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Parametrization of the thermal model of induction motor with
outer rotor

Abstract. This paper presents a method of parameterization of the thermal model of an electric motor on the example of an external rotor induction
motor with high power density. The simulations presented in this paper were carried out on the motor model with a copper rotor cage with a rated
power 25 kW and a mass of 16 kg. This construction, due to the demanding operating conditions they are subjected to, require precise thermal
analysis at the design stage. In many works, this analysis is usually limited to thermal simulations without taking into account the rotating elements of
the motor. This article presents a method of numerical determination of selected parameters of the CFD model, including the value of the heat
transfer coefficient through the air gap, taking into account the rotational motion of the rotor, the convection coefficient, describing the intensity of
convective heat exchange of the outer surface of the rotor body with the environment, and an alternative method of numerical determination of
substitute values stator winding thermal conductivity coefficients. Based on the results obtained in numerical simulations, a three-dimensional CFD
model of the motor was developed and solved.

Streszczenie. W publikacji przedstawiono sposéb parametryzacji modelu cieplnego silnika elektrycznego na przyktadzie silnika indukcyjnego z
wirnikiem zewnetrznym o duzej gestosci mocy. Przedstawione w niniejszej pracy symulacje przeprowadzono na modelu sinika z miedziang klatkg
wirnika o mocy znamionowej 25 kW i masie 16 kg. Tego rodzaju konstrukcje, ze wzgledu na wymagajgce warunki eksploatacji, jakim sg poddawane,
wymagajg precyzyjnej analizy termicznej na etapie projektowania. W wielu pracach analiza ta ogranicza sie zwykle do symulacji termicznych bez
uwzglednienia wirujgcych elementéw maszyny. W niniejszym artykule zaprezentowano metode numerycznego wyznaczania wybranych parametrow
modelu CFD, w tym warto$ci wspéfczynnika przenikania ciepta przez szczeline powietrzng z uwzglednieniem ruchu obrotowego wirnika,
wspofczynnika przejmowania ciepta, opisujgcego intensywno$¢ konwekcyjnej wymiany ciepta zewnetrznej powierzchni obudowy wirnika z
otoczeniem oraz przedstawiono alternatywng metode numerycznego wyznaczania warto$ci zastepczych wspoétczynnikéw przewodzenia ciepta
uzwojenia stojana. Na podstawie wynikéw uzyskanych w symulacjach numerycznych opracowano i rozwigzano tréjwymiarowy model CFD silnika.
(Parametryzacja modelu termicznego silnika indukcyjnego z wirnikiem zewnetrznym)

Stowa kluczowe: symulacje CFD, model cieplny, silnik indukcyjny, silniki o duzej gestosci mocy.
Keywords: CFD simulation, thermal model, induction motor, high power density motor.

Introduction

One of the directions in recent years is the development
of high-efficiency electric drives independent of rare-earth
permanent magnets [1-5]. This also applies to drives where
the so-called Specific Power [kW/kg], informing about the
power density of a given machine [1,4,6]. In addition, the
increasing requirements for electric machines in recent
years in terms of noise reduction, reliability, and ultimately
also the cost of materials and production, forces the
optimization of their design [7-8]. Of course, in terms of
technology and operating parameters, motors with
permanent magnets basically have no competition and are
characterized by the best properties. However, taking into
account the whole spectrum of important issues, including
diversification of key components and independence from
the global monopoly, there is a renewed interest in the
development and improvement of other types of machines,
including induction motors. An important issue in the design
phase of motors is a properly developed thermal model of
the motor and thermal simulations [6,9,10]. High power
density motors operate under conditions of high current
loads, often [12-15 A/mmz] and high supply voltage
frequencies [800 - 1000 Hz], so the components of the
mechanical structure of these machines are particularly
exposed to the negative thermal effects [11-12]. These
include windings, bearings, permanent magnets, shaft seals
and encoders [9]. The influence of heat on the electric
machine should also be taken into account when selecting
parts fits, assembly clearances or designing connections.
The influence of the thermal state of the electric machine on
its efficiency is also significant [9,13].

Currently, in many scientific works, attention is paid to
thermal calculations of electric machines intended for the
electromobility sector (automotive, aviation, shipping)
[6,14,15]. In addition, the issue of thermal calculations is
particularly important in the case of designing motors with
high Specific Power. In these calculations, CFD thermal-
flow simulations are used to determine the steady-state
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thermal state of an electric machine subjected to load at

any operating point (e.g. rated or overloaded). CFD

calculations also enable the intensification of heat removal
from the electric machine by optimizing the efficiency of the
cooling system.

Three-dimensional CDF models are developed on the
basis of previously prepared and appropriately simplified
three-dimensional CAD models and the characteristics of
the construction materials used, including:

e thermal conductivity of the material A (W/mK),

specific heat of the material Cp (J/kgK),

material density p (kg/m®),

dynamic viscosity of a liquid n (kg/ms),

kinematic viscosity of a liquid v (m2/s).

In addition, the CFD model is prepared taking into

account the so-called boundary conditions of the task, such

as:

e ambient temperature T, (°C),

e coolant flow per unit of time F (kg/s),

e temperature Ti, (°C) or fluid pressure P, (bar) at the
inlet of the cooling system,

e natural convection coefficients an (W/mZK) and forced
convection coefficients ar (W/m?K),

e heat transfer coefficients through the model's thermal
barriers k (W/mZK) or their reciprocal thermal
resistances of thermal barriers Rt (mZK/W).

The thermal load of the model, i.e. the value of power
losses AP (W), expresses the amount of thermal energy
generated in individual parts of the electrical machine per
time unit. The most common value is the power loss in:

e stator winding APcys (W),

e  stator core APres (W),

e rotor winding APcy, (W),

e rotor core APrer (W),

¢ mechanical losses in bearings AP,.
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Most materials (steel, aluminum, copper) on the basis of
which CFD models of electrical machines are prepared
show isotropy of heat conduction in all directions and can
be defined by a constant thermal conductivity coefficient A
(W/mK). Non-homogenous (heterogeneous) parts and
assemblies, which include windings, stator and rotor cores,
have a composite (multi-layer) structure. In terms of thermal
conductivity, they are orthotropic, i.e. thermal conductivity
coefficients A can be defined in three mutually perpendicular
axes of the coordinate system (coinciding with the main
axes of the machine). When preparing CFD models of
composite (heterogeneous) structures, their geometries are
simplified to homogeneous structures by assigning them
newly created materials, defined by the thermal conductivity
coefficient in three mutually perpendicular directions
Ax, Ay, Az. When defining the material for a homogeneous
model of windings and cores, a constant thermal
conductivity coefficient is assumed in the plane normal to
the main axis of the machine A = Ay = Ay, and a significantly
different thermal conductivity coefficient in the direction of
the main axis of the machine A, and in the case of the
winding model Ay << Az, and in the case of the core
package model Ay >> A,.

In recent years, many experimental studies have been
carried out to determine the equivalent heat conduction
coefficients for windings Aswsy, Aswz, and cores Acoxy, Acoz,
and to determine the value of thermal resistance Rt of
thermal partitions between individual parts of an electric
machine [10,13,16]. Similar results can be achieved using
numerical simulations [17,18]. In the case of winding, two-
dimensional models are usually made in order to represent
the real composite structure of the material in the cross-
section of the slot. Thus, it is possible to model the
arrangement of the winding wires in the space of the slot
assuming the appropriate filling factor, and also to take into
account the actual diameter of the winding wire, the
thickness of the enamel layer and filling slot with
impregnating varnish. The simulation then consists in
numerically determining the value of the thermal flux g (W),
caused by the temperature difference AT = T»-T4 (°C), on
two opposite sides of the slot and analytical determination
of the substitute heat conduction coefficient A, (Equation

(1)-

_ at
(1) Ay = SAT
where: | — distance of planes to which temperature
boundary conditions T1 and T, have been assigned,
S - surface area of the plane to which temperature
boundary conditions T4 and T, have been assigned.

The literature provides the values of thermal conductivity
coefficients for the slot filing materials (enamel,
impregnation varnish), used to build numerical models [19].
However, there are no examples illustrating the method of
modeling the heat exchange between the stator and the
rotor of an electric machine in spatial CDF models. The
meshing of the air gap model based on the finite element
method is troublesome because the dimensions of the gap
in comparison with the overall dimensions of the machine
are small. This causes an undesirable increase in the mesh
quality parameter, the so-called Aspect Ratio, i.e. the ratio
of the size of the largest to the smallest finite elements of
the model. To avoid this problem, publication [20] proposed
a method of building three-dimensional CFD models without
modeling and meshing of the air gap. The author presents a
method of numerical determination of the thermal
resistance of the air gap Riag (m?K/W), taking into account
the rotational motion of the rotor. The thermal resistance

value obtained in this way is used in the definition of the
contact between the cylindrical surface of the stator and the
rotor. In publication [21] the authors use an analytical
method of determining the equivalent value of the thermal
resistance of the air gap. Experience shows that the results
obtained by numerical and analytical methods are
consistent with each other and can be used alternatively.
When developing three-dimensional CFD models of electric
machines with an internal rotor, the constant (taking form
the literature) values of the natural convection coefficient a,
(W/m2K) and forced convection coefficient ar (W/m2K), are
most often assumed. In the case of electric machines with
an external rotor, especially those operating at high
rotational speed, such a simplification may result in
inaccuracy of the obtained simulation results. The
coefficient of convection a; forced by the rotational motion of
the rotor of electric machines with an external rotor should
be determined each time not only in relation to the
geometry of the machine, but also depending on its
rotational speed.

This article presents a method of numerical
determination of the value of the heat transfer coefficient kaq
(W/m?K) through the air gap of the motor, taking into
account the rotational motion of the rotor. A method of
numerical determination of the convection coefficient of
(W/mZK) describing the intensity of convective heat
exchange of the outer surface of the rotor body with the
environment was presented. The method of numerical
determination of substitute values of the thermal
conductivity coefficients Ay, and A; of the stator winding was
also presented. Based on the results obtained in numerical
simulations, a three-dimensional CFD model of an induction
motor with an external rotor and a copper cage with a rated
power of P, =25 kW, rotating at a speed of 8000 rpm, was
developed and solved. The aim of the simulations carried
out was to find out the steady-state temperature of all motor
components. In addition, the intensity of heat removal from
the motor by the coolant was analyzed. The average
temperature of the cooling medium at the outlet of the
cooling system T, was determined, and the temperature
increase of the cooling liquid AT = Tou - Tin was also
examined.

The model of induction motor

The input data for the thermal model in the form of
power losses generated in motor components are obtained
from electromagnetic calculations. The subject of analysis
in this paper is a model of induction motor with an external
rotor with a copper cage (Fig.1). Table 1 shows the basic
data and parameters of the motor model. Table 2 presents
the calculated values of power losses, which in the next
steps were implemented in the CFD model. Both the
electromagnetic calculations and the subsequent thermal
simulations were carried out for the rated operating point of
the motor.

Table 1. Parameters of the induction motor model

Parameter

Rated power Pn kW 25
Rated torque Ta Nm 30.3
Rated rot. speed Ny rpm 7890
Rated voltage U \% 400
Rated current In A 50.9
Efficiency n % 91.8
Power factor cosQ - 0.78
Number of poles 2p - 8
Number of phases m - 3
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Figure 2 shows the operating characteristics of the
Torque vs. rotational speed at 400 V, 533.33 Hz. The
maximum torque of the motor is 60 Nm.

Table 2. Power losses in the motor model

Parameter

Stator winding losses APcys w 1000
Stator core losses APres w 650
Losses in bars of rotor APg, \W 300
Losses in shorting rings in rotor APg, w 150

Fig.1. Electromagnetic circuit model of an external rotor induction
motor.
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Fig.2. Torque vs. rotational speed characteristics.

Construction and meshing of the CAD model

The three-dimensional model of the motor, previously
prepared in the CAD software, was subjected to appropriate
simplification and then meshing by a finite element method
in the ANSYS 2021 R2 Fluent software. Figure 3 shows the
CAD model of the motor.

Fig.3. CAD model of an induction motor with an external rotor
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The thermal-flow model includes all main parts and
assemblies of the motor, including:

e an external rotor assembly containing a rotor core with
a copper cage, press-fitted into the aluminum, rotating
rotor housing,

e an internal stator assembly containing a wound stator
core, press fit mounted on the aluminum body in which
a liquid cooling system is located,

e a shaft mounted on two bearings inside the body,
coupled with the rotating body of the rotor.

The model of the stator core, the rotor core, the stator
winding as well as the short-circuit rings and rotor cage bars
were meshing based on hexahedral finite elements using
the sweep method with a density of 1 element for every 1
mm of model length. The stator winding model consists of
the straight bars with a cross-section corresponding to the
cross-section of the slot, extended outside the stator core to
the length resulting from the pitch of the winding (and not
from the overhang of the winding end-conection). This is a
new approach to modeling the stator winding, allowing to
avoid the error resulting from the incorrect definition of the
directions of thermal conductivity in the winding face in
traditional modeling. The remaining parts of the model:
body elements, shaft and bearings were meshed based on
5 mm hexahedral finite elements. The meshing effect of the
3D model of the induction motor with an external rotor is
shown in the Figure 4.

The coolant model in the cooling system was meshed
using the inflation method with 3 boundary layers and the
Increase Factor of 1.2. Boundary layer modeling allows for
accurate simulation of the liquids behavior in layers
adjacent to the walls. The inner layer of the liquid was
meshed based on 2 mm hexahedral elements. The

meshing effect of the 3D model of the cooling liquid is
shown in Figure 5.

%

Fig.4. Motor model with a finite element mesh in ANSYS software

T

Fig.5. Coollant with a finite element mesh in ANSYS software

The air gap model was not meshed. At the stage of
preparing the 3D model of the motor, the outer diameter of
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the stator core was equalized with the inner diameter of the
rotor core (Fig. 6). At a later stage - parameterization of the
thermal-flow model, the contact created at the contact
between the stator and the rotor was defined with the value
of the equivalent thermal resistance of the air gap, taking
into account the rotational motion of the rotor.

Ansys

Fig.6. A simplified model of the stator and rotor of the induction
motor with the air gap omitted

Heat transfer coefficient through the air gap

In order to determine the equivalent value of the thermal
resistance of the air gap, a numerical method described in
the literature was used [20]. Computational three-
dimensional (3D) numerical model of the air gap were
prepared based on the Finite Element Method in ANSYS
2021 R2 Fluent software. The model was prepare based on
hexahedral finite elements with 8 nodes, arranged along the
air gap using the sweep method with a density of 2
elements for every 1 mm of the gap length. In the cross-
section of the gap, the elements were arranged evenly in
4 layers. The model makes it possible to assign the
rotational speed n (RPM) to one of the two cylindrical
surfaces of the gap: external for the case of an external
rotor or internal for the case of an internal rotor. The
meshing effect of the 3D model of the air gap is shown in
the Figure 7.

Table 3. Air material parameters taken from the ANSYS Fluent
material database

Density Pair 1.225 kg/m®
Specific heat Cpair 1006.43 J/(kgK)
Thermal
conductivity Aair 0.024 WimK)
Dynamic viscosity n 17.89:10° kg/(ms)
Kinematic viscosity v 14.61'10° m?/s

The boundary conditions of the task are: rotor rotational
speed n (rpm) and two arbitrarily selected values of
temperatures T and T, (°C), respectively assigned to two
cylindrical surfaces of the model. The effect of the
temperature difference AT = T, — Ty (°C) is the heat flux
g (W) occurring between the surface of the stator and the
rotor, the direction of which is opposite to the temperature
gradient. In the simulation, the case of an external rotor
rotating at a given speed of n = 8000 rpm was tested for
several selected AT values. For each case, the value of the
heat flux g (W) was calculated, and then the values of the
heat transfer coefficients kaq (W/mzK) and the inverse
values of the equivalent thermal resistances Rtaq (M2KIW)
were determined (Formula (2)).

1 q
@ kag = Rtag  SAT

The value of the heat transfer coefficients through the
air gap kag does not depend on the temperature difference
AT (°C), but strictly depends on the set rotor rotational
speed n (rpm). The calculated value of the equivalent
thermal resistance of the air gap Rtag = 0.00773 m?K/W was
used to parameterize the thermal-flow model of the
induction motor.
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Fig.7. 3D model of an air gap with a fi'rl;ite element mesh in ANSYS

Forced convection coefficient for the outer surface of
the rotor body

The numerical two-dimensional (2D) model was built
and solved in the ANSYS 2021 R2 Fluent software. In the
two-dimensional model, the thickness parameter was
defined - specifying the actual length of the rotor. The
modeled airspace around the rotor is a circle with
a diameter of 3 m. It was assumed that at a distance of
1.5m from the rotor axis, the influence of the heat
generated by the motor on the ambient temperature T, (°C)
is negligible, and thus temperature boundary condition
T.=22°C.

The second boundary condition of the task - the
temperature T; was defined on the outer surface of the
rotor. For four exemplary values of AT = T, - T; (°C),
numerical simulations were carried out, during which the
values of the heat flux q (W) were tested, the direction of
which is opposite to the temperature gradient. In addition,
two cases of the rotational speed n = 4000 rpm and the
rated speed n = 8000 rpm were tested.
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Fig.8. Temperature distribution around the rotor for n = 8000 rpm.

The purpose of the simulations was to determine the
value of the forced convection coefficient or (mZK/W) - the
so-called coefficient of convection forced by the rotation of
the rotor. As a result of the simulations, the values of the
unit heat flux g (W/mz) were determined for each of the
discussed cases. The corresponding values of forced
convection coefficients ar were calculated using the formula:

Based on the results presented in Table 4 and Table 5,
it was shown that the value of forced convection coefficient
ar does not depend on the temperature difference AT (°C),
but strictly depends on the rotational speed n. The
calculated value of the forced convection coefficient ar =
58.43 W/m?K was used to parameterize the CFD model of
the motor.

®) a4 =4
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Table 4. Calculated values of forced convection coefficient a; for
rotational speed n = 8000 rpm

T1 Ta AT q Qas
(°C) (°C) (°C) (Wim?) | (WIm’K)
125 22 103 6018.8 58.43
100 22 78 4557.9 58.43
75 22 53 3097.0 58.43
50 22 28 1636.2 58.43

Table 5. Calculated values of forced convection coefficient a; for
rotational speed n = 4000 rpm

T Ta AT q ay
(°C) (°C) (°C) (W/m?) (W/m’K)
125 22 103 3374.4 32.76
100 22 78 2555.4 32.76
75 22 53 1736.3 32.76
50 22 28 917.3 32.76

Equivalent thermal conductivity coefficient of the stator
winding in the slot cross-section

Computational two-dimensional (2D) numerical models
were prepared based on the Finite Element Method in
ANSYS 2021 R2 (Steady State Thermal) software. A
copper round winding wire with diameters d'= 1.279 mm
and d = 1.180 mm was selected for the simulation. Two
variants of winding wire arrangement in the stator slot were
investigated. In the first "square" variant the centres of
adjacent wires were placed at the vertices of the square so
that the gap between the wires was 0.02 mm. In the second
"triangle" variant the centres of the adjacent wires were
placed at the vertices of an equilateral triangle keeping the
same gap as before. Additionally simulations were
performed with a slot filled with impregnating varnish and
air. The models took into account the composite geometric
and material structure of the stator slot filling: copper,
enamel, impregnation varnish (or air). It was assumed that
in terms of thermal conductivity all the materials used are
isotropic and their specific thermal conductivity coefficients
are:
copper : Acy = 385 W/mK,
enamel : Aen = 0.23 W/mK,
impregnating varnish : Ay, = 0.3 W/mK,
air : Aair=0.024 W/mK.

The winding samples were modeled in such a way as to
make them repeatable in both axes of the plane of the
stator slot cross-section. Thus there is no need to model the
entire cross section of the slot and the method is universal.
The values of the equivalent thermal conductivity coefficient
Ay (W/mK) obtained from the calculations are a material
feature of the winding constructed on the basis of a specific
winding wire and placed in a slot with a specific slot filling
factor. Its value is not influenced by the shape and
dimensions of the stator slot.

The boundary conditions of the calculation model are
two constant temperature values assigned to the opposite
edges of the sample T4 and T, (°C). The calculations were
completed when the temperature field in the entire
calculation area of the model was established. The purpose
of the calculations was to determine the value of the heat
flux (W) between two opposite edges of the sample for
which boundary conditions were defined, i.e. the value of
thermal power flowing between the edge of the sample by
higher and lower temperature. With the heat flux q (W) and
the geometrical dimensions of the sample: length / (m) and
the boundary condition surface area S (m?) as well as the
value of the temperature difference AT (°C) the values of

254

the equivalent thermal conductivity coefficient in the sample
Axy (W/mK) were determined using Formula 1.

It should be noted that the geometry of the calculation
model was designed in the scale of 100:1 in relation to the
geometric dimensions of the real sample what does not
affect the value of the coefficient Ay, (W/mK) because the
heat power g (W) flowing through the sample is proportional
to its geometrical dimensions and Ay, (W/mK) is a constant
proportionality factor characteristic for the structure of the
material used. The calculations were performed for the case
of arranging the winding wire in the stator slot in a "square"
and "triangle" method. For both cases calculations were
carried out taking into account the filling of the stator slot
with impregnating varnish and air and for several different
temperatures T1 and T; (°C).

Fig.9. Temperature distribution in the tested sample in the "square”
and "triangle" configuration with filing of the slot with the
impregnating varnish

Fig.10. Temperature distribution in the tested sample in the
"square" and "triangle" configuration with filling of the slot with the
air

The results of calculations collected in the Tables 6-9
confirm that the value of the equivalent thermal conductivity
coefficient Ay (W/mK) does not depend on the values of T;
and T, (°C) temperatures as it is a material feature
independent of the boundary conditions of the task.
However it can be seen that the value of the coefficient Ay
(W/mK) varies depending on the configuration of the
winding wire arrangement in the slot and depending on the
material used to fill the slot (impregnating varnish, air).

Table 6. Input data and calculation result for the "square"
configuration with filling of the slot with the impregnating varnish
q SZ i T1 TZ AT Axy
(W) (m?) (m) (CC) | CC) | (°C) | (W/mK)
139.12 0,2598 0.2598 20 120 100 1.39
243.46 0,2598 0.2598 0 175 175 1.39
115.47 0,2598 0.2598 38 121 83 1.39
27.82 0,2598 0.2598 20 40 20 1.39
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Table 7. Input data and calculation result for the "triangle"  (m”K/W), constituting a thermal barrier for heat transfer from
configuration with filling of the slot with the impregnating varnish the winding towards the stator core. The parameterization
q S, / I T2 a7 Ay of the model assumed the use of slot insulation with

(W) (m%) (m) CC) | (C) | (°C) | (WimK) : _ .

15833 | 02250 | 02598 | 20 120 100 183 a thickness gsi = 0.25 mm and thermal conductivity
277'08 0'2250 0'2598 5 175 175 1'83 Asi=0.14 W/mK, which gives the value of thermal
- - : - resistance:
131.41 | 02250 | 0.2598 | 38 121 83 1.83
gsi _ 0,25:1073m
31.7 0.2250 | 0.2598 | 20 40 20 1.83 (5) Rt,_. = = = =0.00178 2~
si 0,14—
Table 8. Input data and calculation result for the "square" e .
configuration with filling of the slot with the air The values of all thermal resistances calculated and
q S, / T T AT Ay taken from the literature for contacts occurring in the

(W) (m7) (m | (C) | (C) | (C) | (WimK) parameterized CFD model of the motor are presented in

32.03 0.2598 | 0.2598 | 20 120 100 0.32 Table 11.

56.05 0.2598 | 0.2598 0 175 175 0.32 ) ) i

2658 02598 | 02598 % 21 P 032 Table 11. Values of equivalent thermal resistances of connections

: : . - used in model parameterization.

6.40 0.2598 0.2598 20 40 20 0.32 Motor element Symbol Thermal resistance
Table 9. Input data and calculation result for the “triangle" bearingt_—body(sliding Rty 0.00059 (M2K/W)
configuration with filling of the slot with the air connection) ,

q S ] T, T, AT hy bearing - shaft (press fit) Rty.s 0.00015 (m2K/W)

(W) (m?) (m) (°C) (°C) (°C) (W/mK) yvinding — stator core (slot Rt 0.00178 (m2K/W)

42.30 02250 | 0.2598 | 20 120 100 0.49 insulation) e i

7402 | 02250 | 02598 | 0 | 175 | 175 | 049 (s;f;‘;rs”f?tt)‘” core - body Rtes 0.00015 (m2K/W)

35.11 0.2250 0.2598 38 121 83 0.49 cage bars - rotor core

o2 h Rty 0.00104 (M2K/W)

846 | 02250 | 02598 | 20 | 40 20 0.49 (sliding connection)

air gap Rtaq 0.00773 (m2K/W)
The calculated value of the equivalent thermal cage bars - rotor shorting Rt,. 0 (M2K/W)
rings (solder connection) s

conductivity coefficient Ay, = 1.39 W/mK was used to
parameterize the CFD model of the induction motor.

Parameterization and solution of the 3D CFD model

The values of equivalent heat conduction A, heat transfer
k and convection coefficient a, obtained in the numerical
simulations described in the previous chapters, were used
to parameterize the three-dimensional CFD model of the
analyzed induction motor. The values of the remalnlng
coefficients were taken from the records of the analyzed
literature and experiments. First, the materials were defined
in the database and assigned to individual parts of the
model, with particular emphasis on the value of thermal
conductivity coefficients A.

Table 10. Values of thermal conductivity coefficients for the
construction materials of the model

Motor element Material Thermal conductivity
Stator body, rotor body Alu?/i\r:‘ium Aa = 185 W/mK
Shaft, bearings Steel Ast = 58 W/mK
S:;grgr:ngs’ rotor Copper Acu = 385 W/mK
Stator winding Composite A/T;sz : ;éBSQV\\/,\;:]nKK
Stator core, rotor core Composite A;g:,yz == §5v\\;\/lr/nrr}|<K

Next the values of equivalent thermal resistances Rt
(m?K/W) were analytically determined for the contacts
representing the sliding connections of the parts of the
motor model. This case concerns the sliding connectlon of
the rolling bearings with the body hubs Ry (m K/W) and
bars of the cage with holes in the rotor core Rty (M*K/W).
It has been assumed that for small air gaps (hundredths of
a millimetre), heat transmission through the gap is by
conduction only and the following formula can be used
(RCmax - the maximum radial clearance of the connection,
Aair = 0,024 W/mK). For example, in the case of connecting
bars with holes in the rotor core, the following can be
written:

RCmax _ 0,025 10 3m
Agir 0,024—

@) Rty = = 0.00104K

In a similar way, the value of the thermal resistance of
the slot insulation of the stator was calculated. Riy.c
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When parameterizing the CFD model, the following
values of the convection -coefficients, the so-called
coefficients of natural convection from the outer surface of
the housing and forced convection from the rotating rotor
body (n = 8000 rpm) were assumed:
natural convection coefficient a, = 15 W/m?K
forced convection coefficient a; = 58,5 W/m?K

The CFD simulation of the analyzed induction motor
was carried out assuming the following values of the
boundary conditions of the task:

e coolant flow per unit of time: F =8 | /min (~0.133 kg/s),

e temperature at the inlet of the cooling system T, =
15 °C,

e ambient temperature T, = 22°C.

The load on the model is represented by the values of
power losses AP (W) in motor elements, whose values
resulting from the previously performed electromagnetic
calculations are presented in Chapter 2. The results of the
simulations carried out are presented in the Figures 11-
Figure 16.

The intensity of heat removal generated in the motor by
the coolant was subjected to additional analysis. The
distribution of fixed temperatures of the cooling medium
(water) obtained in the CFD simulation is shown on the
solid model and on the exit plane of the cooling system in
the Figure 17.
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Fig.11. Caluclated thermal steady state in winding and stator core
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Fig.17. Calculated thermal steady state of coolant (water)

The analysis of the temperature distribution of the
cooling medium, and in particular the measurement of the
average temperature at the outlet of the cooling system,
gives the possibility of initial verification of the accuracy of
the performed thermal and flow calculations. Knowing the
value of power losses AP of a liquid-cooled electric
machine, it is possible, omitting the influence of convective
heat exchange with the environment, to determine the
average temperature T, (°C) at the outlet of the cooling
system.

More accurate calculations can be made by analyzing
the thermal power balance in the model, which is also the
result of the CFD simulation. The point here is to determine
the real value of the thermal power transferred by
convection to the motor's surroundings from the surface of
the machine (Formula 6). From the thermal power balance
of the model, it can be read that as a result of forced
convection from the surface of the rotor housing to the
environment of the motor, 378.8 W of power is transferred.
For comparison, as a result of natural convection from the
housing surface to the environment of the motor, only 3.0 W
of power is transferred.

« _ AP—AP¢ o 1720,2 — °
(6) Tout - Cp.G_F(‘) + Tln 4182'% + 15 181 C

The results obtained by analytical calculations and
formula 6 prove the correctness of the developed model,
the adopted parameterization and the method of calculating
the heat transfer path P (W) from the sources of its
generation to the place of its exchange with the
environment. It should also be noted that the temperature
difference at the inlet and outlet of the cooling system is
only 3.1 °C. The result suggests that the proposed shape of
the cooling system channel is close to optimal and allows
for efficient dissipation of thermal power generated in the
motor to the environment.

Conclusion

This article presents a method of parameterization of a
thermal model of an external rotor induction motor with high
power density. A method of numerical determination of
selected parameters of the CFD model was presented,
including the value of the heat transfer coefficient through
the air gap, taking into account the rotational motion of the
rotor, the heat transfer coefficient describing the intensity of
convection heat exchange of the outer surface of the rotor
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housing with the environment and an alternative method of
numerical determination of substitute values of thermal
conductivity coefficients stator windings. The partial results
obtained were compared with the results obtained from
analytical calculations. These results are consistent.
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