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The JKMRC has been studying and modelling industrial AG and SAG mills for over 40 years, but the ability
to simulate the effects of blending hard and soft components on mill performance remains quite limited.
In an effort to quantify these effects for modelling purposes, a series of laboratory, pilot scale and full
scale tests, using multi-component feeds were conducted under the AMIRA P90 project.

The obtained data shows a non-linear trend between the measured mill throughput and the proportion
of soft component in the feed, as well as the effect of fresh feed composition in mill product size distri-
bution and load. Therefore, a new multi-component AG/SAG mill model structure was developed to
account for these observed effects, and it was validated using pilot and full scale data.

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The Run-of-mine composition strongly affects autogenous mill
operation. However, the effects of a varying ratio of hard and soft
components in mill performance are not described by the current
generation of AG/SAG models (Stange, 1996). For example, current
JKSimMet models (Napier-Munn et al., 1996) assume a uniform
feed, and describe it using a single set of average ore breakage
function parameters (A, b and t,). JKTech (1998) has found that
the simple use of weighted average parameters may generate a sig-
nificant bias in the simulated mill performance, as it does not con-
sider the specific characteristics of different ore types (e.g.
competence, toughness and abrasion resistance) as measured by
standard ore characterisation parameters such as JK A x b values
and the Bond work index (Wi).

The hard component typically limits the mill throughput, due to
its slower breakdown characteristics, and preferentially accumu-
lates in the mill contents; impacting the mill power when these
components have different specific densities. Competent materials
also affect the product size distribution because they comminute
predominantly by abrasion and generate more fines, while soft or
brittle materials produce a coarser product. Therefore, there is a
clear need to quantify the behaviour of binary feeds in AG/SAG mill
operations and to develop a multi-component model structure.

The grinding media of autogenous mills derive from the feed
ore size and composition (Delboni and Morrell, 1996) and the vary-
ing ratio of different components in the mill feed affects the mill
charge and consequently the whole breakage process. after devel-
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oping a new AG/SAG mill model that describes the influence of mill
charge composition on breakage performance, Delboni (1999) rec-
ommended investigating multi-component ore interactions in or-
der to develop a model structure that accounts for preferential
accumulation of hard ore types in the mill load. However, this well
known effect has rarely been quantified or modelled.

A comprehensive experimental campaign was conduct with the
AMIRA P90 project to understand the behaviour of multi-compo-
nent ores in AG/SAG mills (Bueno et al., 2010, 2011a, 2011b). The
results were then used in the development of a 2D phenomenolog-
ical model described in this paper.

2. JKSimMet AG/SAG model overview

The AG/SAG Model in the JKSimMet simulation package is based
on a framework developed by Leung (1987), shown in Fig. 1. This
model structure is briefly described in this section and was used
as a platform to develop the multi-component model presented
in this paper.

2.1. Size reduction and throughput

As shown in Fig. 2, the size reduction processes inside an AG/
SAG mill, when in steady state, are encapsulated by the perfect
mixing model (Whiten, 1974) equations:

f-R-s+A-R-s—D-s=0 (1)

p=D-s )

where fis the feed rate, p the product rate, R = breakage rate, s the
mill contents, D the discharge function and A is the appearance or
breakage distribution function
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Fig. 2. Schematic diagram of AG/SAG mill process mechanisms after (Napier-Munn et al., 1996).

2.2. Mass transfer and discharge

The mill discharge rate for each particle size is a product of the
maximum discharge rate through the grate (h~!), multiplied by the
grate classification function for each size. This is modelled using
the following equation:

di = Dmax - Cj (3)

where d; is the discharge rate of size class i, ¢; the classification func-
tion value for size class i, Dy is the maximum discharge rate (h™?).

The grate classification function (c;) has a simple shape, charac-
terised by two or three distinct regions, as shown in Fig. 3.

Particles up to size X, presented to the grate will always pass
through it, X is the grate aperture and X, is the pebble port size
and f, is the pebble ports fraction of total open area.

The fraction of the load presented to the grate per unit of time
(D) is found iteratively, in order to satisfy the following empirical
relationship that relates the holdup of slurry to the total volumet-
ric discharge (Austin et al., 1977):

L= m1Fm2

where mym, is the constants, L the fraction of mill occupied by be-
low grate size material, F is the volumetric discharge rate, in mill
fills per minute.

2.3. Appearance function

The appearance or breakage distribution function describes the
progeny size distribution from each breakage event. According to
Leung (1987), this function explains the breakage in terms of high
(impact) and low energy (chipping/abrasion) breakage.

The high energy breakage is ore specific and related to the
breakage energy, and is defined by the equation below:
tio = A(l _ e-b.ECS) (4)
where A and b are ore specific parameters obtained from the JK
Drop Weight Tests (DWT), Ecs is the specific comminution energy
and t;q is the progeny percent passing one tenth of the initial parti-
cle size. The ty¢ is used to generate a full size distribution using cu-
bic splines (Narayanan and Whiten, 1988).
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Fig. 3. Mill grate classification function (Napier-Munn et al., 1996).

The model calculates the specific comminution energy (Ecs) for
each size fraction in the mill load using the highest energy refer-
ence level (E;), which is related to the average size of the coarsest
20% of the rock charge by mass (S,g), and the relationship proposed
by Austin et al. (1984) in Eq. (8). This is represented in the model as
follows:

S20 = (D100 * Pos * Pos -+ - Pso) /"' (5)
Ei =4/371(S0)’pgD (6)
Ecs(1) = E1/(4/3n(X1)°p) (7)
Ecs(i) = Ecs(1)/(xa/x1)"? (8)

where D is the mill diameter in metres, p is the ore density and Ecs
(1) is the specific comminution energy for the top size (X;). The cal-
culated Ecs values are then used in Eq. (4) to obtain a t;o for each
size fraction.

The low energy breakage function is also ore specific and de-
fined by a single parameter t,, obtained from a mill tumbling test
carried out in combination with the JKDWT. The value of t, is as-
sumed to be the same for all size fractions and is used to define
the abrasion progeny, which is similar for various ores tested to
date.

The high and low appearance functions are combined propor-
tionally, using the following relationship, which implies that abra-
sion will dominate for coarse particles and impact breakage for
fines.

_ lig * Qi + Cue * Oue

9
tig + tHe ®)

where a;g and ayg are the low and high energy appearance func-
tions and t g and tyg are the low and high energy t values.

2.4. Breakage rate

The breakage rates can be back-calculated using Eqs. (1) and (2),
given the feed and product size distributions and flowrates, the
rock load distribution and mass, as well as the measured breakage
function. Cubic splines at five knots (R1-R5) are used to describe
the breakage rate distribution function, which is related to particle
size and usually takes the form shown in Fig. 4.

The breakage rate distributions are affected by a number of
operating conditions. Morrell and Morrison (1996) modelled the
effect of ball charge, mill filling, feed size distribution and mill
speed on each breakage rate. The resulting 5 empirical equations
are embedded in the current JKSimMet Variable Rates AG/SAG
model. However, there are other elements (e.g. lifter profile and
mill feed composition) which might influence these rates and are
not accounted for in the current JKSimMet model.
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Fig. 4. Typical AG/SAG breakage rate function.

3. Multi-component model upgrades

The proposed multi-component AG/SAG mill model is similar
to, and based on, the current JKSimMet model. In the new version,
the behaviour of each component is described using a separate per-
fect mixing model equation (see Fig. 5). The major features of this
model are listed below:

e More accurate calculation of specific comminution energy (Ecs).

e Independent breakage functions (A, b and t,) for each
component.

o Independent breakage and discharge rates for each component.

e Accounts for the effect of blending in the mill power draw
calculation.

According to the preliminary modelling findings, the breakage
rates for each component vary according to their proportion in
the mill fresh feed. The reason behind this variation is that differ-
ent feed blends result in different compositions in the mill charge,
which act as grinding media. Therefore, the model must determine
the correct steady-state ratio between hard and soft components in
the mill load, in order to provide realistic breakage simulations.

3.1. Appearance function

Independent breakage function parameters (A, b and t,) are
used for each ore component. These are obtained using the same
standard characterization procedures (i.e. JKDWT or JKRBT). How-
ever, the mill feed ore samples to be tested need to be carefully
sorted into their different components. Many sorting techniques
can be used for this purpose, depending on which characteristic
is more appropriate for distinguishing and separating them (e.g.
colour, density or magnetic properties). In cases where there is
no correlation between rock competency and physical properties,
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Fig. 5. Multi-Component AG/SAG mill model structure.

the selection is likely to be more difficult and should be conducted
in a joint effort between geologists, mine engineers and
metallurgists.

The energy calculation in the new model was refined by using
the specific gravity values of each component as well as their dis-
tribution and proportion in the mill load. The bulk SG in the mill
load, and the coarsest 20% size (Syo) is used to calculate the average
energy level (E;), which is considered to be the same for all compo-
nents in the mill. Then the SG of each component is used in Eq. (7)
to obtain the Ecs for each size, which is then scaled using the same
relationship shown in Eq. (8). In this way, the t;o values are calcu-
lated using Eqs (4) and (9), with distinct specific energies and ore
property parameters (A, b and t,) inputs. This is a more realistic
way of describing the breakage for each ore type in the mill, and
has contributed significantly to the model integrity.

3.2. Transport and discharge rates

Multi-component experimental data (Bueno et al., 2011a) has
suggested that the maximum discharge rates (Dmax) and Xy
parameters may be different for each component, due to the effects
of rock density and shape. The chart in Fig. 6 shows that silicate has
a higher discharge rate then magnetite.

The new model uses the same iterative method adopted by Leu-
ng (1987) and described in Section 2.2 to find the Dy,,x for the bulk
material. However, the D,.x is scaled for each component after
each iteration, as shown in Fig. 7.

The scale factors applied for Dy.x and X, aim to account for a
differential behaviour in transport and discharge. At this stage,
they can be either fitted or calculated using experimental data
when available. Further work is being conducted to model this ef-
fect according to the volumetric flowrate, the proportions of com-
ponents, and the differences in specific gravity.

The current discharge model is under review, but the implica-
tions of this simplification appear to be small given the validation
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Fig. 6. LKAB pilot mill discharge function (experimental and simulated).

presented later in this paper. However, the most recent advances in
slurry transport research (Latchireddi, 2002) will be implemented
to account for the effects of grate design, mill speed, charge volume
and pulp lifters.

3.3. Breakage rates

Breakage rates have been a controversial topic of discussion be-
tween researchers given their differing interpretations of what
constitutes a breakage event. Rather than considering it as the rate
of breakage events occurring to each particle per unit of time (Mor-
rell, 1989), it can be simply interpreted as being the mass transfer
rate (1/h) from coarse to smaller size fractions, once the perfect
mixing model is a mass balance equation. However, the breakage
rate is dependent on the appearance function used (Leung, 1987),
which is a function of the ore competency as measured by the
JKDWT (or JKRBT). As this is a machine-ore interaction parameter,
different components would be expected to have distinct breakage
rates under the same operating conditions. The new model allows
the calculation of component specific breakage rates and, when ap-
plied to experimental pilot plant data, has confirmed this hypoth-
esis. For example, the breakage rate curves for magnetite and silica
shown in Fig. 8 suggest a systematic difference below 10 mm and a
marked shift around 50 mm. This example will be discussed in
more detailed in Section 4.1.

3.4. Mill power

The same mill power draw model, present in the current ver-
sion of JKSimMet (Morrell, 1992), was adopted in the multi-com-
ponent model. Morrell’s power model assumes the mill charge
shape as shown in Fig. 9, and the mill gross power draw to have
two components: net power and no-load power.

By integrating between the limits 6; and 6; and between r; and
I'm, the net power (Ppe) is given by:

'm 0s

Pret =21 gL p/ N, cos0do -dr (10)
Ty Or

The no-load power draw is given by the empirical relationship

below:

No Load Power(kW) = 3.345(D> L Ny,)*%¢" (11)

where D is the mill diameter (m), L the mill length (m), Ny, the mill
rotation rate (revs/s), N; the rotation rate at radial distance r (revs/
S), 'm the mill radius, r; the charge surface radius, 65 the angular po-
sition of the shoulder, 6; the angular position of the toe, p is the
charge density.

It is clear that the net power draw calculation using this model
is affected by the charge density, which is directly related to ore
specific gravity. The current JKSimMet model does not account
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Fig. 9. Simplified AG/SAG mill charge shape (Napier-Munn et al., 1996).

for the build-up of hard components in the mill contents, and
therefore, considers the ore specific gravity in the mill load to be
the same as in the feed. This can lead to significant errors when
hard and soft components have significant differences in specific

Iferror is acceptable exit, otherwise
make correction to Dmax

EXIT

Fig. 7. Multi-component model iteration method.

gravity. For example, in the LKAB operation treating magnetite
and silicates, the difference between the feed blend and charge
density could be as high as 15% depending on the blend. This trans-
lates to a 10% difference in mill power draw.

The new model can describe very well the build-up effect, pro-
viding more realistic estimations of the true charge density, based
on the balance between components and their respective specific
gravities. Therefore, the effect of blending on mill power draw
can now be described with more accuracy than has previously
been possible.

4. Case study - model validation

Multi-component data obtained during surveys at the LKAB Kir-
una concentrator in Sweden and a related pilot plant campaign
using mixtures of LKAB magnetite ore and silicate waste (Bueno
et al,, 2011a) were used to develop and validate the proposed mul-
ti-component model.

The ore deposit in Kiruna is composed of a single continuous
high grade magnetite orebody, mined using a sublevel caving
method, which inevitably leads to some dilution with gangue -
typically hard rock textures of silicates associated with phosphates
and magnesium oxides. The mined ore has a high percentage of
magnetite and is further upgraded in a sorting plant (using mag-
netic separation techniques) before entering the mill concentrator.

The characterization results from JKDWT (Napier-Munn et al.,
1996), Bond (1952) ball mill grinding tests, density measurements
and XRF assays conducted on each component are presented in
Table 1.

4.1. Pilot plant

The mill was operated in fully autogenous mode and open cir-
cuit configuration during all trials. Table 2 shows the five different
ratios of hard to soft (waste/magnetite) components in the mill
feed trialled during this campaign. The ratio of hard to soft was
changed through progressive additions of hard silicates in the
+30 mm size fractions. An additional test (test T5) was carried
out using an upgraded +30 mm magnetite ore, passed through a
magnetic separation rig to reduce the silicate content.
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Table 1

LKAB magnetite and silicate characterization results.
Measured parameter Magnetite Silicate
SG (t/m3) 49 2.6
DWT, A 68.4 68.7
DWT, b 1.67 0.66
DWT, A« b 114 45.3
Abrasion, t, 0.59 0.13
BBMWi@75 pum 13.2 15.8
XRF% Magnetite 95.7 43
Ore characteristic Soft Hard

Table 2
Mill feed composition during LKAB pilot trials.

Test +30 mm Waste (%) +30 mm LKAB ore (%) —30 mm LKAB ore (%)

T1 0 30 70
T2 4 26 70
T3 8 22 70
T4 15 15 70
T5? 0 30 70

2 Upgraded +30 mm ore.

The operational philosophy adopted in the pilot plant trials was
to find the feed rate which resulted in a steady operation at a mill
load level of 28%. Once steady-state conditions were reached, sam-
ples of feed, charge and product were collected and then analysed
for size and composition distributions.

Experimental data from three trials (T1, T4 and T5), where the
entire mill contents were measured, were used to calibrate the
model. A total of six parameters were fitted for each component:
fine size (Xy,), In(breakage rates) at knots 1-5 (R1, R2, R3, R4 and
R5). The scale factors for maximum discharge rates (Dmax) were
determined according to experimental data.

The calculated breakage rates for both components were af-
fected by the feed composition, as shown in Fig. 10. This was ex-
pected because the grinding charge size and composition varied
with the feed blend.

The silicate breakage rates at coarse sizes were lower than mag-
netite in all three trials, explaining the build-up of hard material in
the mill. However, the opposite effect was observed at smaller
sizes, where at the same energy levels, light silicate particles expe-
rience higher levels of specific energy (kW h/t) than dense
magnetite.

The breakage rates of silicate at small sizes were not greatly af-
fected by changes in feed blend, but magnetite breakage rates were
reduced, due to a reduced level of energy provided by the less
dense silicate dominated grinding media. The breakage rates were

—4=—10% Hard Silicate

15% Hard Silicate

T . ~e=50% Hard Silicate
-
M
4
g 41
i |
g3 P
S \
e 27 3
-
14
0+ T T T
0 1 10 100
Size (mm)

suppressed near the critical size (44 mm) for both materials. The
silica breakage rates in the coarse sizes also decreased as the
charge built up with more light silicate rocks (T4). The high break-
age rate for silicate rocks in T5 is suspected to be an artefact of the
model fitting since there would have been few silicate rocks in the
+30 mm fraction of the upgraded feed. However, the magnetite
breakage rates at coarser sizes increased from Test 1 to Test 5.

The effect of blend on breakage rates requires further investiga-
tion, and the new multi-component model is an ideal platform for
this investigation. Meanwhile, the current model can still be used
for simulation, once the effect of blend on breakage rates is mea-
sured using a few sets of pilot data.

Alternatively, data from a recently developed SAG Locked Cycle
Test (Bueno et al., 2010) may be used to model the effect of feed
blend. This is currently under investigation. The SAG Locked Cycle
Test has been shown to reproduce the pilot mill throughput re-
sponse and the load composition of both pilot and industrial mills
for a given blend (Bueno et al., 2011a).

4.1.1. Modelling outcomes

Once calibrated, the multi-component model can reproduce the
multi-component experimental data. A comparison between mea-
sured and simulated data for product and mill load in Test 1 is
shown in Table 3 and Fig. 11. The same quality of fit was obtained
for other blends treated in Tests 4 and 5.

It is clear from Table 4 that the multi-component model was
also successful in simulating the build-up of hard silicate within
the mill contents, which is an important effect that has implica-
tions in every other outcome of the simulation, including the mill
power draw. The accuracy was also excellent when describing this
phenomenon in terms of size-by-size composition, as shown in
Fig. 12 for Test 1.

Ultimately, the model was able to describe very well the mill
load and product size distributions for magnetite, silicate and bulk
material for all trials. Fig. 13 illustrates the predictions for Test 1.

Table 3
Experimental and simulated data for test 1.
Product Load
Exp Sim Exp Sim
Solids (tph) 1.86 1.86 1.95 2.03
% Solids 75.30 75.30 95.00 96.61
Liquid (tph) 0.61 0.61 0.10 0.07
Solids SG (t/m?) 4.48 4.45 4.04 4.06
Pulp SG (t/m?) 241 241 3.51 3.68
Volumetric flowrate (m3/h) 1.03 1.03 0.55 0.52
% Passing 0.045 mm 47.0 523 4.3 5.1
80% Passing size (mm) 0.122 0.130 69.73 67.95
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Fig. 10. Effect of feed blend on magnetite and silicate breakage rates.
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Fig. 11. Predicted and measured mill discharge assay-by-size data for Test 1.

Table 4

Build-up of hard component (exp vs. sim).
Test % Hard silicate

Feed Load Feed +30 mm Load +30 mm
Exp Sim Exp Sim

T1 13.3 249 25.3 14.6 31.7 30.9
T4 27.9 69.4 68.1 53.1 83.8 84.2
T5 114 17.5 16.9 10 20.6 20.1

4.1.2. Simulation - model predictions

The variation in breakage rates according to blend, shown in
Fig. 10, was modelled off-line allowing for the simulation of differ-
ent feed blend conditions. The aim of this exercise was to verify the
multi-component model response to blend, in terms of mill
throughput, product size, energy consumption and mill load com-
position. The simulation procedure followed the operating protocol
adopted during the pilot campaign. Therefore, the simulation was
run for the average LKAB ore as is, and then for increasing incre-
ments of hard waste in the +30 mm feed. Additionally, three up-
graded +30 mm feeds were simulated, one at the same upgraded
magnetite grade as piloted and the other two, at higher and lower
magnetic separation efficiencies. The simulation outcomes and the
various model responses to blends are illustrated in Fig. 14, where
the dashed line represents the average grade LKAB ore results.

The simulation results were very realistic, describing well
known and expected effects such as:

e non-linear mill throughput response,

o linear relationship between specific energy and feed blend,

e increase in the amount of fines with more competent material,
which is ground predominantly by abrasion, and

e build-up of hard material in the mill load.

The modelling outcomes were also in strong agreement with
the measured data. The only exception was the mill product size,

which was coarser (P80) but at a marginally higher percentage
passing 45 pm.

4.2. Application of new model to Kiruna concentrator AG mill

The LKAB KA2 concentrator in Kiruna was surveyed to obtain
detailed multi-component data for every stream and mill load
(Bueno et al., 2011a). Every sample collected during this campaign
was analysed for percent solids, size distribution and assay-by-size
(XRF). The data was used in this study to evaluate the new multi-
component model’s (2D) ability to describe an industrial mill oper-
ation, as well as to compare the simulation outcomes against the
current JKSimMet AG/SAG model (1D).

The models were almost equivalent when applied to the bulk
data. The new model was more accurate when predicting the mill
product and load size distributions, but the original model was
marginally more accurate in predicting the amount of fines in
the mill load, as shown in Table 5.

The extra value added by the new model became evident when
it demonstrated the ability to simulate the distributions of magne-
tite and silicate in both the mill load and product, while the origi-
nal model was limited to bulk data, as shown in Fig. 15.

The product size distribution for different phases is an excellent
feature to use in assessing the impact of mill product on down-
stream processes, such as classifiers, magnetic separators and sec-
ondary milling. However, multi-component models for other
processing units are required for a complete flowsheet simulation.
This is an objective for future research within the JKMRC and
AMIRA P9P project.

Another valuable feature of the new model structure is the abil-
ity to describe the build-up of hard component material in the mill
load. The simulated amount of hard silicate against measured data
is presented in Table 6 and Fig. 16 on a size-by-size basis.

In the case of the LKAB ore, where hard and soft components
have significant differences in SG, the ability to predict the mill
load composition, and consequently the charge density, will have
a significant impact on mill power calculations and throughput.
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Fig. 12. Predicted and measured load composition size-by-size for Test 1.
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Table 5
Comparison of experimental data and simulation results for KA2 AG mill using 1D and 2D models.
Product Load
Exp Sim 1D Sim 2D Exp Sim 1D Sim 2D
Solids (tph) 453 453 453 155 168 159
% Passing 0.045 mm 25.2 30.1 28.0 4.8 4.5 4.2
80% Passing size (mm) 0.430 0.615 0.520 72.5 84.9 77.9

Table 7 shows the mill power calculations for both the 1D and 2D
models. The new model predictions are more accurate because

they account for a larger amount of light silicate in the mill load

(i.e. lower total charge density, t/m>).
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Table 6 Table 7
% Hard Silicate in KA2 AG mill feed and load (exp vs. sim). Mill power calculations (1D, 2D and measured).
% Hard silicate 1D 2D Meas.
Feed Load Feed +30 mm Load +30 mm % Volumetric total load 30.3 30.8 30.5
O - Total charge density (t/m?) 3.6 33 -
Exp Sim Exp Sim Net power (KW) 2176 2020 -
133 22.0 229 14.8 24.5 259 No load power (kW) 319 319 -
Gross power (kW) 2961 2772 2767

5. Conclusions

By upgrading the current JKSimMet 1D model structure to a 2D
data format, allowing for the specification of the feed on a compo-
nent by size basis, a new simple and robust multi-component
model has been developed. The model relies on independent
breakage and discharge rates for each component, and when com-
bined still observe the underlying discharge rate of the bulk solids
and water.

The model was refined and validated using multi-component
data obtained through pilot tests and an industrial mill survey at
LKAB in Sweden.

It has been shown that the model is capable of correctly
describing the changes in throughput capacity, mill load and prod-
uct caused by changes in the mill feed composition.

Further work is being carried out to implement the most recent
advances in the fields of breakage energy calculation and slurry
transport, as well as to model the effect of changes in feed blend
on the mill breakage rates.

Although the case studies presented were all AG related, the
model is applicable to SAG mills and uses the same method as

100

the previous JKSimMet model to account for the extra energy pro-
vided by steel balls.

The model should find applications in the optimization of exist-
ing circuit operations with multi-component ores, and in the field
of geometallurgical mine-to-mill optimization exercises. When
other multi-component models are available (e.g. classifiers, HPGR
and ball mill), it can be used to assess flowsheet alternatives to
optimise the grinding performance specific to each ore component.
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