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Abstract: This paper presents a method for quantitative assessment of the efficiency of an EMM,
taking into consideration its design parameters (dimensions, winding data, etc.) and technological
indicators of the milling process (mass of the milled substance, mass of the mill, milling time, etc.).
The performance of an EMM is characterized in terms of two indicators—the efficiency of the milling
itself, and its quality. The EMM efficiency was expressed as the ratio of the ground mass to the time
taken for the grinding, and the grinding quality was given as the ratio of the mass of the smallest
fraction obtained as a result of grinding to the total ground mass. Those indicators were calculated on
the basis of the analysis of empirical results obtained using an EMM comprising a rotating magnetic
field. The efficiency and quality of grinding were taken into account to determine these indicators.
Moreover, a deterministic relation was established between this efficiency and quality of milling and
the calculation values—the average number of millstone impacts and average impulse magnitude
of ground material impacts, calculated using mathematical modelling of the grinding process. An
algorithm applicable for determining the performance of the EMM and the quality of grinding was
proposed on the basis of the results of this research.

Keywords: grinding; mixing; electromagnetic mill; grinding capacity; grinding quality; regression
analysis; FEM analysis

1. Introduction

In the face of climate change, one of the key design aspects is related to the de-
velopment of energy-saving technologies, as they form an important stage in achieving
sustainable development and have a positive effect on the human environment. There-
fore, scientific research and research and development in this area form a necessity. The
areas taken into account in such processes should include adequate planning of produc-
tion processes, minimization of material losses, as well as the introduction of innovative
technologies that can offer effective and economical use of natural resources.

The application of a magnetic field for the purposes of activating substances offers an
enhancement in various processes in technology and leads to increasing energy efficiency
of these processes. Scientific research carried out in this area demonstrates that minimal
energy losses can be achieved as a result of the design of devices that include the conversion
of the energy of an electromagnetic field directly into kinetic energy of ferromagnetic bodies.
This method of energy conversion is applied, for example, in devices that use methods of
comminution of materials by application of millstones in their working chambers (WC).
Electromagnetic mills (EMMs) are a good example of such devices. Nowadays, in spite of
their potential, EMMs are not yet applied on a mass scale. They perform their function by
utilizing a rotating magnetic field and moving ferromagnetic bodies (millstones) in the WC
of the mill which ensures low energy losses. Mechanical interaction between those bodies
and the milled substance (WS) results in grinding and mixing of the substances [1–4].

Currently, EMMs are applied not only for grinding and mixing solids, but also for
emulsifying liquids and mixing gases, obtaining aerosols and increasing chemical activity
of solid particles through their grinding in impact or abrasive mode.
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We can also note certain advantages of EMMs when they are compared to the tradi-
tional mill mode, especially in terms of better efficiency, greater accuracy and flexibility in
controlling the grinding process [5,6].

The analysis of experimental research into EMMs revealed a few problems previously
discussed in publications, in particular:

• Establishing the impact of different external factors on the distribution of WS particles
depending on the size and finding optimal conditions for achieving the preferred
granulometric composition of the ground substance [7–9];

• Comparison of wet and dry grinding in an EMM with different grinding process
parameters, such as grinding time, WS volume, WS particle size, thickness of the
suspension, etc. [10,11].

• Comparison of efficiency indicators of an EMM and a traditional ball mill, taking into
consideration the fractions of the obtained ground substance [12].

The particle size in grinding result samples is measured using a laser diffraction
method or by digital image recognition systems [13]. The authors of [7,10,11] introduce
indicators showcasing the efficiency of the grinding process.

Research has also been conducted to design EMMs using specific efficiency indicators.
The technological process structure and the control system have been developed, which
allow for automation of the grinding process and the classification of the end product on
the basis of various criteria [11,14]. Specialized mathematical models for calculation of
an optimal ratio of the air transport streams of working substance, which are constantly
delivered to the WC in order to obtain desired ground product particle distribution for
their size, are also processed [5].

Another area of EMM research is related to its thermal state [15,16]. The authors of [17]
present a method of analysis of EMM thermal processes, which uses the thermal equivalent
(TEC) of the active area of an EMM.

The latest research also focuses on the use of EMMs in increasing the rate of
mechanochemical reactions in solids [1,2,18].

However, only a few publications attempt to establish a relation between EMM design
indicators, such as size and inductor winding data, the magnetic properties of the core
material and the ground substance and its efficiency indicators. The manner applied to
determine this relation is outlined in detail in earlier publications [19,20]. The results of
such research are not confirmed by experiments and require additional verification.

The objective in the research was to develop an original method applicable for quanti-
tative assessment of the efficiency and quality of EMM performance. This method can be
utilized for optimizing design parameters (dimensions, winding data, etc.) and technology-
based indicators of the grinding process (mass of substance, mass of millstones, grinding
time, etc.).

2. Problem Statement

The analysis of the EMM research literature demonstrates that progress has been
achieved in the areas related to solving problems of identifying the operation mode of mills,
quantitative assessment of their energy efficiency, and in developing control systems that
allow for accurate adjustment of the operation mode to various external factors in real time.
However, establishing a deterministic relation between EMM design indicators and its
efficiency indicators remains an unsolved problem. In order to formulate such indicators,
the efficiency and quality of grinding were considered.

The EMM efficiency is the ratio of WS ground mass mzΣ to the time the process took tz
[kg/s]

Pm =
mzΣ

tz
. (1)
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The quality of the grinding is the ratio of the mass of smallest fraction of the WS mzmin
to the total ground WS mass mzΣ, expressed in relative units

Qm =
mzmin
mzΣ

. (2)

A WS is considered to be ground when the average size of its molecules has been
reduced in comparison with the smallest particles of the substance that did not undergo
grinding.

A mathematical model has been developed for calculation of trajectories of ferro-
magnetic millstones moving in a rotating magnetic field under the electrodynamic and
hydrodynamic resistance forces [19]. Processing of the results of this modeling shows the
average number of millstone impacts and their impulse in a particular period. Such values
cannot be directly applied for evaluation, although they demonstrate the effectiveness of
the grinding process, according to (1) and (2).

The aim of this study was to determine the effect of variations in the calculation
parameters of the grinding process of calcium carbonate derived from the WKG Sp. z o. o.
in Raciszyn, determined by means of mathematical modeling on EMM efficiency indicators
obtained in an experimental manner. The dimensions, winding data, magnetic properties
of materials, grinding time, mass of millstones and WS were taken into account.

Achieving such a goal will offer the possibility to apply the results in predicting
indicators of EMM performance already at the design stage. This may be converted into a
decrease in the production costs of aggregates of various fractions. The highest costs result
from the process of drying and grinding the material, which has a significant impact on the
energy efficiency of grinding [21].

3. Laboratory Setup Description

The experiment described in this paper was conducted at a laboratory setup provided
by the company MEGATECH Zbigniew Gałuszkiewicz. It comprises an EMM with a
rotating magnetic field and a WC with a diameter of 120 mm, power supply with a reactive
power compensation system, a cooling system and equipment for separation and weighing
of ground products (Figure 1). The EMM was energized with a three-phase alternating
voltage of 130 V and a frequency of 50 Hz. The value of the phase current was 150 A, and
the value of the magnetic induction in the center of the WC was 0.15 T.
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Figure 1. Laboratory setup equipment: (a) EMM; (b) liquid cooling system chiller; (c) laboratory
shaker; (1) working chamber; (2) liquid cooling collectors; (3) capacitor bank.

The EMM contains a rotating magnetic field inductor and a working chamber, into
which ferromagnetic millstones and the working substance are deposited.
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The EMM inductor comprises a core and winding. The core is made out of sheets
of electrotechnical M600-50A steel with a thickness of 0.5 mm, insulated on both sides
with lacquered foil. The sheets are glued together into a bundle, creating a cylindrical
magnetic circuit with six indentations into which a three-phase bipolar winding was placed.
The phase coils are made out of copper tubing with external diameter of 8 mm and wall
thickness of 1 mm.

Inductor and the winding are contained in a textolite case and impregnated with a
thermally conductive insulating lacquer.

An electrical diagram of the EMM is displayed in Figure 2.
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In order to compensate for reactive power drawn from the grid by the EMM, the
laboratory station is equipped with a capacitor bank with a sufficient capacity.

4. Analysis of Results of the Experiment

The experimental study primarily focused on the quantitative analysis of the relation
between a set of technological indicators of the grinding process and its efficiency. An
experiment forms the most suitable way of verifying the validity of the assumptions that
were utilized and to verify the results of the mathematical modeling of the dynamic process
inside the working chamber of the mill based on a two-dimensional approach to the process.

A natural mineral, calcium carbonate (CaCO3) was identified as the grinding medium.
Its average density is 2540 kg/m3 and hardness on the Mohs scale is 4.3 ÷ 4.5. Particles of
this material had the average size of 2 ÷ 5 mm before grinding.

A four-dimensional space of the experiment factors was established, namely: tz—
grinding duration; dm—millstone diameter; mm—millstone mass; mWS—grinding sub-
stance mass.

Discreet values of those factors are: tz = 60 s, 120 s, 180 s, 240 s, 300 s, 360 s, 420 s;
dm = 2 mm, 3 mm, 4 mm (the ratio of the mill length to its diameter was 10 in all cases);
mm = 50 g, 100 g, 200 g, 400 g, 800 g; mWS = 50 g, 100 g, 200 g, 400 g, 600 g.

On the basis of those values, research was conducted in a 22-step plan of the experi-
ment. The obtained results (including the mass of the fractions of ground WS and mass of
the unground leftovers) are presented in Table 1. Measurements no. 1 to 7 demonstrate
quantitative variations of the individual fractions depending on the duration of the grind-
ing process in the conditions of constant ratios of millstones and ground substance for a
2:1 ratio of ground substance to millstones. In experiments no. 8 to 10, the dependence
of the distribution of masses in individual fractions in relation to the dimensions of the
millstones was examined for a constant grinding time equal to 420 s and for a constant ratio
of ground mass and millstones of 2:1. Experiments no. 11 to 16 indicate the dependence of
the mass distribution in individual fractions on the number of millstones and their size at
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a constant mass of ground substance and grinding time. Experiments no. 17 to 22 exam-
ined the dependence of the mass distribution in individual fractions on the amount of the
ground substance and the dimensions of the millstones at a constant mass of millstones
and grinding time.

Table 1. Grinding process experiment results.

No. of
Experiment

Ø
Millstone

[mm]

Mass of
Millstones

[kg]

WS
Mass
[kg]

Grinding
Duration

[s]

WS
Fraction

< 0.25 mm
[kg]

WS
Fraction

0.25 ÷ 0.5
mm [kg]

WS
Fraction
0.5 ÷ 1.0
mm [kg]

WS
Fraction
1.0 ÷ 2.0
mm [kg]

WS
Leftovers
> 2.0 mm

[kg]

1 2 0.200 0.400 60 0.064 0.016 0.017 0.040 0.263
2 2 0.200 0.400 120 0.081 0.029 0.017 0.046 0.227
3 2 0.200 0.400 180 0.097 0.035 0.015 0.047 0.206
4 2 0.200 0.400 240 0.113 0.036 0.011 0.048 0.192
5 2 0.200 0.400 300 0.121 0.038 0.010 0.046 0.185
6 2 0.200 0.400 360 0.145 0.024 0.007 0.045 0.179
7 2 0.200 0.400 420 0.170 0.007 0.005 0.043 0.175

8 2 0.200 0.400 420 0.122 0.043 0.014 0.074 0.147
9 3 0.200 0.400 420 0.131 0.074 0.076 0.029 0.090

10 4 0.200 0.400 420 0.239 0.056 0.011 0.022 0.072

11 2 0.050 0.400 240 0.041 0.011 0.017 0.089 0.242
12 2 0.100 0.400 240 0.077 0.015 0.025 0.081 0.202
13 2 0.400 0.400 240 0.088 0.045 0.019 0.072 0.176
14 2 0.800 0.400 240 0.056 0.011 0.021 0.068 0.244
15 3 0.400 0.400 240 0.207 0.045 0.010 0.026 0.112
16 3 0.800 0.400 240 0.070 0.018 0.027 0.066 0.219

17 2 0.200 0.050 240 0.019 0.002 0.004 0.006 0.019
18 2 0.200 0.100 240 0.031 0.005 0.006 0.012 0.046
19 2 0.200 0.200 240 0.068 0.017 0.010 0.034 0.071
20 2 0.200 0.600 240 0.086 0.016 0.009 0.021 0.468
21 4 0.200 0.200 240 0.139 0.018 0.009 0.012 0.022
22 4 0.200 0.600 240 0.303 0.049 0.024 0.044 0.180

Figure 3 shows the distribution of the WS fraction recorded after experiment no. 10 in
an illustrative form (Table 1). It presents the distribution of WS fraction prior to grinding
(fraction 2 ÷ 5 mm, weight 400 g) and individual fractions after grinding: fraction > 2 mm,
weight 72 g; fraction 1 ÷ 2 mm, weight 22 g; fraction 0.5 ÷ 1 mm, weight 11 g; fraction
0.25 ÷ 0.5 mm, weight 56 g; fraction < 0.25 mm, weight 239 g. A set of sieves presented in
Figure 1c was used for the selection of the mentioned fractions.

The obtained experiment results are non-deterministic. In order to analytically describe
this particular set of results regression analysis was utilized, which is used on functions
defined by tables (TF). It represents the dependence of the field of the electrodynamic force
acting on the grinding medium in the center of WC, on parameters such as the phase ϕ of
the resultant EMM of the inductor winding, the length of the radius of the location of the
center of mass of the grinding medium rm and inclination angle of this radius γm.

In order to approximate each particular table function, an analytical expression de-
scribing the function is used, for a function closest to the TF giving its properties (power
polynomials, trigonometric polynomials, elementary or special functions). However, in this
case (TF Table 1), no information for any such function exists; therefore, power polynomials
are commonly utilized. For a TF with one or more independent variables, a Taylor series
forms the most appropriate one. The regression formula was expressed as a Taylor series
with four squared variables.

Y = c1 + c2x1 + c3x2 + c4x3 + c5x4 + c6
x2

1
2! + c7x1x2 + c8x1x3 + c9x1x4+

+c10
x2

2
2! + c11x2x3 + c12x2x4 + c13

x2
3

2! + c14x3x4 + c15
x2

4
2! .

(3)
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The least squares method was used to calculate the regression parameters.
The sum of squares of deviations of a dependent variable value (3) from the experi-

mental values in a set of plan points is defined by the formula:

∆ =
S

∑
n=1

(
YTn −

(
c1 + c2x1n + c3x2n + . . . + c14x3nx4n + c15

x2
4n
2!

))2

. (4)

The value ∆ is a function of regression parameters c1, . . . , c15. By comparing partial
derivatives of this function to zero, respectively, through variables c1, . . . , c15, an algebraic
system of equations (ASE) was obtained in the form:

S
∑

n=1
2
(

YTn −
(

c1 + c2x1n + c3x2n + . . . + c14x3nx4n + c15
x2

4n
2!

))
·1 = 0;

S
∑

n=1
2
(

YTn −
(

c1 + c2x1n + c3x2n + . . . + c14x3nx4n + c15
x2

4n
2!

))
·x1n = 0;

S
∑

n=1
2
(

YTn −
(

c1 + c2x1n + c3x2n + . . . + c14x3nx4n + c15
x2

4n
2!

))
· x

2
4n
2! = 0.

(5)

Regression Equation (3) in vector form is:

Y =
→
T(x1, x2, x3, x4)

→
c , (6)

where
→
T(x1, . . . , x4) =

[
1 x1 . . . x4

x2
1

2!
. . .

x2
4

2!

]
(7)

denotes row of Taylor series of degree II with 4 independent variables;

→
c =

[
c1 . . . c15

]T (8)

is regression parameter column.
ASE (5) utilizing designations (7), (8) can be expressed as

S

∑
n=1

→
T

T
(x1n, . . . , x4n)

→
T(x1n, . . . , x4n)

→
c =

S

∑
n=1

YTn
→
T

T
(x1n, . . . , x4n) (9)



Appl. Sci. 2023, 13, 8717 7 of 18

or
S

∑
n=1

→
T D(x1n, . . . , x4n)

→
c =

S

∑
n=1

YTn
→
T

T
(x1n, . . . , x4n), (10)

where
→
T D(x1n, . . . , x4n) =

→
T

T
(x1n, . . . , x4n)

→
T(x1n, . . . , x4n), (11)

denotes value of a Taylor pair in the n-th plan point.
To calculate regression parameters c1, . . . , c15 (6) of the TF it is necessary to define

a linear ASE (10), based on the data in Table 1 and to solve it numerically. The value of
function YTn in this TF is the total mass of the ground WS mzΣ.

For the purposes of the quantitative analysis of the impact of factors and their mutual
effect on the course of the function, a linear transformation of the factor space was con-
ducted. Tabulated values of the TF argument vector elements were normalized to values in
range of 0 ÷ 1, using the formula:

xnr =
xt

xtmax
, (12)

where xt—tabulated argument value; xtmax—maximum value of this argument.
For a normalized vector argument, the regression coefficients

→
c are presented in

Table 2.

Table 2. Regression coefficients of an experimentally obtained function.

c1 c2 c3 c4 c5 c6 c7 c8 c9 c10 c11 c12 c13 c14 c15

−0.2302 −0.1693 0.6401 2.357 −0.4279 −0.1325 −0.3012 −2.500 1.694 −0.7191 −0.4261 0.7397 −0.5099 −0.6856 −1.118

On the basis of an analysis of these coefficients, it is clear that it is impossible to reduce
the number of the polynomial components without a loss of the accuracy of approximation,
since all the values are of the same order of magnitude.

Figure 4 shows obtained relations of total ground substance mass and all factors in
a particular factor of the experiment, and also for deviations of those factors of values
obtained in the experiment. Red ‘x’-s in the figure mark undetermined function values
obtained directly from the experiment (Table 1).

The curves presented in Figure 4 indicate a good correlation between the measurement
points (‘x’) and the interpolated waveforms. Figure 4a shows the dependence of the volume
of ground mass on the grinding time. The initial, almost linear growth is transformed
into a saturation state, which is characterized by a lower efficiency of the grinding process.
Figure 4b shows the dependence of the resulting ground mass on the millstone diameter.
The waveforms show that the diameter equal to approximately 4 mm forms the most bene-
ficial diameter of the grinding medium in the tested environmental conditions. Figure 4c
shows the dependence of the ground mass of the substance on the mass of millstones at
constant grinding time. From the waveforms obtained, the 2:1 ratio proved to be most
effective, i.e., the mass of the millstones is two times lower than the mass of the ground
substance. Figure 4d shows the dependence of the ground mass on the initial mass of the
ground substance. These relations demonstrate that grinding 50% of the initial mass of the
ground substance for a grinding medium with a diameter of 2 mm is the most effective.
On the other hand, for millstones with a diameter of 3 mm, approximately 60%, and for
millstones with a diameter of 4 mm, this figure is approximately 70%. This confirms that the
use of millstones with a diameter of 4 mm can prove to be the most effective. On this basis,
we can conclude that by changing the grinding parameters (diameter of millstones, number
of millstones and their initial mass WS), it is possible to achieve the planned grinding
results, for example, the maximum mass of the ground substance while high efficiency of
the grinding process is maintained.
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Figure 4. Functions of ground WS mass regression in relation to: (a) grinding duration; (b) millstone
diameter; (c) grinding medium mass; (d) WS mass loaded into WC.

5. Mathematical Model of the Grinding Process

The mathematical model for studying the dynamics of the mix of millstones and WS
particles is composed of two connected subsystems. The first one is the subsystem of
creating a TF, which approximates the fields of electrodynamic forces and torques affecting
the ferromagnetic millstone in a rotating magnetic field described in detail in an earlier
study [22]. The second involves the calculation of the trajectories of the millstone and
WS particles moving in the WC of the EMM under the influence of aforementioned forces
defined in the first subsystem described already in a study reported in [19].

Defining the fields of forces and torques depending on the phase angle of the vector of
the resultant magnetomotive force (MMF) of the inductor winding ϕ, length rm and angle
of inclination γm of the position vector of the center of the mass of each millstone in the
working chamber was performed using a two-dimensional finite element method analysis.

The force acting on the millstones was calculated using the rule of calculating work
with a possible ‘virtual’ movement (a virtual work method [23]). The derivative of magnetic
field energy in a possible ‘virtual’ movement in any direction was calculated. Those
calculations were performed for the layer of finite elements at the border separating the
millstones from the environment. The vector of this force is equal to

Fs =
∫
V

BT ∂H
∂s

dV +
∫
V

∂

∂s

(∫
BTdH

)
dV, (13)
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where Fs—force acting in direction s; B—magnetic field induction; ∂H
∂s —derivative of field

intensity over movement s; s—virtual movement in nodal coordinates (subsequently for x,
y); V—finite element volume.

For a two-dimensional task, the electromagnetic torque around axis +z was defined as:

Me = z
1

µ0

∫
V

r×
[

1
2
(

B·B
)
∇s−

(
B·∇s

)
B
]

dV, (14)

Based on (13), (14) the TF with three independent variables ϕ, γm, rm were generated,
for modulus of force Fm(ϕ, γm, rm), acting upon a ferromagnetic millstone in a magnetic
field, direction of that force αF(ϕ, γm, rm) and torque Mm(ϕ, γm, rm). The force is applied
to the center of mass of the millstone. The torque acts upon the millstone relative to the
axis passing through its center of mass perpendicular to the calculation plane. A graph
representing those relations in relation to variable γm for millstones with a diameter of
4 mm is presented in Figure 5. The dimensions of forces and torques in these graphs are
expressed in [N/m] and [Nm/m], which results from the two-dimensional formulation of
the field problem solved by FEM analysis.
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Figure 5. Relations of the angular position of the millstone in WC γm to: (a) modulus of the force
vector Fm; (b) direction of the force vector αF; (c) torque Mm for different phase values of the MMF
ϕ and the position vector of the center of mass r*

m = 0.8 expressed in relative units.

Figure 5a presents the courses representing the variability of the dependence between
the force vector modulus Fm and the angular position of the grinding medium for different
values of the phase MMF ϕ. The courses show three maxima for the millstones angles close
to 0◦, 120◦ and 240◦. The first maximum for the angle of the millstones along the line of the
MMF (ϕ = 0◦) generates the largest value of the force modulus Fm, whereas the smallest
value Fm is generated by the millstones inclined at an angle of 216◦ in relation to the MMF
vector. Figure 5b shows graphs of the dependence between the direction of the force Fm,
and the angular position of the grinding medium for different values of the MMF phase ϕ.
These graphs indicate the correlations of the maximum deviation of the direction of the
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force acting on the grinding medium for the vectors ϕ equal to 0◦, 216◦ and 288◦ at the
angular position of the grinding medium equal to 60◦. This correlation does not keep the
same form over the later part of the course. For the remaining millstone orientations, such
a correlation can no longer be recorded, as the variability of ϕ and the variability of the
grinding medium position are variable due to the adjacent millstones and the MMF phase
change ϕ. Figure 5c shows the variability of the relation between the moment Mm and the
angular position of the grinding medium for different values of the MMF phase ϕ. The
courses show qualitative convergence for angles ϕ equal to 216◦ and 288◦. The correlation
is consistent for different angular millstones positions in a very wide range from 0◦ to 360◦.
A similar correlation occurs for angles ϕ equal to 72◦ and 144◦, but in a smaller range of the
angular position of the grinding medium from approximately 140◦ to 360◦.

The calculation of the trajectories of the millstones was performed based on the
FEM analysis of a dynamic system, which is a two-dimensional cross-section of the mill
working chamber filled with a system of millstones and WS particles of a specified size.
Ferromagnetic media act under the influence of electrodynamic forces, projections of which
at every step of integration are defined by TF interpolation Fm(ϕ, γm, rm), αF(ϕ, γm, rm) and
Mm(ϕ, γm, rm) at every step of integration. The displacement of all the elements of such a
system is considered to be flat. The mathematical formulation of the problem of calculating
the trajectories of the elements of such a system is as follows:

d2xm

dt2 =
∑ Fix

m
;

d2ym

dt2 =
∑ Fiy

m
;

dωm

dt
=

1
J ∑ Mm(Fi); ωm =

dγm

dt
, (15)

where xm, ym, γm—coordinates of the center of mass and the angular position of the body
(millstone or WS particle); m—mass of the body; J, Mm(Fi)—inertia moment, torque of the
force Fi in relation to the axis passing through the center of mass; ωm—angular velocity.

Figure 6 shows the simulation results for the millstones and WS particles transferred
inside the working chamber of the EMM during the milling cycle. The calculations of
the trajectory of millstones and WS particles were carried out for KM with a diameter of
120 mm, the number of millstones in the two-dimensional elementary layer was 23, and
the number of WS particles—273. The dimensions of each millstone was Ø4 × 40 mm, and
the WS particles, Ø5 mm.
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Processing the results of the trajectory calculations allows for finding of the average
number of hits between millstones and WS particles and between the millstones themselves,
and for calculation of the average impulse of those hits. The manner applied to determine
these relations is presented in detail in earlier studies [20,24].
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6. EMM Efficiency and Grinding Quality

Using a mathematical model to calculate the trajectories of the dynamic ‘millstone—
WS—WC’ system elements requires adjusting the input model data to conform to the
technological parameters of the grinding process. Such indicators include the mass of the
millstones and initial WS mass, which are normally derived from experimental studies.
Due to the assumption of a two-dimensional movement of elements, the indicators in the
mathematical model are, respectively,: the number of millstones and the number of WS
particles in a two-dimensional elementary layer limited by the WC edge.

In order to achieve the above, bulk density was utilized—it is the mass of divided
loose materials in a unit of volume, including the empty space between particles.

For steel millstones, irrespective of their diameter, the bulk density was assumed to be
ρmn = 3990 kg

m3 , and for WS particles—ρSn = 1340 kg
m3 .

Subsequently, bulk volume of the millstones-WS mix was calculated:

Vn =
mm

ρmn
+

mWS
ρSn

, (16)

where mm, mWS—mass of the millstones and of the WS, respectively.
Height of a layer of this mix with volume Vn inside of a WC with diameter Dkm is

Ln =
4Vn

πD2
km

. (17)

The amounts of millstones and WS particles in the elementary layer are, respectively,
expressed as:

km = round
(

Le

Ln
· mm

m1m

)
, kWS = round

(
Le

Ln
· mWS
m1WS

)
, (18)

where Le—height of the elementary layer (assumed to be equal to a millstone diameter);
m1m, m1WS—respectively mass of one particle of the medium and one WS particle.

The values that appear in (18) are applied as input data for the mathematical model
intended for calculation of medium and WS particle trajectories. Based on the results of
the simulation and certain mathematical transformations, whose outline can be found
in [20,24], the average number of millstones impacts kus was established and the average
value of the impulse of those impacts Sus in the time interval matching one full rotation of
the resultant MMF of the inductor winding was also determined.

The analysis of the experimental studies (Table 1) demonstrates that duration forms
one of the principal parameters of the grinding process. Hence, its consideration carried out
on the basis of numerical integration (15) using a directly given time interval is unnecessary.
It would result in a significant increase in the duration and have virtually no effect on the
result. Therefore, the obtained average number of impacts of millstones kus is used for
calculation of the average number of impacts in the actual duration of the process,

kst =
kustz f

p
, (19)

where p—number of pole pairs in the inductor; f —inductor winding power frequency;
which will allow to reduce the number of independent variables in the functional depen-
dencies of efficiency and quality, while simultaneously taking into account the grinding
duration.

The values km and kWS (18) in the elementary layer of the WC do not take into account
the change in mass of the WS-medium mix. For example, for mm = 200 g, mWS = 100 g
(experiment no. 18 Tables 1 and 2) and mm = 800 g, mWS = 400 g (experiment no. 14
Tables 1 and 2), the values km and kWS will be the same.
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To account for the influence of the total mass of the mix in the WC on the grinding
process, the mean values of the force Sus impulse will be adjusted according to the formula

Ssk = kkrSus, (20)

where
kkr =

Ln

5.12L2
n − 0.369Ln + 0.0337

. (21)

is adjustment coefficient.
The relation of this coefficient to the loading level of the WC or the WS layer height

was approximated based on physical considerations and analysis of the experimental data
from a quality point of view (Figure 7). The final shape of the relation kkr(Ln) will of course
require additional experimental studies.
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The results of mathematical experimentation and calculated values of the average
number of impacts and their impulse are presented in Table 3. It should be noted that the
numbers of experiments given in Table 3 correspond to numbers of experiments in Table 1.

Table 3. Results of computational studies of the grinding process.

No. of
Experi-
ment

Efficiency
[g/s]

Quality
[pu]

Layer
Height of

Mix in
WC [m]

Number
of Mill-
stones

WS
Particle
Count

Average
Number of
Impacts in

a Period

Average Force
Impulse
[kg·m/s]

Average
Number of
Impacts in

Time tm

Adjusted
Force Impulse

[kg·m/s]

1 2.2833 0.4672 0.031 53 156 27.98 1.071 × 10−4 8.394 × 10+4 1.214 × 10−4

2 1.4417 0.4682 0.031 53 156 27.98 1.071 × 10−4 1.679 × 10+5 1.214 × 10−4

3 1.0778 0.5000 0.031 53 156 27.98 1.071 × 10−4 2.518 × 10+5 1.214 × 10−4

4 0.8667 0.5433 0.031 53 156 27.98 1.071 × 10−4 3.358 × 10+5 1.214 × 10−4

5 0.7167 0.5628 0.031 53 156 27.98 1.071 × 10−4 4.197 × 10+5 1.214 × 10−4

6 0.6139 0.6561 0.031 53 156 27.98 1.071 × 10−4 5.037 × 10+5 1.214 × 10−4

7 0.5357 0.7556 0.031 53 156 27.98 1.071 × 10−4 5.876 × 10+5 1.214 × 10−4

8 0.6024 0.4822 0.031 53 156 27.98 1.071 × 10−4 5.876 × 10+5 1.214 × 10−4

9 0.7381 0.4226 0.031 24 234 27.00 2.556 × 10−4 5.670 × 10+5 2.897 × 10−4

10 0.7810 0.7287 0.031 13 307 54.15 1.668 × 10−4 1.137 × 10+5 1.890 × 10−4

11 0.6583 0.2595 0.028 15 175 15.67 9.247 × 10−5 1.880 × 10+5 9.273 × 10−4

12 0.8250 0.3889 0.029 29 168 21.21 1.083 × 10−4 2.545 × 10+5 1.134 × 10−4

13 0.9333 0.3929 0.035 93 137 41.31 9.303 × 10−5 4.957 × 10+5 1.212 × 10−4



Appl. Sci. 2023, 13, 8717 13 of 18

Table 3. Cont.

No. of
Experi-
ment

Efficiency
[g/s]

Quality
[pu]

Layer
Height of

Mix in
WC [m]

Number
of Mill-
stones

WS
Particle
Count

Average
Number of
Impacts in

a Period

Average Force
Impulse
[kg·m/s]

Average
Number of
Impacts in

Time tm

Adjusted
Force Impulse

[kg·m/s]

14 0.6500 0.3590 0.044 148 109 53.40 8.726 × 10−5 6.408 × 10+5 1.405 × 10−4

15 1.2000 0.7188 0.035 41 205 34.56 2.249 × 10−4 4.147 × 10+5 2.931 × 10−4

16 0.7542 0.3867 0.044 66 164 43.64 2.099 × 10−4 5.236 × 10+5 3.380 × 10−4

17 0.1292 0.6129 0.008 211 78 63.18 7.539 × 10−5 7.582 × 10+5 1.870 × 10−5

18 0.2250 0.5741 0.011 148 109 53.40 8.726 × 10−5 6.408 × 10+5 3.180 × 10−5

19 0.5375 0.5271 0.018 93 137 41.31 9.303 × 10−5 4.957 × 10+5 5.696 × 10−5

20 0.5500 0.6515 0.044 37 164 24.73 1.070 × 10−4 2.968 × 10+5 1.720 × 10−4

21 0.7417 0.7809 0.018 23 273 63.26 1.884 × 10−4 7.591 × 10+5 1.154 × 10−4

22 1.7500 0.7214 0.044 9 321 54.11 1.338 × 10−4 6.493 × 10+5 2.151 × 10−4

To extend the capability of the analysis of the obtained data, regression analysis was
utilized, similar to the one described earlier (3)–(11). Proposed methods of fitting data
(18)–(20) resulted in the reduction in the number of independent variables to three. Those
are millstone diameter dm, average number of millstone impacts kst and the adjusted force
impulse of those impacts Ssk. The Taylor polynomial used in regression of efficiency Pm
and quality Qm is expressed in scalar notation:

Y = c1 + c2x1 + c3x2 + c4x3 + c5
x2

1
2!

+ c6x1x2 + c7x1x3 + c8
x2

2
2!

+ c9x2x3 + c10
x2

3
2!

(22)

Regression coefficients
→
c are displayed in Table 4.

Table 4. Function regression coefficients obtained by calculation.

c1 c2 c3 c4 c5 c6 c7 c8 c9 c10

Pm 1.12 × 100 −4.648 ×
10−1

−3.909 ×
10−7 7.77 × 102 9.617 ×

10−1
−3.638 ×

10−6
2.023 ×

103
1.318 ×
10−11

7.044 ×
10−3

−4.979 ×
107

Qm
1.85 ×
10−1

−3.327 ×
10−1

7.864 ×
10−7

7.016 ×
103

−2.169 ×
10−1

1.154 ×
10−6

2.396 ×
103

−2.641 ×
10−12

−1.603 ×
10−2

−2.921 ×
107

Figure 8 presents the relations of efficiency Pm and quality Qm to two technologi-
cal indicators—duration and millstone diameter. The other independent variables were
assumed to be constant. The values obtained here allow for a comparison with values
obtained directly from the experiment. Figure 8a shows the variability of efficiency de-
pending on the grinding time for different diameters of millstones. This demonstrates that
millstones with a diameter of 4 mm perform their role most effectively for short grinding
times, whereas the efficiency decreases with the extension of the grinding time for all mill-
stones. In the case of using millstones with a diameter of 3 and 4 mm for grinding times of
equal to approximately 240 and 420 s, the efficiency expressed in terms of grinding time is
identical. This proves interesting since for grinding times below 240 s, the use of millstones
with a diameter of 4 mm was demonstrated as more effective, whereas for grinding times
between approximately 240 and 420 s, the use of millstones with a diameter of 3 mm was
demonstrated to be more beneficial. Over the entire range of tested diameters, the use of
millstones with a diameter of 2 mm proved to be least effective, i.e., the ratio of time to the
volume of ground material was the smallest. Figure 8b. shows the course of variability of
grinding quality against time. The graph takes into account the diameters of millstones
equal to 2, 3 and 4 mm with a ratio of the masses of millstones and substance subjected to
grinding equal to 1:2. Figure 8c shows the variability of the grinding efficiency in relation
to the diameter of the millstones at different grinding times. From these waveforms it can
be concluded that for the grinding time equal to 360 s, the best efficiency is achieved for
the diameter of the grinding medium of approximately 3.5 mm. For longer grinding times



Appl. Sci. 2023, 13, 8717 14 of 18

equal to 420 s and 480 s, it is more advantageous to use millstones with diameters of 3.6 and
3.75 mm. Figure 8d shows the dependence of the quality of the grinding process on the
diameter of the millstones used. Simulations were carried out for three grinding times:
360, 420 and 480 s. The best grinding quality was obtained for 360 s. Regardless of the
grinding time, if the grinding medium diameter is increased from approximately 2.6 to
approximately 3.5 mm, the grinding quality decreases by approximately 50% for each of
the considered times. After exceeding the millstone diameter equal to 3.5 mm, the quality
increases significantly for all tested times.
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Figure 8. Regression functions of efficiency (a,c) and quality (b,d) to: grinding duration (a,b); diameter
of millstone (c,d).

Sequential execution of experimental data (Table 1) processing procedures, creation of
TF approximating electrodynamic force fields (13) and torques (14), calculation millstone
trajectories (15) and further processing of the results (Table 3) connects EMM efficiency
indicators with its design parameters and technical aspects of the technological WS grinding
process. The algorithm applied in this calculation sequence is presented as a flowchart
in Figure 9. It facilitates the assessment of preliminary efficiency and grinding quality
during the EMM design stage. The first step of the algorithm involves input of data such
as millstone dimensions and MEM parameters (dimensions, winding data and magnetic
properties of the materials applied to build it). Subsequently, the algorithm verifies whether
there is a function defined in tabular form (TF) in the database, and if it does not exist,
the algorithm calculates it and saves it in the database. Following that, the database is
verified again. If there is TF in it, then the algorithm proceeds to a subsequent stage, in
which further input data are given, such as mass of grinding millstones and WS mass.
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Then, the number of millstones and WS particles (18) in the two-dimensional elementary
layer limited by the WC boundary is given. The next step is to determine the trajectory of
the movement of millstones using a two-dimensional FEM analysis described in detail in
the earlier publication by this author [19]. In the next stage of the algorithm, the number
of millstone collisions and the momentum of these collisions are determined, in the form
that is given in the publication referred to [20], which is followed by an adjustment of the
obtained results according to the needs (20). In the final stage of the algorithm, approximate
values of Pm and Qm are calculated on the basis of regression equations (22) by application
of the coefficients presented in Table 4.
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7. Conclusions

The research conducted for the purposes of this study made it possible to determine
the functional relations between EMM design parameters and technology-related indicators
of the grinding process, such as performance of EMM and grinding quality. On the basis of
the analysis of the simulation results of the grinding process, whose conditions were the
same as the experiments carried out in the empirical research, we can conclude that there is
a possibility of analyzing the effect of grinding parameters on the efficiency and quality
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of the grinding process. Consequently, on the basis of such an analysis, it is possible to
forecast the impact of factors that have not been tested throughout the experiments carried
out based on the results of grinding. For example, by analyzing the data in Figure 4, we can
state that by varying grinding parameters (diameter of the millstones and its mass, initial
mass, etc.), the projected grinding results can be achieved, for example in terms of the time
needed to achieve the maximum mass of the ground substance.

An algorithm for determining EMM performance indicators (efficiency and quality)
was proposed on the basis of the results of the research, whose structure depends on the
design and technology-related parameters. The comparison of the data derived from the
calculations using the proposed algorithm and the empirical data obtained at different
grinding parameters demonstrates a good correlation between them. The extension of the
statistical set of experimentally obtained input data increases the possibilities and accuracy
of this algorithm in solving the tasks of technical forecasting of EMM efficiency indicators.

The developed original method of quantitative assessment of the effectiveness and
quality of the proposed design of EMM involves the following innovations:

• The potential for assessing the compliance of forecasted EMM parameters with the
requirements of the technology;

• Defining design indicators, taking into account the factors that play a decisive role on
the course of processes in the EMM in their mutual relations;

• The potential to verify design parameters already at the decision stage concerned with
selection of the structural parameters.

This publication provides a solid foundation for further research on EMMs and the
improvement of the grinding process.
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Abbreviations and Symbols
EMM electromagnetic mill
WS working substance
WC working chamber
pu units in a per-unit system
TF tabulated function
B magnetic induction vector
cj regression coefficients;
→
c polynomial coefficient column
Dkm mill WC diameter
dm diameter of millstone
Fs vector of a force acting in direction s
f inductor winding power frequency
J moment of inertia of a body
km number of millstones in the elementary layer
kus average number of millstones impacts
kst average number of millstones impacts during the actual grinding duration
kWS number of WS particles in the elementary layer
Ln height of a mix layer
Le height of an elementary mix layer
Me electromagnetic torque
m1m mass of one grinding medium particle
m1WS mass of one WS particle
mm grinding medium mass



Appl. Sci. 2023, 13, 8717 17 of 18

mWS WS mass
mzΣ ground WS mass
mzmin smallest WS fraction mass
Pm EMM efficiency
p number of pole pairs of an inductor
Qm grinding quality
rm length of the center of mass position vector
Sus average value of force impulse
Ssk adjusted average value of force impulse
s virtual shift in nodal coordinates
→
T (x1, . . . , x4) Taylor series with 4 independent variables
tz grinding time
V finite element volume
Vn bulk volume of the grinding medium-WS mix
xnr normalized value of an argument
xt tabulated value of an argument
xtmax maximum tabulated value of an argument
xm x coordinate of the center of mass
Y regression function value;
ym y coordinate of the center of mass;
γm angle of inclination of the center of mass position vector
∆ sum of squares of deviations
ρmn grinding medium bulk density
ρSn WS bulk density
ϕ resultant winding MMF vector phase
ωm angular frequency of the grinding medium’s rotation
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