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Possibility of cooling the rotor of an electric traction motor by bidirectional air flows

Introduction. The performance reliability of electric vehicles (EVs) is an important factor in evaluating their suitability for widespread
adoption. The reliability and lifespan of an EV depend on several critical factors including the motor, battery pack, controllers, and thermal
management systems. The problem addressed in this paper is to cool down the rotor of permanent magnet synchronous motor efficiently
using new combined cooling methods. Goal. Determination of the effectiveness of the combined rotor cooling method, which includes a
bidirectional airflow circulating through a designed fan and oil circulation in the hollow shafi. Methodology. The solution was carried out
using CFD (computational fluid dynamics) analysis. Results. A numerical model of a new combined cooling method for the rotor, which
taking into account heat generation in the rotor and the thermal influence of the stator and bearing units, based on heat flow equations that
consider its laminar or turbulent nature, was developed and studied. Scientific novelty. Based on the analysis of the rotor’s numerical
model, a fan design was proposed that allows for effective heat dissipation by creating bidirectional airflow circulation. Practical value. The
developed model can be used for further research on the dynamic thermal parameters of the rotor and evaluation of heat dissipation
efficiency, which will optimize the heat and mass transfer processes within the motor, enhance its operational efficiency, and ensure the
stability of its performance in various operating modes. References 21, tables 5, figures 17.

Key words: permanent magnet synchronous motor, combined cooling method, computational fluid dynamics, fan design,
hollow shaft.

Bcemyn. Haoitinicms pobomu enexmpomobinie (EM) € sasciusum pakmopom 6 oyinyi ix npudamnocmi 018 wupoxko20 6NpoBadI*CeHHS.
Haoitimicme ma mepmin ciyorcou EM 3anescams 6i0 KibKOX KpUMUYHUX (DAKmopie, 6KIOUAIOYU OBUSYH, AKYMYIAMOPHY bamapero,
KOHmponepu ma cucmemu mennogozo ynpaeninms. Ilpoénema, wo posensdacmovcsa 6 yiii cmammi, noas2ae 8 eekmusHOMy 0X0N00AICEHHI
POMOpa CUHXPOHHO20 OBUSYHA 3 NOCIILIHUMU MASHIMAMU 3G OONOMO2010 HOBUX KOMOIHOBAHUX Memo0ie oxonooxcenns. Mema. Buznauenns
egpexmusHocmi KOMOIHOBAHO20 MemOoOy OXONOONCEHHSI POmopa, AKULL 6KII0YAE OBOHANPAGNIEHUIl NOMIK NOGIMPS, WO YUPKYIIOE 3d
00NOMO2010 PO3POONIEHO20 6eHMUNAMOPA, MA YUPKVAAYII0 MACIa 8 nopodxchucmomy eany. Memooonozia. Poseé’sazanns npoonemu 0yno
npogedeno 3a oonomozoro CFD (obuucmosanshoi 2iopoounamiku) ananizy. Pesynemamu. Pospobieno ma docniodceno yuciogy mooens
106020 KOMOIHOBAHO20 MEMOOY 0XONO0JICEHHS POMOPA, SIKA 6PAX0EYE MeNI0UOLIeHHS 8 POMOPI ma memMnepantypHutl 6naue cmamopa ma
NIOWUNHUKOBUX BY3/1i6, HA OCHOSI DiGHAHbL MENI0B020 NOMOKY, WO PAX08YIONs 11020 NaminapHy abo mypbyrenmuy npupooy. Haykoea
Hosusna. Ha ocnosi nposedenozo ananizy 4uciosoi mMooeni pomopa 3anponoHo8aHo OU3AlH 6eHMUAMOPA, WO O03601A€ eheKmuUsHO
610600UMU MENTIO 3A605KU CMBOPEHHIO 08oHanpasienol yupkyiayii nosimps. Ilpakmuuna yinnicmes. Ompumana modens modxce Oymu
BUKOPUCIAHA OTSL NOOATILUUO20 OOCTIONCEHHST OUHAMIYHUX MENI08UX Napamempie pomopa ma oyiHyi eqhekmueHoCmi 8i08edeH s menia,
WO 003607UNMb ONMUMIZYBAMU NPOYECU MENTOMACO0OMIHY 6cepeduni 08USyHa, NiosUWUMY eheKmusHicmy tio2o pobomu ma 3abe3nequmu
cmabinbHicmp 11020 YHKYIOHY8aHHs 6 PisHUX pedxicumax excnayamayii. biom. 21, tabn. 5, puc. 17.

Knouosi cnosa: cUHXPOHHMI ABUTYH 3 NOCTIHHUMM MAarHiTaMu, KOMOIHOBaHMH MeTOJ O0XOJIO[KEHHSI, 00UMCIIOBAIbHA

rizpoaguHamika, 1M3aiH BEHTWISITOPA, IIOPOKHUCTHIA BaJl.

Introduction. Vehicle regulation in the EU favors
vehicles that emit no or low pollutants and CO,. Curbing
vehicle emissions and improving vehicle efficiency to meet
these regulatory requirements need multi-prong technical
solutions of electric vehicles such as hybrid electric
vehicles, plug-in hybrid electric vehicles, extended range
electric vehicles and battery electric vehicles [1].

Present-day electric traction motors rely heavily on
the use of rare-earth permanent magnets (PMs) that contain
scarce elements like Neodymium and Dysprosium. This
dependence is understandable from the perspective of
energy efficiency and torque density, but it also introduces
several challenges. First, these materials are imported into
the EU and are costly. Second, rare earth elements are finite
resources, and increasing demand may lead to a supply
shortage or even deplete these resources in the future. The
number of electric cars produced annually is in the range of
90 million, and heavy vehicles are 20 million. Therefore,
one can foresee that if rare earths are used wastefully, the
global resources will not be rich enough.

Consequently, more and more research is dedicated to
development of new generation of high-speed synchronous
reluctance motors with minimal usage of PM. It will allow
reduced dependence on rare-earth PM materials while
simultaneously enhancing their recyclability.

Problem statement. During the design of high-
speed high-specific-power motors, researchers face the
significant problem that increased motor loss density
results in very challenging heat dissipation. Heat
generated during operation does not only have a negative
effect on motor efficiency, but could lead to failure such

as too high operating temperature of the motor, degrading
of winding insulation, demagnetization of rotor magnets,
eventual shorts, etc. [2—4]

In [5, 6] it is shown that approximately 75 % of motor
performance problems are localized in the stator coil winding
and rotor bars, which are most affected by temperature
changes and mechanical stress. Internal losses (conduction
losses, stator core losses, rotor core losses, and PM eddy
current losses) and high temperatures affect the
torque/rotational speed of the electric motor.

Reducing the temperature rise can happen by
improving the cooling capacity of motor and by
decreasing the losses.

Nowadays, there are a wide range of methods used
for motor cooling. Depending on using different cooling
media and materials with high thermal conductivity, they
can be divided into 6 groups such as air cooling, liquid
cooling, cooling using heat pipe, potting cooling, cooling
using phase change materials, other cooling methods.
Many studies have been conducted regarding the
advantages and disadvantages of various cooling methods
[7-10]. Nevertheless, there is currently no universally
effective method for cooling the rotor. That is why it is
essential to develop and evaluate new cooling approaches
to ensure optimal performance and reliability of the rotor.

According to [11] one of the most effective cooling
methods is liquid cooling. Due to the high specific heat
capacity of liquids, this type of cooling allows absorbing
and transferring significant amounts of heat. Nevertheless,
such a cooling system requires additional equipment like
pumps, heat exchangers, and valves, which can
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complicate the system and increase the mass of it.
Moreover, not only does the cost of system increase, but
also the electricity consumption for operating components
such as pumps also rises.

In contrast to liquid cooling, air cooling has less
cooling performance, but it is much cheaper solution and
does not require any additional equipment (except fan for
forced cooling).

In this paper, the combined cooling method has been
chosen to include both liquid and air cooling to evaluate
effectiveness of this approach and its impact on internal
temperatures within the motor [12].

The goal of the work is to determine the
effectiveness of the combined rotor cooling method,
which includes a bidirectional airflow circulating through
a designed fan and oil circulation in the hollow shaft.

Materials and methods. The rotor was chosen as
the object of cooling because, after the stator, it is the
second location where significant amounts of heat are
generated in the motor. The rotor with PMs of 120 kW
motor is investigated (Fig. 1).

Rotor Permanent Magnets

Rotor Core

Shaft Plug
Fig. 1 Exploded view of the traction motor rotor unit

The rotor diameter is 86 mm and its active length is
110 mm. Magnets are buried inside the rotor in single
layer «V» arrangement. The hollow shaft is cooled down
by oil. In addition, the impeller fan is designed (Fig. 2) to
provide cooling the rotor surface. It intakes air from the
middle area of the PM V and blows it through the outer
ends of the V-poles channels. The air heated close to the
rotor surface should be cooled when colliding to the
bearing shield cooled by bearing lubrication oil and
cooled further in the inner duct of the rotor next to the
well-cooled rotor shatft.

For air cooling of the rotor, an impeller fan is used
(Fig. 2), which allows the creation of bidirectional
airflow. Air is taken and pumped out in a volume of air
limited by the inner wall of the stator, the outer surface of
the left bearing shield, the front end of the rotor and the
outer surface of the shaft.

It is assumed that the rotor is cooled by air due to the
air passing through the internal channels of the rotor and
its subsequent passage through the peripheral channels
passing near the PMs (Fig. 3). The key factor in air
cooling of the rotor is the transfer of its heat by air from
the peripheral zones to the central part, where the heat is
removed due to heat exchange between the hollow shaft
and the oil circulating inside it. In this case, the degree of
heat transfer coefficient (HTC) between the inner wall of
the shaft and the oil is important.

In order to solve the equation of heat conduction,
correct definitions of the initial and boundary conditions
are required. The biggest research problem arises in the

determination of the local heat transfer coefficient on the
cooled surface. The heat conduction model based on the
solution of the heat conduction equation in cylindrical
coordinates with the use of numerical simulation methods
was proposed in [10, 11]:
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where 4 is the thermal conductivity; 7 is the temperature;
r, z are the cylindrical coordinates; p is the density of the
transmission medium; ¢ is the heat capacity; 7 is the time;
q is the volumetric heat generation rate in the rotor.

Fig. 2. Impeller fan design

Rotor peripheral =

channels

Rotor internal
channels

Rotor core

4
4

< Hollow shaft

Pole to pole variation
on magnet placement

Fig. 3. 120 kW rotor lamination geometry

The variable temperature field on the cooled surface
of the material 7(r, z, 7) obtained as a result of solving (1)
should meet the boundary conditions [12, 13]. They are
written in the form of Fourier’s law:

g(r,7)=h(r,2)-(1,-1,), Q)
where ¢ is the heat flux density; A(r, t) is the heat
transfer coefficient; 7} is the surface temperature; 7), is the
ambient temperature.

A two-dimensional axisymmetric thermal conductivity
is assumed, in which heat exchange with the coolant occurs
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only on one of the cylinder’s front surfaces. The advantage
of using formulas based on dimensionless analysis is that any
gas or liquid can be used, even if the original formula was
developed for a specific liquid [14, 15].
For natural convection, the
convective correlation is:
Nu = a(GrPr)". 3)
For forced convection the typical form of the
convection correlation is:

Nu = a(Re) (PFY-. 4)
where Nu is the dimensionless Nusselt number; a, b, ¢ are the
constants given in the correlation; Gr is the dimensionless
Grashof number; Re is the dimensionless Reynolds
number; Pr is the dimensionless Prandtl number. Also:

typical form of

Re=pvL/ p; )
Gr= BGATP'L® | 1 (6)
Pr=cyulk; @)
Nu=hL/Fk, )

where p is the fluid density; v is the fluid velocity; L is the
characteristic length of the surface; x is the fluid dynamic
viscosity; f is the coefficient of cubical expansion,
1/(273+Trup); G is the gravitational force of attraction;
AT is the delta temperature of surface-fluid; ¢, is the fluid
specific heat capacity; k is the fluid thermal conductivity.
The quantity Re is used to evaluate laminar or
turbulent flow in a system with forced convection. The
product of GrPr is used in systems with natural convection.

To predict the thermal behavior of the motor and
optimized motor temperatures computer modeling and
thermal monitoring such as lumped parameter thermal
network, finite element analysis (FEA) and computational
fluid dynamics (CFD) are used. Numerical models simulate
various operating conditions, providing a comprehensive
understanding of the thermal behavior of the motor. This
predictive method allows for the identification of hot spots
and, therefore, the optimization of the cooling system to
prevent overheating.

The effect of end windings cooling for the machine
under study was investigated using a 3D finite element
method (FEM) thermal model in [18]. The paper
compares the traditional method of cooling a machine
with a hairpin winding with oil cooling of the end
windings and stator stack cooling (SSC), and a new
cooling concept, based on oil cooling of the end windings
and direct oil cooling (DOC) of the slot conductors, which
allows improving hairpin winding thermal management
and increasing machine specific power.

The loss components distribution, thermal
properties, and boundary coefficients applied to the
developed models in [18] are shown in Tables 2, 3. The
simulation results are shown in Fig. 4-7.

Table 2
Loss components distribution in machines with different cooling
arrangements at different loads [18]

Ultimately, we are 1nter.ested in the parameter.h. SSC, SSC. DOC, DoC.
Heat transfer in natural convection depends Parameter
rimarily on the temperature difference between the 26Nm | 48Nm | 96Nm | 48 N'm
p . nee bet Layer 1 losses 780W | 238W | 864 W | 256 W
vessel (in our case, the shaft) and the liquid (oil), as well
. .. . Layer 2 losses 596 W 184 W 686 W 204 W
as on the properties of the liquid. Forced convection
d d . 1 th d of the liquid and it Layer 3 losses 500 W 153 W 593 W 174 W
epends prmf“ 31’ on ‘(’1 Sﬁee Oh ¢ liquid and 118 7o er 4 Tosses 434W | I31W | 520W | 153 W
plfopertles, an, 01{1 }Ifl selc'on‘ grii y on (; e terlrllperature, Since [T ver's losses 33W | 117w | 430w | 130w
the p(rio;})lertles of the liquid depen bon the temperature. Layer 6 losses 35w 1 110w | 271w | 133 W
Mixed heat transfer (%,.y), caused by a combma‘qon of End windings losses| 839W | 251 W | 1063 W | 281 W
na‘tural (Anar) and forced .(hFRC) convection, is estimated  [g i core losses | 2596 W | 1576 W | 2596 W | 1576 W
using the formula [16, 17]: Rotor core losses 144 W 81 W 144 W 81 W
K = hige £h3ur (9) |Efficiency 0946 | 0946 | 0942 | 0945
where the motor rotation orientation determines the «&» . . ~ Table3
sign used, a «+» sign for assisting and transverse flow and Thermal properties and boundary coefficients applied in the
a «—» sign for opposing flows. model [18]
Table 1 shows the values of the coefficients a and b Parameter Value
for laminar and turbulent flow also as the GrPr product at  |Copper thermal conductivity 398 W/(m-K)
which the transition to turbulent flow occurs for a smooth  [Stator core thermal conductivity 30 W/(m:K)
horizontal inner shaft surface. Rotor core thermal conductivity 30 W/(m-K)
Table 1 HTC on the surface between end winding 2
Correlation coefficients for natural convection and oil flow 100 W/(m"K)
GrPr laminar to a, b, a, b, HTC on the surface between slot conductor 500 W/(mK)
turbulent laminar | laminar | turbulent | turbulent and oil flow
9
10 0.5%5 0.25 0.129 0.33 HEC finﬂthe surface between stator stack 500 W/ (mZ-K)
In case of smooth inner surface of the shaft, we can  [2R¢ 0L HOW .
use the following correlations for the flow [17, 19, 20]: Average oil temperature 60 °C

o for the laminar flow ((Re < 5-10°) and (0.6 < Pr < 50):

Nu = 0.664(Re)"(Pr)’+; (10)
o for the turbulent flow ((Re > 5-10°):
Nu =1[0.037(Re)*® — 871(Pr)°. (11)

The heat transfer coefficient 4 can be calculated as:

0.214
,(12)
pepy

where D is the hydraulic diameter, L is the axial length of
the shaft.

pc va
4L

LO.946
h (I—e™™); m=0.1448 :
Dl‘lé

Fig. 4. Temperature distribution in 3D FEM model
of the machine with oil cooling of the end windings
and SSC at 12000 rpm, 96 N-m
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Fig. 5. Temperature distribution in 3D FEM model
of the machine with oil cooling of the end windings
and SSC at 12000 rpm, 48 N-m

Fig. 6. Temperature distribution in 3D FEM model
of the machine with oil cooling of the end windings
and DOC at 12000 rpm, 96 N-m

of the machine with oil cooling of the end windings
DOC at 12000 rpm, 48 N-m

According to the simulation results obtained in [18],
the PMSM with DOC has only 0.1 % lower efficiency at
48 N-m than the PMSM with SSC. This load is the
maximum continuous operating range of the PMSM with
standard winding. However, PMSM with DOC can obtain
much higher continuous operating loads without the risk
of being overheated due to more effective cooling.

The models used in [18] did not take into account
for rotor cooling and natural heat dissipation from the
stator frame, since these had a negligible effect on the
stator winding’s cooling. Therefore, the combined oil-air
rotor cooling of the 120 kW machines with DOC at a load
of 96 N-m was isolated into a separate problem, which is
solved in this work.

CFD was chosen for analysis of the behavior of fluid
and its interactions with surfaces. CFD simulations of liquid
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*STEP 1: air pressure
and velocity in the
rotor channels

and gas flows are based on the assumption of the presence of
inlet and outlet zones through which the simulated medium
(in our case, air) freely flows into and out of the studied
domain. Since the stator cavity in our case is sealed (there are
no inlet or outlet zones), the thermal task of the proposed air
cooling of the rotor, in general, appears to be unsolvable
from the point of view of machine logic.

Therefore, the task was divided into 4 successive
steps, in which the inlet and outlet zones swapped places
at each step.

Step 1. The airflow inside the rotor channels and
impeller cavity were simulated. All other parts of the
model except the air domain and the front air volume
were not considered. Inlet and outlet zones are the outer
walls of the front air volume.

Step 2. The obtained values of airflow velocities and
pressures were added to the laminate model. The thermal
influence from the stator and the cold shaft was taken into
account. Inlet and outlet zones — internal and external
channels of the rotor.

Step 3. The values of airflow velocities, pressures
and temperatures obtained in the previous Step were
added to the frontal air volume. The thermal influence of
the stator walls, cold shaft and front bearing shield on the
frontal air volume was considered. Inlet and outlet zones
— external and internal rotor channels.

Step 4. The refined values of airflow velocities,
pressures and temperatures were added from the previous
Step to the rotor model with the added rear air volume. In
addition to the thermal influence from the stator and the
cold shaft, the thermal influence from the rear bearing
shield was also taken into account. Inlet and outlet zones
— internal and external channels of the rotor.

The task statement diagram is shown in Fig. 8.
Thermal properties and coefficients applied in the boundary
regions of the 3D CFD model are listed in Table 4. The
boundary conditions and the volumetric heat generation
rate ¢ in the rotor of the proposed design were obtained
based on [18, 21] results:

"

q =P/ V,=144 W /0.000507 m® ~ 284000 W/m’, (13)
where Py, is the total rotor core losses (Table 2); V, is the
specified rotor volume.

The computational mesh was generated automatically
from combined tetrahedral and polyhedral elements.

STEP 3: temp.
influence from the
stator, frontal bearing
shield and cool shaft
in frontal air volume

STEP 4: temp.
influence from the
stator and cool shaft
both on the rotor outer
wall and rear

corrected pressure,
velocity
and temperatyre
on inlet and outlet
Zones

outlet

Fig. 8. Formulation of the rotor thermal simulation task solving
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Table 4
The materials thermal properties and coefficients applied in the
boundary regions

Parameter Value
Rotor core steel thermal conductivity 23 W/(m K)
Shaft steel thermal conductivity 45 W/(m K)
Impeller aluminum thermal conductivity 200 W/(m K)
Magnets thermal conductivity 9 W/(mK)
HTC on the surface between channels in 25 W/(m’ K)
rotor core and air flow
HTC on the s.urface between bearing 25 W/ (m2 K)
shields and air volumes
HTC on the surface between impeller and 65 W/(m® K)
rear air volume
HTC on the surface between stator and air 25 W/(m’ K)
volumes
Heat generation rate in rotor 284000 W/m’
Average bearing shields surface 60° C. stable
temperature

Results. The geometry for CFD simulation of the air
flow inside the rotor and the frontal air volume (Step 1) is
shown in Fig. 9.

Fig. 9. Geometry of the domain: static frontal air volume
(transparent blue) and rotating air domain (green)

CFD simulations at a rotation speed of 12000 rpm
showed that the impeller creates clear zones of negative
air pressure along the internal circuit and positive air
pressure along the external circuit, while the internal and
external channels are completely located inside the
negative and positive pressure zones, respectively. As can
be seen from the results obtained (Fig. 10), the internal
channels of the rotor lie in defined zones of negative
pressure in the range of 0.142—0.506 kPa, and the external
channels of the rotor lie in zones of positive pressure in
the range of 0.404—0.951 kPa. Thus, the pressure difference
of the airflow between the internal and external channels of
the rotor is 0.546-1.457 kPa, which makes pumping air
through the rotor channels and the impeller possible.

In Fig. 11 it can be seen that at a rotor and impeller
rotation speed of 12000 rpm in the internal channels (air
suction) and in the external channels (air pumping out), it
is possible to obtain stable flows with an average speed in
the range of 20-30 m/s.

The calculated average flow velocities for known
cross-sectional areas of the internal channels (12 channels
with a cross-sectional area of 12.503 mm® each) and the
external channels (12 channels with a cross-sectional area
of 5.1265 mm’ each) allow us to calculate the volumetric
flow rate of air passing through these channels by (14)
using Ansys Fluent built-in calculator:

0=vxS, (14)
where Q is the air volumetric flow rate, m’/s, v is the air flow
velocity, m/s, S is the cross-sectional area of the flow, m
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Fig. 10. The air pressure distribution (a) and the air velocity
distribution in the frontal air volume during suction (b)
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Fig. 11. The air velocity distribution in internal (a)
and external (b) channels

The expected volumetric flow rate of air passing
through internal channels is 0.003 m*/s and the volumetric
flow rate of air passing through external channels is
0.00258 m>/s. As can be seen, the difference between the
volumetric flow of air passing through the internal and
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external channels is 14 %. The presence of such losses
can be explained by inaccuracies in the simulation,
uneven air flows through the rotor channels and local air
turbulence occurring in the impeller. Considering the
small volume of the frontal air volume (55300 mm® or
0.0000553 m’), we can conclude that at the rotor rotation
speed of 12000 rpm air from this cavity will be pumped
through the rotor channels about 50 times per second.
Shaft cooling simulations were provided with Mobil
EV Cool Drive 303 oil for different values of the oil flow
rates and oil inlet temperatures (Fig. 12). All further
imulations were performed at a rotor speed of 12000 rpm.

Fig. 12. Cross-section of oil volume fraction with 0.14 m/s inlet
velocity (mass flow rate 0.24 1/min) at 12000 rpm rotation speed

In Table 5 results of the shaft inner surface heat
transfer coefficient calculations are shown.
Table 5
Oil-inner shaft surface heat transfer coefficient
Oil-inner shaft surface HTC 4, W/(m® K)

. . Oil inlet temperature 6,;, °C
Oil flow rate ¢, I/min 30 45 50

0.12 194.6 194.8 195.2

0.24 196.7 198.2 197.8

0.36 218.2 219.2 222.8

As can be seen (Fig. 13), considering the dynamic
properties of the selected oil, the key factor affecting the
value of the HTC is the value of the volumetric flow rate
of oil, while the initial temperature of the oil affects this
parameter insignificantly. In further simulations, the
average value of # = 204 W/(m” K) was used.

y 4
I’

h, W/(m™K) P 4
2240 r/4

: 7/ 4
219,0 /L4
214,0 #0 e
205,0 _ 5o &80
204,0 : a5

30°C o
199,0 39 G °C
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0.12 0.24 036

g, I/min

Fig. 13. Shaft inner surface HTC rates

Figure 14 shows the thermal behavior of the air
domain in the rotor channels and the cavity of the
impeller and the shaft after corrected rotor thermal
analysis (Step 4). As can be seen, warm air enters the
internal channels (inlet zones) and is cooled as it moves
through the channels along the shaft, and then exits
through the outer channels (the outlet zones) already
cooled. The shaft is taking heat along its length from the

front edge to the rear, where it borders the impeller. Thus,
it can be concluded that air temperatures are taken out by
the shaft through the body of the rotor laminate.

Fig. 14. Air domai thermal analysis

Figure 15 shows temperature distribution patterns
along the frontal and the rear faces of the rotor. It can be
seen that the approximate temperature in the middle zone
of the rotor is in the range of 80 °C, and the outer
peripheral zone cools even more. In the very narrow areas
between the outer outlet channels, temperatures of 64 °C
are reached. In Fig. 15,0, the rear face of the rotor is
shown. As can be seen, it cools more efficiently than the
frontal face (Fig. 15,a), and the temperature spots on it
have lower values than on the frontal one.
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Fig. 15. Temperature distribution along the frontal (a)
and the rear (b) faces of the rotor
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Figure 16 shows a picture of the temperature
distribution in the PMs. As can be seen, the PMs heat up
unevenly. This could be explained by the asymmetry of the
impeller, the asymmetry and unequal airflows it creates, as
well as the asymmetry of the rotor itself and the location of
the magnets in it, and also the low thermal conductivity of
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the magnets specified in the model. The peak temperatures
achieved in the PMs do not exceed 64 °C.
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Fig. 16. Temperature distribution in the PMs
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Figure 17 shows the effect of air circulation in the
rotor channels created by an impeller fan (with and without
the presence of the air domain in the simulation system) on
the temperature distribution in the «shaft-rotor» system.

As can be seen from the obtained results, including
the Air domain in the simulation system (air circulates in
both directions due to the pressure difference between the
outer and inner channels inside the rotor) reduces rotor
heating, including in the PM V zone. The main
achievement is the avoidance of high-temperature fields
(hot spots) concentrated in the outer zone of the rotor.
Thus, the creation of bidirectional air flows generated by
the impeller fan simultaneously with the oil circulation
inside the hollow shaft not only reduces but also more
evenly distributes temperatures within the rotor.
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Fig. 17. Cross-section of temperature distribution across the shaft and rotor at 12000 rpm speed rotation:
a — air circulation disabled; b — air circulation enabled

Conclusions. As can be seen from the obtained results,
the presence of bidirectional air circulation inside the rotor
lamination channels, created by the impeller fan, with
simultaneous circulation of oil in the hollow shaft, allows for
the redistribution and reduction of the rotor core temperature
with a virtually unchanged hollow shaft temperature.

The key factor affecting the value of the heat
transfer coefficient between hollow shaft inner surface
and oil inside it is the value of the volumetric flow rate of
oil, while the initial temperature of the oil affects this
parameter insignificantly. Further development involves
studying the effect of the rotation speed of the hollow
shaft on the value of the heat transfer coefficient.

As stated above, the CFD simulations of the thermal
distribution in the rotor and the analysis of the possibility
of its cooling by bidirectional air flows created by the
impeller fan were carried out taking into account the
assumption that the temperature emanating from the front
and rear bearing shields, as well as the temperature of the
oil in the shaft, are constant and stable.

Possible further studies include the following:

e clarification of temperature indicators of bearing units
and their possible influence on temperatures in the rotor;

o study of the influence of rotation speed (and, therefore,
air and oil flow intensity) on the temperature in the rotor;

o study of the influence of oil volume flow and its inlet
temperature in the hollow shaft on the shaft temperature
and temperature distribution in the rotor as a whole;

o study of vibrations from the impeller;

e study of the power losses in the impeller and its
efficiency;

o further comprehensive FEA/CFD analysis of the
traction electric motor thermal state, taking into account
both the stator cooling and the proposed rotor cooling
method.
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