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Abstract: The magnetic field distribution along the radius and height in the working chamber of
a hydrocyclone with a radial magnetic field is studied. One of the most important parameters of
magnetic hydrocyclones is the magnetic field distribution along the radius and height of the working
chamber. It is necessary for calculating the coagulation forces and the magnetic force affecting
the particle or flocculus. The magnetic field strength was calculated through magnetic induction,
measured by a teslameter at equal intervals and at different values of the supply DC current. The
obtained values for the magnetic field strength are presented in the form of graphs. The field
distribution curves produced from the dependences found earlier were constructed. The correlation
coefficients were calculated. It was proven that the analyzed dependences could be used in further
calculations of coagulation forces and magnetic force, because theoretical and experimental data
compared favourably with each other. The distribution along the radius and height in the cylindrical
part of the magnetic hydrocyclone was consistent with data published in the scientific literature.
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1. Introduction

Magnetic hydrocyclones are effective in use when fast cleaning of large amounts of lubricating
and cleaning fluids is required. However, the scope is not limited to this case. Magnetic hydrocyclones
can be successfully used to extract ferromagnetic particles from the waste process liquid, to obtain
iron powders and enrich iron ores, etc. [1]. Recently, in order to increase the efficiency of trapping
mechanical impurities, superposition of electric fields is used [2]. A magnetic hydrocyclone is one
of such devices. There are various designs of these devices, the classification of which is shown in
Figure 1.

Electromagnetic hydrocyclones with a superposed magnetic field in the cylindrical part of the
body are the most widely used, i.e., with a radial magnetic field, known as the Fricker hydrocyclone
(Figure 2a) and with an external magnetic field, known as the Watson hydrocyclone (Figure 2b). One of
the most important parameters of devices used for cleaning viscous media from magnetic impurities is
the distribution of the magnetic field in the working chamber. To calculate the coagulation forces and
the magnetic force acting on a particle or floccula, it is necessary to know the magnetic field strength at
each point of the working chamber [3]. In the Fricker hydrocyclone, a stator of a DC motor is used
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as a source of a magnetic field, if it is required to create a continuous magnetic field, or a stator of an
asynchronous motor, if it is required to create a rotating magnetic field [4].

Classification of magnetic hydrocyclone
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Figure 1. Classification of magnetic hydrocyclones.
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Figure 2. The Fricker hydrocyclone (a) and the Watson hydrocyclone (b).

For the purpose of this paper, the distribution of an inhomogeneous magnetic field in the cylindrical
part of a magnetic Fricker hydrocyclone will be analyzed. The complexity of the assessment lies in the
fact that the field strength varies both in the radius of the apparatus and in height. The objective is to
verify experimentally the dependencies obtained previously.

2. Materials and Methods

To verify the accuracy of the compiled dependence, the magnetic field was measured in
experimental samples of magnetic hydrocyclones. The magnetic field strength was assessed through
magnetic induction, measured by a teslameter at equal intervals and at different values of the supply
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DC. Magnetic field was measured using an EM4305 teslameter (TU U 33.2-00226098-022-2001) at the
walls of the magnetic circuit in the plane with the magnetic circuit at the outer the walls of the apparatus.

Issues related to the distribution of the magnetic field in an electromagnetic hydrocyclone have
been considered by many scientists [1-3,5-7]. The work by J. Chen shows the experimental data on the
change in the magnetic field strength along the radius [8]. However, they lack analytical expressions
for determining the field strength in a hydrocyclone. In addition, his work shows graphs of changes
in field strength in the working chamber only along the radius, while the field also changes with the
height of the apparatus. The work by V. I. Prosvirnin gives a more complete picture of the distribution
of the magnetic field by experimental measurement of the magnetic field in the cylindrical part of
the hydrocyclone by the radius and height of the apparatus (Figure 2) [9]. The article [2] gives an
analytical expression of the criteria for evaluating magnetic hydrocyclones based on the assessment of
the magnetic field in the working field [10].

3. Results

V. L. Prosvirnin proposed the following formula for changing the magnetic field strength of the
Fricker hydrocyclone:

Rg
where H)) is the value of the magnetic field in the output (maximum intensity), A/M; Ry is the radius of
the outlet, m; R is the radius at which the field strength value is to be calculated, m.

As a source of information on the change in the magnetic field strength along the radius, the data
by J. Chen [11-14] were used. When comparing the data obtained empirically with Formula (1), it
can be seen that for small values of tension, they are in good agreement with each other (Figure 3a).

H(R) = Hy

However, with a significant increase in the current in the coil (Figure 3b), the relative error between the
experimental and theoretical readings can be up to 90%. Thus, to apply the Formula (1) is unacceptable
for significant values of the magnetic field strength.

Formula (1) can be upgraded so that it takes into account the above disadvantage:

H(R) = H .(&)N @)
=Ho-(%
where N is the empirical coefficient, which can be found from the following relation:
In(H;/Hy)
N=—+7—+—+=, 3
In(Ro/R1) ©

where Hj is the intensity of the magnetic field in the point with the radius Ry, A/M.

For the most accurate results, H; should be measured at the wall of the cylindrical portion of
the hydrocyclone. Despite the fact that the calculation of devices for separating magnetic particles
from viscous and fluid media has been studied by many authors, we believe that it is necessary to
experimentally find the magnetic field strength at the nodal points.

Formula (1) is a special case of the Formula (2) with n = 1.

As the expression H(R), either (2) and (3) or the other empirical formula may be used:

4)

H(R) = Hy + (Ho - Hy) 'eXP(—W),

R1—Rg

where H; is the magnetic field strength at the wall of the cylindrical part of the hydrocyclone; R; is the
radius of the cylindrical part of the hydrocyclone; 15 is the coefficient taking into account the curvature
of the graph.

The analogy of Formula (4) with the transition process of the inertial link of the first order is
obvious. Based on this, we can safely say that the value of Ri/n is an analogy of the time constant T
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and the coefficient n; = 3 + 5, because transient time lasts 3 + 5T. Obviously, the greater is the curvature
of the distribution of the magnetic field along the radius, the greater is the value of the coefficient n;.

The boundary conditions are as follows:

- with R = Ry: H(R) = Hy;

-with R = Ry: H(R) = Hy + (Ho — Hy) - ™™, as n takes on a value more than 3, i.e., e™" < 0.05
and the second term can be neglected due to its smallness, therefore H(R) = H;.
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Figure 3. The change in magnetic field strength along the radius at various currents in the winding;:
@I=1A;(b)I=8A.

The results of applying Formula (4) are given in Figure 4.
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Figure 4. Change in magnetic field strength along the radius at various currents in the winding:
(@I=1A,n=4Mb)I=8A,n =57.

As an expression H(Z) the authors use the formula compiled by analogy with the previous:

H(Z) = Hy + (Hp - H») 'eXP(— Zz'fz ) (5)

where H, is the magnetic field strength at the bottom of the hydrocyclone; Z; is the height of the
cylindrical part of the hydrocyclone; n; is the coefficient taking into account the curvature of the graph.



Computation 2020, 8, 42 50f9

Z, is selected approximately 1/3 of the distance between the source of the magnetic field and the
end of the magnetic circuit. As a source of information on the change in the magnetic field intensity
with height, we use the data by V. I. Prosvirnin [10]. Graphs showing the data obtained with the
Formula (6) and the experimental data are shown in Figure 5.
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Figure 5. Change in magnetic field strength in height at various currents in the winding: (a) I =10 A,
n 25;(b)I=4OA,1’11 =6.

The authors propose the following model of a change in the magnetic field in the chamber along
the radius and the height of the hydrocyclone:

H(R,Z) = H'1(Z) + (H'o(Z) - H'1(Z)) -exP(_ (RRl_—Ilioo) '")
H'y (Z> =Hy + (Hl —H;)_) -exp(—ZZ—'ln) (6)

H'o(Z) = Hs + (Ho — Hs) - exp(-%2)

where H(-Hj are the magnetic field strengths which are measured at the specified points (Figure 6).
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Figure 6. The changes in the magnetic field strength in the hydrocyclone working chamber.
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>> R1 =[0.021, 0.031, 0.041, 0.051, 0.061, 0.071, 0.081, 0.091, 0.101];

>> Expl =[2.5,1.5,0.86, 0.65, 0.54, 0.48, 0.43, 0.41, 0.4];

>> Forl = Exp1(1)*(R1(1)./R1);

>> For2 = Exp1(1)*(R1(1)./R1)."1.35;

>> plot(R1, Expl, 'b-");

>> hold on;

>> plot(R1, Forl, 't-);

>> plot(R1, For2, 'm:’);

>> hold off;

>> grid;

>> title('The change in magnetic field strength along the radius at various currents in the winding:
(@I=1A;(b)I=8A";

>> xlabel('Radius of hydrocyclone R, m’);

>> ylabel(’"Magnetic field strength H*10°4, A/m’);

>> text(R1(9), Exp1(9),’\leftarrow experiment’);

>> text(R1(9), For1(9),"\leftarrow Formula (1)");

>> text(R1(9), For2(9),’\leftarrow Formula (2)’);

For the coefficient n to be determined in a more accurate way, its arithmetic mean of n; and np
may be taken. To do this, one should take the value of the magnetic field at points Hy and Hs, located
at a distance of 1/3 of the total height of the magnetic circuit, as it is most likely that one will find the
true value of the coefficients at this height:

Zy Hy—Hp
n = —-—=-- 11‘1( — )

AN e @)
Nnp = _Z_Z -ln(Hl_H3 .

The results of modeling with Hy = 2.5 x 10* A/M, H; = 1 x 10* A/M, H, = 0.5 x 10* A/M,
Hj = 0.3 x 10* A/M, n =5 are given in Figure 7.
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Figure 7. The change in the magnetic field strength in the working chamber of the hydrocyclone,
calculated by the Formula (6).
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The model for changing the magnetic field strength in the working chamber along the radius and
height of the hydrocyclone can be simplified using the Formula (2).
The simplified formula will be as follows:

®)

To verify the dependencies in the laboratory, an electromagnetic hydrocyclone was tested. The
magnetic field in the separation zone was measured with a teslameter F 4354/1 in various sections along
the radius and height of the cylindrical part. Figure 8 shows the dependences of the magnetic field
strength H on the height of the cyclone & measured on the outer surface of the outlet pipe (Figure 8a)
and on the inner surface of the cyclone body (Figure 8b). The field is constant in absolute value along

the greater part of the cyclone height /;; (0.4-1.6 m) — 1.6 m). It reaches 1.8 x 10* A/m (up to 200 E).
Therefore, it is sufficient for the coagulation of ferromagnetic particles.

H(R,Z) = [Ha + (Ho - H3) 'e_%] ' (%)N
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Figure 8. The distribution of the magnetic field in an electromagnetic hydrocyclone on the outer surface
of the outlet pipe (a) and the inner surface of the hydrocyclone body (b) at different currents.

The data obtained experimentally were verified with theoretical studies based on Formula (9).
The maximum and minimum field values were taken as the initial and final values of the field strength
(without taking into account the small curvature of the field in the lower part and inaccuracies in the
measurements). The correlation coefficient between experiment and theory is presented in Table 1.

Table 1. The coefficient of correlation between the experiments and the theory.

Measurement The Current in the Coil, A
Point 24 20 12 4
Point A 0.983 0.955 0.981 0.973
Point B 0.764 0.855 0.967 0.949

As it can be seen from Table 1, Formula (9) may be used with the high accuracy.
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4. Discussion

The study presents mathematical models that display the change in the magnetic field in the
Fricker hydrocyclone working chamber. Experimental research of the distribution of magnetic field
strength in the hydrocyclone working chamber with a radial magnetic field in radius and height was
conducted. The data obtained were compared with theoretical ones. In most cases, the correlation
coefficient between the experiment and the theory was not less than 0.95, i.e., a high degree of similarity.
The empirically produced data coincide with the previously given dependence of the field changes in
the cylindrical part of the apparatus, required for calculating coagulation forces and magnetic force.
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