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Abstract: Wet High-Intensity Magnetic Separators (WHIMSs) have become well established
in mineral processing operations by efficiently separating particles based on their magnetic
properties. While the existing literature extensively discusses WHIMS performance under
varying operational conditions, there is a notable absence of attention to the degradation
of coils over time and methods for its detection. In this paper, we address this gap by
proposing a novel approach to detect coil degradation in WHIMSs, enabling timely mainte-
nance interventions to maintain optimal performance. Through experimental analysis in
an industrial environment, we show the significant effect of coil deterioration on WHIMS
efficiency. We also introduce a real-time monitoring method using current measurements
in coil sets. This method provides a practical solution for identifying and addressing coil
degradation, helping to improve maintenance practices and sustain operational efficiency
in mineral processing facilities. The experiments were conducted in a Brazilian iron ore
processing company in Itabira, Minas Gerais.
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1. Introduction

Valuable minerals in iron ores mainly consist of iron oxide minerals, while gangue
minerals are largely composed of quartz [1,2]. Elevating the concentration of valuable
minerals to meet market specifications is a key focus of iron ore mineral processing facil-
ities. Currently, the dominating approach for achieving this objective is through reverse
flotation. When dealing with a low amount of low-quality iron ore or predominantly small
particles, magnetic separators offer a viable solution. This is especially important when re-
covering materials from tailing dams or the reject slime generated during the beneficiation
process [3].

Wet High-Intensity Magnetic Separators (WHIMSs) exploit the contrasting magnetic
properties between iron oxide minerals and quartz to facilitate efficient mineral concen-
tration. By generating a robust magnetic field, these separators attract iron particles to
metallic matrices while efficiently discarding quartz particles. Typically, WHIMS devices
feature a continuously gyrating carousel of metallic matrices, continuously fed by a stream
of water and mineral particles slated for concentration. Iron particles exhibit a higher
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affinity for attaching to the metallic matrices, while quartz particles are washed away by
water. The material undergoes successive passages through a series of separators until the
desired concentration level is achieved. This method proves particularly advantageous for
large-scale, continuous production of iron ore, making a WHIMS the preferred separator in
such operations.

The concentration performance of a WHIMS is subject to various operational factors.
Some pertain to the incoming mineral-laden stream, including the concentration of iron
and particle size distribution, while others are intrinsic to the device itself, such as the
generated magnetic field intensity. The magnetic field, spanning from 1 to 2 Tesla in
a WHIMS, is produced by an array of industrial coils connected to an electric energy
AC-DC converter.

The tough conditions at a mineral processing facility, along with unreliable energy,
create operational challenges that result in substantial wear and tear on the coils over
time. As a result of this wear and tear, damages occur that not only reduce the strength
of the magnetic field, but also cause a disruption in the even flow of current through
the coil assembly. The deterioration leads to a decrease in the magnetic attraction be-
tween iron particles and metallic matrices, causing a significant drop in the efficiency of
WHIMS separation. Detecting coil malfunction is crucial for maintaining optimal function-
ality and ensuring consistent and efficient magnetic separation processes within mineral
processing operations.

In the present scenario, the maintenance plan for WHIMSs requires a production halt,
as a human operator needs to be present to measure the magnetic field using a handheld
Gaussmeter. This procedure poses significant challenges, especially for large-scale mining
companies processing thousands of tons of minerals per hour. The large number of new
devices makes the logistical complexities of this method even worse. Furthermore, the
usual long intervals between successive measurements may permit prolonged periods of
suboptimal equipment performance, translating directly into financial losses.

While some suggest using laboratory analysis of the reject flow concentration as an
alternative for issue detection, this approach has inherent limitations. The results obtained
using this method are often affected by masking effects caused by factors like changes in
the input flow concentration. Moreover, laboratory analysis is constrained by costs, delays
between sample collection and analysis results, and the need for human operators to work
in safety-restricted environments [4]. Laboratory analysis alone does not directly pinpoint
the root cause of coil damage, making it difficult to identify and resolve issues affecting
WHIMS performance. There is a pressing need for innovative strategies to address the
drawbacks of the current maintenance approach. This will ensure timely intervention and
sustained operational efficiency in large-scale mineral processing operations.

This paper introduces a simple yet powerful method for identifying reduced perfor-
mance in WHIMSs due to low magnetic field generation. The proposed approach involves
measuring the current within each set of coils that generates the magnetic field. The ob-
servable imbalance in current amplitude indicates a potential reduction in field strength for
certain coils, along with an undesired surge in current for others. Such imbalances not only
compromise the effectiveness of the WHIMS but may also lead to a faster degradation of
the coil’s lifespan. This method’s real-time diagnostic capability, enabled by continuous
current measurements, provides a proactive and responsive way to promptly identify and
address issues. This enhances the operational longevity and efficiency of the WHIMS. The
experiments were performed in an iron ore mineral processing company in Itabira, Minas
Gerais, Brazil.
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2. Motivation

Figure 1 illustrates the average iron concentration values for two output streams
(concentrate and reject) across twenty-three magnetic separators (number of magnetic
separators working at that time. For sake of simplicity, the tag numbers for the WHIMS
in this paper do not correspond to the tag numbers in the facility) within the examined
mineral processing facility. These averages were derived from a two-month evaluation
period, during which samples were collected and analyzed in the laboratory every four
hours. The incoming stream maintained a relatively stable iron concentration, averaging
around 31%, with slow variations over time and a maximum deviation of less than 2%.
While minor fluctuations were observed, they were not substantial enough to impact the
interpretation of overall trends or justify a detailed plot of the input grade time series. The
critical performance metric for this process is the percentage of iron ore present in the reject
stream, which is expected to remain below 9.5%. However, fourteen out of the twenty-three
magnetic separators failed to meet this prescribed threshold. The primary reason for such
underperformance is attributed to inadequate magnetic field intensity.
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Figure 1. The chart displays the average percentages of iron oxides in the concentrate (blue bars) and
reject (red bars) for each magnetic separator. The black dashed line marks the 9.5% reject threshold.

It is important to emphasize that the magnetic separator only functions when a
magnetic field is actively applied. There is no auxiliary or alternative separation mechanism
in the WHIMS; the equipment is entirely dependent on the magnetic field to attract iron-
bearing particles to the matrix. While other operational factors—such as feed rate, particle
size distribution, or matrix condition—can affect overall performance, these are secondary
in nature. The fundamental prerequisite for any separation to occur is the presence of a
sufficiently strong and uniform magnetic field. Therefore, verifying whether the equipment
is effectively generating this field is not just relevant—it is essential.

The insufficient magnetic field intensity stems from issues within the coils, exacer-
bating the situation. Moreover, when one coil experiences an increase in impedance to
the electric current, it results in overcurrent flowing through the parallel coils within the
same separator. This cascade effect not only leads to the failure of the affected coil but
also accelerates the wear of the neighboring coils. We emphasize that the replacement cost
for a single coil in such equipment can amount to USD 40,000.00 each. This figure solely
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represents the cost of the coil itself, excluding expenses related to service and the downtime
incurred during the replacement process, resulting in significant financial implications for
the operation.

Given the significant production losses and additional expenses incurred from re-
placing worn coils, it is critical to investigate methods for promptly detecting insufficient
magnetic field intensity as it occurs. Despite extensive efforts in exploring marketing
solutions, consulting with top magnetic sensor developers, and thoroughly reviewing
the relevant literature, an effective solution still seems out of reach. This emphasizes the
need for research and innovation in this important area to reduce the harmful effects of
low magnetic field intensity on operational efficiency and cost-effectiveness in mineral
processing facilities.

Although current measurement is a well-known technique in electrical engineering,
its application to WHIMS diagnostics is both novel and impactful. Existing strategies for
identifying performance loss in magnetic separators tend to rely on indirect or delayed
feedback, such as product grade analysis or periodic field measurements. Our approach
repositions a simple, cost-effective method within a new context—offering a direct and
real-time diagnostic tool for detecting coil degradation, which has not been systematically
addressed in prior WHIMS studies.

3. Literature Review

Given the importance of this topic in the mineral industrial sector, it is surprising
that there are so few papers available on magnetic separators. However, it is evident that
interest in this area is growing rapidly within scientific circles. For example, Figure 2
visually illustrates the growing number of papers published using the term “Wet High-
Intensity Magnetic Separator” in the Google Scholar search engine, highlighting the current
trend and growing interest in this area of study.
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Figure 2. The number of papers that match the search for the exact term “Wet High-Intensity Magnetic
Separator” through six decades since 1964.

Many studies on Wet High-Intensity Magnetic Separators (WHIMSs) assess their
performance under varying operational conditions, such as changes in feed mineral charac-
teristics. Angadi et al. [5] investigated the factors affecting particle separation in WHIMSs,
emphasizing the influence of magnetic field strength, particle size, and wash water rate on
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magnetic recovery, with regression models predicting yield and grade. da Rocha et al. [3]
focused on recovering iron from ore tailings in Minas Gerais, Brazil, achieving a 63% iron
grade concentrate through optimized processing configurations, underscoring the impor-
tance of cleaning stages. Ribeiro and Ribeiro [6] introduced mega-sized WHIMS technology,
setting new world records for magnetic separators’ feed rates, with ongoing construction
of concentration plants in Brazil for reclaiming low-grade iron ore tailings. Makhula [7]
explored the Longi LGS 500 WHIMS for South African iron ore, identifying significant
effects of operating parameters on concentrate yield and iron grade, with the potential
to produce a 55% Fe product. Furthermore, research efforts have delved into modeling
and simulation of WHIMSs, as exemplified by [8,9]. Additionally, recent attention has
been drawn to environmentally friendly approaches, leading to investigations and patents
exploring the transition of WHIMSs to dry operation, as demonstrated by studies such
as [10,11].

However, the majority of these studies assume ideal operational conditions, with the
magnetic field set according to manufacturer specifications. It is remarkable that none of the
reviewed papers delved into the issue of coil degradation over time or proposed efficient
means of detecting it. This oversight shows a significant gap in the current literature on
WHIMS performance and maintenance.

4. The WHIMS

Valuable minerals from ore streams are extracted using a specialized device called a
Wet High-Intensity Magnetic Separator (WHIMS) in mineral processing facilities. The fun-
damental concept behind a WHIMS is to utilize the differences in magnetic characteristics
of various minerals, using a strong magnetic field to extract and segregate paramagnetic
and ferromagnetic particles from nonmagnetic ones. To achieve concentration, a rotating
carousel of metallic matrices in the WHIMS is consistently fed with a mixture of water and
mineral particles. The equipment used in this study was a Jones WHIMS model, manufac-
tured by KHD Humboldt Wedag GmbH, which is widely adopted in industrial mineral
processing for its high magnetic field intensity and multi-coil design. Each WHIMS unit is
equipped with four independent coil sets, which are electrically powered in parallel via an
AC-DC converter, resulting in a magnetic field that reaches 1 to 2 Tesla. As the material
moves through the separator, the magnetic particles are attracted to the matrices due to
the magnetic field, while the nonmagnetic particles are carried away by water. Figure 3
shows the components of a typical WHIMS and a photo of the actual WHIMS group used
in this study.

(a) WHIMS components (b) Hall with several WHIMSs used in this study

Figure 3. Typical structure of a WHIMS (a) and the actual magnetic separator at the mineral processing
facility (b). (1) Magnetic circuit; (2) axis; (3) rotation system; (4) concentrated stream; (5) feed stream;
and (6) metallic matrices. Adapted from [12].
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It is noteworthy that the material fed into the WHIMS typically goes through several
preliminary processing stages. Typically, stages such as crushing, milling, and screening
are integral parts of the beneficiation process. In our case, there is also the extra flotation
stage. As a result, the material flow that enters the separator is already subjected to a
strict concentration and particle size range. This pre-processing ensures that the material is
well prepared for efficient separation within the WHIMS, optimizing its performance in
concentrating valuable minerals from the ore stream.

5. The Proposed Method

The proposed method aims to detect reductions in the intensity of the magnetic field
provided by the WHIMS, with the key requirement being real-time measurement without
the need for modifications to the equipment structure. Moreover, the method seeks to
circumvent the costly use of laboratory analysis. To achieve this, the authors propose
investigating the behavior of each set of coils in the WHIMS by measuring their currents.
As depicted in Figure 4, our approach involves incorporating an ammeter (denoted as
Ip1, Ipp, Ip3, and Ip4, in the figure) into each of the four lines that power the coil sets,
offering a particularly robust and straightforward implementation that avoids the need
for structural alterations to the WHIMS, such as the installation of new sensors. Figure 5
illustrates the electric panel featuring the AC-DC converter and the lines powering the coils.
In this exploratory study, handheld ammeters are utilized, although future iterations may
integrate fixed ammeters connected to a supervisory system.
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(a) Electric panel with (b) Ammeter during

the AC-DC converter. experiment.

Figure 5. Electric panel where the currents were measured during experiments to evaluate the
proposed method.
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6. Results and Discussion

Given the operator’s ability to adjust the current set-point in the AC-DC converter,
we opted to vary this total current and assess the corresponding current across the coil
sets in each magnetic separator under study. The magnetic separators operated contin-
uously during the experiments, processing material as usual. We conducted tests on six
out of twenty-three magnetic separators, selected based on the accessibility and ease of
manipulation of the electric panel. The experiments were conducted twice, once in July
and again in November, using the same equipment without any intervening maintenance.
Magnetic separators designated as MS08, MS18, MS21, and MS23 yielded expected results.
For simplicity, we present in Figure 6 the results of a single successful case wherein all
coils functioned properly—other curves exhibit identical patterns. Uncommon current
behaviors were observed in only two instances, specifically for MS12 (Figure 7) and MS19
(Figure 8), which persisted consistently across both months.

As depicted in the graphs of Figure 6, the current flowing through each set of coils
exhibits a consistent amplitude across all four sets. This uniform distribution suggests that
none of the sets is experiencing significant resistance to current flow. Furthermore, even
under maximum input current conditions (300 A), the current through the coils remains
within the factory-established limit of 75 A. However, it is worth noting that in November,
the curves do not overlap as closely as they did previously. This discrepancy could indicate
wear, although further research is needed to confirm this hypothesis.

Figures 7 and 8 depict the disparities in current flow across the coil sets in separators
MS12 and MS109, respectively. In the case of MS12, variations in current values are evident
between two sets of coils, whereas for MS19, no current flows through set number 2,
indicating an open circuit path. Notably, in both instances, the reduction in current in
certain sets results in higher current values in the remaining sets. While operators have
the flexibility to adjust the current set-point in the converter, the total current is typically
maintained at the maximum limit of 300 A. Consequently, it is evident in the case of
MS19 and MS12 that individual coil currents exceed the factory limit of 75 A, potentially
accelerating the wear of these coils.
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Figure 6. Experimental results show variations in the total input current for WHIMS 21 in July and
November. The current is evenly distributed among the four sets of coils.
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Figure 7. Experimental results show variations in the total input current for WHIMS 12 in July and
November. The current distribution among the four sets of coils is uneven.

To verify whether variations in current flow through the coils correspond to differences
in performance, we conducted magnetic field measurements in each of the studied WHIMSs.
Typically, the manufacturer’s recommended procedure involves measuring the magnetic
field within the carousel during interrupted production, aiming for a field intensity of
15,000 Gauss. However, to avoid production interruptions and obtain a more detailed
assessment of the magnetic field from each set of coils, we devised an alternative approach.
Mlustrated in Figure 9, we utilized a handheld Gaussmeter to measure the field intensity at
each connection point between the set of coils and the metallic wall of the carousel. The
results, presented in Table 1, encompass the entire analysis of the magnetic separators. As
anticipated, separators MS08, MS18, MS21, and MS23 exhibited no issues with their coils,
yielding a consistent field intensity measurement of approximately 4100 Gauss. Conversely,
MS12 and MS19 showed a notable reduction in field intensity. Notably, for MS19, where
one set of coils exhibited an open-circuit condition, resulting in zero current flow through
that coil set, the field intensity measured less than 15% of that of a regular set of coils,
suggesting that the measurement may primarily reflect the field generated by the other
three sets of coils.

MS19 - July 2023

MS19 - November 2023
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Figure 8. Experimental results show variations in the total input current for WHIMS 19 in July and
November. There is no current flowing in one set of coils, while the rest of the coils are experiencing
an overcurrent.
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Figure 9. The maintenance operator is measuring the magnetic field with a handheld Gaussmeter.
The probe is placed at the interface of the set of coils and the magnetic separator.

Table 1. Magnetic field intensity in Gauss at each WHIMS. Red marks at low-intensity field measurements.

Magnetic Separators Set Coil 1 Set Coil 2 Set Coil 3 Set Coil 4

MS08 4201 4142 4129 4127
MS12 2900 2790 4027 4278
MS18 4015 4095 4108 4200
MS19 4265 615 4260 4293
MS21 4148 4190 4177 4250
MS23 4127 4133 4144 4249

7. Conclusions

In conclusion, our study emphasizes the importance of addressing coil degradation
in Wet High-Intensity Magnetic Separators (WHIMSs) to maintain sustained operational
efficiency in mineral processing facilities. By proposing a new and simple method to detect
coil degradation through real-time monitoring of current measurements in coil sets, we pro-
vide a practical solution to quickly identify and address issues. Importantly, our method’s
modifications occur outside the magnetic separator, specifically at the electric panel in
the AC-DC converter, making it adaptable across various manufacturers. This flexibility
makes it more useful in different operational environments. Our experimental analysis
and statistical modeling show strong evidence of the significant effect of coil degradation
on WHIMS efficiency, highlighting the need for proactive maintenance strategies. Our
proposed method promises to revolutionize maintenance practices, ensuring improved
operational longevity and efficiency in large-scale mineral processing operations.

Looking ahead, we aim to expand this work in two key directions. First, we plan to
correlate coil current measurements with specific failure modes using machine learning
techniques, as in [13], and define threshold values that can reliably trigger maintenance
actions. Second, we intend to perform a cost-effectiveness analysis to assess the return
on investment of implementing the proposed monitoring system across multiple WHIMS
units. This will include hardware costs, deployment scalability, and the potential reduction
in operational losses due to early fault detection.
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