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Abstract: The purpose of this research is to develop effective methods for the thermal calculation of an
electromagnetic mill. The article deals with the structural features of the liquid cooling system of such
a device, with direct channel cooling of the induction coils. By analysing the recent research in this
area, | have revealed that in order to achieve this goal it is expedient to use the finite element method
(FEM). I have also suggested the input data for the boundary values to calculate a three-dimensional
thermal field of an electromagnetic mill with an internal diameter of the working chamber of 200 mm.
I have also graphically shown the results of calculating this problem using FEM analysis. Based
on the analysis of the temperature field and gradient, I have also synthesized and substantiated
the structure of the thermal equivalent circuit, which approximates the active part of the mill with
a complex of five bodies with internal heat release and enables an approximate estimation of its
thermal state at the initial stages of design to be held. I have suggested the formulae to calculate the
parameters of this equivalent circuit and the principle to form a system of equations for the further
determination of unknown temperatures. In addition, I have performed a comparative analysis of
the methods for calculating the thermal state.
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o175 An electromagnetic mill (EMM) is the technological equipment for the grinding or

mixing of various compounds of nonaggressive or aggressive substances. It is also used to
intensify various physical and chemical processes [1-4].
The challenges a designer of such a device faces are rather unusual for a specialist
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in electrical engineering or electrical machinery. In particular, one has to select values of
the electromagnetic loads directly related to the thermal state of the mill without having
the methods developed or having any recommendations or experience of the preliminary
design. The maximum allowed current value in the inductor winding and the maximum

value of the magnetic induction in the grinding area will depend on the efficiency of the
cooling system. This is why EMM thermal state analysis is very important, allowing for an
estimation of its parameters and serves as an objective indicator of the efficiency, reliability,
cost effectiveness and competitiveness of an EMM.
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2. Analysis of Recent Research

A typical solution to the problem of evaluating the thermal state of electrical equipment
is the use of a thermal equivalent circuit (TEC), which is sometimes quite complex and
extended [5,6] and is called a ‘thermal network’. Such equivalent circuits promote the
mnemonic setting down of a system of equations, the solution of which is the excess of the
temperature in the active elements of the above equipment. The concentrated parameters of
these TEC are calculated on the basis of the classical theory of heat transfer [7,8]. However,
Attribution (CC BY) license (https://  the calculations are burdened by a number of challenges, with one of them being the
creativecommons.org/licenses /by / determination of the integral coefficients of the heat conductivity of multicomponent
40/). structures [9,10].
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An analytical or empirical study of the local temperatures of a facility is usually
accompanied by comparison and verification with the results of an FEM analysis [11-15].
Therefore, it can be argued that the best tool for designing and substantiating the structure
of the TEC of a cooling system are special mathematical models designed to solve the heat
equation in a two- or three-dimensional setting.

One of the objectives of our research is to develop such a TEC structure which complies
with the cooling system suggested, fully takes into account the main ways of heat transfer,
and on the other hand, contains a minimum number of elements.

Liquid cooling systems have been successfully used by designers [11,16]. In addition
in [6], special attention is paid to improved cooling achieved by the impregnation of the
overhangs with a special heat-conducting compound.

Another part of thermal analysis is the task of formulating the boundary condition for
further temperature field calculations. This condition determines the divergence between
the calculated results and those acquired through the experiment. For the vast majority
of practical applications, it is a Cauchy condition depending on the coefficients of heat
transfer. In engineering practice, the coefficients of the heat transfer of real systems are
usually determined by empirical formulae obtained on the basis of processing experimental
data and using the mathematical methods of the theory of similarity [17].

The designing process and the analysis of thermal processes in the direct-drive gearless
ball mill were given in [18]. The drive of such a mill is a module-combined motor with
permanent magnets on a rotor. In order to cool particular segments in the stator core and
in some of the windings which are placed in its grooves, a ‘cooling jacket’ is fixed on the
outer surface of those magnets. The ‘cooling jacket’ consists of separate modules which are
interconnected by cooling channels. The proposed method of cooling is characterised by a
lower efficiency in comparison with the direct cooling of the induction coils. The method
additionally requires a considerably bigger size of the active part of the mill to enable the
installation of a modular cooling system.

In paper [19], the temperature field of the electromagnetic mill is measured by a
thermal imagining camera. Taking into account the analysis of the obtained results, a model
to measure the temperatures of the most intensely heated parts was made. The model
was based on the concept of the thermal equivalent circuit. Unfortunately, no equations to
calculate the parameters of this scheme were included in the article.

In a widely performed overview of the literature, no reference was found regarding
studies on the analysis of cooling inductor systems in electromagnetic mills with direct
liquid-based cooling of windings powered by an electric current.

3. Structure of the Cooling System

The EMM consists of a magnetic field inductor with an independent cooling system
and a working chamber containing small ferromagnetic cylinders (millstones). The inductor,
in turn, consists of a sheet core, a frame and a three-phase winding. It is connected to an
industrial three-phase network of alternating current and creates a rotating magnetic field
in the working chamber which makes the millstones move and interact with the material
(grinded or mixed).

Based on the results of our previous studies, we found that the current density in the
inductor winding should be greater than 10 A/mm?, with the average magnetic induction
in the working chamber of 0.1 T. Thus, we suggest using an autonomous convection system
of forced channel liquid cooling of the closed type. Heat is transferred through the active
and structural elements of the mill to a liquid coolant, which passes through the channels
of the coils of the inductor.

Liquid coolant, for example, deionized water, various antifreeze agents, oil, etc., sub-
jected to the pressure created by an electric pump, enters the inlet collector (1) of the EMM
inductor (Figure 1). Then, it gets through many parallel paths to the winding coil chan-
nels (3). By drawing heat losses from the middle of each coil, the heated coolant enters the
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outlet collector (2), and then, as an option, it enters the radiator with its own independent
cooling system.

Figure 1. Components of the EMM cooling system: 1. inlet collector; 2. outlet collector; 3. coil
channels; 4. fittings; 5. connects; 6. additional collector.

The copper conductor, from which the inductor coils are made, is a hollow rectangular
tube. The cavity in the middle of the conductor forms a spiral channel through which the
coolant passes.

Special fittings (4) are used to tightly join the tubular conductors of the winding to the
plastic pipeline connecting them to collectors (1) and (2). At the same time, they provide
the current lead to the coils and connect them together (5), in accordance with the electrical
circuit. The detailed design of the fitting is shown in Figure 2.

Figure 2. Fitting of the EMM cooling system: 1. tubular coil conductor; 2. a cable tie of the current
lead; 3. fitting case; 4. coupling nut; 5. COC pipeline; 6. cable terminal; 7. bolt; and 8. flexible
current conductor.

A capacitor is used to compensate for the EMM reactive power consumed. If it is
necessary to use liquid-filled capacitors, the design of the cooling system suggested enables
simultaneous cooling of the inductor, capacitor and conductors (5) (Figure 1), connecting
the winding of the inductor and capacitors. To do this, it is sufficient to install an additional
collector (6), which directs the cooling liquid into the channels of these conductors and
along them to the ‘cooling jacket’ of the capacitors.
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Efficient cooling will reduce the outer diameter of the mill core, thereby solving the
problem of the excessive scattering of magnetic flux, which occurs in available structures [1],
as well as the reactive component of phase currents and overall power consumption.

4. Numerical Analysis

To calculate the stationary field of the EMM temperature, which corresponds to the
cooling method suggested (Figure 1), a mathematical model has been created based on
three-dimensional FEM analysis.

This model is founded on the following assumption: the sheet core of the model
inductor is considered as a homogeneous body, which follows the shape of the real core
of the inductor, with different equivalent coefficients of the thermal conductivity in the
orthogonal directions of heat transfer. The equivalent coefficients of the model inductor
are equal to the coefficients of the thermal conductivity of the real core of the inductor in
orthogonal directions.

The coefficients of the heat transfer of this system are determined by the formulae
obtained using the theory of similarity [17].

Input data used to create the model are the power losses, the coefficients of the thermal
conductivity of materials and structural elements of the mill, and the dimensions, structural
parameters and boundary conditions in the form of the coefficients of the heat transfer from
the surfaces of cooling. It should be noted that the losses in the inductor coil are calculated
taking into account the skin effect [20]. All these data are shown in Table 1.

Table 1. Input information for thermal analysis.

Name Symbols  Value
1 2 3
Main EMM electrical indicators
phase voltage, V - 100
phase current, A - 324
power supply frequency, Hz - 50
consumed power, W - 9000
power coefficient - 0.09
Power loss, W
slot of the inductor winding Py 2198
overhang of the inductor winding Py 2805
tooth of the inductor core P, 15.61
yoke of the inductor core P, 58.29
tube of the working chamber p, 60
Coefficients of thermal conductivity, W/m K
material of body elements and frame Afrm 181.0
material of the working chamber tube Acm 0.16
equivalent to the core of the inductor in the radial and tangential directions Aert 18.3
equivalent to the inductor core in the axial direction Aeaa 2.6

equivalent to a heat conducting compound in the internal closed space of

the inductor Aea 0.0485
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Table 1. Cont.
Name Symbols  Value
1 2 3
Heat transfer coefficients, W/m?2 K
forced convection in the inductor winding conductor channels - 1651
free convection of stationary surfaces Ny 9.0
forced convection from the walls of the working chamber X3 15.0
Dimensions, [m] and structural parameters

external diameter of the inductor core D, 0.380
inside diameter of the inductor core D 0.208
axial length of the inductor core I 0.250
number of claws V4 24
total height of claws hsy 0.0446
height of the inductor winding slot hg 0.040
average width of claws bs 0.0146
average width of the slot bs 0.019
length of the overhang Lwo 0.050
number of channels in the frame (1/2Z) Ny 1
average channel width in the frame by 0.040
channel height in the frame Iy 0.002
average thickness of the frame trm 0.004
length of the frame (channel) Lim 0.394
channel width in conductor by 0.0049
channel height in conductor hy 0.0016
number of coil turns Wew 14
the thickness of the tube of the working chamber tst 0.004

5. Research Methods

The mathematical formulation of the problem is based on the thermal conductivity
equation for a stationary temperature field. In Cartesian coordinate system:

2T 2T 2T

Axﬁ + /\yale +)\Zﬁ

+pv:0 (1)

where Ay, Ay and A; are the constant coefficients of thermal conductivity of the environment
in the direction of the axes of the coordinate system; and p, is intensity of internal heat
emission per unit of the volume, W /m?.

In addition, we consider the boundary condition of Dirichlet and Cauchy as prescribed
at the boundary of the computational region:

To=§0oy2) ASE+a(Ti—To) +{(xy,2) =0, @
where 7 is normal to the boundary of the computational region; « is coefficient of heat
transfer; ¢(x,y,z) and ¢(x,y,z) are undefined functions of the point position; and T, and T
are, respectively, temperature at area bound and absolute environment temperature.

Equation (1), along with the boundary condition (2), form the content of the mathe-
matical formulation of the boundary value of calculating a stationary temperature field in
an arbitrary shape body.
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Symmetrical distribution of the temperature in the cross-section of the EMM inductor
makes it possible to construct only 1/Z of the computational region, where Z is the number
of claws of the inductor. Its surfaces, which belong to the symmetry planes, are adiabatic.
The heat dissipation occurs only from the surface generators of the frame, the working
chamber and the cooling system channels.

In order to expand the functional possibilities of the model, its program implementa-
tion involves not only parameterizing all dimensions and winding data of the inductor but
also different designs of cooling systems. To this end, there are axial channels between the
inductors and the core (Figure 3).

Figure 3. Finite elemental models 1/6 EMM: (a) half-section of the model; (b) the core of the inductor
along with the coil and a fragment of the wall of the working chamber; 1: channels in the frame;
2: inductor; 3: frame; 4: coil; 5: compound; 6: the wall of the working chamber; 7: channels in the coil;
and 8: adiabatic wall.

This technique enables the analysis of several typical methods of cooling the inductor,
changing only the dimensions of these channels, their number and the value of the coeffi-
cient of the heat transfer from their surface, for example, such as a frame with an internal
channel cooling (liquid or air) or a finned or smooth frame for forced or natural cooling.

The tooth of the inductor core in the finite element model has parallel walls, in contrast
to the real inductor of the mill. This somewhat simplifies the geometry of the multiturn coil
with an internal channel, which reduces the likelihood of degeneration of finite elements of
the model.

6. Results and Discussion

The analysis of the simulation results reveals the most probable ways of distributing
the heat flow from all of the heat-generating parts of the EMM. The results can also help
develop the structure of the TEC, which when subjected to the one-dimensional nature of
the heat flow would enable the determination of the average values of temperatures. The
determination of the average values in these areas would be possible with only minimal
error relative to their valid physical values.

Figure 3a shows a general view of a finite elemental model of 1/6 of the EMM with
an internal diameter of the working chamber of 200 mm (total number of nodes: 107,289;
number of elements: 196,311). Figure 3b shows its active area (an inductor with a coil). The
model was developed according to the dimensions indicated in Table 1.

Figure 4a—e show the distribution of the temperature field in the main sections of the
EMM and its active parts in the form of raster images.
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Figure 4. Results of calculation of the EMM field temperature (°C): (a) axial section; (b) cross-section;
(c) coil; (d) core; and (e) working chamber.

As the figures show, the temperature field is symmetrical with respect to the planes of
the longitudinal and transverse sections of the magnetic circuit of the EMM. The highest
temperature gradient is observed in the areas of the thermal contact of the wall of the work-
ing chamber with the claw of the inductor core. In addition, the temperature distribution
indicates a relatively weak influence of the sources of heat in the core of the inductor on the
winding temperature and vice versa.

It is possible to indirectly suggest the structure of the scheme shown in Figure 5 due to
a comprehensive analysis of the temperature field and familiarization with the structures
of the TEC of applicable general-purpose electric machines [21].
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Figure 5. Thermal equivalent circuit of the EMM with independent dual circuit liquid cooling.

The mill inductor is considered to be a complex of five bodies in which heat is released.
These bodies are interconnected by their respective thermal resistance.

The loss of power in the scheme is reflected using the symbols entered (see Table 1),
and the excess of temperature of the corresponding parts of the mill in [K] is indicated as
follows: ATs: of the slot of the inductor coil; ATy: of its overhang; AT,: of the inductor
core claws; AT,: of the inductor core yoke; AT;: of the walls of the working chamber; and
Ty: the absolute temperature of the environment (coolant). The thermal resistance to the
heat flow [K/W] is indicated as follows: Ry: between the slot of the winding and the yoke
of the inductor; R,: between the slot of the coil and the claws of the inductor; R3: between
the claws and the yoke of the inductor; Ry: between the inductor yoke, the frame and the
environment; Rs: between the slot and the overhang of the inductor coil; Rg: between
the overhang of the inductor coil, the internal filler (compound) and the environment;
R;: between the inductors and the wall of the working chamber; Rg: between the wall of
the working chamber and the environment; and Rq: between the slot of the inductor coil
and the environment.

For a flat wall with an evenly distributed heat source within, in the Cartesian co-
ordinate system and under the condition of uniform heat distribution, the formula is
as follows:

T po
ax2 A7
where p, = % are the specific losses resulting from the energy dispersion for each m?, %

The solution of Equation (3) can be written as follows:

®)

2

X
T:—P;A +Cix+ Gy, )

where C; and C; are the constants of integration, and x is the current x axis coordinate
(Figure 6).

Assuming the following boundary condition, the temperature of the side walls is
T=T;forx=0and T = T, for x = J. In this case, the constants of integration will be
defined as:

_pd T

C=T, C= o + 5 ®)

For that reason, the temperature distribution of a flat wall with a one-dimensional
heat distribution characteristic is described as:

2 _
y I +<’[’”5+T2 T1>X+Tl ©6)

2A 2A 1)
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Figure 6. Heat conducting flat wall.

In order to gauge the thermal state of different structural components of the EMM
based on the TEC, we used temperature averages, namely:

0 0 1
Ty = %[ Tdx =% | =B [ x%dx + (5 + 2500 ) [ wdx | + Ty =
0 0 0 (7)
2
= gr + T+ 250
or assuming that p, = f_—TS, where S is the side wall area,
Pré? T,—T Ry h—T
m= s Tt T T it ®
where 5
Rt = — 9
T=173 )

is thermal resistance, which limits the heat flow through a flat wall.
In accordance with Fourier’s law and taking (6) into consideration, the heat stream
through the wall is:

dT _ podS  AS(Ta—Th)

Q= _/\Sﬂ = puSx ) 5

(10)

Using the parameter Rt allows for the calculation of the temperature difference in a
wall under a lack of heat:
T —Th = RrQ (11)

and allows the consideration of some of the structural elements of the EMM such as walls
conducting heat without dissipation based on the replacement scheme (Figure 7a). For
similar elements with internal heat generation, we used a replacement scheme (Figure 7b),
for which:

Ri=Ry=Rr/2 (12)

In case of a cylindrical wall with a one-dimensional approximation of a temperature
field, the formula for thermal conductivity can be written with a cylindrical coordinate

system for convenience sake:
d ( dT\  por
m(%) - (1)

where r is the radial direction (Figure 8).
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(a) (b)

Figure 7. Variants of thermal replacement diagrams: (a) without heat emission and (b) with internal
heat emission.

Figure 8. Heat conducting cylindrical wall.

After two integrations of Equation (13), the general solution looks like (14):

TP | Cinrtc (14)
— 4N 1 2

Under the boundary condition, the temperature on the inner and outer wall side is
T=T; withr=0and T = T, with r = r, (Figure 8). The full formula can be written as:

2
I L P2 (1 214( 12 r 2
T=-F +1n(L2) {4A<r21n<r1>—i—rlln(r)+T21n(rl)+T11n(r)>} (15)
"

The heat flow through a cylindrical wall is:

T T 2 1 27 IA
0=-asL_ ol _p |7 (T - D)2
ln(%)

dr dr rB—r Zln(%)
where there is no heat (Pr = 0), and Equation (16) can be written using the concept of
thermal resistance:

(16)

2mIA Ty —Ts

Q=(Th—T) (17)

where

(18)
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is the thermal resistance of a cylindrical wall for its use in a thermal equivalent circuit
corresponding to Figure 7a. If the wall generates heat loss (Figure 7b), the TEC parameters
are calculated as follows:

2 2
r 1 1 r
Rl:RT 222_ ; RZZRT _212 (19)
=N Zln(:—z) 21n<’—2) N
1 !
The average temperature can be calculated with the following formula:
) )
T = v [ TdV =2 [ Trdr =
0 2 171
(20)
2_,2 2 2
_ Po 2 2 N T, 1 " T n__ 1
LA U Gy | R P Gy = R = ey €
where P
Po=— 1)

(13 =)l

The formulae for calculating the resistance are obtained on the basis of analytical
solutions of the heat equation in the one-dimensional case for heat conducting bodies with
the simple form [17]:

R = 0.5hs; ln(Dﬂ/Dﬂi) . bs+bs; Dg _ 0.5 .
L™ Terbsl] T 27 hAear bs | D3-D?%  I(Da/Dy) |’

_ 0.5b, 0.5bs, .
R2 = e o5l T T (o 5000

Rx = hsz + Zln(Dﬂ/Dai) . bs+bs; Dg _ 0.5 .
3 12A¢arbsz1q 270 I Aear bsz DZ-D% ~ In(Da/Dy) |”
(22)

R, — ZIn(Da/Dy) 05 Dy |, 1.
4 27T I1 Aar 1r1(D,, /Dm') D%—Dii ay1Sc’

035004050 .
RS - 12Aewabshs 7

Re = Re1-Rep-Rea+Re1-Re3-Rea+Rep-Rep-Rea
Re1-Re2+Re1-Rez+Re1Rea+Rez Rz +Rea Rea ”

where
h 0.25-(Dy — D — 2hs;)Z

Rg1 = + ;
61 12A e bsl 50 2Aeqlwo T - Dyj

_ bs 05Z - (Ipyy — 1 — tpys) — lwoZ
12Aewchslswo 2AeqhsTt - Dy ’

Re2

{om ; Res = L
X2 Se (lfrm - 11)

R63 == = 0
K1 Zwo Wew Pew

b ZIn(D/Dy) -
" 12Awbsly | 27 hAas |In(D/D,) DZ— D2

7

2
R 0.5 D2 }

_Zln(D/Dr){ D? 0.5 ] Lirm
D

8T 2nhAm |D2—D? In(D/D,)| " wwsSuh’
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1

Ry = ——F———
&1 Wew Pew

To reduce the recording of the calculation formulae, the following geometric character-
istics are introduced:

D,;: inside diameter of the inductor yoke;

D,: inside diameter of the tube of the working chamber;
Pey: perimeter of the channel in the coil conductor;

P;,: perimeter of the channel in the frame;

Iswo: length of the overhang of the coil;

S¢: surface area of the frame cooling;

Sy surface area of the working chamber cooling.

All these parameters can be easily calculated on the basis of the dimensions of Table 1
or after the detailed design of the mill.

The system of equations, the solution of which is the desired excess of temperature
ATs, ATy, AT,, AT, and AT,, looks like this:

(A1 4 Ay 4+ As + Ag)AT, — AsATy, — ApAT, — A AT, = P;

—AsATs + (AS + A6)ATw = Py

—AoATs + (Ay + Az + A7)AT, — A3AT, — A7AT, = P, (23)
— A AT — A3AT, + (A + Az + A)AT, = P,
—A7AT, + (A7 + Ag)AT, = P,

where A; = R;! (i = 1,9) is the corresponding thermal conductivity of the TEC.
The absolute average values of the temperatures of the five bodies, which the mill is
conditionally divided into, are determined as follows:

—

H
T=Ty+AT (24)

—
where AT = ||ATs AT, AT, AT, AT , are the vectors of the excess of temperature,

and ? =|Ts Tw T. T, T,|, aretheabsolute temperature vectors.

The test task, solved by means of a three-dimensional field model and described at the
beginning of this subsection, was solved for the second time on the basis of the description
using the TEC suggested.

The thermal resistance, calculated according to the method (22) and based on the
data in Table 1, is [K/W]: R; = 3.185; R, = 0.3594; R3 = 0.3110; R4 = 1.213; R5 = 0.06628;
Rg =0.006470; Ry = 1.193; Rg = 81.26; and Rg = 0.006847.

The overview of the results obtained on the basis of FEM analysis and TEC analysis
have been presented in Table 2.

Table 2. The overview of the results obtained on the basis of FEM analysis and TEC analysis.

Average Values of Absolute Temperature, °C A:fll;/[sis Ar;l;];:)(rjsis Discrepancy, %
the slot of the inductor coil, Ts 58.17 55.77 4.14
the overhang of the inductor coil, T, 56.82 57.94 1.96
claws of the inductor core, T, 82.23 78.70 4.29
the yoke of the inductor core, T, 83.01 83.11 0.117

the wall of the working chamber, T, 112.8 119.3 5.75
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7. Conclusions

1. The replacement of the inductor core with a thermally anisotropic homogenous body
reduces the size of the coefficient matrix for the calculation of the temperature field
due to a significant reduction in the detail of the computational area. At the same
time, the accuracy of the calculated temperature values is virtually unchanged.

2. The equivalent coefficients of thermal conductivity, assuming a one-dimensional
heat distribution in the EMM, used for the calculation of the parameters of thermal-
equivalent schemes, ensure the accurate calculation of the mean values of tempera-
tures of the active parts at the level of 15-20% compared to the actual values.

3. Based on the comparative analysis of the results of the calculation of the mean values
of the temperature of the EMM components with forced liquid cooling using the
TEC and FEM analysis, it was revealed that the discrepancy in the results does not
exceed 6%. This substantiates that the TEC structure selected adequately reflects the
most probable ways of distributing heat flows. The methods for calculating thermal
resistance based on analytical solutions of the heat conductivity equation provide
satisfactory accuracy of the estimation of the EMM thermal state.

4. The system of forced double-circuit liquid cooling can provide effective heat removal
from active parts, which makes it suitable for use in the EMM.

Funding: This research received no external funding.
Data Availability Statement: Author’s own data obtained from calculations performed by the author.
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