clean urban
green areas, and throwing wood chips beyond their target storage site adds more work. The analytical
and numerical test results differ on average arithmetically by 13%. The results of numerical (simulation)
tests are characteristic for higher values of wood chips ejection for the same settings. Moreover,
the numerical model demonstrated the ranges of belt velocity and conveyor belt inclination angles for
which wood chips transport is hindered or prevented. The other parameter verified in the simulation
tests was the possibility of wood chips segregation due to their geometrical dimensions and weight.
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Nevertheless, the simulation tests demonstrated that segregation resulting from the distance of the
ejected wood chips of a varied fraction is not possible. Wood chips mixed with one another as early
as at the ejection stage and in the air, thus preventing the assumed segregation. A further research
direction is performing the actual tests and comparing them with the simulation test results. The tests
carried out on the development of conveyor belt systems are still an up-to-date research subject,
e.g., in the scope of improving work reliability [63], recognizing damage [64], limiting transport energy
intensity [65], increasing usage safety [66–68], or testing the mechanical properties of transport belts
made of innovative materials [69,70].
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67. Wojtkowiak, D.; Talaśka, K. Determination of the effective geometrical features of the piercing punch for
polymer composite belts. Int. J. Adv. Manuf. Technol. 2019, 104, 315–332. [CrossRef]
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