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HIGHLIGHTS GRAPHICAL ABSTRACT

e DEM simulation of wood powders
(spruce and poplar) in a rotating drum.

o Novel calibration method via a digital fibrous wood particles
twin with new flow descriptors.

e Rolling, sliding friction and cohesion
energy density (y,, s, CED) are
calibrated.

e Higher cohesion in spruce linked to
fibrous rough surface, using image
analysis.

o Influence of (y,, ps, CED) on unconfined
powder flowability was investigated.
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ARTICLE INFO ABSTRACT
Keywords: Powder flowability underlies reliable solids handling, influencing dosing accuracy and production stability.
Powder Wood powders are usually cohesive and susceptible to flow problems like bridging because of their irregular,

Woody biomass

fibrous particles that are hygroscopic and heterogeneous. Two lignocellulosic powders were tested: spruce
Discrete Element Method

(softwood) and poplar (hardwood). Their particle size distribution, particle shape, and density were measured

Cohesi . . X . . .
F:icfisolsn experimentally. Crucially, the interparticle parameters that govern powder bulk behavior, which are the cohe-
Flowability sion energy density (CED), rolling friction coefficient (ur), and sliding friction coefficient (us), are not directly

Particle shape measurable at the scale and morphological complexity of fibrous wood particles. Therefore, using the Discrete
Element Method (DEM), (us,ur, CED) were identified as effective DEM parameters by inverse calibration against
rotating drum tests. A novel calibration workflow was developed to compare DEM simulations with real rotating
drum experiment indicators, which can be used for unconfined, dynamic flow. These indicators correspond to
newly discovered macroscopic flow descriptors that are processed from the powder bed: average projected area
Area, its fluctuation o(Area), and the average surface profile irregularity r2. Wood particles were modeled as
multi-sphere clumps with different sizes to balance realism and computational cost. The calibrated parameters
were: spruce—u,=0.10, 1,=0.367, CED=130 kJ/m®; poplar—u,=0.10, 1,=0.772, CED=100 kJ/m®. Following a
comprehensive results analysis, increasing CED and friction parameters deteriorates powder unconfined
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flowability by promoting agglomeration and particle interlocking. The resulting calibrated DEM inputs provide a
baseline for predicting and improving the handling of wood powders in hoppers, feeders, and conveying screws.

1. Introduction

Wood is increasingly processed in biorefineries to produce bio-based
fuels and chemicals; therefore, reliable handling of biomass powders is
fundamental to scaling the bioeconomy [1]. In biorefineries, wood
powders are stored and fed into units like torrefaction, pelletizing, py-
rolysis, gasification, and enzymatic hydrolysis. Yet, unlike near-ideal
granular media such as glass beads, wood powders are irregular, light-
weight, and cohesive. Their particles often exhibit fibrous surfaces and
broad size distributions, which together produce behaviors like arching,
ratholing, and intermittent discharge that are hard to predict and costly
to control in feeders, hoppers, conveying screws and reactors. These
flowability issues translate directly into energy losses, downtime, and
off-spec product [2].

Flowability assessment of granular material has lately gained
increasing interest. There are several techniques to evaluate powder
flowability, relative movement of a bulk of particles, which can be
classified into confined or unconfined flow. While shear cells and uni-
axial testers characterize powder behavior under confined conditions
(under stress) [3], rotating drums are better suited for studying uncon-
fined powder flow, where free-surface dynamics dominate [4]. Rotating
drums are cylinders partially filled with powder, rotated at a certain
speed, and coupled with image acquisition to capture frames of the
powder bed. In our previous research, we determined new efficient and
reliable flow descriptors through image processing [5]. The flow de-
scriptors used in this work are the powder bed surface linearity r*> and
fluctuation of the projected area o(Area). We studied the flowability of
two types of wood powder: spruce (softwood) and poplar (hardwood).

Understanding the powder properties governing their flow behavior
is very important [6-9]. Morphological properties for these two powders
were measured through experimental tools, like size, shape and surface
texture, and density. Morphology clearly matters, but it's not the sole
player for explaining the different flowability between the spruce and
poplar samples. Surface and cohesion properties like sliding friction
coefficient (), rolling friction coefficient (), and cohesion energy
density between particles (CED) have a significant impact on the powder
flow. In order to estimate these properties, Discrete Element Method
(DEM) was used. DEM is a numerical simulation tool that models the
bulk solid as individual particles and computes their forces, positions,
collisions and different interactions step by step [10]. It is interesting
because it links particle-scale parameters to observable bulk behavior,
enables safe hypothetical tests that are hard or costly in the lab, and
yields more predictive models for real processes. We note that while
single-contact methods such as the atomic force microscopy (AFM)
colloidal-probe or lateral-force microscopy can probe particle-particle
sliding friction y,, the measured values are highly sensitive to surface
roughness, humidity, and loading history and therefore are not directly
transferable to bulk flow [11]. Rolling friction y, at the particle scale is
even more elusive for sub-millimetric, irregular lignocellulosic particles;
it acts as an effective resistance emerging from shape-induced inter-
locking, micro-slip, and asperity deformation, and there is no broadly
accepted, ensemble-representative direct test. [12]. Likewise, cohesion
energy density (CED) in DEM contact laws is a lumped, model-
dependent parameter that maps attractive forces (van der Waals,
capillary, electrostatics) across rough, non-spherical contacts to a bulk-
effective cohesion; although proxies such as surface energy (inverse gas
chromatography) and pull-off forces (AFM) can be measured, converting
them to a unique CED requires assumptions about contact mechanics
and roughness statistics [13]. J. Pachén et al. used DEM to calibrate (y;,
U, CED) of wood powder based on simulating bulk tests and measuring
three physical responses — static angle-of-repose from heap formation,

bulk density, and retainment ratio by the rectangular container test
(ledge test) [14]. However, no biomass particles were observed to flow
when the lid of the rectangular container was lifted, stable stacks of
particles were formed because of interlocking and interparticle cohesive
forces, so the authors assigned the retainment ratio to be 1. Conse-
quently, this test appears less representative for fibrous or cohesive
powders such as biomass. A recent research studied the sensitivity of y,,
U, CED, and CoR (coefficient of restitution) on different DEM digital
twins of powder characterization tools, including GranFlow, Granu-
Heap, and GranuDrum, but without performing any calibration [15].

Several particle shape representations exist in DEM, ranging from
ideal spheres to clumped or polyhedral forms and other complex shapes,
but these approaches often come with a trade-off between accuracy and
computational cost [16]. Despite their industrial relevance, wood
powders are under-represented in DEM studies compared with pellet-
ized biomass. In recent literature, Zakia Tasnim et al. employed a
clumped-sphere representation to model pine residues, but with particle
sizes around 4 mm, whereas Jozef Horabik et al. represented wood
sawdust using single spherical particles [17,18]. Both studies targeted
simulations other than rotating-drum experiments. In the current work,
wood particles were approximated using a multisphere representation,
combined with a size-scaling strategy to keep simulation times
manageable while preserving realistic morphology. Experimentally
measured particle size distributions were used as inputs to the model. To
calibrate the model and reach the correct combination (CED, p, y,) for
spruce and poplar samples, systematic simulations were performed and
calibrated with the real rotating drum experiment outputs of each
sample with the help of a Design of Experiments. Based on the powder
bed surface linearity and its projected area, an objective function was
formulated to optimize the (CED, s, ji;) triplet by minimizing the sum of
the normalized discrepancies between simulated and experimental re-
sults. By systematically varying these surface and cohesion parameters
in DEM simulations, their individual and combined roles in influencing
unconfined powder flowability were revealed, providing insights into
which mechanisms dominate for such materials.

This study introduces a novel calibration framework that integrates
rotating drum experiment with DEM simulations to extract key surface
interaction parameters—cohesion energy density (CED), sliding friction
(ps), and rolling friction (ur)—based on new descriptors of the powder
bed dynamics. These effective DEM parameters provide insights for
simulating and optimizing the flow behavior in feeding, conveying, and
reactor charging operations.

2. Materials and methods
2.1. Wood powder: preparation and characterization

Two wood powders were studied: spruce (Picea abies (L.)) as the
softwood and poplar (Populus euro-americana ‘Koster”) as the hardwood.
Spruce was selected for its widespread use in forestry and relevance to
biomass-to-liquid (BtL) processes; samples came from a plantation in the
Le Chataignier forest (Riotord, France). Poplar was chosen for its fast
growth in temperate climates and suitability as an energy crop; samples
were taken from the La Suippe valley near Auménancourt-le-Petit
(France) [19,20]. The average growth-ring width was 2.85 mm for
spruce and about 14 mm for poplar.

Dry boards from each species were cut into 60 x 80 x 15 mm?® chips
and milled to powder using a cutting mill (Retsch SM 300) at 1500 rpm.
To limit heat build up from grinding, each batch was processed in two
passes. Material first passed a 10 mm trapezoidal-hole bottom sieve and
then a 1 mm sieve. The resulting powder was fractionated on a vibratory
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sieve shaker (Retsch® AS 200) for 20 min at 60 Hz, and the [500-800]
pm sieve cut was used in this work. These powders were stored in plastic
bags and kept under ambient laboratory conditions (room atmosphere).

The wood particle morphology was characterized with a dynamic
image analyzer (Sympatec QICPIC), using the M7 lens (measurement
range 10-10,240 pm) together with the GRADIS dispersion and VIBRI
feeding units [21]. The instrument software processed the images to
extract particle size and shape metrics. Because wood particles are
highly irregular, we used Feret diameters as size descriptors—the dis-
tances between two parallel tangents on opposite sides of a particle's
contour (Fig. 1). We report the maximum (Fp,ax), minimum (Fp,), and
mean (Fpean) Feret diameters. For shape, we focus on measuring particle
circularity. Circularity (0 < w < 1) is defined as the ratio of the equiv-
alent perimeter, P, (that of a disk with the same projected area A,), to
the measured perimeter P (Eq. (1)):

P, 2,/m-A
y=-9= Ld [6))

P, real P real

A value of y=1 corresponds to a perfect circle in projection. As y
decreases, the shape becomes more elongated and/or irregular. Rough,
jagged edges increase P,y without changing A,, which lowers y;
therefore, for the same area, a smoother particle has a higher circularity
than a rougher one.

2.2. Rotating drum: unconfined flowability

Wood-powder flowability was evaluated with a customized rotating
drum, following the protocol in our earlier study [5]. The device consists
of a stainless-steel cylinder (inner diameter 10 cm, width 2 cm) with an
internal roughness of ~0.4 pm, enclosed by two transparent glass win-
dows whose inner faces carry a very thin conductive coating (Fig. 2a).
For each test, the drum was filled with a 20% cm® cylindrical container of
powder, which is 40% of the drum volume, and rotated at 1 rpm. Powder
motion was captured using a high-speed camera (Photron® FASTCAM,
Mini AX100) paired with a 105 mm /2.8 macro lens (SIGMA®, EX DG
Macro 0S). A backlight panel (PHLOX®, LEDWBL, 200 x 200 mm?, 24
V) behind the drum provided uniform, high-contrast illumination. Im-
ages were recorded at 50 fps with a resolution of 1024 x 1024 pixels and
an exposure time of 1/60,000 s (Fig. 2b).

A MATLAB code was written to process these images and calculate
several flow descriptors [5]. For each sample in the drum, the projected
area (Area) and the irregularity of the surface profile () were calculated
through rotating time (Fig. 2c). The Area is calculated by binarizing the
grey images of the rotating drum, deleting any pixel outside the drum
cylinder circumference, and counting the number of pixels corre-
sponding to the granular bed using the “bwarea” function in Matlab.
During rotation, the Area fluctuates, so its average value is calculated
and also its standard deviation o(Area) along rotating time. 2 is calcu-
lated by fitting a line through the profile (interface between the powder
bed and air) using Principal Component Regression (PCR), and not linear

(a)

Powder Technology 473 (2026) 122157

(b) (c)

Fig. 2. (a) Rotating drum setup. (b) Typical image of spruce powder captured
by the camera. (c) Illustration of the projected powder area (white) and the
surface fitting line (orange).

regression, following the equation below:

rr=1- =1 (@)

?’i:axi+b<=>§’i:&79
a a
g lax-yiebl _[Fioy| o [®-x ®)
' VaZ+1 Vaz+1 2
() 1
where:

. (xi, yi) are the experiment profile points of the powder bed,

e (x;,¥i) belong to the fitting regression line having slope (a) and
ordinate axis-intercept (b),

d; is the Euclidean distance, minimum distance between the regres-
sion line and experimental points. As a result, PCR is mathematically
independent of variations induced by drum rotation, unlike when
using a linear distance, making it a robust descriptor for quantifying
surface irregularity in rotating-drum experiments.

(b)

L ‘

Xew 33134 X

4

Fig. 1. (a) Example pictures of wood particles taken by QICPIC. (b) Representation of Feret diameters [22].
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Finally, powder with better flowability has higher interface linearity
r2 and lower fluctuation in the bulk area ¢(Area) [5].

2.3. Discrete Element Method

To simulate the motion of wood powder in the rotating drum, we
performed Discrete Element Method (DEM) simulations in Altair®
EDEM 2024.1 using the GPU-accelerated CUDA solver [23].

2.3.1. Contact model

Hertz-Mindlin (no-slip) contact law was used to model particle con-
tacts, which captures elastic normal and tangential interactions and
accounts for energy dissipation via damping [24,25]. Fig. 3 shows an
illustration of the forces acting between two spheres in contact [26]. To
represent the limited free rotation of the irregular wood particles, this
was coupled with the Type-C rolling-friction model, which applies a
resisting torque to mimic non-spherical particle shape [27].

Because wood powders are cohesive, we also included an attractive-
force model namely Linear Cohesion V2, to reproduce interparticle
adhesion. These forces are a function of the material cohesion energy
density and the particle overlap [28].

Table 1 summarizes the main equations used by the DEM model,
which accounts for the Hertz—Mindlin (no-slip) contact law with Type-C
rolling-friction model and Linear Cohesion V2.

2.3.2. Particles and drum modeling

Wood powder particles are highly irregular because of their fibrous
origin, often resembling elongated needles or splinters rather than
compact grains. To capture this anisotropy without the overhead of
complex surface meshing, each particle was modeled as a multisphere
(clumped-sphere) assembly: a small set of overlapping spheres aligned
along a common longitudinal axis. This construction preserves the
essential geometry while keeping contact detection robust. Although
polygonal or voxelized particles can reproduce fine edges more accu-
rately, they come with much higher computational cost [29]. The
multisphere approach showed a practical balance between realism and
efficiency, which made it suitable for simulating hundreds of thousands
of cohesive particles moving in the rotating drum. It's important to note
that including cohesion in the DEM model increases computational cost,

Normal Spring < Normal Dashpot

Slider Tangenti/a\l/ Spring

Tangential Dashpot 4

Fig. 3. Schematic representationof the forces interacting between two particles
in DEM [26].
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Table 1
Equations used by the DEM models.
. . —
Normal force with damping Fy = %E* \/Fﬁi/z _9 \/2 5 \/mvnrel
5, Jomryrel
_ . rel .
Tangential force with damping Fo=-58 — 2\/;/3 Smv[e s |Fel < pge

|Fnl

M, = — K0, — 2n/Ik,w;
| — Kr6r| < pu,R/Fn

Foon = CED-A

Damping torque (viscous and non-
viscous)
Cohesive force

Where &, - normal overlap, E"- effective Young's modulus, R"- effective radius,
m” - the equivalent mass, v;el - the normal component of the relative velocity, S,
—Ine
VIn%e + 12
tangential overlap, S; - the tangential stiffness, i, - the coefficient of static
friction, K, - the rolling stiffness, 6, - the relative rotation angle, R, - the
equivalent rolling radius, p, - the Coefficient of Rolling Friction, n - the rolling
viscous damping ratio, I; - the equivalent Moment of Inertia for the rotational
vibration mode about the contact point, o - the relative rotational velocity vector
at the contact point, CED - the Cohesion Energy Density, and A - the particles'

contact area.

- the normal stiffness, p = , e - the coefficient of restitution, 5; - the

as additional adhesive force calculations and longer-lasting particle
contacts require more simulation time compared to non-cohesive par-
ticles [30].

Fig. 4 illustrates the representation of particles using clumped
spheres, where D is the diameter, L, is the length of the clump (par-
ticle) and / is the overlap between the spheres. The overlapping factor ‘c’
can be expressed as ¢ = %, meaning that the spheres are in contact at a
single point when ¢ = 0 while they totally overlap each other when ¢ = 1.
As c increases, the effective surface roughness of the particle decreases.
In this work, a value of ¢ = 0.2 (20%) was selected, as it provides a
suitable compromise between representation accuracy and computa-
tional efficiency in terms of the number of spheres required [14,31].

First, we constructed a clump that approximates the average particle
shape and size derived from the experimental image-analysis data for
each sample. The average minimum and maximum Feret diameters
calculated by the particle analyzer are used, which are noted by F,;;; and
Fax respectively. The following rule was followed to calculate the
number of spheres (n) of the reference clump:

i

min

D=
(lclump)o =Fpax = Il(D — )\,) + A

]

mex

Fmin

consequently n = .
q y 1_¢

Since the number of spheres can't be a decimal, the integer value of n
is considered and the length of the clump is recalculated again using the
rounded n value: lgmp= n.(D- A) + A.

Concerning the 1st sample, spruce, Fp, = 653.95 pm and Fpe =
1773.11 pm, so n=3.1, which is considered as 3 spheres (Fig. 5). Thus,

l clump

Fig. 4. Multi-sphere particle representation.
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Fig. 5. Particle shape representation of the two wood powder samples
on EDEM.

the length of the clump is 1700.3 pm. As for the 2nd sample, poplar, Fy,
= 624.78 ym and Fpq = 1841.41 pm, so n=3.43. In order to give good
representation of this wood powder, the target average n=3.43 was
achieved by mixing 3-sphere and 4-sphere clumps. The fractions were
computed from the weighted-average relation n = 3f; + 4f; with f5 +
fa = 1,where f3 and f4 represent the fraction of particles modeled as 3-
sphere clumps and 4-sphere clumps respectively. Thus, f; = 0.57 and f4
= 0.43.Accordingly, 57% of particles were represented by 3-sphere
clumps (Imp= 1624.4 pm) and 43% by 4-sphere clumps (leymp=
2124.2 pm).

Both wood powders were initially sieved using a mesh with openings
of 500-800 pm, which refers to the hole size of the sieve rather than the
actual particle size. In a next step, particle-size polydispersity was
introduced based on measurements obtained with a QICPIC dynamic
image analysis system. The resulting particle size distribution (PSD) is
shown in Fig. 6, where particle size is reported as the mean Feret
diameter (Fpeqn). Simulating the full continuous PSD would be compu-
tationally prohibitive; therefore, the PSD was discretized into three
representative size classes. Each class was assigned a mass fraction
corresponding to the measured PSD, and a representative size for that
class was defined from the particle analyzer data.

To implement these classes in DEM, the representative size of each
class was expressed relative to the reference particle previously used to
match the average particle shape (i.e., the monodisperse ‘reference’
particle described above). The particle volume was then scaled
accordingly (i.e., all sphere radii within the clump were multiplied by a
constant factor for that class), while the clump topology (number and
arrangement of spheres) was kept unchanged.

For spruce, the three increasing size classes (small —» medium —
large) accounted for 16%, 68%, and 16% of the total mass and were
implemented using volume scaling factors of 0.6, 1.0 (no scaling), and
1.8, respectively, applied to the spruce reference clump (3-sphere

——spruce oplar
35 p pop

=
2 R
v =
T £
>3 2.5
§a 2 /\
> o
25 15

[oN
g 1
£E=
S 0.5

0
10 100 1000 10000

particle size (um)

Fig. 6. Differential volume-based distribution of particle size (Fpean) for spruce
and poplar samples generated by the QICPIC.
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clump). For poplar, the same mass fractions (16%, 68%, and 16%) were
used, with volume scaling factors of 0.7, 1.0, and 1.5, respectively. These
scaling factors were applied to the previously defined poplar clump li-
brary (mixture of 3-sphere and 4-sphere clumps), thereby preserving the
calibrated shape representation while introducing size polydispersity.
The summary of the final particles representations for spruce and poplar
are present in Table 2.

The density of the materials was set to 428 kg/m? for spruce and 373
kg/m3 for poplar (Table 3). Since the particles of each powder sample
are non-uniform, those values were chosen based on measuring the
densities of the wood chips, at equilibrium moisture content (EMC),
before grinding. The mass of each chip was recorded, and its volume was
determined using Archimedes' principle [32]. The wood chip was
completely immersed in a container of water without touching the
bottom or sides. The mass of displaced water was recorded on a balance
and converted to volume using the water density. Although this method
is usually applied to fully water-saturated wood to calculate infra-
density, our aim was to determine density at equilibrium moisture
content (EMC). Since water could seep into the pores during immersion
and affect the result, the chips were first sprayed with a thin waterproof
coating. The coating volume was negligible. As for the bulk density
values, they were obtained experimentally by weighing a separate
container filled with powder prior to loading the rotating drum and used
to calculate the total mass of the generated particles in the simulations.

Concerning the rotating drum, it was modeled as a rigid cylinder
using its real dimensions (diameter 10 cm, width 2 cm). Boundary ma-
terials were assigned to match the setup: the drum walls were defined as
stainless steel and the other contacting disk surfaces as glass. The drum
was driven at a constant rotational speed of 1 rpm for all simulations.

Table 3 summarizes some properties that were used for the DEM
simulations. The values accompanied by (*) are measured experimen-
tally at the lab, while others are based on literature [33,34].

The simulation time step At, time between iterations of the Euler
integration, was set to 25% of the Rayleigh time step. The Rayleigh time
step is the characteristic time associated with a surface (Rayleigh) elastic
wave propagating across the smallest particles; it depends on the par-
ticle size and material properties (e.g., density, Young's modulus, and
Poisson's ratio) [35]. Using a quarter of this limit is a common, con-
servative choice because it reduces numerical oscillations and
nonphysical overlaps while keeping the simulation efficient. The time
step for spruce simulations was 4.39877e-06 s and that for poplar was
4.13011e-06 s.

Table 2
Final DEM particle representations used in simulations.
Wood Size PSD mass Final particle-shape Final
class fraction (%) representation Letump final
(pm)
0 i =
Small 16 100% clumps withn = 3 1434.1
spheres
Y i =
Spruce  Medium 68 100% clumps withn =3, 5
spheres
0 i =
Large 16 100% clumps withn = 3 2068.3
spheres
n=3:
57% clumps withn = 3 + 1442.3
Small 16 43% clumps with n = 4 n=4:
1886.1
n=3:
. 57% clumps withn = 3 + 1624.4
Poplar Medium 68 43% clumps with n = 4 n=4
2124.2
n=3:
57% clumps withn = 3 + 1859.5
Large 16 43% clumps with n = 4 n=4:
2431.6
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Table 3
Parameters used for EDEM simulations.
Spruce (s)  Poplar (p)  Drum lateral Drum disks
wall (w) )
Poisson ratio 0.3 0.3 0.3 0.22
Young's Modulus, Pa 5.00E+06 5.00E+06 1.93E+11 1.00E+09
Coefficient of
Restitution w1t¥1 s-s: 0.1 - w-s: 0.1 d-s: 0.5
granular material:
spruce
Coefficient of
Restitution w1t¥1 - p-p: 0.1 w-s: 0.1 d-s: 0.5
granular material:
poplar
Particle/ material 428* 373 8000 2500
density, kg/m
Bulk density, kg/m? 131* 205* - -

2.3.3. Scaling impact study

To save computational time, a scaling study was carried out first
before conducting a full design-of-experiments (DoE) of simulations.
The dimensions of the rotating drum were kept the same, but the volume
of the particles was scaled by 2, keeping the same filling ratio of the
powder in the drum. This approach is called coarse-graining, which
decreases the time of simulation as the number of generated particles
will decrease [36]. However, the impact of this scaling approach on the
results has to be assessed, thus random combinations of CED, y;, and y,
were tested for the spruce sample. Table 4 shows the different tests
simulated; each test was performed twice, one without scaling (scale 1)
and one with scaling (scale 2). For each case, the powder average area
with its standard deviation (Area, 6(Area)) and the average irregularity

of the surface profile (r2) were calculated and compared (Fig. 7).
Across tests A to D, the adopted scaling generally preserved similar
results and trends of the rotating drum outputs. The differences observed
between the scaled and unscaled simulations are not very significant but
vary depending on the input parameters, indicating that there is no
single uniform formula to accurately transform the results from scale 2
back to scale 1. This scaling is effective because it showed a notable
reduction in computation time, from approximately 13 h to around 6 h,
while preserving the relevant physics. The particles' volume was
increased while conserving the geometry and shape of particle assem-
blies, and the drum geometry, fill fraction, and Froude number F, that
influences the flow regime were held constant (F. =

2 )
(angular Vd"“gg “(drum radius)y 1377 1n this study we focused on a comparative,

scaled-level calibration of spruce and poplar to compare and study the
effects of (CED, ug, u,), so the assembly of particles representing each of
the spruce and poplar samples was volume-scaled by a factor of 2. Future
work will focus on quantifying scaling effects explicitly and testing the
transferability of CED, u,, and u, across scales. It is worth noting that
different scaling strategies were initially tested such as scaling up the
particle size by higher values or scaling down the rotating drum size, but
the approach presented here yielded the best results.

2.3.4. Calibration approach

To identify the optimal (CED, u,, x,) combination of each wood
powder, a calibration procedure was developed and is summarized in
Fig. 8. The main goal is to have similar results between the real rotating
drum experiments and the simulated tests on DEM. The condition for the

Table 4
Simulations with random combinations of y, ji., and CED.
Test M Uy CED (J/m®)
A 0.9 0.1 30,000
B 0.3 0.3 50,000
C 0.1 0.1 100,000
D 0.1 0.9 150,000
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KPIs, key performance indicators, in this study was to reach:
|6(Area) o(Area),,,| < 0.1,
r_zexpl < 0.01; where ‘sim’ corresponds to the simulated results and ‘exp’
to the experimental ones. Based on this condition, the best simulation is
the one exhibiting the minimum value of the objective function
‘f(CED, y,, )" which is as follows:

|Areasim — Areaeq| < 1, sim — 2 sim —

f(CED, u,, 1,) |Aream — Ared.,| ‘U(Area):im — o(Area), ’ 2o )
o Aredey o(Area), 2 =

HyperStudy (Altair®, 2024.1) was employed as a DoE tool to sys-
tematically vary the DEM input parameters (CED, u,, p,) [38]. It also
provides a suite of regression and optimization algorithms to build
surrogate models that predict likely optimal parameter sets that best
reproduce the experimental flow metrics. These anticipated input sets
have to be validated by running their corresponding DEM simulation.

3. Results
3.1. Calculating surface and cohesion properties of wood powder

3.1.1. Calibration of the spruce and poplar samples

Rotating drum experiments were conducted at the laboratory for
both wood samples. Poplar powder exhibited better flowability than
that of spruce because it had lower o(Area).y (0.78% < 1.2%) and
higher 12, (0.989 > 0.95).

Based on these results, the calibration of the powder target input
parameters was executed. First, spruce sample was evaluated, in which a
series of simulations was conducted by varying the three parameters:
sliding friction coefficient (0.1, 0.367, 0.633, 0.9), rolling friction co-
efficient (0.1, 0.367, 0.633, 0.9), and cohesion energy density (0, 30, 70,
100, 130, 150 kJ/m®). Each combination of these parameter values was
tested, resulting in a total of 96 simulations (full factorial: 4x4x6).

As mentioned before, the goal was to identify which (CED, y,, 4,) set
gives the minimum value of the objective function f(CED, g, y,) while
respecting the condition of the maximum accepted difference between

the simulated and experimental results for each of Area,s(Area),and r2.
Using HyperStudy, the optimal combinations with different optimiza-
tion algorithms are presented in Table 5. The used algorithms were (i)
the Adaptive Response Surface Method (ARSM) for sample-efficient
local refinement, (ii) the Global Response Surface Method (GRSM) to
combine surrogate-based optimization with global exploration, and (iii)
a Genetic Algorithm (GA) for gradient-free global search [39]. This trio
of optimizers is well-suited to DEM calibration because the error land-
scape has many local minima and abrupt changes; surrogate-based
ARSM and GRSM limit the number of costly DEM runs, while the GA
provides broad, gradient-free exploration to avoid getting trapped in
suboptimal regions. However, these sets of values are only predicted by
model fitting, so each parameter set must be verified with running a full
DEM simulation.

After running simulations using the results of Table 5, the best input
combination that had the minimum objective function was ps = 0.1, p,
= 0.367, and CED = 130 kJ/m>. This simulation took 3.9444 h of
computing time. The corresponding flow metrics areAreag,;= 55.1%
(Areapp= 54.5%), o(Area),,=1.1% (o(Area),,=1.2%), and r2gm=

0.957 (2= 0.95).

Regarding poplar calibration, 48 simulations were conducted, rep-
resenting a full factorial of the following sets of values: y, (0.1, 0.367,
0.633, 0.9), y, (0.1, 0.367, 0.633, 0.9), and CED (70, 100, 130 kJ/m3).
Less number of CED values were simulated here because after calibrat-
ing the spruce sample, we gained insights about the influence of some
inputs on the flow metrics. The optimal suggested combination of pa-
rameters suggested by HyperStudy are shown in Table 6. After running

sim
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Fig. 7. Comparison of the powder flow descriptors between non-scaled (1) and scaled (2) simulations for the 4 tests (A to D).

a- Real experiments of
rotating drum

b- Rotating drum DEM
simulations over an initial range
of values for (CED, p, 1)

L

: Objective: 1

! : H - Optimize using DoE
v min(f(CED,us, ) ¢

: (f s ) roo (model fitting)
teug&pef01] :

1+ CEDE€0,200] kj/m®

Optimum

(CED, pg 1)

1

4

d- Check if:
* Simulation performed in step (b) or (f)
* KPIs condition*

e[ e

Done . )
e- Run the simulation

and calculate "f"

f- Choose a refined range of
values for (CED, p, ) and
run simulations

KPIs condition* No

Yes

Done

KPIs condition*: |Ared;, — Aredqyp| < i,|0(Area)sim — 0(Area)exy| < Jj, [ Zsim — 2exp| < k

where i=1, j=0.1, and k=0.01 for this study

Fig. 8. Flow chart of the calibration procedure of (CED, s, |i,) using flow descriptors from the rotating drum test (real vs. DEM simulations).

simulations using these sets of values, the best combination giving the
minimum value of the objective function was ps = 0.1, p, = 0.77, and
CED = 100 kJ/m>. This simulation took 4.362 h of computing time. The
corresponding flow metrics areAredsm= 60.9% (Ared.,= 60.2%),

0.989).

o(Area)y,= 0.79% (c(Area),,,=

0.78%), and r2gm= 0.981 (r2eyp=

Fig. 9 represents images from real rotating drum experiments of
spruce and poplar samples on one hand and snapshots of their
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Table 5
Optimal (ys, pr, CED) combinations for spruce.

Optimisation method s e CED (kJ/m®) f
ARSM 0.1 0.367 130 0.102
GRSM 0.1514491 0.4114751 150 0.252
GA 0.1511339 0.4138336 150 0.252
Table 6
Optimal (ys, P, CED) combinations for poplar.
Optimisation method s y CED (kJ/m>) f
ARSM 0.1 0.772 100 0.033
GRSM 0.1 0.9 100 0.038
GA 0.78 0.63 37.5 0.222

corresponding DEM simulations, using the calibrated values of u., y,,
and CED, on the other hand.By qualitative comparison, the experimental
and simulated powder flow behavior appeared similar for both wood
species.
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3.1.2. Comparison of the results of the wood powder samples

The cohesion energy density for spruce was 130 kJ/m?>, greater than
that of poplar which was 100 kJ/m3. Thus, the spruce sample is more
cohesive, and this explains the fact that it had lower flowability than
poplar. The circularity value of the particles of both samples was
calculated, such that spruce had an average = 0.496 with a span =
0.335, while poplar had ¥ = 0.579 with a span = 0.272. As previously
explained, this means that spruce particles possess more surface
roughness, and these micro-pores increase the adhesive contact points.
After taking images of the powder using scanning electron microscopy
(SEM), spruce powder appeared to be more fibrous while poplar was
smoother with more uniformity in shape (Fig. 10). It is important to note
that the cohesion between particles is also affected by their chemical
composition, and these two wood species have distinct ligno-cellulosic
compositions (cellulose, hemicellulose, lignin), affecting their intrinsic
surface energy and intermolecular attractive forces [40].However, this
aspect is beyond the scope of this study.

With respect to the rolling friction coefficient, y, for poplar (0.772)
was higher than that of spruce (0.367). Poplar sample contained slightly

1;’"_? is 2.95 for poplar and 2.71 for spruce,

longer particles where the ratio

which hinders free rolling. However, this difference in p, cannot be

experiment
()
9
= S (S
S
Q
%]
simulation
experiment
S
8
Q|
o
<%

simulation

Fig. 9. Typical snapshots of the rotating wood powders from the experimental results and calibrated DEM simulations at different instants.

Fig. 10. SEM images of the wood powders (Magnification x50).
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solely explained by the aspect ratio; |, is an effective parameter that
encompasses multiple mechanisms, including particle shape irregular-
ity, particle elongation, surface roughness, contact multiplicity, and
elastic dissipation.

3.2. Influence of surface and cohesion properties on the powder bed
behavior

3.2.1. Sensitivity analysis

Pareto plots were produced following a DoE-based sensitivity anal-
ysis (Fig. 11). For each output, the plots rank the influence of the input
parameters individually (y,, p,, and CED), reporting the contribution
(%) derived from standardized regression coefficients [41]. Bars with
greater height indicate a stronger influence on the corresponding
output, and parameters are displayed in descending order. This sensi-
tivity analysis was chosen to be done based on spruce data, since spruce
calibration involved a larger simulation campaign (96 simulations for
spruce vs. 48 simulations for poplar), providing a denser sampling of the
parameter space and therefore a more reliable basis to infer parameter
sensitivity trends.

As illustrated by the previous plot, CED is the most influential
parameter for the three outputs (Area: 55.77%, o(Area): 51.84%, r2:
73.31%). The cohesion energy controls the inter-particle attraction, so it
directly affects how easily powder particles detach and flow. The rank of
the influence of y, and y, differed between the outputs, 4, had a higher
impact than y, for Area, but it is the opposite case for o(Area) and r2.
These results cannot be assumed to be quantitatively generalizable to
other powders without further investigation.

The cohesion energy density dominates flow behavior, especially for
fibrous, irregular particles. Needle-like particles have larger contact
surface areas, which amplify van der Waals and capillary forces,
contributing to higher effective cohesion [42]. This leads to irregular
and non-linear surface formation of the powder bed (lower r2), bigger
bed build up as the cohesion effect challenges the gravity effect (higher
Area), and more fluctuation in the area while rotating with the forma-
tion of blocks and clumps (higher o(Area)).

80
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Fig. 12 focuses on the CED contribution by plotting the variation of

the three rotating drum outputs (Area, o(Area), r2) with respect to CED
for all the combinations of (i, 4,.). It illustrates the general trend for the
CED impact as explained earlier, and also shows that higher CED widens
the scattering of the outputs.

As observed previously in Fig. 11, the sliding friction coefficient
showed a moderate influence on Area (28.88%) and c(Area) (23.34%),
whereas low impact on 2 (9.70%). For elongated particles, sliding is not
always a primary motion due to interlocking. Still, it plays a role during
the powder initial displacement and spreading in the drum, interaction
with the drum wall, and rearrangement during cascading. Hence, it af-
fects the projected area size and variability. But once a bed structure
forms, sliding friction has less control over surface shaping — that is
more governed by how particles stick (CED) or roll (ur). So, while pg
controls how particles start to move, it is less critical for forming a
smooth, coherent surface slope.

The rolling friction coefficient had the least influence on Area

(15.35%), while moderate influence on o(Area) (24.82%) and r2
(16.99%) (Fig. 11). pr is critically important for elongated particles,
which don't roll easily like spheres, such as the irregular-shaped wood
powder. Thus, it affects the stability of the powder surface layers and
their reorganization during the flow (¢(Area)) and plays a role in the
development of angular pile slopes or irregular surface profiles (r2)
especially when CED is lower, since particles can either roll into place or
destabilize the surface.

3.2.2. Effect of CED, s, p, on unconfined powder flowability

The effect of the powder properties (y;, yi,, CED) on its unconfined
flowability was explored. As previously stated, powder unconfined
flowability refers to the ability of a bulk powder to flow freely under
gravity with minimum presence of external confinement or applied
stress. In our previous study, we reached the best flow descriptors to
evaluate this aspect [5], and one of them is the o(Area) which will be
used in this analysis. The lower the fluctuation of the area o(Area), the
better the powder flowability. The results plotted in Fig. 12 are not
sufficient because the effects of the two friction coefficients are hidden.

58838

=N W
o O O

% contribution on o (Area)

o

CED Rolling Friction Sliding Friction

Rolling Friction Sliding Friction

Fig. 11. Pareto plots of input-parameter influence on flow descriptors of spruce powder in rotating drum.
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Effect of CED on area

90 } : i
R 80 ! =
=70 l : ®
S ! 2
QL) 60 ] ° [
S 50 } ' ! l . :
] o o
40 ' ] b
Effect of CED on o(area)
2.5 [ 1
N - I
¥ : 1 -
S15¢ i - .
g 1 n [ . I
— 0 l H
cosi | | H i :
o[ & ' .
Effect of CED on 2.
1.00[ & A ! i
A
~ 0.98 i R 2
e . : i
0.96 [ f ;
0.94 | A
A
A
0 20000 40000 60000 80000 100000 120000 140000

CED

Fig. 12. Effect of CED on the spruce powder dynamics in a rotating drum; for each CED value, the results of all the (p,p,) combinations are plotted.

Consequently, using the results of the simulations performed for cali-
brating the spruce powder in DEM, heatmaps were plotted to illustrate
the effect of y, i, and CED on o(Area) (Fig. 13).

As a general trend across all these heatmaps, ¢(Area) increases with
higher CED, so poor powder flowability is attained. Higher rolling
friction also increases o(Area), especially at high CED values, thus it
reduces flowability. Concerning the effect of sliding friction, for y; = 0.1
(low), flowability is generally better (more green zones), and at low CED
and low rolling friction, o(Area) is lowest, which represents the ideal
conditions. When the sliding friction increases, there is an overall shift in
the heatmaps colors towards yellow and red, which indicates poor
flowability. Also, the system becomes more sensitive to changes in CED
and u,, o(Area) starts increasing even at lower CED and rolling friction
levels.

Finally, the results point to a general deterioration of powder flow-
ability with increased CED and friction; however, the evolution is not
monotonic. Instead, the response of the powder bed varies based on how
the parameters interact, demonstrating that no single parameter governs
solely the flowability. Therefore, the combined effect of CED and both
friction coefficients is synergistic rather than additive. CED is the main
factor affecting powder flowability in our case study, could differ for
other powder types, that's why spruce, possessing higher CED, had lower
flowability than poplar, which had higher .. It's worth mentioning that
both samples belong to the same sieve cut.

4. Conclusion

Powder flowability is a fundamental aspect for solids hand-
ling—affecting dosing accuracy, throughput stability, segregation con-
trol, and safety. Wood powders add complexity due to irregular, fibrous
particle shapes, hygroscopicity, and chemical heterogeneity, making
prediction strongly material-specific. Several factors influence powder
flowability, including particle size, shape, and density; this study

10

focused on parameters that are more difficult to measure directly—those
linked to surface and cohesive properties rather than morphological
properties—especially for lignocellulosic materials such as wood. Two
powders were studied, spruce as softwood and poplar as hardwood.
The cohesion energy density (CED), rolling friction coefficient (pr),
and sliding friction coefficient (is) between particles for the two wood
powders were estimated by DEM calibration against real experiments.
The interest of this contribution lies in the novel calibration framework,
not in a universal parameter set. The main objective of this work is to
introduce and validate a practical calibration method to extract key
microscopic surface interaction parameters—CED, ps, p—from new
macroscopic powder-bed dynamics descriptors obtained using a single
device (rotating drum), rather than relying on multiple separate tests.
The compared descriptors calculated from the rotating powder bed are
the projected area (Area) with its fluctuation (6(Area)) and the irregu-

larity of the surface profile (r2). Modeling wood powders is challenging
as they exhibit fibrous, elongated shapes with significant non-
uniformity, so the particles were modeled using clumps of multi-
spheres with different sizes of clumps per sample. Regarding the con-
tact model used for forces implementation and calculation by DEM, the
Hertz Mindlin contact model was used with Type C Rolling Friction and
Linear Cohesion V2. After conducting a set of simulations, the corre-
sponding calibrated parameters for spruce were u,=0.1, §,=0.367,
CED=130 kJ/m3, while those of poplar were u,=0.1, §,=0.772,
CED=100 kJ/m3. The impact of y, y,, and CED on the powder dynamic
behavior was also analyzed. Increasing the cohesion energy density
enhances the attractive forces between particles, leading to stronger
agglomeration and reduced powder flowability. Similarly, higher sliding
and rolling friction coefficients increase interparticle resistance and
energy dissipation, thereby limiting particle mobility and hindering
smooth flow.

These determined surface and cohesion particle properties represent
effective DEM parameters that can be used for evaluating unconfined
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Fig. 13. Heatmaps presenting the effect of CED and p, on o(area), each corresponding to a value of pg (spruce powder).

powder flow. Future work could tackle several aspects, such as studying
the influence of moisture content on CED, transferring the calibrated
parameters to non-scaled particle size, and evaluating the applicability
of these parameters on other devices like the shear cell.
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