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Analysis of the thermal state of the electromagnetic mill inductor with oil cooling in stationary
operation modes

Introduction. An electromagnetic mill (EMM) for the technological processing of various substances, which is based on the stator of
a three-phase induction motor, is being studied. The stator winding has an increased current density, so the mill is provided with a
system of forced cooling with transformer oil. Problem. Currently, there are no works on the thermal state calculation of the EMM
with the given design and oil cooling. Therefore, the study of such EMMs thermal state is relevant, as it will contribute to increasing
the reliability and efficiency of their work. Goal. Formation of a mathematical model of the thermal state of the electromagnetic mill
inductor and the analysis of its heating in stationary modes of operation with cooling by transformer oil. Methodology. The problem
of calculating the thermal state, namely the temperature distribution in the main parts of the electromagnetic mill, is solved by the
equivalent thermal resistance circuit method. The design of the EMM is provided in a sufficiently complete volume, and on this basis,
a corresponding equivalent thermal replacement circuit is formed, which is supplemented by an equivalent hydraulic circuit of oil
passageways. An explanation is provided for the composition and solution of the equations algebraic system that describes the
distribution of temperatures by the constituent elements of the EMM. Results. The thermal calculation results of the electromagnetic
mill showed that the maximum heating temperature is much lower than the allowable one for the selected insulation class. According
to the hydraulic scheme, the necessary oil consumption, its average speed and the corresponding pressure at the inlet of the intake
pipe are determined, which are at an acceptable level. It is noted that the rather moderate temperature state of the inductor and the
hydraulic parameters of the oil path are facilitated by such innovations in the design of the EMM as the loop double layer short
chorded winding and axial ventilation channels in the stator core. Originality. Now EMM thermal equivalent circuits with air
cooling only have been presented. Therefore, the developed thermal circuit of the oil-cooled inductor is new and makes it possible to
evaluate the operating modes of the EMM. Practical value. The proposed technical solutions can be recommended for practical
implementation in other EMMs. Taking into account the identified reserves of the EMM temperature state, a forecast was made
regarding the transition from its oil cooling to air cooling. But the use of air cooling requires a change in the design of the EMM.
References 34, tables 2, figures 5.

Key words: electromagnetic mill, forced cooling of the inductor with oil, analysis of the thermal state of the mill, method of
equivalent thermal circuits, analysis of hydraulic parameters.

Ilpoénema. Jlocnioscyemocsa enekmpomacuimuuti maun (EMM) ona mexnonoeiunoi 06pobKu pisHux peuosut, AKull 6UKOHAHO Ha 0as3i
cmamopa mpugasnozo acuHxponnozo oseucyna. Obmomka cmamopa Mae Riosuweny 2yCmuHy CMmpymy, momy OAs MIUHA
nepeobauena cucmema nPUMyco8020 0X0I00dCeHHs mpancghopmamoproio onueoio. Hapasi pobim 3 pospaxynxy meniogoco cmamy
EMM 3 naoanoto KOHCMPYKYIEIO | 0XON00HCEHHAM OAUBOIO He npedcmagieHo. Tomy docrioxcenta meniosoeo cmany makux EMM e
akmyanvhum, 60 cnpusmume nioguujennio Haoiunocmi ma egpexmusnocmi ix pobomu. Memoto cmammi € opmyeanus
MamemMamuyHoi Mooeni Menniogoeo Cmauy IHOYKMOpa eneKmpoMACHIMHO20 MAUHA MA aHAAI3 1020 HAzpiey Y CMAayiOHaApHUX
pexcumMax pooomu 3 0XON00MHCEHHAM MPAHCHOPMAMOPHOIO OAUBOI0. 3A0AUA POPAXYHKY MENI0B020 CMAHY, d CaMe — PO3N0Oiny
memnepamypu 6 OCHOBHUX YACHMUHAX THOYKMOPA eNeKMPOMASHIMHO20 MAUHA, PO36 A3YEMbCS MEMOOOM eKGIBANEHMHUX MENNI08UX
cxem. Konempyryiss EMM naoana y docmamnso noenomy o6c¢ssi i na yitl 0CHOGI cqhopmosana Gi0N0GIOHA eKeigaIeHmHa menioga
cxema 3amiwjenns, AKka OONOBHEHA eKGiBaNIeHMHOIO 2I0PABNIYHOIO CXeMOI0 WAXi6 npoxoodcenHs onusu. Haoano noscnenns wooo
CKAOaHHA MA Po36 A3anHA aneebpaiunoi cucmemu pieHaHb, AKI ONUCYIOMb PO3NOOIL memMnepamyp no CKIa008UM enemMeHmam
inoykmopa EMM. Pe3ynomamu mennosozo pospaxyHky inoykmopa EMM noxasanu, wo maxcumanvha memnepamypa Hazpigy
3HAYHO Menwia 3a donycmumy Ons 0OpaHo2o Kiacy Hagpigocmiikocmi izonayii. 3a 2iopasniunoio cxemoro iHOyKmopa u3Ha4eHo
HeoOXIOHI sumpamu onusu, ii cepeoHio wWeUOKicms i 8IONOBIOHUL MUCK HA 6X00i y 6NYCKHUUl nampyOoK, sKi 3HAX00MbCs Ha
donycmumomy pisHi. 3aznaueno, wo 0ocums ROMIPHOMY MEMNEPAMYPHOMY CIAHY THOYKMOpA i 2i0pAsIivHUM RAPAMEMPAM MPAKy
0NUBU CHPUAIOMb MAKI HO8066edenHs 6 Koncmpykyilo EMM, ax 0sowaposa ckopouena nemib06a 0OMOmMKa cmamopa i aKcianvHi
8eHMUAAYIUMI Kananu 6 ocepdi cmamopa. Hamenep 6ynu npeocmasneni mennogi exsiganenmui cxemu EMM nuwe 3 nogimpanum
oxonoocennam. Tomy pospobrena mennosa cxema iHOYKMOPA 3 OXONOOICEHHAM ONUBOIO € HOBOIO I OAE MOMCIUBICING OYIHKU
peotcumie pooomu EMM. bi6n. 34, Tabmn. 2, puc. 5.

Kniouosi crosa: eleKTPOMATHITHHII MJIMH, IPHUMYCOBe OXOJIOJ:KeHHS iHIYKTOpa 0JMBOIO, AHAJI3 TEIIOBOTO0 CTaHY MJIMHY,
MeTO/l eKBiBaJIeHTHHX TEIUIOBUX CXeM, aHAJII3 riipaBIivYHUX napamMeTpiB.

Introduction. Devises (apparatus) with a vortex
layer of ferromagnetic elements or, abbreviated, vortex
layer devices (VLDs), are quite well known and are used
in various industries, agriculture and communal
economy [1-5].

Despite the rather significant number of VLDs
manufactured by the end of the last century, their
introduction into industrial production was held back by a
number of reasons. Among them is the lack of a clear
methodology for designing VLDs [6, 7] and the need to
take into account the purpose of a specific device, which
forced each device to be designed separately. A
significant obstacle is the cyclical mode of operation of

the equipment, which requires automation of the process
of feeding and unloading the processed raw materials [3].

In the last two decades, the direction of development
and implementation of VLDs received a powerful
stimulus due to the relevance of global trends in the
development of production. First of all, the increase in the
cost of energy carriers, and the introduction of VLDs
instead of traditional mills allows to reduce electricity
costs [2, 6].

Secondly, the competition among  global
manufacturers has led to the demand to improve the
quality of manufacture products and the efficiency of
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existing technological processes. Here, too, VLDs came
in handy [5, 8-11].

Thirdly, requirements for environmental protection
in production and everyday life. The use of VLDs for the
treatment of wastewater with organic or industrial
pollution allows to significantly improve the quality of
cleaning and reduce its cost.

At the present time, the most common are the VLDs
for grinding substances, which due to their purpose have
received the name of electromagnetic mills (EMMs), one
of the options of which is considered in this work.

There are several large companies that manufacture
VLDs for various purposes, and small enterprises that
specialize in VLDs for only one purpose. An example of
large enterprises is the well-known Globecore Company,
Germany, one of whose branches is located in the city of
Poltava, Ukraine. The most common product of this
company is EMM type AVS-100 [12]. Also known is the
EMM for crushing copper ore [13], created by Project
SYSMEL, which has an automated loading/unloading
system and a cooling system.

Depending on the purpose of EMM, there are
peculiarities of the functioning of such devices, their
construction and design methods. Therefore, the study of
EMM, taking into account the specifics of their
application, is an urgent issue.

Analysis of previous studies. The work [1], devoted
to the theory of the functioning and structure of VLDs, is
still considered basic for their design [4, 5].

Currently, there are several dozen scientific teams in
different countries of the world conducting EMM
research, the fields of which are different. In fact, most of
these scientific groups go through the same stages of
EMM research, starting with its design, manufacturing a
sample, and ending with the improvement of its
parameters. In this sense, a group of Polish scientists
engaged in EMM research for crushing copper ore is quite
indicative [10]. In their publications [3, 6, 13-15] over the
last decade, they presented the results of EMM research,
starting from the development of the mill design, the
loading/unloading system, the raw material processing
quality control system, and the installation control system.

The main part of the EMM is an inductor powered
by a three-phase AC network and creates a rotating
magnetic field [4, 7]. Under the action of this magnetic
field, ferromagnetic elements located in the working
chamber perform chaotic motion [1, 2, 7]. The inductor
together with the working chamber and grinders
(ferromagnetic) elements are active parts that ensure the
processing. The structure of these parts directly affects the
efficiency of the EMM [3, 7], therefore, the largest
number of works is devoted to the study of their
influence.

Currently, EMM manufacturers use two variants of
the design of the inductor: the first variant, traditional,
with clearly marked poles [3]; the second one — with
ambiguous poles based on the stator of an induction
motor [16].

Despite the different constructions of the inductor,
most of them are made bipolar (2p = 2) with a rotation
frequency of the magnetic field of 3000 rpm. From the
very beginning [1] and further, it is believed that a

homogeneous magnetic field in the working chamber is
optimal for ensuring the uniformity of movement of mill
elements. This is facilitated by the sinusoidal distribution
of the magnetomotive force (MMF) by the boring of the
stator core. This is quite close provided by a non-equal-
pole structure with a three-phase winding, as in induction
motors, which is adopted in a number of developments.
An example of such a development is shown in [17],
where a theoretical-experimental study of an inductor — a
borrowed stator of a conventional induction motor — was
performed.

The work [1] provides an analytical method for
determining the dimensions and parameters of the EMM
inductor, but it does not provide the necessary accuracy of
calculations due to the accepted simplifications [6, 7]. In
[4, 7], the problem of sufficiently accurate determination
of the magnetic field and electromagnetic parameters of
the EMM inductor is solved by their calculations by
numerical methods using modern software complexes.

In [4], the numerical field analysis of the EMM
inductor was performed using the FEMM software.
Calculation interdependencies of electromagnetic
quantities and the corresponding characteristics of the
EMM inductor were obtained. But this is done on the
assumption that the ferromagnetic elements are placed
in the working chamber uniformly, as it was forced to
doin [1].

In fact, the grinding elements in the working
chamber move chaotically, because they -constantly
collide with each other and the inner surface of the
working chamber. The development of a mathematical
model of the trajectory of movement of grinding elements
in the working chamber of the EMM was carried out in
[7, 18], where it was established that the complex nature
of the dependence of the electromagnetic force acting on
the grinding elements on various factors precludes the
possibility of obtaining an analytical solution.

A significant part of the works [4, 6-8] is devoted to
determining the number and optimal size ratio of grinding
elements, as well as the filling factor of the working
chamber. The study of the influence of the dimensions of
the working chamber on the efficiency of grinding of raw
materials was carried out in [6].

Another area of EMM research is the assessment of
the influence of the inductor operating mode and its
control [4, 6, 7, 19] and the raw material processing time
on the quality parameters of its processing [9, 14, 20,
21]. Studies of the efficiency of EMM were carried out
in[7,9, 10].

To ensure an effective grinding process, the EMM
inductor must create a magnetic field with fairly high
parameters in the working chamber. For example, in [9]
it is indicated that the average value of magnetic flux
density in the working chamber of the EMM prototype
is 0.153 T, and in [4] the value of 0.2 T is considered.
To ensure such parameters of the magnetic field in the
working chamber, the inductor winding must have a
high value of current density. Accordingly, for heat
removal, it is necessary to create effective cooling of the
inductor [6, 7].

In practice, three types of cooling are used: air, oil
and water.
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In EMM for grinding copper ore [3, 9], the inductor
is cooled by air using fans. The work [16] also
investigates EMM with traditional air cooling inherent in
the stator of an induction motor.

But the most widespread is oil cooling, it is used in
their EMMs by both the Globecore Company and a
significant number of small manufacturers [4, 7, 10].

The issues of inductor cooling have received
somewhat less attention compared to other studies, which
is explained by the cyclical nature of the operation of a
significant number of EMMs. That is, thanks to the short-
term mode of its work, it had time to cool down.

The study of the thermal state of the EMM, created
on the basis of the stator of an induction motor with air
cooling, was carried out in [16, 22].

In [22], the results of calculating the temperature
distribution, obtained by the method of equivalent thermal
circuits, were compared with experimental data obtained
earlier by EMM thermography [23].

But in general, unfortunately, works related to the
study of the thermal state of oil-cooled EMMs are
currently not presented. This may be due both to the
increase in the complexity of thermal -calculations,
compared to air-cooled EMMs, and to significant time
costs. Also, there is no clear criterion for choosing a
cooling method for EMM, which would allow the
designer to be clearly defined during its development.

Unlike EMM, the methods of thermal analysis of
electric machines are well developed, and the choice of
cooling system is structured [24]. Also, water cooling
systems of electric machines for cars, based on the type of
water «shirty [25], are being researched and used quite
intensively.

Therefore, it can be considered that the task of
researching the thermal state of the EMM with forced oil
cooling is relevant, as it will allow to increase the
reliability and efficiency of the EMM.

For such research, there is already a promising
improved design of EMM based on the stator of a three-
phase induction motor, which was formed in the process
of development evolution and provided in works [19, 26].

The goal of the article is the formation of a
mathematical model of the thermal state of the inductor
of an electromagnetic mill and the analysis of its heating
in stationary modes of operation with cooling by
transformer oil.

Object of study. The electromagnetic system of the
improved EMM presented in [19, 26] is shown here in
Fig. 1. The inductor is powered by a three-phase network
with phase voltage of 100 V and frequency of 50 Hz.

The initial design parameter is the magnetic flux
density of 0.12 T in the center of the empty working
chamber. This state of the EMM is considered an ideal
non-working course. In other modes, which are given in
[19] and discussed later in the article, the chamber
contains ferromagnetic elements, and the coefficient of its
filling with them was considered to be equal to 0.1.

The electromagnetic calculation of the inductor is
performed by analogy with the methods given in [4, 19, 26].

For reasons of the technological process, the radius
of the inner surface of the chamber r; = 0.047 m and the
axial length of the stator core /, = 0.25 m are set. By

calculation, the radii of core boring r; = 0.06 m and its
outer surface r,, = 0.109 m are determined.

Fig. 1. Electromagnetic system of the rotating
magnetic field inductor: / — laminated stator core; 2 — three-
phase winding; 3 — ventilation channels; 4 — shell of the working
chamber with thickness of 3, =5 mm; 5 — insulating pipe

The insulating pipe 5 (Fig. 1) is made of plastic, and
through the air gap of 4 mm from it there is a shell of the
working chamber 4 made of stainless steel. This tube
holds and insulates the inductor winding in the slots and
prevents oil from entering the gap. Also the pipe together
with the air gap distance the working chamber from the
zone of the teeth of the stator core with an nonuniform
distribution of the magnetic field, which contributes to the
uniform distribution of ferromagnetic elements in the
chamber.

In a thermal sense, the insulating pipe and the air
gap practically exclude heat transfer between the oil and
the working chamber, so this path is not taken into
account in the thermal calculation of the inductor.

To improve the operational properties of the
inductor, two steps that have not yet been tested have
been taken. Instead of the usual concentric diametral
winding of the stator, a shortened loop winding is
introduced, which allows to eliminate the asymmetry of
the phase windings and to ensure an increase in the
homogeneity of the magnetic field in the working
chamber of the inductor — this is shown in [26]. In
addition, axial ventilation channels are provided in the
core of the stator, which is aimed at improving the
cooling of the electromagnetic system of the inductor. At
the same time, this is facilitated by a more «sparce»
structure of the thinner frontal parts of the stator loop
winding, which increases their cooling surface.

So, this is how the task of assessing the thermal state
of the EMM inductor and the ability to ensure its
acceptable level by cooling with transformer oil arose.

For a complete understanding of the operation of the
EMM and an explanation of its electromagnetic
component, Fig. 2 shows the structure of the inductor
according to [19, 26], which actually ensures the
operation of the mill, although this is not the main topic
of the article. Here the instantaneous distribution of
currents in the three-phase winding, the corresponding
direction of action of its MMF F; and the picture of the
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2D magnetic field in the operating mode with the
presence of ferromagnetic elements are shown.

Fig. 2. Magnetic field in the cross section of the inductor
at rated load

The well-known FEMM software based on the
Finite Element Method was used to calculate the magnetic
field, as indicated in [4, 19].

The magnetic field is rotating, and ferromagnetic
elements move with it, ensuring the necessary processing
of the substance in the working chamber.

It is known [4, 19, 26] that for electromagnetic
calculations of the inductor, its electromagnetic system is
enough, which is given in Fig. 2.

However, to calculate the thermal state of the
inductor, it is necessary to take into account its entire 3D
structure. The structure of the EMM along with the main
dimensions is shown in Fig. 3 in its longitudinal section.
Together with the cross section in Fig. 1, it provides a
fairly complete picture of the entire structure of the
inductor.
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Research methods and results. The thermal
calculation of the EMM inductor with forced cooling by
the flow of transformer oil must take into account the
heating of the oil along the length of the inductor.
Therefore, it is desirable to use 3D modelling of the
temperature field, for example, using the Finite Element
Method. It is known that for this the calculation model is
divided into separate elements in the form of tetrahedra.
With the complex structure and rather large dimensions of
the design of the EMM inductor, especially the frontal
parts of its winding, the number of model elements must
be very large. The experience of calculating even a 2D
axisymmetric model of an electric machine [27] shows
that the duration of the calculation will be excessive, as
will the necessary computer resources.

In this case, the only possible solution for solving
the formulated problem is the application of the method
of equivalent thermal circuits (ETC).

Thermal calculation of electric machines using the
ETC method ensures the reliability of the results with an
error of up to 5-10 % [28, 29]. It allows to take into
account the temperature change in the thin layer of
insulation and to obtain the temperature distribution
along the length of the inductor and in the entire volume
of the EMM. This method was used to calculate the
thermal state of a similar EMM, but with differences in
design and at air cooling [22].

The necessary reference data for thermal calculation
were obtained from modern reference books [30, 31].
Such data are the thermal conductivity A of copper,
electrical steel grade 2212, air, transformer oil, materials
of the frame and end shields — steel St35, the inner tube of
the stator — fiberglass, slot insulation of heat resistance
class B; specific heat capacity ¢ and mass density p;
kinematic viscosities v of air and transformer oil; dynamic
viscosity p of the latter.
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Fig. 3. Scheme of the design of the EMM with the main dimensions of the inductor and the working chamber

The thermal -calculation of the inductor was
performed for the temperature of the transformer oil at its
inlet 6,; = 20 °C, the ambient temperature 6,,, = 20 °C.

The movement of the heat flow for the proposed
design of the inductor (Fig. 1, 3) is directed from the slot
part of the winding to its frontal parts and to the teeth and
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back of the inductor core. This heat from the core with the
addition of magnetic losses in it is transferred to the
frame, and from the ends of the core to the cooling
transformer oil. Part of the heat from the core is
transferred to the inner insulating pipe (Fig. 1), which is
made of plastic. But heat is practically not transferred
through it and the air gap, so the effect of heat from the
grinding elements in the working chamber is not taken
into account.

From the front parts of the winding, heat is
transferred to the cooling oil, which enters from the inlet
port, passes through the left front part of the winding, the

External Air 7

cooling channels inside the inductor core, through the
right front part of the winding and exits through the outlet
port. The heat from the transformer oil is transferred to
the end shields, parts of the frame and the insulating pipe,
free from the core. Due to the fact that the transformer oil
is heated when passing through the inductor, the thermal
system is asymmetrical. That is, the side of the inductor at
the inlet of the transformer oil is colder than the side at
the outlet.

On the basis of the scheme of the movement
of the heat flow, the ETC of the EMM inductor is
built (Fig. 4).
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Fig. 4. Equivalent thermal circuit of the EMM inductor

In the inductor, separate homogeneous parts are
distinguished, which in ETS are nodes 1-11: slot and two
front parts of the winding, stator core, transformer oil in
the space of the front parts and in the cooling channels of
the inductor core, frame, end shields, internal insulating
pipe. The sources of heat in the EMM inductor are its
winding and core. Electric and magnetic losses in them
were determined based on the results of electromagnetic
calculation, as described in [4, 19].

Electrical losses are divided between the slot and
front parts of the winding in proportion to the lengths of
these parts and determine the power of the heat sources P;

and P,. The power of the heat source of node 3 (teeth and
back of the stator core) P; is determined by magnetic and
additional losses. The rest of the nodes do not have their
own heat sources, so their power is zero. The principles of
determining these losses are given in [4, 19, 26].

The equivalent thermal scheme has two reference
nodes — nodes with defined temperature. These are the
ambient air node with temperature 0, and the inlet
transformer oil node with temperature 6,,.

Thermal resistances of structural elements are
determined according to generally accepted formulas,
which depend on the structural element and its cooling
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conditions [29]. The calculated expression for the thermal
resistance is determined by the nature of the heat
exchange.

Conductive thermal resistances were determined
using reference thermal conductivities A according to the
general formula [29]:

d
s .

where 9 is the thickness of the thermal wall of the EMM
structural element; S is the surface area of the wall.

Convective thermal resistances were determined
through heat transfer coefficients a. Their values were
chosen based on the experience of thermal calculations of
structurally similar electric machines. The general formula
for calculating convective thermal resistance [29]:

1
Ry=—. 2)
where S is the heat transfer surface area.

For example, the heat transfers from the surfaces of
the end shields and the inductor frame were determined
from [23] and were 124 W/(m*-°C) and 87 W/(m*-°C).
The rest of the heat transfers were determined based on
the experience of thermal calculations of induction
motors [32, 33].

Thermal connections between nodes of the
equivalent thermal circuit are determined by thermal
resistances that do not depend on temperature. The
determination of these resistances between the nodes of
this scheme was carried out by analogy with the rules for
solving the problems of calculating electric circuits.

For a simpler solution of the system of equations
characterizing the thermal state of each node, thermal
conductivities were used. The mutual thermal
conductivities between the nodes are inverse values of the
thermal resistances of the branches of the equivalent
thermal circuit. The intrinsic thermal conductivities of the
nodes are the sum of the conductivities of the branches
entering the node. Thermal conductivities between nodes
where there is no direct connection are zero.

In order to systematize the designations, the indices
next to the letters correspond to the numbers of the circuit
nodes.

Determination of the temperatures of equivalent
nodes of the thermal circuit occurs with the help of the
system of algebraic equations, which consists of heat
balance equations of heat sources.

The system of equations in matrix symbols has the
form:

Ry,

AxQ+P =0, 3)
where A is the thermal conductivity matrix; & is the node
temperature matrix; P is the power of heat sources matrix.

The equations are compiled for all nodes of the
equivalent thermal scheme, except for reference nodes.
For the nodes of the equivalent thermal circuit that have a
thermal connection with the reference nodes, the
combined losses are added to the power of the node — the
product of the temperature of the reference node 6,; or
0..s and the thermal conductivity between the node and
the reference point Ayyi, Asens, Neens OF Ajoens:

P4 +eoil 'A4oi1
P.+0,, -

ens Sens

})6 + eens ’ Abens N (4)

>

ens 10ens

The solution of the system of equations is the
temperature values of the elements of the inductor design
— nodes of the equivalent thermal circuit (see Fig. 4): the
frontal part on the side of the transformer oil inlet (node
1); slot part (node 2); stator core (node 3); transformer oil
at the inlet (node 4); frame (node 5); end shield on the
side of the transformer oil inlet (node 6); internal pipe
(node 7); oil in the cooling channels (node 8); of
transformer oil at the outlet (node 9); end shield on the
side of the transformer oil outlet (node 10); front part of
the winding on the side of the outlet of the transformer oil
(node 11).

To perform the thermal calculation, the open access
software SMath Studio [34] was developed. The
calculation was performed for four stationary modes of
operation of the inductor: ideal non-working course
(INW); «working» non-working course (WNW), when
the ferromagnetic elements are loaded, and there is no
processed raw material; nominal load mode (NLM), when
there are both elements and raw materials; maximum load
mode (MLM) [19]. The values of stator winding current
I, input power P;, output power P,, eclectrical losses

P,,, magnetic losses P, required for thermal
calculation, are summarized in Table 1.
Table 1

The value of the quantities required for thermal calculation
Mode Isa A Pina W Poun W Pe/sa w Pmagsa w
INW 66,5 4142 — 4101 41
WNW 35,0 1190 0 1139 51
NLM 36,0 3074 1827 1206 47
MLM 46,0 5727 3715 1969 43

The results of the calculations are given in Table 2.
Exceeding the temperature of the oil at the outlet above
the temperature of the oil at the inlet in the modes is:
INW —22 °C, WNW — 6 °C, NLM — 7 °C, MLM — 11 °C.

As predicted in [19], the INW mode is the most
stressful both from the point of view of the current load
and the heating of the elements of the inductor structures.
Therefore, it is very undesirable to have the inductor in
this mode for a long time, that is, without ferromagnetic
elements in the working chamber.

In other modes, and primarily in the nominal load
mode, the temperature state of the inductor is quite
moderate. The following factors contributed to this:
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1) the reasonable selection of the stator winding
voltage relative to the given level of magnetic flux density
in the working chamber;

2) the use of a two-layer shortened stator loop
winding with thinned and sparce frontal parts, which also
ensures the symmetry of the three-phase inductor system
and improved distribution of the magnetic field in the
stator core and the working chamber;

3) the use of axial ventilation channels in the stator
core.

Table 2
Comparison of thermal calculation results for four oil-cooled
inductor operating modes

Node numbers of the circuit and their
temperature, °C

1 2 3 4 5 6
INW 62 71 44 31 30 30
WNW 32 34 27 23 23 23
NLM 32 35 27 23 23 23
MLM 40 45 31 26 25 25
Node numbers of the circuit and their

Mode

temperature, °C
7 8 9 10 11
INW 41 36 53 46 77
WNW 26 25 29 27 36
NLM 26 25 30 28 37
MLM 30 28 36 32 47

Note that if we take the temperature of the
environment and transformer oil at the level of 40 °C, as
is done for electric machines, then all the temperatures in

Table 2 increase accordingly. The highest temperature of
the frontal part then reaches almost 100 °C, and this
already requires serious attention.

To complement the thermal calculation, hydraulic
calculation is performed in parallel with it, of course, here
too. The corresponding equivalent hydraulic circuit of the
EMM inductor shown in Fig. 5 is linear and consists of
serially connected sections. It contains sections with the
following hydraulic resistances: inlet nozzle (path
resistance Z;), exit to the space under the frame (sudden
expansion of the channel Z,), space under the frame to the
frontal parts (path resistance Z3), entrance to the space of
the frontal parts (sudden narrowing of the channel Z),
space above the frontal parts (path resistance Zs), entrance
under the core ring (sudden narrowing of the channel Zg),
the core ring (path resistance Z;), entrance to the cooling
holes (sudden narrowing of the channel Zg), cooling holes
(path resistance Zy), exit from the cooling holes (sudden
expansion of the channel Zj,), core ring (path resistance
Zy1), exit from the core ring (sudden expansion of the
channel Z),), space above the frontal parts (path resistance
Z\3), entrance to the space under the frame (sudden
expansion of the channel Z;4), space under the frame to
the exhaust nozzle (path resistance Zis), inlet to the
exhaust nozzle (sudden narrowing of the channel Zj),
exhaust nozzle (path resistance Z;7).

In the core, 24 cooling channels are placed parallel
to each other. Their hydraulic resistances Zg, Zy and Z;
make up the parallel branches of the hydraulic circuit with
the number n,;, = 24.

H M
VA Zyo
o  H H H H H H Ny times H H H H H H 1o
Zi Ly Zy Zy Zs Zs 7y o Zu  Zun Zy Zis Zis Zis Zi
H M
Zg Zyg

Fig. 5. Equivalent hydraulic circuit of the EMM inductor

Determination of the required oil consumption Q, is
required during the thermal calculation:

0, :k;“)’ 5)
Coz'l “Poil -AB
where £ is the coefficient that takes into account that not
all heat is removed by oil, £ = 0.8; AP is the total losses in
the inductor (we assume the «most loaded» thermal
mode), AP = 4142 W; C,; is the specific heat capacity of
transformer oil; C,; = 1666 J/(kg'K); p,; is the mass
density of transformer oil; p,; = 880 kg/m3; AD is the
permissible temperature excess of the oil during its
movement along the hydraulic path, A8 =22 °C.

Substitute the value of A0 into (5) and we have oil
consumption 0, = 1.03 10 m%/s.

The speed of oil movement depends on the oil
consumption @, and the cross section of the
corresponding section of the hydraulic path S;. Let’s
determine the average speed of the oil at the entrance to
the inlet pipe

Vo =2, ©

Sin p
where §;, , is the cross-sectional area of the inlet pipe,
Sinp =491 mm”.

Substitute the value of S;, , into (6) and we obtain
the speed of oil movement V;, = 0.21m/s.

The hydraulic resistance of the i-th section of the
hydraulic path is determined by the formula from [29]:

Z =8, (M)
2 N Sl
where &; is the coefficient of hydraulic resistance of the
i-th section of the hydraulic path; p is the mass density of
the cooling medium; S; is the cross-sectional area of the
i-th section of the hydraulic tract.

After calculating the hydraulic resistances of
individual sections, the total hydraulic resistance of the
equivalent circuit zs according to Fig. 5 is established,
namely:

zs = 5.46-10° (N s*)/m".
The total pressure flow at such a hydraulic resistance
is determined by the formula

2
APgy =25 -0y, ®)

and is equal to 57.9 Pa or 0.0006 atm.
Taking into account the identified reserves of the
temperature state of the mill, as well as the hydraulic state
of the oil path, it is possible to make a forecast regarding
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the transition from oil cooling to air cooling. For this
purpose, estimated thermal and hydraulic calculations
were performed with air cooling according to the circuits
shown in Fig. 4, 5. They showed that the use of air as a
cooling medium while maintaining the structure of the
EMM inductor and the close temperature level is
technically very difficult, and therefore this option is
impractical to implement.

As a result, by further developing the topic of
switching to air cooling of the mill, it is possible to allow
an increase in the temperature of its inductor elements
within the permissible available reserve, as well as the use
of a completely or partially open design of the inductor,
that is, a significant change in the design of its frame.

Conclusions.

1. Electromagnetic ~ mills (EMMs) find new
applications both in industry and agriculture. Thanks to
the introduction of research by scientists, EMMs are
increasingly moving from laboratory to industrial
applications. But there are still insufficiently researched
issues of creation and calculation of EMM inductor oil
cooling systems.

2. A mathematical model of the thermal state of the
EMM inductor in stationary operating modes with its
cooling by transformer oil is formed. The model contains
its equivalent thermal circuit and the corresponding
system of heat balance equations, and is supplemented
with an equivalent hydraulic circuit of oil movement
paths along with the formulas of the corresponding
parameters.

3. According to the formed model, the thermal
calculation of the EMM inductor was performed for four
modes of its operation. The obtained temperature data of
the constituent elements of the inductor show that they are
at a level far enough from the critical one for the applied
insulation class B, and the adopted design of the EMM
inductor ensures its reliable cooling.

4. According to the estimated calculation, a forecast
was made that the use of air for cooling the EMM
inductor requires the use of an open structure of its body,
that is, a significant change in design.

5. Further work will be devoted both to the
improvement of the EMM inductor cooling system with
oil, and to the design and calculation studies of its air
cooling system.
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