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Abstract

The breakage behaviour of biomass pellets with a diameter of 6 mm under uniaxial
compression test was studied experimentally and numerically using the discrete element
method (DEM). Two types of the available bonding contact models in EDEM software were
used to compare the macroscopic properties including the maximum stress at failure, strain
at failure, and the pellet Young’s Modulus. The models are based on 1) the Timoshenko
beam theory and 2) a bonded particle model. The results show that both models reasonably
predict the maximum stress values, however, the bonded contact model is not able to predict
the strain at failure and the Young’s Modulus while the results show a big deviation from the
experimental results.

1 INTRODUCTION

The worldwide trade of biomass pellets is rapidly increasing while the transportation
systems are lagging behind. Biomass pellets, due to their fragile nature, may fracture during
transportation and storage and generate fine particles. Existence of fines particles causes
material loss, equipment mess, increase the risk of fire, and increase the environmental
pressures. Different biomass pellets show different breakage behavior regarding their
physical properties. High strength pellets could tolerate higher forces resulting in a less
brittle nature. However, the physical properties of biomass pellets have been less considered
by the researchers and the breakage behavior is not fully understood yet.

The individual material strength could be measured using the compression methods, e.g.
uniaxial compression test. In a typical compression test, the force-displacement data is
derived from the compression device and based on the data the stress-strain curves are
extracted. The curve is useful for further investigation on the maximum stress limit, strain at
failure and calculating the Young’s Modulus which is derived from the linear portion of the
curve.

The breakage behavior, and more specifically the stress-strain curves of biomass pellets
during compression could be investigated experimentally or numerically. Meanwhile, the
Discrete Element Method (DEM) is proved as a powerful numerical method for studying
different characteristics of various materials. In DEM, the specimen is created by using
multi-particle configurations where the particles interact with each other following their
contact models. Each contact model in DEM has its own specifications and parameters,
therefore, the results may vary depending on the contact model specifications. A calibrated
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model of an individual biomass pellet could be used for further numerical investigation on
the bulk material behaviour during transportation and handling.

There are many contact models created by different researchers in the format of different
software to simulate the breakage behaviour. The EDEM software created by EDEM
Solutions® is a commercial one which has defined a bonding contact model based on the
work of Potyondy and Cundall [1]. The model is defined only for bonded particles,
therefore, it is needed to couple it with another contact model for the non-bonded particles
(either non-bonded at all or broken bonded). In the software, different built-in contact
models could be coupled with the bonded particle model, of which the Hertz-Mindlin is one
of the most popular. The software also supports using the application programming interface
(AP1) which enables the user to introduce external contact models. Recently, researchers in
the University of Edinburg developed a contact model based on the Timoshenko beam
theory which connects every two neighbouring particles through a beam and uses the Hertz-
Mindlin model for non-bonded particles. The model is called the "EBPM",

The aim of this research is to firstly, characterize the macroscopic properties of a type of
torrefied biomass pellet and secondly, to compare the results of two different available
contact models namely the bonded contact model (BCM), and EBPM in EDEM software.
Although DEM is proven as a powerful tool to study the breakage behaviour of different
materials and many researchers have used it in their researches, to the best of the author’s
knowledge, the breakage behaviour of biomass pellets has been never investigated
numerically and this is the first paper to use DEM for that purpose.

2 MATERIALS AND METHODS

2.1 Material

The biomass pellet used in this study was a torrefied mixed-wood pellet produced in the
UK. There is no information available about the torrefaction and densification processes.
However, the properties of the pellets are shown in Table 1. The lengths and diameters were
measured based on CEN/TS 335 [2] and the moisture content was measured according to
CEN/TS 14961 [3]. Density was calculated based on the pellet weight and volume, which
were measured using a laboratory balance and a caliper, respectively.

Table 1: Properties of the material used in this study

. Diameter Moisture Content Density
Material (mm) Length (mm) (%) (kg/m’)
Torrefied Mixed Wood 6 Between 10 to 30 9.7 1304
pellet
2.2 Methods

2.2.1 Experimental

The individual pellet strength under uniaxial compression test was measured by means of
an Instron 5500R compression device. Each pellet was grounded at both ends using
sandpaper in order to vertically stand on the Instron plate. This also ensures that the
compressive force applies evenly to both surfaces of the pellets. The force-displacement data
was recorded for each sample. The stress (g,) and the strain (e,) at each time-step were
calculated using the equations (1) and (2), respectively.
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where F is the force, r is the pellet radius, [, is the initial pellet length, and [is the
displacement length. The Young’s Modulus was calculated using the linear portions of the
stress-strain curves. The test was executed five times with pellets of different lengths.

2.2.2 Numerical

2.2.2.1 Theory

The EDEM software was used in this study to perform the simulations. The so-called
"EBPM" and Hertz-Mindlin with bonding models were used in this study. The EBPM model
considers a cylindrical beam between the centres of each two neighbouring particles and
bonds them with a pre-defined bond Young’s Modulus and Poisson’s ratio. Each bond shares
6 degree of freedoms in each end which allows compression, tension, and shear forces and
torques as illustrated in Figure 1.

Figure 1: A typical bond in EBPM in the local co-ordinate system and the forces and momentums on the edges
(adapted from [4])

The bonds will be generated between every two particles which their virtual radii overlap.
The virtual radii are determined using a contact radius multiplier which multiplies the
physical particle radius. Only one bond can exist between every two particles and once a
bond break it will never generate again. The bonds could tolerate the compression, shear,
and tension forces up to a pre-defined threshold. The bonds existence will be checked at each
time-step and once any of these three thresholds reaches, the bond will break and the contact
between the particles will follow the Hertz-Mindlin contact model.

The calculation of the force and momentum for bonding particles is based on the
Timoshenko beam theory and is calculated at each time-step sing equation (3):

{AF} = [K]. {Au} ©)

Where AF is the force vector and Au is the displacement vector and [K] is the stiffness
matrix as shown in equations (4) to (6):

{AF} = {AF,, AF,y AFy, AMgy AMyy, AM o, AFpy AFgy, AFg, AMp, AMp,, AMBZ}T 4)
{Au} = {Adax Aday Adaz ABax AHay ABazAdﬂx Adﬂy Adﬂz AHﬂx AHﬁy AQﬁZ}T (5)
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where E,, v, 4y, Ly, ©, are the bond Young’s Modulus, Poisson ratio, bond’s cross-
section area, bond length, and the Timoshenko bond coefficient, and k is calculated from the
equation (11)

k= bl (12)
Lp
where I, is the second moment of area of the bond and is calculated from equation (12).
4
I, = 2= (12)

More details about the EBPM model implementation could be found in [5, 6]

The other contact model which is based on Hertz-Mindlin with bonding, bond particles
with a finite-size glue bond. The created bonds include a normal and a shear stiffness while
they can resist normal and tangential movements up to a critical normal and shear stresses.
Once the bond meets either one or two of these thresholds, it fails and the particles will



Biomass Pellet Breakage: A Numerical Comparison Between Contact Models (DEM8)

follow the Hertz-Mindlin model. For simplicity, this model is called "BCM" in the rest of
this paper. After bonding, the forces and torques on the particles are set to zero and will be
calculated at every time-step according to equations (13) to (16):

SE, = —1,S,Adt (13)

SFpe = —1,S.ASt (14)

M, = —w,S,J5t (15)

SM, = —w, S, 26t (16)
where

A = nR% 17)

J = ;mR} (18)

Where Rg, S,,, S;, 8; are the bond radius, the normal and shear stiffness, and the time-
step, respectively. v, and v, are the normal and tangential velocities and w,, and w; are the
normal and tangential angular velocities.

The bonds will break at any time-step which one of the normal or tangential stresses reach
the critical stress as shown in equations (19) and (20):

-F, @ 2M
Omax < T+ TtRB (19)
-F My
Tmax < Tt+ TRB (20)

The Hertz-Mindlin contact model is based on the equations (21):

3
F, = 2E*VR*82 (21)
3 n

Where the E* stands for the equivalent Young’s Modulus and R* stands for the equivalent
radius and are calculated by:

) 1-v?
i*z 1 vl)+( vj) 22)
E E; Ej
11,1 (23)

R* R; Rj

Where E;,v;, R; and Ej, vj, R; are the Young’s Modulus, the Poisson ratio, and the radius
of each sphere in contact, respectively.

2.2.2.2 Model Inputs

In order to make a comparison between two contact models, all the particle properties and
simulation specifications were kept constant for all the simulations. This includes the pellet
generation, the number of spheres and the spheres size distribution in a pellet assembly, the
coordination of the spheres, the properties of the spheres, time-step, and compression rate.
Table 2 shows all the constant properties and their values in the simulations. It should be
highlighted that there is no overlap between the particles in a pellet assembly.
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Table 2: Model inputs for particles and wall geometry

Particle Properties Value Wall properties (Steel) Value
Pellet length (mm) 20 Density (kg/m°) 7850
Pellet diameter (mm) 6 Poisson ratio 0.3
Number of spheres 961 Young’s Modulus (Pa) 1.976e+11
Max sphere radius (mm) 0.44 Coefficient of restitution (p-w*) 0.0001
Min sphere radius (mm) 0.33 Coefficient of static friction (p-w*) 1
Particle density (kg/m°) 2645 Coefficient of restitution (p-w*) 0
Particle Poisson ratio 0.25 Compression rate (mm/s) 50
Particle Young’s Modulus (Pa) 1.5e+10
Coefficient of restitution (p-p*) 0.5 Other Properties
Coefficient of static friction (p-p*) 0.5 Contact radius (mm) 1.2
Rolling friction (p-p*) 0.5 Time-step () 7.5e-08

The bonding properties of the models were calibrated so that both models could represent
roughly the same stress on the real pellets. The calibrated properties are given in Table 3.
The calculation of the stress and strain was similar to the experimental part, i.e. the stress
value was calculated using the equation (1) where the force value is the mean of the forces
on two compression plates and the strain value calculated based on the initial positions of the
plates (1) and the displacement of the pellet (plate positions plus the total overlap between
the plates and the spheres). The Young’s Modulus was measured using the linear portion of
the stress-strain curves.

Table 3: Bonding properties of both models

EBPM Value BCM Value

Bond Young’s Modulus (MPa) 5.5e08 Bond Normal Stiffness 1lel0

Bond Poisson ratio 0.3 Bond Shear Stiffness 8e08

Maximum Compressive Stress (MPa) 7e07 Critical Compressive Stress 8e08

Maximum Tensile Stress (MPa) 3.5e07 Critical Shear Stress 8e08
Maximum Shear Stress (MPa) 1.5e07

3 RESULTS

3.1 Experimental

The results of the experimental work are shown in Figure 2. As can be seen clearly,
pellets show different behaviour during the compression test which results in different stress-
strain curves. This is due to the heterogeneity in the structure of the pellets which is linked to
the raw material characteristics and the pelletization process specifications. The pellet
heterogeneity was also reported by the other researchers who measured the maximum stress
at failure for different types of biomass pellets during axial compression [7]. Table 4 shows
the stress-strain and the Young’s Modulus of the pellets and their standard deviations. As
shown, there is no correlation between neither the pellet lengths and stress at failure nor the
stress and the Young’s modulus. This makes the calibration of the numerical part very
complex and difficult as the numerical results should be consistent with the experimental
results. Therefore, for simplifying the calibration, the mean of the results are considered as
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the benchmark for the numerical investigation.
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Figure 2: Experimental results of the uniaxial compression test with five different pellets

Table 4: The results of the compression tests (the standard deviations are shown in parentheses)

sample Number | Length (mm) Stresi l\illtPZ?“ure S;;?Iilr}rzt Youn%l’\;g/g))dulus
1 10.28 7.96 0.045 190.4
2 12.43 18.20 0.049 422.7
3 13.27 16.15 0.063 229.6
4 16.45 13.49 0.058 340.7
5 18.32 27.3 0.075 437.4
M - 16.62 (6.3) 0.058 (0.01) 324.1 (99.6)

3.2 Numerical

Using the same assembly of the pellet and contact radius of 1.2, around 4000 bonds were
created in each model. That means the mean coordination number for the spheres in the
assembly is 4.16. Figure 3 shows a typical pellet under compression in EDEM. The yellow
lines between the spheres show the bonds between them. The results of the stress-strain
curves of both EBPM and BCM are given in Figure 4 where the values are given in Table 5.
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Figure 3: Assembly of a pellet using 961 spheres under compression
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Figure 4: Stress-strain results of experimental and numerical methods
Table 5: Results of the macroscopic properties of the numerical models
Contact Model Stress at Failure (MPa) Strain at Failure Young’s Modulus
EBPM 15.50 0.058 367.7
BCM 16.26 0.152 41.8

As can be clearly seen, both models could reasonably predict the maximum stress at
failure very well, however, the BCM is not capable to predict the strain at failure and
consequently the Young’s Modulus. This was more investigated by executing more
simulations on the effect of bond normal and shear stiffness on the strain value at failure and
Young’s Modulus. The normal stiffness of 5e+09 and 5e+10 and shear stiffness of 1e+09
and 6e+08 were used in the other simulations. However, as can be seen in Figure 5, the
higher or lower bond stiffness has no effect on the results unless the stress at failure.
Kemeny [8], in his paper on rock deformation, claimed that the origins of the crack growth
under compression are small regions of tension. It was also confirmed by the other
researchers [1, 4] who investigated the strength of the concrete cylinders. Looking at the
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breakage patterns of the models, in BCM, all the bonds could only fail due to compression or
shear. However, in EBPM, the bonds are mostly broken due to tension. In BCM,
manipulating the bonding properties will change the value of stress at failure for biomass
pellets, however, the strain value is always higher than the experimental results most
probably because there is no source for the crack generation inside the pellet due to tension.
Figure 6 shows the number of broken bonds due to compression, shear, or tensile in EBPM
and total broken bonds in BCM up to the failure point.

Number of Broken Bonds

60

50

B
o

Stress (MPa)
w
=1

20

900 -

800

700

600

500

400

300

200

100

Calibrated Model
Normal Stiffness= 5e+10 N/m3
Normal Stiffness= 5e+09 N/m3
Shear Stiffness= 1e+09 N/m3

Shear Stiffness= 6e+08N/m3

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

Strain

Figure 5: Effect of normal and shear stiffness of BCM on the stress-strain curve
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Figure 6: Number of broken bonds up to failure in BCM and EBPM

In order to confirm the results of EBPM, more simulations with different values of tensile
strengths were executed in this work. For that, a tensile strength of 1e+07 and 7e+07 MPa
was used. The results are shown in Figure 7. As can be seen clearly, changing the critical
tensile strength will change the strain at failure because of a change in the bond breakage
patterns. Table 6 shows the number of broken bonds at failure for each simulation. As
shown, the total number of broken bonds is less than the sum of the compression, tension,
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and shear failure because in some cases the bonds fail due to more than one type of failure
e.g. a bond may break due to compression and tension in the same time-step. Looking at the
table, when using a low tensile strength (1e+07 MPa), most of the bonds break early in the
simulation resulting in a low stress at failure. By increasing the tensile strength value
(3.5e+07 MPa), the bonds will not break early in the simulation resulting in higher stress
values while other types of failure play a role. By using a very high value of tensile strength
(7e+07 MPa) the bonds will not break due to tension then the origin of crack generation is
restricted. Therefore, the same as BCM, the model overestimates the strain at failure.

Table 6: Number of broken bonds at failure for each simulation with EBPM

Tensile Strength Failure due to Failure due to Failure due to Total number of
(MPa) Compression Tension Shear broken bonds
le+07 32 785 0 785

3.5e+07 303 609 84 658
7e+07 638 85 635 1140
25

Tensile Strength= 1e+07 MPa
20 - Tensile Strength= 3.5e+07 MPa
Tensile Strength= 7e+07 MPa
151
o
=3
B 10 -
5 —
0 | | 1 | J
0 0.02 0.04 0.06 0.08 0.1 0.12
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Figure 7: Effect of tensile strength on the stress-stain curve of EBPM

4 DISCUSSION

Although EBPM shows a reasonable prediction of the individual pellet strength in the
axial direction, the model is not yet validated for the large scale transportation of biomass
pellets. The main difference between the individual pellet strength and the bulk pellet
strength is that in large scale transportation abrasive forces play a key role in mechanical
degradation of the materials. Pellets are mostly broken in ends which intensify the generation
of fines materials during transportation and handling. However, the model showed here is a
uniform pellet with smooth ends. Nevertheless, the calibrated model in EBPM could be used
to model pellets with broken ends in a simulated laboratory test, e.g. in a durability test using
tumbling can based on 1ISO-17831[9].

As shown here, due to heterogeneity in the pellet structure, the calibrated model
represents the mean of the experimental results. It is worth to mention that in order to use the
model at a bulk level, more calibrated pellets based on the standard deviations are required to
resemble the real condition in transportation and handling. Further research is required to
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validate the use of EBPM model at a bulk level.

5 CONCLUSION

The breakage behaviour of a type of torrefied biomass pellet under uniaxial compression
test was experimentally characterized and numerically simulated using two available
bonding contact models in EDEM software namely EBPM and BCM. One of the main
differences between the contact models is the capability of EBPM to represent bond failure
via tension. We showed that although both models can truly predict the stress values at
failure, the BCM is not able to predict the experimental strain values and the Young’s
Modulus of the pellets because the bonds can only fail due to compression and shear while
the main bond failure in uniaxial compression test is tension. However, as in EBPM most of
the bonds fail due to tension, the generation of the cracks happens before failure which
results in predicting the strain values similar to the experimental results. Therefore, the
EBPM model is recommended for further investigation of biomass pellet breakage.
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