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Highlights
e Concentrate and micropellets decrease the permeability of a iron ore sinter bed.

¢ Modelled and measured pressure drops across beds of granules agreed well.
¢ The definition of the adhesion force is crucial when simulating the pressure drop.

¢ The particle shape has a strong effect on the pressure drop.

Abstract

The sinter process converts mixtures of iron ore, iron ore fines and fluxes into a fused
aggregate (sinter) that is used as burden material in the blast furnace. The rate of this
process is predicted by measuring the pressure drop across the green granulated mixture
before ignition. A lower pressure drop corresponds with a higher permeability resulting in a
higher sinter rate. The addition of fine material, such as concentrate or concentrate
agglomerated into micropellets, to the sinter mixture affects the pressure drop. This study
numerically predicts the pressure drop over several granulated mixtures in order to reduce
the number of experimental measurements. The pressure drop was studied both
experimentally using a pot grate and by coupled DEM (Discrete Element Method) — CFD
(Computational Fluid Dynamics) simulations. The validation of the model was performed by
comparing the measured and numerical values of the pressure drop across glass beads 3
and 6 mm in diameter respectively. The simulation of the pressure drop was extended to
granulated mixtures that contain 0-40% concentrate or micropellets. DEM was also used to
numerically simulate iron ore granules and relate their mechanical behaviour to particle size
distribution, shape, friction coefficient, Young’s modulus and adhesion force.
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1. Introduction

During the iron ore sintering process, granules are agglomerated by heat exchange and
partial fusion that are driven by suction of hot gas through the packed bed of moist
granules. The pressure drop over green granules has been used to predict the rate at which
the sinter process progresses and the productivity (performance) of the sinter plant. It is
well known that granule beds with low pressure drop provide more stable operation and
good controllability of the sintering process [1], [2], [3], [4]. In practice, the pressure drop
across green granules is generally measured in Japanese Permeability Unit (JPU), and
expressed by the relation [5]:

Permeability = lT (:_.)”-fi .

where F, A, L and AP are flow-rate of gas in m3/min, cross sectional area of the bed in m?,
height of the bed in m and pressure drop expressed in mm H5O.

The measurement of the pressure drop through green granules before ignition is carried out
experimentally. This technique has remained an “empirical art” in most sinter plants, due to
the complexity of the mixtures consisting of moist deformable granules of randomly
distributed irregular shapes, structures and sizes. These parameters were known to
significantly affect the void fraction, angle of repose and permeability of packed beds [3],
[6], [7], [8], [9], [10], [11], [12], [13]. Zhou et al. [14] studied the pressure drop across a
sinter bed during a pilot — scale — sintering process. CFD simulations were performed based



on the reconstructed real geometry of sinter cakes by X-ray micro-tomography. For
simplicity, a sample of 30 * 30 * 30 mm?3 was excavated from the sintered zone in the centre
region of the sinter cake, where the melt is supposed to solidify and no changes in structure
occur. To obtain reliable values of the pressure drop (permeability), it was appropriate to
simulate a large size of the sinter cake, which could unfortunately result in huge
computational costs. Mitterlehner et al. [15] predicted the fluid flow through a granulated
material using the Ergun equation, and adjusting the Ergun constants using the least square
fit method. Very good agreement was obtained between the measured and calculated
pressure drops.

Coupling of the Discrete Element Method (DEM) with Computational Fluid Dynamics (CFD)
has been extensively used in the prediction of flow characteristics through packed beds [16],
[17], [18]. Eppinger et al. [18] developed a numerical model of fixed bed reactors with small
tube to particle diameter ratios. DEM-code was used to simulate the packing in a fixed bed
consisting of randomly packed spherical particles. The fluid domain was meshed and solved
with the commercial CFD-code STAR-CCM+. The predicted porosity and pressure drop was
in agreement with measured data in the literature. Bai et al. [17] developed a DEM-CFD
model for the simulation of the flow field and pressure drop in fixed bed reactors with
randomly packed catalyst particles. The predicted pressure drop compared satisfactorily
with the experimental measurements with errors of less than 10%, which is acceptable for
industrial packed bed reactors [16], [17].

The prediction of the pressure drop through packed beds is significantly affected by the
structure of the bed, which in turn is dependent on the particle size distribution and shape
and interactions between particles [10], [19], [20], [21], [22], [23]. The difference in particle
size can lead to size segregation through the percolation mechanism whereby fines can sift
through the voids of larger particles [19]. A narrower particle size distribution results in
looser packing than when wider size distributions are used. Particle shape also plays a major
role in packing density [24], [25], [26]. Increasing angularity increases the flow resistance of
particles and increases the fluid flow across the packing. Spherical shapes are simple to
implement in 3D modelling and fast computationally. However, the spheres cannot
reproduce the particle interactions that are observed in real-world particles. Spheres roll
continuously and have lower shear resistances and lower friction coefficients than those of
irregular and non-spherical particles [21], [27], [28], [29].

This paper describes a study on the applicability of using a DEM-CFD coupling model to
calculate the pressure drop across a green bed of granules. The design of the packing was
simulated using the discrete element method (DEM), in which the effects of the size
distribution, shape and adhesion force of moist granules were considered. A multiphase
flow model was used to simulate the gas flow through the simulated granule bed. Pressure
drop predictions were compared against measured experimental data for granulated
mixtures that contained 0—-40% concentrate or micropellets respectively. Concentrate is a
fine hematite-based (90.3% Fe,0s3) iron ore, which is produced through the beneficiation of
low-grade iron ore using crushing, milling and dense media separation to upgrade the ore. It
has a particle size of less than 0.1 mm. The micropellets (1-4.75 mm in diameter) were
produced from concentrate by rolling moist concentrate together with binders, on an



inclined disc pelletiser. With the depletion of high-grade lump iron ore, concentrate and
micropellets have been identified as alternative raw materials for sintermaking.

2. DEM - CFD model

The pressure drop across complex packed beds can be simulated by using a coupled DEM-
CFD model. The discrete element method is used to simulate the filling process of a column
with particles [30]. The motion of a rigid particle is computed by numerically solving the
Newton equations for translational and rotational motion (Egs. (2) and (3)). Computational
fluid dynamics has proven to be an alternative to empirical and experimental methods to
compute the pressure drop through packed beds [31], [32], [33], [34]. For an incompressible
fluid flow, CFD solves Navier-Stokes conservation equations of mass and momentum (Egs.
(4) and (5)) [35], [36]. The governing motion and conservation equations are reported in
Table 1.

Table 1. Equations used in the DEM-CFD model.

Equations of translation and rotation motion
1y % F; (=)
Lo =T, (3)

Conservation equations of momentum and mass

(& +4 (v.Vv))= ~Vp (4)
L uViv 4 pg + F1
i o) | T'Pf’: [!::l_ 0 {5]

i

li momentum of inertia of particle i.

Fi interaction, drag and gravitational forces exerted on particle i.

FT interphase momentum transfer term between particles and fluid.
g gravitational acceleration.

m; mass of particle i.

p fluid pressure.

Ti torque exerted by particles on particle i.

v fluid velocity.

v; velocity of particle i.

w; angular velocity of particle i.



€ bed porosity.
p fluid density.
u fluid viscosity.

Each particle is exposed to interactions with other particles and boundaries. These
interactions are simulated using a soft particle model where the rigid particles are allowed
to slightly overlap at the contact point (Fig. 1) [21]. This overlap (8) is smaller than the
particle radius and represents the elastic deformation of particles under a variety of loading
conditions [21], [37], [38], [39], [40]. There are different models that account for the
interactions (contact forces and adhesion forces) between each pair of particles [37], [38],
[39], [40]. The simple contact force model is the linear spring — dashpot model that include
springs, dashpots and frictional sliders (Fig. 2). The spring stiffness (k) and dashpot
coefficient (n) are expressed through Young’s modulus parameter and coefficient of
restitution () respectively. The frictional sliders represent the friction between contact
points which is implemented with a friction factor u [38], [41], [42].

7

Fig. 1. Two-particle contact with overlap in normal direction. ri and rj are the positions of particles i and j
respectively [21].

Spherej

Fig. 2. Spring dashpot model for contact forces between particles [38].

There are different models that account for the interactions (contact forces and adhesion
forces) between each pair of particles [37], [38], [39], [40]. The simple contact force model
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is the linear spring — dashpot model (Fig. 2). The spring stiffness (k) and dashpot coefficient
(n) are expressed through Young’s modulus parameter and coefficient of restitution (€)
respectively. The friction sliders represent the friction between contact points which is
implemented with a friction factor u [38], [41], [42].

The normal and tangential forces can then be calculated from the relations [38]:

Fu - I"'n Ilj_n 1 2:“-{-}‘\","::]-]“.]- k|'.-"r:| {:6)
F, = min{p,F*n._]{, f\-’._dl- y V..-mz_”:lc[‘;.-l} (7)
g=— lu—; ;11
fa2+In*(g) myj = o ; i i
where v “* and "M are the dashpot ratio and reduced mass of particles i

and j with masses m; and m; respectively. The particles are allowed to overlap and the maximum
overlap 6, between two particles is determined by the stiffness of the spring in the normal direction.
The normal and tangential surface velocities are v, and v; respectively. The total tangential force F; is
limited by the Coulomb frictional limit pF.,.

The behaviour of wet granules is complex and the interactions between particles may be a
combination of elasto-plastic deformation, viscous dissipation, and adhesion [43], [44], [45].
Previous studies used the contact bond model to simulate the adhesion between iron ore
granules [22], [23], [46]. A schematic representation of the contact bond model is given in
Fig. 3.

Sphere i

Adhesion force

4

K

5, Overlap

Fig. 3. Contact bond model for sticky material [22], [23], [46].

For two colliding spherical granules, the adhesion force can be expressed by Eq. (8):
A =k, (dy — 9) (8)

where k, is the adhesive coefficient, 6 is the overlap and & is the overlap when the
adhesion force (ka) equals 0. The adhesion force reaches its maximum when the two
granules touch each other. The model can return to a simple linear spring model if kn = ka
[39].

In Rocky DEM, an adhesion normal contact model is a built-in function that can capture the
particle-particle interactions for wet and sticky granules. The contact forces are time-
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dependent and can increase the adhesion and stiffness after initial contact. The magnitude
of the normal adhesive force (Finadn) is given by [47]:

F1 = if 0 ﬂlﬁr| = '§nt||: {9)

n.adh

' F‘Lt:.h * TT]iI’l[:TI’l:_,_]I]: )Hg if ﬂ"§n < '§H:IIL (10)

nadh — 1
Ad, = ot — ot &

if Ad, < 0,particles separate

Ad, = 0, particles approach each other (11)

‘.1_ ~
Where ru.'rul]'. is the normal adhesive contact force at the current time, t; Ad, is the difference
51 dt ::.
between the contact normal overlap values at the previous time (“n ) and currenttime ( );

adhis the adhesion force fraction and g is the gravitational acceleration. A”I is the maximum

normal overlap beyond which there is no adhesion between particles. If the force fraction is 1.0, the
adhesive force will be equal to the gravity force applied to the particle. In practice, Rocky DEM uses
force fractions between 0 (0%) and 0.5 (50%) in simulations to reproduce the real beha viour of wet
and sticky particles. The implementation of the adhesion model in Rocky is based on the
measurement of the two parameters:

— Minimum distance between particles before the adhesive forces are applied
— Adhesive force expressed in terms of fraction of the particle gravitational force.

The coupling of DEM with CFD model is achieved through the momentum transfer between
particles and the fluid phase. It is therefore crucial to define the interaction forces between
the two phases, which can either be from a hydrostatic source (buoyancy) or a
hydrodynamic source (drag force, the virtual mass force and the lift force) [47], [48], [49],
[50], [51]. In this study, the drag force F¢ was considered the dominant interaction force
between the solid and fluid phases. The drag force exerted by a single particle on the fluid
phase is given by Eq. (12):

Fd = %pCdA], v —u|(v—u) (12)
where p is the fluid density, Cq is the drag coefficient, Ap is the projected area of the particle, v is the
velocity of the fluid and u is the velocity of the particle. For densely distributed solid particles,
Gidaspow et al. [49] proposed an equation through which C4 can be calculated (Eq. (13)). It
represents a single drag law that is a combination of correlations developed by Wen and Yu [50] and
Ergun [51]. This law can be apply over a broader range of solids volume fractions. In the DEM-CFD
model the drag coefficient is available to the user as a built-in field function [47].



=5 [1 + 0,15[ufﬂepJ“-"'ﬂa-[ 185 o Rey < 1000; oy > 0.8 (13)

Cq = 0.44a, % Re, > 1000; af > 0.8
200—5— + o= ar < 0.8

axpipt ey,

where os is fluid mass percentage, as is the particles mass percentage, ¢ is the particle
sphericity and Re, is the Reynolds number of the particle.

3. Experiment
3.1. Glass beads

Glass beads with diameters of 3 and 6 mm (Promak Chemicals) were used in this study to
validate the coupled DEM-CFD model. The diameter of 30 beads of each group was
measured with a digital calliper and their average diameters were calculated. The bulk
densities of the glass beads were measured by randomly filling a cylindrical flask (60 mm
diameter) with a specific mass of glass beads and measuring the volume. The properties of
the glass beads are listed in Table 2.

Table 2. Properties of the glass beads.

Diameter (mm)
Bead size (mm) Bulk density (kgm™)
Average Standard deviation

3 1.54 3.00 0.03

6 151 5.94 0.09

3.2. Raw materials used

Three types of mixtures were studied: a conventional mixture (base case) and mixtures with
the addition of 10-40% concentrate or micropellets respectively. Each mixture consisted of
iron ore fines (<10 mm particle size), return fines, coke breeze, limestone and dolomite
(Table 3). The base case mixture contained no concentrate nor micropellets, while the other
mixtures also contained either concentrate or micropellets in varying amounts. The
concentration of the return fines and coke breeze was kept constant, while the limestone
and dolomite content was varied to achieve a CaO/SiO; mass ratio of 1.95 and MgO content
of 1.81% MgO.



Table 3. Compositions of the mixtures.

Composition (mass%)

Iron ore 1 Iron ore 2 Concentrate Micro pellets Return fines Coke Lime-stone Dolo-mite

Base case 27.10 27.10 0.00 0.00 25.00 4.80 10.80 5.20
10%concentrate  24.53 24.53 5.47 0.00 25.00 480 10.43 5.23
20%concentrate  21.93 21.93 10.97 0.00 25.00 4.80 10.10 5.27
30%concentrate  19.30 19.30 16.57 0.00 25.00 4.80 9.70 5.33
40%concentrate  16.67 16.67 22.20 0.00 25.00 4.80 9.33 5.33
10%Micropellets  24.57 24.57 0.00 5.47 25.00 4.80 10.37 5.23
20%Micropellets  21.97 21.97 0.00 11.00 25.00 4.80 10.00 5.27
30%Micropellets  19.37 19.37 0.00 16.60 25.00 4.80 9.60 5.27
40%Micropellets 16.70 16.70 0.00 22.27 25.00 4.80 9.20 5.33

Concentrate was produced through the beneficiation of lower-grade iron ore resources
using dense medium separation (DMS). The concentrate had a dso of 0.12 mm. Micropellets
were formed by pelletization of moist concentrate together with 0.5% bentonite and 0.5%
polyvinyl acetate as binders, on an inclined disc. After their discharge, the micropellets were
subjected to natural drying in order to minimize the costs related to heat hardening. The
micropellets were spherical, with a dsp of 3.3 mm (Fig. 4).

Fig. 4. Images of raw materials (a) fine iron ore (<10 mm particle size); (b) concentrate (<100 um particle size);
(c) micropellets (<5 mm particle size).

3.3. Granulated mixtures

Granules were produced by granulation of different iron ore mixtures using a bench
tumbling drum of diameter 0.5 m and length 0.4 m. The velocity speed was set at 20 rpm
throughout the granulation tests. The volume fill ratio was 20-21%. The sprinkling of water
onto cascading particles causes the adhesion of finer particles onto coarse particles which
results in the formation of large granules [20], [52], [53]. The optimum moisture content
was defined as the moisture content associated with maximum permeability. An optimum



moisture content of 5.5% was associated with the base case mixture, the mixtures that
contained concentrate as well as the mixture that contained 10% micropellets (Table 4).
Mixtures that contained 20-40% micropellets required additional water to achieve
maximum permeability, due to the inherent porosity of the pellets. Only granulated
mixtures obtained at optimum moisture were considered in this study.

Table 4. Granule size distributions and Sauter mean diameters of mixtures obtained at optimum moisture.

Optimum
P I Y Granule size distribution (mass% retained)
. moisture Sauter mean
Mixtures .
diameter (mm)
(%) +4.75 mm +2.00 mm +1.00 mm +0.50 mm +0.25 mm Pan
Base case 5.5 51.00 3964  7.85 1.23 0.18 0.08 3.78
mixture
10%
5.5 45.48 41.80 10.68 1.71 0.23 0.10 3.44
concentrate
20%
5.5 31.26 53.76 12.85 1.87 0.21 0.04 2.75
concentrate
30%
0 5.5 32.54 47.20 15.59 3.98 0.56 0.14 2.66
concentrate
40%
5.5 17.42 58.30 19.02 4.10 0.88 0.27 2.48
concentrate
10%
. 0 5.5 32.52 46.26 16.05 4.35 0.56 0.27 2.61
micropellets
20%
7 6.0 15.35 58.75 20.87 4.08 0.64 0.31 241
micropellets
0,
30/3 6.0 24.40 51.56 18.57 4.47 0.72 0.29 2.51
micropellets
40%
7 6.5 30.14 55.63 12.10 1.84 0.25 0.04 3.13
micropellets

*Base case mixture: Mixture without addition of concentrate or micropellets.

Granulated mixtures were categorized in different size fractions using five sieves with
aperture diameters of 4.75 mm, 2 mm, 1 mm, 0.5 mm, 0.25 mm respectively (Table 4). For
each sample, the Sauter mean diameter was calculated from the granule size distribution
(GSD) of the granulated mixture by the relation:

100
d, = = (14)

where dpi is the mean granule diameter for size fraction i and x; is the mass percentage (wet
basis) of granules of size fraction i.
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Granule samples were subjected to X-ray micro-tomographic analysis to reveal their 2D
internal structures and mechanisms of granulation. Four groups of structures were then
identified (Fig. 5). Granules of Group | (Gr 1) was obtained by the common process where
the finer fraction (<0.25 mm) of the feed material adhered onto coarse particles (Fig. 9a).
This structure was found across all three types of granulated mixtures. The addition of
concentrate resulted in the production of granules with a pellet-like structure (Gr Il), which
formed in a coalescence process (Fig. 5b) [54]. Granules of Group Il (Gr Ill) formed through
adhesion of micropellets and those of Group IV (Gr IV) by layering of small granules on large
granules (Fig. 5c). All four structures had a sticky outer layer and exhibited surface
irregularity.

. o Adhering ) . . 4 Layering of
fines y : & L small granules

" Adhesion of
micropellets

Adhesion of fine (Gr 1)

particles

Fig. 5. X-ray micro-tomographs of granules (a) base case; (b) with concentrate addition; and (c) with
micropellet addition.

3.4. Pressure drop measurements

The measurement of the pressure drop was carried out using a pot grate (Fig. 6). For each
test, iron ore granules were randomly poured into the pot grate (tube) to create a bed,
535 mm in height that was supported by a grid with a 1 mm diameter aperture. A venturi
system was securely sealed to the top of the pot. The bottom of the pot grate was
connected to a centrifugal fan using a flexible rubber tube to avoid vibrations. A manual
valve was used to control the pressure drop through the packed bed. Air was then drawn
through the packed bed. Pressure drop was measured in the venturi and across the packed
bed, using water manometers. Airflow was adjusted to give a pressure drop across the
packed bed of 1000 mm H;0. The pressure drop in the venturi was then used to calculate
the flow rate. The pressure drop across the pot grate was reported in Japanese Permeability
Unit (JPU).
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Fig. 6. Schematic representation of the pot grate.

4. Simulation procedure
4.1. Dynamic properties of glass beads and granulated mixtures

The application of the DEM — CFD model requires the measurement of the dynamic
properties of particles (Static friction coefficient, restitution coefficient, Young’s modulus
and adhesion force). While there are numerous theoretical and numerical studies on
mechanical behaviour of glass beads, only few studies on the behaviour of iron ore granules
(agglomerates) are reported in the open literature [22], [23]. These granules are wet, sticky,
deformable and heterogeneous, and can easily disintegrate. It is therefore a significant
challenge to measure the dynamic properties of these granules.

The angle of repose (static friction coefficient) of glass beads and granules was
experimentally measured using a slump test [52]. Solid particles were loosely poured into a
tube and lifted to allow the granular material to a pile under gravitational forces. The angle
of repose was described as the angle that the accumulated material forms with the
horizontal surface (Fig. 7). The tangent of the angle of repose has been found to be equal to
the internal (static) friction of the granular material. The experimental static friction
coefficients are listed in Table 5. The static friction coefficient of glass beads is smaller than
that of iron ore granules. Glass beads are smooth and spherical and can flow more easily
than iron ore granules that are irregular and sticky.
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Fig. 7. Angle of repose for (a) 6 mm glass beads and (b) granulated mixtures where granules are sticky.

Table 5. Measured static friction coefficient of glass beads and granulated mixtures at optimum moisture
content.

Mixtures Angle of repose (°) Static friction coefficient
Glass beads
3 mm glass beads 21.40 0.39
6 mm glass beads 16.00 0.29

Granulated mixtures

Base case mixture 45 1.00
10% concentrate 40 0.84
20% concentrate 42 0.90
30% concentrate 40 0.84
40% concentrate 38 0.78
10% micropellets 39 0.81
20% micropellets 40 0.84
30% micropellets 39 0.81
40% micropellets 32 0.62
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The flow characteristics of the glass beads are affected by the coefficient of restitution (&),
which is generally a measure of energy loss during a collision. This coefficient varies
between 0 and 1. The two end conditions correspond to perfectly plastic (er = 0) and
perfectly elastic impact (gr = 1) respectively. The restitution coefficient can be expressed as
the square root of the ratio of elastic energy Exin,reb released during the rebound of the
particle to the initial kinetic impact energy Exin,imp (EQ. (15)) [55], [56]. The restitution
coefficient is measurement in a drop test. A particle is held at a determined height (h) above
a flat surface and released with zero initial velocity and rotation. After its impact with the
surface, the particle reaches a rebound height (hreb).

CDR_ |'II | R — ,l'l 2ghy, 'l‘|l_|. {15)

VB V2 ~ Vo
The restitution drop test for each glass bead size was repeated 10 times and average values
were used in DEM simulation (Table 6). The height of the drop test was set at 82 mm. The
impact surface was a flat steel block with a thickness of 30 mm. The measured coefficient of
restitution decreased with the size of the glass beads. For granulated mixtures, the
restitution coefficient was almost zero due to the stickiness of the granules.

Table 6. Restitution coefficient of glass beads of different glass bead sizes.

Glass bead size (mm) Mean restitution coefficient Standard deviation
3 0.77 0.02

6 0.73 0.01

4.2. Implementation of the DEM-CFD model

A two-way coupling of DEM (Rocky 3.9) and CFD (Fluent 16.1) was used to numerically
calculate the pressure drop through a 3D-modelled bed of granules. DEM is fully integrated
with Ansys Fluent CFD and both solvers can run in parallel [30]. The coupled DEM — CFD
model was first validated using glass beads, 3 mm and 6 mm in diameter. The simulation of
the packing was performed in such a manner that the number of generated particles forms
the approximate same bed height regardless of the glass bead size. Corresponding
tube:particle diameter ratios (D/dp) for 3 and 6 mm glass beads were respectively 47 and 24,
which are significantly more than 10, and hence the wall effects could be neglected [16],
[17]. An unstructured mesh composed of tetrahedral elements was first created in Fluent
CFD and imported in Rocky DEM. The packed bed was then simulated by dropping a stream
of particles into a column from a specified height. The filling process with glass beads of

3 mm in diameter is shown in Fig. 8.
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Fig. 8. DEM simulation of 3 mm glass beads.

The granules from the base case mixture were selected for validation of granule properties
(size distribution, coefficient of restitution, shape, Young’s modulus and adhesion force).
The measurement of the stiffness (Young’s modulus), coefficient of restitution and adhesion
force is not evident for irregular, deformable and sticky particles. Two methods are
generally used to measure the input parameters (granule properties): bulk calibration and
direct measuring approaches [57], [58]. The bulk calibration approach is based on
comparing the values of a specific material bulk property (for instance pressure drop) that
can be obtained using an experimental setup and its numerical replica. The DEM parameter
values are then adjusted until the predicted bulk response matches the measured result.
The second approach consists of directly measuring the property value on particle or
contact scale. This method appears to be more relevant as long as the particle property can
be experimentally measured. In this paper, both methods were used to determine the
values of the properties of the granules.

A simple approach was adopted herein, whereby each parameter could be changed while
the other ones could be kept constant during DEM-CFD simulations [22], [23], [59]. The
Young’s modulus data were selected based on previous investigations of the behaviour of
iron ore granules and pellets. The simulation of the collapse of the granule bed on the
sintering machine was effectively achieved by choosing a range of Young’s modulus
between 1 and 10 MPa [22], [23]. Wang et al. [59] investigated the bulk behaviour of green
iron ore pellets in an industrial pelletizing system, using the non-smooth discrete element
method (NDEM). Experimental and simulation results were comparable for a Young's
modulus of 6.2 MPa.

The adhesion force was expressed in terms of a force fraction, which could vary from 0 to
0.5 [47]. The measured coefficients of restitution were closer to zero due the stickiness and
ease of disintegration of green granules. The coefficient of restitution was therefore set to
the lowest default value (0.1) that Rocky can capture [30]. Spheres, rounded polygons and
polyhedrons were used to represent the irregularity of the granules. The custom shapes
with overlapping spheres were not considered due to the limit of available computational
resources. The rolling resistance was implemented in DEM to account for the particle shape
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effect on the overall behaviour of the granular flow. The size distribution and friction
coefficient of granules were captured as raw data obtained from sieving of partially dried
granules and slump tests, respectively. The input parameters for DEM-CFD simulation of the
pressure drop through the base mixture are specified in Table 7. The DEM packing was
scaled down by setting the column-to-glass bead diameter ratio (D/dp) and glass bead
diameter-to-packing height ratio (dp/H) to be larger than 10 and less than 0.05 respectively
[56]. The packing was then reduced to column packing with a diameter of 70 mm and height
of 200 mm.

Table 7. DEM-CFD parameters for glass beads and base case mixture.

Value
Parameters (units) Glass beads
Base case mixture
3 mm 6 mm
Granule density (kg/m?3) 1520 2000
Granule shape Sphere  Sphere, rounded polygon and polyhedron
Force fraction (-) 0 0.05;0.1: 0.2; 0.3; 0.5
Young’s modulus (GPa) 107 0.1-1
Rolling resistance (default) 0 0.15
Coefficient of restitution (=) 0.77 0.73 0.1
Static friction coefficient (=) 0.39 0.29 1.0
Air velocity (m/s) 2.01 1.41 0.68
Time step (DEM; CFD) (s) 107; 10°3 6.10°¢; 10

5. Results and discussion

5.1. Effect of concentrate and micropellet addition on bed permeability

The addition of concentrate or micropellets to the conventional mixture caused a decrease
in the bed permeability as the volume fraction of concentrate or micropellets increased (Fig.
9). The presence of concentrate or micropellets resulted in the formation of additional
granule structures: Concentrate addition produced granules of Groups | and II, which can
potentially deform once packed in a column [52], [54]. This resulted in formation of compact
beds with low permeability. The addition of micropellets led to the formation of small
granules (Groups | and IIl) as well as weak big granules (Gr IV) (Fig. 5). The presence of these
granules was the cause of the decrease in the bed permeability [3], [8], [52].
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Fig. 9. Variation of the maximum permeability with concentrate or micropellet addition at optimum moisture
content.

5.2. Mesh size dependency

The specification of mesh size is an important part in CFD, especially in complex geometries
such as those found in packed beds [36], [60]. Although the mesh size must be fine to
describe enough detail of the flow through the bed, it must also be coarse enough to
complete the simulation in reasonable time. To study the effect of mesh size on the
pressure drop over a packed bed of glass beads, several numerical simulations with different
mesh sizes were conducted while the particle size was held constant for each type of glass
bead. A series of mesh sizes (6 mm, 12 mm, 24 mm, 36 mm and 48 mm) were selected in
such a way that several particles could fit inside one CFD mesh element [36], [60]. The
results showed that the pressure drop through the packed beds decreased with increasing
mesh size (Fig. 10). It can also be seen that the pressure drop is almost independent of mesh
size when it is larger than 24 mm.

14000
i
= 12000 - A,
& “*,
8 e e
b=
o 10000 4
5
@
@ ©6 mm glass bead
o 8000 |
A3 mm glass bead
6000 T T T
0 20 40 60 80

Mesh size (mm)
Fig. 10. Effect of mesh size on pressure drop across beds of glass beads.

The deviations between the simulated and measured pressure drops were also plotted
against the mesh size (Fig. 11). It can be seen that the deviation is virtually constant for a
mesh size of 36 mm and larger, and within £10%. An unstructured mesh (tetrahedral) of 36
and/or 48 mm mesh size was therefore chosen for further simulations of the pressure drop.
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Fig. 11. Deviation between the simulated and measured pressure drops with mesh size.

5.3. Validation of the model using glass beads

The validation of the DEM-CFD model was carried out by comparing the model output with
measured pressure drops over packed beds of glass beads (Table 8). The accuracy was
within 10%, which shows that the model can be applied to the simulation of pressure drops
over glass beads loaded into a pot grate. Good agreement was also obtained for binary
mixtures constituted of 3 mm and 6 mm glass beads. The simulations overpredicted the
pressure drops across all the examined mono-sized beds. Since the top surface of the DEM
packed bed was not well levelled, the packed bed was extended of 0.2—-3% above the target
height in order to measure the pressure drop at a height of 535 mm (target value). This was
the cause of the over-prediction of the pressure drop using the DEM-CFD model.

Table 8. Comparison of measured and simulated pressure drops across beds of glass beads.

packed bed Air velocity Measured pressure drop Model output Deviations
(m/s) (Pa/m) (Pa/m) (%)
Monosize mixture
3 mm glass bead 2.01 9806 10,657 -8.68
6 mm glass bead 141 9806 10,760 -9.73
Binary mixture
759 259 I
5% 3 mm, 25% 6 mm glass 1.30 9806 10,658 -8.70
bead
50% 3 , 50% 6 |
° S mm, 5Ev6 5 MM glass 134 9806 10,461 -6.68
bead
25% 3 mm, 75% 6 mm glass
1.44 9806 10,725 -9.38

bead

18



5.4. Validation of the input parameters in the DEM model

Accurate predictions with the DEM model can only be achieved if the input parameter
values (Young’s modulus, adhesion fraction, size distribution and shape of particles) are
meticulously determined. A simple approach was adopted herein, whereby each parameter
was changed while the other ones were kept constant during DEM-CFD simulations [22],
[23], [59]. The appropriate combinations of particle size distribution, particle shape and
contact forces could therefore be chosen. The validation of Young’s modulus, adhesion
force, particle size distribution and shape was carried out using the physical and dynamic
properties listed in Table 7.

5.4.1. Young’s modulus (spring stiffness)

Young’s modulus of a material describes its elastic and plastic behaviour when a force is
applied. For deformable and sticky granules, Young’s modulus is lower than that of dry and
rigid granules [39], [58]. In this paper, the Young’s modulus of iron ore granules were
estimated by comparing the experimental pressure drops and measured data. Six values of
Young’s modulus (10°, 1.05x10°, 1.1x10°, 2x10°, 5x10°, 10x10° Pa) were then assigned to the
examined mixtures and simulations were run to calibrate the Young’s modulus value. The
size distribution of granules was truncated at 0.5 mm to reduce the number of DEM
particles. An increase in Young’s modulus from 10° to 10° Pa resulted in a decrease in the
pressure drop through the packed bed of iron ore granules (Table 9).

Table 9. Comparison of the predicted pressure drop and measured pressure drop for different Young’s moduli.

Young’s modulus  Number of Air velocity  Predicted pressure  Measured pressure  Deviation

(Pa) granules (m/s) drop (Pa) drop (Pa) (%)
100,000 65,537 0.68 11,770 9806 -20.03
105,000 63,232 0.68 10,431 9806 -6.38
110,000 61,681 0.68 9500 9806 3.15
200,000 57,124 0.68 5503 9806 43.88
500,000 54,001 0.68 3776 9806 61.49
1,000,000 50,860 0.68 2563 9806 73.86

Good agreement between the measured and predicted pressure drop was achieved at
Young’s moduli of 105,000 and 110,000 Pa, with deviations of less than 10%. For a Young's
modulus value bigger than 110,000 Pa, the deviations significantly increased. Higher
stiffness values caused lower overlaps, resulting in a lower number of granules that could
occupy the same volume of the column [27], [58]. Consequently, granules with a higher
stiffness produced a bed with a lower pressure drop as long as the other DEM parameters
(size distribution, shape, friction and restitution coefficients of granules) stayed constant.
Under the current simulation conditions, an increase in Young’s modulus resulted in a
decrease in the number of granules in the column (Table 9).
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5.4.2. Adhesion force (force fraction)

Five force fractions (0.02, 0.05, 0.1, 0.2 and 0.5) were used to study the effect of adhesion
on the pressure drop over iron ore granules. The simulations were performed using spheres
with equivalent size distribution of granules from the base case mixture. The spring stiffness
was set to 105,000 Pa to reduce the simulation time. The simulations with different force
fractions reproduced the measured pressure drop well, with deviations within 10%. For
granules with no adhesion force (0% force fraction), the granules were considered as elastic
particles, resulting in higher deviation (29.46%) from the measured pressure drops (Table
10). The adhesion between particles affected the pressure drop. The packed beds with
adhesion were denser than the packed bed without adhesion and had high pressure drop
under same simulation conditions. No significant change in pressure drop was observed
when the adhesion force increased from 0.02 to 0.05.

Table 10. Comparison of the predicted pressure drop and measured pressure drop for different adhesion force
fractions.

Adhesion force Air velocity Predicted pressure drop Measured pressure drop  Deviation
fraction (m/s) (Pa) (Pa) (%)

0 0.68 6917 9806 29.46%
0.02 0.68 10,425 9806 -6.31%
0.05 0.68 10,334 9806 -5.38%
0.1 0.68 10,431 9806 -6.37%
0.2 0.68 10,303 9806 -5.06%
0.5 0.68 10,196 9806 -3.97%

5.4.3. Fine size fraction of granules

The particle size distribution has a great influence on the computing time in DEM
simulations. A simulation with particles of a narrow particle size distribution is known to run
faster than broader size distributions [61]. The presence of a higher mass fraction of fine
particles can increase the overall number of particles and computational costs for the same
simulation conditions.

The effect of a narrower size distribution was studied by comparing pressure drops through
granules with full and truncated size distributions. The cut-sieve was estimated at 0.5 mm
size fraction, which commonly represents the cut-off size between adhesive fines and
coarse particles. In this study, the finer size fraction (<0.5 mm) was assumed to have been
broken off from the big granules during screening. Hence, two size ranges from 0 to 10 mm
and 0.5 to 10 mm were considered (Table 11).
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Table 11. Mass fraction of full and truncate size distributions for base mixture.

Mass fraction (%)
Size fraction
Full PSD Truncated PSD

4.75-10.00 mm 51.00 51.14
2.00-4.75mm  39.64 39.75
1.00-2.00mm  7.86 7.88
0.50-1.00 mm 1.23 1.23
0.25-0.50 mm  0.19 0
<0.25 mm 0.08 0

The number of particles (168,500 particles) in the simulation with wider size distribution (0—
10 mm size fraction) was higher than that of the equivalent system (58,089 particles) with a
truncated size distribution (0.5—-10 mm). The DEM simulation with wider PSD took 24.5 h to
complete. The computing time was substantially shorter (~2 h) for a size distribution
without the finer fraction. The presence of the finer fraction in the granule bed resulted in
an increase in pressure drop, with a deviation of 17.08% between the full and truncated size
distributions (Table 12). The predicted pressure drop through granules with a 0.50—-10 mm
size fraction was comparable to the measured pressure drop with a deviation of 6.37%,
which is less than the accepted limit of 10% (Table 11).

Table 12. Comparison between simulations with full and truncated size distribution.

Predicted M d
Size distribution Number of Airvelocity Computing redicte easure Deviation
. . pressure drop pressure drop
range (mm) particles (m/s) time (hours) (%)
(Pa) (Pa)
0-10 mm 168,500 0.68 24.5 11,481 9806 -17.08
0.5-10 mm 58,089 0.68 2.10 10,430 9806 -6.38

5.4.4. Granule shape

It is well established that the particle shape is important to represent the behaviour of real
particles in a DEM simulation. The shapes of iron ore granules are complex and difficult to
be represented from a geometric point of view. Furthermore, the iron ore granules have a
range of shapes. It is however not practical to implement many individual shapes in DEM. In
this study, the effect of the granule shape was studied by carrying out simulations with
spheres, rounded polygons (4 and 25 corners) and polyhedrons (4 and 25 corners). The
examined shapes are shown in Table 13. The rounded polyhedrons are more angular than
those of rounded polygons. The angularity in each shape group increases with a decrease in
the number of corners.
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Table 13. Examined shapes of DEM particles.

Sphere Rounded polygons Rounded polyhedrons
Shape f 4
(- (O ( . J b
y) \ O \ -
Number of ¥ 25 4 25 4
COFNers
Order of Increase >
angularity

The irregular shape of the particles prevented the formation of a dense packing. The
pressure drop through packed beds decreased with a decrease in sphericity of the particles
and an increase in angularity (Fig. 12). Spheres have no rolling resistance and percolate
easily to form dense packed beds with higher pressure drops. The decrease in pressure drop
was more significant in the case of rounded polyhedrons than that of rounded polygonal
shapes. The interlocking forces are more significant in packed bed of particles with sharper
corners (higher angularity) than that with rounded ones [7], [8]. Consequently rounded
polyhedrons with 4 corners formed the loosest packed bed with the lowest pressure drop
(Fig. 12). The predicted and measured pressure drops through spheres and rounded
polygons were comparable with deviations smaller than 10%.

25000 -

== Predicted pressure drop
—Target pressure drop

1M

Sphere Rounded Rounded Rounded  Tetrahedron
polygon polygon Pclyhedron (4 comers)
(25 comers) (4 comers) (25 corners)

20000 4

15000

10000 A

Pressure drop (Pafm)

5000 4

Fig. 12. Variation of pressure drop with particle shape.
5.5. DEM - CFD simulations for granulated mixtures with concentrate or micropellets

In this section, spheres with equivalent dynamic properties (stiffness, friction and adhesion)
were used during DEM — CFD simulations of the pressure drop through granulated mixtures
with concentrate or micropellets. The simplification of the particle shape was adopted to
avoid running DEM simulations beyond available computational resources. The adhesion
force was kept constant (10% force fraction). The size distribution of granules was truncated
at the 0.5 mm size fraction. The truncated size distribution of the granules is given in Fig. 13.
The mass fraction of +4.75 mm granule size (big granules) decreased with addition of
concentrate or micropellets, while that of small size fractions (less than +4.75 mm)
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increased. Addition of 40% micropellets increased the +4.75 mm size fraction due to the

formation of big granules which were formed through adherence of the micropellets around
large granules.

a) 100
80 -
8
=
2 60 + u Base case
E ®10% Concentrate
L=
@ 40 A 20% Concentrate
< =30% Concentrate
%40% Concentrate
20 A
0 A - — ...l
2.00 -475mm 1.00-200mm 0.50- 1.00 mm
Size fraction
b) 100
. 80 -
£
s
s 60 4 i Base case
-g u10% Micropellets
§ 40 20% Micropellets
= =30% Micropellets
#40% Micropellets
20 =

200 -475mm 1.00-200mm 0.50-1.00 mm
Size fraction

Fig. 13. Variation of size fraction with the addition of concentrate (a) or micropellets (b) at optimum moisture
content.

The presence of small size fractions in multi-sized systems was reported to slightly increase
the overall stiffness of the packing [62]. Guan et al. [63] found that the macroscopic Young's
modulus is inversely proportional to the particle diameter for a packing of rock layers.
Keppler et al. [64] reported that a decrease in the bulk friction and cohesion between
particles increases the contact stiffness as well as Young’s modulus. In this section, the
stiffness (Young’s modulus) was therefore adjusted to 130,000 Pa to account for an increase
in small size fractions with addition of concentrate or micropellets as well as a decrease in
bulk friction coefficient [62], [63], [64]. The density of granules varied between 2000 to
2150 kg/m?3. The addition of concentrate or micropellets (0-40%) decreased the static
friction coefficient from 1 to 0.78 (45 to 38°) and 1 to 0.62 (45 to 32°) respectively for
granules obtained at optimum moisture (Table 5). The flow rate of air was experimentally
adjusted to obtain a constant pressure drop of 9806 Pa through all the granulated mixtures.
An increase in concentrate or micropellets resulted in a decrease in the bed permeability
and velocity of air through the granules (Table 14). The main input parameters that varied
with addition of concentrate or micropellets are given in Table 14.
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Table 14. Parameters of DEM — CFD simulations for granulated mixtures at optimum moisture content.

Mixtures Density (kg/m?3) Stiffness (Pa) Friction coefficient Air velocity (m/s)

Base mixture 2000 105,000 1.00 0.68
10% Concentrate 2050 105,000 0.84 0.61
20% Concentrate 2100 130,000 0.90 0.61
30% Concentrate 2100 130,000 0.84 0.55
40% concentrate 2150 130,000 0.78 0.51
10% Micropellets 2100 130,000 0.81 0.61
20% Micropellets 2150 130,000 0.84 0.55
30% Micropellets 2150 130,000 0.81 0.55
40% Micropellets 2100 130,000 0.62 0.58

The pressure drop through different granulated mixtures was calculated by coupled DEM —
CFD simulations. The number of DEM particles to fill the same packing volume increased
with the addition of concentrate or micropellets (Fig. 14). This was due to an increase in
small size fractions (-4.75 mm). For the granulated mixture with 40% micropellets, the
number of DEM particles decreased due to a slight increase in the mass fraction of the
+4.75 mm granule size.

160000

Mixture with concentrate
140000 | wMixture with micropellets

120000
100000
80000 -
60000
40000 -
20000 -
a T T r
0 10 20 30 40

Mass % of concentrate and micropellets

Number of particles (-)

Fig. 14. Variation of the number of DEM particles with the addition of concentrate or micropellets at optimum
moisture content.

The predicted and measured pressure drops were similar for stiffnesses ranging from
105,000 Pa to 130,000 Pa. The developed coupled DEM-CFD model therefore predicts the
pressure drop across beds of iron ore granules well. The deviations between measured and
predicted pressure drops through granulated mixtures with concentrate or micropellet
addition were found to be within an acceptable accuracy of £10% (Fig. 15).
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Fig. 15. Comparison between the measured and predicted pressure drops through granulated mixtures with
addition of concentrate or micropellets at optimum moisture content.

6. Conclusions

Experimental measurements and coupled DEM — CFD simulations of pressure drops across
beds of iron ore granules were investigated in this study. Based on the experimental results,
four structures of iron ore granules were identified. Granules of Group | were formed
through adhering of fines around coarse particles. With addition of concentrate, the
coalescence of fine material formed granules with pellet-like structure (Group Il). The
addition of micropellets resulted in the formation of two additional structures. The
micropellet-micropellet and micropellet-large granule adhesion produced granules of Group
Il and Group IV respectively. The different structures were considered the cause of the
increase in pressure drop resulting in a decrease in the bed permeability.

Validation of the DEM-CFD model was realized by comparing the measured pressure drops
across glass beads with the simulated data. The application of the model was extended to
granulated mixtures with addition of concentrate or micropellets. The effects of Young’s
modulus, adhesion fraction, particle size distribution and shape on the pressure drop were
well recognized. The definition of the adhesion force and shape was crucial in the simulation
of pressure drop across iron ore granules. Additionaly, good agreement was achieved
between the model output and measured pressure drops across beds of granulated
mixtures that contain concentrate or micropellets for Young’s moduli between 0.105 and
0.110 MPa.
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