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ABSTRACT

The present work aims at providing a predictive numerical methodology for the thermal characterization of electric motors. The methodology relies
on a 2D-FE simulation for the estimation of the electromagnetic (iron and joule) losses. The latter are then exploited in a 3D-CFD Conjugate Heat
Transfer analysis for the evaluation of the thermal field.

The CFD model includes both the solid components and the fluid domains. The main novelty of the paper is represented by the copper coil
modelling. In fact, copper, air, epoxy resin and enamel are synthetized in a single homogeneous body able to reproduce the thermal behaviour
without including the single components, to reduce the computational cost.

The methodology is validated against experimental data on a three-phase squirrel-cage induction motor. As for the experimental data (available at
three different operating conditions), temperature distributions are measured by thermocouples at the test bench for the validation of the 3D-CFD
CHT model. In addition, experimental estimations of the losses are available for the validation of the 2D electromagnetic simulations.

The numerical results in terms of motor performance, electromagnetic losses and thermal field are discussed and are proved to be close to the
experimental counterparts, for all the investigated conditions.

1. Introduction

Although electric motors provide high efficiency and power-density, the electric power that is not converted to mechanical one
produces a non-negligible amount of heat which can range from hundreds to thousands of Watts according to load, speed and motor
type [1,2]. If the heat is not properly removed, it can lead to a dangerous thermal state, able to compromise life and safe operation of
the motor. Moreover, the smaller the motor is, the more difficult the heat removal becomes.

The main heat sources are due to phenomena such as Joule effect, eddy currents and hysteresis. According to the specific electric
motor, such phenomena can have different weight on the total heat source.

In rotating machines, friction and windage losses need to be accounted in the energy balance as well. Finally, additional losses are
generated due to the inhomogeneous distribution of current in the wires [3] and the scattering in the production process.

Generally, the temperature distribution is not uniform, with the highest values located on the wires which, surrounded by insu-
lation materials, have a very low dissipation factor. The maximum achievable temperatures are constrained by the thermal properties
of the coil insulator, which identifies the class of insulation of the machine. A significant thermal stress determines the thermal aging of
the insulation system, resulting in a decay of electrical insulation properties and, thus, shortening the lifespan of the motor [4]. In an
induction device, high thermal stress may lead to bar fault and cage fracture at the joint between the bars of the squirrel cage and the
rings [4]. Although Joule losses are negligible in rotors of Permanent Magnets Synchronous Motors (PMSM) operating at relatively low
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frequencies, the losses in the magnets can be elevated at high frequency and, due to the difficulties in cooling rotating bodies, high
temperatures can be reached. The magnetic properties of the magnets change significantly with temperature, thus causing perfor-
mance deterioration and, in the worst case scenario, the irreversible demagnetization [5].

In this context, to limit the temperature rise and, thus, to increase the peak torque [6,7], thermal investigations are mandatory.
Besides experiments, Lumped Parameter Thermal Network (LPTN) [8-10] and 3D-CFD/FEA approaches can be proficiently adopted to
study and optimize the cooling system geometry, to predict heat path and temperature field and to test pioneering solutions, reducing
time and costs of the design stage. Moreover, critical components of an electric motor, such as rotor windings or rotor magnets, whose
investigation is usually complex via experiments, can be more easily analysed. Furthermore, during the start of induction motors,
temperatures of stator and rotor windings can reach significantly high values. A transient characterization of the start under several
loads is not experimentally straightforward, while it is achievable by means of thermal models [11] in which the multi-physics
coupling method accounts for the mutual interaction between electromagnetic phenomena and thermal field [12]. In Ref. [13] P.
Ponomarev et al. proposed a comparison between LPTN, FEM and CFD for the thermal modelling of an oil-cooled PMSM. The
analytical method provides a quick (even if rough) estimation of the temperature while both FEM and CFD, the latter based on the
Conjugate Heat Transfer (CHT) approach, result more suitable tools for the selection of the optimal cooling strategy, but at the expense
of higher effort in the model preparation.

Focusing on the design aspects, the cooling system is chosen according to the class of insulation, the operating power and the
working environment. Typically, for industrial applications, electric motors are air cooled by natural convection through its surface
fins or by forced convection via fans [11,14-19,34]. They are low cost and poor maintenance is required, but their application is
limited because of the low power density. The efficiency of fins in the air cooling system of a switched reluctance motor is numerically
investigated in Ref. [1] by an unsteady multi-physics study in which the electromagnetic tool provides the heat sources in the heat
transfer analysis. Several CFD calculations are employed to optimize the fan design and to reduce noise issues for electric motor air
cooling, in which the air motion is accounted for by the Moving Reference Frame approach [14-19].

Higher cooling performance is provided by direct and/or indirect liquid forced convection, which is widely used for high density
power motors [20-33]. Generally, the liquid flows through the cooling jacket which surrounds the motor housing. Usually, the adopted
coolant is a mixture of water and glycol [20]. In [20-24] several architectures of cooling jacket are analysed by means of CFD,
searching the best trade-off between heat transfer capability and pressure drop. In Ref. [23] the authors numerically compare four
different cooling technologies such as conventional cooling jacket within the case, circular and rectangular cooling channels within the
stator and Direct Winding Heat Exchanger (DWHX), in a PMSM. The study points out that the best cooling performance is provided by
the DHWX thanks to the wide heat transfer area and the low thermal resistance resulting from the small distance between heat source
and cooling system. The embedded circular and rectangular channels show high heat removal capability but they affect the
electro-magnetic performance reducing the global efficiency.

Although the liquid cooling performs better than the air one, it is more expensive as it requires a complex system with radiator and
pump. Moreover, the weight increases along with the energy consumption, to run both cooling pump and radiator fan.

Unlike the active windings, the end-windings are surrounded by a significant amount of air, which has extremely low thermal
conductivity. The end-windings cooling can be promoted via potting silicone gelatin between them and the motor casing, enhancing
the direct heat transfer towards the case and, therefore, to the cooling jacket. This is pointed out in Ref. [25] where a PMSM is
experimentally and numerically investigated under several unsteady operating conditions. The 3D model predicts well the extension of
stable running time from 84s to 165s under the peak-condition, made possible thanks to the adopted cooling strategy.

An alternative direct cooling solution employs oil jets on the end-windings [4,13,26-33]. In Ref. [26], besides a submerged jet, also
an oil spray on hairpin end-windings is investigated, introducing Discrete Phase Model, droplet breakup and coalescence model. Under
the liquid jet regime, the Volume of Fluid formulation is commonly used to model the oil-air interaction inside the motor [28,32]. Oil is
used for both lubrication and cooling in an integrated electrical motor and gearbox architecture in Ref. [33], in which LPTN model,
CFD analysis and laboratory tests confirm the validity of the calculation methods. However, this cooling strategy compromises the
cooling uniformity and affects noticeably the cost.

Pulsating heat pipe [34-36], refrigerant [37], phase change material [24], strip spoiler [38] and nanofluids [22] are widely
investigated in literature as well.

Moreover, to limit the temperature rise, the design of solid components is deeply examined in Ref. [39]. In order to minimize eddy
current and hysteresis losses, both stator and rotor blocks are obtained via sheet lamination process.

Innovative solutions, such as hairpin technology [40-44] to minimize the electric resistance of the windings and High-Temperature
Superconductor [45] to reduce the iron losses, are widely studied.

In the present work, a multi-physics analysis of a three-phase induction motor is carried out. The power losses resulting from 2D
electromagnetic simulations are applied as source term in the energy equation of the 3D-CFD model. Multi-phase steady-state CFD CHT
simulations are performed under three operating conditions. The main goal of the present paper is the proposal of a robust, experi-
mentally validated methodology, able to predict properly performance, electromagnetic losses and thermal field of electric motors.
The methodology is meant to be adopted at the design stage, to evaluate the thermal behaviour and its strength derives from the
adoption of very detailed models both for 2D and 3D simulations. In particular, for the latter, all the solid components are included as
well as the fluid domains, i.e. air gap and cooling circuit. In this regard, particular care is dedicated to both the representation of the
contacts between the solids (by means of a proper set of resistances) and the simulation of the internal turbulent flows. The main
novelty of the present paper is represented by a dedicated approach to model the stator slot components (namely enamelled copper
wires, epoxy resin, air and insulating nomex), in order to mimic the resulting thermal behaviour without including each single element.
The adoption of a homogeneous solid instead of the detailed geometry allows to strongly reduce the computational cost.



C. Iacovano et al. Case Studies in Thermal Engineering 56 (2024) 104233

In the next section, the experimental apparatus and the data of the aforementioned operating points are shown. Then, the setup of
both the electromagnetic and fluid dynamic models is introduced. In particular, an in-depth analysis of the thermal coil modelling
inside the stator slots is carried out, in which an equivalent homogeneous and orthotropic material mimicking the real coil is proposed.
Finally, both 2D-electromagnetic and 3D-CFD results are discussed and conclusions are drawn.

2. Experimental apparatus

The analysed three-phase induction motor is produced by Lucchi R. s.r.l. and it is a 4 pole machine, made of squirrel-cage with 40
short-circuited rotor bars and stator with 48 slots. The stator winding is a double-layer one, with 4 slots-per-pole-per-phase and with a
short pitch by 3 slots. The impregnation process is obtained by immersion of the stator in a resin tank which leaves a significant amount
of air inside the quarries and in the volume inside the end windings. The air percentage is estimated to be 35% of the volume cave.

Both stator and rotor blocks are made of M400-50 steal lamination stacks with 0.5 mm thick sheets. Rotor cooling vanes, also
named wafters, are attached to the rotor ends, acting as a fan and improving the convective heat transfer with the air.

A spiral-shape water jacket surrounds the entire motor housing and it is the main cooling system. It is fed by a water-ethylene glycol
mixture (80%-20% by volume).

For the validation of both the losses provided by the 2D electromagnetic simulations and the temperatures calculated by the 3D-
CFD CHT model, experimental measurements are performed.

It is useful to point out that, in induction motors, the iron losses in the rotor block are proportional to both stator current frequency f
and slip s. Since s is typically very small, the rotor iron losses are not considered because of their negligible contribution. For this
reason, they will be neglected in the following.

Firstly, no-load operations are experimentally tested to evaluate friction and windage losses. The sum of the two, for a given revving
speed, is determined as the difference between electric power and mechanical one at low current.

Afterward, a thermal characterization of the motor is performed under three load conditions, increasing the value of the stator
current. In these tests, temperatures of the components and losses are measured, the latter being evaluated, once again, as difference
between electric power and mechanical one. Such losses are the sum of stator iron losses, stator windings Joule losses, rotor Joule
losses, friction losses and windage losses. Interestingly, friction and windage losses are considered invariant with and without load, on
equal revving speed and current frequency. Therefore, their sum under load is supposed to be known thanks to the no-load tests. As a
result, tests under load can provide an estimation of the sum of Joule losses (in stator and rotor) and stator iron losses.

Temperatures of copper, stator and coolant at the inlet/outlet sections of the cooling jacket are measured by means of 11 ther-
mocouples with an error band of + (0.7 °C + 0.15%T). Nine of them are placed on wires and stator block, as shown in Fig. 1. A
significant difference of temperature is measured between the upper and lower portions of each end-winding (i.e. between T5 and T7
and between T4 and T6). According to the uncertainty and randomness of the end-winding composition, local measurements of
temperature could be strongly affected by the inhomogeneity of the copper coil components. This detail cannot be predicted by a 3D
model, which has an axis-symmetric setup. For this reason, in the following analysis, the average values between T5 and T7 and
between T4 and T6 are used as reference data for right side and left side of the end windings, respectively.

Table 1 shows the main experimental data for the three investigated conditions. Moving from Operating Point (O.P.) A to O.P. B, the
magnitude of the stator current decreases, leaving the current frequency (and, consequently, the motor speed) unchanged. Conversely,
both electric and mechanical powers decrease.

At O.P. C, the current frequency decreases along with the motor speed. A slight increase in the current magnitude is set, resulting in

st A W 0 A W

Fig. 1. Position of the thermocouples.
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Table 1
Main experimental data.
Operating Point A Operating Point B Operating Point C
40 kW @1770 rpm 32 kW @1780 rpm 37 kW @1450 rpm
Frequency [Hz] 60.15 60.10 49.76
Torque [Nm] 218.0 174.0 245.1
Mechanical Power [kW] 40.43 32.44 37.24
Electric Power [kW] 44.43 35.32 42.00
Total Losses [kW] (Electric P. - Mechanical P.) 4.00 2.88 4.76
Friction Losses [kW] 0.327 0.327 0.190
Line Current [A] 538.2 421.8 607.7
Phase Current [A] 310.7 243.5 350.9
Slip [-] 0.02 0.01 0.03
T Inlet Coolant [°C] 40.0 40.0 40.0
AT (Inlet/Outlet) Coolant [°C] 6.3 4.5 7.4
Coolant Volumetric Flow Rate [L/min] 10.0 10.0 10.0
Heat Removed by Cooling Jacket [KW] 4.08 291 4.78

an increase of mechanical torque and total losses.
The motor dissipates 4, 2.88 and 4.76 kW respectively, with an efficiency equal to nearly 90%.
A thermal balance on the cooling mixture is computed as in Eq. (1).

Q = pVCp (Toutlet - Tinlet) (1)

p is the density, V the volumetric flow rate and ¢, the specific heat of the coolant mixture.

The cooling jacket dissipates 4.08, 2.91 and 4.78 kW. Such values well agree with the total losses reported above (equal to the
difference between electric and mechanical powers). The minimal differences are related to the measure uncertainties of the
experiments.

3. 2D-FE electromagnetic model

As discussed above, the main objective of the electromagnetic model is to estimate the losses. A finite element (FE) model of the
considered induction motor is developed using Simcenter MagNet, licensed by Siemens DISW. A 2D FE analysis is deemed to be the best
trade-off between accuracy and computational burden for the considered case study. Regarding the stator winding, the active sides of
the modelled coils are properly connected each other and to any other circuital element eventually required. In particular, there are 16
coils per phase with 4 parallel paths, while the 3D end effects are taken into account by including in the circuit some appropriate
resistors [46], which are calculated considering the experimentally measured phase resistances and the distribution of the active
conductors. Regarding the rotor winding, each aluminium bar is modelled as a solid conductor to take into account the phenomena
related to the uneven distribution of the current induced within them, whereas the 3D resistances are neglected considering the

Fig. 2. 2D FE model of the considered induction motor.
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relatively high cross section of the short-circuiting rings (which is 16 mm thick). The bars are all connected in parallel and then
short-circuited by circuital connection featuring null resistances. A 2D cross section of the developed FE model is shown in Fig. 2,
where one of the 3 stator phases is highlighted to comprehensively show the features of the winding layout. In Fig. 2, an external airbox
can be also observed, which is introduced to reduce the computational burden. Concerning the mesh, particular attention is given to
the parts modelled as “solid”, i.e. the rotor bars. The adopted mesh is reported in Fig. 3, with an in-zoom on the rotor bars.

The investigated operating conditions are O.P. A, O.P. B and O.P. C of Table 1. Transient with motion simulations are run, where the
moving components are all the rotating parts, whose speed is set considering frequency and slip. Since the rotor bar currents are
induced, 4 rotor electric cycles are simulated to reach a steady-state operation. The results of the simulations are discussed in the
following sections.

4. 3D-CFD CHT model

In the present paragraph, the 3D-CFD CHT model of the electric motor is presented. The attention is focused on the copper coil
modeling at first, which represents the main novelty of the work. Then, the rest of the electric motor 3D-CFD CHT model is described.

4.1. Copper coil model

One of the critical aspects in thermal studies of electric machines is the copper coil modelling. The latter has a heterogeneous
structure with insulated electrical conductors surrounded by a mixture of air and resin [23,47].

A schematic example of a stator slot is shown in Fig. 4. The copper coil is composed by a number of enamelled wires, immersed in
epoxy resin and air. Insulating nomex surrounds the slot walls. Ideally, the total impregnation of the slot (by means of a vacuum
operation) guarantees the total lack of air, leaving space for epoxy and enhancing the thermal conductivity. However, in the currently
investigated motor, the impregnation process is made by immerging the stator in a resin tank, thus a large amount of air inside the
quarries and into the end windings remains. According to the adopted assembly process applied to the motor, the presence of air is
accounted for in the development of the coil model.

From a computational point of view, discretizing each wire of the copper coil is very expensive. The situation worsens moving to the
end windings where uncertainties in the geometry and in the composition arise.

In this work, the heterogeneous copper coil body is replaced with a homogeneous material, maintaining similar thermal behaviour
thanks to the calculation of equivalent properties.

Starting with the modelling of the nomex insulation, one contact resistance between stator and copper coil and one between the
airgap and the copper coil (mimicking the wedge) are set and computed as in Eq. (2).

R.= (2)

S

A

s is the thickness of nomex and X is its thermal conductivity.
Moving to the modelling of windings, epoxy, enamel and air, two approaches are considered to obtain equivalent properties

(namely density, specific heat and thermal conductivity):

Fig. 3. Mesh in the rotor bars.
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Fig. 4. Illustrative section of a stator cave filled with copper and insulator; radial and tangential directions are indicated.

m Rule of Mixture (ROM) approach

The generic material property K is described by a volume-weighted average of the properties of each component following Egs. (3)
and (4), where F, is the volume fraction of the x-th component and K, its relative property.
Vi

F.= 3)
Vair + Vepoxy + Venamel + Vcopper

K= KairFair + KepuxyFepoxy + KenamelFenamel + Kcoppechopper (4)

m Halpin & Tsai (H-T) approach

The Halpin & Tsai model is an empirical model used to evaluate the properties of two-phase composite materials made by uni-
formly distributed and randomly oriented fibers within a matrix. Thanks to the similarity between composite material and coil
arrangement in stator caves, H-T formulation is tested in the present work to model their properties. The fiber is the copper wire while
the matrix is the mixture of epoxy, air and enamel. The volume fraction of copper F qpper is computed by Eq. (3). As for the matrix, the
volume fraction of each component (Fuir, Fenamet; Fepoxy) and the transport property (Kpqrix) are computed by means of Egs. (3) and (4)
(where only the matrix components are considered in this case). The generic transport property K of the whole copper coil is computed
following Egs. (5) and (6), where ¢ is fixed to 1 because of the circular section of the wires.

1+ é:rchopper

K = K,airix ® 1 I7F (5)
- copper
Keopper _ 1
— Kmunu
= Keopper ¢ (6)
Konatrix

With both the approaches, the generic (thermal or mechanical) property K needs to be adjusted, accounting for the thickness of the
nomex which is not modelled. In fact, neglecting the thickness of the nomex means overestimating the volume fractions of epoxy, air,
enamel and copper.

In radial and tangential directions, the corrective factors (to be adopted as multiplying factors of the equivalent properties) are
respectively defined in Egs. (7) and (8).

Dgion
fradiul = = (7)
(hslot — Snomex—stator — snomex—airgap)
l lot
f;‘angential = = (8)
(lxlut - 2 o snomex—stamr)

hgor and Ly, are height and width of the cave respectively, Spomex—stator 1S the thickness of the insulation nomex between stator and
copper coil and Snomex—airgap is the thickness of the insulation nomex between airgap and copper coil.

In order to identify the best approach for the coil modelling, without the uncertainties of the motor operation, a simplified nu-
merical test is performed in which copper wires and matrix are physically distinguished. This test is used for validation purpose of the
methodology.

The 3D-sketch of the test case is shown in Fig. 5, in which copper and matrix are orange and grey coloured respectively. It is a long
parallelepiped characterized by a rectangular cross-section. The domain extension is 4x5x500 mm and the diameter of the wire is 1
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mm. The coil composition is described in Table 2.

Density, specific heat and thermal conductivity of the matrix are computed using the ROM approach, while the wire properties are
the copper ones. Fig. 5 shows the boundary conditions imposed on the walls as well. At the interface between matrix and wires, a
thermal contact resistance equal to 1.34 ¢ 104 m?K/W models the enamel. Therefore, the matrix is made of air and resin. Both regions
are discretized by a polyhedral mesh, extruded for 500 mm with 50 layers. The base size is 1 mm which decreases up to 0.05 mm. The
total number of cells is 82700.

In order to account for the lack of enamel in the model, the corrective factor reported in Eq. (9) is used in the radial and tangential
directions.

Matrix Area

rasversal — - 9
f " Matrix Area — 5 * (Enamel Area) ©)

Simultaneously, a 3D-CFD model is created with the same dimensions, coil composition, mesh, boundary of the former, but with
matrix and wires merged into a unique homogeneous component. The thermal conductivity is computed with both ROM and H-T
approaches. In particular, two setups are tested: in the first one the thermal conductivity is computed by means of the ROM approach
and applied along all the directions. In the second setup, the thermal conductivity is computed by means of the H-T formulation along
the radial and tangential directions and by the ROM approach along the longitudinal (axial) one, defining an orthotropic body. Density
and specific heat are only computed with the ROM approach.

Steady-state simulations are carried out via a commercial 3D-CFD software, namely STAR-CCM+, licensed by Siemens DISW and
they are focused on the temperature field. The latter is shown in Fig. 6a), 6b) and 6¢), on a transversal plane, for the three presented
approaches. As for the reference case, according to the boundary conditions, a temperature gradient is predicted along the radial
direction. The ROM approach does not provide a proper temperature gradient, suggesting an overestimation of thermal conductivity.
In fact, the latter is closer to the value of copper than to the matrix one. Moreover, the mean temperature value is lower than the one
computed by the reference case. Conversely, the hybrid H-T/ROM approach allows a proper prediction of both temperature distri-
bution and mean value, thanks to the equivalent thermal conductivity in the radial and tangential directions closer to the matrix
property than to the copper one. The main difference between the reference case and the hybrid H-T/ROM formulation appears at the
wire location where the high thermal conductivity of the copper induces a local isothermal behaviour. This aspect is not predicted by
the homogeneous body, which cannot account for local effects induced by the wires as they are not present.

Nonetheless, the hybrid H-T/ROM formulation appears to be more suitable for the active windings modelling than the pure ROM
one.

As for the end-windings, a simplified homogeneous toroidal solid domain with equivalent properties and a volume equal to the sum
of the volumes of the single components (namely wire, enamel, air and epoxy resin) is defined, similarly to the active windings.
However, in this case, the actual random spatial distribution of fibres and the lack of knowledge about a specific composition make the
H-T approach inappropriate. Therefore, the ROM formulation is preferred along all the directions, for all the properties.

4.2. Electric motor model

The analysis is performed still by STAR-CCM+-. Multi-phase steady-state simulations are carried out, including both solid and fluid
components which exchange energy through interfaces.

The motor geometry is simplified neglecting screws, washers, external three-phase wirings and magnetic pick up sensor.
Conversely, shaft, bearings, rotor, stator, wires, end windings and case are included.

4.2.1. Solid components

To compute the temperature field in solid bodies, only the energy equation is solved and, according to the steady-state condition,
the thermal conductivity A defines the thermal behaviour. Table 3 shows the main properties of the solid bodies.

To account for the insulating material in the rotor and stator rolled stacks, the thermal conductivity in the axial direction is reduced.
Heat sources are assigned to rotor cage, stator block, bearings and wires to account for Joule, hysteresis, eddy current and friction

Convection (HTC,T,.p) Convection (HTC,T,.)

A 4

Adiabatic
wall

'

Adiabatic Hesk-flux ’

wall

‘ Heat flux

.

Axial
Heat flux Heat flux

a) b)

:

=
E Tangential

Fig. 5. Sketch and boundary conditions of the test case; a) shows a transversal section while b) a longitudinal one; radial, tangential and axial directions are indicated.
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Table 2
Coil composition.

Coil materials

[% volume fraction]

Copper 19.5%

Epoxy resin 40.5%

Enamel 5.0%

Air 35.0%
b) Halpin Tsai + ROM

a) Reference case

¢) ROM approach

approach

Temperature (C)
315

i

g = e =i
Average Temperature Average Temperature Average Temperature
31.45 °C 31.38 °C 30.11 °C

Fig. 6. —Thermal field and average temperature on a transversal section for reference case (a), H-T/ROM approach (b) and ROM approach (c); results are shown for a
single central section as a similar temperature behaviour can be noticed regardless the axial position.

Table 3
Material properties of the solid components.
Shaft Case Bearings Rotor cage Stator Block Rotor Block
Rings Body Axial Radial Axial Radial
Material Steel 42CrMo4 Al Steel AISI 440C Al Steel M400-50 Steel M400-50
Density [Kg/m®] 7800 2790 7700 2790 7650 7650
Specific Heat [J/KgK] 460 833 480 833 460 460
Thermal Conductivity [W/mK] 45 160 25 3.42 160 6 28 6 28

losses. All the losses are calculated via the 2D-FE electromagnetic simulations, apart from the friction ones due to the bearings. Friction
losses are the only contribution inherited from the experiments and applied to the 3D-CFD model. As previously explained, experi-
ments are able to provide the sum of the losses from friction and windage. Such sum is directly applied to the 3D model as friction
losses, i.e. windage losses are assumed to be negligible. This hypothesis will be verified in the results section analysing the outcomes of
the CFD model. Moreover, consistently with the electromagnetic model setup in which the electric resistance of the short circuit rings is
neglected, the heat source in the rotor cage is assigned only on the rotor bars. All the heat sources are uniformly assigned in the volume
of the respective bodies, except for the stator block, in which a volumetric distribution of heat source based on the radius is applied. In
this regard, Fig. 7a) shows the volumetric heat source function applied to the stator region at each O.P. and an example of its 3D
distribution (the one referred to O.P A) is shown in Fig. 7b). A constant value is imposed along the stator teeth and then a decreasing
law is defined up to the maximum radius. For each O.P., the integral of the volumetric heat source function on the stator volume
returns the total heat produced by the stator itself, which is provided by the 2D model similarly to all the other electromagnetic losses.

The values of the heat sources applied on each solid component and for each operating point are summarized in the result section
dedicated to the 2D-FE simulations.

As discussed in the previous section, the copper coil is modelled as a homogeneous single body, synthetizing properties of wire,
enamel, air and epoxy resin. Equivalent density and specific heat are calculated via the ROM approach. The thermal conductivity of the
equivalent material is computed by means of the ROM approach in the axial direction and via the H-T method in the radial and
tangential directions, while the end windings are exclusively described by the ROM approach. As for the nomey, its presence between
stator and cooper coil is considered by a thermal contact resistance. In order to account for the nomex volume, the radial and tangential
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Fig. 7. The stator volumetric heat source as a function of the radius is reported in a), for each operating condition; the 3D distribution of the stator volumetric heat
source of O.P. A is shown in b), which corresponds to the red line in a); values in b) are expressed in W/m°®. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

corrective factors defined in Egs. (7) and (8) are applied. Table 4 shows the coil composition as volume percentage and the properties
of each coil component. Table 5 shows the equivalent properties for the copper coil model.

The total mass of copper in the motor is 19.5+-20 kg and the fraction in the active windings is known thanks to the copper properties
and the coil geometry (number and diameter of the wires, volume of each slot and slot length are known). Consequently, mass and
volume of copper in the end windings are known as well. According to this, the Joule losses are distributed proportionally to the copper
volumes, thus 52% is assigned to the active windings while the remaining 48% is left to the end windings.

Due to the insulator, the coil has a small heat dissipation factor and the peak temperature is placed in the middle of the stator slot.
For this reason, the coil is divided into two sub-regions: a core region, equivalent to the total volume of the copper in the cave, and a
sheath region, defined by the remaining volume of enamel, epoxy and air. The volumetric heat source is assigned only to the core
region. About the thermal properties, instead, core and sheath regions are characterized by the same values (the ones of Table 5).

Moreover, according to the double-layer layout of the windings, for each cave both core and sheath regions are split into two sub-
coils by means of a phase separator. The latter is modelled as a contact resistance whose value is shown in Table 6. Fig. 8 clarifies the
copper coil structure and the discussed sub-geometries.

All the contact thermal resistances used to save the computational cost are summarized in Table 6. The initial temperature of all the
solid components is fixed to 100 °C.

4.2.2. Fluid domains

As for the fluids, both the air in the motor case and the refrigerant in the cooling jacket are simulated. A fluid domain is more
computationally expensive than a solid one, because mass, momentum and energy equations need to be solved. In order to properly
simulate the rotation of the components without including mesh motion, the air domain is divided in two sub-domains, “rotating”
region and “static” one. As for the first, it is identified near the rotating walls such as shaft, bearings and rotor. In this region, the
Moving Reference Frame method is applied. As for the latter, it is represented by the remaining portion of the air domain and the
governing equations are solved with respect to the stationary reference frame. For the sake of clarity, Fig. 9 shows the sub-domains of
air.

Turbulence is modelled by the Realizable k-¢ two-layer model. As for the near-wall treatment, an all-y™ approach is preferred, as
able to properly compute wall shear stress and wall heat flux regardless the y* value.

As for the air, Sutherland law is used to evaluate the dynamic viscosity while its specific heat is described by a polynomial function

Table 4
Coil composition and properties of the coil components.
Copper Enamel Epoxy Air
Density [Kg/m®] 8940 1150 1150 1.225
Specific Heat [J/KgK] 385 1000 1000 1005
Thermal conductivity [W/mK] 401 0.35 0.2 0.026
Composition [%] 49.9 9.8 5.3 35.0
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Table 5
Copper coil thermal properties.
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Coil properties

End Windings

Active Windings

ROM approach H. & T. + ROM approaches

Axial Radial Tangential Axial Radial Tangential
Density [Kg/m?] 4636.9 4636.9
Specific Heat [J/KgK] 694.7 694.7
Thermal conductivity [W/mK] 200.2 200.2 0.33 0.34

Table 6
Contact thermal resistances.

Interface

Contact Resistence [m?K/W]

AirGap - Coil (Nomex)
Air - EndWinding (Epoxy)
Stator - Coil (Nomex)
Phase separator

Solid - Solid

2.5E-03
5.0E-03
2.2E-03
1.8E-03
1.0E-04

Tangential

Sheath region

Radial

Phase separator

Fig. 8. Slice of stator and copper coil.

Upper sub-coil

® Static Region © Rotating Region

Fig. 9. Static and rotating sub-domains of air.
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of the temperature. The ideal gas equation of state is employed to compute the density. The refrigerant fluid is a mixture 80%-20% by
volume of water and glycol, respectively.

The density of the refrigerant fluid is computed as volume-weighted average of each component. Specific heat c, and thermal
conductivity A are computed as mass-weighted averages of the properties of pure water and glycol. The viscosity p is selected from the
Coolprop database, available online, for the adopted composition of the mixture.

As for the boundary conditions of the fluid domain, the volumetric flow rate at the inlet section is set equal to 10L/min and the
ambient pressure is set at the outlet section. Table 7 summarizes the main properties of the air and refrigerant domains, as well as the
adopted initial conditions. According to the small range of variability of the coolant temperature, density, viscosity, thermal con-
ductivity and specific heat are set as constant.

4.2.3. Computational grid

As for the mesh, Fig. 10a) and 10b) show the computational grid of the motor components. Focusing on case, bearings, shaft and
end-windings, a polyhedral mesh with characteristic size equal to 6 mm is implemented. Stator, active windings, rotor blocks and rotor
bars are discretized by a polyhedral mesh obtained via extrusion along the axial direction. According to this, the mesh has high cell
quality with relatively low number of cells. The characteristic size varies from 0.1 mm up to 4 mm. Static and rotating fluid sub-
domains of air are characterized by a polyhedral mesh with characteristic cell size ranging from 0.1 mm to 4 mm; the growth rate
is slow in order to ensure small cells in most of the domain. Only in the fluid sub-domains a prismatic near-wall mesh is adopted, with a
single layer 0.5 mm thickened. This simple strategy is possible thanks to the adopted all-y + wall treatment which is able to properly
simulate the wall quantities even in presence of high y™ values. The air gap thickness is 0.5 mm and it is discretized by a polyhedral
mesh obtained by extrusion in the axial direction. Because of the dimension, the cell size in the air gap varies from 0.01 mm up to 0.1
mm. For the same reason, a dedicated approach is reserved to the near-wall region. Three wall layers are used on both stator and rotor
sides, with a total thickness of 0.15 mm for each of them. Moving to the cooling channel, outlet and inlet areas are discretized via a
polyhedral mesh with a characteristic size of 2 mm. The main spiral path of the coolant is obtained extruding the polyhedral mesh at
the inlet up to the outlet to guarantee a flow-aligned grid. As for the near-wall mesh, 12 layers with a growth factor equal to 1.2 and a
total thickness of 1 mm are adopted. The first layer is characterized by very low y" values, so that the near-wall cell centroids fall into
the low-Reynolds formulation of the all-y" wall treatment. The latter allows the integration of momentum and energy equations up to
the wall, leading to a more accurate resolution of velocity and temperature profiles in the boundary layer.

Finally, the total number of computational cells necessary to discretize the entire motor is about 20 M. As shown in Appendix A, the
adopted overall grid is fine enough to ensure grid-independent results.

5. Results

5.1. 2D-FE electromagnetic results

The results of the electromagnetic analysis for the investigated operating conditions, namely O.P. A, B and C, are proposed in the
following. Compared to the experimental measurements reported in Table 1, the performance of the motor in terms of torque is
matched for all the operations with an error of +-3% (the calculated torques are 216 Nm, 170 Nm and 250 Nm for the O.Ps. A, B and C,
respectively), which is a non-trivial achievement considering the complexities of the involved phenomena. The calculated losses are
shown in Table 8. As for the rotor cage, values are not reported as simulations confirm that they can be neglected (they correspond, for
each condition, roughly to the 1% of the total amount of losses). For each investigated operation, adding the bearing (friction) losses
inherited by the experiments and previously reported in Table 1 to the values of Table 8, it is possible to obtain the total losses which
result to be close to the experimental target still reported in Table 1. In particular, the total amount of losses is properly predicted with
an error of £3% (coherently with the estimation of the performance). For the sake of completeness, the time average total loss dis-
tribution for O.P. A is provided in Fig. 11. It can be observed that the losses are mainly localized in the rotor bars (while in the rotor
core are minimal). As for the stator, the major part of the losses is related to the windings, but a non-negligible contribution can be
found in the teeth as well.

5.2. 3D-CFD CHT results

Moving to the thermal behaviour of the motor, a comparison between CFD and experiments is proposed in the present paragraph
both in terms of local temperatures and heat rejected to the coolant circuit. For this purpose, consistently with the experimental
thermocouples position shown in Figs. 1 and 9 temperature probes are set in the 3D model. Four of them are located in the end winding
regions (T4, Ts, Te, T7), three in the active copper coil (Tq, To, T3) and two at the interface between stator and case (Ts, To).

Table 7
Properties and initial conditions of air and coolant.
Air Coolant

Density [Kg/m®] Ideal Gas 1014.1
Dynamic viscosity [Pa*s] Sutherland’s law 0.00101
Specific heat (J/KgK) Polynomial (T) 3819.6
Thermal conducibility (W/mK) 0.0241 0.547
Initial Temperature (°C) 80 30
Initial Velocity (m/s) 18 1.5
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b)

Fig. 10. Numerical grids for case, bearings, shaft, end-windings, air domain and cooling circuit are reported in a), while grids for stator block, active windings, squirrel
cage rotor and rotor block are shown in b).

Table 8
Heat sources for the thermal model at the three operating conditions.

Heat Source [W]

O.P. A O.P. B O.P.C
Active Stator + End Windings 1254 672 1885
Rotor cage 1705 1233 2251
Stator Core 662 570 522

The first 3D-CFD simulation is carried out at O.P. A to both calibrate and validate the model (specifically, the calibration refers to
the adopted contact thermal resistances). The introduction of a proper total heat content is confirmed by the alignment between
simulation and experiments in terms of temperature variation of the coolant between inlet and outlet, as visible in Table 9. Thanks to
the CFD model, it is possible to point out interesting aspects. For example, the global thermal power introduced in the domain is
dissipated by cooling jacket and convection with the environment. However, almost the whole thermal power is rejected to the coolant
circuit, specifically the 99.6%. Only the remaining 0.4% is released to the environment. Moreover, the windage loss computed by the
CFD is about 10 W, i.e. roughly 3% of the total friction losses experimentally estimated (327 W). This endorses the hypothesis of
considering the windage losses as negligible.

Fig. 12a) shows the comparison between numerical and experimental temperatures at O.P. A and a strong agreement can be noticed
between the two datasets (errors are always lower than 5% in magnitude). This is a further confirmation of the quality of the adopted
2D and 3D models. In particular, the reliable estimation of the temperatures means that magnitude and distribution of the losses are
properly captured and the adopted combination of the Halpin-Tsai and ROM approaches to synthetize copper, air, enamel and epoxy
material properties in radial, tangential and axial directions is a valuable strategy.

Since experimental data from the O.P. A are exploited not only for validation but also for ad-hoc calibration of the model, the actual
validation of the numerical methodology is carried out against the experimental data of the operating conditions B and C. In this
regard, it is important to highlight that, moving from the O.P. A to the O.Ps. B and C, no case-to-case tuning is carried out and the
numerical setup is the same with the only exceptions which are, as obvious, heat sources coming from the 2D simulations and friction
losses. The temperature variation between the inlet and outlet sections of the coolant predicted by the CFD model agrees with the
experimental counterpart for both the conditions, as shown in Table 9. A strong agreement is noticed also in terms of pointwise
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Fig. 11. -Time-average distribution of the total losses. Values are expressed in mW.

Table 9
Experimental and numerical temperature variations between inlet and outlet sections of the cooling jacket are reported for the different investigated conditions.

Toutlet-Tinlet [°C]

O.P. A O.P.B O.P.C
Exp 6.3 4.5 7.4
CFD 6.2 4.4 7.5

temperature distribution, as shown in Figs. 12b) and 12c). The error is always lower than 5% in magnitude, as a demonstration of the
predictive capabilities of the methodology. Figs. 13a), 13b) and 13c) show the temperature fields predicted by the CFD simulations on
an axial plane at the investigated operating points. As expected, an axisymmetric temperature field is computed. Focusing on the outer
region of the stator, in the axial direction, slightly higher temperatures are predicted in both solid and fluid domains moving towards
the outlet section of the cooling jacket, for each operating point. This is due to the temperature increase of the water that decreases its
capability to remove heat. The maximum temperatures are reached in the rotating bodies which are (partly) thermally insulated from
the stator by air and bearings and they are the main responsible for the heat power generation. Therefore, rotor and shaft are the
hardest bodies to cool. The rotor transfers heat mainly to the air by forced convection due to the rotating motion, while a smaller
amount of heat moves through the shaft up to the case. Furthermore, a significant axial temperature gradient develops along rotor and
shaft, due to their low axial conductivities. A hollow shaft cooled by a refrigerant fluid could be beneficial for handling high tem-
peratures. The heat produced by the end windings mainly moves towards the stator slots where it adds to the heat produced by the
active windings and, then, both head radially through the stator and finally to the motor housing.

6. Conclusions

In the present study, a numerical methodology for the thermal analysis of an electric motor is proposed. It is based on both 3D-CFD
CHT and 2D-FE electromagnetic simulations and it is validated against experimental temperature measurements, at different operating
conditions, on a three-phase induction motor.

In order to reduce the computational cost, a dedicated modelling of the coil in the stator slot is proposed, which is based on an
equivalent homogeneous orthotropic material able to mimic the real component. Radial and tangential thermal conductivities of the
copper coil are defined by Halpin-Tsai approach, while along the axial direction the Rule of Mixture is applied.

Particular care is dedicated to the modelling of the fluid domains as well, namely air in the motor case and refrigerant in the cooling
jacket.

The main power losses adopted as heat source in the 3D-CFD model are provided by electromagnetic simulations which are able to
properly estimate the motor output too. In particular, they provide both magnitude and distribution of the losses among the solid
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Fig. 12. Local temperatures measured in the experiments and simulations (by thermocouples and numerical probes, respectively) are shown for O.P. A (a), O.P. B (b)
and O.P. C (c).

Temperature (€) Temperaturé (€)
.000 124. .00 7.0

00 152.00 180.00  40.000 59,000 7£.000

Temperature (C)
8.00 157.00

40.000 68.000 96, 00 116,00 135.00 40.000 79.000 11 196.00 235.00

a) b) ©)

Fig. 13. Temperature fields of solid bodies and fluid domains are reported on an axial plane for O.P. A a), O.P. B b) and O.P. C ¢).

components. The 2D electromagnetic simulations are validated against experimental evidences in terms of performance and total
losses of the motor.

Thanks to the detailed modelling of components, properties and losses, the thermal field of the engine is fairly reproduced, i.e. the
error compared to the experimental measurements is at maximum 5%, for all the investigated conditions.

Finally, the temperature fields predicted by the 3D-CFD thermal model are presented and they allow to identify the rotor block as
the most critical region of the motor.
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APPENDIX A

A sensitivity is proposed in the present appendix, in order to demonstrate that the adopted numerical mesh is sufficiently fine to
ensure grid-independent results. Beside the mesh utilized for the simulations presented in the main text of the paper and characterized
by nearly 20 million cells, a refined one is tested (roughly targeting half of the cell size adopted for the presented analyses). The refined
mesh is made of nearly 80 million cells. The comparison between the grids is reported in Fig. 14. For brevity, only O.P. A is considered
for the sensitivity. Despite the huge increase of computational time (nearly 4 times the one related to the coarse grid), the variations of
the resulting temperatures are lower than 0.3%. This is an evidence that the adopted coarse grid is able to provide grid independent
results.

15



C. Iacovano et al. Case Studies in Thermal Engineering 56 (2024) 104233

T4-T6 = = g T5-T7 | T4-T6 | T5-T7 o =
avg avg avg avg

MCoarse | 92.1 | 90.4 | 89.9 | 91.6 | 93.3 | 92.1 | 93.3 | 532 | 53.2
W Refined| 92,1 | 905 | 89.9 | 91.8 | 935 | 92.1 | 935 | 533 | 533

Fig. 14. Comparison in terms of temperature between coarse and fine grids is shown for O.P. A.
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