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Experimental and Discrete Element Method Analysis
of Galvanized Steel Scrap Particles Along and After an
Inclined Chute

Evangelos Georgakopoulos, Ashkan Hosseini,* Timothy Kerry, Johannes Hage,
Koen Meijer, Erik Offerman, and Yongxiang Yang

1. Introduction

Granular materials are widely encountered in numerous physical
occasions and engineering applications. The understanding of
their flow behavior on inclined surfaces is considered to be
of high significance for the description and forecast of
several geophysical[1–6] phenomena like landslides, sand flows,

debris flows or avalanches, and industrial
processes[7–14] such as the storage, handling,
and transportation of materials like cereals,
seeds, minerals, or pharmaceutical powders.

Particularly in the metallurgical industry
granular materials and their handling hold
an important role. The scrap metal feeding
chute of the HIsarna furnace is such an
example. The HIsarna process is a novel
ironmaking process owned by Tata steel
that shows great potential for the recycling
of Zn-bearing wastes. A pilot-scale facility
of this technology is operating at the Tata
steel site in Ijmuiden, Netherlands, since
2010. The HIsarna process is a combina-
tion of two different technologies, a cyclone
converter furnace (CCF) at the top and a
smelting reduction vessel (SRV) at the bot-
tom. Plant operation has shown that the fur-
nace is characterized by a high raw
materials versatility and is therefore attrac-
tive for processing secondary iron sources.

Among the materials that can be recycled through HIsarna is gal-
vanized steel scrap. This type of material directly enters the SRV
part of the furnace in a batch-wise manner. The feeding system in
this case is an inclined chute. The distribution of the material on
the burden surface of the SRV is crucial for the efficient operation
of the furnace since it appears to significantly affect the thermal
conditions of the bath. The flow behavior of the feeding material
in the chute and its velocity at the tip of the chute are factors that
significantly affect the distribution of the scrap on the burden sur-
face. Thus, a better understanding of the phenomena occurring
during the flow of the scrap along the chute is required.

Due to its practical importance in several industrial applica-
tions, the flow of granular materials along an inclined chute
has been studied by several researchers. Augenstein and
Hogg[7] performed an experimental study on the sand flow
behavior on inclined surfaces. Under different surface inclina-
tion, particle size, and surface roughness, the velocity profile
is measured. By distinguishing the total stream into different
streamlines at constant fractions of the total bed depth, they
found that regardless of the tested surface friction, the velocity
is distributed differently with material bed depth. The layers
of particles adjacent to or in direct touch with the surface had
notably lower velocities compared to those of the free surface
of the flowing stream. Ishida and Shirai[8] studied the flow of
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HIsarna is a novel ironmaking process with great raw materials versatility that is
attractive for various secondary resources. Among the materials that can be
recycled, there is steel scrap which is fed to the furnace bath through an inclined
chute. The velocity distribution of the scrap particles along the chute affects the
particles’ distribution on the liquid slag and, thereupon, the efficient operation of the
reactor. In this study, the flow of steel scrap particles along an inclined chute with
the same dimensions as those of the actual chute of the HIsarna plant is inves-
tigated experimentally and numerically. The simulations are validated using chute
tip velocity andmass fractions collected at the different compartments of a sampling
device. Translational and angular velocity distributions along and across the chute
are reported, and the effect of different parameters are investigated. The impact of
the shape of the particles on the simulation process is found to be negligible. The
angular velocity distribution in cross-sections of the chute exhibited a V-shaped
orientation, whereas the translational velocity displayed similar values across the
cross-sections. Moreover, translational velocity appeared to increase with increasing
inclination angles, whereas angular velocity increased with decreasing batch size.
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three types of particles (i.e., glass beads, porous alumina, and
fluidized catalytic cracking) down an inclined open chute of
which the bottom was rough and found that the velocity distri-
bution near the bottom plate was linear. Moreover, it was found
that the velocity gradient in that region was almost independent
of the thickness of the particles layer but highly dependent on the
slope of the chute, with steeper slopes increasing the velocity gra-
dient. Jop et al.[15] studied the flow of glass beads along an inclined
rectangular chute and reported 3D velocity profiles estimated based
on a proposed frictional law of granular materials. Bi et al.[16] inves-
tigated the influence of bottom roughness on monodisperse disks
flowing down an inclined chute using a high-speed camera.
According to their findings, when steady fully developed granular
flows occur, the mean discharge velocity is proportional to the flow
depth. Shirsath et al.[17] studied the flow behavior of spherical glass
particles of uniform size. The particles were flowing on an affixed
angle rotating rectangular chute. They concluded that the flow
acceleration (by centrifuge force) is diminished by Coriolis force.

A better and more detailed insight into granular flows has
been achieved when experimental results were combined with
numerical simulations. The discrete element method (DEM)
is a feasible numerical method widely applied to describe the
motion of granular and discontinuous materials. More particu-
larly, DEM has been extensively used to describe granular flows
in several industrial applications, like in fluidized beds,[18–20]

drum mixers,[21,22] hoppers charging and discharging
systems,[23–27] and inclined chutes.[14,28–32] Especially for the flow
along inclined chutes, Mio et al.[31] modeled the behavior of
spherical sinter particles to calculate the velocity and size segre-
gation of particles along the chute. They have reported that veloc-
ity is decreased with rolling friction increased. Yu and Saxen[14]

have simulated the flow of spherical particles being discharged
from a hopper to a static chute using the DEM approach validated
by experimental data. According to their findings, the average
velocity for the bulk of the material flow at the tip of the chute
only depends on the angle of the chute whereas the angular and
translational velocity distributions of the flow become more uni-
form as the flow approaches the tip of the chute. Yu and Saxen[32]

have investigated the effect of particle shape on velocity distribu-
tion and size segregation. To fulfill that, they have developed a
DEM model and validated it with experimental data. More
particularly, the authors described the flow of ternary-size pellets
and coke along and after an inclined fixed chute. They have also
reported that the shape of the particle was not found to affect the
trajectory of the particles after leaving the chute and only appeared
to influence the angular velocity of the flowing particles.

In this article, the flow behavior of steel scrap particles along a
continuously inclined chute is studied both experimentally and
numerically. In particular, the effects of particles shape and size, batch
size, and dosing chute inclination angle on the velocity of the flowing
material and its trajectory after leaving the chute are investigated.

2. Experimental Section

2.1. Experimental Study

For the experimental investigation of the behavior of steel scrap
particles flowing down the chute, a laboratory-scale chute made

of Plexiglas was used as shown in Figure 1. For the needs of the
study, only the bottom part of the chute was used. This part of the
apparatus hosts a pneumatically driven valve opening at a
constant velocity of 1m s�1 and the final inclined part of the
chute. The scale used for the bottom part of the apparatus
was the same as that of the actual corresponding part of the
dosing chute used for the HIsarna furnace. In particular, the
inner diameter of the experimental chute was 140mm and
the length of its inclined part was 500mm. By interchanging
the bottom part of the chute different inclination angles could
be tested. In particular, inclination angles of 20�, 25�, 30�,
35�, and 40� to the vertical were examined.

The investigated types of galvanized steel scrap are presented
in Figure 1C. Based on their shape, the particles have been
distinguished into three categories, namely “compacted scrap,”
“music notes,” and “coupons.”

For each type of steel scrap particle investigated, 3 different
batch sizes (1, 2, and 3 kg) were tested. The tested batch of particles
was first placed above the closed valve. After the opening of the
valve, the material was left to flow along the inclined part of
the chute and the flow was captured at 1000 fps, using the Phan-
tom Miro M310 high-speed camera. From the analysis of the
acquired videos, it was possible to estimate the velocity of individ-
ual particles of the flow at the exit section of the chute. In parti-
cular, the particles velocity was approximated using Equation 1

v ¼ L
NfΔt

(1)

where L is the length of the exiting portion of the chute, Nf is the
number of frames required for the particle to travel the distance
L, and Δt is the time interval between consecutive frames
(Δt¼ 1/1000 s).

For each flow, the velocity of a number of particles entering
the exit zone after similar time intervals up until the whole flow
has left the chute, was estimated. The velocity of the whole flow
was the average value of these velocities.

Particles leaving the chute will be collected in a sampling box
(Plexiglas material). The box was divided into 9 different slots
with identical dimensions (Figure 2). For each run, the collected
mass at each slot was collected and weighted to calculate the
mass fractions.

2.2. DEM Theory

DEM is used to model the granular flow of scrap particles. Each
particle has 6� of motion and 2 types of motion, translational and
rotational which are described through Newton’s second law of
motion.[33]

mi
dvi
dt

¼
XK
j¼1

ðFn,ij þ Fd
n,ij þ Ft,ij þ Fd

t,ijÞ þmig (2)

Ii
dωi

dt
¼
XK
j¼1

ðT t,ij þ T r,ijÞ (3)

Soft sphere approach was used to calculate the forces in the
aforementioned equations. In this approach, particles can be
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overlapped in both normal and tangential directions on which
directional forces depend.

To consider the elastic and plastic nature of particles, the
contact model composed of spring and dashpot in the normal
direction and an extra slider in the tangential direction was
considered as shown in Figure 2. Different contact models based
on this approach are available[4,24,34–51] and in this study

Hertz–Mindlin model with relative velocity dependent (RVD)
Rolling Friction was used.

Fn the normal force, is a function of normal overlap and is
given by

Fn,ij ¼
4
3
E� ffiffiffiffiffiffi

R�p
:δ1.5n (4)

E� ¼ 1
ð1� ϑ2i =EiÞ þ ð1� ϑ2j =EjÞ

(5)

R� ¼ RiRj=ðRi þ RjÞ (6)

Additionally, there is a normal damping force given by

Fd
n,ij ¼ �2

ffiffiffi
5
6

r
:β

ffiffiffiffiffiffiffiffiffiffiffi
Snm�p

:vreln,ij (7)

where m�, β, and Sn are defined as follows

m� ¼ 1
mi

þ 1
mj

 !�1

(8)

β ¼ lneffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ln2eþ π2

p (9)

Figure 2. Schematic view of spring and dashpot for contact force
modeling.

Figure 1. A) The laboratory-scale chute; B) the bottom part of the chute with the sampling box and C) different types of steel scrap particles.
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Sn ¼ 2.E� ffiffiffiffiffiffiffiffiffiffi
δnR�p

(10)

The tangential force, Ft is calculated using the following
expression

Ft,ij ¼ �δtSt (11)

St ¼ 8G� ffiffiffiffiffiffiffiffiffiffi
δnR�p

(12)

In tangential direction, there will be a damping force defined
as

Fd
t,ij ¼ �2

ffiffiffi
5
6

r
β
ffiffiffiffiffiffiffiffiffiffi
Stm�p

vrelt,ij (13)

The torque is of two types, one is caused by tangential forces
and the other arises when the rolling friction between particles
and surface is noticeable.

The tangential torque is defined as

Tij ¼ RiðFd
t,ij þ Ft,ijÞ (14)

To calculate the torque related to rolling friction, RVD
approach[52] is used. In this approach, the instantaneous
rotational velocity of two particles that are in touch are used
to calculate the relative rotational velocity, and ultimately it is
used in the following expression to calculate the torque

T r,ij ¼ �μrFn,ijR�bωrel,ij (15)

bωrel,ij ¼ bnij � vt,ij=jvt,ijj (16)

vt,ij ¼
(
� 1

2 ðωi þ ωjÞ �~rij, particle� particle contacts
�Riωi � bnij, particle� geometry contacts (17)

Here bnij is a unit vector pointing from particle i to the point of
contact, and rij is center to canter distance of overlapped particles.

At each time step, all forces and torques will be calculated for
individual particles and by solving Equation (1) and (2), by an
explicit method, the particle positions are updated.[33]

2.3. Modeling Procedure

The model in this study was developed for compacted scrap
using EDEM software, which is a commercial discrete element
method solver. Similar to the experimental process, the simu-
lated batch of particles was injected above the closed valve where
they were allowed to settle under gravity. After the formation of a
stable bed, the valve (which was simulated as a simple rectangu-
lar plate) opened rapidly (at 1m s�1) and the batch of particles
was left to flow along the chute to fall into the sampling box.

To develop the model, information regarding particle size
distribution and particle shape is necessary. Scrap particles, in
compact form, vary drastically in shape and size, however, most
of the particles are highly compacted and close to spherical
shapes.

Table 1. Particle classification and size calculations for spherical approach.

Size class Equivalent spherical diameter [cm] Number of particles (for 1 kg sample) Mass fraction Existing shape class

A 0.6354 210 0.2 All

B 0.704 52 0.07 Long

C 0.7854 65 0.13 Oval - rectangular - triangle - irregular

D 0.9779 71 0.25 Oval - rectangular - triangle - irregular

E 1.2797 22 0.19 Oval - rectangular - triangular

F 1.661 7 0.13 Oval - rectangular - triangular

Total Batch 0.8344 427 1

Figure 3. A) Representative shapes of actual steel scrap particles and B) Representations by spherical assembled particles in the discrete element method
(DEM) simulations.
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To include the particle size distribution, one kilogram of scrap
sample was taken from the plant and particles are divided into six
“Size Classes” based on the similarities in particles’ approximate
dimension (particle size). Each size group contains particles with
the same particle size but various particle shapes.

Using classified particles, it is possible to consider two
approaches for particle modeling.

In the first approach, the effect of the actual shapes of the
particles was considered negligible and all the particles were
considered spherical (spheric model). From the number of
particles that belong to each category and the average particle
mass describing each group, the equivalent spherical diameter
was calculated and reported in Table 1. In all the simulated cases,

the number of particles composing every batch size tested was
the same as in the corresponding experimental trials.

In the second approach, the actual shapes of the steel scrap
particles were taken into account (shaped model) by considering
6 different shape classes which are frequently appearing inside
the batch sample shown in Figure 3A.

Based on the experimental measurements, large particles
displayed limited variety in particles shape but wider shape var-
iations are observed for smaller classes. For example in size class
A, all of the shape classes are observed while for size class F only
oval, rectangular and triangle shape classes exist. The result of
this observation is reported in the last column of Table 1.

The real shape of particles are approximated based on the
multiple overlapping spheres forming a cluster close to the real
shapes (Figure 3B) and different shapes are incorporated into
each size class with an equal mass ratio for each existing
shape class.

For both approaches, the material properties and interaction
coefficients listed in Table 2 are used to set up the model. The
physical properties of steel and Plexiglas are taken from the
EDEM software database and interaction coefficients are
obtained through the “guessing” procedure in a valid interval
for each coefficient. In this procedure, which has been used
in other DEM studies,[53–55] an initial guess of interaction values
are chosen and then tuned to obtain output parameters that are
matched with their counterpart experimental measures. In this
study, the chosen initial values are based on the study of Yu and
Saxen,[14] for spherical steel particles and Plexiglas surface
interaction. Using initial values for all interaction parameters,
simulations are performed and tip velocity and mass fraction
in the sampling box are obtained and compared with experimen-
tal data. This procedure is repeated until the best match for
tip velocity andmass fraction using tuned interaction coefficients
are obtained.

In general, the available coefficients in the literature are
usually referring to spherical particles of a relatively large or

Table 2. Material properties for Plexiglas and steel particles used in
simulations.

Steel Particles

Density 7800 Kgm�3

Poisson ratio 0.25

Shear modulus 7.60 Eþ 10 Pa

Particle–particle static friction coefficient 0.4

Particle–particle rolling friction coefficient 0.05

Particle–particle restitution coefficient 0.6

Plexiglas

Density 1200 Kgm�3

Poisson ratio 0.4

Shear modulus 8.93 Eþ 08 Pa

Particle versus Plexiglas static friction coefficient 0.3

Particle versus Plexiglas rolling friction coefficient 0.05

Particle versus Plexiglas restitution coefficient 0.5

Figure 4. Tip velocities of the flowing steel scrap as a function of scrap shape, batch size, and angle of inclination (CS: Compact Scrap, MN: Music Note,
CO: coupons).
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moderate size (above 1 cm in diameter). However, size and
shape can have a noticeable effect on the interaction coefficients.
For example, spherical particles with relatively large size

(5 to 10mm in diameter) might have a higher coefficient of res-
titution than smaller particles. Also, irregular-shaped particles
have a rather lower coefficient of restitution compared to

Figure 5. Mass distribution of the flowing particles as a function of scrap shape, and angle of inclination for a batch size of: A) 1 kg, B) 2 kg, and C) 3 kg
(CS: Compact Scrap, MN: Music Note, CO: coupons).
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spherical ones (of the same size) and often come to rest after one
or two bounces on a surface. Similarly, the friction coefficient of
spherical particles is lower than that of particles with irregular
shapes. So in the current case, interaction parameter tuning is
necessary due to the wide variety in size and shape of steel scrap
particles.

Finally, the simulations were conducted using Euler time
integration with a time step of 10�6 s and domain cells size equal
to 3 times of particle minimum radius.

3. Results and Discussion

3.1. Experimental Results

The velocity of the material leaving the chute tip is a determining
factor for the distribution of the material on the burden surface of
the furnace. The average exit velocities of the tested steel scrap
flow as a function of the tested shapes of scrap and batch sizes are
presented in Figure 4. According to the results, it is clear that
neither the shape of the material nor the size of the batch appears
to significantly affect the velocity at which the flows exit the
chute. In contrast, the angle at which the chute is inclined
notably influences the velocity of the material with increasing
angles resulting in lower exit velocities.

The error bars of the graphs represent the deviation of the
velocities estimated for each one of the tracked particles from
the average tip velocity of the flow. According to them, an average
deviation of �10% is indicated. This noticeable deviation should
be ascribed to the higher velocities recorded for the particles at
the front part of the flow compared to those at the rear part of it.
In other words, a longitudinal velocity gradient is observed at the
investigated part of the chute.

The trajectory of steel scrap after leaving the dosing chute is
also of high importance for the efficient operation of the furnace.
An estimation of the trajectories of the flowing particles after
leaving the chute was attempted by using a sampling box. In

Figure 5, the fractions of the tested batches collected in the
different compartments of the sampling device are presented.

From the graphs, it is clear that in most of the tested cases, the
mass distribution of the tested particles was considerably narrow,
with the great majority of them falling in only one compartment.
Both the shape of the scrap particles and the size of the tested
batch did not appear to affect the trajectory of the falling material
and only the angle of inclination appeared to significantly influ-
ence it with higher angles resulting in particles traveling greater
distances and falling in compartments with higher numbers.
Only in the case of 25� of inclination, the mass distribution of
the tested material was different. In particular, when the chute
was inclined at 25�, the distribution of the material was broader
falling in two different compartments, with the greater fraction
of compacted scrap and coupons falling in compartment 2 and
that of music notes falling in compartment 3. The particular
behavior was explained after carefully examining the recording
of the particular case. In fact, it is the position of the box at
the particular angle of inclination that causes this discrepancy
in the mass distribution of the material in the sampling box
(Figure 5). More particularly, the flow of the material hits the wall
separating compartment numbers 2 and 3 and based on the
shape of the material and the batch size tested, the particles fall
in the different compartments.

According to the results, the distribution of the particles is not
particularly wide, with the great majority of them falling in only
one slot regardless of their size or the batch size tested. Only in
the case of 40�, the particles displayed a wider distribution, with a
notable amount of particles of all sizes falling to more than one
compartment.

3.2. Model Validation

From the experimental results, it is clear that steel scrap shape
does not have a notable effect on either the exit velocity of the
flowing particles or their trajectory after leaving the chute.

Figure 6. Comparison of snapshots of particle flow and trajectories along and after leaving the chute between: A) experiments and B) DEM simulations
for inclination of 20� and batch size of 1 kg.
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Figure 7. Mass fraction distributions of compacted steel scrap particles as they have been determined experimentally and by DEM simulations using
both modeling scenarios.
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Therefore, the model describing the flow of particles along and
from the inclined chute has been set up using only the experi-
mental data concerning the compacted type of steel scrap assum-
ing that the flowing behavior of the different steel scrap shapes is
similar to each other. For the modeling of the compacted scrap
flow, two approaches were attempted. In the first one, the
compacted scrap particles were considered spherical and in
the second the effect of their actual shape was taken into
consideration.

In Figure 6, a comparison between snapshots acquired from
the actual flow of a 1 kg batch of steel scrap particles (top) and the
corresponding frames of the DEM simulation of the same flow
using spherical particles is presented. Clearly, the simulated and
experimental flows are very similar to each other. With that as a
given, the same comparison was also attempted for different
batch sizes and inclination angles.

Figure 7 depicts the fractions of particles collected in the
different compartments of the sampling box at different angles

of inclination as they have been determined by both simulation
scenarios along with those observed during the experimental
trials. The simulated predictions are in good agreement with
each other and the experimental measurements. However, there
are still some discrepancies for some inclinations, more
specifically inclinations 25�, 35�, and 40�.

This mismatch is more pronounced for inclination 25� and for
larger batches tested at this specific angle, although both the sim-
ulated distributions remain in good agreement with each other,

The main reason for these discrepancies stems from possible
errors in experimental measurements techniques and also
problems related to the sampling box material and position.

As already mentioned in Section 3.1, in the case with an incli-
nation of 25�, the particles of the tested batches fall right onto the
upper edge of the wall separating the second from the third com-
partment of the sampling device. As the size of the tested batch
increases, this collision results in a notable wall bending that
expands the width of compartment 2 and leads to a higher num-
ber of particles being concentrated in the particular compart-
ment. However, this bending and deformation phenomena
occurring to the walls of the sampling device as particles collide
with them are not considered by the model, and thus the discrep-
ancies between the experimental and simulated mass fractions
are observed. This phenomenon might also happen in other
cases, however, based on the video analysis, the effect is minor
and does not affect the rest of the cases studied since, in all of
them, the particles appear to collide with the walls only after they
have entered the corresponding compartments, without affecting
the upper edge position of theirs and thereupon, the mass
fractions of particles collected in the different compartments
of the sampling box. Nerveless this phenomenon can still affect
the experimental results and collected mass fraction, especially
for higher inclination.

The other reason for the mismatch between the measured and
modeled mass fraction is the position of the sampling box. In all
performed experiments, for a fixed inclination, it has been tried
to fix the sampling box in place and the same exact position.
However, this positioning is still not precise and the sampling
box can slightly deviate from the original position while prepar-
ing it for the experiment and also during the experiments when
particles are falling into the sampling box and hitting the walls.
According to observations during the experimental campaign,
even the slightest change in sampling box position for a fixed
inclination could change the fate of particles ending up in
different compartments causing slightly different mass fractions
in slots.

The problem with wall bending and also sampling box fixation
is not the case in simulations and the position of included geom-
etries can be precisely fixed and all walls can be considered rigid.

As already mentioned, the velocity of the flow at the tip of the
chute is a significant factor determining their trajectory after
leaving it and the impact point on the molten bath surface of
the furnace. Figure 8 illustrates the comparison between the
average exit velocity of the flows as they have been determined
experimentally and by both scenarios of simulation. From the
graphs, it is clear that there is a great proximity between the three
values for every batch size investigated and every angle of incli-
nation tested. A slight discrepancy between experiments and
simulations is observed for the batch size of 3 kg which is more

Figure 8. Comparison between the exit velocities of compacted steel
scrap particles as they have been determined experimentally and by
DEM simulations using both modeling scenarios.
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noticeable for higher inclinations. In all model predictions, the
velocity is decreased linearly for higher inclination. The same
trend is measured from the experiments for a batch size of 1
and 2 kg however, for the case of a 3 kg batch, the measured
tip velocity from the experiments is not decreased in a linear
trend. A slight nonlinearity is also observed for the case of
2 kg but is not as pronounced as in the case of 3 kg. The same
nonlinear reduction in tip velocity for higher inclination is
reported in the experimental measurements of Yu and
Saxen.,[14] but a linear trend by their developed model.

This nonlinearity could be attributed to the experimental mea-
surement errors. As the batch size is increased, the number of
particles is increased drastically and a higher number of smaller
particles will be included in the flow. This will make the velocity
measurements complicated and would induce more errors as
particle tracking becomes more harder.

Nevertheless, the predictions for all cases are still within the
average error of 10% which was previously discussed in
Section 3.1 and depicted in Figure 4.

Moreover, the predictions for spheric and shaped approaches
indicate that in the case of compacted steel scrap, the particles’
shape factor does not appear to have a significant impact on
either the exit velocity or the mass fraction distribution of the
particles. Also, the batch size does not appear to affect the exit

velocity of the flow. In contrast, the average velocity of the flow
at the tip of the chute appears to be strongly influenced by the
inclination angle with the exit velocity being almost linearly
increased with increasing angles of inclination.

3.3. Velocity Distribution Along the Chute

In this section, the flowing behavior of the steel scrap particles as
they propagate along the chute will be analyzed. Figure 9 shows
the modeled particles colored by angular velocity distribution for
the inclination of 25� and for 3 kg batch at different cross-
sections for different simulation times (t1 to t4 for cross-sectional
view). As it can be seen, particles acquire higher angular velocity
once hitting the chute wall (where the particles collide with the
bottom surface of the inclined part of the chute) and sampling
box. In contrast, as the material flows along the chute only
individual particles appear to display noticeable angular
velocities. In general, the angular velocity of the examined
particles is higher at the beginning of the flow when they hit
the chute surface (cross-section C) and gets drastically decreased
as they flow down the chute (middle cross-section: B and tip
cross-section: A).

Figure 10 shows the angular velocity profile for 1 kg batch
particles in y-direction and for different cross-sections and angles

Figure 9. Simulated angular velocity distribution of 3 kg batch particles as they flow in the chute at α¼ 25� (A: side view, B: cross-section).
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of inclinations. Each point is calculated as a mean value of the
angular velocity of the particles in each y interval. As it can be
seen, the mean angular velocity profile is in a V-shaped form with
a lower value for particles in the middle of the flow (y¼ 0) than
for particles flowing on the sides of the chute. Closer distribution
is observed and, in general, an increase in angular velocities is
predicted for higher chute angle.

The distribution of the average angular velocity of different
batch sizes at different locations of the chute and at 20� and
40� of inclination in the direction perpendicular to the chute
is depicted in Figure 11. It is clear that at 20� of inclination
and regardless of the batch size tested, the particles appear to
have the same low angular velocity at the center line and on
the sides of the chute. In general, at this low angle of inclination,
the particles appear to almost freely flow towards the endpoint
of the chute displaying a very limited number of collisions with
the chute surface. Therefore, low angular velocities are expected.
At 40� of inclination, the angular velocities observed are remark-
ably higher compared to those at 20� of inclination. In general,
the angular velocities are further diminished as the batch size
increases and as the flow approaches the exit point of the chute,
where only collisions between the flowing particles take place.

In Figure 12, the translational velocity of the particles as they
flow down the chute is shown. It is clear that when particles col-
lide with the chute (cross-section C) right after the opening of the
valve, they decelerate considerably and their translational velocity
is remarkably decreased, displaying the exact opposite behavior

to that of the angular velocity at the same part of the flow. After
this collision, the translational velocity of the particles gradually
increases as they flow down the inclined chute to reach a maxi-
mum value when they leave the chute tip. However, notable
differences in the translational velocity of the flowing particles
can still be observed while the materials flow down the chute
(cross-section B) and only close to the chute tip (cross-section A)
they display an almost uniform velocity distribution.

The translational velocity profile of the 1 kg batch particles at
the different cross-sections and inclination angles are presented
in Figure 13. It is observed that the average translational velocity
of the particles appears to have a uniform distribution in
y-direction of different cross-sections and at the lower inclination
investigated angles, i.e., 20� and 25�. The velocity distribution
form is V-shaped at the rest of the chute angles tested with
the particles’ velocities being slightly higher at the bottom center
line than at the sides of the chute. Moreover, a lower mean
translational velocity is observed for higher inclination.

As already described, the velocity of the particles at the exit
point of the chute (cross-section A) is higher compared to that
right after the collision of the particles with the bottom surface
of the inclined part of the chute (cross-section A) and that while
flowing down the chute (cross-section B). It is also observed that
as the inclination angle increases the translational velocity of the
particles at every cross-section of the chute investigated notably
decreases. Based on the simulated results, it could also be con-
cluded that at the lower inclination angles tested, i.e., 20� and

Figure 10. Simulated angular velocity distribution of 1 kg batch particles along y-direction of the chute at different inclination angles and cross-sections.
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25�, the average translational velocity of the particles appears to
have a uniform distribution across the different cross-sections
investigated. The velocity profiles of the flowing particles only
appear to develop a V-shaped distribution across the different
cross-sections

In Figure 14, the distribution of the translational velocity of the
particles of different batch sizes as they flow down the chute that
is positioned at 20� and 40� of inclination is presented.
According to the results, as in the case of the angular velocity,
at 20�, the average translational velocity of the flow at each of
the cross-sections studied is similar regardless of the batch size
investigated. Moreover, the particles appear to have the same
translational velocity at the center of the chute and at the sides
of it. At 40� of inclination, the translational velocities observed
are notably lower compared to those observed at 20�. As in
the case of the angular velocity, the translational velocity also
displays a V-shaped distribution with the velocities at the center
line of the chute being lower than those at the sides of it. In
addition, the batch size does not seem to have a clear effect
on the translational velocity of the flowing particles.

Finally, the effect of the shape of the particles on the distribu-
tion of the angular and translational velocity along the different

cross-sections has also been investigated. The translational and
angular velocity profiles of the different types of flows at each
cross-section for both simulation scenarios (i.e., spherical and
actual shape) are presented in Figure 15. From the graphs, it
is clear that the translational velocity profiles, as they have been
calculated in the simulation scenario where the effect of the
actual shapes of the investigated particles is taken into consider-
ation, follow the same trend as in the spherical particles approach
and no notable differences are detected. In contrast, the angular
velocities of the two approaches appear to differ from each other.
In particular, the angular velocities attributed to the spherical
particles are notably higher than the angular velocities calculated
in the simulation approach where the effect of the actual shape of
the particles is taken into consideration. This should be expected
since spherical particles are capable of rotating at a higher veloc-
ity compared to irregularly shaped particles. This is in agreement
with the findings of Yu and Saxen,[32] who also studied the effect
of shape on the translational and angular velocity of pellets and
coke and found that only in the angular velocity profiles there is a
notable difference between the spherical and actual particles.
Nevertheless, they have reported higher angular velocities that
the ones that have been found in the current study. However,

Figure 11. Simulated angular velocity distribution of different batch sizes at 20� and 40� of inclination, as it has been simulated by DEM using spherical
particles.
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this may be due to the different types of material that have been
investigated in each study. Moreover, the different modes of
feeding that are batch wise in this study and continuous
in the one of Yu and Saxen[32] could also be a reason.
Conclusively, it could be inferred that the shape, the size, and
the properties of the material, as well as the type of feeding mode
(batch or continuous) notably, affect the angular velocity of the
flowing particles.

4. Conclusions

In this study, an experimental and numerical study of the scrap
particle flow was performed. Small-scale experiments were used
to investigate the flow of steel scrap particles of different shapes
and sizes down an inclined chute with the same dimensions as
those of the dosing chute of HIsarna. Themain goals of this work
were to develop and validate a DEM model using the data
obtained from experimental trials and to investigate the cross-
sectional distribution of the particles’ translational and angular
velocity as they flow down the chute. According to the

experimental findings, the shape of the steel scrap particles does
not influence the exit velocity or the trajectory of the material
after leaving the chute. As a result, the model was developed
using only the experimental data concerning the compacted type
of steel scrap assuming that the flowing behavior of the different
steel scrap shapes is similar to each other. By comparing the
computational results with the experimental data, it was con-
cluded that the developed model could predict the main features
of the investigated granular flow. The study also demonstrated
that the average velocity of the particles at the chute tip gradually
decreases as the mass of the particles in the chute decreases. This
velocity gradient at the chute tip becomes more apparent as the
size of the tested batch increases. The angular velocity distribu-
tion along the cross-chute direction is V-shaped, whereas the
translational velocity displays a more uniform distribution across
the y-direction of the chute. As the particles flow down the
inclined chute, the angular velocity of the particles decreases,
while the translational velocity increases. Nevertheless, both
angular and translational velocities become more uniform as
the flow reaches the chute tip. Finally, it could be inferred that
the model developed in this study can be effectively used to

Figure 12. Simulated translational velocity of the 3 kg batch particles as they flow in the chute at α¼ 25� (A: side view, B: cross-section).
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Figure 13. Simulated translational velocity distribution of 1 kg batch particles along y-direction of the chute at different inclination angles and
cross-sections.

Figure 14. Simulated translational velocity distribution of different batch sizes of particles at 20� and 40�, as it has been calculated by DEM simulations
using spherical particles.
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forecast particles flowing behavior along and after the chute, as
well as their distribution and spreading on the liquid slag surface
of the actual plant of HIsarna.
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