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The total volumetric filling (balls + rocks) is a key information when operating a SAG or
ROM mill (Mainza and Powell, 2006). The MagoSense, the result of a close development
between Magotteaux and KIMA Process Control, expands on a 15-year success by
introducing robust hardware and cutting-edge sensor technology into the mining industry
(Kalkert and W. Clemens 2008). Proprietary models were developed to compute useful
information from the raw sensor signals through an extensive pilot campaign. The pilot
campaign was followed by an industrial installation at Mototolo Concentrator. Calibration
was successful with the accuracy of the MagoSense being proved over a range of operating
conditions. The MagoSense can be used to investigate the effects of other parameters on
the milling process as well as to assist with controlling the mill filling level. Furthermore,
the open architecture of the MagoSense will allow for the development of other models
such as slurry density (de Haas et al., 2012).

INTRODUCTION

One of the most difficult mills to operate in the mining industry is the semi-autogenous (SAG) mill,
where the grinding charge is a mixture of steel balls and rocks as seen in Figure 1

Fiqure 1. Photos illustrating the mix of steel balls and rocks that comprise a SAG mill grinding charge.
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In such mills, the grinding charge volume can vary with ore competency. Changes can quickly result in
a build-up, or loss, of rocks inside the mill. Both situations lead to undesirable conditions for milling.
The total volumetric filling (balls + rocks) is therefore a key piece of information to operate a SAG mill.
Similar situations may also occur for run of mine (ROM) mills. The objective of this paper is to introduce
the MagoSense, an innovative real-time mill monitor for the mining industry. The paper will also
present industrial results proving the capability of the MagoSense to accurately measure the total
volumetric filling of a ROM mill in real-time.

Literature Review

Semi-Autogenous Grinding and Run-Of-Mine Mills

Mainza and Powell (2006) have reported a shift in the design of modern grinding circuits, with large
SAG mills becoming more common. In applications where the primary grinding stage must produce a
consistent and specific product size for downstream processing, such as the mill-float-mill-float circuit
configuration commonly found in the South African platinum industry, an adapted SAG mill is utilised:
the ROM mill. ROM mills also differ from SAG mills in that the former are loaded with 20% to 35%
balls, as per the authors’ experience, to compensate for the absence of coarse and competent rocks in the
feed which would be suitable for autogenous grinding (Mainza and Powell, 2006). Due in large part to
their dependence on feed ore properties, SAG mills and their circuits are inherently inflexible. Ore
properties such as competency and feed size can change considerably in a short period of time,
especially when changing ore bodies, without warning provided to operators. The inflexibility of SAG
mills coupled with varying feed properties renders these mills difficult to control (Mainza and Powell,
2006, and du Preez et al., 2006). ROM mills are not as sensitive to changing feed ore properties as SAG
mills. But ROM mills do require a steady feed rate and feed size to produce a consistently sized product.
Mainza and Powell (2006) have reported some detrimental effects when the feed rate is too low, or the
ore competency drops. The authors can also state from experience that increasing the ore competency
or feed size can cause instability in a ROM mill circuit. SAG and ROM mills are difficult to control.
Mainza and Powell (2006) have recommended that these mills are controlled using a load set point
calibrated to a total volumetric filling. Therefore, to control the product size, the volumetric filling must
be controlled. However, varying feed properties can affect the volume filling and the optimum mill load
varies with feed properties too (du Preez et al., 2006). Determining and maintaining the mill load should
result in a stabilised mill operation.

MagoSense

The MagoSense has been developed to provide reliable and precise information on what is happening
inside tumbling mills while in operation. It is the result of a close development between Magotteaux
and KIMA Process Control, combining expertise in milling process and cutting-edge sensor technology.
Previous technologies (Clermont and de Haas 2010) proved the possibility of measuring the total
volume filling of a tumbling mill during operation. These technologies were limited in application,
prompting the need for new technology which could be used on all mill types including SAG and ROM
mills. While the MagoSense is a new product for the mining industry, its main hardware elements have
been operating on more than 800 mills in the cement and coal industry for the last 15 years. The
robustness of its hardware has been proven many times. The working principle is based on a
combination of sensors installed on the outside of the mill shell and rotating with the mill. Figure 2
shows the MagoSense system and its components.
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Figure 2. Diagram displaying the MagoSense system and its components.

One sensor measures the vibrations directly from the mill shell (structure borne sound sensor), while
another detects minute shell bending movements due to the mill load (load sensor). Both sensors
generate periodic signals as they rotate with the mill. The collection of raw signals from both sensors is
managed by the on mill unit (OMU). The OMU and the sensors are fully autonomous in terms of energy.
The energy required to power all the onboard devices is produced by an electrical pendulum generator
harvesting a very small part of the mill rotational energy. Compared to previous technologies such as
the Sensomag (Clermont and de Haas 2010) the maintenance needs are reduced to the minimum: neither
any batteries nor any wearing parts have to be replaced.

Fiqure 3. The Sensomag sensors (left) and batteries (right) (Clermont and de Haas 2010).

The OMU transmits the raw sensor signals to a receive unit (RU) by a wireless link. The raw signals are
then passed to a base unit (BU). Proprietary analysis of the signals is performed in the BU to generate
valuable information for the mill operator, such as total volumetric filling and critical impact level. This
information is easily transferred to any programmable logic controller (PLC) or supervisory control and
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data acquisition (SCADA system, through standard electrical link (4-20 mA), providing the operator
with a continuous view on the mill operation.

Results and Discussion

Pilot Plant Testing

The first stage of the MagoSense development was to run a large assessment campaign at the
Magotteaux pilot station in South Africa. It is equipped with a 1.3 x 2.2 m mill, (Figure 3), operating
continuously with platinum ore supplied by the concentrator where it is located.

Fiqure 4. Magotteaux pilot mill equipped with development MagoSense components.

The objective of the pilot campaigns was to develop proprietary models for the MagoSense to compute
useful information from the raw sensor signals. To ensure the robustness of the models, a wide range
of ball and total volumetric fillings were tested. Discrete ball fillings were chosen to simulate a range of
grinding duties from AG to ROM as tabulated in Table I. Tests were repeated and conducted at two
different mill speeds: 60% and 70% of critical speed (CS).

Table I. Matrix of discrete ball fillings and associated primary grinding duties

Primary grinding duty
AG SAG ROM
0% 8% 20%
Ball filling (v/v) 12%
16%

The effects of ore competency were disregarded because the scope was to develop models from a pilot-
scale as similar in operation to an industrial-scale as possible. Ore competency varies considerably on
industrial operations without prior knowledge of operators. Therefore, the pilot campaign was set up
to allow for unknown variations in ore competency. This approach was chosen to ensure the models
derived from the sensor signals could be utilised in any application without prior knowledge of ore
properties.
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The total volumetric filling was manipulated by varying the feed rate and the ratio of coarse-to-fine
material in the feed. Specific total volumetric filling values were not targeted, but the mill was crash-
stopped when the total mill weight and power had stabilised. Manual measurements of total volumetric
filling were used as reference points for the proprietary model development. The chosen model had the
best fit over the entire range of total volumetric fillings as shown in Figure 5.
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Fiqure 5. Parity chart showing manually measured total volumetric filling against the MagoSense output.

In addition to the total volumetric filling, the ball filling was also modelled by making use of the known
ball fillings from Table I. While Figure 6 shows a wider distribution in the MagoSense measurement, a
model with acceptable Pearson product moment correlation coefficient (R2) was developed. Subtracting
known ball filling from manually measured total volumetric filling results in a manually measured rock
filling. The MagoSense sensors produced signals from which an accurate model describing rock filling
was developed, as depicted in Figure 7. Testing at pilot scale showed that the MagoSense raw data
contains information about mill filling degree: total; balls separately; and rocks separately. This is a
unique and valuable tool to widely test equipment and operational conditions that would not be feasible
in a full industrial mill.
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Fiqure 6. Parity chart showing manually measured ball filling against the MagoSense output.
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Figure 7. Parity chart showing manually measured rock filling against the MagoSense output.

Industrial Results
Following the successful pilot campaign, the MagoSense was installed on the primary ROM mill,

pictured below in

Figure , at Mototolo Concentrator, part of the Anglo American Platinum group.

Figure 9. The ROM mill at Mototolo Concentrator with MagoSense OMU and shell-mounted sensors.

The MagoSense total volumetric filling was calibrated using a single manual measurement from a grind-
out shutdown. The success of the calibration can be visualised in Figure 9 which shows that the
MagoSense measurements correlate well with manual measurements over a range of operating
conditions from crash stop to full grind out.
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Fiqure 9. Parity chart of manual and MagoSense measurements for volumetric filling at Mototolo.

The correlation of sensor to manual measurement provides confidence in the capability of the sensor to
measure accurately in real-time. Confidence in the MagoSense measurement allows for investigation
into other relationships. Figure 10 below compares the time-series material feed size (%<45mm) with
the MagoSense total volumetric filling. It can be seen that the coarser the feed (low %<45mm), the higher
the mill volume content. This corresponds to an accumulation of rocks in the charge as the feed coarsens.
The negative correlation is confirmed in Figure 11.

5 Feed Size (%<45mm) vs Total Volume
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Figure 10. Time-series volumetric filling from the MagoSense with feed size from over-belt image analysis.
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39 Feed Size (%<45mm) vs Total Volume

mn

(7]

& 35

n -

[]

&

s 33

o

€ 31

3

3

= 29

° y =-0.1398x+39.671

F 27 R?=0.3911
25

35 40 45 50 55 60 65 70 75

Feed Size (%<45mm)

Fiqure 11. Negative correlation of feed size and MagoSense total volumetric filling.

Another comparison with the mill absorbed power is displayed in Figure 12. The correlation between
the mill power and the mill total volume filling is clear. It can be further observed in Figure 13.
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Fiqure 12. Time-series volumetric filling from the MagoSense with mill absorbed power.

Although the correlations with feed size and mill kW are clear, they are not perfect (R? ~0.3-0.4). Indeed,
the total volumetric filling is influenced by more parameters than just feed size; among others one can
cite: ball additions, slurry density, liner wear, etc. The same observation is valid for mill power. It is not
only influenced by total volume filling but by other parameters as well (slurry density, liner wear, etc.).
Figure 14 below shows a good example of imperfect correlation: both mill power and total volume
trends are parallel up to 00:00 were the total filling increases about 1.5% while the mill power remains
almost constant. This ‘local” behaviour will need further investigations, as it can be the clue of a specific
event.

284



Power (kW) vs Total Volume
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Figure 14. Imperfect correlation between MagoSense total volumetric filling and mill absorbed power.
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A further example of results provided by the MagoSense is displayed in Figure 15 below. Slightly before
14:00, the mill feed (in orange) was stopped for about one hour. As a result, the total volumetric filling
measured by the MagoSense (in blue) started to decrease. The rocks inside the mill charge were crushed
and discharged from the mill. The volumetric filling decreased from 32% down to 22%. When the feed
was started again, fresh rocks were introduced to the mill and could accumulate in the charge. It took
around one and a half hour for the volumetric filling to recover to its normal operation zone (around

30%).
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Fiqure 15. Total volumetric filling, as measured by the MagoSense, responding to feed interruptions.

Before installing the MagoSense, the effect of a feed interruption could not be quantified. Building from
this, the MagoSense can be used as a tool to react more quickly before the mill enters unwanted or even
dangerous operating conditions. This first installation provided the opportunity to learn and improve
the system. Indeed, while cement and mining tumbling mills have many common features, they differ
on several aspects, the main ones being the running time, the outdoor installation, and the wet
operation. The MagoSense hardware has been upgraded to take into account the specificities of mining
tumbling mills. As a result of the learnings from the first installation, the robustness was increased a
step further.

Future development

The raw signal collected by the MagoSense is currently used to compute the total mill filling degree and
the critical impact level. However, it is much richer in information content, as the pilot plant tests have
shown. Our approach is then to work hand in hand with users to identify their needs and find out how
they can be fulfilled by generating new information from the MagoSense raw signals. This will lead to
the development of new features that will be added to the MagoSense offer. Potential new
developments include: separate ball and rock mill filling degree; in-mill slurry density; etc.

CONCLUSIONS

The MagoSense is an innovative solution that provides critical information regarding mill operation in
real-time. The product of a partnership between Magotteaux and KIMA Process Control, the MagoSense
expands on a 15-year success in the cement industry by entering the mining industry. An extensive pilot
campaign ensured the development of a robust model for measuring the total volumetric filling using
signals from two shell-mounted sensors. Deployment to an industrial-sized mill, the ROM mill at
Mototolo Concentrator, was successful: the MagoSense accurately measures the total volumetric filling
in real-time. The MagoSense can assist to control the mill fill level, avoid mill overloading, and allow
better control of mill grind-outs. It can also assist to minimise occurrence of liner damage due to ball
impacts on the liners and therefore reduce wear for both liners and balls.

The MagoSense has been designed as an open architecture platform to which new features can easily

be added to fulfill industry needs. It opens the door to better understanding and optimisation of the
milling operations in the mining industry.
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