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a b s t r a c t

The HPGR technology has become more attractive to the copper industry because of its high throughput
capacities and its low specific energy consumptions. A HPGR model, able to give enough information
based on pilot plant testing, in order to back up HPGR engineering studies, was developed. The model
was based on the physical phenomena of the grinding operation. The model parameters were fitted with
pilot scale test results, corresponding to a Chilean copper ore, classified in two lithologies (andesitic and
porphyrytic ores). Some sets of data were not used in the fitting stage, to test the predictive capability of
the model. The pilot scale tests were performed at the facilities of two HPGR manufacturers, changing
operating pressure and rolls peripheral velocity (only one of the manufacturers). The simulated specific
energy consumptions and particle size distributions, compared with the experimental data, were consid-
ered good enough. The model was able to predict adequately throughput capacity, specific energy con-
sumption and particle size distributions of the edge, centre and total products.

� 2009 Elsevier Ltd. All rights reserved.

1. Introduction

High-pressure grinding rolls (HPGR) technology has struggled
for acceptance into the hard-rock mining sector, has had many ad-
vances in this sector, but is still regarded as an ‘‘immature” tech-
nology (Bearman, 2006). It has been applied to progressively
harder, tougher and more abrasive materials, generally success-
fully, but not without some problems (Morley, 2006).

The HPGR consists of two counter-rotating rolls mounted in
heavy-duty frictionless bearings, enclosed in a strong frame. Pres-
sure is applied to one of the rolls that can move linearly by means
of a hydro-pneumatic spring system, while the other roll is held in
a fixed position in the frame (Klymowsky et al., 2002). The pressure
exerted by the hydraulic system on the floating roll, that allows
horizontal movement of the moving roll, largely determines com-
minution performance. Typically, operating pressures are in the
range of 5–10 MPa, but can be as high as 18 MPa. For the largest
machines, this translates to forces of up to 25,000 kN (Morley,
2006). The rolls are driven by separate motors and can be operated
at fixed or variable speed (Klymowsky et al., 2002). In most mineral
applications, the roll surfaces are protected by implanting tungsten
carbide studs that help to form an autogenous wear layer on the
rolls and improve the drawing of the material into the rolls (Kly-
mowsky et al., 2002).

Roll diameters of industrial and semi-industrial units vary from
0.8 to 2.8 m. Capacities range from 50 to up to 3000 t/h. Energy
consumption is between 1 and 3 kWh/t (Klymowsky et al., 2002).

There are currently three recognized manufactured of HPGR ma-
chines, namely Polysius, KHD Humboldt Wedag and Köppern, all
based in Germany (Morley, 2006).

At present, the three HPGR producers will all give guarantees of
throughput and useful life of their equipment, as long as they com-
plete sufficient representative test work (Danilkewich and Hunter,
2006). The test work will require obtaining ore representative sam-
ples and sending around 1000–1500 kg samples to the manufac-
turers and they will run HPGR amenability tests. After this phase
is completed, pilot or semi-industrial testing with additional sam-
ples will be required. HPGR suppliers stipulate that scale-up of pi-
lot units should be done with caution. The main objectives of
material testing are to determine: the ore suitability to HPGR
grinding, the parameters required for sizing (specific throughput
and specific grinding force), the achievable product size distribu-
tion and the abrasiveness of the ore (Klymowsky et al., 2002). In
terms of energy consumption, the traditional Bond theory to esti-
mate the energy requirements can not be used because it grossly
underestimates the actual grinding energy of the HPGR (van Dru-
nick and Smit, 2006).

Several tests have been developed in order to quantify the
behaviour of different ores in the various crushing and grinding
applications (Bond work index, JK Drop weight test, SAG power in-
dex, etc.). However, none of these tests can be applied to high-pres-
sure grinding (Patzelt et al., 2006). Accordingly, the only remaining
alternative is the use of pilot or semi-industrial testing data. The
properties of an ore have a far greater impact on achievable fines
production than the grinding force (Patzelt et al., 2006). The prod-
uct fineness is controlled by the grinding force applied to the mate-
rial bed between the rolls, causing micro-cracks and breakage of
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the particles. The correlation between particle breakage and the
grinding force required needs to be determined for each material.

At present, in a greenfield hard-rock application, to include
HPGR in a flow sheet relies on its ability to provide a significant
reduction in comminution costs at a similar operating availability
(Danilkewich and Hunter, 2006). Testing methods and quantity
of sample to be tested is yet to be defined. New methods and ap-
proaches are being developed, but some gaps exist and in particu-
lar the requirements for ore body variability testing. Circuit design
issues also remain to be a point of discussion (Danilkewich and
Hunter, 2006).

Successful pilot-plant testing carried out in the last years has
proven the operational reliability of HPGR technology in hard rock
applications. As an important result for the copper industry six
HPGRs were commissioned in two copper concentrators in 2006,
four in South America and two in Indonesia (Patzelt et al., 2006).
In both cases, the producers’ decision was based on the energy sav-
ings and low operating costs of the HPGRs, compared with those
obtained with alternative technologies.

A relevant case is the conceptual engineering study for the Los
Bronces expansion project (Oestreicher and Spollen, 2006). In this
study a HPGR circuit and a SAG circuit were designed and com-
pared for an 80,000 t/d expansion. This operation is located in Chile
and it is among the largest copper resources in the world. As in this
case at least in other three Chilean mining operations or projects
the HPGR technology is under consideration and pilot-plant testing
has been carried out or will be performed in the near future.

With respect to modelling of the high-pressure grinding roll, the
most important work was done by Morrell and some co-authors
(Morrell et al., 1997; Daniel and Morrell, 2004). The Morrell et al.
model consists of three parts: a model for the prediction of product
size distribution, a throughput model and a power consumption
component. The throughput model uses a standard plug flow mod-
el. The power consumption is based on the throughput and the
specific grinding energy, E. To model the product size distribution
three separately defined processes (assumed as independent
breakage mechanisms) are modelled and then combined.

In the pre-crusher zone, if particle are bigger than a certain crit-
ical size, they will be broken directly by the roll faces as would oc-
cur in a conventional roll crusher. For Klymowsky et al. (2002) the
largest particle nipped between the rolls in the compression zone
would be about 1.5 times the gap. Larger particles would cause
the separation of the rolls and the collapse of the compression
zone, with the resulting reduction in grinding efficiency.

The Morrell et al. model considers that breakage at the edge of
the rolls is different to that at the centre and is more similar to that
occurring in a conventional roll crusher (Daniel and Morrell, 2004).
This edge effect explains the proportion of relatively coarse parti-
cles seen in HPGR products. No compressed bed breakage is as-
sumed to take place in this zone. The interface between the
compression zone and the edge effect zone is represented by a
fraction of the original feed material which undergoes single parti-
cle comminution.

Since the HPGR technology is based on applying high pressures,
the compression zone is by far the most important comminution
zone, as it is where the majority of the breakage processes take
place. Under normal HPGR process conditions the edge and pre-
crusher parts of the model are not dominant, but contribute to
the overall accuracy (Daniel and Morrell, 2004).

Several aspects of this model, regarding the prediction of prod-
uct size distribution, are not well explained or are not detailed. For
example, with respect to some parameters as the ore specific split
factor or the correction factor used in the equation to predict
throughput, are they fitting parameters? Must be determined
experimentally? With respect to the compression zone, what is
the model describing the breakage in this zone? How is included

the rolls speed, which has an effect (Lim et al., 1997) on the shape
of the product size distributions, particularly at the coarser sizes,
producing a steeper size distribution? The rolls speed is included
in the throughput predictor, as well as indirectly in the power draw
predictor, but it should also be considered for the prediction of the
product size distribution. The predictions of this model were con-
sidered good for the authors, but also strongly dependent of the
characteristics of the material being tested and is said to be ore
specific (Daniel and Morrell, 2004).

The main goal of this work is to model the HPGR operation, for the
development of a simulator able to give enough information, based
on pilot plant testing, in order to back up the continuation to more
advanced steps in potential HPGR engineering studies. The HPGR
model will be fitted with pilot data, corresponding to a Chilean cop-
per ore. Some sets of data will be kept apart and will not be used in
the fitting stage, to test the predictive capability of the model.

2. Modelling

The high-pressure grinding rolls model presented in this paper
is a set of equations that on the basis of the ore characteristics,
equipment dimensions and operating conditions is able to predict
the equipment performance in terms of throughput, power con-
sumption and particle size distribution of the product.

The model structure has its basis on the work developed by
Morrell et al. at the JKMRC. Both models, the proposed by Morrell
et al. (Daniel and Morrell, 2004) and the one presented here, in-
clude the pre crusher effect for certain particle sizes, nevertheless
a novel approach for the prediction of the different particle sizes
along the roll axis (edge and centre) is presented.

The model equations are based on physical phenomena that
govern the operation: mass balances for throughput estimation,
physics equations for the power consumption and a population
balance model for the particle size distribution.

The stream of particles inside the comminution zones in the
HPGR is limited by the roll surfaces and the liner patterns, and it
is modelled as a plug flow. This hypothesis has been accepted by
researchers and manufacturers (Daniel and Morrell, 2004).

The plug flow hypothesis is the base of the modelling; the
applying of this criterion in the deduction of the model equations
is discussed next.

As it has been discussed, the HPGR model is made up of three
sub-models which predict the throughput, power draw and the
particle size distribution. Fig. 1 shows a general schema of the
HPGR, which had been used to develop the mathematical expres-
sions of the model.

2.1. Throughput model

The theoretical tonnage treated by a HPGR of diameter D (m),
length L (m) and operating gap s0 (m), is calculated from a stea-
dy-state mass balance of the ore flowing in the particle bed com-
pression zone. In Fig. 1, the centre of mass of a band of ore with
width s(a) is defined by the position vector r(a). The motion equa-
tion is described as a function of the angle a as follows:

rðaÞ ¼ 1
2
ðDþ s0Þ̂iþ

D
2

sin ak̂ ð1Þ

Thus, the velocity of the band, v(a), is calculated by the first
derivative of the position vector shown in Eq. (1). Considering that
the rolls angular velocity is constant and equal to 2 U/D, being U
the peripheral velocity (m/s), the resulting velocity of the band is
shown in Eq. (2) as follows:

vðaÞ ¼ D
2

2U
D

cos ak̂ ¼ U cos ak̂ ð2Þ
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The density of the ore band at any angle a is q(a). At the begin-
ning of the particle bed compression zone (defined by the angle
a = aIP), q(a) is equivalent to the feed bulk density, qa. Also, be d
the ore band density at the extrusion zone (a = 0).

The tonnage of the ore band, GS (t/h), with q(a) expressed in t/
m3, is written as a function of the angle a in Eq. (3).

GSðaÞ ¼ 3600qðaÞsðaÞLU cos a ð3Þ

The width of the ore band as a function of the angle a can be ex-
pressed as:

sðaÞ ¼ s0 þ Dð1� cos aÞ ð4Þ

Under steady state conditions the difference of tonnage be-
tween the beginning and the end of the particle bed compression
zone is equal to zero. Using Eqs. (3) and (4), with the corresponding
a values and considering that q(aIP) = qa and q(a = 0) = d, the fol-
lowing quadratic equation, whose unknown values are the cosines
of the inter particle compression angle, is obtained:

qaD cos2 aIP � qaðs0 þ DÞ cos aIP þ ds0 ¼ 0 ð5Þ

Only the higher root is considered in the solution, because it is
the only one to give acceptable values for the aIP angle (the smaller
root gives smaller cosines and too higher angles). The solution is
shown in Eq. (6).

cos aIP ¼
1

2D
ðs0 þ DÞ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs0 þ DÞ2 � 4s0dD

qa

s" #
ð6Þ

Thus, the throughput can be calculated with Eq. (3) at any of the
borders. In particular at the extrusion zone (a = 0), the throughput
can be calculated as:

GS ¼ 3600ds0LU ð7Þ

2.2. Power draw model

Fig. 2 shows a forces diagram in the HPGR. The force applied to
the material at the particle bed compression zone is called the
Compression Force, F (kN), which is calculated using the rolls oper-
ating pressure, RP (bar), multiplied by the projected area where it is
applied, as it is shown in Eq. (8). Since the HPGR is operated in a
choke fed condition, the applied pressure is distributed only in
the upper right half of the roll (as it is shown in Fig. 2). Then the
projected area considered should be D

2 L.

F ¼ 100RP
D
2

L ð8Þ

Eq. (8) is similar in structure as the one proposed by Austin
(1997) for the calculation of the grinding pressure, but was ob-
tained by a direct relation.

Klymowsky et al. (2006) recommends a value for the angle of
action of this force as half the inter particle compression angle
aIP. The vertical component of this force exerts a torque s (kN m)
in each roll, which can be written (see Fig. 2) as:

s ¼ F sin
aIP

2

� �D
2

ð9Þ

As the power required to spin both rolls is equal to twice the
torque multiplied by the rolls angular velocity, then the total
power draw P (kW) can be expressed as:

P ¼ 2F sin
aIP

2

� �
U ð10Þ

The specific energy consumption W (kWh/t) is expressed as the
ratio between the power draw (kW) and the throughput (t/h), as
follows:

W ¼ P
GS

ð11Þ

2.3. Particle size distribution model

The HPGR is considered as a series of two size reduction
stages. The differences between the stages are the breakage
mechanisms. Fig. 3 shows the structure for the particle size distri-
bution model.

Fig. 1. Conceptual schema of the HPGR.

Fig. 2. Simplified force diagram in a HPGR of roll width D and length L. The
operating pressure RP, the compression force, F, its vertical component and the
resulting torque, s, are shown. The dotted lines inside the roll represent the
projected area where the operating pressure is exerted.
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In the single particle compression zone, located between the
angles aSP and aIP (see Fig. 1), particles larger than a certain size
xC are broken instantly due to compression by the rolls (Daniel
and Morrell, 2004). The critical size xC is obtained by replacing
the inter particle compression angle aIP in Eq. (4), as follows:

xC ¼ sðaIPÞ ¼ s0 þ Dð1� cos aIPÞ ð12Þ

The product size distribution of the single particle compression
zone, pSP

i , can be written, assuming that every particle will break
instantaneously at the same rate, as follows:

pSP
i ¼

XN

l¼1

bilf SP
l ð13Þ

where bil is the fraction of particles of size ‘‘l”, which by comminu-
tion is reduced to size ‘‘i”; f SP

l is the fraction in size class ‘‘l” of the
mineral going to the single particle compression stage (class of size
x > xC).

The product of the single particle compression zone rejoins with
the fraction of material of size lesser or equal than the critical size
xC, forming beds of particles with a particle size distribution, f IP

i ,
which feed the inter particle compression zone. According to sev-
eral authors (Klymowsky et al., 2002; Daniel and Morrell, 2004;
Patzelt et al., 2006) the particle bed compression zone produces
two different particle size distributions, at the edge (more coarse),
pE

i , and at the centre of the rolls, pC
i . Lubjuhn (1992) explained this

phenomenon when he found that the pressure profile exerted over
the rolls is similar to a parabola, as it is shown in Fig. 4. Following
this approach, the roll where the pressure is applied was discret-

ized on NB blocks. In each one, a different compression force
depending on the pressure profile is applied. Accordingly, each
one of these blocks will have a particular power consumption
and a particular rate of breakage. Obviously, the product will be
coarser on the edge of rolls due to lower rates of breakage.

On each block, the material is broken gradually as it reaches the
extrusion zone. The intensive property mi,k (mass fraction retained
by weight in size class i, in each block k) is a function of the vertical
position, z (see Fig. 1), so a microscopic population balance model
is applied for each of the N size classes. The model required is a
steady state model. A plug flow condition is assumed as well as a
constant velocity in the z direction, vz.

Under these considerations, the model equation consists in a
system of N � NB differential equations, each one for the size class
i (i = 1, . . . , N) in each block k (k = 1, . . . , NB; see Fig. 4), as the one
shown in Eq. (14).

vz
d
dz

mi;kðzÞ ¼
Xi�1

j¼1

Sj;kbijmj;kðzÞ � Si;kmi;kðzÞ ð14Þ

where Si,k is the rate of breakage of particles of size i in each block k;
bij is the fraction of particles of size ‘‘j”, that by comminution is re-
duced to size ‘‘i”. It is considered independent of the block and is as-
sumed that it has the same value than the corresponding to the
single particle compression zone.

To solve these equations the following border conditions are
used:

mi;kðz ¼ 0Þ ¼ f IP
i and mi;kðz ¼ z�Þ ¼ pi;k

where pi,k is the mass fraction retained by weight in size class i, in
the product of each block k, z* is the vertical distance from the en-
trance to the particle bed compression zone to the extrusion zone,
which can be calculated geometrically (see Fig. 1) as follows,

z� ¼ D
2

sinðaIPÞ ð15Þ

Eq. (14) is similar to the batch grinding kinetic equation, which
has been solved analytically (Reid, 1965). The system solution for
the N size classes and the NB blocks is written as follows,

pi;k ¼
Xi

j¼1

Aij;k exp � Sj;k

vz
z�

� �
ð16Þ

where

Aij;k ¼

0 i < jPi�1
l¼j

bilSl;k
Si;k�Sj;k

Alj;k i > j

f IP
i �

Pi�1
l¼1Ail;k i ¼ j

8>><
>>: ð17Þ

Fig. 3. Particle size distribution model schema.

Fig. 4. Discretization of the roll, its pressure profile and the resulting edge and centre particle size distributions.

1140 M. Torres, A. Casali / Minerals Engineering 22 (2009) 1137–1146



Author's personal copy

For the breakage functions, bij, the functional expression (Austin
and Luckie, 1972) presented in Eq. (18) will be used.

BiðxiÞ ¼ a1
xi

x2

� �a2

þ ð1� a1Þ
xi

x2

� �a3

ð18Þ

where a1, a2 and a3 are model parameters to be adjusted with the
experimental data. Bi is the cumulative form of the bij functions,
determined as follows,

bij ¼
Bi�jþ1 � Bi�jþ2 i > j
1�

P
jbij i ¼ n

0 i 6 j

8><
>: ð19Þ

For the breakage rate, the functional expression (Herbst and
Fuerstenau, 1980) presented in Eq. (20) is used. The advantage of
using this expression lies on the scale up relationship among the
specific rate of breakage, SE

i ; invariant, and the quotient between
Power, Pk and Holdup, Hk, which will vary depending on the block
k considered, as it is shown in Eq. (21).

lnðSE
i =SE

1Þ ¼ f1 lnð�xi=�x1Þ þ f2 lnð�xi=�x1Þ2 ð20Þ

Si;k ¼
Pk

Hk
SE

i ð21Þ

where f1, f2 and SE
1 are model parameters to be adjusted with the

experimental data.
The Holdup of each block k, at the particle bed compression

zone, is calculated as follows,

Hk ¼
1

NB
GS

z�

3600U
ð22Þ

As was above mentioned (Lubjuhn, 1992) the pressure profile
exerted over the rolls may be represented by a parabola. Accord-
ingly, the power consumption by each block, Pk, can be calculated
using Eq. (10) as it is shown in Eq. (23),

Pk ¼ 2F sin
aIP

2

� �
U
ðL2 � 4y2

kÞPNB
j¼1ðL

2 � 4y2
j Þ

ð23Þ

where yk corresponds to the position of the centre of block k (see
Fig. 4), which is calculated as follows,

yk ¼
L

2NB
ð2k� NB � 1Þ ð24Þ

Be a the fraction of ore produced in the edges of the rolls. The
number of blocks E considered to calculate the particle size distri-
bution of the edge product is equal to 0.5 a NB.

In mathematics the floor function, bEc, is defined as the largest
integer less than or equal to E. Also the ceiling function, dEe, is de-
fined as the smallest integer not less than E. With these definitions,
the particle size distribution of the edges product, pE

i (see Fig. 3), is
calculated as:

pE
i ¼

1
E

XbEc
k¼1

pi;k þ ðE� bEcÞpi;dEe

" #
ð25Þ

The particle size distribution of the total product, pHPGR
i (see

Fig. 3), can be calculated as the joint distribution of the edge, pE
i ,

and centre, pC
i , zones (Eq. (27)) or as the average of all the blocks,

as it is shown in Eq. (26).

pHPGR
i ¼ 1

NB

XNB

k¼1

pi;k ð26Þ

The particle size distribution of the centre product then, is cal-
culated by balance using Eq. (27) as follows,

pC
i ¼

1
1� a

pHPGR
i � apE

i

� �
ð27Þ

A working example, showing the step-by-step calculation results
for one prediction, is presented in Appendix A.

3. Experimental data

To test the potential use of HPGR technology in the feasibility
studies for a new project, an important Chilean copper producer
decided to send several samples of two lithologies present in their
ore to two HPGR manufacturers. These samples were treated in pi-
lot units changing different operating conditions.

The deposit is located in northern Chile and its ore is classified
in two main geological units: Porphiric and Andesitic copper ore.
To match the feed requirements for the equipment, the samples
were crushed and screened to an approximate top size of 40 mm.
Sub-samples of 150 kg were taken by coning and quartering for
ore characterisation and to perform the tests on the pilot scale
HPGR.

The grinding tests consisted in a series of open and locked cir-
cuit tests to measure the specific energy consumption, W, and
the particle size distribution of the product as a function of vari-
ables such as the roll operating pressure and peripheral velocity.
For model validation purposes, only the open circuit tests will be
considered in this work.

The specific gravity of both andesitic and porphiric ore were
measured by the first manufacturer, being 2.74 for the porphiric
ore and 2.80 for the andesitic ore.

The pilot HPGR used by the first manufacturer, M1, has studded
rolls of 800 mm of diameter and 250 mm of length. In the tests, the
rolls peripheral velocity, U, and the operating pressure, RP, are
operating variables. The results of the open circuit tests done by
this manufacturer are shown in Tables 1 and 2.

The pilot HPGR used by the second manufacturer, M2, also has
studded rolls, but of 710 mm of diameter and 210 mm of length. In
the tests, the rolls peripheral velocity, U, was constant at 0.29 m/s
while the operating pressure RP, was variable between 30 and
50 bar. The results of the tests done by the second manufacturer
are shown in Tables 3 and 4.

Selected results, corresponding to manufacturer M1, are shown
in Fig. 5. These results show that for different operating pressures,
RP, different product size distributions are obtained, as can be ob-
served from the comparison of M1-P1 vs. M1-P6 and M1-A1 vs.
M1-A5 (same ore, different RP). It is also evident that if the ore is
different but the operating pressure is the same, different product
size distributions are obtained. However, the effect is very small,
especially with a higher RP, as can be observed from the compari-
son of M1-P6 vs. M1-A5. With a lower RP the differences are more
evident (M1-P1 vs. M1-A1). In the case of manufacturer M2, almost
the same situation is observed, with a small effect of the operating
pressure (lower RP were used) and also a very small effect caused
by the different ore treated.

4. Model fitting and validation

As was explained in chapter 2, the HPGR model developed in
this work, consists in a throughput equation (Eq. (7)) and a power
draw equation (Eq. (10)), combined in a specific energy consump-
tion equation (Eq. (11)); and a particle size distribution model (Eqs.
(16), (25), (26), and (27)). The prediction quality of the specific en-
ergy consumption model is shown in Fig. 6. All data values were
used in the validation because the specific energy consumption
model is general and do not consider specific parameters for each
manufacturer-ore type combination.

The correlation coefficient for the modelled and experimental
values is 80%. As can be seen in Fig. 6, a single experimental data
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(marked in the figure) seems to be out of order. Without consider-
ing that specific point, the correlation coefficient would be 96%.

For each set of data (Tables 1–4), corresponding to a
manufacturer-ore type combination, the parameters of the HPGR

Table 1
Summary of open circuit tests results performed by manufacturer M1 with porphiric copper ore.

Test Feed M1-P1 M1-P2 M1-P3 M1-P4 M1-P5 M1-P6 M1-P7

Operating conditions
U (m/s) 0.67 0.37 0.67 0.97 0.67 0.66 0.66
RP (bar) 41 61 61 60 76 76 61

Size (mm) Percent passing (%)

45.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
31.50 97.61 100.00 100.00 100.00 100.00 100.00 100.00 100.00
22.40 57.60 98.36 98.92 99.71 99.33 100.00 100.00 100.00
16.00 36.71 84.87 96.46 92.52 92.16 94.93 96.39 94.77
11.20 25.81 71.80 88.77 83.85 83.25 84.84 89.17 84.90

8.00 20.32 61.82 78.95 74.73 72.00 75.54 81.10 74.94
5.60 15.91 52.82 68.91 65.18 62.67 66.75 70.48 65.41
2.80 10.49 39.19 54.60 49.91 47.88 51.86 55.53 49.84
1.00 6.75 25.25 36.39 32.66 31.54 34.93 38.01 33.20
0.50 5.16 19.49 28.67 25.27 24.76 27.70 30.23 25.97
0.32 4.31 16.69 24.95 22.26 21.49 24.19 26.42 22.42
0.20 3.43 14.06 21.43 19.13 18.41 20.83 22.76 19.36
0.13 2.58 11.75 18.34 16.42 15.72 17.80 19.56 16.09

Specific power consumption
W (kWh/t) 1.44 2.06 2.03 2.04 2.40 2.48 1.98

Table 2
Summary of open circuit tests results performed by manufacturer M1 with andesitic
copper ore.

Test Feed M1-A1 M1-A2 M1-A3 M1-A4 M1-A5 M1-A6

Operating conditions
U (m/s) 0.67 0.37 0.67 0.97 0.66 0.66
RP (bar) 39 60 60 60 75 59

Size (mm) Percent passing (%)

31.50 96.32 100.00 100.00 100.00 100.00 100.00 100.00
22.40 65.50 100.00 100.00 100.00 100.00 100.00 99.63
16.00 43.26 94.19 96.52 96.85 97.19 96.34 96.54
11.20 30.93 83.39 85.73 87.29 87.91 88.31 86.44

8.00 22.68 70.62 74.98 75.12 76.31 77.78 76.09
5.60 17.47 59.25 64.67 64.77 65.45 67.67 65.72
2.80 11.59 42.54 48.10 48.66 49.19 51.61 49.99
1.00 7.42 26.68 30.39 31.09 31.90 33.84 33.80
0.50 5.75 20.57 23.49 24.72 25.03 26.52 26.87
0.32 4.86 17.79 20.33 21.28 21.88 23.17 23.55
0.20 3.88 15.14 17.30 18.19 18.81 19.97 20.24
0.13 2.79 12.82 14.67 15.78 16.09 17.33 17.33
0.09 1.31 11.43 13.10 13.95 14.46 15.59 15.49

Specific power consumption
W (kWh/t) 1.38 1.91 2.03 2.08 2.39 1.98

Table 3
Summary of open circuit tests results performed by manufacturer M2 with porphiric
copper ore.

Test Feed M2-P1 M2-P2 M2-P3 M2-P4

Operating conditions
U (m/s) 0.29 0.29 0.29 0.29
RP (bar) 30 40 50 40

Size (mm) Percent passing (%)

31.50 100.00 100.00 100.00 100.00 100.00
22.40 99.20 100.00 100.00 100.00 100.00
16.00 78.20 97.60 98.10 97.90 97.50
11.20 55.20 87.30 91.50 91.80 90.60

8.00 45.80 80.30 84.00 85.50 81.70
4.00 31.10 64.90 69.10 70.80 67.20
2.00 25.90 53.30 57.40 58.40 55.40
1.00 21.70 44.70 47.90 48.80 47.00
0.50 17.80 37.40 40.80 39.90 39.80
0.25 13.70 29.40 32.90 30.90 31.60
0.20 12.50 26.70 30.00 28.10 28.80
0.09 8.40 17.90 20.80 19.10 20.00
0.05 5.10 11.60 14.00 12.60 13.50

Specific power consumption
W (kWh/t) 1.00 1.38 1.71 1.57

Table 4
Summary of open circuit tests results performed by manufacturer M2 with andesitic
copper ore.

Test Feed M2-A1 M2-A2 M2-A3 M2-A4

Operating conditions
U (m/s) 0.29 0.29 0.29 0.29
RP (bar) 30 40 50 40

Size (mm) Percent passing (%)

31.50 100.00 100.00 100.00 100.00 100.00
22.40 99.20 100.00 100.00 100.00 100.00
16.00 78.20 97.50 97.20 97.00 98.90
11.20 55.20 88.20 89.50 89.80 94.80

8.00 45.80 79.10 81.00 84.00 87.50
4.00 31.10 60.80 65.80 68.20 68.60
2.00 25.90 46.80 51.60 53.60 53.10
1.00 21.70 36.50 40.40 42.30 41.70
0.50 17.80 29.20 32.00 33.10 34.20
0.25 13.70 23.80 25.70 26.40 28.10
0.20 12.50 22.20 24.00 24.40 26.30
0.09 8.40 17.00 18.50 18.40 20.20
0.05 5.10 12.30 13.60 13.30 14.60

Specific power consumption
W (kWh/t) 1.04 1.47 1.92 2.23

Fig. 5. Experimental product size distributions. Manufacturer M1 and almost the
same peripheral velocity, U. M1-P1 and M1-P6 (porphyrytic ore, RP = 41 and 76 bar,
respectively). M1-A1 and M1-A5 (andesitic ore, RP = 39 and 75 bar, respectively).
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particle size distribution model (Eqs. (16), (25), (26), and (27))
were fitted. The experimental data of each set were randomly split-
ted in two subsets: one for fitting the model parameters (training
set) and the remaining one for validation purposes (validation
set). The fitting procedure considered two steps. In the first step,
all model parameters were fitted to the data corresponding to each
lithology, for both manufacturers simultaneously. In the second

step, the breakage parameters (a1, a2, a3) obtained in the previous
step were kept constant, while the rest of the model parameters
were fitted separately for each manufacturer.

The model parameters were estimated using the gradient des-
cent algorithm to minimize the sum of least squares between the
experimental data and the modelled data. As a goodness of fit indi-
cator, the correlation coefficient (R2) and the chi-square statistic
(v2) were determined. The results of the model fitting procedure
are shown in Table 5.

For a 95% confidence interval and 5 degrees of freedom calcu-
lated as: number of size classes – (number of model parame-
ters + 1), the null hypothesis (the modelled and experimental
particle size distributions are equal) is accepted if the chi-square
statistic is less than 11.1 (Himmelblau, 1970). The results show a
good fitting (R2 > 98%) and (v2 < 11.1), however in some of the edge
(3) and total (1) distributions the chi-square test fails although the
R2 indicator is greater than 98%.

The model parameters obtained for each ore and manufacturer
are shown in Table 6.

4.1. Validation of the particle size distribution model

For validation purposes the remaining subsets of data were
compared with simulation results obtained with the model, using
as fixed parameters those parameters obtained by the model fitting
procedure shown above (Table 6). Table 7 shows the predictive
capability indicators comparing the predicted and the experimen-
tal data corresponding to the validation subsets.

Fig. 6. Validation of the specific energy consumption equation.

Table 5
Mean square error and goodness of fit indicators of the training subset.

Test Mean square error,% v2 statistic R2

Centre Edge Total Centre Edge Total Centre Edge Total

Manufacturer M1, porphyrytic ore
M1-P1 4.53 5.77 2.88 5.57 12.73 3.85 1.00 0.99 1.00
M1-P2 3.77 6.39 3.19 1.27 15.82 11.42 1.00 1.00 1.00
M1-P5 3.64 4.25 2.99 5.58 7.20 3.13 0.99 1.00 1.00
M1-P6 2.42 4.18 1.82 1.28 7.62 1.97 1.00 1.00 1.00
M1-P7 2.62 3.28 2.53 3.13 3.05 2.27 1.00 1.00 1.00

Manufacturer M1, andesitic ore
M1-A1 2.80 4.44 2.94 3.09 6.85 3.66 1.00 1.00 1.00
M1-A2 2.29 6.16 2.74 2.87 12.06 3.77 1.00 1.00 1.00
M1-A3 2.63 5.79 2.59 5.68 10.16 3.72 1.00 1.00 1.00
M1-A5 2.71 5.23 2.28 4.45 8.86 2.85 1.00 1.00 1.00

Manufacturer M2, porphyrytic ore
M2-P2 3.85 3.72 3.46 8.98 6.96 7.50 1.00 1.00 1.00
M2-P3 4.94 3.44 3.30 8.84 6.17 6.14 1.00 1.00 1.00

Manufacturer M2, andesitic ore
M2-A1 3.58 3.82 1.74 8.23 4.46 2.07 1.00 1.00 1.00
M2-A3 2.25 3.17 2.15 4.60 4.63 3.64 1.00 1.00 1.00

Table 6
Model parameters for each manufacturer and ore type.

Data set Model Parameters

a1 a2 a3 SE
1 f1 f2 a

Porphyrytic ore
Manufacturer M1 0.20 0.20 3.51 0.66 �1.26 �0.70 0.22
Manufacturer M2 2.38 0.69 0.03 0.34

Andesitic ore
Manufacturer M1 0.13 0.15 2.86 1.43 �0.06 �0.46 0.21
Manufacturer M2 3.68 1.28 0.11 0.26
Acceptable variation (%)a 7.48 10.01 4.13 3.94 3.98 4.29 21.05

a Parameter confidence limit. Possible relative variation of each parameter value, causing that the increase in the model fitting error does not exceed 5%.
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The prediction quality is good for the particle size distribution
of the total products. The correlation coefficient values are all over
98%, but the chi-square test fails in two of the predictions (centre
and edge for the same test) of product size distribution.

In Fig. 7 the validation graphs, with the particle size distribution
of the total product, for each manufacturer and each ore type are
shown.

5. Conclusions

A phenomenological and steady-state model of the HPGR was
developed as a function of operating variables, equipment specifi-
cations and ore characteristics. A novel approach was used in the
estimation of the product size distributions.

The results of the pilot scale tests (Tables 1–4) showed the en-
ergy savings of the HPGR, the specific energy consumption was less
than 3 kWh/t and the model was quite accurate in this prediction.

The results of the model fitting procedure showed that the
parameters of the selection function are manufacturer-dependent.
The selection function curves for each manufacturer were very
similar, independently of the ore. Between manufacturers M1
and M2, greater differences were observed for coarser sizes, but
quite small for the finer ones. With respect to the parameter a
(edge fraction) the values for manufacturer M1 were quite similar
(see Table 6).

The experimental results showed that for different operating
pressures, RP, different product size distributions were obtained
(see Fig. 5). It was also evident that the ore type caused a small
effect, especially when a higher RP was used, with a lower RP

the differences were more evident (see Fig. 5). The differences of
grinding between both manufacturers (see Fig. 7) are explained
by the differences in the operating pressure RP. While the manu-
facturer M1 tests shown in Fig. 7a were performed at higher RP

values (59–60 bar), the manufacturer M2 tests shown in Fig. 7b
corresponded to lower RP values (30–40 bar). These RP differences
explain the different size reduction more than the different
manufacturer.

Although the chi-square goodness of fit tests failed in few (4 out
of 39) of all particle size distributions, the model fit is good. For the
fitting of the total particle size distributions, mean square errors
lower than 3.46% with an average of 2.66%, were obtained.

Finally, the predictive capability of the model is accurate, a cor-
relation coefficient R2 greater than 80% for the prediction of the
specific energy consumption (96% if a questionable test is not
used). In the prediction of the particle size distributions, the chi-
square tests failed in two (out of 24) of the particle size distribu-
tions (centre and edge for the same test). For the prediction of
the total particle size distributions, mean square errors lower than
3.91% with an average of 2.46%, were obtained.

Appendix A. Simulation example

The following calculations were made for a HPGR of D = 1.00 m
and L = 0.75 m operating at RP = 60 bar. The ore density is q = 2.7 t/
m3 and the bulk density is qa = 1.6 t/m3. The operating gap, the roll
peripheral velocity and the density of the product at the extrusion
zone were calculated by estimations mentioned by Klymowsky
et al. (2002): s0 = 0.03D, U = D and d = 0.85q. Then,

Table 7
Predictive capability of the particle size distribution model.

Test Mean square error (%) v2 statistic R2

Centre Edge Total Centre Edge Total Centre Edge Total

Manufacturer M1, porphyrytic ore
M1-P3 2.30 3.86 1.80 1.75 6.34 1.45 1.00 1.00 1.00
M1-P4 2.56 3.79 2.01 2.32 9.37 1.87 1.00 1.00 1.00

Manufacturer M1, andesitic ore
M1-A4 2.20 6.13 2.31 5.70 10.50 4.02 1.00 1.00 1.00
M1-A6 2.44 4.41 2.12 3.95 10.41 4.03 1.00 1.00 1.00

Manufacturer M2, porphyrytic ore
M2-P1 4.53 5.45 3.91 14.16 21.43 10.64 0.99 1.00 0.99
M2-P4 3.63 3.95 3.17 6.96 8.08 5.87 1.00 0.99 1.00

Manufacturer M2, andesitic ore
M2-A2 2.49 1.85 1.52 3.05 1.46 1.93 1.00 1.00 1.00
M2-A4 3.23 3.55 2.87 5.11 5.77 6.27 1.00 1.00 1.00

Fig. 7. Experimental and predicted curves of the total product particle size distribution for each manufacturer and each ore type. (a) Andesitic ore and (b) Porphyrytic ore.
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s0 = 0.03 m
U = 1.00 m/s
d = 2.3 t/m3

A.1. Determination of throughput and inter particle compression angle

Step 1: Calculate the inter particle compression angle from Eq.
(6):

aIP ¼ arccos
1

2� 1:00
ð0:03þ 1:00Þ½

�

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð0:03þ 1:00Þ2 � 4� 0:03� 2:30� 1:00

1:60

r #!
¼ 9:47

�

Step 2: Calculate the HPGR throughput from Eq. (7):

GS ¼ 3600� 2:30� 0:03� 0:75� 1:00 ¼ 186:3tph

A.2. Power draw and specific energy consumption calculation

Step 1: Calculate the compression force from Eq. (8)

F ¼ 100� 60� 1:00
2
� 0:75 ¼ 2250kN

Step 2: Calculate the total power draw from Eq. (10)

P ¼ 2� 2250 sin
9:47

2

� �
� 1:00 ¼ 371:46kW

Step 3: Calculate the specific energy consumption from Eq. (11)
as

W ¼ 371:46
186:30

¼ 1:99kWh=t

A.3. Particle size distribution calculation

The calculations were done using the parameters for Andesitic
ore and Manufacturer 1 and a given particle size distribution of
the feed. For simplification purposes, three blocks (NB = 3) and
three size classes were considered.

Size (mm) Percent passing (%)

50.80 100.00
25.40 50.00
12.70 25.00

Step 1: Calculate the breakage and specific selection matrices
from Eqs. (18)–(20).

bij ¼
0:00 0:00 0:00
0:76 0:00 0:00
0:24 1:00 0:00

0
B@

1
CA; SE

i ¼
1:43 0:00 0:00
0:00 1:19 0:00
0:00 0:00 0:40

0
B@

1
CA

Step 2: Calculate the height of the particle bed compression zone
from Eq. (15).

z� ¼ 1:00
2

sinð9:47Þ ¼ 0:08m

Step 3: Calculate the critical size from Eq. (12)

xC ¼ 0:03þ 1:00ð1� cosð9:47ÞÞ ¼ 0:04m ¼ 40mm

The class sizes considered in the feed are lower than the critical size,
from Fig. 3 all the ore was crushed by particle bed compression.

Step 4: Calculate the holdup of each block using Eq. (22)

Hk ¼
1
3
� 186:30� 0:08

3600� 1:00
¼ 1:38� 10�3 t

Step 5: Calculate the centre and the power of each block using
Eqs. (24) and (23)

y1 ¼
0:75
2� 3

ð2� 1� 3� 1Þ ¼ �0:25; y2 ¼ 0; y3 ¼ 0:25

P1 ¼371:46

� ð0:752 � 4� 0:252Þ
ð0:752 � 4� 0:252Þ þ ð0:752 � 4� 0:002Þ þ ð0:752 � 4� 0:252Þ

¼96:58kW
P2 ¼174:59kW
P3 ¼96:58kW

Step 6: Calculate the rate of breakage of each block using Eq. (21)

S1;1 ¼
96:58

1:38� 10�3 1:43 ¼ 100079:28; 1=h ¼ 27:80 1=s;

S2;1 ¼ 23:13 1=s; S3;1 ¼ 7:78 1=s

S2;1 ¼ 50:25 1=s; S2;2 ¼ 41:82 1=s; S2;3 ¼ 14:06 1=s

S3;1 ¼ 27:80 1=s; S3;2 ¼ 23:13 1=s; S3;3 ¼ 7:78 1=s

Step 7: Calculate the particle size distribution of each size class
and block using Eq. (16)

p1;1 ¼ p1;3 ¼ 50 exp �27:80
1:00

0:08
� �

¼ 5:41

p2;1 ¼ p2;3 ¼
0:76� 27:80

23:13� 27:80
50 exp �27:80

1:00
0:08

� �

þ 50� 0:76� 27:80
23:13� 27:80

50
� �

exp �23:13
1:00

0:08
� �

¼ 18:94

p3;1 ¼ p3;3 ¼ 100� p2;1 � p1;1 ¼ 75:65

p1;2 ¼ 0:90

p2;2 ¼ 9:34

p1;3 ¼ 90:57

Step 8: Calculate the total particle size distribution from Eq. (26)

pHPGR
1 ¼ 1

3
ð5:41þ 0:90þ 5:41Þ ¼ 3:91

pHPGR
2 ¼ 15:74

pHPGR
3 ¼ 80:31

Step 9: Calculate the edge particle size distribution from Eq. (25)

E ¼ 0:50� 0:21� 3:00 ¼ 0:32ð0:5aNBÞ

pE
1 ¼

1
0:32

½0:32� 5:41� ¼ 5:41

pE
2 ¼ 18:94

pE
3 ¼ 75:65

Step 10: Calculate the centre particle size distribution from Eq.
(27)

pC
1 ¼

1
1� 0:21

ð3:91� 0:21� 5:41Þ ¼ 3:51

pC
2 ¼ 14:89

pC
3 ¼ 81:60
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