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ABSTRACT

The evaluation of the flow properties of biomass powders is essential for the design of handling systems
within a thermochemical valorization context. The Discrete Element Method (DEM) is a valuable tool for
simulating the bulk behavior of granular materials that has rarely been used for biomass feedstocks. This
work focuses on the numerical investigation of the flow of raw and torrefied biomass particles in a loose
and dynamic conditioning using a rotating drum. The relevance of DEM parameters calibrated using bulk
experiments (angle-of-repose, bulk density, retainment ratio) is tested by comparison with experimental data
obtained using a rotating drum system. The calibrated DEM material model considers the elongated,
submillimetric and cohesive nature of the biomass powder. Several flowability descriptors (Upper Angle of
Stability, size of avalanches, fraction of revolution to trigger events and irregularity of the free surface) are
evaluated using both experimental data and DEM simulations. DEM results reproduced well the
experimental trends and distinguished between the different cohesive extent of the samples. DEM is
therefore a relevant technique for assessing flowability of biomass powders in a non-consolidated dynamic
flow. This paves the way for investigating the effects of particle characteristics on bulk flow, which are
briefly discussed.
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1. INTRODUCTION

Interest in lignocellulosic biomass has sharply increased recently due to its potential as a renewable
energy source to produce chemicals and gaseous or liquid biofuels. In biomass gasification processes for 2nd
generation biofuel production, the granular flowability of the biomass feedstock influences the continuous,
stable and controllable operation of the gasifier, which affects the design of reactors and composition of
the product gas [1-3]. Flow fluctuations, bridging and blockage of biomass particles in feeding systems of
gasifiers are common industrial problems that hinder the cost-effective industrialization of biomass
valorization facilities.

Before being fed into the gasifier, the biomass can be pre-treated, namely by torrefaction. Torrefaction
is a mild pyrolysis at temperatures ranging between 200 °C and 300 °C in an inert environment. Details on
the effects of torrefaction on biomass properties and its interest as pretreatment step for biomass
valorization can be found in [4,5]. In addition to improving the energy density and grindability of the
material, torrefaction also influences the size and shape of the particles obtained after grinding [6,7] which
has an impact on flow properties.

Flow issues can be correctly addressed through knowledge of the flow behavior of bulk solids. Despite
the relatively frequent occurrence of flow problems, little is known about the flow properties of biomass
materials, which may differ significantly from those of conventional granular materials used in industry [8].
So far, research on the flow properties of milled biomass has primarily focused on measurements using

shear testers [6,9—13] in which powders are in a consolidated and quasi-static state.

Rotating drums are widely used devices for characterizing flowability of powders in a loose and dynamic
state. They stand as a very practical geometry to study the flow of granular materials through, for instance,
the evaluation of their avalanching behavior. The test does not require an extensive sample preconditioning,
is performed quickly and can be repeated many times without operator intervention. In addition, rotating
drums can detect changes in powder flowability brought by powder additives with greater precision and
reproducibility than other commonly used loose-state tests such as angle-of-repose tests and bulk density
measurements [14]. Although an overwhelming majority of work using rotating drums has focused on
cohesionless materials [15-18], recent research [18-23] has highlighted the pertinence of the study of
avalanches to assess flowability of cohesive materials such as moist pharmaceutical [24] and cocoa [25]
powders. The avalanche characterization of biomass powder -which has a recognized cohesive character-
could provide a new insight on the dynamic free-surface flow behavior of this material. For instance, values
of the upper angle of stability obtained from rotating drum expetiments have been correlated to the
discharge rates at the outlet of screw feeders for biomass [12].

With the rapid development of high-performance computing technology, the Discrete Element Method
(DEM) [26] is becoming a powerful simulation tool to understand granular dynamics, particularly in rotating
drum flows [27]. Experimental evaluation of the isolated effects of shape, size or surface interactions on the
flow behavior of bulk solids can be difficult to achieve since these properties ate often correlated. Access
to the individual particle dynamics of fine materials is also a major difficulty in experimental work. The
ability to run a large number of simulations with full control of the physical properties of the system under
study makes DEM simulations a cost-effective way to help overcome experimental limitations. It also gives

an insight on the particle-scale phenomena taking place during flow.

Two approaches are commonly used in literature to study the flow of granular materials in rotating
drums using DEM. First, a large number of investigations focuses on the microdynamics of particles flow
within the drum, namely through the assessment of coordination numbers, collision frequencies of
individual particles and velocity profiles [28-32]. A second approach includes the evaluation of global bulk

characteristics such as dynamic angles of repose or the study of mixing and segregation of polydisperse



populations [27,30,32—40]. The latter approach was used in this work, since flowability was assessed using
bulk flow descriptors based on the motion of the mass center of the powder bed.

Due to limited computing power, implementation of DEM has limitations for simulating full-scale
industrial applications, where large quantities of particles are involved [41]. Non-spherical particle shapes as
well as cohesive behavior are also expensive features to model in DEM, mainly due to the need for more
complex contact detection algorithms and force models. In consequence, so far, most numerical studies on
granular flow in rotating drums are restricted to either spherical, non-cohesive or coarse (4, > 1 cm)
materials. However, challenging aspects of modelling biomass particles are precisely the inclusion of a

realistic shape model, along with a cohesive behavior for low-particle-density and submillimetric particles.

The effects of particle shape on the flow behavior of non-cohesive granular materials inside rotating
drum setups, using both DEM and experimental approaches, have been the subject of recent research
[32,34-37,39,40,42—45]. For instance, Norouzi et al. [34] numerically studied the flow behavior of both
spherical and non-spherical cohesionless polystyrene particles. They found that, at the same operating
conditions (namely, rotational speed and filling ratio), the dynamic angle of repose -defined as the angle
between the flat surface of particles and the horizontal axis- was greater for non-spherical than for spherical
particles. Similar conclusions were drawn by Santos et al. [32] for rice grains compared to spherical glass
beads. Mead et al. [36] comprehensively studied the influence of the aspect ratio, angularity, particle size
distribution and inter-particle contact friction on the angle of repose obtained using a rotating cylinder in
an avalanching regime. Wachs et al. [42] and Hohner et al. [39] have conducted DEM simulations of spheres
and three different polyhedral particles in a rotating drum. They have found that the dynamic angle of repose
increased with decreasing particle sphericity. Additionally, angular particles led to a less flat free surface of
the particle bed and an intermittent flow behavior.

Unlike non-cohesive free-flowing materials, cohesive flow in rotating drums has been investigated far
less. Granular cohesive systems may exhibit very different flow patterns and physical behavior (e. g.
avalanching) than systems where cohesion is not significant [20,40]. Prior studies on DEM simulation of
cohesive bulk materials in rotating drums include the study of velocity profiles [47], avalanching and surface
angles [20,38,47], segregation and axial dispersion [46,48]. Brewster et al. [47] have reported that the
magnitude of interparticle cohesion has a significant effect on the shape of the powder free surface. At low
rotation rates and high enough interparticle cohesion, the powder free surface is convex. Decreasing the
cohesion or increasing the rotation rate causes the free surface to flatten. Using DEM simulations Faqih et
al. [49] have shown that the cohesion of the material is directly proportional to the standard deviation of
the center of mass of a powder inside a rotating drum.

To obtain results that accurately reproduce experimental behavior, DEM parameters must be carefully
chosen, measured or adjusted through calibration. Prior studies have used results from rotating drum
experiments, predominantly the dynamic angle of repose, for DEM calibration of non-cohesive materials
[32,50,51]. However, reaching a steady state may need several rotations of the drum, which requires long
computation times, especially for a large number of submillimetric particles. Since calibration procedures
generally involve running several batches of simulations with combined DEM parameters, the entire process
would result in impractical timeframes. A first attempt for accelerating DEM calibration using rotating drum
results was made by Hu et al. [27], by using the critical upper and lower angles of the first avalanche. This
approach has yielded satisfactory results for spherical and non-cohesive materials. However, in the case of
elongated and cohesive powders, the highly chaotic and history-dependent nature of the avalanches requires

an assessment of dynamics over a long period of time.

As previously commented, in addition to the calibration of DEM parameters, the large number of
particles of typical industrial processes is another factor that limits the use of DEM in industry [52]. Scaling
up particle size is one technique that allows simulations to be run in a reasonable period. Coetzee [40] studied



the effect of using upscaled particles on the dynamic angle of repose of corn grains in a rotating drum and
identified a single set of calibrated parameters for all particles with scaling factors ranging from 1.0 to 4.0.
Several particle scaling approaches have been proposed in literature, including exact scaling [41,53], coarse
graining [54,55] and cutting-off approach [56]. A coarse-graining approach reduces computational effort by
replacing individual (real) particles by representative upscaled ‘meso’-particles [55,57,58]. This approach has
shown promising results for simulation of submillimetric biomass particles [59].

This paper presents a numerical study on the macroscopic flow behavior of raw and torrefied biomass
powders in a rotating drum setup using DEM. Comparison with experimental data makes it possible to
assess the relevance of DEM parameters calibration from bulk expetiments, applied to a rotating drum
system. Several avenues of novelty are covered in this work. First, the application of DEM and its calibration
for modeling flow of a cohesive, non-spherical material that has been very rarely treated in the literature so
far. Secondly, this work illustrates the use of a calibration procedure using simple and fast-to-obtain results
to realistically represent biomass flow in a rotating geometry. By using raw and torrefied powders with
different particle characteristics (size, shape and cohesiveness) we evaluated the ability of the calibration

parameters to express different flow behaviors and set a flowability classification.

The results are intended to be useful in understanding the effect of particle size, shape and interparticle
forces on the flowability of biomass powders in a non-consolidated and dynamic regime.

First, the material characteristics and the experimental setup are presented in the materials and method
section. Thereafter, the DEM simulation methodology is detailed. Several relevant flowability descriptors
such as the Upper Angle of Stability, the avalanche size, the fraction of revolution to trigger events and the
irregularity of the free surface are evaluated from experimental data and DEM simulations. A comparison
is made and comments on the effects of particle characteristics on flow behavior are finally provided.

2. Granular materials and experimental setup

2.1.Granular material preparation

Poplar  (Populus enro-americana  ‘Koster) was used in this study as representative of a fast-growing
lignocellulosic crop. A poplar tree was cut into boards that were then dried. Samples of 60X80%15 mm3
wete cut from a selected board.

The coupled effect of torrefaction and sieving on particle characteristics was considered in this work.
Torrefaction was made in a batch furnace especially developed to assure homogeneous inter-particle
treatment [60]. A controlled inert atmosphere, swept by a nitrogen flow, guaranteed an oxygen level below
1.5%. Two treatments were performed at 240 °C and 280 °C for 1 hour according to the following protocol:
(i) heating from room temperature to 100 °C at a rate of 10 °Cmin~"! (ii) plateau at 100 °C for 12 hours to
remove bound residual water (iii) heating at a rate of 10 °C'min~! to the treatment temperature (iv) plateau
at the treatment temperature for 1 hour and (v) cooling ensured by thermal losses and increased nitrogen
flow into the reactor.

The oven-dried mass of the samples before (7) and after () torrefaction was measured to calculate
the mass loss (ML) due to heat treatment:

/770 _m/
ML (%) ==—=--100 )

0
The mass loss is known to be a good indicator of the torrefaction intensity and has been successfully

correlated to several properties of the treated biomass such as dimensional changes [61], energy properties



[62], and flowability [6,03]. Mass losses of 9.6 + 0.8 % and 24.5 = 3 % were obtained for the samples
torrefied at 240 °C and 280 °C, respectively.

The biomass samples (raw and treated) were ground using a Rezseh SM300 knife mill with a 1-mm
trapezoidal hole bottom sieve at the outlet. Although an outlet sieve was used during grinding, the powders
obtained were still quite polydisperse and had many fine particles. The timestep for DEM simulations of
strongly polydispersed systems should be reduced according to the smallest particle present, which, in the
case of biomass samples, would lead to impractical simulation times [64]. Therefore, the powders obtained
after grinding were sieved to reduce polydispersity in particle size and shape. A Retseh AS 200 vibratory sieve
shaker at an amplitude of 60% (1.8 mm) for 20 minutes was used along with sieves of opening 500 pm and
710 pm. Particle size and shape distributions were obtained using a Sympatec-QICPIC morphological particle
size analyzer [65]. The main descriptors of the distributions are listed in Table 1.

For comparative purposes, 1-mm diameter glass beads were used as representative of materials with
spherical and non-cohesive particles. The SEM images presented in Figure 1 depict the elongated shape of
biomass particles compared to glass beads. It is noteworthy that, despite the sieving stage, the average
particle size (minimum Feret diameter) decreased with the intensity of torrefaction. The aspect ratio values
reveal that intensively torrefied samples were also less elongated than the raw and the mildly torrefied ones,
which is likely to influence their flow properties as discussed in [66].

Table 1. Sample size and shape characteristics.

Sieving

Torrefaction ML dsp” doy dy
Sample o cut S aso
temperature (%) (um) (um) (um)
(nm)
Glass beads — — — 1212 1373 1051 0.13 0.99
Raw biomass Untreated 0 500-710 746 1092 519 0.36 0.38
Mildly
torrefied 240 °C 9.6 500-710 667 929 448 0.35 0.31
biomass
Intensively
torrefied 280 °C 24.5 500-710 526 862 303 0.48 0.41
biomass

*(dso, doo, dro: 50th, 90th and 10th centiles of the cumulative volume PSD, respectively, S« distributions span=(ds-dio)/ (do+dyo), aso: 50th centile of
the aspect ratio distributions (#=minimum Feret diameter/maximum Feret diameter)

(c) Torrefied biomass (d) Torrefied biomass

(a) Glass beads (b) Raw biomass ML = 9.4%

1 mm

Figure 1. Typical SEM images of the granular materials used in this work.

2.2. Rotating drum and avalanching tests

An in-house-designed device was used to evaluate the dynamic flow behavior of the granular materials
(Figure 2). When studying avalanching behavior in rotating drums, it is crucial to ensure the absence of
external perturbations that would perturb the regular motion of powders or alter their dynamic stability.

Such a problem has already been encountered in previous research [67]. Keeping this constraint in mind, an



in-house experimental device was developed to characterize the dynamics of avalanches over a relatively
wide range of rotational speeds. Our device was designed to fulfill several constraints:

- Smooth and regular rotation avoiding any perturbation of the intrinsic powder behavior,
- Quality of lightning allowing a high shutter speed and a rigorous and easy post-processing of images,
- Drainage of electrical charges to reduce electrostatic forces effects,

- Suitable range of rotational speeds

The core piece of this device a stainless-steel cylinder (10 cm inner diameter, 2 cm width, roughness Ra
=~ 0.4 pm) clamped inside a roller bearing (IKO NAG 4924UU) as shown in Figure 2a-b. This design is the
key-feature of our in-house device: it ensures a regular and smooth rotation, without vibrations and permits
the uniform lighting required to grab high quality images. Two transparent conductive ITO (Indium-Tin
oxide)-coated glass discs are used to ensure the drainage of static electricity. The drive mechanism, built
between a motor (maxon RE040G/PM52) and the cylinder housing, deserves also attention. The
transmission is made through two pulleys (one changeable) connected by a toothed belt. This configuration
ensures a steady and stable rotational speed that can range between 0.01 rpm and 73 rpm for the chosen
pulley-belt set.

In order to observe and record powder motion, an optical montage ensuring axial alignment between
the camera and the drum was built. Images were acquired using a Photron FASTCAM high-speed camera
(Mini AX100, max. resolution 1 024 x 1 024 pixels, max. framerate 4 000 fps) along with a 105 mm 2.8 EX
DG Macro OS SIGMA lens. A framerate of 50 fps during 1065 s with a resolution of 896x720 pixels was
used. This configuration allows a relatively high exposure time (1/30 000 s) while taking clear images even
during the avalanche motion. The camera was positioned horizontally facing the frontal side of the drum,
with the center of view being aligned with the drum axis. A LED lighting panel (HSC PHL.OX 24 V) was
fixed behind the drum to obtain high-contrast shadow images of the powder.

A volume of 63 cm? of oven-dried materials was charged into the drum, corresponding to a filling ratio
of 40 %. All the tests were performed at ambient relative humidity between 46 % and 55 % and at a
rotational speed of 0.5 rpm. To automatically process the large set of images of each test (typically ca. 18.000
images per test), a post-processing procedure was implemented using the Image Processing Toolbox™ of
MATLAB platform.

Powder motion inside the drum was followed using the ‘centroid angle’ () defined as the angle between
the horizontal and the line from center of the drum to the center of mass of the powder bed (Figure 2c).
This indicator has been found relevant for the experimental evaluation of the flowability of cohesive
materials using a rotating drum [25].

Three flow parameters were extracted from the temporal evolution of a. The first one is the Upper
Angle of Stability (UAS), which is defined as the maximum value of o before an event (or ‘avalanche’). UAS
is an indicator of the inter-particle frictional forces that particles must overcome to slide across over each
other or to detach from the main bed to create an avalanche. Higher UAS values and wider UAS
distributions generally correspond to a decreased flowability. The second one is the size of avalanches, that
corresponds to the a variation during an event. Large avalanches in cohesive materials are generally an
indicator of poor flowability, as particles tend to form large clumps that break off and collapse over the
powder surface. Finally, the third parameter is the fraction of revolution needed to trigger events (f), defined

as [ =T /60-100 %, where T'is the time (s) between events and o is the rotational speed (rpm). A greater

value of fnormally indicates a greater powder cohesion since the events are less frequent. On the contrary,
powders having small values of f£distributions should flow freely and require lower energy to trigger flow
[19] . The determination coefficient (%) was also calculated as an indicator of the smoothness of the free-

surface profile of the powders. This coefficient evaluates the goodness of fit of a linear regression to the



surface profile. Cohesive materials tend to form agglomerates when tumbling, so their surfaces are expected

to be rough and irregular, resulting in values of 72 much less than the unit.

(©)

Bearing suppart

Glass discs

Figure 2. Rotating drum system. (a) Experimental setup: 1: rotating cylinder, 2: high-speed camera, 3: motor, 4: lighting panel, 5. drive
systen, (b) detail on the cylinder (c) Centroid angle (o) definition

3. DEM modelling

This section starts with an overview of the DEM contact model used in this work and the procedure
for representing particle size and shape using a coarse-grained multisphere approach. Then, the
methodology for calibrating the DEM parameters is briefly explained and finally the geometry of the
simulated rotating drum is presented.

3.1.Contact model

Simulations were conducted using the public version of LIGGGHTS 3.8.0 DEM code [68], parallelized
on a E5-2620 v4 2.10 GHz Intel® Xeon® machine with 125.8 GB of RAM. A classic non-linear spring-
dashpot model of Hertz-Mindlin was used as the basic contact model for all samples. For biomass samples,
an elastic-plastic spring-dashpot (EPSD2) rolling friction model and a simplified Johnson-Kendall-Roberts
(SJKR) cohesion model were also included.

The Hertz-Mindlin model stands as the most commonly used contact model due to its efficient and
accurate force calculations. At any time / the equations governing the translational and rotational motion
of particle 7 of mass »; and radius R; can be written as:

dvi 3 d cob
wigzzj(F9+Fy+F/)+m,g @)
and
dw, ' ,
Ii?ZZJ(Ty—‘l_T?) 3

where vi and w; are the translational and rotational velocities of particle 7 #; and I; are the mass and the
moment of inertia of the particle. The indices 7and ; can also represent particle-wall interactions. The forces

involved are: the gravitational force 7g and the forces between particles which include an elastic force F;
, a viscous damping component F¢ and cohesive contributions (for biomass samples) through the F,”
term. The torque acting on particle 7 due to patticle / includes two components: T, which is generated by
the tangential force and causes particle 7 to rotate, and T, , the rolling friction torque generated by

asymmetric distribution of the normal contact force and slows down the relative rotation between particles

in contact [69,70]. If particle 7 undergoes multiple interactions, the individual interaction forces and torques



sum up for all particles interacting with particle 2 The equations for calculation of each force contribution
are reported in Table 2. A complete description of the elasto-plastic spring-dashpot rolling friction model
EPSD?2 is given in [71].

Table 2. Eqgnations for calenlations of forces and torgues on particle i according to the Hertz-Mindlin model.

Force or torque contribution Equation
: e _ _4 3/2
Normal elastic force, F; £8,, = 3 YW /Rﬁ 5,
. 24/5/61n(e) \/ 1/2
Normal damping force, Fj, YV :_W 2y, (Re/,é'm) MyV,,
Tangential elastic force, Fj, k8, =—8G,,|R.F, 5,

. . 25/ 61n(e) 172
Tangential damping force, Fy, V= —W\/SG% (Rﬁé;/.,”) MV,
Coulomb friction limit 8,, truncated to satisfy F, <u, ‘F:W +P;/v” +P;”f1
Torque by tangential forces, T R, x(P; , +P; ,)

Torque by rolling friction, T EPSD2 model

where 1/%# - /mi + 1/»1j , I/R(ﬂ - 1/R[ + 1/R/ s 1/3‘5//, - (1-1//.2)/3@ +(1—vf)/¥/ s 1/@”/.‘. = 22y, (14, ), + 2(2—\// )(1+v/)/§‘/ s R;=R; (:/ —r,)/(Ki+K/) ,

e : coefficient of restitution, Y : Young’s modulus, G : shear modulus, »: Poisson’s ratio.

Cohesive force models in DEM include the Johnson, Kendall and Roberts (JKR) model [72], the
recently developed Parallel Bond Contact Model [73] and Adhesive Elasto-Plastic Contact Models [74]. The
simplified formulation of the widely-used Johnson-Kendall-Roberts model (sJKR) [75] was used in this
work, for several reasons: (i) because of its availability in LIGGGHTS, (ii) the need for a single calibration
parameter and (iii) the successful description of low-stress cohesive material flows that has been observed

in previous research [46,59]. This model adds an additional normal force F(%' tending to maintain the
contact between two particles, given by:
E’ =CED- A 4

where CED is the Cohesive Energy Density in J/m3 and A is the contact area between particles,
calculated as:

7(d,~R -R)(d,+R ~R )(d, =R +R )(d,+R +R )

A= : ©)
4 d;?

where dj; is the distance between the center of the particles and K; R;are the radii of the spheres 7 and /

in contact. For a particle ()-wall (j) contact, the contact area becomes:

A=n(R}-d}) ©)

3.2.Particle shape approximation

To simulate the elongated shape of the biomass particles, a multi-sphere approach was used [76]. Indeed,
since spherical shapes facilitate computationally-efficient contact detection, the multi-sphere method is one
of the most widely used approach for representing particle shape in DEM [45,77]. Spheres within a multi-
sphere cluster are fixed in position relative to each other and may ovetlap to approximate more closely to
the actual particle shape [76]. Multi-sphere representations have previously been used for describing flow
of submillimetric biomass particles [59], wood chips [78] and agricultural resources such as maize and rice
grains [79,80].



Each sample was simulated as a monodisperse population of multi-sphere clusters. High-quality
approximations of particle shape using a multisphere approach may require a large number of spheres,
making simulations very demanding in memory and computation time. To reduce the number of spheres
required to represent a single particle, the individual spheres were oriented on a single longitudinal axis, so
that the particles were needle-shaped (Figure 3). To approximate the actual morphology obtained by the
PSD measurements, a simplified model of particle representation was proposed. In this model, the number
of spheres in a clump, 7y, is function of the particle mean size (ds), the average aspect ratio (asg) (Table 1)

and an overlapping factor ¢.

The ovetlapping factor is defined as ¢ = 4/ d,,, where A is the overlapping distance between adjacent
spheres in um (Figure 3a). A value of ¢= 0 means that two spheres touch at one single point and ¢ =1
represents a total overlap between two contiguous spheres. As ¢ increases, the effective roughness of the
particle decreases. Previous work [77] has suggested that reducing surface roughness by increasing the
number of spheres per cluster does not necessarily lead to a better approximation of patticle behavior. A
value of ¢ of 20 % was chosen as it is considered a good trade-off between the accuracy of particle

representation and the number of spheres required.

The diameter of each sphere is set to be equal to the median minimum Feret diameter of the population,
dso. Therefore, the length of the clump (Zuxp), which corresponds to the average maximum Feret diameter,

can be calculated as follows:

Ly =/ a5y =11, x(dyy -A)+4 @

So, from the definitions of a5 and ¢, the number of spheres needed per clump is:
V-
®)

1—¢

The calculated values were rounded to the closest integer and the length of the clump was

ny,, =

recalculated accordingly.

The volume of each clump is given by:

a4 n,-1
Vo 2”““””(%) {5_ 12@ (6_2[)<4[2)] )

Table 3 shows the multisphere model parameters that define each sample. For the sake of

comparison with spherical models for particle representation, the equivalent diameter of a sphere having
the same volume as one individual clump (d,,) is also reported. Figure 3b presents the multisphere model of

each sample used in this investigation.

Table 3. Characteristics of the multisphere model for representation of biomass particles (non-scaled).

Raw ML =9.6% ML =24.5%
Aph 3 4 3
Lemp (UTY) 1940 2273 1367
Vetump (mm?3) 0.6282 0.5997 0.2199
doy (Wm) 1062 1046 748




(b) — /=1940um
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s
d =746 um
Raw biomass
(a)
S s e - _{E__E[-FS Lm
y (—‘ (/" : - Glass bead
| A () )| !
w W /| 7 d= 669 um
S e d = 1000um
Kt Torrefied biomass, ML = 9.6 %

/= 1367 um

=

{ra’ = 526 um

Torrefied biomass, M. = 24.5 %

Figure 3. Multisphere particle representation. (a). Nomenclature of main dimensions within a multisphere clump. (b). Models of biomass

samples and olass bead used in DEM simulations (non-scaled, true relative sise).
/ d glass bead used in DEM Jat, Jed, # Jat, ¢

3.3. Particle size upscaling and material model calibration
Using simplified shape representations of the actual particle shape is a common practice. However a
realistic material behavior has to be ensured through calibration [81].

The material DEM model of biomass powders was calibrated using the procedure described in detail in
[59,82]. Calibration of the inter-particle coefficients of sliding (%) and rolling friction (#,) and the Cohesion
energy density (CED) was performed by comparing experimental bulk measurements against results of
DEM simulations. The tested values for us and w, varied between 0.1 and 0.9 and between 0 and 80 kJ/m3
for the CED parameter. The bulk responses used were: angle-of-repose from a heap, bulk density and a
shear box retainment ratio. The minimization of the discrepancy between numerical and experimental
results was carried out using a Non-Dominate Sorting Genetic Algorithm (NSGA-II) [83], proven successful
in previous research for DEM calibration [82]. Two objective functions were defined: Oy, the relative error
between the simulated angle-of-repose and bulk density and the experimental values, and O, the relative
error between the experimental and simulated shear ratio. The shear ratio corresponded to the ratio of the
number of particles remaining inside a shear box after the outlet lid was lifted and the initial number of

particles poured into the box.

According to the dimensions of the particle clumps reported in Table 3, to simulate the formation of a
full heap, several hundreds of thousands of particles would have to be included in the simulation domain,
which would require several weeks of computation. Consequently, a coarse-graining approach [54,55,57]
was followed and a trade-off between the actual representation accuracy and the calculation effort was made
by scaling particle size up by a factor of 4. This led to a computation time for a typical heap formation
simulation of ca. 1 hour and ca. 1 week for the simulation of three drum rotations.

Following the procedure described in [59] led to a population of optimal possible combinations of
parameters that adjusted well the physical responses obtained from bulk setups. Preliminary simulations
showed that low values of CED (e.g. 10 kJ/m?) did not yield a qualitative cohesive behavior in the rotating
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drum simulations (revealed in the experiment by an irregular powder surface or the generation of particle
agglomerates) for the raw biomass sample. Similar observations have been made by Nasato et al. [55] where
too low cohesive forces in simulations of a shear test led to an identical flow behavior of a non-cohesive
Hertz contact model. Therefore, the values of u,, 1, and CED used for rotating drum simulations (Table 4)
were selected among the optimal parameter sets with the highest values of CED [59]. Values for glass beads
reported in Table 4 were taken from [84]. Except for CED, particle-walls interaction parameters were set
based on literature values for woody materials [81,85]. In line with previous research [86,87], particle-steel
CED was set at half the value of the interparticle CED.

Table 4. DEM simulation parameters for particles and walls.

P . Glass Raw Torrefied Torrefied
arameter
beads biomass ML =9.6% ML = 24.5%
Poisson’s ratio (particle-particle) 0.22 0.3 0.3 0.3
Poisson’s ratio (particle-walls) 0.22 0.3 0.3 0.3
Particle density, kg/m? 2550 350 350 350
Young’s modulus (particle-particle), Pa 5x10¢ 5x10¢ 5x106¢ 5x106
Young’s modulus (particle-walls), Pa 5X%100 5X%100 5X%10¢ 5X%1096
Coe.fﬁclent of restitution (particle- 0.87 01 01 01
particle)
Coefficient of restitution (particle- 0.87 01 01 01
walls)
Shd1.ng friction coefficient (particle- 02 01 03 0.693
particle)
Sliding friction coefficient (particle- 0.6 0.4 0.4 0.4
steel)
Sliding friction coefficient (particle- 02 0.5 0.5 05
glass)
Rolli - . —
o .1ng friction coefficient (particle o 07 03 0131
particle)
Rolling friction coefficient (particle- . 0.5 0.5 0.5
walls)
Cohesion E Density icle-
o} .eslon nergy Density (particle o 50 049 77 576 79 062
particle), J/m?
hesion E Density icle-
Cohesion Energy Density (particle L 25 024 38 788 39 531
steel), J/m?
Time-step (s) 1.5%105 1x10> 1.5%105 1x105
Total number of spheres 19 791 39 366 34 288 72 816
Number of clumps - 13122 8572 24272
Number of processors 8 2 4 8
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3.4. Simulated system description

The upscaled calibrated particle models were first used in simulations of the rotating drum at its actual
dimensions. However, due to the upscaled particle size, very few grains were included in the domain when
the real cylinder dimensions were used in simulations. This, combined with the resulting very high wall
effects, prompted us to scale the cylinder dimensions up by a factor of 4 (i.e. to use an ‘exact scaling’
approach [41,53,88]). Although the use of an exact scaling approach offers no advantage regarding the
simulation time, it provides a sufficient number of particles in the simulation domain to reproduce a
macroscopic bulk behaviour of the material. Considering the large number of patticles to be simulated, the
application of a periodic boundary conditions (PBC) approach was explored on a preliminary basis.

Indeed, besides particle size scaling, another approach commonly used to increase computational
efficiency in symmetric axial geometries such as cylinders, is to apply periodic boundary conditions in the
axial direction [89]. This approach considers the bed of particles as an infinite array of identical translated
layers of itself. Particles exiting one end of an axial boundary re-enter at the opposite boundary. Therefore,
the effects of the endplates are not considered and only a thinner slice representing the center of the drum

needs to be simulated, which could drastically reduce the computing time compared to the full system.

A cylindrical slice of the drum of 20 mm wide and 400 mm in diameter was used for PBC simulations.
This width (axial dimension) of the disc corresponded to "4 of the scaled width. Figure 4 shows a
comparison between experimental images for a biomass sample and glass beads (Figure 4a and d), snapshots
of the corresponding simulations using PBC (Figure 4b and ¢) and images using a closed geometry with the
same width and endplates (Figure 4c and f). The behavior obtained from DEM simulations with PBC did
not correspond to the experimental observations: in the case of the glass bead samples, a slumping rather
than a continuous regime developed [16], while for biomass samples, the powder collapsed on itself at very
low o angles. Simulations using glass endplates reproduced better the experimental behavior displaying
correct qualitative features: a continuous flow regime with a constant slope developed for glass beads and
high-potential avalanches took place for biomass. This shows that the inclusion of wall friction effects is
required to simulate a realistic flow. Therefore, the final simulated drum configuration included these

endplates.

The main drum dimensions used for simulations are presented in Table 5. It should be noted that to
reduce computing time, the cylinder width used for PBC simulations was kept in the finally simulated
system. The number of particles between endplates for the elongated biomass samples () is calculated based
on the equivalent diameter of the clumps #=w/(d,;%4) (Table 3). The values of # were in all cases above 4.
Johnstone [43] reported that four particles between the endplates were a good compromise between
computational time requirement and the accuracy of the dynamic angle determination. For each sample,
the number of particles to achieve a 40 % fill volume is also reported in Table 5. The values for biomass
samples correspond to the number of elongated clumps, so the total number of simulated individual sphetes
correspond to the value reported in Table 5 multiplied by the number of spheres per clump.

As in experiments, the rotational speed of the drum was 0.5 rpm. The randomly-oriented particles were
inserted into the cylinder volume and allowed to settle for 10 000 timesteps. Previous research by Marigo
[52] on cohesionless alumina cylindrical pellets has shown that a steady-state could be achieved after one
rotation while DEM simulations of plastic balls by Liu et al. [90] needed at least two rotations to reach
steady state. Mishra et al. [46] reported the attainment of a steady-state for agglomeration of cohesive
particles inside a rotating drum after 1.5 revolutions of the drum. In this work, simulations were conducted

for a duration equivalent to 3 drum rotations (360 s).
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Table 5. Characteristics of the sinulated rotating drum systen.

. Glass beads 100 mm
Drum diameter .
Biomass samples 400 mm
Glass bead 5
Drum width (1) A8 beads e
Biomass samples 20 mm
Glass beads 5
Raw bi 4.7
Number of patticles between endplates (/) Tz\rvre ézzi\s/lsLZ 9.6 % A8
Torrefied, MI.=24.5 % 6.7
Glass beads 19 791
Raw bi 19 376
Number of elongated clumps in domain T:;e ézzzx/lsL: 9.6 % 8 572
Torrefied, MI.=24.5 % 24 272

Torrefied biomass, ML = 24.5 %

(a) (b) (©

Glass beads

(d) (e) ®

\C(zntinuous flow

Slumping

e

Figure 4. Experimental and DEM-simulated notion inside the rotating drum for torrefied biomass and glass beads samples. (a,d).
Experimental images. (be). DEM simulation snapshots using PBC. (c,f). DEM sinulations with endplates.



4. RESULTS AND DISCUSSION

In this section, comparisons between the experimental behavior and DEM simulations are made, firstly,
based on the visual observations of the material motion and then from quantitative flowability indicators.
The experimental results presented here have been thoroughly discussed in [66] so that the analysis hereafter
focuses on the description of the numerical results and their comparison with the observed experimental
behaviot.

Figure 5 shows a qualitative comparison between representative experimental and simulation captions
after avalanches. Visually, the similarities between the simulation and the experimental results are
encouraging. Overall, the differences in behavior between the different samples studied here are well
captured by the DEM simulations.

(a) Glass beads (b) Raw biomass (c) MLL.=9.6 "% (d) ML =

Figure 5. Typical experimental and simnlated post-avalanche profiles after one rotation.

Both experimentally and numerically, a continuous regime of flow develops for glass beads with little
variations of the flat free-surface slope. For biomass samples, qualitatively, the motion of the powder bed
occurs in the form of intermittent collapses of particle clusters, which is a characteristic behavior of cohesive
materials [21]. This led to irregular free-surface profiles after avalanches that are well reproduced by
simulations. This behavior is more pronounced for the mildly torrefied sample (Figure 5¢), for which very
rugged and irregular profiles are observed. In all cases, simulations led to a higher roughness of the free-
surface than that observed in experiments. A higher apparent porosity of the powder bed compared to
experiments is also visible in the simulations, which is likely to be mainly a visualization effect, since the
width of the simulated drum (i.e. the number of axially superposed particles) was reduced compared to the
real setup.

The temporal evolution of the centroid angle « during one drum rotation is shown Figure 6.
Numerically, for glass beads, it took 8 % of rotation to trigger the first avalanche, while for biomass powders
around 20 % of a rotation was needed. After the first avalanche, both numerically and experimentally, there
is no clear evolution towards a steady-state in terms of the centroid angle, so the segments showed in Figure
6 can be considered as qualitatively representative of the entire simulated period (3 drum rotations).
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The qualitative behavior of the four samples in terms of a evolution was well reproduced by simulations.
Both numerically and experimentally, for glass beads, there are very rapid and very short variations of a of
up to 2° while, for biomass, thete is a succession of large quasiperiodic events consisting in dectreases of «
of up to 20°. Small random events are also common for the simulations of both raw and mildly torrefied
biomass (Figure 6b and c) while a more regular pattern of large events (nearly uniform in size and time
spacing) is visible for the intensively torrefied sample (Figure 6¢). Quantitatively, it is however apparent
from Figure 6 that there is an evident minor quantitative gap between experimental results and simulations.

The flowability parameters explained in Section 2.2 were evaluated from the experimental and

simulation results and used to quantitatively differentiate the cohesiveness of the different powders.

(a) Glass beads (b) Raw biomass

180
124 + Exp. Exp.
— DEM — DEM
122 | 170
120 160 F
B ey
_3/9118 @1 50 H
®116 °
140 Z
114 WW\WW
112 L 130 +
110 1 1 1 1 120 1 1 1
1 1.1 1.2 1.3 1.4 1.5 0.5 0.75 1 1.25 1.5
Revolution Revolution
(c) Torrefied, M. = 9.6 % (d) Torrefied, ML. = 24.5 %
180 180
Exp. Exp.
—DEM — DEM
170 170
160 H 160
ey D
<150 5150
3 w 3
140 + 140
130 130
120 L L L 120 L L L
0.5 0.75 1 1.25 1.5 0.5 0.75 1 1.25 1.5
Revolution Revolution

Figure 6. Experimental and DEM-modelled evolution of the 'centroid angle’. The x-axcis (‘Revolution’) is the fraction of rotation (i.e. the
product between the rotational speed and the elapsed fime in homogeneons units).

Because of the highly variable profiles shown in Figure 6, the flowability parameters are presented in
Figure 8 in terms of occurrence distributions rather than simply as average values. The median values of the
distributions (50t centile) are reported in Table 6 and used to establish flowability rankings. Quantitatively,
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the width of the distributions for a given flowability parameter ‘¢’ is quantified by the span 5., calculated as

follows:
Ss — Eq ~ & (10)
Ep T &y

where 99 and €79 are the 90t and 10® centiles of the cumulative e-distributions, respectively.

Figure 7 shows the cumulative distributions for the upper angle of stability obtained from the
experimental results (Figure 7a) and the DEM simulations (Figure 7b). Overall, the behavior for simulations
and experiments in terms of UAS is similar: a very steep unimodal distribution is obtained for the glass
beads, around a value a few tens of degrees lower than that of biomass powders, which is indicator of a
free-flowing behavior. In the case of the biomass powders, the distributions spread over a wider range of
values, as can be expected from the plots in Figure 6. The raw and the intensively torrefied samples exhibit
very close UAS distributions, while the mildly torrefied samples have greater UAS values, indicating a higher
cohesive nature.

In addition to interparticle interactions, the moment at which particles detach from the drum walls is
likely to be strongly influenced by the wall-particle particle-wall interactions, namely the coefficients of
friction and the cohesion energy. These parameters were not considered in the calibration framework
(Section 3.3). This might explain the quantitative offset of the DEM distributions compared to the
experimental results. Nevertheless, results of Table 6 for UAS show that DEM simulations predicted within
a low margin of error (below 7 %) the experimental values.
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Figure 7c-d compares the experimental and simulated avalanche size (Aa) distributions. While very short
avalanches were observed for glass beads, which is characteristic of a non-cohesive material, large angle
variations during events were observed for the biomass powders. These large variations of « are produced
by the tumbling of clusters of particles, measured experimentally and nicely reproduced numerically, which
rapidly modify the center of mass of the powder bed. While the qualitative similarity between the plots in
Figure 7 is encouraging, the average avalanche size (Table 6) was always underestimated by the DEM

simulations. However, the same experimental and numerical ranking of flowability could be established.

Table 6. Experimental and simulated results for several flowability indicators. Span values (Eq. 10) are indicated in round brackets,
flowability ranking is reported in square brackets from I being the worst flowing material to IV the material with the best flowability. The

relative error is referred fo as e.

UAS 59 (Suas) (deg) Avalanche size Aa (deg) S50 (8 (%) 50 (S2)
e e e e
Sample Exp. DEM ) Exp. DEM %) Exp. | DEM %) Exp. DEM %)
118.1 114.0 0.81 0.32 1.41 0.93 0.999 1.00
Glass beads (0.004) (0.006) | 3.5 (0.64) (0.85) | 60.5 | (0.42) | (0.63) | 34.0 (0.00) (0.00) 0.1
[IV] [IV] [IV] [1v] vl | [v] [1v] [1V]
147.7 152.4 6.84 4.79 2.48 2.06 0.966 0.98
Raw biomass 0.02) (0.024) | 3.2 (0.80) (0.92) | 30.0 | (0.52) | (0.71) | 16.9 (0.030) (0.02) 1.5
[I1] [II1] [II1] [II1] [II1] [II1] [I1] [II1]
149.6 159.8 7.98 5.61 2.77 2.62 0.956 0.68
Torrefied,
ML=9.6% (0.02) (0.041) | 6.8 (0.88) (0.90) | 29.7 | (0.51) | (0.76) 55 (0.040) (0.36) | 289
— . 0
1 1 (1] [11] [11] [11] 2] 1]
147.2 154.1 11.8 8.88 3.44 3.00 0.991 0.96
Totrefied
MIL=24.5% 0.02) (0.03) | 4.7 (0.89) (0.93) | 24.7 | (0.46) | (0.74) | 12.8 (0.014) (0.11) | 3.13
' [111] [11] [1] [1] [1] [1] [111] (1]

Similar observations can be made from Figure 7e-f regarding the fraction of revolution f needed to
trigger events. Again, lower fractions were obtained for glass beads, indicating a greater ease of flow. For
the biomass samples, events required a larger fraction of revolution to occut, i.e. they were triggered less
frequently, which is an indicator of a reduced flowability. Qualitatively, the shape and locations of the
simulated fdistributions were consistent with the experimental results. Lower discrepancies between the
average simulated and the experimental values of fwere obtained for the biomass materials than for the
glass beads (Table 6), and the same flowability ranking as in the experiments could be established. Intensively
torrefied samples were less prone to flow in terms of event frequency, followed by the mildly torrefied
sample, the raw sample and finally the non-cohesive glass beads. A comprehensive critical analysis on the
use of the fparameter as indicator of flowability has been made in previous research [91]. The identification
of the type of events is also important to conclude on flowability when using this indicator. For the
intensively torrefied samples, even if the events are more spaced over time, the representations in Figure 6d
show that there are fewer ‘small’ events for these materials than for the mildly torrefied or the raw samples.
These small events were associated to small clumps breakings over the powder bed, which are typical of a
cohesive flow. Experimentally, the flow of the intensively torrefied samples was dominated by ‘large’ shear-
flow events rather than ‘small’ clumps breaks. This behavior was also verified by visual observation of the
simulation output. This highlights the importance of considering the type of motion taking place during

avalanches, and not only isolated numerical indicators of the event frequency or size.

The evaluation of the coefficient of determination (?) completes the analysis of flowability by examining
the irregularity of the free-surface profile of the powder. Figure 8a-b correspond to the evolution of
obtained from experiments and simulations for the glass beads and the raw biomass sample. While for the

glass beads the values of /2 are nearly constant at ca. 1, for the biomass powder great deviations from a linear
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profile develop, especially during avalanches. The very distinct behavior between the non-cohesive and the
cohesive materials was well reproduced by simulations as can be seen in Figure 8: a high irregularity was

observed for the biomass sample compared to the glass beads.
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Figure 8. Irregularity of the free-surface profile as measured by the coefficient of determination (). (a) Experimental evolution for raw
biomass and glass beads. (b) Sinmlated evolution for raw biomass and glass beads. (c) Excperimental r*~distributions. (d) r~distributions

[from simulation results

The cumulative distributions in Figure 8c-d were derived from the evolution of 72 over time. The
comparison of experimental and simulated distributions reveals rather significant differences. The coarse
grained model of particles led to powder beds with a free surface profiles that were ‘rougher’ than in
experiments. An overestimation of the cohesive strength (i.e. the CED values in the DEM models) could
also trigger more irregular profiles as a more cohesive behavior develops compared to the experimental
behavior. This can be seen in Figure 6 where the evolution of the centroid for the biomass powders is
always higher than the experimental trends. A finer calibration of the CED value, that appears to have a

significant impact on the flow patterns may be recommended.

Most striking are the significantly low values of 72 obtained for the mildly torrefied samples from
simulations. This is the combined result of the high CED value for this sample and its higher elongation
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that led to very rough and irregular profiles. Except for for mildly torrefied samples, the average values of
? were similar in simulations and in experiments (Table 6) and were used to establish a flowability ranking,
with the mildly torrefied sample exhibiting the most cohesive behavior and the glass beads being non-
cohesive.

For all criteria, differences in the behavior showed between simulations and experiments are also likely
to be the effect of the reduced number of events considered to draw the distributions from simulations.
Indeed, in the experiments, distributions are calculated on the basis of about 3 times the number of events
recorded for simulations (e.g. 145 events for raw biomass). Although the study of the effect of the number
of events on the distributions obtained from simulations remains a concern of ongoing work, longer
simulations would likely reduce experimental-DEM gaps.

One avenue left unexplored in this work is the relative cohesive strength of interaction of particles with
the drum walls, which may have a strong influence on the powder motion (in particular the moment when
particles detach from the walls). Further investigation and experimentation might evaluate calibration of
particle-wall interaction parameters and their effects on the bulk flow.

The results presented here suggest that calibrated DEM parameters obtained from relatively easy-to-
implement bulk setups (angle-of-repose, bulk density and a retainment ratio) could be used to reproduce a
realistic dynamic non-consolidated flow of biomass patticles. One might consider directly applying a
calibration framework such as the one presented in [59] using rotating drum simulations and experiments
to better adjust powder dynamic behavior. However, as highlighted by Hu et al. [27] and as noted in this
work, the long computation time that would be required for calibration using indicators from a rotating
drum makes this strategy impractical at present. Instead, the results obtained from avalanche assessment in
rotating drums could be dedicated to narrow the population of optimal sets of parameters obtained from
bulk experiments, with fewer/shorter simulations required. This leads to a more realistic and robust DEM

material model and to a better representation of flow behavior under a wide range of flow conditions.

5. Potential of DEM simulations for exploration of shape and

cohesion effects on flow

The previous results proved that DEM simulations are capable of representing a realistic bulk flow of
biomass particles under dynamic free-surface conditions. One of the greatest strengths of the simulation
approach is that it allows the effect of the powder characteristics such as particle size, shape or interparticle
cohesion on bulk flow to be studied independently. An overview of this potential is given hereinafter.

Figure 9 shows simulation snapshots that illustrate the effect of changes in particle properties (shape
and cohesion) on the powder profile. Figure 9a corresponds to non-cohesive spherical particles with an
equivalent diameter equal to that of the raw biomass scaled clumps (d, = 2.12 mm), all the other DEM
parameters being the same than those used for raw biomass simulations. Figure 9b shows the effect of
adding a cohesive contribution of CED = 50.049 kJ/m? (i.e. CED for raw biomass particles reported in
Table 4.). In Figure 9c the elongated shape of the raw biomass clumps is used but interparticle cohesive

forces are neglected and Figure 9d corresponds to the simulated raw biomass sample with the parameters
of Table 4.
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(d) Elongated shape + cohesion

(a) Spherical shape (b) Sphenical shape + cohesion (¢) Elongated shape

Figure 9. Snapshots of DEM simulations showing the effect of particle shape and interparticle cobesion on flow.

To facilitate the visualization of the dynamic flow behavior, snapshots of the flow with particles colored
according to their instantaneous speed are presented in Figure 10 for two successive moments at % and 7.
The ease of access to detailed information at the particle-scale highlighted by the representations in Figure
10 shows another interesting feature of DEM simulations. Figure 11 presents the evolution of the centroid
angle during one rotation for the four cases presented in Figure 9 and Figure 10.

(d) Elongated shape

(a) Spherical shape (b) Spherical_ shape () Elongated shape + cohesion
+ cohesion (Raw biomass)
b

)

Figure 10. Effect of particle characteristics on the flow bebavior at two different moments. The time interval between #; and , is generally the
avalanche duration for the different material models, i.e. between 0.3 and 0.7 seconds. A similar time interval (c.a. 0.5 s5) was used for the

snapshots of models where a continnous regime developed (case a and c).
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1 400w-02
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The lowest values of a were obtained for the non-cohesive spherical particles and, as for the glass beads,
a continuous regime of flow developed with a flat and constant slope and a permanent layer of spheres
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rolling down the free-surface (Figure 10a). Adding a cohesive contribution not only increased the centroid
angle (Figure 9b), but also resulted in a slumping regime in which periodic events took place: the solid bed
was lifted (Figure 10b, top) and leveled off (Figure 10b, bottom) by successive small discrete avalanches at
the surface.

Elongated shape promotes particle interlocking while limiting their free movement, which results in
greater centroid angles than for spherical particles (Figure 9¢c). Equivalent results for the dynamic angle of
repose are reported in previous research by Hohner et al. [39] and Wachs et al. [42]. Interestingly, without
cohesive interactions, a continuous regime of flow develops as in the case of the spherical particles.
Elongated particles simply shift the mean angle towards a higher value and the thickness of the shear front
of particles continuously flowing over the powder bed decreases (Figure 10c). Figure 11 shows that the
increase in the centroid angle triggered by the addition of cohesion (case b) or by an elongated shape (case
¢) is, in average, comparable (ca. +20° compared to the simulation of spherical particles). The difference
between these two cases is the presence of short oscillations when a cohesive contribution is taken into
account. Therefore, if only an average value of o had been considered for flowability characterization (as is
often the case in literature), similar conclusions about flow would have been wrongly drawn for both cases.

This undetlines the importance of considering several flow indicators in addition to average angles.
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Figure 11. Efffect of particle characteristics on the temporal evolution of a during one drumr revolution.

As seen in Figure 9d, only the coupled effects of the elongated particle shape and the interparticle
cohesion were able to reproduce a realistic behavior for the raw biomass samples, with discrete avalanches
(Figure 10d top) and the formation of clusters of particles collapsing over the free-surface. This triggered
the large o variations depicted in Figure 11 that closely mimic the experimental behavior.

In this study, only monodispersed populations of particles were used in the simulations. However,
experimentally, although a sieving stage reduced the polydispersity of the biomass powders, there was still
a variety of particle sizes, especially for the intensively torrefied samples, which is likely to influence flow
behavior. A natural progression of this work is to analyze the effect of polydispersity on flow behavior
through simulations. Although this will be the subject of future research, a first effort in this direction is
shown here by simulating a polydispersed population with characteristics approximated from the PSD of
the raw biomass sample. Thus, three particle sizes at ds2 (500 um), dsp (746 um) and d75 (890 um) were
combined with volume proportions of 25 %, 50 % and 25 %, respectively, maintaining the same average
aspect ratio as the monodispersed system. As shown in Erreur! Source du renvoi introuvable., the
inclusion of two additional particle sizes did not significantly change the bulk behavior in terms of the

centroid angle evolution. Similar UAS and f distributions were thus obtained compared to those of the
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monodispersed raw biomass. However, the computing time was greatly increased due to the presence of
finer particles which led to a higher number of particles to be simulated to reach the same fill ratio (19 376
for the polydispersed system compared to 13 122 for the monodisperse raw biomass). This suggests that a
polydisperse system could be adequately represented by a simplified monodisperse population, thus saving
time in terms of calculation. Further work with a higher degree of polydispersity might be required to
reinforce these findings.
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Figure 12. Comparison of DEM results between monodisperse raw biomass (100% volume fraction at d = 746 um) and a polydisperse
sample (three particle sizes: d = 500, 746 and 890 wm at 25, 50 and 25% volume fractions, respectively). (a) Evolution of the o angle
over time (for clarity, the y-axis of the data sets is not the same; e.g. the raw biomass results should be read on the left y-axis). (b) UAS

cummnlative distributions. (c). f cummulative distributions.

6. CONCLUSIONS

Rotating drum tests are pertinent for studying bulk flow of granular materials in a non-consolidated and
dynamic conditioning. In this study, we evaluated the ability of DEM simulations for assessing flow behavior

of raw and torrefied milled biomass in a rotating drum.

The challenging characteristics of biomass particles with respect to simulations (submillimetric size,
elongated shape, cohesive nature) were integrated in a DEM model using a coarse-grained multisphere
approach for shape representation, along with a cohesive SJKR contact model. Bulk measurements of the
angle-of-repose, the bulk density and a retainment ratio were used for calibration of the interparticle
coefficients of sliding friction, rolling friction and the Cohesion Energy Density.

Qualitative comparison with the experimental behavior in a rotating drum system made it possible to
reduce the number of optimal sets of calibrated DEM parameters. To reproduce the experimental cohesive
behavior, it was therefore necessary to select a set of optimum interparticle parameters among those with
the highest cohesive energy density values. For raw biomass the optimal value of CED was ca. 50 kJ/m?
while for torrefied powders CED values were higher and closer to the upper limit of tested values
(80 kJ /m?3).

The selected parameters led to a realistic representation of the avalanche motion for the biomass
materials that could be achieved through the combined effects of an elongated particle shape and
interparticle cohesion. The calibrated DEM parameters obtained from relatively easy-to-implement bulk
setups can therefore be used to reliably reproduce a dynamic non-consolidated flow of biomass particles,
the latter being much more expensive to use as calibration setup in terms of computing time as stated in

previous research.
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Overall, the granular flow dynamics was correctly captured by the DEM simulations. A continuous
regime of flow developed for non-cohesive glass beads, while avalanches of particle clusters with centroid
angle variations of up to 20° were characteristic of biomass powders. Disctrepancy between DEM results
and the experimental values of the Upper Angle of stability remained under 7 % and qualitatively similar
distributions between experiments and simulations were obtained for the fraction of revolution to trigger
events and size of avalanches. Although significant differences were found regarding the irregularity of the
free-surface profile, similar numerical and experimental rankings of flowability could be established. This
confirms the suitability of the DEM simulations for assessing flow of cohesive biomass particles in a free-
surface dynamic system.

DEM simulations were useful to study the isolated effects of particle shape and cohesion on the flow
behavior. An increase of 18 % in the average centroid angle was observed when elongated particles were
compared to spherical particles of the same equivalent size. This increase rises to ca. +36 % when a cohesive
interaction (50 kJ/m?3) between particles is added.

While physical sound results were obtained using parameters calibrated using simple-to-implement bulk
setups, the robustness of these parameters remains to be further clarified through, for example, the
investigation of other flow conditions (including under consolidation). Future studies could also explore the
effects of the particle-wall interaction parameters, polydispersity as well as more elaborate particle shape
representations that are more favorable to particle interlocking.
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