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1 Introduction Type 3: Turbo-electric, in which gas turbines generate electric-
The Air Transport Action Group published a vision “Waypoint lf;};sand their electricity drives electric motor-powered

2050X” [1], which stated the commercial aviation industry plans
to decarbonize and achieve worldwide complete net-zero emis-
sions by 2050. The International Air Transport Association
including aircraft manufacturers, engine manufacturers, airports,
and air traffic management, declared adoption of this goal [2,3] to
support the United Nations Climate Change Conference (COP26).
One of the innovations to decarbonize technology is electrification
of aircraft propulsion systems. Felder at the National Aeronautics
and Space Administration presented six promising types of air-
craft electric propulsion systems [4].

Type 4: Series hybrid, in which gas turbines generate electric-
ity, batteries provide electricity, and both electricity
sources drive electric motor-powered fans.

Type 5: Partial turbo-electric, in which turbofans generate elec-
tricity and their electricity drives additional electric
motor-powered fans.

Type 6: Series/partial hybrid, in which turbofans generate elec-
tricity, batteries provide electricity, and both sources
drive additional electric motor-powered fans.
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Type 1: All-electric, in which batteries drive electric motor-
powered fans.

Type 2: Parallel hybrid, in which battery-powered electric
motors assist turbofans.

Currently, many companies are developing short-range aircraft
with all-electric propulsion systems, such as those in Refs. [5-7],
because all-electric systems are the simplest propulsion devices.
The power density of cutting-edge batteries was 400 Wh/kg in
2021 [8], which is less than the 12,000 Wh/kg of kerosene. Thus,
all-electric propulsion devices can be used only for short-range
T . aircraft due to weight limitations for flight; in 2021, there are no
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single-aisle aircraft with all-electric propulsion and approximately
150 passenger seats.

However, single-aisle aircraft with partial turbo-electric propul-
sion will be possible in the 2030s, so there are many concepts for
developing single-aisle aircraft with partial turbo-electric propul-
sion by the 2030s. One of the promising single-aisle aircraft with
partial turbo-electric propulsion is the STARC-ABL [9]. Figure 1
shows the targeted single-aisle tube- and wing-configuration with
attached generators and with a ducted, electrically driven, bound-
ary layer-ingesting tailcone fan. Boundary layer ingestion realizes
a high propulsive efficiency .. Here, an electric motor used to
drive the tailcone fan must output approximately 2 MW. In addi-
tion, this electric motor must be a lightweight and high-power
density (= output/mass, W/kg) motor to enable flight. Further-
more, the electric motor must be air-cooled because there is no
oil-lubricated gas turbine engine near the tail, unlike cases with
attached generators. We have two choices in selecting the electric
motor: superconductive motors and normal conductive motors.
Although a superconductive motor is extremely lightweight and
can operate at a gradually higher temperature than before [10],
cryogenic cooling is required, and air cooling is not sufficient.
Thus, superconductive motors look promising, but unfortunately,
they are still a future technology at this time in the early 2020s.
Among normal conductive motors, an interior permanent magnet
(IPM) motor is presumed to be the best choice because of its sim-
pler structure, higher efficiency, and higher power density.

Here, when the temperature of a permanent magnet exceeds its
own maximum temperature limit, its magnetic flux density gradu-
ally decreases and does not recover. It is called “thermal demag-
netization.” Aircraft fly at a high altitude of 13,000 m (42,650 ft),
where the ambient pressure decreases to 16kPa (2.3 psi) in an
intercontinental cruise, and aircraft can take off from an airport in
a desert during summer at a high temperature of 50 °C (122 °F).
Under any conditions, a reliable design method for thermal man-
agement of an air-cooled electric motor is essential to prevent per-
manent demagnetization.

Many researchers have studied thermal management of electric
motors with experimental approaches [11], with numerical
approaches [12,13], and with both [14]. These approaches are
very important and effective, but they are overly time-consuming
for the early design phase; instead, theoretical approaches are
very convenient and provide results quickly with changing design
parameters.

In early designs of electric motors, thermal analyses using a
thermal circuit model were most common, such as in Ref. [15].
On the other hand, in early designs for heat exchangers, several
differential equations were formulated for heat balancing with all
fluid flows, this system of differential equations was mathemati-
cally integrated, and the results (i.e., temperature distributions,
heat flow rates, pressure losses, etc.) were obtained as in Refs.
[16-20]. Tao et al. also applied the latter approach to perform
thermal management of entire electric automobiles, including an
electric motor, but they used MATLAB/SIMULINK and AMESIM to solve
this system of differential equations [21].
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Fig. 1 Partial turboelectric with boundary layer ingestion by
air-cooled IPM motor-driven tailcone fan to achieve higher pro-
pulsive efficiency, #pr0
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The authors and colleagues have advanced the latter approach
using differential equations to analyze an air-cooled electric IPM
motor driving an aviation fan and obtained transient solutions of
the mathematical analytical equations instead of numerical solu-
tions [22]; the mathematical analytical equations instantaneously
derive the solution values without iterations, unlike numerical sol-
utions. Then, the authors and colleagues obtained steady solutions
with numerical time integration of the transient solutions. These
solutions can be useful in allowing engineers to design air-cooled
IPM motors early in design because steady solutions can be
obtained quickly by using Microsoft Excel on a personal com-
puter. Using this method, the authors discussed the capability and
limitations of air cooling for the target IPM motor. From the
results, the following predictions were made [22]: (1) internal
recirculating air and external air should be separated inside and
outside of the motor casing so electric parts in the casing also
remain safe. (2) The internal air should move heat from the rotor
to the outer heat exchanger, the heat exchanger should collect heat
from the stator, and the external air should move all heat from the
heat exchanger to the surroundings. (3) In the heat exchanger, the
external air should flow between a stator and the internal air, and
the flow direction of the external air should be opposite that of the
internal air. (4) The internal air mass flowrate should be chosen to
maintain turbulent internal flow through the heat exchanger. (5)
There is the optimum flowrate of the internal air to minimize the
rotor temperature. (6) The rotor temperature increases with
decreasing internal air mass flowrate below the optimum value.
(7) The rotor temperature increases with increasing internal air
mass flowrate beyond the optimum value. (8) The rotor and stator
temperatures are linearly proportional to the ambient temperature.
(9) The rotor temperature increases with decreasing ambient pres-
sure. (10) An increase in altitude causes a decrease in power con-
sumption for both external air and internal air. (11) The most
severe condition is the top-of-climb condition, and external and
internal air mass flow rates should be chosen to keep the tempera-
ture of the permanent magnets below the maximum temperature
limit of 100°C and the temperature of the coils below the maxi-
mum temperature limit of 250 °C.

The above predictions were obtained for constant air-cooling
channel sizes; however, the authors noticed that the sizes of air-
cooling channel strongly affected air-cooling performance in the
IPM motor. A designer has several choices for air-cooling channel
sizes in the heat exchanger for internal and external air and
choices for inner air-cooling channel sizes in the rotor. In this
paper, the authors first briefly review the mathematical formula-
tions and their solutions, then investigate the effect of channel
size on air-cooling performance in the IPM motor, and finally
explore the optimum configuration and settings for the air-cooling
channels.

2 Targeted Air-Cooled Electric Motors Driving
Aviation Fans

This section describes a targeted air-cooled IPM motor driving
an aviation fan. Assumptions used to derive mathematical formu-
lations and their solutions are defined.

2.1 Interior Permanent Magnet Motors Using Normal
Conductors. The IPM motor is an alternating current synchro-
nous electric motor. Figure 2 shows a schematic of the IPM
motor. In general, a rotor is located inside a stator with a cylindri-
cal shape. In the rotor, permanent magnets are placed inside a
yoke made of a pile of magnetic steel sheets, from which the
name “IPM” is derived. Permanent magnets do not require elec-
tricity. This method has many merits: there is no Joule heating
loss, no electrical wiring, and no brush, and the system features a
simple structure. The yoke concentrates its magnetic force on the
surface of the rotor. Therefore, the rotor efficiency of the IPM
motor is increased, and the rotor can be very compact. In addition,
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compared with surface permanent magnetic motors, the IPM
motor can operate at a higher rotational rate because the perma-
nent magnets are held tight by the yoke against a centrifugal force.
Furthermore, the IPM motor rotor rotates synchronously with the
frequency of a rotating magnetic field composed of electric coils
under a wide range of loads. Thus, the rotation rate is highly
controllable.

As a permanent magnet, a ‘“neodymium magnet” made of
Nd,Fe4B is the best choice because it has the strongest magnetic
flux of approximately 1.3 T, which is the value for a mass-
produced neodymium magnet. The most advanced neodymium
magnet with an EH or VH suffix can be used at a temperature of
approximately 200°C (392°F), which is given as the catalog
value [23]. However, this catalog value corresponds to the maxi-
mum allowable temperature when a neodymium magnet is posi-
tioned without a magnetic field, but the maximum allowable
temperature must be lower to prevent demagnetization when a
neodymium magnet is placed in a strong magnetic field such as a
rotor in an IPM motor. Therefore, we set the maximum operating
temperature of the neodymium magnet to 100°C based on the
experiences of our colleagues. In the rotor, heat is generated by
hysteresis loss and eddy-current loss. The generated heat from the
hysteresis loss and the eddy-current loss is relatively small com-
pared with the Joule heating loss in the target condition, although
these losses depend on operating conditions such as the rotational
speed, power, voltage, current, and shape of each component.

In the stator, there are electromagnetic coils and a yoke, and
heat is generated by Joule heating loss, hysteresis loss, and eddy-
current loss. The Joule heating loss is dominant. To maintain the
material health of the thermal insulators, we set the maximum
operating temperature of the coils below a temperature of 250 °C
(482 °F).

Consequently, more heat is generated in the stator than in the
rotor of an IPM motor. Thus, the stator temperature is higher than
the rotor temperature in general. In addition, the annular air layer
between the rotor and stator is narrow due to electromagnetic per-
formance, and direct heat transfer (DHT) via the annular air layer
should count. Thermal barrier coatings on the outer surface of the
rotor and the inner surface of the stator are effective in reducing
direct heat transfer via the annular air layer.

For a targeted IPM motor, we presume the following factors:

Assumption 1. The output of the IPM motor is 2 MW. In a practi-
cal flight, the required output of the motor at the top-of-climb
could be less than that at the takeoff. However, this design allows
pilots to access the maximum output power at the top-of-climb;
this constitutes safe redundancy.

Assumption 2. The rotational rate is 8000 rpm (i.e., 838 rad/s). In
motor-driven fans, the rotation rate could be determined to suit
the target thrust and flying velocity different from gas turbine-
driven fans; thus, the rotation rate at the maximum output power
was selected.

Assumption 3. The outer diameter of the rotor, dgy, is 0.25 m, the
outer diameter of the permanent magnets, dpny, is 0.245 m, the
inner diameter of the permanent magnets, dpyy, 1S 0.20 m,
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Fig.2 Schematic of an air-cooled IPM motor
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the inner diameter, dgry, of the rotor’s yoke is 0.15 m, and the shaft
diameter, dj, is 0.10 m. The yoke of the rotor is made of magnetic
steel, and its thermal conductivity, Agee, is S0 W/(m-K). A thermal
barrier coating (TBC) with a thickness, dtpc r, of 0.0005 m is placed
on the outer surface of the rotor, a TBC with a thickness, drpcs, of
0.0005 m is placed on the inner surfaces of the stator, and their ther-
mal conductivities, Arpcs and Atpcr, are 0.025 W/(m-K).
Assumption 4. An air layer with a thickness, d4;, of 0.001 m is
between the TBCs. The inner diameter of the stator, dsy, is
drr,+2(dtcR + Oair + OtBCs), the outer diameter of the coils’
section, dscr, is 0.30 m, and the outer diameter of the stator’s
yoke, dsp, is 0.40 m. The length of both the stator and rotor, /, is
0.50 m. The yoke of the stator is made of magnetic steel with A
of 50 W/(m-K).

Assumption 5. A heat exchanger is placed outside of the stator,
which has a two-story structure. External air flows through the
channels on the floor closer to the stator, and internal air flows
through the channels on the floor farther from the stator. Both
channels of the heat exchanger, for internal and external air, have
square shapes of @ x b mm?, and the number of channels is 1. The
channels are made of aluminum alloy, and the thermal conductivity
of the heat exchanger, /4, is 200 W/(m-K). The thickness, dr, of
the floor of the heat exchanger attached on the outer surface of the
stator is 0.005 m, and the thickness, J;, of the bulkhead between
the external and internal air of the heat exchanger is 0.0005 m.
Assumption 6. The efficiency is 99% or higher, so the rotor pro-
duces a heat rate, Og, of 1 kW and the stator produces a heat rate,
QOs, of 15kW. These values were derived by electromagnetic anal-
yses corresponding to the maximum output and the worst case
scenario. Other cases indicated lesser values of Or and Qg even
when the efficiency decreased because the output decreased more.
With direct heat transfer, Qs_.g, from the stator via the annular air
layer to the rotor, cooling air flows should remove Qg + QOs_.r
from the rotor, and cooling air flows should remove Qs — Qs _.r
from the stator.

Assumption 7. The temperature of the rotor embedding permanent
magnets never exceeds 100 °C, and the temperature of the stator
does not exceed 250 °C.

2.2 Air-Cooling Configuration Schemes for Interior
Permanent Magnet Motors. The rotor is isolated from the motor
casing, so internal air should cool the rotor. The outer shape of the
rotor is fully cylindrical in a fixed stator. Many conventional
motors undergo air cooling, in which air flow between the rotor
and the stator cools the rotor. Such configurations that flow onto
the outer surface of the rotor are Taylor—Couette or
Taylor—Couette—Poiseuille flows [24]. However, there are several
problems, which are described below.

Problem 1: The cylindrical channel between the rotor and stator
is generally narrow to ensure electromagnetic performance; thus,
the pressure loss is relatively large, and it is difficult to achieve a
sufficiently large mass flowrate for the internal air flow through
the cylindrical channel. A motor driving an aviation fan should
have a small aspect ratio of its diameter/length to keep an airflow
channel downstream of the fan; thus, the temperature of the inter-
nal air gradually increases in the axial direction until it reaches
the rotor temperature, which occurs at the halfway point along the
axial direction. At this point and beyond, the internal air does not
cool the rotor because the air temperature is the same or higher
than the rotor temperature.

Problem 2: In the targeted IPM motors, the stator generates
heat, Qs, larger than the heat, Oy, generated by the rotor; thus, the
temperature on the inner surface of the stator may be larger than
the temperature on the outer surface of the rotor. In this case, the
internal air no longer cools the rotor.

Instead, the inner surface of the rotor is useful in cooling, and
the authors presume this air-cooling method for the rotor. The
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authors determined which air-cooling configuration is best for an
IPM motor in a previous paper [22]. Based on these results, the air-
cooling configuration shown in Fig. 3 is best; first, internal recirculat-
ing air moves heat from the rotor to the heat exchanger attached
outside of the stator, then the heat exchanger collects heat from the
stator; next, the heat exchanger moves all heat to the external air,
and finally, the external air moves all heat to the surroundings.

2.3 Air Physical Properties at an Arbitrary Temperature
and Pressure. Aircraft operate in all places across the Earth and
must continue to operate even in severe conditions, such as in tak-
ing off from a desert in summer, which corresponds to an inlet
temperature of 50 °C, or cruising at a high altitude of 13,000 m,
where the air pressure is 16 kPa.

In this article, we presume that air is a perfect gas with a molar
mass M, of 28.8 x 10_3kg/m01 and a specific heat ratio of 1.4. In
the pressure range 16—110kPa (corresponding to an altitude range of
0-13,000m) at which almost all civil aircraft operate, the effects of
pressure on viscosity and thermal conductivity are negligible, so vis-
cosity i, (Pa-s) and thermal conductivity A, (W/(m K)) are esti-
mated with Sutherland’s equations [25]. Additionally, we presume
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that air is incompressible over each air channel in the rotor or heat
exchanger; namely, the physical properties of air are the same as val-
ues at the inlet of each air channel, and thus we presume:

Assumption 8. For internal air, the inlet pressure to the rotor is
kept at ambient pressure. The outlet pressure from the rotor (cor-
responding to the inlet pressure to the internal compressor) is less
than the ambient pressure due to pressure loss. The internal com-
pressor compresses the internal air, and the outlet pressure from
the internal compressor (corresponding to the inlet pressure to the
heat exchanger) is the highest pressure in the system. The outlet
pressure from the heat exchanger (corresponding to the inlet pres-
sure to the rotor) returns to the ambient pressure.

Assumption 9. The fan and external compressor compress the
external air, and the outlet pressure from the external compressor
(corresponding to the inlet pressure to the heat exchanger) reaches
the highest pressure. The outlet pressure from the heat exchanger
decreases to ambient pressure due to pressure loss by the heat
exchanger.

3 Mathematical Analytical Solutions for
Temperatures of the Air-Cooled Interior Permanent
Magnet Motor

This section derives the mathematical formulations for each
heat-transfer process in the air-cooled IPM motor.

3.1 Direct Heat Transfer From the Stator Coils to the
Rotor Permanent Magnets Via the Annular Air Layer. Direct
heat transfer, from the hot coils in the stator, via the inner surface
of the stator, the thermal barrier coatings on the inner surface of
the stator, the annular air layer, the thermal barrier coatings on the
outer surface of the rotor, the outer surface of the rotor, and the
electromagnetic steel to the cold permanent magnets in the rotor
cannot be ignored. The heat transfer consists of conduction, con-
vection, and radiation. In cases of the target temperature range,
the effect of the radiation is less than the conduction and convec-
tion (see Appendix Al); here, the direct heat transfer by the con-
duction and convection is estimated.

First, the coefficient for heat transfer through the annular air
layer between the stator coating and the rotor coating is estimated.
Tachibana and Fukui performed extensive experiments on con-
vective (including conductive) heat transfer between a stationary
outer cylinder and a rotating coaxial inner cylinder [26]. They
derived a correlation between Taylor number Ta and clearance
Nusselt number Nucyp

Nucp = 0.046[Ta’Pr]"/? (1)

Ta — {pair [dre + 201BCR]WR dC }2 d¢ o

Mair 2 | dre + 20TBCR

where p.; and u,;, are the density and viscosity of air, respec-
tively, which are the average values of Ts and Tg. wg is the rota-
tional rate of the rotor, and ¢ is the difference in diameter
between coaxial cylinders of dsv —2dtec,s — 20TBCR — dRL-
Nucy is defined as

Kair 5_C

Nugy, = =3
deL=7""7

3

where A, is the thermal conductivity at the average temperature
of Ts and Tg. K, is the coefficient for overall heat transfer via the
annular air layer between two thermal barrier coatings. K, is
defined at dgy + 2d1pc r Of the outer surface of the rotor coating.
Second, the coefficient for overall heat transfer Ks_,g from the
coils, via the thermal barrier coating, the annular air layer, the
thermal barrier coating, and the yoke, to the permanent magnet is
estimated. Kg_ is defined at dgy of the outer surface of the rotor
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1

Ks_r =

)

dre ln( dsm ) 1 drL
22tBcs  \dsm — 20TBC;S

Thus, the rate of heat flow Qg _.r between the coils and the perma-
nent magnets is

Os—r = ndri lsKs_r[Ts — Tr] )

3.2 Heat Transfer Between the Internal Air and the Rotor.
The rotor and shaft are mechanically connected, so they both
rotate at the same rate w (rad/s), as shown in Fig. 4. The rotor gen-
erates heat of Qg (W), and the direct heat Qs_.r is added; the
internal air recirculating in a motor case removes all heat via the
inner surface of the rotor. This type of heat transfer was experi-
mentally investigated by Seghir-Ouali et al. [27].

The peripheral length contacting the internal air with the rotor
P1r (m) normal to the axis is

Pr = ndrm (6)

where diy (m) is the diameter of the inner surface of the rotor.
The axial velocity U, through the rotor and tangential velocity
Ug of the inner surface of the rotor are

I’i’lI 4 wdRM X
SR S AL S
el -] RT T2 et O

U

where o (rad/s) and X (rpm) are rotational rates of the rotor.
The axial Reynolds number Re, and the rotational Reynolds
number Reg of the internal air through the rotor are

_ prUadrm _ 4my dru
Rey = HR-AEM 1M
MR fug 7[dgy — d} ] ®
Rew — PrrUrdrM _ PIRCUdlzaM _ anRdI%MX
R = = =
MR 2 60pR

In cases of flows dominated by rotating flow compared with axial
flow (2.77 x 10° < Reg), the experimental correlation between
Nusselt and rotational Reynolds numbers proposed in Ref. [27] is

Nupr = 2.85 x 10 *Re} "’ )
In cases of flows affected b;/ both axial flow and rotating flow
(1.6 x 10’ <Reg <2.77 x 10° and 0<Reg <3 x 10%), another
experimental correlation was proposed in Ref. [27]

Nupr = 1.963 x 107Re%?? +8.51 x 10 °Ret™!®  (10)

The heat transfer coefficient /g is
hg = Nupgr — an

rotor rotating at a rate w [rad/s] with
heat generation Oy [W]

internal air + internal air
ey . . OrtOs o ___ o
IRin " IRout
A \
shaft rotating at sarﬁ' i
rateasrotor 1
______________ ==’
\
STENEEE I, W
Ora = drm /

Fig. 4 Convective heat transfer between a rotating cylinder
inner surface of the rotor and the internal air flowing axially
inside the rotor
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where ;g (W/(m K)) is the thermal conductivity of the internal
air. K is the coefficient for overall heat transfer via the yoke and
heat resistance on the inner surface of the rotor because the per-
manent magnets are placed inside the yoke. Ky is defined at dry
of the inner surface of the rotor

1
1 drm dpmm
hr + 2/stcel ln( drym >

Figure 5 shows the temperature distribution in the axial direction
through the rotor. The rotor is composed of magnetic steel sheets;
thus, the thermal conductivity in the axial direction is much
greater than that in air, and the temperature of the rotor can be
presumed to be constant in the axial direction at Tx, (K). On the
other hand, the temperature T1r, (K) of the internal air is increased
by heat received from the inner surface of the rotor. At position x
(m) in the axial direction from the inlet of the rotor, the local heat
flux grx (W/m?) for an infinitesimal region in the axial direction
with a length of dx (m) is

Kr = (12)

qirx = mM1CpdTiRx = KR [Tr 1 — Tirx] PRAX (13)
where C;, (J/(kg K)) is the specific heat of the internal air. Then

dT1rx _ —PrKR
Tirx — TRyt miCp

dx (14
Integrating both sides gives

15)

—PRrK;
Tirx — Try = coexp (&x)

miCp

where ¢( is an integration constant. By applying the boundary
condition T1gy = Tirin at x =0

PrK;
Tirx = Try + [Tirin — TryJeXp <&X) (16)

I’f’lICp
Then, another boundary condition Tirx=Tirow 1S applied at

x=/Ig; finally, the outlet temperature TR, of the internal air is
solved analytically

—PRK
Tirout = Tryt + [Tirin — Tr,JeXp (ﬁ ER) a7

Next, the energy balance of the internal air through the rotor is
considered

111Cp[Tirout — TiRin] = Q1—r (18)

dlpyz==

Fig. 5 Schematic of temperature distributions in the axial
direction through the rotor
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In addition, the energy balance of the rotor is considered
mrCprdTr: = [Or + Qs -k — Q1 Rr]dt (19)

where my (kg) is the mass of the rotor, Cpr (J/(kg-K)) is the spe-
cific heat of the rotor, and T ; (K) is the temperature of the perma-
nent magnets at time ¢ (s). T, can be calculated over time; thus

Case 1: In cases of Qg+ Os_r>01_r, Tr, increases with
time.

Case 2: In cases of Qr 4+ Os_.r <Qj—r, Tr, decreases with
time.

Case 3: In cases of Or +Qs_.r = O1._g, Tr 18 steady.

3.3 Heat Transfer Among the Stator, External Air, and
Internal Air in the Heat Exchanger Attached Outside of the
Stator. Figure 6 shows a schematic for the configuration with a
stator-external air-internal air heat exchanger. This heat exchanger
is directly attached on the outer surface of the stator yoke. This
heat exchanger consists of two-story structures: channels for the
external air are located on the floor closer to the stator, and chan-
nels for the internal air are located further away on the floor. The
stator generates heat of Qg (W), and the direct heat of Qg _.g is
subtracted. Solid structures of the stator yoke and the heat
exchanger directly conduct heat generated by the stator to the
external air from the bottom side. At the same time, the bulkhead
of the heat exchanger passes heat from the internal air to the exter-
nal air from the top side.

The axial velocities V| and Vg of internal and external air pass-
ing through the heat exchanger are

1 1 1 1
Vi=m———>+, Vg=mg— (20)
py maiby PE neaebg

where 71y and mig (kg/s) are mass flow rates, p; and pg (m3/kg) are
densities, n; and ng (m) are the numbers of channels, a; and ag are
the heights, and b; and bg (m) are widths of the internal and exter-
nal air channel, respectively.

Hydraulic diameters dj and dg (m) are

4S[ _ 40][71 4SE 4aEbE

S S ] N L )
P 2a +2b ¢ @b

d =
! P E ZaE + ZbE

where S; and S (m?) are the cross section and P; and Pg (m) are
the peripheral lengths of the internal and external air channel,
respectively. Pipe Reynolds numbers Rep; and Rep g of the inter-
nal and external air through each channel in the heat exchanger
are

internal air
Tiou

external air

(Stator)
coil

Fig. 6 Configurations of the stator-external air-internal air heat
exchanger outside of the stator
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Ren: — P]VIdI _ &m i 1 4a1b1 . 27;1]
P o ,uI Ipl marby 2ay + 2by - wyni{a; + by}’
Ved 2n
ReP,E _ PEVEAE mg

pg  pgne{ag + be}
(22)

Prandtl numbers Pr; and Prg of the internal and external air
passing through each air channel in the heat exchanger are

Cp/l] PI‘E = —CP He

PI'I =
)VI ’ LE

(23)

The pipe Nusselt number Nup; of the internal air with fully
developed temperature fields in laminar flow (Rep; < 3000) or tur-
bulent flow (3000 <Rep;< 107) in a pipe with a constant wall
temperature is

Nup; = 3.66 (Rep; < 3000) (24)

Nup; = 0.023RedSPri® (3000 < Repy < 107)  (25)

The pipe Nusselt number Nup  of the external air is

Nupg = 3.66 (Repg < 3000) (26)

1/3

Nupg = 0.023RepiPry/” (3000 < Repg < 107) 27

Heat transfer coefficients /; and hg are

A JE
h =N — hg = Ni — 28
1 Up1 dl’ E UpEg ds (28)

where A; and g (W/(m K)) are the thermal conductivities of the
internal and external air, respectively. The heat transfer coefficient
between the stator and the external air is /g, and the overall heat
transfer coefficient between the external air and the coil via the
yoke is Kg (W/(m? K)). Here, Ks is defined at ds; + 20 for the
floor closer to the stator of the heat exchanger

1

1 dSL + 251: (dSL + 2(}1:)

hg 271 dsL

Ks =

dst, + 20 ln( dst, )
2 steel dscL

(29)

The coefficient for overall heat transfer between the internal air
and the external air via the bulkhead, Kz (W/(m? K)), is

1
KB:W 30)
hy ~ Aar - hg

where dg (m) is the thickness and A, (W/(m K)) is the thermal
conductivity of the bulkhead between the internal and external air.

Figure 7 shows a schematic for temperature distributions in the
axial direction through this stator-external air-internal air heat

Fig. 7 Schematic of temperature distributions in the axial
direction through the “stator-external air-internal air” heat
exchanger
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exchanger. At position x (m) in the axial direction from the left
end of the heat exchanger, for an infinitesimal region in the axial
direction with a length of dx (m), local heat flux dgs_.gx (W/m) is
exchanged between the stator and the external air, and local heat
flux dg;_gx (W/m) is exchanged between the internal air and the
external air. The coils are made of copper; thus, the thermal con-
ductivity in the axial direction is much greater than that in air, and
the temperature of the heat exchanger can be presumed to be con-
stant in the axial direction at Ts, (K). The internal air flows in the
opposite direction against the external air flow because this con-
figuration increases the heat exchange efficiency. Namely, the

Yi’lECPdTEX = i’leB [T[X — TEX]dx + }’les [TS,[ — TEX]dx (3])
mICPdTIX = anB [TIX - TEx]dX (32)

These equations are simultaneously solved for Tgy and T1y; thus,
we apply boundary conditions of Tjy =Ty and Tgo=Tg;, at
x=0 and Ty = Tiin and Tgr = Teou at X =/ (see Ref. [22] for
details). Then, the analytical solutions are obtained from [22]

—{oy é Cexp(fls) | —&0, - Eexp(yls)

internal air flows from the right end to the left end in Fig. 7. The Teout = E I (33)
temperature 77 (K) of the internal air decreases as heat dgy gy is 2KpNf 2KgN 2KpNy 2KgN
released to the external air via the bulkhead. On the other hand,
the external air receives dgs_.gx from the stator and dg; g, from T —02 A —_02 ~ 4
the internal air via the bulkhead at the same time. Thus, the tem- fout = g et y G 34
perature Tgx (K) of the external air increases. Based on these char-
acteristics, the energy balances of the internal and external air are ~ where the combined variables are
1 0 ¢ —2KgN
L T+ 21— exp(pts)} + 2 1 = Sexplps) } + N exp(ps i
~ () ¢ 92 -C ]é ZKBN ~ 'B Y C ¢
CE:F C_V+ 7 + R Tein, Ci1= —Z )
exp(pls) + Texp(ﬁfs) 35)
bK, i11C)
N=TOZB TR K — eKp + Ks, W = eKs + 6K + K, o= Ny\/¢* + 4eKsKg,
mECp WIECP
N¢ — o N¢ + o N3Ks —N?Ks
=Ny —0a, f= = (=Ny+a, o= si 0= St

ZEKB ’ Y ZbKB ’

Here, energy balance among the internal air, the external air,
and the stator are considered. The exchange heat Q; g transferred
from internal to external air is equal and opposite to the heat O
received by the internal air; thus

m1Cp[Tiow — Tiin] = Q1 = —01-E (36)

The sum of the exchange heat Q; .g and exchange heat Qg .g
from the stator to external air equals the heat Qg received by the
external air; thus

mECp[Teow — Tein] = Qg = Q1— + Os—E 37

The sum of the exchanged heat Qs g and heat generation rate Qg
in the stator changes the stator temperature T ; thus

dTs
dt

msCp s

=0s—0s R —Q0sg=0s—0s.r — 01— 0Ok
(38)

where mg (kg) is the mass of the stator, Cp s (J/(kg K)) is the spe-
cific heat of the stator, and T, (K) is the temperature of the coils
at time ¢ (s). Therefore, T, can be calculated over time, so

Case 1: In cases of Os— Qs_,r > 01+ O, Ts; increases with
time.

Case 2: In cases of Qs — Qs _.r <01+ Ok, Ts, decreases with
time.

Case 3: In cases of Qs — Os_,r = Q1 + O, T is steady.

4 Pressure Loss and Power Consumption of Cooling Air
in the Air-Cooled Interior Permanent Magnet Motor

This section estimates the pressure difference for each air-
cooling channel contained in the targeted air-cooled IPM motor.

Journal of Engineering for Gas Turbines and Power

4.1 Pressure Loss and Power Consumption of Internal Air
Passing Through the Rotor. As mentioned in Sec. 3.2 and as
shown in Fig. 4, the rotor and shaft are mechanically connected,
and they rotate at the same rate. Here, pressure loss through the
rotor is considered. Yamada and Watanabe performed extensive
experiments with this kind of flow, and they evaluated the pres-
sure loss coefficient fir with coaxial Reynolds number Rec and
rotational Reynolds number Reg [28]. The definition of Rey is the
same as in Eq. (8), but coaxial Reynolds number Reg ¢ is newly
defined. Here, the inner diameter of the rotor is dgrp, the outer
diameter of the shaft is da, and the difference between dgry and
dp is dc. By considering a hydraulic diameter dc (m) of the chan-
nel between the coaxial cylinders

dA = dRM - 5C

g iy — i _ mdgy — n{dpn — 0c}” _ mdc{2dpm — oc}

4 4 4
P = ndrm + mda = mdrm + 7'C{dRM — 5c} = n{2dRM — 5c}
dc :F:5c = drm — da
39)

where S (mz) is the cross section of the channel and P (m) is the
peripheral length of the channel. Namely, the hydraulic diameter
dc of the channel between the coaxial cylinders equals the differ-
ence dc between dgy and du. Thus, the coaxial Reynolds number
Rec for the internal air passing through the rotor is

_ p]V]dC _ 4’7.71{dRM — dA} _ 4m1

Rec = =
I wr{ddy —d3}  nidrm +da}

(40)

Yamada and Watanabe mentioned that fig is almost the same as
fir for no rotation even in laminar and turbulent flows in cases
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where Rec is not very small and both cylinders rotate at the same
rate [28]. Therefore, the pressure loss coefficient fig is

96
Jir = Rec 41)
for laminar flows, and
fir = 0.316Rec* 42)

for turbulent flows.

Yamada and Watanabe also mentioned that a transient Rec
changes with Reg as laminar flow changes to turbulent flow [28];
however, we presume laminar flows in cases of 0 <Rec <2000
and turbulent flows in cases of 2000 < Rec based on experimental
results reported by Yamada and Watanabe [28]. Here, the total
pressure 1loss Apjosar (Pa) is

PIR VI2R QR

A ossIR — A 43
DlossR = fIR 7 oc (43)

4.2 Pressure Loss and Power Consumption of the Internal
and External Air Passing Through the Heat Exchanger
Attached Outside of the Stator. As shown in Fig. 6, the channels
for internal air and external air are rectangular with a height of a
and width of b; thus, hydraulic diameters d; and dg and pipe Reyn-
olds numbers Rep; and Rep g were defined in Eq. (22). The total
pressure loss is estimated with the Hargen—Poiseuille and Blasius
equations in association with the Darcy—Weisbach equation.

Pressure loss coefficients f; and fg are

fi= R6ejl PR RZ:E “9
for laminar flows (Rep; < 3000 or Rep g < 3000), and
fi = 0316Rep;”*, fio = 0.316Re, (45)
for turbulent flows (3000 <Rep or 3000 < Rep ).
Total pressure losses Apjossin and Apjossen (Pa) are
Aprossin = /i pITV%i,—}: s Aplosen = f& pE2V123 fl_i (46)

4.3 Effect on the Energy Balance of Power Consumption
by Compressors for Internal and External Air. As shown in
Fig. 3, a fan and external compressor force the external air
through the heat exchanger with power consumption Wg

Wg = LAplossEH @7
pEinncompE

where pg;y is the density at the fan inlet and #¢ompg is the adiabatic
efficiency of the fan and external compressor. Power Wg increases
the temperature T'g;, at the inlet of the heat exchanger

=1

T. A E

TEin _ Tamb + amb |:{pamb + plossEH} _ 1:| (48)
g Pamb

As shown in Fig. 3, another internal compressor recirculates the
internal air. The power W consumed to force the internal air
through the rotor and the heat exchanger is

i

WI - [AplossIH + AplossIR} (49)
pIRout'/IcompI

where pirou 18 the density at the inlet of the internal compressor
and 7compr is the adiabatic efficiency of the internal compressor.

041016-8 / Vol. 145, APRIL 2023

Power Wy increases the temperature Ty, at the inlet of the heat
exchanger and also increases the heat Q; g exchanged from the
internal to external air because this power Wi is ultimately con-
verted into heat; thus

Qi—g = Or + Os—r + Wi (50)
+ Os—r + W,
Tiin = Tirin + Or+0sr+ W1 (51)
miCp

Equation (51) indicates that the power consumption W affects the
rotor temperature Tg.

5 Effect of Direct Heat Transfer and Heat Resistance
on Air-Cooling Performance

This section evaluates the current model used to consider direct
heat transfer from the coils to permanent magnets and heat resist-
ance in the stator and rotor compared with those of the conven-
tional model described in Ref. [22]. Validation of the current
model is described in Appendix A2.

5.1 Difference Between the Current Model and the
Authors’ Conventional Model. To obtain mathematical analyti-
cal solutions that maintain the maximum temperature limits for
permanent magnets in the rotor and coils in the stator, the authors
and colleagues introduced a mathematical model that describes
heat transfer inside the targeted air-cooled IPM motor [22]. The
solutions indicated many characteristics and provided consider-
able knowledge regarding the targeted IPM motor under severe
operational conditions, such as top-of-climb.

However, as shown in Table 1, the temperature in the entire
rotor at the permanent magnets and the inner heat-transfer surface
were assumed to be constant in the conventional model. The
temperature over the entire stator at the coils and the outer heat-
transfer surface were also assumed to be constant. In practical sit-
uations, temperatures at the permanent magnets and coils must be
higher than that in the isothermal stator and rotor because both the
rotor and stator have internal heat resistance. In addition, in the
model in Ref. [22], the rate of direct heat transfer from the stator
coils via the annular air layer to the rotor permanent magnets was
implied for the constant heat generated from the stator and rotor.
In practical situations, the rate of direct heat transfer must be
altered based on the temperature difference between the coils and
permanent magnets.

Instead, in this paper, the authors introduce Egs. (12) and (29)
to describe the internal heat resistance in the rotor and stator and
Egs. (1)—(5) to describe the variable rate for direct heat transfer
based on the temperature difference between the coils and perma-
nent magnets.

5.2 Effect of the Air Mass Flow Rate on Temperatures of
the Permanent Magnet and Coil. Figure 8 compares the results
estimated with the current model (solid curves) and with the con-
ventional model (dashed curves). The left figures show the tem-
perature changes in permanent magnets Tr (in blue) and coils T
(in red) with changes in the mass flowrate of a focused air flow in
the horizontal axis, and the right figure shows the power consump-
tion needed to drive the external air Wg (in green) and the internal
air W (in orange) corresponding to Ty in the vertical axis. Refer
to Ref. [22], where the detailed tendencies were explained. Differ-
ences between the results of the current model and the conven-
tional model are considered in Sec. 5.

Figure 8(a) shows the results for cases with a constant external
air mass flowrate of 1.4kg/s. The coil temperature Tg (red solid
curve) estimated by the current model is higher than the T (red
dashed curve) estimated by the conventional model because of
heat resistance from the coils to the external air via the magnetic
steel and the heat exchanger. In the region where m; > 0.07 kg/s
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Table 1 Characteristics of models used to estimate air-cooling performance for the targeted IPM motor

Physics

Current model Conventional model in Ref. [22]

Heat resistance of electromagnetic steel between the rotor inner surface
and the permanent magnets when calculating the heat exchange rate
between the permanent magnets and the internal air

Heat resistance of electromagnetic steel and aluminum between the coils
and the air channel surfaces of the heat exchanger when calculating
the heat exchange rate between the coils and the external air

DHT between the coils and the permanent magnets in the rotor
Heat resistance of the thermal barrier coating on the stator inner surface when calculating DHT
Heat resistance of the thermal barrier coating on the rotor outer surface when calculating DHT

Considered

Considered

Considered
Considered
Considered

Not considered

Not considered

Not considered
Not considered
Not considered

- - -

Current mode| | s

w/o DHT, HR [22] = ===
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el ed
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Fig. 8 Permanent magnets and coil temperature as well as power consumption with changing air mass flow rates
estimated with the conventional model and the current model (dg = 150 mm, da = 100 mm, drgc = 0.5mm, d5r =1 mm,
ag = bg =10mm, a,= b, =10 mm): (a) cases with a constant external air mass flow rate mg of 1.4kg/s and (b) cases

with a constant internal air mass flow rate m, of 0.28 kg/s
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(solid curve) or my > 0.045 kg/s (dashed curve), the internal air
flow is turbulent in the heat exchanger, and heat is exchanged
well. Thus, as shown in Fig. 3, the inlet temperature Tg;, of the
rotor sufficiently decreased, and the permanent magnets were well
cooled, so Tr was always lower than Ts. Instead, in the region
where m; < 0.07 kg/s (solid curve) or ni; < 0.045 kg/s (dashed
curve), the internal air flow is laminar in the heat exchanger, and
heat is not exchanged sufficiently. Thus, as shown in Fig. 3, the
inlet temperature Tg;, of the rotor is relatively high, and the per-
manent magnets are not sufficiently cooled, so T has a gap within
this region of ;.

Direct heat transfer Qs .z flows from the hotter part to the
colder part. In the turbulent region of #iy, the coil temperature T
is higher than the permanent magnet temperature Tg; thus, Os_.r
is positive, and the temperature difference of Tg (red solid
curve) — Tr (blue solid curve) estimated by the current model is
greater than that of Tg (red dashed curve) —Tgr (blue dashed
curve) estimated by the conventional model. On the other hand, in
the laminar region of n1y, the coil temperature T is lower than the
permanent magnet temperature Tg; thus, Os_.g is negative, and
the temperature difference of T (blue solid curve) — T (red solid
curve) estimated by the current model is smaller than that of Tx
(blue dashed curve) — T's (red dashed curve) estimated by the con-
ventional model.

An increase in my causes a decrease in the permanent magnet
temperature T in a smaller 77; region because the pipe Reynolds
number Rep; and Nusselt number Nup; increase and the internal
air is cooled better through the heat exchanger. Then, in a larger
my region, an increase in sy causes a rebound in the permanent
magnet temperature Tr because the pressure loss used to recircu-
late the internal flow increases and the power consumption W
increases. W is finally converted into heat in the internal air, and
this heat should be transferred from the internal air to the external
air. Therefore, the permanent magnet temperature Tx gradually
increases.

Figure 8(b) shows the results for cases with a constant internal
air mass flowrate of 0.28 kg/s. Under this condition, the flow of
internal air through the heat exchanger is always turbulent so the
coil temperature T is higher than the permanent magnet tempera-
ture Tg; thus, Qs g is positive, and T’s (red solid curve) estimated
by the current model is higher than T (red dashed curve) esti-
mated by the conventional model.

Although the internal air mass flowrate iy is constant, the
power Wj (orange curves) consumed by the internal air decreases

200
Current model | m—
w/o DHT, HR [22] [====
O 150
S
4
2
S 100
£
(%]
g 50
=1
]
o
[}
Q
g 0
|_
-50

40 -30 -20 -10 0 10 20 30 40 50
Ambient temperature 7, (°C)

with increasing mig (corresponding to decreasing Tg). This is
because an increase in mg causes a decrease in the temperature of
the entire system; thus, the internal air is cooled better, its density
increases, its velocity decreases and Wy decreases.

5.3 Effect of Ambient Temperature on Air-Cooling Per-
formance. Figure 9 shows the effect of the ambient temperature
T.mp ON air-cooling performance, i.e., the results for Tk (light gray
curves) and Ts (dark gray curves) and the power consumed by
internal air flow Wy (light gray curves) and external air flow Wg
(dark gray curves) with Typ, in the case of constant volume flow
rates Vg of 1.4m’/s and VI of 0.32m? /s, which correspond to
mg = 1.7kg/s and m;=0.34kg/s at the ambient temperature T,
of 15°C and the ambient pressure pymp, of 101.3 kPa. The reason
why volume flow rates VE and V are fixed is that a compressor
operating at a constant rotational rate generally discharges a con-
stant volume flowrate when the inlet temperature and pressure
change. For practical flight, the temperature at takeoff has a wide
range, from —40°C (at an airport in a polar region in winter) to
50°C (at an airport in a desert region in summer), SO we estimate
Tr and T in this temperature range. As expected, a higher T,
results in higher T and Ts. Both Tk and Ts are linearly propor-
tional to Tppp-

5.4 Effect of Ambient Pressure on Air-Cooling Perform-
ance. Figure 10 shows the effects of ambient pressure p,mp on Tg,
Ts, Wg, and Wy in the case of constant Vg and V. Civilian aircraft
usually fly at altitudes ranging within Om and 13,000 m, so ambi-
ent pressures p,mp range between 101.3 kPa and 16 kPa based on
the ISA. We estimate Tr and Ty in this pressure range at a con-
stant temperature of 15°C because we first want to know the
effect of pressure alone on air-cooling performance.

Ts increases with decreasing p,m;, because pg decreases and mg
decreases at a constant volume flowrate Vg of 1.4m>/s.

T increases with decreasing p,m,p. This is because the density
PIR, rotating Reynolds number Rer in Eq. (8), and pipe Nusselt
number Nupr in Eq. (9) between the rotor and the internal air
decrease. This is also because the density pj, pipe Reynolds num-
ber Rep in Eq. (22), and pipe Nusselt number Nup in Eq. (25) of
the internal air passing through the heat exchanger decrease.
When p,.p values are between 56 kPa and 54 kPa, the flow of the
internal air through the rotor is switched from the rotation-
dominant flow to the rotation-inertia-affected flow. Thus, Nup is

50k
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Fig. 9 Permanent magnets and coil temperature, and power consumption with changing ambient temperature esti-
mated by conventional model and current model (pamb— 101.325 kPa, dgr =150mm, dp =100mm, drgc =0.5mm,
Sar=1mm, ag = bg =10mm, a= by=10mm, Vg =1.4m%s, V, =0.32m /s)
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switched from in Eq. (9) to in Eq. (10), and there is a gap in Tx
when p,,p values are between 56 kPa and 54 kPa. In addition,
when p,m, values are between 28 kPa and 26 kPa, the flow of the
internal air through the heat exchanger is switched from turbulent
flow to laminar flow. Thus, Nup; is switched from in Eq. (25) to
in Eq. (24), and there is a gap in Tg when p,;, values are between
28 kPa and 26 kPa.

Here, we consider the effect of pressure p,,, on power con-
sumption Wg. Power consumption Wg is proportional to pressure
loss Apiosser- From Eq. (46), Apiossen 1S proportional to pgfg.
From Eq. (44), fg is inversely proportional to Repg in a laminar
flow, and from Eq. (45), fg is inversely proportional to Repg to
the power of 1/4 in a turbulent flow. From Eq. (22), Rep is pro-
portional to 7k, and 7 is proportional to pg because of the con-
stant volume flowrate V. From air characteristics, the density pg
is proportional to p,n,, under a constant temperature. Conse-
quently, Wg is almost independent of p,y, in a laminar flow
region, and Wg is almost proportional to pamp to the power of 3/4
in a turbulent flow under a constant volume flowrate V. Wy also
has the same tendency.

5.5 Effect of Altitude on Air-Cooling Performance. During
a practical flight, when aircraft fly near ground level, the tempera-
ture and pressure are high, while at high altitudes, the temperature
and pressure are low. Low temperature is a positive factor, as
shown in Fig. 9, and low pressure is a negative factor, as shown in
Fig. 10; namely, positive and negative effects arising with increas-
ing altitude cancel each other. Therefore, we elucidated the effects
of altitude by using ISA data for temperature and pressure at each
altitude. The ISA determines the standard temperature and pres-
sure as follows:

Tamb = Tamb.A:O — 0.0065A

5.2561
b = Pambao |1 —0.0065 —— >
Pamb = Pamb,A=0 |: Tamb.Aa=0 + 27315:|

whenA < 11000

(52)
Tamb = Tamb.a=11000 — 71.5
g[A — 11000]
Pamb = Pamb,A=11000 €Xp | —
RTamb,a=11000
otherwise
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Figure 11 shows results for Tg;, (gray dashed dotted curve), pgi,
(dashed double-dotted curve), T (light gray curves), Ts (dark
gray curves), the power consumption of the internal air flow W
(light gray curves) and the external air flow Wg (dark gray curves)
with changing altitude under conditions based on ISA standard air
in the case with a Vg of 1.4m’/s and a Vi of 0.32m’/s. Tymp
decreases by 6.5°C/1,000 m below A=11,000 m, but Ty
becomes constant at —56.5°C above A =11,000 m. p,;, gradu-
ally decreases with increasing A.

T is affected by both T, and p,mp. The effect of Ty, prevails
over the effect of p,,, until approximately A =2,000 m; thus, T
gradually decreases. Ts rebounds beyond that point because the
effect of p,m, gradually prevails over the effect of T, with
increasing A. Above A =11,000 m, only the effect of pgq,: oper-
ates, and T's rapidly increases.

Tk also has the same tendency as T&, although Tk has the mini-
mum value at approximately A =6,500 m. There is a gap in Tx
when A values are between 6,250 m and 6,500 m because the flow
of the internal air through the rotor is the rotation-dominant flow
at A less than 6,250 m, but it is the rotation-inertia-affected flow at
A greater than 6,500 m. There is another gap in 7g when A values
are between 11,250 m and 11,500 m because the flow of the inter-
nal air through the heat exchanger is turbulent at A less than
11,250 m, but it is laminar at A greater than 11,500 m.

Decreasing Tg;, increases the external air density pg, and
decreasing pg;, decreases pg. With increasing altitude, the pres-
sure effect prevails over the temperature effect; thus, pg, g, and
WE decrease with increasing altitude A at a constant Vg. As with
pE, the internal air density py, 7171, and Wy decrease with increasing
altitude A for a constant V.

Civilian aircraft usually fly within an altitude range of Om to
13,000m, so the most severe condition is at A=13,000 m in
Fig. 11. Although this result does not satisfy the maximum tem-
perature limit of 100 °C for the permanent magnets, it was found
that the top-of-climb condition was the most severe, which derives
the highest temperatures of permanent magnets and coils.

6 Effect of Air-Cooling Channel Sizes on Air-Cooling
Performance for the Top-of-Climb Condition

This section optimizes the sizes of air-cooling channels to reach
the minimum value of the sum of power consumption of the exter-
nal and internal air flows with a setting that keeps permanent mag-
net temperatures below the maximum temperature limit of 100 °C
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Fig. 10 Permanent magnets and coil temperature, and power consumption with changing ambient pressure esti-
mated by the conventional and current models (T,mp = 15°C, dg = 150 mm, da = 100 mm, drgc = 0.5mm, dag =1 mm,
ag=bg=10mm, a = by=10mm, Ve = 1.4m%s, V, = 0.32 m%/s)
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Fig. 11 Temperatures of permanent magnets and coils as well as power consumption with changing altitude esti-
mated by the conventional model and current model (Tamp and pamp by ISA, dg = 150 mm, da = 100 mm, drgc = 0.5 mm,
Sar=1mm, az = bg =10mm, g = b,=10mm, Vg = 1.4 m%/s, V, = 0.32m%/s)

and coil temperatures below the maximum temperature limit of
250°C.

6.1 Effect of Clearance Between Rotor and Shaft. As
shown in Fig. 4, there is an annular air layer between the inner
surface of the rotor and the outer surface of the shaft. Figure 12
shows the coil temperature 7s and permanent magnet temperature
Tr as a function of changing rotor inner diameter dg. There is a
gap in Tg when the dr values are between 0.11m and 0.1125 m.
Decreasing dg increases the pressure loss through the rotor,
increases W, increases the inlet temperature of the heat exchanger
T1in, decreases py,, decreases Rep, and switches the internal air
flow through the heat exchanger from turbulent to laminar at a dg
of 0.11 m. A much larger dr (beyond the range of Fig. 12) would
switch the internal air flow through the rotor from the rotation-
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Fig. 12 Effect of rotor inner diameter on temperatures of
permanent magnets and coil (Tymp = —56.5°C, pamp = 16.51 kPa,
dp =100 mm, dtBc =0.5mm, dair =1mm, ag =7.5mm,
be=14mm, a=4mm, b=14mm, Veg=14m%s, V,=0.32
m3/s)
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inertia-affected flow to the rotation-dominant flow, and another
gap in Tg would appear.

6.2 Effect of Clearance Between Rotor and Stator. There
is an annular air layer in the clearance space between the rotor
and stator. The thickness of the annular air layer affects the rate of
direct heat transfer between the hotter coils and the colder perma-
nent magnets, and thus, a larger thickness of the annular air layer
is preferable for decreasing the direct heat transfer rate in general.
On the other hand, a smaller thickness of the annular air layer is
preferable for strengthening the electromagnetic force. This para-
dox may be resolved by applying thermal barrier coatings on the
inner surface of the stator and the outer surface of the rotor.
Figure 13 shows the effects of the thickness of each thermal bar-
rier coating on the direct heat transfer rate Qg ., the permanent
magnet temperature Ty, and the coil temperature T's when the total
thickness of three layers, the annular air layer and two thermal
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Fig. 13 Effect of the thermal barrier coating thickness on tem-
peratures of permanent magnets and coils as well as the direct
heat transfer rate from coils to permanent magnets
(Tamb = —56.5°C, pamp =16.51kPa, dr =150mm, dp =100mm,
dar=1mm, ag=7.5mm, bg=14mm, a=4mm, b =14mm,
Ve =1.4m%s, V, =0.32m%/s)
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barrier coating layers, is constant. Increasing the thickness of each
thermal barrier coating drastically reduces Qs g and slightly
decreases Tg.

In Fig. 14, the effect of the annular air layer thickness is eval-
uated for the case with a constant thickness for each thermal bar-
rier coating layer. Changing the thickness of the annular air layer
has little effect on Qg .g, Ts and Tg. This is because the heat
resistance of the thermal barrier coating layers is much larger than
that of the annular air layer; thus, the overall heat transfer coeffi-
cient between the coils and permanent magnets Kg .g is almost
decided by the values of the heat resistances Arpcs/dtpc,s and
JrBer/OtBCR N EQ. (4).

6.3 Effect of the External-Air-Channel Height and Width
of the Heat Exchanger. Figure 15 shows the coil temperature T,
the permanent magnet temperature T, the power consumption by
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the compressors to drive internal air flow W; and external air flow
WE with changing external-air-channel sizes ag = bg and the same
volume flow rates VE =1.4m’/s and VI =0.32m’/s. In this figure,
ag and bg change together and maintain the same value. In a range
of smaller values ag = bg, decreasing the values of ag = bg causes
a larger pressure loss because of a faster Vg; thus, W increases.
At the same time, to compress the external air to resist the larger
pressure loss, the external-air inlet temperature of the heat
exchanger Tg;, is larger due to adiabatic compression at the fan
and the external compressor, and thus, it raises Tg;, and T, result-
ing in a higher internal-air temperature and a higher Tg. When
ag = bg is less than 0.004 m, Ty, is sufficiently high, and a high
Thin causes a small density pp, and a small Rep; thus, the internal
flow converts to laminar flow, and there is a gap in Tg when
ag=>bg is 0.004 m. Instead, in a range with larger values of
ag = bg, increasing the values of ag and bg results in a higher Ty
and T because of a smaller Reynolds number Rep g in Eq. (22);
thus, the external air flow removes less heat through the heat
exchanger. Therefore, it causes a higher T, a higher internal-air
temperature, and a higher Tx. Here, the pressure losses of the
external air decrease because of a slower Vg in Eq. (46); thus, a
smaller W is achieved. When ag = bg is greater than 0.0185 m,
Rep; is less than 3000; thus, the internal air flow converts to lami-
nar flow. Laminar flow has a much lower heat transfer coefficient
with air channels, as shown in Eq. (24); therefore, there is a gap in
Tk when ag=bg is 0.0185m. With a smaller Tg,
ag=bg=0.005m is the optimum value. With a smaller Tk,
ag=bg=0.0075m is the optimum value. With a smaller Wi,
ag=bg=0.008 m is the optimum value. With a smaller Wg, the
largest ag = bg is the optimum value. One should choose the more
stringent condition among T, Tg, W}, and Wg in considering the
overall balance.

Figure 16 shows T, Tg, W1, and Wg with changing an external-
air-channel width bg under various constant values of an external-
air-channel height ag at the volume flow rates VE =1.4m’/s and
Vi =0.32m?%/s. In the left figure of Fig. 16, Ts (red curves) exhib-
its the minimum value at an ag of 0.005 m as in Fig. 15. In a range
of ag less than 0.005 m, a smaller ag derives a larger Ts because
of a larger pressure loss. In a range of ag greater than 0.005m, a
larger ag derives a larger Ts because of a smaller Repg in
Eq. (22). Also, Tk (blue curves) exhibits the minimum value at an
ag of 0.0075m as in Fig. 15. The tendency of Ty is the same as
that of Ts. In the right figure of Fig. 16, a smaller ag derives a
larger Wg because of a larger pressure loss. Instead, Wy is almost
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Fig. 15 Effect of channel sizes of external air flow through the heat exchanger on the temperatures of permanent
magnets and coil and power consumption (Tompb=—56.5°C, pPamp=16.51kPa, dg=150mm, ds=100mm,
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independent of ag because T and Ts do not affect Wy in the same
manner as in Fig. 9.

6.4 Effect of Internal-Air-Channel Height and Width of
the Heat Exchanger. Figure 17 shows Ts, Tg, W}, and Wg with
changing internal-air-channel sizes a;=b; at the same volume
flow rates VE =1.4m>/s and Vl =0.32m>/s. In this figure, a; and
by change together while maintaining the same values. In the left
figure of Fig. 17, for a range of smaller values of a; = by less than
0.004 m, decreasing a; = by causes larger pressure loss resulting in
a higher temperature of the internal air flow and a higher Tk. In a
range of a; = by greater than 0.004 m, larger a; = by derives a larger
Tr because of a smaller Rep; in Eq. (22); thus, the internal air
flow radiates less heat through the heat exchanger, and it causes a
higher internal-air temperature as well as a higher Tx. In the right
figure of Fig. 17, smaller a;= by derives a larger W because of a
larger pressure loss. Instead, W is almost independent of a; = by
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because Tr and Ts do not affect Wg the same as Fig. 9. With a
smaller Ts, ay=b;=0.0045m is the optimum value. With
a smaller Tg, ay=b;=0.004m is the optimum value. With a
smaller Wi, the largest a; = b; is the optimum value. W is con-
stant at any a; = by.

Figure 18 shows T, Tr, Wy, and W with changing an internal-
air-channel width b; under various constant values of an internal-
a.ir-channel height a; at the volume flow rates Vg =1.4 m3/s and
Vi=0.32m%s. In the left figure of Fig. 18, Tr (blue curves)
exhibits the minimum value at a; of 0.002 m. In a range of gy less
than 0.002 m, a smaller a; derives a larger Tr because of a larger
pressure loss. In a range of g; greater than 0.004m, a larger a;
derives a larger Tr because of a smaller Rep; in Eq. (22). Addi-
tionally, there is a gap in Tk due to the transition from turbulent to
laminar flow of the internal air in the heat exchanger caused by a
smaller Rep . In the right figure of Fig. 18, a smaller g derives a
larger Wy because of a larger pressure loss. Instead, W is almost
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Fig. 17 Effect of channel sizes of internal air through heat exchanger on permanent magnet and coil temperatures
and power consumption (Tomp = —56.5°C, pamp = 16.51kPa, dg =150 mm, dy =100 mm, dygc = 0.5mm, dagr =1 mm,
ag=7.5mm, be =14mm, a,= b, Ve =1.4m%/s, V, = 0.32m?%/s)
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Fig. 18 Effect of the channel aspect ratio of internal air through the heat exchanger on permanent magnet and coil

temperatures as well as power consumption (Tymp=—56.5°C, pPmp=16.51kPa,
Srec=0.5mm, Sar=1mm, ac =7.5mm, be =14mm, Ve =1.4m%s, V, =

independent of a; because Tk and Ts do not affect Wk in the same
manner as Fig. 9.

6.5 Air-Cooling Performance at the Optimum Setting.
Figure 19 shows the results for Tk, PEins IR, I's, Wi, and Wg with
changmg altitude under conditions based on the ISA standard for
airata Vg of 1.4m 3/s and a VI of 0.32 m%/s with optimum settings
of the air-cooling channel sizes: dgr=15mm, d,=10mm,
6TBC =0.5 mm, 5AIR =1 mm, ag = 7.5 mm, bE =14 mm,
ay=4mm, and b; = 14 mm. The entire tendency seen in Fig. 19 is
similar to the results estimated with the current model (by solid
curves) shown in Fig. 11, although the air-cooling-channel sizes
are optimized in Fig. 19, and the air-cooling-channel sizes are not
optimized in Fig. 11. The results shown in Fig. 19 satisfy the max-
imum temperature limit for the permanent magnets and coils, i.e.,
Tr should be less than Tgryjm;c of 100 °C and T should be less than
Tstimix of 250°C with the maximum power consumption of

5.35kW (Wi=189W and Wg=5.16kW). The current model
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results shown in Fig. 11 do not satisfy the maximum temperature
limits, and the maximum power consumption is 3.38 kW
(Wi=41W and Wg =3.34kW).

Therefore, optimization of air-cooling channel sizes is very
important in keeping the temperature limits and minimizing
power consumption to enhance the total efficiency of the electric
IPM motor. In a practical flight, the required output of the motor
at the top-of-climb could be less than that at the takeoff. However,
this optimum setting allows pilots to access the maximum output
power at the top-of-climb; this constitutes safe redundancy. Of
course, the proposed theoretical analysis method is effective at
variable outputs and rotation rates along with a practical flight
path.

7 Conclusion

In this paper, the effect of altitude on air-cooling performance
in an air-cooled 2MW IPM motor driving an aviation fan was
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Fig. 19 Permanent magnet and coil temperatures and power consumption with changing altitude at the optimum set-
tlngs (Tamb and pamp_ by ISA, dg=150mm, da=100mm, dtgc =0.5mm, dag=1mm, ag=7.5mm, bg=14mm,
=4mm, b=14mm, Vg =1 4m3/s V,=0.32 m3/s)
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theoretically investigated. Compressor-driven internal air cools
permanent magnets (PMs) in a rotor to satisfy the PM maximum
temperature limit, and it carries heat from the rotor to the heat
exchanger placed outside of a stator. Compressor-driven external
air cools coils in the stator via the heat exchanger to satisfy the
coil maximum temperature limit, and it carries all heat to the
surroundings.

In cases of constant volume flowrates of both airs, with increas-
ing the ambient temperature, the temperatures of the PM and coils
linearly increase. The power driving the compressors is almost
constant despite the changing ambient temperature. Additionally,
with decreasing the ambient pressure, temperatures of the PM and
coils rapidly increase because the Reynolds number decreases due
to decreasing air density; therefore, the flow mode switches
between the rotation-dominant flow and rotation-inertia-affected
flow of internal air through the rotor, and the flow mode switches
between the laminar flow and turbulent flow of internal air
through the heat exchanger. Especially, to satisfy both maximum
temperature limits, keeping the turbulent flow mode of internal air
through the heat exchanger is necessary. With changing ambient
pressure, the power driving the compressor is almost constant in
the laminar flow mode of internal air through the heat exchanger,
and the power is almost proportional to the ambient pressure to
the power of 3/4 in the turbulent flow mode. Furthermore, the
effect of altitude on temperatures of the PM and coils was investi-
gated. The most severe condition is the top-of-climb condition.
Under this condition, the optimized air-cooling channel sizes sat-
isfy the maximum temperature limits for the PM and coils
although the nonoptimized air-cooling channel sizes do not satisty
the maximum temperature limits at the same volume flow rates of
internal and external cooling airs.

How and where to switch each flow mode depends on each
physical model and correlation used. If each physical model and
correlation would be more improved, this approach would derive
a more accurate estimation. This approach is very useful for early
thermal designs of air-cooled electric motors driving aviation
fans.
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Nomenclature

a = height of each channel for each air type (m)
b = width of each channel for each air type (m)
¢, C = constants
Cp, Cy = isobaric and isochoric specific heats (J/(kg-K))
d = diameter or hydraulic diameter (m)
D = drag force exerted on a flying airplane (N)
Epro, Exin = propulsion energy, kinetic energy (W)

041016-16 / Vol. 145, APRIL 2023

F = thrust generated by the propulsion system (N)
h = heat transfer coefficient (W/(m*K))
K = overall heat transfer coefficient (W/(mz-K))
¢ = length of heat exchanger or rotor in the axial
direction (m)
m = mass (kg)
m = mass flow rate (kg/s)
n = number of channels for each air type
N = number of heat transfer units
Nucr, Nup = clearance Nusselt number, pipe Nusselt number
p = pressure (Pa)
P = peripheral length of each channel for each air
type (m)
Pr = Prandtl number
g = heat flux (W/mz)
QO = heat flow rate (W)
R, R = gas constant (J/(kg-K)) and universal gas con-
stant (J/(mol-K))
Rea, Rep, Reg = axial, pipe, and rotational Reynolds numbers
S = cross section of each channel for each air type
(m?)
t = time (s)
T = temperature (K)
u = average jet velocity from the propulsion system
under the main wings (m/s)
U = tangential velocity of the inner surface of the
rotor (m/s)
v = flight velocity of an airplane (m/s)
V = axial velocity (m/s)
V = volume flow rate (m?/s)
w = local air velocity after a flying airplane (m/s)
W = power consumption (W)
X = position (m)
X = rotation rate in rotations per minute (rpm)
B.v. G ¢,
¢, ¥, 0 = combined variables
y = specific heat ratio
Jp = thickness of the bulkhead (m)
0c = diameter difference between coaxial cylinders
(m)
OtBCR, OTBC,s = thermal barrier coating thickness for the rotor
and the stator (m)
& = ratio of heat capacity flow rates
Neomp = compressor efficiency
Hpro = Propulsion efficiency
/A = thermal conductivity (W/(m-K))
u = viscosity (Pa-s)
p = density (kg/m®)
o = rotation rate in radians per second (rad/s)

’

o
g,

Subscripts

A = shaft
Al = aluminum
B = bulkhead between internal air and external air
E = external air
H = heat exchanger
I = internal air
in = inlet of heat exchanger
L = laterad (outside)
M = medial (inside)
mol = per one mol
out = outlet of heat exchanger
PM = permanent magnet

R = rotor
S = stator
SC = coil in stator
t = time

TBC = thermal barrier coating
x = position from the left end of each heat
exchanger or rotor
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Function

y(x) = yis a function of x

Appendix A

Al. Radiative Heat Transfer Rate. In an extreme case of a
coil temperature Ts=250°C, a PM temperature Tg =100°C, a
temperature at the inner surface of the TBCs on the coil
Trecs =190°C, and a temperature at the outer surface of TBC on
the rotor Trgcr = 160 °C, the radiative heat transfer Qg5 from
the coils and that Q,,q g from the rotor via the annular air layer are
as follows, respectively:

Oras = mldsm — 201pc s)lRessBTipes + [1 — &5]Qrart (A1)

OrndrL = TldrL + 25TBC.R]€R8R0—SBT;&BC7R +[1 — er]Oraas (A2)

where g is Stefan—Boltzmann constant of 5.67 x 10~% (W/(m?
K*), dsy 1s the inner diameter of the coils, dg;. and /i are the
outer diameter and the length of the rotor, and &5 and ¢g are emis-
sivities of TBCs on the coils and rotor which are both assumed to
be 0.5. Solving the two equations simultaneously

Orads — OradRL

[dsm — 261Bes]Td — [drL + 20tBCR | Tht

=833W
1/85+1/8R—1

= nlrosB

(A3)

This value is smaller than the direct heat transfer by conduction
and convection Qs .r by one order of magnitude (refer to
Figs. 12-14.)

A2. Validation of the Proposed Method. The proposed the-
oretical estimation used several models, such as a heat transfer
coefficient for each flow scheme in a channel with solid walls,
which all were already validated experimentally in the original
manuscripts. In addition, a design process for an air-to-air heat
exchanger is very common in the thermal engineering field. How-
ever, it is important for the proposed theoretical estimation to be
validated experimentally or numerically. The authors and col-
leagues are now preparing validation experiments for the targeted
IPM motor with the air cooling designed by the proposed theoreti-
cal estimation described in this paper; however, some more time
is still needed. Instead, for validation of the proposed theoretical
estimation, numerical results of an air-cooled IPM motor with the
configuration shown in Table 2 by Jercic et al. [29] were used.
They showed the steady-state temperature distribution of PMs and
coils as shown in Table 3 when the minimum cooling-air flowrate
is 0.096 m*/s at a rotation speed of 1700 rpm.

The heat generation rate should be 3495 W when the power is
118.5kW and the efficiency is 97.05%. The authors assumed the
heat generation rate from the PM is 218.5 W and that from the coils
is 3277.25W. The motor of Jercic et al. has a simple air-cooling
scheme different from the authors; therefore, the authors assumed
several settings to allow the proposed theoretical estimation to simu-
late the motor of Jercic et al. First, internal air is always aspirated
from the surroundings instead of recirculation; thus, inlet tempera-
tures at both the heat exchanger and the rotor are fixed at 295 K. Sec-
ond, the authors set the flowrate of the internal air at 0.00177 m’/s to
keep the temperature of the PM at 147.6 °C because Jercic et al. did
not describe how they cooled the rotor in Ref. [29]. Third, the authors
set a heat transfer coefficient at contact surfaces of internal air in the
outer heat exchanger at 5 W/(m>K) to simulate a natural convection
cooling by the surrounding air (Table 4).

Table 2 Configuration of IPM motor [29]

Length of rotor and stator 327 mm Inner dia. of external-air channels 228 mm
Shaft diameter 59 mm Outer dia. of external-air channels 242.5 mm
Inner dia. of PMs 91 mm Outer dia. of heat exchanger 262.5 mm
Outer dia. of PM 139 mm Height of external-air channels 7.5mm
Inner dia. of coils 142 mm Width of external-air channels 7.5 mm
Outer dia. of coils 190 mm Number of external-air channels 36
Inner dia. of heat exchanger 222.5mm All values were read and estimated from figures in Ref. [29] by the authors

Table 3 Operating condition of IPM motor

Power 118.5kW Rotation rate 1700 rpm
Efficiency 97.05% Flowrate of external-air 0.096 m*/s
Table 4 Assumptions for calculation

Heat generation rate from PM 2185 W Heat generation rate from coils 327725 W
Flowrate of internal air 0.00177 m*/s Flowrate of external air 0.096 m*/s
Inlet temp. at the heat exchanger of internal air 295 K Inlet temp. at the heat exchanger of external air 295 K
Inlet temp. at the rotor of internal air 295K Heat transfer coefficient on contact surfaces of internal air 5 W/m2 K

Table 5 Comparison between Ref. [29] and the proposed theoretical estimation

Jercic et al. [29]

Proposed theoretical estimation

Temperature of PM
Temperature of coils

Tr=147.6°C
116.7°C, 154.5°C, 141.2°C, 141.5°C, 145.8°C, 133.6°C, 154.5°C, average Ts = 141.1°C

Tp = 147.6°C
Ts=138.2°C
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Using the above assumptions, the proposed theoretical method
in this paper estimates the temperature of coils 75 =138.2°C in
Table 5. The numerical analysis by Jercic et al. in Fig. 8 in
Ref. [29] showed temperatures of the coils at seven points, whose
average value was Ts =141.1°C

The proposed theoretical method can estimate a reasonable
result in the above case, although the authors must validate this
theoretical method by some experiments in the near future.
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