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DEVELOPMENT OF A METHOD 

FOR MODELING THE MAGNETIC 

STATE AND ASSESSING THE 

ELECTROMECHANICAL 

CHARACTERISTICS OF A VORTEX 

LAYER OF FERROMAGNETIC 

PARTICLES MOVING IN 

A  ROTATING MAGNETIC FIELD

The object of this study is a vortex layer ( VL) of ferromagnetic particles (FP) moving in a rotating magnetic field (RMF). Appa-
ratuses vortex layer (AVL) devices are used to intensify energy-intensive technological processes with liquid and bulk materials that 
require activation, mixing, and fine grinding. External three-phase (380 V/50 Hz) two-pole inductors are used to synthesize the VL 
in a cylindrical AVL working chamber with a diameter of 60–330 mm. The RMFi modulus of magnetic induction at the bore center 
in the absence of FP is selected during design from the range of 0.12–0.25 T. Steel or nickel FPs have an elongated cylindrical shape, 
typically with a ratio of l/d = 8–15 (l is the FP length, d is the FP diameter) and a diameter of 0.7–2.5 mm. The magnetic and electro-
mechanical characteristics of the VL have been insufficiently studied. This paper examines a method for estimating these characteristics 
of the VL by modeling its magnetic state. A real bipolar RMF existing in a working chamber with an operating VL is represented by the 
synchronous rotation of three plane-parallel uniform circular vector fields – field strength, induction, and magnetization 

  

H B J, , . The  
experimental determination of the characteristics of the model vectors 

  

H B J, ,  is performed using two flat frame induction coils.  
The simple behavior patterns of the vector field are consistent with the relatively chaotic behavior of each individual VL particle.

A demonstration example of determining the characteristics of the model vectors 
  

H B J, , , the specific torque magnetic moment, 
the specific power, and the level of chaos of an industrial VL is presented.

The results of this work can be used in both academic and engineering applications related to the research and design of AVL and 
similar equipment.
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1. Introduction

The energy of small particles with magnetic properties moving 
under the influence of RMF is used for various purposes. In biology 
and medicine, the combination of RMF and nanoscale particles gives 
promising results [1]. In industrial applications, FPs of micro and macro 
size ranges are used.

There are well-known apparatuses with a vortex layer (AVL) devel-
oped in their time, intended for the intensification of energy-consuming 
technological processes in liquid, gaseous, and heterogeneous media 
that require activation, mixing, and dispersed grinding  [2]. In these 
devices, external three-phase (380  V/50  Hz) two-pole inductors are 
used for the VL synthesis in a cylindrical working chamber with a di-
ameter of 60–330 mm. When designing inductors in the center of the 
working chamber in the FP absence, it is necessary to ensure the level 
of magnetic induction RMFi of the order of 0.12–0.25 T.

Steel or nickel cylindrical FPs usually have a ratio of l/d  = 8–15  
(l – length of FP, d – diameter of FP) and a diameter of 0.7–2.5 mm, and 
their total volume concentration to ensure the most intensive move-
ment, as a rule, is no more than 10% of the chamber volume.

In [2] it was shown that AVL will find application in many techno-
logical processes of the chemical, petrochemical and other industries. 
In [3], an extended line of these devices is presented and the use of these 
devices for industrial cellulose grinding and the peculiarities of their 
application in the food industry are discussed in detail. The devices de-
scribed in [2], with some modifications, are currently manufactured by 
Globe Core [4]. According to the company, the requested additional ar-
eas of their application include: ecology (processing and disinfection of 
manure, wastewater treatment); agriculture (obtaining high-quality hu-
mus); high technologies (uranium industry, graphene production), etc.  
A group of Polish scientists and engineers reproduced AVL equip-
ment in the form of a modified electromechanical mill for the mining 
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industry  [5]. The work  [6] and a systematic series of other works by 
these authors are devoted to the problems of cement production for the 
modern construction industry using VL technology. Thus, the questions 
of application of AVL are in dynamic development.

At the same time, the issues of electromechanics of VL, despite 
the fact that they are directly related to the actual practical problems 
of reducing energy consumption and increasing the efficiency of AVL, 
are insufficiently studied. There are no models that adequately describe 
and make it possible to predict the kinematics and dynamics of VL. 
In this regard, the work on creating a computer model of the electro-
mechanical behavior of FP in VL has been started [7]. The paper [8] 
analytically describes the force effect of RMF on FP, but the effects 
of FP interaction are not investigated. In  [9], the types of industrial 
AVL inductors were studied, analytical RMFi calculations were carried 
out taking into account higher harmonics. In [10], a related design of 
a low-frequency mechatronic inductor for biological applications is 
considered. In work  [11], studies of VL power were conducted and 
the possibility of using the field induction method for these purposes 
was noted, however, this idea has not been systematically developed. 
In [12], numerical field calculations of the RMF and characteristics of 
the inductor for loading with an array of parallel FPs rotating around 
the axial axis of the inductor were carried out. In work  [13], using 
visual observation, cluster modes of operation of ensembles FPs were 
recorded under conditions not typical for classical VL.

Thus, the analysis of the existing literature shows that the general 
electromechanical properties of VL remain poorly studied and further 
scientific research in this direction is expedient. In particular, the cur-
rently unsolved problems include the study of the magnetic state of the 
VL and its connection with the electromechanics of the FP motion.

The object of research of this paper is the vortex layer (VL) of elon-
gated ferromagnetic particles (FP) moving in a rotating magnetic 
field  (RMF).

The aim of this research is the development and demonstration of  
a method for estimating the electromechanical characteristics of VL  
by modeling its magnetic state of VL.

To achieve the aim, it is necessary to solve the following tasks:
1.	 Develop a model of the magnetic state of the VL, a scheme for 

measuring model parameters and formulas for estimating the electro-
mechanical and magnetic characteristics of the VL.

2.	 Conduct demonstration modeling of the magnetic state and, 
based on its results, determine the magnetic, energy, and structural 
characteristics of one of the industrial VL samples. Assess the adequacy 
of modeling.

3.	 Determine the scope of practical application of the proposed 
method of modeling the magnetic state and estimating the electrome-
chanical characteristics of VL.

2. Materials and Methods

When studying the magnetic, energy, and structural state of VL, the 
polemetric method of studying magnetic samples of various materials 
was used [14]. When using this method, one coil measures the induc-
tion inside the covered sample, and the other coil measures the intensity 
of this field by an indirect method located outside, on the end of the 
sample. This method is widely used in the study of magnetic properties 
of materials and parts made of these materials. In electrical machines 
and devices, this method is also used to measure losses in electrical 
steel. Note that the use of the polemetric method is well-founded and 
studied only for elongated samples located in a longitudinal pulsating 
magnetic field. As for RMF, the application of this method has signifi-
cant and not fully clarified features.

Features of the magnetic behavior of cylindrical samples of solid 
materials in a transverse magnetic field are studied in [15]. Features of 
the magnetic behavior and percolation magnetic effect of samples of 

composite materials are studied in [16]. General features of the pole-
metric method when measuring losses in RMF relative to electrical 
steels are described in  [17, 18] implements modern instrumentation 
for such studies.

All the above-mentioned features were taken into account when 
developing a method for modeling the magnetic state of VL in RMF.  
It was considered that the VL has the shape of a finite cylinder, placed 
in the transverse RMF and is a composite material consisting of  
a liquid, gaseous or bulk matrix and ferromagnetic inclusions moving 
in it. The proposed method is a further development of the ideas of 
our earlier work [11].

An external three-phase two-pole inductor with a distributed wind-
ing was used for modeling  [9]. The bore diameter of the inductor is 
100 mm, the power supply is 380 V/50 Hz. RMFi in the working cham-
ber of the reactor in the absence of FP is practically uniform – the mag-
netic induction vector rotates at a frequency of 50 rps with a modulus  
of 0.14 T. The working chamber is non-magnetic in the form of a circular 
hollow cylinder made of ceramics with an internal diameter of 80 mm, 
equipped with thin end caps. As FP, elongated cylindrical particles made 
of magnetically soft spring steel wire with slightly rounded ends are used.

The induction value of the rotating magnetic field was measured 
by miniature coils calibrated in laboratory conditions in the field of 
Helmholtz coils. According to these values, the readings of the measur-
ing frames were calibrated.

3. Results and discussion

3.1. Development of a VL magnetic state model, a model pa-
rameter measurement scheme, and formulas for estimating the VL 
electromechanical and magnetic characteristics

Subject and concept of modeling: VLs exhibit various rotational-
oscillatory motions of FPs, including chaotic counter-impact collisions, 
sharp rebounds, braking, and subsequent jerks with high angular ac-
celerations. Each FP tends to rotate around its center of mass following 
the induction vector, creating numerous local vortices in the process 
medium and inevitably leading to impact collisions of the FPs with the 
chamber walls and with each other. As a result, the center of mass of 
each particle performs chaotic translational motions throughout the 
chamber, reminiscent of the well-known "flea jumps" of the anchors of 
magnetic chemical stirrers that have become out of synchronization. 
The rotational motion of the particles around their centers of mass can 
be accompanied by intense vibration of their longitudinal axes rela-
tive to the induction vector at the frequency of a magnetic pendulum. 
During impact collisions and braking, magnetostrictive effects can oc-
cur, and the power density of the FP impact interaction reaches values  
of 1013 kW/m3, with a collision rate of 1010 s–1 ⋅ m–3, creating conditions 
for accelerating technological processes that are difficult to achieve 
under normal conditions [11].

Thus, the VL is a rather complex technical object. Given the ran-
dom and chaotic nature of FP collisions, constructing a kinematic pic-
ture and a rigorous dynamic model of the vortex layer electromechan-
ics seems problematic. However, experience shows that the VL enters  
a steady-state operating mode with a constant power consumption level 
within a fraction of a second after AVL startup, indicating the presence 
of certain regularities in its operation.

In this paper, a method for modeling the magnetic state of an 
industrial VL operating in an AVL with a virtually circular, uniform 
RMFi is developed. Our experience shows that the circular model un-
der consideration adequately describes the magnetic state of the VL in 
the working chamber of such devices and can be used to evaluate their 
magnetic, energy, and structural characteristics. The model can be ap-
plied to AVL with two-pole inductors and with a significant influence 
of higher harmonics, but the accuracy of the modeling results decreases 
and should be further investigated.
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The concept of the circular model suggests an approach to studying 
the behavior of the VL as controlled, organized chaos, in which the in-
stantaneous positions and instantaneous velocities of the FP are not de-
terministic, but the average magnetic state obeys strict and simple laws.

Preparation for modeling – ensuring a virtually uniform RMF: As-
sessing the degree of deviation from uniformity of the RMF in the AVL 
working chamber has not yet been standardized. For such an assess-
ment, reference measurements at several characteristic points along the 
inductor bore can be used, either using Hall sensors [12] or miniature 
inductive sensors, preferably two-dimensional [9]. A simple engineering 
method for estimating the integral level of RMFi heterogeneity in the 
area of the AVL working chamber with two-pole inductors in which the 
number of slots is not a multiple of four, using large-area frame coils, is 
shown schematically in Fig. 1.

 
Fig. 1. Two orthogonally positioned loop coils, No. 1 and No. 2,  

for measuring average induction B1 and B2: the plane-parallel RMFi rotates 

in planes perpendicular to the Z-axis, which coincides with the longitudinal 

axis of the inductor; D and L are the diameter and length of the cylindrical 

section of the inductor bore under study, with diameter D0 and length L0

The working chamber is located in the central region of the induc-
tor bore, with dimensions L = 50–80% of L0 in length and D = 80–50% 
of D0 in diameter. The loop coils shown in Fig.  1 enclose the inner 
axial cross-section of the working chamber. This rigidly fastened pair 
of identical orthogonal loops can be rotated around the Z-axis. The 
signals from the coils are fed through integrating amplifiers either to 
a dual-beam oscilloscope with a time base or analyzed using Lissajous 
patterns. If a comparative analysis on a dual-beam oscilloscope shows 
that, at various fixed angles of rotation of the frames around the Z-axis, 
both signals are sinusoidal, have the same amplitude, and are shifted 
in phase by 90°, then the RMFi region under consideration can be 
considered uniform and circular. If the amplitudes and/or phases of the 
signals differ noticeably, then this section of RMFi is better studied us-
ing Lissajous figures. Fig. 2 shows the RMFi Lissajous figures for various 
central regions of the bore of the salient-pole inductor described in [9]. 
A horizontal ellipse is obtained with orthogonal frames, one fixed in 
the plane of the tooth axis and the other in the plane of the slot axis. An 
inclined ellipse is obtained when the rigid system of two orthogonal 
frames is rotated by an angle of 45°.

Next, the VL is loaded into the chamber, and the described mea-
surements are repeated in the same order and with the same evaluation 
criteria, with the only difference being that the frame coils now measure 
the vortex layer induction.

For AVL inductors with a multiple of four slots, it is recommended 
to perform diagnostic RMF scanning with a rigidly fastened pair of 
coils by initially positioning one frame coil in the plane of the tooth axis 
and the other in the plane of the slot axis, with their relative positions as 
close to orthogonal as possible.

The design considerations for selecting an inductor to ensure  
a virtually uniform circular RMFi in the working chamber, maximally 
filling the inductor bore volume, were previously discussed in [9] and 
are not repeated here. In this study, let’s use an inductor with a distrib-
uted winding and a virtually uniform circular RMFi in the measure-
ment chamber in the region of L = 0.5L0 and D = 0.8D0.

   

   

   

а

b

c

Fig. 2. Evaluation of the integral level of RMFi homogeneity:  

a – region of highly inhomogeneous elliptical RMFi (L = 0.6L0 and 

D = 0.95D0); b – region of significantly inhomogeneous field (L = 0.6L0 

and D = 0.8D0); c – region of virtually uniform circular RMFi (L = 0.6L0 

and D = 0.5D0)

Circular model of the VL magnetic state: the actual two-pole RMF 
VL is modeled by three plane-parallel, uniform circular fields – field 
strength, magnetic induction, and magnetization 

  

H B J, ,  – rotating 
perpendicular to the Z-axis with constant vector modulus and the same 
angular velocity

� �� 2 f , 	 (1)

where ω – the modulus of the angular velocity of the vector, rad/s; 
f – the frequency of the current in the windings of the two-pole induc-
tor, Hz.

These three vectors are related by the fundamental vector relation 
of magnetic field theory for continuous media

  

B H J� �� �0 0 , 	 (2)

where � �0
74 10� � H/m.
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The model of the VL circular magnetic state for each point of the 
working chamber is graphically depicted in Fig. 3 using a vector dia-
gram rotating in the XY plane.

 
Fig. 3. Vector diagram of the VL circular magnetic state model: 

counterclockwise rotation; the vectors moduli and angles φ and ψ are 

constant; d dt const� �� �

Experimental determination of vector fields characteristics 
  

H B J, , : 
the experimental determination of vector fields characteristics 

  

H B J, ,  
using a minimum number of sensors – one flat induction sensor and 
one flat field strength sensor – is shown in Fig. 4. The resulting vectors 
characteristics, averaged over the measurement plane, are associated 
with the characteristics of the model vectors 

  

H B J, ,  and extend to the 
entire VL volume.

  

  

а

b

Fig. 4. Schematic diagram for determining vector fields  

characteristics 

  

H B J, ,  using induction loop coils: a – VL in the AVL 

working chamber; b – the VL cylindrical body and the location of the 

coordinate axes (z – the axial axis of the inductor)

In Fig. 4, a, the FPs are indicated by black dashes, the walls of the 
working chamber are not indicated, and the location of the induction 
(left sensor – red lines) and field strength (right sensor – blue lines) 
measuring loops is shown in a cross-section along the XZ measuring 
plane (top view).

The induction loop coil encloses the axial VL cross-section, while 
the field strength loop coil is installed in the same plane, as close to the 
VL end as possible and is made as narrow as possible. This shape and 
location of the field strength loop, in accordance with the total current 
law applied to an infinitely thin contour that encloses the end interface 
between the magnetic and non-magnetic media, allows one to obtain  

a volume-averaged measured field strength close to the field strength 


H  
inside VL. The frames are calculated and adjusted in the circuit con-
necting them to the oscilloscope plates so that the difference between 
their signals in a uniform RMF is zero.

The instantaneous projection values of the rotating vectors onto 
the measuring plane, in accordance with (2), are related by the relation

� �0 0J B Ht t t� � . 	 (3)

Thus, by measuring the difference between the signals from the 
induction sensor and the field strength sensor, it is possible to experi-
mentally determine the magnitude of the vector projection 



J  onto the 
measuring plane, which let’s use later.

Evaluation of the electromechanical and magnetic properties  
of VL – derivation of formulas for calculating the parameters.

Formulas for calculating the specific and total power VL: the specific 
power P(SAR) of the energy RMF supplied to a unit volume of the 
vortex layer, or in the limit, the power density within the VL volume, 
as is clear from mechanics, is the scalar product of the angular velocity 
vector ω  (directed along the inductor axis) and the torque density vec-
tor acting on a unit volume of the vortex layer from the magnetic field

P SAR J B B H B B H� � � ��� � � � ��� � � �� �

 



  



 

� � � �/ .0 	 (4)

From expression (4) and the geometry of the diagram in Fig. 3, let’s 
obtain formulas for determining the specific power VL PR(SAR), which 
let’s use in this paper

P SAR JB HB JHR ( ) sin( ) sin sin ,� � � �� � � � � �� �0 	 (5)

where H, J, B – the vector moduli.
The first equality in expression (5) reflects the definition of the 

specific power in terms of the specific torque magnetic moment acting 
from RMF per VL volume unit. The second and third equalities in 
expression (5) reflect the determination of the same power through 
double the area of the VL elliptical "hysteresis" loop measured for the 
pulsating component of the uniform circular RMF.

To calculate the VL total power, the specific power is multiplied by 
the VL volume.

Note: it is known that two harmonic signals of the same frequency, 
when phase-shifted, are related by the parametric equation of an ellipse. 
It is easy to mathematically demonstrate that the area of the elliptical 
loop B H÷  is equal to � �BH sin ,  and the area of the elliptical loop 
�0 J H�  is equal to �� �0 JH sin .

The formula for calculating the specific torque acting within VL is: 
according to the physical meaning of the operating principle of the 
vortex layer, the force action of RMF on FP must be modeled by the 
torque acting on a magnetic dipole [8], that is, in the limit, by the torque 
density Tz in the VL volume

T P SARZ R� � �/ ,� 	 (6)

where Tz – the VL specific torque, N/m2.
This value is useful for estimating the mechanical work performed 

within the VL by moving FPs.
Formula for calculating the level of randomness F of FP motion in  

the VL: the magnetization vector field 


J  of the vortex layer is created 
by the medium containing inclusions of magnetized FPs. FPs in the 
AVL operate in deep saturation mode even at angles of deviation of 
their main axis from the RMF vector of up to 70–80°  [8]. The VL 
limiting magnetization, averaged over its volume, is obtained as

J
B

MAX
s�

�
�0

, 	 (7)
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where JMAX – the modulus of the VL limiting magnetization, A/m;  
Bs – the FP saturation induction (for steel Bs = 2 T, for nickel Bs = 0.6 T); 
δ – the FP volume concentration in the working chamber.

The latter is calculated using formula (8) and, for industrial VL, 
typically amounts to 6–8%

�
�

�
�
�

�
V n
V

M
V

1 , 	 (8)

where V1 – the volume of one FP, m3; п – the FP number; V – the 
chamber volume, m3; M – the FP total mass; ρ – the density of the FP 
material. To determine the concentration as a percentage, the δ value 
is multiplied by 100.

The VL limiting magnetization is calculated for the idealized case 
of a uniformly parallel arrangement of multiple FPs magnetized to 
saturation. For a steel FP concentration in VL equal to 0.06 (6%), the 
limiting value μ0JMAX = δBs = 0.12 T.

The level of randomness of FP motion in VL is calculated as 
the difference between unity and the ratio of the modulus J of the 
ensemble’s actual magnetization to the modulus JMAX of its limiting 
magnetization

F J
J

J J
J

F FMAX

MAX

� � �
�

�1 1000 0

0max
, % ,

� �
�

 	 (9)

where F (fan-shaped particles) – the VL chaoticity level. The chaoticity 
level is a structural indicator of VL and reflects the average deviation 
of the orientations of the FP longitudinal axes from the direction of the 
vector 



J  in VL. For J = JMAX , the longitudinal axes of all FPs are paral-
lel to 



J  and F = 0. This is the maximum level of magnetic anisotropy 
of the FP ensemble.

Additional magnetic parameters: VL magnetic viscosity, which char-
acterizes, all other things being equal, the energy dissipation in VL,  
is determined by the rotational lag of the vectors 



J  and 


B  relative  
to the rotation of the leading vector 



H , and can therefore be measured 
by angles ψ or φ.

For practical assessments and comparisons of VL response to applied 
RMF, scalar quantities � �VL B H� / 0  and �VL J H� /  can be useful.

Verification of the adequacy of the proposed modeling: to verify the 
adequacy of the proposed model, the model measurement technology, 
and the calculation formulas, the VL power determined by formula (5) 
was compared with the reference power. The latter was measured by 
the difference in the values of active power consumed by the inductor 
at idle and operating conditions, taking into account changes in losses 
in its winding and steel, as described earlier in [11], taking into account 
the method [19].

3.2. Demonstration example of modeling the magnetic state and 
determining the characteristics of an industrial VL

A two-pole, three-phase inductor with a diameter and bore 
length of 100/120 mm, powered by a 380 V/50 Hz network, was used.  
The inductor, when idle, generated a nearly circular, uniform RMFi 
in a working chamber with an internal diameter of 80 mm. The RMFi 
induction vector uniformly rotated in a circle at a frequency of 50 rps 
and had a modulus Bi = 0.14 T. A process substance in gaseous, liquid, 
bulk, or fibrous form can be introduced into the working chamber, and 
then FPs made of the material under study, of the desired dimensions 
and concentration, can be loaded to create the VL.

Measurements are performed according to the diagram in Fig. 4, 
with the obtained values, averaged in the plane of the frames, distrib-
uted throughout the entire VL volume. Each measurement was repeated 
twice, and the numerical values obtained are presented as averages.  
To assess the adequacy of the obtained results, verification measure-
ments of the VL PR2(SAR) power were carried out based on the dif-

ference in the active power consumed by the inductor at no-load and 
operating conditions, taking into account changes in losses in its wind-
ing and steel, as shown in [11, 19].

Comparative studies of different VL depending on the type and 
properties of the process medium, the degree of filling of the working 
chamber with this medium, the material and size of the FP, their con-
centration, the RMF characteristics, and the dimensions of the reactor 
working chamber are too extensive and are beyond the scope of this 
publication. In this paper, let’s limit ourselves to presenting a demonstra-
tion example using one of the industrial VL samples. The demonstration 
VL sample operated in a gas environment and included a set of steel FPs 
with a diameter of d = 1.2 mm and a length of l = 12 mm at a concen-
tration of δ = 0.06. The internal dimensions of the working chamber 
and, accordingly, the demonstration VL sample: diameter a = 80 mm,  
length b = 60 mm. The measurement results, averaged over the plane of 
the measuring frames, are presented in graphic form in Fig. 5, 6.

а

b

Fig. 5. Flat projections of rotating vectors 

  

H B J, ,  on the screen of a dual-

beam time-base oscilloscope (ω = 314 rad/s): a – H and B signals: blue 

line – signal from the left inductor sensor E B B tt1  � �cos( )� � , red line – 

signal from the right sensor E H H tt2 0 0 � � �� cos( ); b – H and J signals: 

red line – signal from the right sensor E H H tt2 0 0 � � �� cos( ), green 

line – signal difference from the two sensors, obtained experimentally when 

they were connected back-to-back: ( ) cos( )E E J J tt1 2 0 0� � � � � � �

The signals from the sensors are integrated and amplified, and 
minor noise from the beats of individual FPs is filtered out. The phase 
shift in time between the signals from the loops is numerically equal to 
the angles between the rotating field vectors. The amplitudes H B J, ,  
are numerically equal to the absolute values of the vectors 

  

H B J, , .
Fig.  5 shows that all signals have a harmonic shape and a single 

frequency f. The sinusoids from the right and left sensors are shifted 
in time by a phase angle of φ ≈  10°, with the averaged induction 
amplitude B = 0.21 T and the amplitude of the signal from the right  
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sensor μ0H  = 0.13 T. The sine wave from the difference in the sensor 
signals is shifted from the sine wave of the right sensor by a phase angle 
of ψ = 25°, while the amplitude of the difference in signals μ0J = 0.085 T.

Fig.  6 shows the elliptical parametric Lissajous loops of the VL 
demonstration sample for the pulsating RMF component, located 
perpendicular to the measurement plane. A narrow dynamic loop 
Bt ÷ μ0Ht was obtained by applying signals E2 and E1 to the horizontal 
and vertical plates of the oscilloscope, respectively. A wider dynamic 
loop μ0Jt ÷ μ0Ht was obtained by applying a signal E2 to the horizontal 
plates and the signal difference to the vertical plates E1 – E2. Lissajous 
loops provide an alternative way to determine the quantities mentioned 
in the previous paragraph and provide a memorable photograph of the 
magnetic state of the VL.

 

 

а

b

Fig. 6. Projected parametric Lissajous loops characterizing the VL dynamic 

magnetic state: a – loop Bt ÷ μ0Ht; b – loop μ0 Jt ÷ μ0Ht

The initial conditions, measurement results, and the absorbed 
power, torque parameters, chaos level, and magnetic parameters of the 
VL demonstration sample calculated from the simulation results are 
summarized in Tables 1–3.

Table 1

Measurement conditions

Bi, Т ω, rad/s a, mm b, mm l/d δ

0.14 314 80 60 12/1.2 0.06

Initial experimental conditions: is the induction modulus of a uni-
form RMFi in the absence of FP in the chamber, T; ω – the angular 
velocity of the field rotation, rad/s; dimensions of the working cham-
ber (VL cylindrical body): a – the diameter, mm; b – the length, mm;  

d, l – the diameter and length of the FP, mm; δ – the FP concentration, 
calculated using formula (8).

Table 2

Measurement results

B, Т μ0H, Т φ μ0 J, Т ψ PR2(SAR), kW/dm
3

0.21 0.13 10° 0.085 25° 1.26

Results of measurements of magnetic state characteristics of VL and 
test power values: B – the modulus of magnetic induction 



B  in VL, T; 
μ0H – the modulus of the vector strength 



H  in VL multiplied by μ0, T; 
μ0J is the modulus of the magnetization vector in VL multiplied by μ0, T;  
φ, ψ – the vector shift angles according to the diagram in Fig. 3, nu-
merically equal to the time shift angles between the corresponding 
measured sinusoids; PR2(SAR) – the specific power absorbed by VL, 
measured by the difference in the values of active power consumed 
by the inductor at no-load and operating speed, taking into account 
changes in losses in its winding and steel.

Table 3

Calculation results

PR(SAR), kW/dm
3

Tz, N/m
2 μ0 JMAX, T F, % μVL χVL

1.18 3.7 ⋅ 10
3

0.12 29 1.6 0.65

Results of calculations of electromechanical and magnetic char-
acteristics of VL: PR(SAR) – power absorbed by VL, calculated by for
mula  (5) for values of H and B, H and J (the table shows the average 
value), kW/dm3; Tz = PR(SAR)/ω – specific torque calculated by for-
mula (6), N/m2; μ0JMAX – value characterizing the limit magnetization 
of VL, calculated by formula (7), T; F% – level of VL chaos, calculated 
by formula (9) in %; μVL = B/μ0H and χVL = J/H – conditional mag-
netic permeability and magnetic susceptibility of VL under conditions 
of magnetic anisotropy of VL.

Vector addition of magnetic moments of elongated steel particles, 
the major axes of which tend to be located in the direction of the mag-
netizing RMF, determines the resulting magnetization vector J and the 
level of magnetic anisotropy of VL. Moreover, the stability of the J value 
has been confirmed experimentally, thereby confirming the concept of 
the VL structure as a stable, organized chaos; the values of J, H, and B 
change only with FP wear.

Table  3 shows, using the values μVL and χVL, that the VL with  
a 94% gas filler is quite actively magnetized under the RMF conditions 
under consideration. This conclusion also applies to VLs operating 
with liquid or bulk fillers.

The significant level of chaos – F = 29% – indicates that the FPs 
in the VL operate in a high-intensity impact collision mode with the 
destruction of cluster nuclei. Indeed, high-speed video footage of the 
studied VL consistently shows a significant spread in the chaotically 
changing orientations of the long axes of the moving working particles; 
no stable clusters are observed.

The magnetic viscosity and power consumption of this VL, op-
erating in air at atmospheric pressure, are also high. Angle ψ  = 25°; 
PR(SAR) = 1.18 kW/dm³.

The agreement between the value PR(S AR) and the verified 
power measurement (Table  2) is satisfactor y, indicating the ad-
equacy of the proposed model, measurement technology, and cal-
culation formulas.

Thus, it has been experimentally confirmed that , despite the 
non-deterministic position and instantaneous velocity of each FP, the 
proposed simple circular model can be successfully applied to the 
description and calculation of the magnetic and electromechanical 
characteristics of the VL. In this model, the VL magnetization vector 
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is constant in magnitude and rotates at a constant angular velocity,  
synchronously lagging the magnetizing vector RMF by a constant 
phase angle. Using the characteristics of the introduced model vectors, 
it is possible to quickly and accurately estimate the following parameters 
important for practical applications:

–	 VL electromechanical parameters: its specific and total power, 
specific torque, and the degree of randomness of the FP motion;
–	 VL magnetic parameters: conditional magnetic permeability 
and conditional magnetic susceptibility VL under conditions of  
VL magnetic anisotropy.

3.3. Practical application of the developed method for mod-
eling the magnetic state and assessing the VL electromechanical 
characteristics

In general, the research results demonstrate that a VL is a system 
of low-inertia FPs that, under the RMF influence, almost instantly 
enters a steady-state operating mode characterized by long-term stabil-
ity and simple behavioral patterns of the average magnetization vector 



J ,  
despite the non-deterministic position and instantaneous velocity of 
each FP. Thus, a VL demonstrates an example of controlled organized 
chaos and should be further described in this light. The established 
ability to obtain the considered set of experimental data for any spe-
cific vortex layer provides a platform for:

–	 comparing the characteristics of different VLs operating under 
various conditions and environments;
–	 more detailed identification of the forms and types of mechani-
cal motion of FPs operating in the organized chaos mode, responsi-
ble for ensuring VL operation according to the established patterns;
–	 developing and improving predictive electromechanical models 
of VLs, including using computer simulation;
–	 obtaining input data for AVL design programs, in particular for 
computer calculations of inductors operating with VL.
Let’s briefly consider the latter issue. When calculating inductors 

for AVL operating with VL, knowledge of the magnetic characteris-
tics of the latter is required. Table  4 provides comparative data on 
some magnetic and structural characteristics of VL for the model 
proposed in  [12] (MSH indices) and the model proposed in this 
paper (PG indices).

Table 4

Comparative magnetic and structural characteristics of VL

MSH PG

μrd F% β μJ F% ψ

10 ≈0 <33° 1.72 29 25°

In Table 4: μrd – the relative magnetic permeability of the FP en-
semble, calculated in the MSH model in Cartesian coordinates d, q 
along the d-axis directed along the orientation line of the major axis of 
the parallel FPs; F% – the VL chaos level; β – the angle between the 
magnetomotive force vector and the d-axis during stable operation of 
the inductor under load; μJ – the ratio of the projections of the vectors 


B  and μ0



H  onto the direction of the vector J


; ψ – the angle between 
the vectors 



H  and 


J  in the PG model (almost corresponds to the angle 
β in the MSH model).

A comparison of the data shows that the value of μrd, which is the 
base value for calculating the inductor characteristics under load in 
the MSH model, is significantly overestimated compared to a similar  
value μJ established through physical modeling. This discrepancy can 
be partially explained by the following factors:

–	 the MSH model studies an ensemble of FPs in the form of an 
array of parallel particles (F ≈ 0) rotating in the working cham-
ber around the axial axis of the inductor. Such FP behavior, as 
demonstrated above, is atypical for industrial AVLs and overesti- 

mates the average magnetization and magnetic field induction 
inside the VL;
–	 the MSH mathematical model considers excessively dense FP 
packing. It is necessary to take into account that when FPs are loaded 
into the working chamber in excessive quantities, the intensity of 
their motion decreases, and ultimately the FPs magnetically adhere 
to each other and aggregate into solid structures, the formation of 
which results in the VL ceasing to exist, as shown in monograph [2] 
and in Fig. 7. Due to significant friction against the inner surface of 
the chamber, these structures can be stationary or rotate, usually 
at a speed significantly lower than ω, around the axial axis of the 
inductor. The magnetic state and electromechanical characteristics 
of such pseudo-solid formations are not described by the circular 
model and are not considered in this paper.
To ensure the most intense FP movement in the working cham-

ber, industrial AVLs use optimal volume concentrations δ, deter-
mined experimentally for specific conditions and typically not ex-
ceeding 10%.

 
а b

Fig. 7. Phase states of an FP ensemble in a cylindrical AVL working  

chamber at different particle volume concentrations [3]: a – vortex layer of 

rapidly moving elongated FPs (particle concentration 6–8%), high-speed 

filming of VL operation from the end of the inductor at 1000 fps;  

b – parallel disks formed by closely packed, linked FPs (particle 

concentration above 12%), profile shot

In any case, there is a clear need to work towards reconciling the 
VL models implemented in various studies. Moreover, to refine esti-
mates of the magnetic and electromechanical state of VL when cal-
culating the characteristics of AVL inductors operating under load,  
it is advisable to rely on the results of VL physical modeling similar to 
that described in this paper. This will significantly bring the calculated 
characteristics closer to industrial practice of VL use.

Limitations – if the VL operating conditions deviate significantly 
from those described in this paper, the accuracy of the estimates de-
creases and should be further investigated.

In the future, it would be useful to use the results of this work for 
comparative studies and predictions of VL behavior under various 
operating conditions, as well as in the AVL design process. It would also 
be of interest to explore alternative methods for determining character-
istics 



H  applicable to VL.

4. Conclusions

1.	 In this study, a model of the magnetic state is developed,  
a scheme for measuring the model parameters is proposed, and for-
mulas are derived for estimating the magnetic and electromechanical 
characteristics of a VL operating in a long-term stable mode. A con-
cept is used that assumes an approach to studying the VL behavior as  
a controlled organized chaos in which instantaneous positions and 
instantaneous FP speeds are not deterministic, but the average magnetic 
state obeys strict and simple laws. A real bipolar RMF existing in the 
working chamber with an operating VL is represented in the model 
by synchronous rotation of three plane-parallel homogeneous circular 
vector fields – field strength, induction, and magnetization 

  

H B J, , . 
Experimental determination of the characteristics of the model vectors 
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  

H B J, ,  is performed using two flat frame induction coils according 
to a special scheme. Simple and convenient for practical use formu-
las for calculating the electromechanical and magnetic characteristics  
of VL are derived and substantiated: specific and total power; specific 
torque magnetic moment; level of chaos of FP motion. The condi-
tional magnetic permeability and conditional magnetic susceptibility 
of the VL under magnetic anisotropy conditions were determined. 
The applicability limits of the method were determined.

2.	 A demonstration simulation of the magnetic state was con-
ducted, and the magnetic and electromechanical characteristics of an 
industrial VL were determined using its results. It was experimentally 
confirmed that the VL operates in an organized chaos mode: the 
instantaneous position and instantaneous velocity of each FP are not 
determined, but the behavior of the vectors 

  

H B J, ,  obeys a circular 
law. All vectors rotate with a phase shift at a constant angular veloc-
ity ω equal to the rotational speed of the inductor’s magnetic field 
vector. With the magnitude of the inductor’s external field vector 
equal to 0.13  T, the resulting induction vector VL has a magnitude 
of 0.21 T. During rotation, the magnetization vector VL lags behind 
the inductor’s magnetic field vector by a constant phase angle de-
termined by the magnetic viscosity of VL within 25°. The modulus 
of the magnetization vector VL operating in a gas environment is 
constant and amounts to 71% of the maximum possible magnetiza-
tion of VL. Based on the measurement results, the electromechanical 
and magnetic parameters of VL were calculated: specific power  – 
1.18 kW/dm3; specific torque – 3.7 × 103 N/m2; randomness level of 
FP motion – 29%; conditional magnetic permeability – 1.6; condi-
tional magnetic susceptibility – 0.65.

Comparison with the VL power value determined by an alternative 
method confirmed the adequacy of the proposed model, measurement 
technology, and calculation formulas.

3.	 The proposed method is further recommended for:
–	 modeling and comparing the characteristics of various VLs op-
erating in different conditions and environments;
–	 a more detailed identification of the forms and types of mechani-
cal motion of low-inertia FPs operating in organized chaos mode, 
responsible for ensuring stable operation of the VL according to es-
tablished patterns;
–	 development of predictive electromechanical models of the 
VL using computer simulation to identify the parameters of the 
fan-shaped deviation of the FPs major axes from the direction of 
the vector 



J ;
–	 obtaining input data for AVL design programs and computer 
calculations of inductors in their VL mode, which should be based 
on the characteristics of model circular vectors.
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