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Abstract: It has been known that the performance of the High-Pressure Grinding Rolls (HPGR) var-
ies as a function of method used to confine laterally the rolls, their diameter/length (aspect) ratio as
well as their condition, if new or worn. However, quantifying these effects through direct experi-
mentation in machines with reasonably large dimensions is not straightforward given the challenge,
among others, of guaranteeing that the feed material remains unchanged. The present work couples
the discrete element method (DEM) to multibody dynamics (MBD) and a novel particle replacement
model (PRM) to simulate the performance of pilot-scale HPGRs grinding pellet feed. It shows that
rotating side plates, in particular when fitted with studs, allow reaching more uniform forces along
the bed, which also translates in a more constant product size along the rolls as well as higher
throughput. It also shows that the edge effect is relatively constant with roll length, leading to sub-
stantially larger proportional edge regions for high-aspect ratio rolls. On the other hand, the product
from the center region of such rolls was found to be finer when pressed at identical specific forces.
Finally, rolls were found to have higher throughput, but generate a coarser product when worn
following the commonly observed trapezoidal profile. The approach used in industry to compen-
sate for roller wear by increasing the specific force and roll speed has then been demonstrated to be
effective to maintain and potentially even increase product fineness and throughput, as long as the
minimum safety gap is not reached.

Keywords: Discrete element method, simulation, multibody dynamics, particle replacement, high-
pressure grinding rolls.

1. Introduction

Over the last 30 years, the High-Pressure Grinding Rolls technology has been evolving, responding to different
challenges imposed by the mineral processing industry. The HPGR dimensions have been increasing significantly,
mainly driven by the proven comminution energy efficiency [1-3] and the high capacity of the technology [4,5]. Indeed,
the first commercial HPGR installed by the KHD Humboldt Wedag in Dykerhoff Lengerich cement plant in Wiesbaden
Germany contained rolls measuring 1150 mm in diameter and 1000 mm in length, equipped with two 300-kW motors
each [6]. Nowadays the largest machine installed is, apparently, the HRCTM 3000, manufactured by Metso and
commissioned in Freeport Morenci operation, with rolls with 3000 mm in diameter and 2000 mm in length, powered
by one 5700 kW motor each [7].

Besides diameter, the aspect (diameter/length) ratio of the rolls has also been known to play an important

role on the performance of the HPGR [5,8]. It is an important design variable and values typically vary from one
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manufacturer to another. Machines with low aspect ratio are naturally more expensive but also offer an
intrinsically longer wear life for a given application, owing to the more uniform pressure distribution along the
rolls. On the other side, high aspect ratio machines have a higher pressure peak in the compression zone, and
have been known to generate a finer product in the center of the rolls [5,8]. Indeed, the traditional HPGR
manufacturer Polysius, a ThyssenKrupp company, favored a high aspect ratio design, with large roll diameter
and smaller length. An example is the Cypruss Sierrita unit, with 2400 mm diameter and 1400 mm length rolls [9],
and the Metso HRC™ design. The other traditional manufacturer, KHD (KHD Humboldt Wedag AG), favored
low aspect ratio HPGRs [10], whereas Koppern (Maschinenfabrik Képpern GmbH & Co KG) was known to
manufacture HPGRs with aspect ratios of nearly one.

The confinement system is another constructive part of the machine that influences its performance [7,11,12].
It aims at preventing material by-pass, which reduces the pressure drop along the edge of the rolls. Two types of
confinement systems are available. The so-called “cheek plates”, used by most HPGR manufacturers, consist of
fixed thrust plates positioned on the sides of the rollers [13-15]. The other confinement system originally proposed
by Metso and taken up recently by other manufacturers consists of rotating side plates or flanges attached to the
edge of one of the rolls, confining laterally the opposite roll [7]. Some benefits have been associated to the use of
the flanged rolls. One is associated to the fact that it moves with the material once it is through the crushing zone,
which means reduced wear [12]. It also enables reaching higher crushing forces at the tire edge, achieving more
uniform pressure profiles as a consequence of the improved confinement system, the arch-frame, and the anti-
distortion housing [11,16]. Another benefit associated to the flanged roll confinement is its higher throughput [17],
as a consequence of the material flow carried on by the flange surface.

The greatest responsible for lost operating time during HPGR operation is wear of the roller surfaces [5]. In
addition, the roller surface of the HPGR influences directly important variables such as product size distribution,
nip angle, and, consequently, throughput [18]. This is related to the grip required to induce movement of the
particle bed between rollers. The first applications of the HPGRs grinding the raw meal in the cement industry
used rollers with smooth surfaces. Afterwards, welding was used to protect the surface of the rolls and increase
the machine availability, allowing it to be used in size reduction of cement clinker, which is more abrasive than
the raw meal [4]. Rollers were originally manufactured in white cast iron rich in chromium (WCI), which is a
component of eutectic carbides M7C3 type in a martensitic matrix [18]. Materials then evolved to a nickel and
cast-iron alloy called Ni-hard (Fe82-Cr9-Ni5-C3), which is characterized by higher fracture toughness, with much
higher resilience and durability than the WCI alloy [20]. The greatest challenge for the rolls surface design was
posed by the application of the HPGR in size reduction of hard rocks [9,10,13]. The introduction of the studded
rolls represented a breakthrough in the technology and the main responsible for the success of the HPGR in such
applications and in mineral processing in general. The studs, which consist of tungsten carbide cylinders, are
attached to the forged steel rolls leaving some interstices between them, where an autogenous layer of material is
formed, which provides protection to the rollers [20].

In order to improve the HPGR performance, several authors attempted to gain insights of the process
through experimental tests [13,18,20-24]. Unfortunately, the investigation of variables such as axial confinement
system, wear condition and aspect ratio of the rollers on the performance of HPGRs is very difficult
experimentally, given the challenge of guaranteeing that the same material is fed to the different machines, among
others. The result is the still limited understanding of the effect of these variables on the machine performance, in
particular on the axial pressure profile along the rolls. One powerful tool that has been used over the years to
study various aspects of HPGR performance is the Discrete Element Method (DEM). DEM is a numerical approach

that has been widely accepted as an effective method to deal with engineering problems involving granular and
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discontinuous media, with important applications in granular flows, rock mechanics, and comminution [25]. DEM
has already proven to be useful to describe the performance variables as well as the throughput, velocity, and
pressure profile along the rolls [26-31]. In spite of the relatively widespread use of DEM, only a few studies
describe particle breakage and account for the dynamics of the movable roll, which is a key part of the technology.

The present work deals with the application of DEM to study, through simulation, the influence of
confinement system, roll aspect ratio and surface wear profile on the performance of a pilot-scale HPGR used in
pellet feed grinding. It is based on the description of the floating roll position using the dynamic geometry module
(MBD) implemented in the software Altair EDEM™, originally proposed by Barrios and Tavares [26], being
updated using the Particle Replacement Model (PRM) proposed recently by Tavares et al. [32]. The work relies on
DEM and PRM parameters, as well as the CAD geometry and operational HPGR conditions obtained from a
recent work by the authors [31], where a detailed validation of the approach has also been carried out using pilot-
scale data. DEM simulations are used to predict key performance variables of the HPGR, besides the axial profiles
of throughput, particle velocity, and compressive force along the rolls, with a qualitative assessment of the

product size distributions.

2. Materials and Methods

Discrete element method (DEM) simulations were carried out using the commercial software Altair EDEM
version 2020.3. A detailed description of the numerical method can be found elsewhere [25,33]. Simulations were
run in a computer equipped with a 32 GB in RAM, Intel® Core i7 — 8700K CPU GHz 3.7. A recently proposed PRM
[32] was used, which was implemented as an application programming interface (API) using the Hertz-Mindlin
(no-slip) contact model considering a spherical particle replacement [34]. This contact model and particle
geometry have the advantage of allowing to track the motion and gross kinetics of a large number of particles

with good computational efficiency [25].

2.1 Materials

The material and contact parameters used in the present work were calibrated in great detail as part of a
previous study on the basis of bench-scale tests [31]. In that work it was recognized that it would not be feasible
to represent in the DEM simulations the particle size distribution (PSD) of the feed to the pilot-scale HPGR, con-
sisting of pellet feed fines with an 80% passing size of 234 um, representing the feed to a pre-grinding stage. As
such, Rodriguez et al. [31] proposed to use a scaled-up PSD, given in Table 1, with associated particle contact
parameters being presented in Table 2. A minimum resolved particle size of 1.16 mm (Duin) was used in the sim-
ulations (Table 3). Finally, in order to replicate the particle bed response when submitted to compressive stresses,
the authors selected a value of shear modulus of 2x10° Pa and DEM particle density of 3520 kg/m?, with PRM

breakage parameters given in Table 3 [31].

Table 1. Simulated particle size distribution (% volume)

Particle size (mm) 8.0 7.2 6.4 5.6
% 40 23 22 15

Table 2. Contact parameters used in the DEM simulations

Contact type Coefficient of restitution  Coefficient of static friction = Coefficient of rolling friction
Ore — Steel 0.15 0.49 0.47
Ore - Ore 0.20 0.55 0.51
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Table 3. Summary of particle breakage parameters used in the DEM simulations

Parameter E, (J/kg) d, (mm) @ o y A (%) b’ Dmin (mm)  Trunc. ratio
Value 500 75 035 0.8 5.0 68 0.03 1.2 4

2.2. DEM equipment setup

A two-way coupled model based on Multi-Body Dynamics (MBD) and Discrete Element Method (DEM)
was used to calculate the dynamics of the floating roll. EDEM™ 2020.3 has important advances incorporating
motion controllers that allow objects to react to particle-geometry forces. With this tool it was possible to describe
the rotation and the translation dynamics in the floating roll, as proposed originally by Edwards et al. [35]. The
scheme consists in two motion controllers, one as a force in the longitudinal direction “x”, obtained from the
product of specific force (N/mm?) and the projected area D x L (mm?), and other control as a torque for the rotating
movement. A rotating movement with a selected fixed angular velocity and with no motion controller was used
in the case of the fixed roll. Being a one-dimensional model, it does not allow for skewing of the rolls. The rolls
movement starts only when DEM particles fill the hopper from a particle factory located above the rolls. From
this point on in the simulation, new particles were added continuously. Simulations were run until stability was

reached for the HPGR performance variables, which typically occurred after about 2 seconds of operation.

2.3. Base case

A pilot-scale Roller Press RPR 03.6 - 100/32 manufactured by KHD Humboldt Wedag AG was selected for
the base case. The rolls have 1000 mm in diameter and 320 mm in length, while the HPGR operates with
parameters presented in Table 4. Experimental data were available from a test conducted under these conditions.
It is worth mentioning that the by-pass gap corresponds to the clearance between the confinement system and the
rolls. As previously observed by some authors [30,31], this variable has an important role on the HPGR
performance and must be taken into account in the simulations. Rodriguez et al. [31] adjusted this value to 11 mm,
on the basis of the good agreement between experimentally measured and simulated throughputs for the pilot-
scale machine operating under a variety of conditions. From this base case, changes were made to selected design

parameters and their influence on key variables is analyzed with the coupled DEM-MBD-PRM simulations.
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Table 4. Parameter of the base case condition simulated

Variable Symbol Units Value
Confinement system - - Cheek plate
Rolls diameter D mm 1000
Rolls length L mm 320
Rolls velocity u m/s 0.5
Studs diameter dst mm 15.9
Studs thickness Ist mm 5.0
Autogenous area fraction - - 0.65
Zero gap Xo mm 1.0
By-pass clearance Xbp mm 11
Specific force* SF N/mm? 35

* Force on the rolls divided by DxL

2.4. Confinement systems

The confinement system seals the lateral outlets to prevent material bypass, which is responsible for a drop
in pressure towards the edge of the rolls. Two types of confinement systems are simulated. The one used in the
base case relies on cheek plates, which consist of fixed thrust plates positioned on the sides of the rollers (Figure
1a). The other is the rotating side plate or flanges, which consists of rims with diameter larger than the rolls that
are attached to both edges of the fixed roller. In the present work two types of flanges were simulated: the first
one with smooth surfaces (Figure 1b), and the other with studs measuring 15.9 mm in diameter and 5 mm in
height, introduced to improve the grip of the material between the rolls (Figure 1c). In both cases flanges have 50
mm of height from the rollers and 11 mm of by-pass clearance One additional simulation was performed with
smooth flanges, but with a by-pass gap of 6 mm in order to allow a more direct comparison with the simulation
with studded flanges, since the net value of by-pass clearance of the later would be reduced to approximately this

value given the height of the studs.

2.5. Aspect ratio

In order to analyze the influence of the diameter/length (D/L) or aspect ratio of the rolls, DEM simulations
with different ratios were performed. Besides the base case with D/L ratio of 3.13 (Table 4), HPGRs with two
additional ratios were simulated. One emulated the ratio of 1.22 used in an industrial HPGR manufactured by
Thyssenkrupp Polysius [36], resulting in a length of 820 mm, whereas the other corresponded to a rolls length of
1200 mm, and an aspect ratio of 0.83. In all these cases the remaining design and operating parameters, including

the rolls diameter (1000 mm), were maintained equal to those of the base case (Table 4).
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Figure 1. CAD images of pilot HPGRs with different confinement systems: a) Cheek plates, b) smooth flanges
and fixed side plates and c) studded flanges and fixed side plates.

2.6. Worn rollers

Besides the patterns found in the literature [12,20], wear patterns were obtained from measurements in an
industrial HPGR. A metal strip with designed holes was used. The procedure consisted of placing the strip in
front of the axial surface of the roll. A digital caliper was used to measure the distance from the strip to the roll
surface in each designed hole. Afterwards, the measured pattern was smoothed and input in detail in a CAD
representation of the worn rolls for the DEM simulations. In these simulations, the roll length of 820 mm was
considered, since it better approaches the aspect ratio of the industrial HPGR from which data was collected.

Two wear patterns were observed both in the literature and the in experimental measures. The first is a
parabolic pattern with greater wear right in the center of the rolls (Figure 2). Although a maximum wear depth of
5 mm was observed experimentally, an additional pattern corresponding to the mid-life condition with 2.5 mm
depth, was also designed and simulated. The second pattern has an approximately trapezoidal or “bathtub” shape,
with equally intense wear in the center of the rolls, with very modest wear in the edge region (Figure 2).

Finally, in order to mimic the industrial practice used to compensate wear in HPGR operations, the
compressive force has been increased in an attempt to adjust the gap and increase the specific energy in the

operation, while the roll velocity was increased slightly to maintain throughput approximately constant. As such,
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a simulation with the trapezoidal wear pattern with 2.5 mm in depth was performed increasing the specific force
to 4.0 N/mm? and the roll velocity to 0.6 m/s.

Trapezoidal surface wear profile

ST o P wewe e $BNMME b

o i Rl S it (0 L0 K o el et
et B et oo s e e T M A
B el e e B DR ) ST M S S e e
— - F - - — ~ e - — - — - :.- — — - -

= - - - - 4

cSF ;;_’i_,;_._:-_t»—j;-‘;—{-jijf‘I“b;‘;gt‘g.;?g;;ﬁﬁif};; - fara

'
i
| - - - - - - - - - i
'
Y

-+

Figure 2. Wear profiles of the simulated rollers

2.7. Measurement of key variables

The key variables taken into consideration to assess variations in performance owing to the changes in
design variables are throughput, power and product fineness. Besides those, pressure, mass flowrate and product
size along the axial roll profile has also been analyzed in the simulations. In order to measure the total throughput,
two cylindrical mass flow sensors were positioned in the center, 250 mm underneath the gap between the rolls.
One of the flow sensors was introduced with a diameter equal to the length of the rolls to measure the mass flow
coming directly from the rolls, while an additional mass flow sensor measuring 1.25 times the roll length was
introduced to measure the total mass flow (Figure 3). The difference between them allows estimating the flowrate
of material that escaped from the clearance between the rolls and the lateral confinement, also called by-pass.

The axial response along the rolls of three key variables was measured when the HGPR was operating under
steady-state conditions. First, the force profile on the bed was obtained from a square grid bin geometry composed
of 60 elements that started from the roll gap to 100 mm above it. The mass flowrate profile was also measured. In
this case, the same grid bin was also used but positioned underneath the rolls gap, with the aim of extracting the
mean velocity, mass and product PSD for each bin (Figure 4). The product PSD profile along the rolls was obtained
at a post-processing stage using the approach proposed by Tavares et al. [32]. In order to process all the profiles
(i.e., force, mass flowrate and product PSD) in simulations with different roll lengths (aspect ratios), the number
of bins was changed so that the length and width of each bin was maintained equal to 100 and 5.7 mm, respectively,

as can be observed in Figure 4.
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Figure 3. Bottom view of the simulated pilot-scale HPGR with cheek plates representing the mass flow sensors

used to measure the total and roll throughput.
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Figure 4. Top view of the pilot-scale HPGR showing the position of the 60 bins, each one with 100 x 5.7 mm, to

measure key variables along the rolls.

The specific troughput (ts/hm?®) was also then calculated by

M Eq.1

where M is the troughput, and D, L and U were defined in Table 4.
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The total force on the floating roll was extracted to calculate the specific force, whereas the center of mass
position of the floating roll was used to calculate the operating gap. The torque on the rolls served as the basis to

calculate the power consumption, after being multiplied by the rotation frequency of the rollers.

3. Results
3.1. Confinement systems

An image of a DEM simulation is presented in Figure 5, where the particles fed are replaced by finer particles
as they experience progressively higher pressures approaching the gap between the rolls. It shows that a
measurable amount of material is able to escape from the clearance between the edge of the rolls and the cheek
plates (by-pass), which is an effect that has been particularly observed during pressing of iron ore pellet feed,

owing to its high moisture contant and fine size [22,37].

Time: 2.32435 s

Diameter (mm)
8

Figure 5. 3D rendered DEM simulation image of the pilot-scale HPGR with cheek plates and particles colored by
size. HPGR with an aspect ratio of 3.13, operating with specific force of 3.5 N/mm?, rolls velocity of 0.5 m/s and
by-pass gap of 11 mm.

A summary of the DEM simulations varying the confinement system can be examined in Table 5. At first,
the base case simulation, conducted using cheek plates, can be compared to the experimental results. It shows
reasonably good agreement between measured and predicted throughput and power. The product fineness
represented by the percentage passing the 45 um sieve, however, is underestimated by the simulations. A more
detailed comparison is given in Figure 6, where the feed and product sizes are compared. As such, predictions of
product size should be interpreted only qualitatively in the present work, since the simulated feed size
distribution (Table 1) needed to be over an order of magnitde coarser that the actual size distribution fed to the
HPGR. As informed in Table 3, the minimum size of resolved particles in the DEM simulation was 1.2 mm, so

that all particles finer than this size were not resolved in the simulation and were result of application of the post-
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processing approach proposed by Tavares et al. [32]. A more detailed validation of the simulation approach may

be found in another publication [31].

Table 5. Effect of confinement system on the HPGR performance. Simulations performed with rolls with aspect

ratio of 3.13, specific force of 3.5 N/mm?, roll velocity of 0.5 m/s and by-pass gap of 11 mm.

Confinement Working Throughput (t/h) Specific Power Ecs Produc:t) .
system gap (mm) Rolls  By-pass Total throughput (kW) (kWh/t) 45 pm (%)
(ts/hm?3)
Cheek plate* 7.4 - - 26.8 167.5 66.1 247 52.0
Cheek plate 55 21.2 9.7 309 193.1 624 202 20.9
Smooth flanges 6.3 27.4 9.3 36.7 2294 73.2 2.00 214
Studded flanges 11.6 33.0 6.6 39.6 247.5 71.8 1.81 19.1
Smooth flanges** 9.6 28.6 3.5 32.1 200.5 76.4 2.38 22.5
* Experimental
** By-pass gap of 6 mm
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Figure 6. Comparison of measured and predicted feed and product size distributions from a pilot-scale HPGR
with cheek plates. HPGR with an aspect ratio of 3.13, operating with specific force of 3.5 N/mm? and rolls

velocity of 0.5 m/s.

Throughput and power for both simulations with flanged rolls were larger than those with cheek plates,
evidencing the ability of the flanges to assist in transporting the material between the rolls (Table 5). The flowrate
of material ejected through the clearance between the rolls and the confinement system (by-pass) is similar when
either cheek plates or smooth flanges are simulated (9.5+0.2 t/h), while it is reduced in the case of the flanges with
studs (6.6 t/h) and also with reduced clearance (3.5 t/h) (Table 5). The action of the studs in the flanges in nipping
the particles becomes more evident in the throughputs from the center and edge regions of the rolls, which were
50% and 17% higher when compared to simulations with cheek plates and smooth flanges, respectively (Table 5).
The net result was an increase of 19 % in throughput when studded flanges were used, which is identical to the
increase observed experimentally by Sonmez et al. [12]. As another consequence of the use of studded flanges, the
power increased 17% in comparison to simulations with cheek plates, owing to the higher torque demanded to

transport the material (Table 5). However, this also resulted in an increase in the mean working gap in comparison
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to the simulation with cheek plates, owing to the increase in interaction between the particle bed and the floating
roll. Further, a significant reduction in energy consumption between cheek plates and smooth flanges was not
observed. Indeed, studded flanges presented a reduction of 10 %, which is also comparable to the 13.5% estimated
by Sonmez et al. [12]. The net effect of these results is that product fineness is higher for the simulations in which
smooth flanges were used in comparison to that with the cheek plates, whereas a coarser product was predicted
when studded flanges were used (Table 5). Further, simulation results with flanges maintaning the same (6 mm)
distance between the roll and either the smooth flanges and the roll and to top of the studs are also compared in
Table 5. These demonstrated that studded flanges also allowed reachining higher throughputs both between the
rolls and through the by-pass clearance. Further, power, specific energy consumption and, as a consequence,
fineness of the product was also higher when the by-pass clearance was reduced to 6 mm in comparison to the
stutted flanges.

In order to allow a more in-depth understanding of how the mass is transported along the rolls, the total
mass and the mean particle velocity were used to estimate the throughput profile (Figure 6), as described in sec-
tion 2.7. The zero position in x-axis of the figure represents the center of the rolls in the y-axis (Figure 6), while the
dotted lines identify the projection of the length of the rolls. The throughput pattern observed is equivalent to the
one presented in a previous publication by the authors [31], which showed that higher solids flowrates are found
in the by-pass zone, due to free-falling material, with a reduction observed in the edge of the rolls, with a slight

drop in the central portion of the rolls. The figure also shows similar throughput profiles for simulations of HPGRs
with cheek plates and smooth flanges.

Regarding the simulations with studded flanges and flanges with by-pass gap of 6 mm, both show the same
throughput profile, where the mass flow from the center of the rolls is similar, although marginally higher, to that
reached using the other confinement systems (smooth flanges and cheek plates), while important differences ap-
pear in mass flow from the edge of the rolls as well as from the by-pass gap. Indeed, Figure 6 shows that the use
of studs is responsible for more uniform discharge of the material between the rolls, which translates in the higher

overall throughput of the machine when compared to cheek plates, as well as with smooth studs, as observed in
Table 6.
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Figure 6. Average axial mass flowrate profiles along the rolls with different confinement systems, with an aspect ratio
of 3.13, operating with a specific force of 3.5 N/mm?, rolls velocity of 0.5 m/s and by-pass gap of 11 mm. Vertical dot-
ted lines identify the edge of the rolls. *Flanges with by-pass gap of 6 mm.

Besides throughput, the force profile on the particle bed in the gap region is another valuable information
that can be obtained from DEM simulations. The comparison for the confinement systems simulated is shown in
Figure 7. The simulation using cheek plates presents the approximately parabolic pressure profile with
pronounced edge effect and maximum pressure in the center of the rolls. This pattern is assumed in some
phenomenological models of the HPGR [37,39,40] and has been already observed in DEM simulations in previous
studies [26,31,41]. When smooth flanges are used, even reducing the by-pass to 6 mm, there is an increase in the
magnitude of forces along the rolls, although the drop towards the rolls edge still remains evident. Finally, Figure
7 also presents the compressive force profile of a simulation with studded flanges. This configuration also shows
a reduction in the magnitude of forces acting on the bed towards the edge of the rolls, but not as significant. In
the center of the rolls a mean compressive force of 252 + 21 kN is observed, while in the edge the mean compressive
force is reduced to 167 + 4 kN, representing a reduction of only 33%.

The compressive force profile along the rolls, shown in Figure 7, is typically associated to a variation of the
fineness of the product along the axes of the rolls. Such coarsening of the product from the edge region can be
responsible for either a wider size distribution of the product in open-circuit operation or an increase in circulating
load in closed-circuit operation [11,12,15]. In the present work, the Tavares PRM allows to investigate the effect of
this axial pressure variation on the product size. The results of the product fineness are presented in Figure 8. As
expected, the product size distributions from the edge region for the HPGR with the cheek plates are significantly
coarser in comparison to those with flanges. The smaller by-pass clearance (6 mm) in a simulation with smooth
flanges showed the finest particle size in the material ejected from the rolls. Although in the case of the flanges
with studs the generation of fines was lower in the center zone of the rolls, it demonstrates the more homogenous

product discharged along the rolls length.
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Figure 7. Axial compressive force profiles along the rolls for the HPGRs in the gap region, with different con-
finement systems with an aspect ratio of 3.13, operating with a specific force of 3.5 N/mm? and rolls speeds of 0.5

m/s. Vertical dotted lines identify the edge of the rolls. * Flanges with by-pass gap of 6 mm.
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Figure 8. Predicted percentage passing the 45 um sieve in the product along the rolls with different confinement sys-

tems for rolls with aspect ratio of 3.13, operating with a specific force of 3.5 N/mm?, rolls speed of 0.5 m/s and by-pass

gap of 11 mm. * Flanges with by-pass gap of 6 mm.

3.2. HPGR aspect ratio

Table 6 summarizes the results of DEM simulations varying the aspect ratio. The HPGR with the higher

aspect ratio presented the smallest working gap in the simulations, while those with 1.22 and 0.83 ratios presented

relatively similar values. Not surprisingly, as the aspect ratio decreased there was an increase in both throughput

and power, given their proportional variation to the rolls length [5]. Indeed, the result were values of specific

throughput that varied in a relatively narrow range, with specific throughputs slightly higher for the HPGR with

the lowest aspect ratio. In order to make results more comparable, the specific energy consumption (Ecs) was also

reported. A slight difference could be observed, where the specific energy consumption with the aspect ratios of
1.22 and 3.13 were reduced in 8.0 % and 5.2 % when compared to that of the HPGR with the lowest (0.83) aspect
ratio, respectively. In addition, Table 6 shows that the fineness of product of the HPGR increased with the aspect

ratio, being highest for the 3.13 aspect ratio.

specific force of 3.5 N/mm?, roll velocity of 0.5 m/s and by-pass gap of 11 mm.

Table 6. Effect of aspect ratio on the performance of HPGRs with cheek plates. Simulations performed with a

. Throughput (t/h) Specific Product -45
Aspect  Working Power Ecs
. Rolls By-pass Total troughput um (%)
ratio gap (mm) (kW) (kWh/t)
(ts/hm?3)
0.83 11.8 108.4 12.6 121.0 201.7 257.6 2.13 17.2
1.22 11.7 66.7 11.0 77.3 188.5 151.6 1.96 17.5
3.13 5.5 21.2 9.7 30.9 193.1 62.4 2.02 20.1
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Table 6 also discriminates the mass flow passing between the roll center and edge zones from the material
ejected from the by-pass region. Both rolls center and edge, as well as by-pass throughput, increases as the aspect
ratio decrease, although only modestly in the case of the by-pass throughput. In Figure 9 the axial mass flowrates
along the rolls are analyzed. The higher ratio shows more material passing through the center of the rolls with a
sudden drop near the edge of the rolls until the by-pass zone, where a significant increase could be observed due
to the free-falling material. For the lower aspect ratios (0.83 and 1.22), a more constant mass flowrate in the center
portion of the rolls is evident. Although not as abrupt as that observed for the 3.13 ratio, a reduction of mass

flowrate also appears towards the edge of the rolls.
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Figure 9. Predicted average axial mass flowrate profiles along the rolls of HPGRs with cheek plates and different

aspect ratios, operating at a specific force of 3.5 N/mm?, rolls velocity of 0.5 m/s and by-pass clearance of 11 mm

The force distribution along the rolls is presented in Figure 10. The vertical dotted lines represent the
projection of the rolls length, matching the colors of the pressure profile for the HPGRs with each of the aspect
ratios studied. It shows that maximum forces in the gap region are similar for the HPGRs with the different aspect
ratios simulated. Lower aspect ratios (0.83 and 1.22) evidenced a more homogenous pressure/force profile along
the rolls, which may generate a more regular wear pattern than that expected for higher aspect ratios, as suggested
by some authors [5,8]. However, the edge effect or drop pressure area is very similar in length for all aspect ratios,
since in all the cases it starts to appear at a distance of 11.8 + 0.3 cm from the edge of each roll. As such, the
proportion of edge product significantly increases with aspect ratio of the HPGR, which is in agreement with

findings reported by Morley [5].
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Figure 10. Axial compressive force profiles along the rolls for the pilot-scale HPGRs with cheek plates with dif-
ferent aspect (D/L) ratios at the gap region, operating at a specific force of 3.5 N/mm? and rolls a speed of 0.5
m/s. Vertical dotted lines identify the projection of the rolls length.

On the other hand, some authors have stated that HPGRs with high aspect ratio exhibit higher pressure
peak in the compression zone, so that they could generate finer product in the center of the rolls [5,8,12].
Simulation results, presented in Figure 11, confirmed partially this observation, since they showed that HPGRs
with lower aspect ratios (0.83 and 1.22) exhibit similar generation of fines in the center zone (average of 18.9 %)
with a reduction towards the edges, while in the case of the higher aspect ratio HPGR (3.13) a peak in the center,
with an average 23.8 % of product passing 45 um, was produced. However, this result seems inconsistent with
the force profile presented in Figure 10, which did not show a marked difference for the high aspect ratio HPGR.

Although nearly no differences were observed in the maximum forces sustained by the particle bed in the
gap region for the different aspect ratios (Figure 10), the force profiles were analyzed for a region above it,
maintaining the same length of 100 mm as presented in Figure 4, but this time from 100 to 200 mm above the rolls
gap. Results are shown in Figure 12, which demonstrate that a peak force appears for the HPGR with the higher
aspect ratio, but in a position above the gap, which explains, at least partially, the greater fineness of the product
generated from the central portion of the rolls in this case (Figure 11). The simulation suggests that HPGRs with

higher ratios increase the confinement before reaching the compression zone, potentially with higher nip angles.
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Figure 12. Axial compressive force profiles along the rolls at 10 to 20 cm above the gap region of the HPGR with
cheek plates with different aspect (D/L) ratios, operating at a specific force of 3.5 N/mm? and rolls a speed of 0.5
m/s. Vertical dotted lines identify the projection of the rolls length.

3.2. Roller wear condition

As mentioned in section 2.6, simulations of the HPGR measuring 820 mm in length (aspect ratio of 1.22)
were performed using different roller wear conditions (Figure 2) in order to assess their response on the
performance variables. Table 7 shows a decrease of the power for the trapezoidal profile as a function of the depth

of wear, with less energy being applied to the bed of particles between the rolls. This result is consistent with the
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fineness of the simulated product, showing a more modest reduction in size for the trapezoidal profile with the
deepest wear (5 mm).

At first, Figure 13 shows that the axial compressive force profile for the new roller surface may be interpreted
as being more consistent with the trapezoidal wear profile in Figure 2, since it exhibits a significant portion of the
central region of the rollers with the bed of particles being subjected to nearly constant force. The figure then
shows that the trapezoidal wear generates a profile known as "bathtub", showing a significant drop in the force
in the middle portion. On the other hand, the parabolic wear profile has a more uniform distribution of

compressive forces between center and edge regions.

Table 7. HPGR performance variables resulting from simulations with the different roller wear conditions. Sim-

ulations of the 820 mm long roll (aspect ratio of 1.22) operating at a specific force of 3.5 N/mm? and rolls velocity

of 0.5 m/s.
o . Specific
Roller wear condition/  Working gap ~ Throughput throughput Power Ecs Product -45
wear depth (mm) (t/h) (kW) (kWh/t) um (%)
(ts/hm?3)
New /0 mm 11.7 77.3 188.5 151.6 1.96 17.5
Parabolic / 2.5 mm 9.8 80.4 196.1 162.2 2.02 15.2
Trapezoidal / 2.5 mm 47 78.8 192.2 117.0 1.49 17.1
Trapezoidal / 5.0 mm 6.7 82.6 201.5 104.7 1.27 15.6
Trapezoidal / 2.5 mm* 3.8 85.0 207.4 155.2 1.82 18.3

* Simulation with specific force of 4.0 N/mm? and roll tangential velocity of 0.6 m/s
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Figure 13. Axial compressive force profiles along the rolls in the gap region for different surface wear conditions
operating at specific force of 3.5 N/mm? and rolls speed of 0.5 m/s. Vertical dotted lines identify the projection of
the rolls length.
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An analysis of the axial throughput profile in Figure 14 shows that higher values are found in the central
portion of the rolls, in particular in the case of the more intensive wear (5 mm) as well as with parabolic wear
profile. The actual gap between the rolls (Table 7) does not provide a proper description of the measure since it
is varying according to the degree of wear along the rolls, so that for the trapezoidal profile with deepest wear (5
mm) the gap ends up being reduced using the MBD to compensate the compressive force.

Figure 15 then shows the profile of predicted product percent passing 45 um along the rolls for the different
conditions of the rolls. It shows that worn rolls surfaces produce greater heterogeneity in the predicted percent
passing 45 pm along the rolls, being the trapezoidal profile with highest wear (5 mm) the one responsible for the
most heterogeneous profile. An apparent inconsistency of the comparatively low magnitude of forces for the case
of the trapezoidal wear profile with 2.5 mm depth in the middle portion of the rolls (Figure 13) and the reasonably
high fineness of the product in this portion (Figure 15) has been identified. However, in analogy to Figure 12 for
the simulation with the HPGR with the high aspect ratio, this may be explained by the fact that forces in the region
above the gap were found to be higher for this condition in comparison to the others simulated, demonstrating a

potential effect of wear on the nip angle, already suggested in the literature [8]. These results are, however, omitted

for brevity.
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Figure 14. Axial throughput profiles along the rolls for different surface wear conditions for the HPGR operating
with cheek plates at specific force of 3.5 N/mm? and rolls speed of 0.5 m/s. Vertical dotted lines identify the pro-
jection of the rolls length.

Power is an important variable used in controlling industrial HPGR operations, as the decrease in power
observed as the result of increasing wear has led to a reduction in fineness in the product, as demonstrated in
Table 7. A common approach used in industry to circumvent this coarsening of the product with roller wear is
the increase in pressure so as to match the power reached with the new roller and, if necessary, adjust the roller
speed to maintain throughput constant. As such, an additional simulation for the case of the 2.5 mm wear
following the trapezoidal profile was conducted increasing the specific force to 4.0 N/mm?2 and the roll velocity to

0.6 m/s and the summary of the results is also shown in Table 7. It shows that increasing the specific force so as to
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approximately match the power reached by the HPGR with new rollers results in even an increase in product
fineness with the worn rolls surface. That led to an even smaller roller gap, reducing HPGR throughout, which
was compensated by increasing rolls velocity, resulting in an even higher throughput (Table 7). Although
successful, this approach has the limitation of increasing heterogeneity in the product fineness. In addition, the

higher pressures demanded can result in working gaps that may reach the minimum safety gap between the rolls.
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Figure 15. Predicted product percent passing 45 pm along the rolls for different surface wear conditions for the
HPGR with cheek plates operating at specific force of 3.5 N/mm? and rolls speed of 0.5 m/s. Vertical dotted lines
identify the projection of the rolls length.

4. Conclusions

Simulations using the DEM-MBD-PRM coupling allowed to predict the effect of variations in the
confinement system, aspect ratio and rolls wear condition on key variables. In addition, in-depth analysis of the
HPGR performance was possible through inspections of mass flowrate, compressive force and percentage passing
45 um along the length of the rolls.

Simulations of the different confinement systems demonstrated that both smooth and studded flanges
allowed reaching higher throughputs when compared to that with cheek plates, confirming findings in the
literature. The edge effect was reduced with the use of flanges, more so with flanges fitted with studs, but that
resulted in lower forces acting on the bed of particles in the gap region. The reduction in the edge effect had the
result of a more homogeneous product PSD.

Simulations of HPGRs with different aspect ratios with 1000 mm-diameter rolls showed some marked
trends. The absolute size of the region in the rolls in which the pressure is reduced (edge region) appears at a
mean distance of about 120 mm from the edge of the rolls, which translates in proportionally larger edge regions
for rolls with higher aspect ratios. On the other hand, product fineness increased with aspect ratio, with
simulations with the rolls with the highest aspect ratio exhibiting the finest product, in particular in the central
region. Such result was explained on the basis of higher forces acting on the bed above the rolls gap, which suggest

an increase in nip angle for high aspect ratio HPGRs.
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Investigation of the impact of roller wear allowed to demonstrate important effects of different types of
profiles and depth of wear on the HPGR performance. It was found that the most common trapezoidal roller
profile results in highly heterogenous force profiles along the rolls, with the bathtub-like profile of both forces and
produce fineness towards the central region. Such profile led to a significant reduction in power and product
fineness, as commonly observed in plant operation. The strategy used to compensate for this was an increase in
specific force, coupled to an increase in roll velocity, so as to match the power demanded by the HPGR when new.
This proved to be able to match — and even exceed — both product fineness and throughput, but has the limitation
of further reducing the working gap, which will quickly reach the minimum safety (zero) gap as it is applied in
association to higher wear depths. It is worth mentioning, however, that simulations predicted a less severe
reduction in fineness of the product with wear than is observed in practice when pressing iron ore pellet feed,
which suggests further studies must be conducted to further validate the breakage model in this application.

In spite of its limitation in quantitatively describing the fineness of the product, the simulation approach

demonstrated to be a powerful tool in the design of HPGRs in the future.
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