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Abstract
The main objective of that work is to present a novel system solution that applies parameter 
control system to magnetic separator. The control system utilizes spatial distribution 
measurements taken by Electrical Impedance Tomography (EIT) unit. Magnetic separation is 
a process of material segregation based on difference in magnetic properties of materials. 
The key issue here is to obtain sufficiently high magnetic field and its gradient that is possible 
with application of superconducting magnets. The basis of superconducting technique in 
magnetic separation has been built for decades and is widely employed in High Gradient 
Magnetic Separators. The EIT is a noninvasive method of recovering electric parameters 
based on the electrical surface measurement. Presently some experimental projects are 
pursued aiming at commercial applications of proposed solution. In EIT the distribution of 
conductivity σ, permittivity ε and permeability µ is searched for. The  EIT imaging is the 
solution of inverse problem, searching for parameter distribution that determines the 
conductivity or permittivity of investigated object. To find a general solution of that problem is 
difficult and cannot be obtained analytically. However it is possible to get an approximate 
solution based on iterative methods. The industrial applications are related to noninvasive 
examinations and belong to the area of process tomography. The main problem of applying 
tomographic imaging in magnetic separator is developing of multielectrode sensor array. 
The image is constructed based on measured signals coming from the sensors. The quality 
of image influences separation parameters in control system. The paper presents the 
schema of separation process control system, outline of separator device with superconducting 
magnetic field source and tomographic units and impedance tomography sensor.

Key words:  magnetic separator, Electrical Impedance Tomography, high gradient magnetic 
field.

1. Introduction.
Separation in magnetic field characterized by high values of magnetic flux 

density and field gradient has been used in industry and science for several years. 
The progress in technologies utilizing magnetic separation is strictly correlated to 
achieving high fields at reasonable costs. The advances in magnetic technologies 
concern mainly water treatment, metal removal in food processing, kaolin 
decolorization in paper manufacturing industry, steel factories and power plants. High 
Gradient Magnetic Separation (HGMS) technique is beneficial to ore enrichment, 
coal desulfurization, food and pharmaceutical industries [2, 3]. The review of various 

Defektoskopie  rijen 2012.indd   115 22.10.2012, 13:49:54

M
or

e 
in

fo
 a

bo
ut

 th
is

 a
rti

cl
e:

ht
tp

s:
//w

w
w

.n
dt

.n
et

/?
id

=1
44

14



116     DEFEKTOSKOPIE  2012

separation methods are discussed in [1]. Some of the limitations for applying 
superconductor magnets in magnetic separation process are listed in [4, 5]. Recently, 
the research on separation covers diverse commercial applications [6, 7]. 

2. Separation process.
The principle behind magnetic separation process is to segregate materials 

with different magnetic characteristics. The key issue here is achieving relatively high 
magnetic field and field gradient. It is obtainable due to employment of 
superconducting magnets. The basis for their applications in high field generating 
have been created for decades.

Fig.1 Scheme of the separation process.

Separation process takes place automatically if the system consists of following 
functional blocks: 

- Feed transfer to the inlet of the separation chamber; 
- Separation chamber that flowing feed is being separated within; 
- Transfer system of isolated feed; 
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- Measurement system of ingoing and outgoing materials; 
- Elements of control system of separation compartment, speed of feed 
transfer and isolated products
- Control system of separation process. 

The connection between individual elements of the system is shown in Fig. 1. The 
indicator of the process quality is separation efficiency per unit time expressed by the 
following formula: 

where:
separation mass efficiency of material A determined at the separator outlet i;

  portion of material A traversing per unit time measured at the separator outlet  i;

  portion of material A traversing per unit time measured at the separator inlet; 

 mass of material A per unit time traversing through the separator outlet i;

  mass of material B per unit time traversing through the separator outlet i;

  mass of material A traversing per unit time through the inlet; 

  mass of material B traversing per unit time through the inlet; 

 indicates the outlet number. 

Similarly, the separation efficiency indicator per unit volume and flow time can be 
determined. The indirectly measured values are material masses traversing in unit 
time and ,  and . Having measured the above values the separator 

control system adjusts the position of the separation compartment, setpoint of flow 
speed and its value at the outlets. 

 3. Electrical Impedance Tomography 
EIT is a noninvasive method of recovering electric parameters based on the 

electrical surface measurement. The parameters that space-time distribution is 
searching for are conductivity σ, dielectric permittivity ε oraz permeability µ.
Recovering is the solution of inverse problem, i.e. searching for parameter 
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distribution that determines electrical quantities on the periphery of an object. Finding 
the general solution is difficult and cannot be obtained analytically. However it is 
possible to get an approximate solution based on iterative methods.

The industrial applications of EIT are related to noninvasive examinations and 
belong to the area of process tomography [10].  Feed is a mixture of components 
varying in electrical properties. Depending on the properties that distinguish 
investigated components one of the investigation method is chosen. The inlet and 
outlet sensors are disposed on the periphery of the separator chamber that has been 
depictured in Fig. 2.  Paramagnetic particles (in red) response to high gradient 
magnetic field in the separation zone of the chamber. Diamagnetic parts (in blue) are 
passing through that zone practically not reacting to the field. The EIT inlet sensor 
registers spatial distribution of impedance before the feed enters the separation 
zone. Based on multielectrode sensor measurements the value of  is found. The 
spatial impedance distribution is characterized by the relationship developed in 
calibration process. 

Fig.2 Separation chamber with indication of EIT sensor location 
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The EIT outlet placed below the separation zone measures impedance in 
multielectrode system using the data acquisition algorithm. The obtained spatial 
distribution of impedance parameters is the basis for distribution reconstruction of 
material A content . Through comparing and contrasting the inlet distribution 

with inlet feed contents the feed composition at every stage of the procedure is 
specified. The sensor design is described elsewhere [8, 9]. The material distribution 
image is created after registering the sensor signals. The image quality influences 
separation parameters in the control system.
4. Experimental setup for distribution measurement.

The separation chamber is cylinder-shaped (Fig.3, a). Superconducting 
magnets generate axially symmetric field. Considering the mixing process that takes 
place in the separation zone material distribution at the inlet is uniform (level y1). That 
has been shown in Fig. 3, where x denotes an axis parallel to the diameter of the 
cylinder.

Fig. 3 Feed content distribution. 

a) Geometry of separation chamber;
b) Feed content distribution at the inlet level;
c) Feed content distribution at the outlet level;
d) Feed content distribution as a function of separation distance. 
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The components of the mixture can be two substances that masses are denoted as 
m1 and m2 (blue and red colored). The distribution of flowing substance is described 
by the function along the radius at the outlet level (level y2). The function needs to be 
a good approximation of experimental data. The model parameters are identified for 
specific application. One can write: 

where:
    – scalar components of identified model parameters; 

 – scalar components of control system setting; 

  - scalar components of incoming quantities ; 

 – scalar components of confounders; 

An analytical form of function is fitted arbitrarily and the parameters are determined 
as a result of parametric identification of the model for a given model structure. Next, 
the parameters are calculated by optimization method as a sufficiently close 
approximation of data measured by EIT method.

5. Control system.
Tomographic measurements are taken sequentially on input and output of the 

chamber. Next, the input data taken at the input are processed to get the boundary 
parameters of the control system determined by the average feed content 
determines. Then, processing of the data taken at the output results in some 
particular functions (2). The decision on the system setting is made after integration 
of:

                       (3) 

The following conditions are met: 

                           (4) 
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where:
 – position of separation compartment ; 

 – initial speed of feed movement; 

- integral’s value of distribution function of material A over the interval s (0,s);

- minimal value of integral ; 

- maximal value of integral; 

- maximal speed of feed movement; 

- minimal change of feed transfer speed; 

- minimal change in compartment’s  position. 

The control process is determined by given experimental data, separator’s setup and 
a priori characteristics of the separator and feed. The conditions (4) constitute 
noncomplicated schema of controlling that needs to be specified in laboratory or 
industrial conditions. First of all the arguments of function (2) are considered; i.e. 
parameter accuracy of component distribution function, initial quantities, confounders 
and their mutual interaction.  The accuracy, precision of the system settings, relations 
between the respective control system blocks need to be specified.

6. Conclusions 
Electrical Impedance Tomography is a powerful tool to noninvasively study 

distribution of mixture components. In order to achieve reliable distribution one 
selects an appropriate information carrier, electrical parameter related to specific 
material that assure detecting of separating components.  Additionally, magnetic 
separation performed in high gradient field requires separated components have 
various magnetic characteristics. The key problem here is to properly design the 
multielectrode sensors. If the separated components are weakly conductive 
capacitive sensors should be used . In case of high conductance resistive sensors 
are employed. Application of eddy current sensors is considered if one cannot have 
any direct contact with feed. In practice the use of all the sensors are limited by many 
others factors, not mentioned here, that depends on the process. The distribution 
image of substances inside the chamber is a result of data processing by numerical 
algorithms based on the registered signals. The estimation of the distribution greatly 
influences separation parameters in control system. The paper present the schema 
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of control system dedicated to magnetic separators, outline of separator device 
utilizing superconductive magnets and tomographic unit.
In the process of magnetic separation controlled by EIT the time factor plays an 
important role. It is a dynamic process that implies simultaneous measurements and 
analysis that result in images. The employed algorithm takes into account the 
dynamic character of evaluated images [11] that imposes the detailed study of 
conditions present during separation.  The described algorithm enables the time 
adaptive processing. The characterized system and related solutions are the subject 
of laboratory investigation of Measurement and Diagnostics Department of 
Electrotechnical Institute in Warsaw [12]. 

7. References
1. C. T. Yavuz, A. Prakash, J. T. Mayo, V. L. Colvin.: Magnetic Separations: From steel 

plants to biotechnology, Chemical Engineering Science 64 (2009) 2510 – 2521. 
2. S. Ergun and E.H. Bean: Magnetic     Separation of Pyrite from Coals. Raport of 

Investigation no. 7181, U.S. Bureau of Mines, Pittsburg, September 1968. 
3. E. Maxwell, D.R. Kelland: High Gradient Magnetic Separation in Coal Desulfirization. 

IEEE Transactions on Magnetics, vol. Mag-14, No. 5, September 1978. 
4. M. Brożek, A. Cieśla, W. Pilch: Preliminary Investigation on Application of 

Superconducting Separator to Upgrading of Kaolin. Physical Problems of Mineral 
Processing, 1991, 24, 203-209. 

5. T. Ohara, H. Kumakura, H. Wada: Magnetic separation using superkonducting 
magnets. Elsevier, Phisica C 357-360 (2001)1272-1280. 

6. A. Cieśla: Practical aspects of high gradient magnetic separation using superconducting 
magnets. Physicochemical Problems of Mineral Processing, 37 (2003), 169-181] 

7. A. Stanci, C. D. Buioca, V. Iusan: The improvement of quality of coal using magnetic 
separation. Applied physics – electromechanics methods, Rom. Journ. Phys., Vol. 51, 
Nos. 1–2, P. 97–100, Bucharest, 2006. 

8. B. Matusiak, A. Romanowski, K. Grudzień: Designing an electrical capacitance 
tomography sensor for the purpose of investigating liquid flows. Proceedings of the 
Electrotechnical Institute, vol. 239, 2008. 

9. M. G. Rasteiro, R. Silva1, F. A. P. Garcia, P. Faia: Electrical Tomography: a review of 
Configurations and Applications to Particulate Processes. KONA Powder and Particle 
Journal No.29 (2011) s. 67-80. 

10. D. Holder: Electrical Impedance Tomography: Methods, History and Applications, IOP 
Publishing, Bristol, UK, 2005. 

11. A. Idziaszek-Gonzalez, S. Wójtowicz: Sequential measurement in optical tomography 
system integrated with magnetic separator. Proceedings of the Electrotechnical 
Institute, vol. 255, 2012. 

12. A. Idziaszek-Gonzalez, S. Wójtowicz: Analysis of material separation process 
performed in wet drum magnetic separators. Proceedings of the VII Conference in 
Jamrozowa Polana  19-21. IX .2012. 

Defektoskopie  rijen 2012.indd   122 22.10.2012, 13:49:55


