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Abstract: The determination of the angle of repose for granular materials is indispensable for their
handling and the design of containers and technological processing equipment. On the other hand,
computational simulations have become an essential tool to understand the micro-behavior of the
granular material and to relate it with the macro-behavior. The experimental determination of the
angle of repose has a fundamental role when defining the required parameters to perform realistic
simulations. However, there is a lack of a standard that allows the reproducibility of the experiments
when using granular materials of equivalent spherical radius greater than 2 mm, such as corn, soy-
beans, wheat and PLA pellets, among others. In particular, a product of growing importance in the
global strategy of decarbonization of the economy is biomass pellets, whose handling operations
are one of the main components for the total cost of pellets supplied to the final user. In the present
work, with the aim of determining the rolling friction coefficient, the variations in the angle of re-
pose with the drop height for biomass pellets were studied both experimentally and with simula-
tions, and an optimal procedure for its determination was found. Then, a calibration of the coeffi-
cient of rolling friction was performed through computational simulations using the discrete ele-
ment method. The accuracy of the model under different configurations was checked.

Keywords: biomass; wood pellets; angle of repose; coefficient of rolling friction; DEM; simulation

1. Introduction

Granular materials (cereal grains, aggregates, flours, powders, pharmaceutical prod-
ucts, etc.) are the second most used materials in human activities worldwide [1]. Industry
uses a large variety of granular materials covering an extremely broad range of shapes
and sizes, and considering a lot of micromechanical and chemical properties. It is esti-
mated that roughly one-half of the products and at least three-quarters of the raw materi-
als employed by the chemical industry, on a weight basis, are in the form of granular
solids [2]. As it turns out, any advance in understanding the physics of granular materials
or the influence of environmental and handling conditions on their properties is bound to
have a major economic impact.

On the other hand, the use of biomass for the production of energy has increased
significantly in recent years as part of the global strategy for reducing our dependence on
fossil fuels [3,4]. Solid biomass covers a multitude of materials generated by industrial
processes or directly provided by forestry and agriculture, such as firewood, wood chips,
sawdust, shavings, bagasse, animal waste or other solid plant residues, among others,
which are mainly used to produce heat and electricity [5]. Wood pellets and briquettes
are made by compressing dry sawdust or wood shreds under high pressure. The process
of densification increases bulk density and facilitates logistics, transportation and han-
dling operations [6]. The use of wood pellets as fuel is rapidly increasing all over the world
[7]. In 2019, pellet production in the world represented more than 55.7 million tons [8].
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Wood pellets can be considered to be a specific type of granular material, and their
storage conditions can have a significant impact on their properties, mainly because they
can be subjected to freezing and defrosting processes [9], or changes in their moisture
content [10]. The change in the moisture content of wood pellets has been demonstrated
to have a significant effect on their durability and mechanical properties, e.g., modulus of
elasticity and flexural strength, pellet attrition or bulk density [10,11].

In addition, handling operations such as transport and storage are not free of dura-
bility-related problems [12,13]. The durability and bulk density of the pellets are the main
factors that affect their quality since they are critical for handling and storage operations
[12]. Pellets are susceptible to mechanical wear during these operations, which results in
more fines, increasing the slide angle of the material and the amount of dust in handling
operations [14]. They may also suffer changes in their properties [11,15,16] and are at some
risk of spontaneous combustion [17]. Optimizing the equipment and processes involved
in their handling and management is therefore an important issue.

Pellets have long been stored in silos or large hoppers during the different stages of
their processing. This storage is subject to problems of clogging, segregation of the stored
material, propagation of rarefaction waves, particle packing, self-heating or dust concen-
tration. All of these problems have been analyzed using numerical methods [18-21]. In
particular, the discrete elements technique has been widely used [22] since it allows ana-
lyzing the behavior of each stored particle, providing a detailed view of the phenomena
that take place inside storage silos [23-26]. Such modeling requires many of the stored
material’s mechanical parameters to be known, including its density, elastic modulus and
coefficient of restitution [27,28].

When stored in silos, the behavior of granular materials differs from that of fluids in
that a large part of the stored weight is transmitted to the walls through friction. It is es-
sential, therefore, that the particle-wall coefficient of friction be known, as must the parti-
cle-particle coefficient of friction (both their linear and rolling components). Unlike that
seen with irregularly shaped particles, the cylindrical shape of pellets, which share two
planes of symmetry with spheres, means that the coefficient of rolling friction has a sig-
nificant influence on the frictional phenomena that occur within the stored material [29].
There are several ways—largely based on the use of inclined planes—in which this varia-
ble can be determined experimentally [30]. However, these experiments can be difficult to
perform and only provide realistic values for virtually spherical particles. Agarwal et al.
[30] reported that the distortion of the results from reality increases significantly as parti-
cles become less spherical. Thus, the coefficient of rolling friction is usually obtained via
an indirect calibration procedure after experimentally obtaining the material’s angle of
repose, plus a comparison with that obtained via simulations involving the discrete ele-
ments technique [31]. The mechanical variables of the stored particles are deemed con-
stant in numerical simulations, except for the coefficient of rolling friction, which is mod-
ified until the angle of repose obtained in the simulation is the same as that obtained ex-
perimentally.

The angle of repose is a property of granular materials frequently used to validate
discrete element models developed to simulate the behavior of such materials. Once the
numerical model has been validated, it is possible to use it in order to analyze many han-
dling problems associated with transport or storage conditions at an industrial scale, e.g.,
blockages, unexpected overpressures or low mass flow rates. The results obtained can
lead to changes in the design of some elements, with a significant reduction in costs since
it is not required to develop experimental facilities for all the alternatives considered.

Although the angle of repose can be measured experimentally in several ways
[32,33], “piling” is the most commonly used method. This involves storing a representa-
tive mass of the material in a funnel and allowing it to fall freely from the funnel outlet at
a given height [34]. Since the angle of repose obtained needs to be accurate, several pro-
cedures and algorithms have been developed to obtain its value from images of the pile
of material that forms during the experiment [35,36]. Piling assays for granular materials
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is based on the procedures described in different international standards [37,38]. How-
ever, none of these specify all the factors that could influence the angle of repose based on
the size and shape of particles tested, such as the aperture of the funnel outlet, the distance
through which the material falls, or the way in which the material is received on the base
plate. Moreover, the particles generally considered in these standards are powders or
quasi-spherical particles, while pellets are cylindrical.

The present work analyzes the applicability of a pilling standardized assay for meas-
uring the angle of repose for biomass pellets. This research has focused on analyzing the
effect of the drop height, the base material receiving the pellets or the outlet size, which
are aspects not properly defined in the current standard for wood pellets or any material
or particle size. The aim of this study was to propose an optimized procedure that allows
reproducibility and avoids sources of error. Numerical simulations were also performed
to obtain the coefficient of rolling friction, and to examine the effect of the different coef-
ficients of friction on the adopted angle of repose. The numerical simulations were vali-
dated with the experimental results, in order to obtain a discrete element model that could
be used in further studies with regards to the handling of biomass pellets.

2. Materials and Methods
2.1. Properties of the Examined Material

The pine-wood pellets used in this work had an apparent mean density of 660 kg/m?.
Table 1 shows the dimensions and moisture content as experimentally obtained by the
authors [39], and the values for other properties (calorific power or apparent density with-
out and under compaction) as provided by the manufacturer (Coterram Generation S.A.).
Durability Index was also provided by the manufacturer, and it was calculated following
the EN ISO 17831-1:2015 standard [40].

Table 1. Pellet dimensions and physical properties.

Variable Mean (Range)
Length (mm) 17.70 (8.33-27.98)
Diameter (mm) 6.08 (5.96-6.21)
Volume (mm?3) 513.89 (244.24-799.05)
Moisture content (%) 2.5 (2-3)
Calorific power (kcal/kg) 4803 (4570-5029)
Apparent density without compaction (kg/1) 0.660 (0.628-0.688)
Apparent density under compaction (kg/l) 0.706 (0.674-0.732)
Durability Index (%) 99.79 (99.72-99.82)

2.2. Procedures for Determining the Pellets” Angle of Repose

The apparatus used to measure the angle of repose was constructed according to that
proposed in Spanish standard UNE 55547:1981 [41], which follows the same procedure in
ISO 4324:1977 [38] for determining the angle of repose for powdered and granular mate-
rials. Its value is obtained by allowing 150 mL of the test material to fall from the outlet of
a glass funnel (outlet diameter 10 mm) set at a height of 75 mm, landing on a metallic base
plate (diameter 100-150 mm) with a slightly rough surface, situated over a perfectly flat,
horizontal plane. Once the funnel has emptied, the angle of repose is determined from the
height of the cone of the collected material (the pile) and the diameter of the pile’s base.

The apparatus used in the present work (Figure 1) was made using slotted aluminum
rods. Its dimensions were adapted such that an adequate volume of pellets could be used
to form a pile and to prevent blockages occurring in the funnel outlet tube. Each of the
three 500-mm-high supporting columns, all equipped with a graduated scale, were fas-
tened to a 2-mm-thick base plate (upon which a cylindrical collecting recipient could be
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placed if required). A funnel (inlet diameter 210 mm, outlet diameter 60 mm) was set be-
tween the three columns using a 15-mm-wide/2-mm-thick steel ring, which allowed the
height of the funnel above the base plate to be varied. The required funnel outlet diameter
(60 mm) was determined from the mean pellet spherical equivalent, and taking into ac-
count that, to avoid blockages, the funnel outlet needed to be at least six times the diame-
ter of that theoretical sphere [2].

(®)

r \

Figure 1. (a) Diagram of the experimental apparatus. (b) Photograph of the experimental apparatus.
(c) Assay in progress.

When performing an assay, the funnel outlet is first blocked, and the funnel filled
with pellets. The outlet is then unblocked and the material allowed to fall freely. After 30
s, the height of the pile of pellets formed is measured (performed in triplicate from differ-
ent points) (Figure 1c). The assay is then repeated.

In the present work, the drop height was set at 60, 75, 90, 105, 120, 135 and 150 mm,
and tests were repeated 6 times for each of the heights, obtaining a good repeatability
(coefficient of variation less than 3% in all cases). The wood pellets were replaced after
testing two different heights in order to avoid any wear-induced changes to the pellets’
mechanical properties.

2.3. Simulations Using the Discrete Elements Technique
2.3.1. Contact Model

Numerical simulations were performed using the discrete elements technique devel-
oped by Cundal and Strack [22]. This allows the mechanical behavior of particles that in-
teract with one another, and with the walls of their container, to be examined. Each parti-
cle is simulated individually as a rigid object. Their rotation and displacement are de-
scribed via Newton’s Second Law of Motion, taking into account the forces and moments
that appear in the above interactions.

The contact force F acting between the particles is composed of the normal force Fx
and the tangential force Fs, while the moment M is composed of Ms caused by the tangen-
tial force, and M: caused by the relative rotation of the particles. The model used to simu-
late the particle-particle and particle-wall contacts was Hertz—Mindlin, which assumes
viscous damping to operate in both the normal and tangential direction, and that frictional
damping occurs in the tangential direction [42]. The normal contact force at any instant in
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time, F», is given by the elastic component F¢ and the viscous damping moment EZ as
shown in Equations (1) and (2).

4
R =5 E VR 62 1)
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where 6, is the normal superimposition between particles; m;; and R;; are the mass
and radius, respectively, of the particles i and j; E, v and C, are Young’s modulus, the
Poisson coefficient and the normal damping coefficient, respectively; v, ;; is the normal
velocity relative to a pair of particles (i j) in contact.

The tangential contact force between the particles in the present model reflects the
theory of Mindlin and the law of Mohr—-Coulomb. Thus, the tangential force Fs includes
the elastic force F¢ and the viscous force Ff given by Equations (6) and (7)

(1 —min (&, 6t,méx))3/2 F
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where p is the coefficient of sliding friction, C;, the coefficient of tangential damping,
v, ;jthe relative tangential velocity of a pair of particles in a contact, t the unit vector along
the tangential direction, §; the tangential displacement, and where

HS(Z - V)
Otmax = 20=v)

The moment M, caused by the rolling friction between the particles is derived via
Equation (9)

On )

Mr:.ur'Ri'anl'&)\ij (9)

where u, is the coefficient of rolling friction and @;; the relative velocity of rotation be-
tween particles.

2.3.2. Parameters Used in the Simulations

All calculations were made using EDEM Altair software [43], employing the Hertz—
Mindlin contact model to simulate the particle-particle and particle-wall contacts as well
as the variables shown in Table 2. The time step (At) in all simulations was 1-10-¢ s, corre-
sponding to 1.5% of the critical time (Atc), as determined using the Rayleigh criterion [44].

The discrete elements simulations were performed contemplating 1000-2500 parti-
cles. The shape of the pellets was obtained from an approximation to their real cylindrical
shape using the multispheres method [45]. This generated particles as groupings of 2, 3,
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4, 5,7 or 8 spheres each with a diameter of 6 mm. The individual spheres used are partially
overlapped in order to reach the desired lengths, and to approximately adjust their vol-
umes to 250, 350, 450, 550, 650 and 750 mm?, respectively (Figure 2).

Figure 2. Generation of different length pellets using the multispheres method.

The percentage of each of the six types of particles used in the simulations was estab-
lished from measurements on a sample of 100 randomly selected real pellets (Figure 3).

25.00%

]
ot

22.50%

— — o
o (34 o

Ut

Percentage of the pellets sample

200-300  300-400  400-500  500-600  600-700  700-800
Pellet volume interval [mm?3]
Figure 3. Size (volume) distribution of the pellets used in the experiments.

The means and standard deviation (SD) values for the different microscopic proper-
ties of the pellets required for the simulations were determined by direct measurement
(Table 2).

Table 2. Mechanical properties of the pellets; values used in simulations.

Variable Mean Standard Deviation
Particle density (kg-m™) 1227 18.02
Elastic modulus (MPa) 73.33 25.43
Particle-particle coefficient of restitution 0.62 0.058
Particle-wall coefficient of restitution 0.5 0.063
Particle-particle coefficient of friction 0.49 0.07
Particle-wall coefficient of friction 0.2 0.05

The density of the particles was obtained using the pycnometric method [46], meas-
uring the volume of water displaced by five samples of pellets of mass 35-40 g. The elastic
modulus of individual particles was obtained following the method provided in ASAE
368.4:2006 standard [47], using compression assays involving 25 particles and employing
an XT2 Texture Analyzer (Stable Micro System Ltd., Godalming, UK) equipped with a 250
N load cell and a spherical compression tool (diameter 3.18 mm).

The particle-particle and particle-wall coefficients of restitution were determined, re-
spectively, following the procedures of [48] and [28]. The former contemplates the colli-
sion of particles in the form of a double pendulum, while the second sets the initial drop
height and obtains the maximum rebound height of the particles from a flat sample of the
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(a)

silo wall material (stainless steel in the present work). Assays were performed with 3-5
samples of pellets, and using different drop heights (10-15 repetitions). Individual pellets
were placed on a tipping platform (inclinable at a constant velocity), and the angle of in-
clination measured at the instant the pellet began to move. The particle-wall coefficient of
friction was determined using a stainless steel tipping plate; the particle-particle coeffi-
cient was determined using a wooden tipping plate.

For the numerical simulations, a cylinder of radius 90 mm and height 20 mm was
contemplated as a random particle generator. The generated particles were allowed to fall
freely from a funnel with the same dimensions as used in the physical experiments. The
funnel outlet was blockable via a limiting surface; when the particles were at rest in the
funnel, the limiting surface was removed and the particles were allowed to pile on the
plate below. The angle of repose was determined from the images produced when the
pellets stopped falling. Simulations were repeated 5-10 times at different heights given
the error inherent in the use of non-spherical particles, and to take into account the varia-
tion seen in the experimental assays. The numerical simulations performed aimed to re-
produce the experimental tests carried out, as is shown in Figure 4.

(b)

Figure 4. Comparison of results for a representative assay. (a) Experimental test; (b) numerical sim-
ulation.

3. Results
3.1. Experimental Results

Figure 5 shows the angles of repose obtained for the different drop heights when
using a circular (102 mm radius) base plate (the piling surface) made of stainless steel. The
points represent the mean values obtained for each height; the shaded area represents the
standard deviations (SD). The angle of repose decreased significantly with drop height,
showing it is important to specify the value of this variable.

The variation in the angle of repose was not linear. The slope for heights below 60—
80 mm was around 0.13°/mm, but decreased as the drop height increased until reaching
about 23° for heights of over 120 mm. According to UNE 55547:1981 standard, the drop
height should be 75 mm —the height at which, here, the change in the angle of repose was
most marked. Thus, even small variations in the drop height in this region could lead to
considerable errors.
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30

—— Metallic base (exp )

20

60 80 100 120 140
H [mm]
Figure 5. Variation in the angle of repose (AoR) with respect to drop height (H).

UNE 55547:1981 standard establishes that the test material should fall freely onto a
rigid steel base. However, preliminary work for the present study revealed that the angle
of repose differs when different base materials (stainless steel, laminated steel, wood and
cardboard) were used. The angle of repose was therefore determined with care for a flat,
rigid metallic base (metallic base in Figure 6), and for a base made from the pellets them-
selves (pellet base in Figure 6). The latter was achieved using a stainless steel container
with a 10 mm border in which the pellets first collect, thus producing a stable base of
pellets over which an eventual pile forms.

40

—s— Pellet base (exp )

Metallic base (exp )

357 \\\

20

60 80 100 120 140
H [mm]

Figure 6. Variation in the angle of repose (AoR) with respect to drop height (H) for the stainless steel
base and pellet material base.

Figure 6 shows the values obtained for both bases (points represent means, shaded
areas represents the standard deviation). For both, the angle of repose declined as the drop
height increased. In addition, the dispersion of measurements for each drop height was
small in both cases. However, the angle obtained with the pellet base was much greater
than that obtained with the stainless steel base —about 10° for all drop heights. Conse-
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quently, the pile of material reached the outlet of the funnel, preventing the material flow-
ing freely. Thus, no experimental measurements could be taken for drop heights lower
than 100 mm for the pellet base experiments.

3.2. Numerical Simulations

Numerous authors have reported the influence of both static and rolling coefficients
of friction and their values on the angle of repose [49-51]. Figure 7 shows the means + SD
for the angles of repose obtained in the present work for different particle-wall coefficients
of friction (up-v). All simulations considered in Figure 7 and 8 contemplated a flat, metallic
(stainless steel) base plate and a drop height of 105 mm.

35
30 O it
I"”’
E 2-3 .’,1//
20 #
15 . n :
0.1 0.2 0.3 0.4

Hp—w

Figure 7. Variation in the angle of repose (AoR) for different particle-wall coefficients of friction (u-
w), for a metallic base and a drop height of 105 mm.

The angle of repose was seen to increase with this coefficient in a non-linear fashion;
the increase was greatest when the values for the coefficient were smaller. In a previous
work, the authors determined the coefficient of friction for these pellets on a metallic base,
but this was experimentally re-determined for the present work since the metal sample
was different, and a value for upw of 0.2 was obtained [30]. When this value was used in
the numerical simulations, the angle of repose obtained was 23.7° + 0.9°, quite similar to
the 24.1° + 0.7° obtained experimentally with the metallic base.

Using the above value for pp-»of 0.2, several simulations were next performed for the
metallic base and a drop height of 105 mm (Figure 8) to numerically calibrate the value
for the coefficient of rolling friction (ur). Figure 8 shows the means + SD obtained for the
angle of repose for different values of uru. The angle of repose experimentally recorded
was 23.7°, which can be obtained for a pirn=0.02 (i.e., 2% resistance to rolling). In addition,
it is interesting to note the influence of - on the value of the angle of repose. Thus, the
angle of repose changed by over 49% (from 20.1° to 29.9°) as this coefficient increased from
0 to 0.05; the rate of increase was steady, with the relationship between these two variables
largely linear over the interval examined.
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Figure 8. Variation in the angle of repose (AoR) with respect to the coefficient of rolling friction
(uron), for the metallic base and a drop height of 105 mm.

Using values of ppw = 0.2 and prr = 0.02, numerical simulations were performed em-
ploying the obtained values for the mechanical variables. Figure 9 compares the numerical
and experimental results for the angle of repose obtained for the metallic and pellet bases
and different drop heights. The two sets of results coincide fully for the metallic base and
differ by less than 10% (no significant difference) for the pellet base. The small differences
between these sets of results thus fall within the normal range of variation for the angle of
repose. Student t-tests with a 95% confidence level (p-value of 0.05) between both sets of
results (experimental and simulation), and for all drop heights and methods were per-
formed. It was found for all cases (drop heights and base materials) that p-values were
larger than 0.05, meaning that non-significant differences can be found between the ex-
perimental value and the numerical simulation value. Therefore, the coefficient of rolling
friction numerically calibrated (0.02) was accurate since the numerical model can repro-
duce the experimental tests for different conditions. In addition, this implies the validity
of the discrete element model to analyze the behavior of the pellets.

40

—e— Pellet base (exp)

- Metalic base (exp)

351 —e— Pellet base (sim)
—e— Metalic base (sim) "<‘\¢\\\

e 30
<C
25
20— y : - '
60 80 100 120 140
H [mm]

Figure 9. Variation in the angle of repose (AoR) with respect to drop height for the metallic base and
pellet base: experimental and simulation results.
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4. Discussion

The experimental results obtained (Figures 5 and 6) show a clear reduction in the
angle of repose with increasing drop height. This is explained in that, as the drop height
increases, so too does the potential energy available to a particle at the moment of its re-
lease from the funnel outlet. When such a particle hits the pile below it, the kinetic energy
to be dissipated is greater, and the pellet will move further from the pile. This leads to the
wider horizontal dispersion of the fallen pellets and, thus, a smaller angle of repose.

The material upon which the pellets fall had an important influence on the angle of
repose. When falling onto a pellet base, the angle of repose was greater than when they
fell onto a plain metallic base. This is explained by the greater coefficient of friction be-
tween the pellets than between the pellets and the metallic base, leading to a greater dis-
persion of energy when they fall onto a pellet base. The horizontal displacement of a fall-
ing pellet is therefore less, increasing the angle of repose. None of this is contemplated in
the standards for determining the angle of repose, nor does the literature contain much
information in this regard. The present work shows that such details need to be taken into
account. In addition, the Spanish standard for determining the angle of repose for pow-
dered and granular materials stipulates an interior diameter for the funnel outlet of 10
mm, but the present work shows this is too small for assays involving biomass pellets.
The outlet would become blocked. In fact, this would occur for any granular material with
an effective particle diameter of over 2-3 mm. Standards should therefore be adapted to
take into account the drop height, the material forming the base onto which the particles
fall and the diameter of the funnel outlet.

In the numerical simulations, the behavior of the pellets with respect to the variation
in the particle-wall and particle-particle coefficients of friction was similar to that reported
by other authors [49-51]. In all cases, increases in these coefficients led to an increase in
the angle of repose (Figure 7 and 8), as was also observed by Zhou et al. [52] for monosized
spheres. As explained by Zhou et al. [52], any increase in these coefficients implies a
greater dispersion of energy during the discharge process. When the pellets fall onto the
pile, they are therefore displaced less in a horizontal fashion, leading to a greater angle of
repose and a pile with greater potential energy. In addition, an increase in the coefficient
of friction is associated with a greater internal angle of friction and, thus, according to the
theory of Mohr-Coulomb, an increase in the tangential resistance of the particles forming
the pile. This would increase the resistance to loads in the shear direction.

5. Conclusions

*  The procedure known as “piling” for the experimental measurement of the angle of
repose needs to be adapted for use with granular materials to take into account the
diameter of the funnel outlet, the material onto which the pellets fall and the height
from which they drop.

*  Inthe present work, a drop height of over 120 mm was required for the change in the
resulting angle of repose to be insignificant. For smaller drop heights, the angle of
repose increased, irrespective of all other conditions.

¢  The angle of repose formed for biomass pellets greatly depends on the surface rough-
ness of the contact material on which stacking is carried out. Thus, the best way to
avoid reproducibility problems when conducting simulations is to use a base of the
same material that is being tested or used in real situations.

e  For the present biomass pellets, an increase in the friction coefficients or the coeffi-
cient of rolling friction led to an increase in the angle of repose.

¢ In the numerical simulations, a coefficient of rolling friction of yrn = 0.02 was ob-
tained —a tenth of the value for the coefficient of friction between the pellets. Alt-
hough this value represents just 2% resistance to rolling, its influence on the angle of
repose can be very significant.
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e [tis, therefore, vital that the coefficient of rolling friction of a material be known if
models are intended to correctly predict the behavior of granular materials, the sec-
ond most commonly used type of material, during their storage, transport and dis-
charge.
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