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Abstract: The article considers the method for controlling the ferromagnetic component content in slurry flow by ultrasonic and magnetic 
measurements. One of the basic factors determining the efficiency of magnetic separators at iron ore concentration plants is the quality  
of distribution of the ground ore into the product containing the ferromagnetic component and the waste rock. Due to the fact that in most 
cases, magnetic separators extract minerals with strongly magnetic properties, it is essential to find the magnetic component content  
in the input ore and products of its distribution in order to improve control over the technological process. Currently, low accuracy  
and reliability make existing means of operative control over the ferromagnetic component content in the slurry flow inefficient. Density  
of slurry is one of the primary disturbing factors affecting the accuracy of measurements, and this fact determines the necessity 
of measuring this parameter while controlling the ferromagnetic component content. Combined methods of measurements are a promising 
trend in designing sensors of useful component content in the slurry flow. The article describes the method for controlling the ferromagnetic 
component content in slurry flow by ultrasonic and magnetic measurements.  
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1. INTRODUCTION 

The efficiency of controlling processes in iron ore concentra-
tion is mostly conditioned by the frequency and accuracy of the 
data entry of the process parameters (Kupin, 2014; Hauptmann et 
al., 2002; Stupnik et al., 2015; Semerikov and Slovak, 2011; 
Modlo et al., 2019).  

Ultrasonic waves are applied for controlling the characteristics 
of technological media (Rzhevsky and Yamshchikov, 1968; Seip 
et al., 1996; Brazhnikov, 1975; Bond et al., 2003) as they enable 
signals from any point of the propagation surface and have rela-
tively larger concentration of energy in a wave due to their smaller 
layer of localisation. The walls of technological vessels and indus-
trial aggregates in iron ore concentration are mostly made of 
metal sheets to conduct ultrasonic control of parameters of con-
tacting media, thus influencing the efficiency of Lamb waves. 
These waves are less susceptible to the impacts of disturbing 
factors than other types of ultrasonic waves. It should be noted 
that Lamb waves are also less susceptible to the condition of the 
surface of wave propagation and the action of gas bubbles in the 
studied medium. In other words, application of Lamb waves en-
sures the set error in measuring parameters of the ferromagnetic 
component of the iron ore slurry at the concentration plant (Zhang 
et al., 2020; Xu and Hu, 2017). 

Thus, investigation into Lamb waves propagating on the plate 
in contact with the iron ore slurry with the purpose of determining 
the parameters of the ferromagnetic component of the flow is 

quite promising and topical (Ni and Chen, 2018; Meng and Yan, 
2019). 

2. LITERATURE ANALYSIS AND PROBLEM  

2.1. Statement 

Ways of increasing the efficiency of ore material concentration 
are considered in previous papers (Golik et al., 2015a; 2015b; Liu 
et al., 2020; Ma et al., 2019; Eremenko et al., 2019). It is worth 
emphasising that obtaining on-line data on technological process 
and iron ore characteristics is a problem in technological flows in 
particular (Lolaev et al., 2018). For exerting control over concen-
tration processes and characteristics of the ore slurry, Morkun et 
al. (2015a; 2015b) suggest using controlled ultrasonic waves. 

Regularities of propagation of ultrasonic waves in liquid under 
the cavitation mode have been studied previously (Louisnard, 
2012a; Yuan et al., 2018; Wan et al., 2020; Zhao et al., 2019). 
Computing methods allow calculation of the energy dispersed by 
bubbles. There is a direct dependency of the energy lost by bub-
bles and attenuation of ultrasonic oscillations, which results in 
progressive waves. The above-described results (Louisnard, 
2012b) enable the calculation of the Bjerknes force and prediction 
of bubble structures formed under the action of progressive 
waves. 

Multimode Lamb waves have been used as a means of non-
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destructive control by Ryden et al. (2003). By measuring the 
various modes in experimental curves of dispersion of Lamb 
waves and comparing them with theoretical curves, some physical 
parameters of the medium under study are obtained. It is ob-
served that the dispersion curves of Lamb waves depend only on 
the parameters of the plate, while their frequency and phase 
velocity can be standardised according to the velocity of shear 
waves and the thickness of the medium’s layer under study. 

As noted previously (Debarnot et al., 2006), the advantage of 
Lamb waves in the context of nondestructive control of various 
ultrasonic waves is that one is able to check a larger area by 
using a minimum number of receivers. As Lamb waves are dis-
persive, a sinusoidal signal of emission is recommended. Lamb 
waves were simulated by applying the ATILA software. 

Previous investigations (Lee and Staszewski, 2009) also indi-
cate that Lamb waves are the most widely used ultrasonic waves 
applied for controlling various media. Yet, theoretical analysis of 
controlled wave propagation is a complicated task to perform. The 
method for simulating local interaction in wave propagation in 
metallic structures is considered. It is worth noting that application 
of the suggested method is complicated by at least two coexisting 
highly dispersive modes at any set frequency. 

The method for controlling the parameters of liquid media by 
ultrasonic Lamb waves is presented by Subhash and Krishnan 
(2011). It is shown that changes in wave characteristics can be 
used as a function depending on the liquid level. As indicated, it is 
necessary to conduct some additional investigations to determine 
the optimal conditions of the measured parameters of the liquid 
medium by applying Lamb waves. 

It follows from other studies (Viktorov, 1966; 1975) that avail-
ability of the magnetic field causes auxiliary attenuation and veloc-
ity dispersion of the volume of ultrasonic waves propagating in the 
studied medium. 

Analysis of scientific sources (Fukumoto et al., 2019; 
Eskandari and Hasanzadeh, 2021; Parekh et al., 2015; Porkuian 
et al., 2020; Parekh and Upadhyay, 2017) indicates that in most 
cases, certain wave types have been used to develop methods of 
ultrasonic control of the characteristics of heterogeneous media. 
To solve the set tasks, the choice of a particular wave type re-
quires consideration of a number of strict requirements and limita-
tions imposed on both characteristics of the propagation surface 
and properties of the controlled medium. Lamb waves can be 
considered promising for determining the parameters of the fer-
romagnetic component of the iron ore slurry flow. At the same 
time, the problem of assessing the scale of impact of the ferro-
magnetic properties of the slurry’s solid phase on the results of 
the measured parameters of these propagating waves remains 
unsolved. 

3. RESEARCH AIM AND TASKS 

The research aims at elaborating the method of controlling the 
ferromagnetic component content in the slurry flow by studying 
the impact of the ferromagnetic properties of the slurry’s solid 
phase on the results of ultrasonic and magnetic measurements. 

To achieve the set goal, it is necessary to solve the following 
tasks: 

 Study the dependencies of the relative volume magnetic 
susceptibility of an aggregate on the volume concentration of 
magnetite inclusions; 

 Study the dependency of the magnetic susceptibility of the 
slurry on the volume concentration of magnetite; 

 Develop a scheme of measuring the ferromagnetic component 
in the iron ore slurry flow by ultrasonic and magnetic methods. 

4. MATERIALS AND RESEARCH METHODS 

Let us consider the method of measuring the ferromagnetic 
component in the iron ore slurry by applying Lamb waves to de-
termine the concentration of the slurry solid phase and assess its 
magnetic susceptibility. 

The method of assessing the intensity of Lamb waves is used 
to define the solid component content in the iron ore slurry. 

If the plate along which the Lamb waves are propagating con-
tacts the liquid and the sound velocity in the liquid Сliq is smaller 
than the velocity of the Lamb wave in the plate С, the Lamb wave 
will attenuate, emitting energy into the liquid. The attenuation 
factor of the Lamb wave per unit length is determined by the 
following expression (Viktorov, 1966; 1975; Morkun et al., 2014; 
Morkun et al., 2015c): 

𝑘2 = −𝑖
𝜌𝑙𝑖𝑞

𝜌
𝑘1 ⋅ 𝐴𝑠,𝑎, (1) 

where liq is the density of the liquid contacting the plate surface; 

and  is the density of the plate material. 
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where ks,a is the wave number of symmetric and antisymmetric 
Lamb waves; d is the plate thickness; kc is the wave number of 
ultrasound in the fluid; 

𝑞𝑠,𝑎 = √𝑘𝑠,𝑎
2 − 𝑘𝑙

2;  (3) 

𝑆𝑠,𝑎 = √𝑘𝑠,𝑎
2 − 𝑘𝑡

2; (4) 

kl and kt are wave numbers of the longitudinal and transversal 
waves of the plate material.  

It should be noted that the attenuation factor of Lamb waves 

steadily rises while ж·−1 increases. It means that k2 can be 
presented as 

𝑘2 =
𝜌с

𝜌
𝐶𝜈, (5) 

where Cv is the value practically independent of liquid density and 
a function of the wave numbers of Lamb, longitudinal and trans-
versal waves of the plate material. 

As the gas phase of the slurry has almost no influence on its 
density, gas bubbles will not affect the attenuation of Lamb waves. 

In this case, the slurry density liq will be determined by the vol-
ume fraction of the solid phase particles in the slurry W, their 

average density sol and the liquid density w: 

𝜌𝑙𝑖𝑞 = (1 − 𝑊)𝜌𝑤 + 𝑊𝜌𝑠𝑜𝑙 . (6) 
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Therefore, the attenuation factor k2 can be presented as 

𝑘2 = [(1 − 𝑊)
𝜌𝑤

𝜌
+ 𝑊

𝜌𝑠𝑜𝑙

𝜌
] 𝐶𝜈. (7) 

Thus, the intensity of Lamb waves at distance l from the wave 
source can be determined by the following formula: 

𝐼𝑙,𝜈 = 𝐼0,𝜈 ⋅ 𝑒𝑥𝑝{−𝑘2𝑙} = 

= 𝐼0,𝜈 𝑒𝑥𝑝 {−[(1 − 𝑊)
𝜌𝑤

𝜌
+ 𝑊

𝜌𝑠𝑜𝑙

𝜌
]𝐶𝜈𝑙}. (8) 

If in Eq. (8), W = 0, we obtain the expression that conditions 
the intensity of Lamb waves when the plate contacts pure water: 

𝐼𝑙,𝜈
∗ = 𝐼0,𝜈 𝑒𝑥𝑝 {−

𝜌𝑤

𝜌
𝐶𝜈𝑙}. (9) 

It is easy to demonstrate that considering Eq. (9), Eq. (8) can 
be presented as follows: 

𝐼𝑙,𝜈 = 𝐼𝑙,𝜈
∗ 𝑒𝑥𝑝 {−𝑊

[𝜌𝑠𝑜𝑙−𝜌𝑤]

𝜌
𝐶𝜈𝑙}. (10) 

As seen from Eq. (10), the signal  

𝑆 = 𝑙𝑛 (
𝐼𝑙,𝜈

∗

𝐼𝑙,𝜈
) = 𝑊

[𝜌𝑠𝑜𝑙−𝜌𝑤]𝐶𝑣𝑙

𝜌
, (11) 

is proportional to the volume fraction of the solid in the slurry W 
and does not depend on gas bubbles’ availability. 

Let us analyse the basic factors determining magnetic suscep-
tibility of the iron ore slurry. 

As is known, magnetic susceptibility is determined by the fol-
lowing relation (Bogdanov, 1983): 

𝜇𝑟 = 1 + 𝜒𝜌,  (13) 

where  is volume magnetic susceptibility. 
According to their magnetic properties, ore minerals are divid-

ed into strongly and weakly magnetic. Rock-forming minerals are 
usually non-magnetic. 

Magnetite (FeO.Fe2O3) is a basic strongly magnetic iron-
bearing mineral. According to Karmazin and Karmazin (1978), it is 

characterised by the following parameters: Curie point  = 578 С; 
saturation magnetisation Jз = 451–454 kА/m; coercive force 
Нс = 1.6 kА/m; initial specific magnetic susceptibility 

 =  (0.18−1.28) × 10−2 m3/kg. Magnetic saturation of magnetite 
starts with magnetisation in the field of 320 kА/m.  

Tab. 1 presents the data on the magnetic properties of weakly 
magnetic iron-bearing minerals. One of the basic peculiarities of 
strongly magnetic substances is the dependency of their magnetic 
flux density or magnetisation on the field intensity. Fig. 1 depicts 
the dependency of specific magnetic susceptibility of magnetite on 
the magnetic field intensity. 

The magnetic properties of magnetite are also dependent on 
the particle size. When particles become smaller, the coercive 
force rises, while the specific magnetic susceptibility falls 
(Karmazin and Karmazin, 1978). Specific magnetic susceptibility 
is determined using the expression 

𝜒0 =
𝜒

1+𝑁𝜌𝑠𝑜𝑙𝜒
, (14) 

where sol is the density of solid particles; N is the demagnetisa-
tion factor established to be equal to 0.16 for magnetite (Karmazin 
and Karmazin, 1978). 

Fig. 2 shows the dependency of magnetic susceptibility  of 
pure magnetite on particle size r. Specific magnetic susceptibility 
of the magnetite aggregate with weakly magnetic or non-magnetic 
minerals depends only on magnetite content. It is explained by the 

fact that the specific magnetic susceptibility even of martite, with 

relatively high specific susceptibility of   9 × 10−6, is 100-fold 

lower than that of magnetite, and that of other weakly magnetic 
minerals is even several-fold lower. 

Tab. 1. Magnetic properties of weakly magnetic iron-bearing minerals 

Minerals 
Chemical 
formula 

Fe content 
in pure 

mineral, % 

Specific 
magnetic 

susceptibil-

ity,  

10−8 m3/kg 

Magnetite Fe3 O4 72.4 < 1,20,000 

Martite Fe2 O3 70.0 < 880 

Hematite Fe2 O3 70.0 80–220 

Siderite Fe CO3 48.2 75 

Brown hematite nFe2 O3
.mH2O up to 60.0 40–90 

Goethite FeOOH 62.9 32 

 
Fig. 1. Dependencies of specific magnetic susceptibility  
            on the magnetic field intensity 

 
Fig. 2. Dependency of specific magnetic susceptibility χ  
           on magnetite particle size 

Fig. 3 provides the dependency of the relative volume 

magnetic susceptibility  of the aggregate – as a ratio of the 

volume susceptibility of the aggregate aver to the volume suscep-

tibility of pure magnetite  – on the volume concentration of mag-
netite Сm under three variants of non-magnetic inclusions. In the 
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first variant, inclusions are shaped as ellipsoids the long axis of 
which is parallel to the field intensity (Fig. 4); in the second vari-
ant, they are shaped as balls, and in the third variant, as ellipsoids 
the long axis of which is perpendicular to the field (Bogdanov, 
1983; Karmazin and Karmazin, 1978; Weinberg, 1966; Derkach, 
1966). 

 
Fig. 3. Dependency of relative volume magnetic susceptibility of the 

aggregate on the volume concentration of magnetite inclusions: 1 
– inclusions shaped as ellipsoids; 2 – inclusions shaped as balls; 
3 – inclusions shaped as ellipsoids the long axis of which is 
perpendicular to the field; 4 – averaged characteristic 

 

Fig. 4. Scheme of magnetisation in a magnetic field of a ferromagnetic  
            ellipsoid the long axis of which is parallel to the field 

It is evident that as the shape of non-magnetic inclusions and 
location of their long axis in relation to the field in the aggregate 
can vary, for practical purposes, only averaged values can be 

used in determining the value of . 

5. INVESTIGATION RESULTS 

For practical purposes, while determining the relative volume 
magnetic susceptibility of the aggregate under the field intensity of 

50 kА/m, if ore formations are extracted from magnetite, the 
following expression is most often used (Karmazin and Karmazin, 
1978): 

𝜆 =
𝜒𝑠𝑝𝑙

𝜒0
= 10−4𝛼2, (15) 

where spl is the volume magnetic susceptibility of the aggregate; 

0 is the volume magnetic susceptibility of particles of pure mag-

netite, and  is the magnetite content in the aggregate. 
When passing from volume magnetic susceptibility to the spe-

cific one, it should be taken into account that the density of the 
aggregate rises when the magnetite content increases. For exam-

ple, if the slurry solid phase consists of magnetite of 

5 × 103 kg/m3 density and rock-forming minerals, such as quartz 

and silicate, of 2.8 × 103 kg/m3 density, the magnetic susceptibil-
ity of the aggregate is  

𝜒𝑠𝑝𝑙
′ =

𝜒𝑠𝑝𝑙

𝜌𝑠𝑝𝑙
≈

1.13⋅10−5𝛼2

127+𝛼
,   (16) 

where spl is the density of the aggregate. 
Fig. 5 shows the dependency of the relative specific magnetic 

susceptibility 𝛫 on the magnetite content in the aggregate . 
As the specific susceptibility of inclusions of weakly magnetic 

and non-magnetic minerals does not depend on the field intensity 
and particle shape, their magnetic susceptibility is determined by 
the following expression: 

𝜒𝑠𝑝𝑙 = ∑ 𝛼𝑖𝑚
𝜔
𝑖=1 𝜒𝑖𝑚 ,  (17) 

where im is the content of the weakly magnetic or non-magnetic 

i-th mineral in the aggregate; im is specific magnetic susceptibility 
of the weakly magnetic or nonmagnetic i-th mineral. 

 

Fig. 5. Dependencies of the relative specific magnetic susceptibility 𝛫 
          on the magnetite content in the aggregate  

 
Fig. 6. Dependency of the volume magnetic susceptibility on the volume  
            concentration of magnitite: 1 – theoretical; 2 – experimental 

Magnetic susceptibility of the controlled material is dependent 
not only on the volume concentration of magnetite but also on the 
medium in which its particles occur. Magnetic susceptibility of the 
iron ore slurry is almost directly proportional to the magnetite 
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concentration (Bogdanov, 1983; Karmazin and Karmazin, 1978; 
Weinberg, 1966; Derkach, 1966). 

Fig. 6 provides the experimental dependency of slurry suscep-
tibility on volume concentration of magnetite (slurry density is 
1,350 g/cm3, the content of 74 particles makes 75%). Similar 
dependency is obtained via computation. Differences between the 
theoretical and experimental results with large magnetite concen-
trations can be apparently explained by the interaction of particles 
within the slurry that makes their orientation more complicated. 

Let us consider the magnetisation of the ferromagnetic slurry 
in the magnetic field. As is known, a magnetisation vector or a 
magnetic moment of the volume unit of a substance is a quantita-
tive criterion of its magnetisation. 

 𝐼 =
𝛥�⃗�𝑚

𝛥𝑉
,  (18) 

where 𝛥𝑝𝑚 is the total magnetic moment of the volume V of the 
magnet.  

We denote the volume fraction of the solid component in the 

slurry by W. Let us select the volume V in the magnetised slurry 
and determine its magnetisation as a module of the magnetisation 
vector. 

|𝐼| ≡ 𝐼.  (19)  

We denote the value of magnetisation of pure magnetite 
(100%) by IM and determine the magnetic moment of the volume 

V of the slurry if it is within the magnetic field H > Hn (magnetic 
field intensity under which saturation starts). We shall assume that 

the value determines the fraction of the magnetic component in 
the slurry solid phase. In this case, magnetisation will be deter-
mined by the following expression:  

𝐼𝑠𝑙 =
𝑊𝜏 𝜂𝛥𝑉𝐼𝑀

𝛥𝑉
= 𝑊𝜏𝜂𝐼𝑀 .  (20) 

On the other hand, it is known that magnetisation of a sub-
stance (including slurry) is determined by the magnetic field inten-
sity H: 

𝐼𝑠𝑙 = 𝜒𝐻,  (21) 

where  is the magnetic susceptibility of the substance. 
Setting the left and the right parts of Eqs (20) and (21) equal, 

we obtain 

𝜒𝐻 = 𝑊𝜏𝜂𝐼𝑀 . (22) 

When using Lamb waves to assess the volume fraction of the 
slurry solid phase, the following signal is formed (Morkun et al., 
2014): 

𝑆 ≡ 𝑙𝑛 (
𝐼0,𝜈

𝐼𝑙,𝜈
) = 𝑊𝜏

(𝜌𝑠𝑜𝑙−𝜌𝑤)

𝜌
С.  (23) 

After dividing the left and the right parts of Eqs (13) and (14), 
we obtain 

𝜒𝐻

𝑙𝑛(
𝐼0,𝜈
𝐼𝑙,𝜈

)
=

𝑊𝜏𝜂𝐼𝑀

𝑊𝜏
(𝜌𝑠𝑜𝑙−𝜌𝑤)

𝜌
С𝑣

=
𝜂𝐼𝑀

(𝜌𝑠𝑜𝑙−𝜌𝑤)

𝜌
С𝑣

. (24)  

It follows from Eq. (24) that 

𝜂 = [
(𝜌𝑠𝑜𝑙−𝜌𝑤)

𝜌𝐼𝑀
С]

𝜒𝐻

𝑙𝑛(
𝐼0,𝜈
𝐼𝑙,𝜈

)
.  (25) 

The expression in square brackets is almost a constant value 
denoted by A. Then, Eq. (25) will become shorter 

𝜂 = 𝐴
𝜒𝐻

𝑙𝑛(
𝐼0,𝜈
𝐼𝑙,𝜈

)
= 𝐴

(𝜇−1)𝐻

𝑙𝑛(
𝐼0,𝜈
𝐼𝑙,𝜈

)
,  (26) 

where r = 1+ is the relative magnetic permeability of the slurry 
within the magnetic field of intensity H. This formula is the basis 
for determining the fraction of the magnetic component in the solid 
phase of the slurry. 

6. DISCUSSION OF MATERIALS 

The general scheme for measuring the ferromagnetic compo-
nent in the iron ore slurry flow is given in Fig. 7.  

 

 

Fig. 7. Scheme for measuring the ferromagnetic component content in the slurry flow 

 
In measuring Module 1, ultrasonic control of the volume frac-

tion of the solid phase of the slurry is performed by means of 
Lamb waves (5 MHz), which extend from the sonotrode to a re-
ceiver, which are arranged at a distance l = 300 mm. In measuring 
Module 2, the slurry is magnetised and its magnetic susceptibility 
is measured. Measuring Module 2 is a solenoid containing n 
winds per unit length (Fig. 8). When direct current is imposed 
through the solenoid Jo, a homogeneous magnetic field of intensi-
ty H appears inside it:  

𝐻 = 𝑛 ⋅ 𝐽0.  (27) 

To determine magnetic susceptibility 𝜇, we apply the known 
ratio 

𝐻 =
𝐵

𝜇𝜇0
, (28) 

where B is the magnetic flux density in the slurry, and 0 is the 
magnetic permeability of vacuum.  
  

Module 1 Module 2 
  

l   sonotrode 
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Thus, it is necessary to measure B and H to determine .  If H 
is definitely determined through conduction currents Jo according 
to Eq. (27), in order to find B, we can use classical measuring 
schemes. Fig. 7 presents one of the ways of determining B. If the 
vessel walls of the measuring module are made of non-magnetic 
material, we can define the value B by means of the auxiliary 
winding 3 or coil 4. 

 
Fig. 8. Measuring Module 2 for determining the magnetic characteristics  
            of the slurry: 1 - walls of the vessel with the slurry; 2 –solenoid  
            winding; 3,4 – auxiliary winding or coil; S – cross-sectional area 

While switching on and off the magnetic field, there appears a 
short-time current in the auxiliary coil and a charge q runs along 
the circuit, the value of which is proportional to the magnetic flux 
density B: 

𝑞 =
𝑁⋅𝑆⋅𝐵

𝑅
,  (29) 

where N is the number of winds of the auxiliary coil, S is the area 
of the cross-section determined by the inner diameter of the mod-
ule, R is the full resistance of the measuring circuit (resistance of 
the winding of the auxiliary coil and input resistance of the meas-
uring device).  

Thus, by measuring the full charge of the short-time current in 
the auxiliary coil, we can determine B: 

𝐵 =
𝑞⋅𝑅

𝑁⋅𝑆
  (30) 

𝜇 =
𝐵

𝜇𝑜𝐻
=

𝑞𝑅

𝜇𝑜𝑁𝑆𝑛𝐽𝑜
= 𝑞𝐶1.  (31) 

where 𝐶1 =
𝑅

𝜇0𝑁𝑆𝑛𝐽0
 is a constant value. 

The final expression for finding the fraction of the magnetic 

component  in the slurry looks as follows: 

𝜂 = 𝐴
(𝜇−1)𝐻

𝑙𝑛(
𝐼0,𝜈
𝐼𝑙,𝜈

)
= (𝐴𝑛𝐽𝑜)

(𝑞𝐶1−1)

𝑙𝑛(
𝐼0,𝜈
𝐼𝑙,𝜈

)
= 𝐴1

(𝑞𝐶1−1)

𝑙𝑛(
𝐼0,𝜈
𝐼𝑙,𝜈

)
.  (32) 

The constants A1 and C1 are determined by calibrating the 
system. The constant C1 is determined in laboratory conditions in 
the way described below. 

In the empty measuring Module 2, the charge qc is measured 

while switching on/off the magnetic field. If the value of r for the 
air can be considered equal to ‘1’, the following condition is ob-
served: 

𝑞𝑐𝐶1 − 1 = 0.  (33) 

This results in 

𝐶1 =
1

𝑞𝑐
. (34) 

The second calibration stage is conducted in the real slurry. 

Measurements are conducted in both modules, and the value 
(𝑞𝐶1−1)

𝑙𝑛(
𝐼0,𝜈
𝐼𝑙,𝜈

)
 is determined. Then, the slurry is selected for analysing 

the magnetic component content 𝜂. The proportionality factor is 
found according to Eq. (32): 

𝐴1 =
𝜂

[
(𝑞𝐶1−1)

𝑙𝑛(
𝐼0,𝜈
𝐼𝑙,𝜈

)

]

. (35) 

If the measuring Module 2 is made of magnetic material, the 
auxiliary measuring coil should be placed inside it. A measuring 
probe placed inside the module can be another option (Fig. 9). 

 
Fig. 9. Variant of measuring Module 2 for determining the magnetic  
            characteristics of the slurry by means of inner probes 

The probe should be a prolate ellipsoid to ensure homogenei-
ty of the magnetic field inside the probe (Fig. 10). Besides, it 
should be made of non-magnetic material. The shape of the ellip-
soid should create a narrow clearance corresponding to the 
washer. With this shape, the magnetic field B inside the probe is 
close to the field in the slurry.  

There is either a circular coil or a Hall sensor inside the probe 
(Fig. 9). For the circular coil, the procedure of determining the 
magnetic component does not change and is relevant to the 
above. As for the Hall sensor, instead of measuring the charge, 
voltage is measured and determined by the following expression: 

𝛥𝑈 = 𝑅𝑥𝑗𝑎𝐵 = 𝐶𝑥𝐵.  (36) 

where j is the current density; a is a design factor of the sensor; 
and Rx is the Hall constant. 

 

Fig. 10. Structure of the measuring probe: 1 – measuring probe; 
              2 – internal cavity equivalent to the probe; 3 –measuring coil;  
              4 – Hall sensor 
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It follows from the formula that the magnetic flux density B is 

proportional to voltage U. So, the magnetic component  in the 
slurry can be found according to the following expression. 

𝜂 = 𝐴2
(𝛥𝑈𝐶2−1)

𝑙𝑛(
𝐼0,𝜈
𝐼𝑙,𝜈

)
,  (37) 

which is similar to Eq. (32). 
The results of testing the device used for controlling the con-

tent of the ferromagnetic component in the slurry flow are given in 
Fig. 11. 

 
Fig. 11. Testing results of the device for controlling the ferromagnetic  
              component content in the slurry flow 

The results of testing of the device used for controlling the 
content of the ferromagnetic component in the slurry flow by 
ultrasonic and magnetic measurements indicate that the error in 
measurement of the iron content in the solid phase of the slurry 
does not exceed 0.47%. 

7. CONCLUSIONS 

The results of laboratory and industrial testing of the device 
developed for controlling the ferromagnetic component content in 
the slurry flow by ultrasonic and magnetic methods indicate its 
high accuracy and reliability. Considering the fact that the error of 
measuring iron content in the solid phase of the slurry does not 
exceed 0.47%, it can be recommended for wider application at 
magnetic concentration plants as a CAPCS means.  
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