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Abstract
Introduction. The key stages of sludge processing technology are the destruction of conglomerates into metal and non-

metal components, as well as the grinding of component particles to obtain secondary raw materials of the required
granulometric composition. The use of a rotating electromagnetic field for processing grinding sludge makes it possible
to exclude the application of various means of destruction and grinding, avoiding contact interaction of agglomerates
and the walls of the working chamber. Thus, the material consumption of technical means is reduced, and the efficiency
of the destruction process is increased. The study aimed at establishing the features and basic patterns of sludge waste
processing in devices with a rotating electromagnetic field.

Materials and Methods. For the research, grinding sludge was used, which was a collection of conglomerates of
arbitrary shape, consisting of 80-85 % of metal chips. An induction method was applied based on establishing the
connection of the EMF induced in an induction sensor and the magnetic induction of a rotating electromagnetic field.
The influence of induction on the nature of interaction between sludge particles in a rotating electromagnetic field was
evaluated by changing the relative EMF signal induced in an inductive sensor.

Results. As a result of experimental studies conducted using the induction method, it has been found that the dynamic
characteristics of sludge waste conglomerates depend on the induction of a rotating field to a certain value. With an
increase in the size of sludge conglomerates, with the same size of ferromagnetic particles entering it, the magnitude of
the magnetic field induction required for their destruction decreased. With a decrease in the particle size of
conglomerates, the field induction required for the destruction of conglomerate bonds increased. An increase in the
number of particles in the conglomerate reduced the value of induction. The degree of destruction of the conglomerate
and the grinding of its ferromagnetic particles depended on the duration of the rotating electromagnetic field induction.
Discussion and Conclusions. The proposed induction method makes it possible to investigate the influence of
electromagnetic field parameters on the change in the state of the magnetic vibrating layer, as well as to evaluate the
kinematic characteristics of ferromagnetic medium particles in the magnetic vibrating layer.
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Introduction. The technology of processing one of the most complex types of metal production waste — grinding
sludge — to reuse its components in powder metallurgy and foundry production requires a number of successive stages:
separation of process liquid (PL), drying, destruction of conglomerates, grinding, and separation of sludge
solids [1-10]. The analysis has shown that the last two stages of sludge processing are the most labor-intensive, and the
technical means and devices used for their implementation, despite their diversity, are ineffective in a number of
technical-and-economic indices [1-15]. The latest achievements in the field of magnetism provide solving this problem

on a qualitatively new level using a rotating electromagnetic field (Fig. 1).
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Fig. 1. Sludge processing scheme in a rotating electromagnetic field:
1 — housing; 2 — inductor; 3 — working area; 4 — sludge; 5 — replaceable sleeve (the authors' figure)

The use of a rotating electromagnetic field (REMF) for the processing of grinding sludge makes it possible to
exclude the contact interaction of conglomerates with the working chamber walls and the use of metal beaters or other
means of destruction and grinding. Thus, the material consumption of technical means is reduced, the efficiency of the
processes of destruction of conglomerates and the grinding of metal particles of sludge is increased [16, 17].

A set of theoretical and experimental studies has been carried out to define the features and basic laws of sludge
waste processing in devices with a rotating electromagnetic field. The results are presented in this paper.

Materials and Methods. The sludge to be destroyed and crushed is a collection of conglomerates of arbitrary
shape, consisting of 80—-85 % metal chips, which makes it possible to characterize the conglomerate as a solid with
ferromagnetic properties [14].

When conglomerates are found in a rotating electromagnetic field characterized by induction B=Bvcoswt and
angular velocity o, they perform a complex movement, bringing the system into a magneto-vibratory state. In this case,
a magnetic vibrating layer (MVL) is formed, under which their contact interaction and, as a consequence, destruction
and grinding occur.

The energy state of conglomerates in the MVL is described by the dependence in the form:

_ Lem’[B) | 1 (9B,
_an2[1+m(6y)]’ﬂm' 1
where p,,, — magnetic moment, Am?; % — field gradient, A/m?.
Based on equation (1), the energy conditions for the destruction of conglomerates are established:
e’ [B5 1 (3B0\*] _
nwz[l +m(ay)]_EaM’ (2)

where E,,. — adhesive strength of conglomerates, J.
Conditions for grinding ferromagnetic sludge particles with a degree of Z,, = Dy /Dy based on (1), has the form:
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where ¢ — ultimate strength at destruction of ferromagnetic particles, Pa; D, and D, — initial and final equivalent
diameters of the particles, m; E — elastic modulus of the particle, Pa.

To study the influence of the electromagnetic field on the energy state of the MVL, an induction method was
used (Fig. 2), based on establishing the connection of the EMF induced in the induction sensor with the magnetic
induction of a rotating electromagnetic field.

Fig. 2. Scheme for implementation of studies on the MVL state in a rotating electromagnetic field by induction method:
1 — inductor, 2 — inductive coil, 3 — cuvette, 4 — sludge, 5 — cuvette cover (the authors' figure)

An inductance coil is selected as the sensor. To create the coil, a frame with a width (H) of 25 mm and an outer
radius (R,) of 17.5 mm was made. Winding wire — PEL (GOST 2 773-78) with diameters: copper D; = 0.15 mm,
insulated D = 0.18 mm. The cross-sectional area of the wire was S = 0.01767 mm®. The measured resistance of the coil
was 14.8 ohms. The inductance was 0.82 mH. The total number of turns was 139, the wire length was 15.27 m. The
calculated resistance of the coil (1 m — 0.99 ohms) R = 15.27% 0.99 = 15.1 ohms.

The inductive sensor 2 and the cuvette 3 were placed in a cylindrical working area of the device with a rotating
electromagnetic field (Fig. 1). The current in the circuit of the inductive sensor was controlled by a multimeter. Under
various modes, it was 4.3-11.4 A. First, the induction EMF was measured without sludge waste particles, and then —
with the studied samples of sludge waste at the selected parameters of the device with REMF.

Sludge waste conglomerates in a rotating electromagnetic field under the action of a moment tending to rotate them
around the center of mass, perform, on the one hand, rotational motion, and on the other, translational motion in the
direction of the external rotating electromagnetic field. Thus, the behavior of the magnetic moments of conglomerates
under the action of ponderomotive forces can be characterized in the plane of the measuring coil of the XOY induction
sensor as vibration-rotational and vibration-translational motion according to the harmonic law in a magnetic field (Fig. 3).
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Fig. 3. Orientation of magnetic moment p,,, in the induction converter space (the authors' figure)
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The induced EMF, in accordance with the law of electromagnetic induction, is equal to:
= (4)
="
where ¢y = N® — flux linkage; N — turn number of the measuring coil.
We express magnetic flux through the surface bounded by the contour of the coil of the induction converter L with

radius R, in the following form:

® = BS,, ®)
where S, — coil contour area; S, = mr?; r — middle radius of the coil contour, B — induction of a rotating
electromagnetic field. In this case:

B = B,. (6)

The expression for calculating EMF of a multiturn induction converter is as follows
£ = §N30n2R2f1. @)
The influence of induction on the nature of the interaction between sludge particles in a rotating electromagnetic
field was evaluated through changing the relative EMF signal induced in an inductive sensor, according to the ratio:

, (8)

Ae _ (e—gp)
€o €o

where g and g — EMF in the sensor with and without medium, respectively.
Research Results. Figures 4, 5 show the results of an induction study of the effect of a rotating electromagnetic
field on the energy state of sludge particles, and Figures 6-8 show the main technological patterns of the process of

destruction of conglomerates in devices with a rotating electromagnetic field.
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Fig. 4. Experimental dependence of relative signal As /e on supply frequency (f), which determines induction of a rotational
electromagnetic field at the level of loading of the working area of the device with a ferromagnetic medium:
1—0.3%;2—0.5%; 3— 0.75 % (the authors' figure)
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Fig. 5. Experimental dependence of relative signal Ag /& on the sludge loading factor in the working area of the device with a REMF

determining induction of a rotational electromagnetic field: 1 — 10 Hz; 2 — 30 Hz; 3 — 50 Hz (the authors' figure)
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Fig. 6. Effect of the size of sludge conglomerates on the magnetic field induction
value required for their destruction at the particle size r in the conglomerate:
1—50 um; 2—40 um; 3— 30 um; 4 — 20 pm; 5 — 10 um (the authors' figure)
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Fig. 7. Dependence of the separated abrasive on time at output
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Fig. 8. Histogram of particle size distribution after 5 minutes of exposure to the magnetic vibrating layer (the authors' figure)

Discussion and Conclusions. Experimental studies conducted by the induction method have clearly shown that the
dynamic characteristics of sludge waste conglomerates depend on the induction of a rotating field. As shown in
Figure 4, a change in the field induction to value B, contributes to an increase in the energy activity of conglomerates in
the magnetic vibrating layer. The processes that provide the technological effect of destruction of sludge waste
conglomerates with a size of 10 um proceed more intensively. A further increase in induction from B; to B, causes a
decrease in the energy activity of conglomerates in the MVL, as shown by the induction method. This is due to the fact
that with increasing induction, the degree of chaotization of conglomerates decreases, and chain complexes begin to
form from them, creating so-called “magnetic strings”, whose vibration speed and amplitude are less than the vibration
speed and amplitude of individual conglomerates. At B > B,, “magnetic strings”, due to the growth of magnetostatic
interaction, assume a stable character, significantly reducing the effect of magnetic vibration of sludge waste
conglomerates, practically reducing it to zero at a high level of induction of a rotating electromagnetic field.

The study results presented in Figures 6—8 allowed us to draw the following conclusions:

— with an increase in the size of the sludge conglomerates, with the same size of the ferromagnetic particles entering
it, the magnetic field induction value required for their destruction decreases, which is consistent with the model
representations of the energy evaluation of the magnetic vibrating layer;

—with a decrease in the particle sizes of conglomerates, the field induction required for the destruction of
conglomerate bonds increases; curve analysis suggests that for conglomerates consisting of particles with a radius of
less than 3 um, the induction exceeds 2—4 mT,;

— the proposed model for estimating the energy state is valid for the destruction of less stable conglomerates;

— an increase in the number of particles in the conglomerate reduces the value of the induction that destroys it;

— the degree of destruction of conglomerates and grinding of its ferromagnetic particles depends on the duration of

the induction of a rotating electromagnetic field.
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