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Abstract: Heat pipes (HPs) are gaining increasing popularity in the propulsion motors of transporta-
tion electrification due to their remarkable thermal properties. However, the inclination angle affects
the HP thermal performance and, thus, results in temperature nonuniformity, which may generate
unbalanced thermal stress on the motor. Such an issue has received less attention to date and requires
corresponding solutions. This article performs an experimental investigation on motor temperature
nonuniformity with HPs and further proposes an improved structure to address this problem. A
specimen based on a stator-winding assembly with HPs is prepared and a dedicated experimental
platform is established. Then, the temperature distribution across the specimen is studied, followed
by an evaluation of the effects of current density and wind velocity. To compensate for the degra-
dation of HP thermal performance, an improved structure with enlarged fins is proposed, and the
equilibrium point is determined by fitting and comparing the obtained temperature data. Finally, the
proposed structure is verified by the comparison between the original and improved specimens. The
experimental results show that the non-uniform temperature distribution is significantly improved,
with the temperature range and standard deviation reduced by 42% and 44.3%, respectively.

Keywords: electrical machine; experimental investigation; heat pipe; inclination angle; temperature

distribution; temperature nonuniformity

1. Introduction

With increasingly stringent environmental requirements and carbon emissions leg-
islation, accelerated electrification at an unprecedented rate is underway in the context
of transportation, such as aircraft, electric vehicles, rail and marine. High-power-density
(kW /kg or kW /L) propulsion motors are at the heart of the related research topics and
are being extensively investigated for enhanced output capacity [1-3]. The thermal man-
agement of electrical machines is one of the dominating factors in achieving a lightweight
and compact structure; thus, advanced cooling systems are required for more effective heat
dissipation [4—6].

With the merits of high equivalent thermal conductivity, small volume, light weight,
low cost, easy molding and zero consumption of external energy, heat pipes (HPs) are
being extensively applied in motor cooling scenarios, with remarkable cooling effectiveness
reported [7-11]. During the application, HPs are normally installed in different orientations,
which results in various inclination angles, i.e., the angle between the HP and the vertical
direction, as shown in Figure 1a. According to the internal structure and working principle
of the HP, it is clear that the gravitational effect of the interior working medium at different
inclination angles could affect its backflow and, further, the HP thermal conductivity. Such
effects can be divided into: (i) the gravity-assisted case (evaporator below condenser),
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where gravity assists the backflow of the working medium and the HP offers a favorable
thermal performance; (ii) the gravity-opposed case (evaporator above condenser), where
gravity blocks the reflux and, thus, degrades the HP thermal properties, as detailed in
Figure 1b [12,13]. The above descriptions and analyses have also been confirmed by several
studies in the field of thermology and mechanical engineering [14-22]. However, the HP
inclination effect on motor cooling effectiveness and temperature nonuniformity, which
needs to be fully investigated when applying HPs in motor cooling systems, has received
less attention to date in the existing literature.
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Figure 1. HP inclination angle effect. (a) Schematic of HP inclination angle. (b) Schematic of
gravitational effect on the backflow of the interior working medium under the gravity-assisted case
and gravity-opposed case.

Figure 2 illustrates some of the typical HP applications in motor cooling systems [23,24].
It can be observed that HPs are installed evenly along the circumference into different
modules of the motor to shorten the heat path from the heat source to the coolant. Under
such circumstance, HPs operate at different inclination angles and provide different thermal
benefits, which further results in a non-uniform temperature distribution in electrical
machines. However, there are few published quantitative studies on this topic, and cooling
structures for a more uniform temperature distribution are still lacking for engineers.
Therefore, an intensive study is required to explore such effects, maximize the HP thermal
benefits, and make motor temperature distribution more uniform.
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Figure 2. HP applications in electrical machines at different inclination angles. (a) A cooling system
with HPs inserted into the windings [23]. (b) A cooling structure with HPs mounted in the casing [24].

This study aims to fill the above knowledge gaps. The main contributions of this
article are summarized as follows.
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1. This paper quantitatively investigates motor temperature nonuniformity due to the
HP inclination angle effect through experimentations.

2. Animproved structure with enlarged fins is proposed to compensate for the degrada-
tion of HP thermal performance and improve motor temperature distribution.

3. The proposed structure is verified by comparative experiments between original and
improved specimens.

The remainder of this article is structured as follows. Section 2 prepares an experimen-
tal specimen and establishes a dedicated experimental platform for thermal testing. An
experimental study on temperature nonuniformity is performed in Section 3, followed by
the effects of critical factors. Section 4 proposes an improved structure, and the rational
solution is determined through comparative experiments. Section 5 experimentally verifies
the proposed improved structure. Finally, a conclusion is drawn in Section 6.

2. Experimental Setup
2.1. Specimen Preparation

To fully evaluate the HP inclination angle effect on temperature nonuniformity in
electrical machines, an experimental specimen based on a 24-slot stator-winding assembly
with a diameter of 160 mm is prepared for experimental investigation, according to the
assembly diagram in Figure 3. A concentrated layout is adopted for copper wires wound
on a stator module, which is made by mounting silicon steel sheets into a stator frame. The
insulation boards and slot liner of class F insulation are applied between the winding and
stator module for insulation consideration. HPs are evenly inserted into the clearances
of different winding layers along the circumference, and the identical aluminum fins are
attached to the HPs to enlarge the convective area. When the HPs are installed into the
windings, tiny gaps at the contact interfaces between windings and HPs are inevitable,
which largely reduces the contact area and weakens the heat transfer. To address this
challenge, a type of 92% micronized diamond added a thermal compound (IC diamond)
with high equivalent thermal conductivity of 2000 W/m-K to enhance heat conduction.
During the application process, sufficient thermal compound is evenly applied to the
contact interface to ensure favorable thermal conductivity between the windings and the
HPs. Furthermore, due to the non-adhesive characteristics of IC diamond, the HPs are
further bonded to the windings by using thermally conductive silica gel at the end region
of the specimen to ensure a reliable connection. The entire specimen is wrapped with
multi-layer thermal insulation material (Nitrile rubber), except for the fins, to ensure that
the heat generated is only dissipated by the HPs, thus fully investigating the HP inclination
angle effect on the motor temperature nonuniformity, as detailed in Figure 4. Finally, the
prepared specimen is affixed to a dedicated iron bracket through a flange for thermal
testing. As the preferred choice in the context of motor cooling, the copper-liquid HP with
sintered wick structure is employed in this study, and its detailed parameters are listed in
Table 1.

Table 1. Parameters of the HPs used in this study.

Parameters Value
Length 170 mm
Width 8 mm

Thickness 3 mm
Material Copper
Working medium Water

Interior structure Sintered wick structure
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Figure 3. Schematic of specimen construction based on a stator-winding assembly. (a) Specimen
outline. (b) Detailed view.
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Figure 4. Prepared specimen wrapped with multi-layer thermal insulation material.

2.2. Experimental Platform

A dedicated experimental platform is established to perform thermal testing on the
prepared specimen, as shown in Figure 5. The windings in the specimen are powered
by an adjustable DC power supply (DSP1050-42WE), which operates in constant current
mode throughout the experiment. A power meter (YOKOGAWA WT333E) is connected
in series into the loop to measure the current fed into the specimen. A high-power axial
flow fan equipped with a variable speed controller is employed to provide cooling air. The
electric fan blades are large enough to ensure a uniform wind velocity across the specimen.
Moreover, the center height of the fan is adjusted to be the same as the specimen, and
the horizontal distance between them is also kept constant during the experiment. The
temperature distribution across the specimen is recorded by thermal loggers (Pico TC-08).

Figure 5. Experimental platform.
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2.3. Instrumentation and Data Acquisition

The experimental platform is instrumented with a range of sensors and instruments
to monitor the data required for further analysis, including temperature, current and wind
velocity. To obtain a detailed temperature profile across the specimen, a total of 48 K-type
thermocouples are affixed to the in-slot windings with cyanoacrylate adhesive, where half
of them is located in the center of the left winding layers beside the HP and the other half
on the right, as described in Figure 6. The average winding temperature is adopted to
characterize the thermal performance of the inserted HP, which refers to the mean value of
two thermocouples in each slot. The temperature sensor readings are logged every second
throughout the experiment. When the temperature variation within 5 min is smaller than
0.2 K, thermal equilibrium is considered to be achieved, and the sensors’ data are recorded.
Due to the choice of insulation class for the slot liner, the maximum winding temperature
of the specimen is strictly limited to 130 °C for safety and reliability. Regarding uniform
wind distribution, the wind velocities at the eight monitoring points around the specimen
are collected by an anemometer (OMEGA HFF144), as detailed in Figure 7. The deviation
between the obtained data is less than 5%, which indicates a uniform cooling condition for
the specimen and identical wind velocity for each fin.

HP
Winding

Stator
teeth

° Thermocouple

Figure 6. Thermocouples affixation for each slot of the specimen.

Wind velocity
monitoring points

Figure 7. Wind velocity monitoring points around the specimen.

3. Experiments and Results
3.1. Data Processing

To better demonstrate the HP inclination angle effect on temperature distribution,
the HPs mounted in the specimen are numbered clockwise from 1 to 24, where HPs 1
to 12 and 13 to 24 are orientated symmetrically to each other, as presented in Figure 8.
Furthermore, the whole specimen is divided into four regions to facilitate the demonstration
of comparative experimental results, as listed in Table 2.
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Figure 8. Numbering and partitioning of HPs in the specimen.

Table 2. Partitioning of HPs in the specimen.

Division HP Number Inclination Angle Range
Region I 1,2,3,22,23,24 0-45°

Region II 4,5,6,19,20,21 45-90°

Region III 7,8,9,16,17,18 90-135°

Region IV 10,11,12,13,14,15 135-180°

All temperature data are collected when the experiment reaches steady state, i.e., when
the temperature variation within 15 min is less than 0.5 K, the steady state is considered to
be achieved. The temperature range AT and standard deviation ¢ are introduced in this
study to characterize the temperature distribution across the specimen. The temperature
range refers to the difference between the maximum and minimum winding temperatures
across the specimen, given by

AT= Timax — Tmin (1)

Moreover, the standard deviation of the winding temperature is calculated by

. \/fm T/ @

where ¢ is the standard deviation, 7 is the number of HPs, T; is the average winding tem-
perature corresponding to the ith HP, T, is the average temperature of all windings. The
aforementioned parameters AT and ¢ are in K (Kelvin), and T; and T, are in °C (Celsius).

3.2. Temperature Distribution

To distinctly demonstrate temperature nonuniformity due to the HP inclination angle
effect, thermal testing is conducted on the prepared specimen at a current density of
20.6 A/mm? and a wind velocity of 2.2 m/s. The winding temperature distribution across
the specimen is presented in Figure 9, where different colors represent the corresponding
regions defined above. It can be noted that the temperature distribution presents an overall
uptrend with the increasing HP inclination angle, with AT of 22.4 K and ¢ of 6.81 K. For
the gravity-assisted cases in regions I and II, the HPs (1-6, 19-24) demonstrate favorable
cooling effectiveness, with lower steady-state winding temperatures in the top half of the
specimen. However, the winding temperatures at the bottom half of the specimen are
significantly higher, as the HPs (7-18) in regions IIl and IV are at greater inclination angles,
which degrades the HPs’ thermal performance.
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Figure 9. Winding temperature distribution under a current density of 20.6 A/mm? and wind velocity
of 2.2m/s.

3.3. Effect of Current Density

Current density, a critical factor to characterize the thermal load, is one of the most
concerning issues during the thermal design of an electrical machine. Its impact on the
temperature distribution of the electrical machine with HPs is evaluated by compara-
tive tests under different current densities, i.e., 3.5 A/mm?, 7.3 A/mm?, 11.1 A/mm?,
149 A/mm?, 18.7 A/mm? and 22.5 A/mm?. To ensure that the winding temperature is
within the permissible range at high current densities, the wind velocity is adjusted to
a maximum of 4.7 m/s. As presented in Figure 10, all winding temperatures increase
significantly with increasing current density, and the growth rate gets higher, especially
after 14.9 A/mm?. A comparatively uniform temperature distribution is observed under
lower current densities, while it deteriorates sharply at higher current densities, where
AT rises from 0.33 K to 18.29 K and ¢ from 0.25 K to 8.08 K. The main reason lies in that
the current density effect on temperature rise enhances with the increasing HP inclination
angle, i.e., there is a temperature difference of 69 K in region I between 3.5 A/mm? and
22.5 A/mm?, while it is 86.8 K in region IV. Thus, it can be inferred that the current density
has a great impact on the motor temperature distribution, and particular attention should
be paid to such temperature nonuniformity in high-power-density motors with HPs.

140

N 3.5A/m?%, 6= 0.25K, AT, = 0.33K [l 7.3A/m’, 6 = 0.45K, AT, = 0.69K
I 11.1A/m?, 6 = 1.13K, AT, =2.35K 14.9A/m% o = 1.89K, AT, = 4.14K
18.7A/m?, o = 3.85K, AT; = 8.58K [ 22.5A/m’, o = 8.08K, AT = 18.29K

[y

[—3

<
1

Temperature (°C)
(=)
<

20

I I 11 v
Region

Figure 10. Winding temperature distribution under a wind velocity of 4.7 m/s and different current
densities (3.5 A/mm?, 7.3 A/mm?, 11.1 A/mm?, 14.9 A/mm?, 18.7 A/mm? and 22.5 A/mm?).
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3.4. Effect of Wind Velocity

Wind velocity is a very important aspect of the cooling condition of electrical machines,
especially for air-cooled motors. Its effect on temperature nonuniformity is experimentally
investigated under different values, i.e., 2.2 m/s, 3.4 m/s and 4.7 m/s, and the same current
density as Part B. As displayed in Figure 11, the winding temperatures decrease with
enhanced wind velocity, and the temperature nonuniformity is slightly improved with
AT reduced from 22.4 K to 17.29 K and ¢ from 6.81 K to 5.47 K. The main reason may lie
in the poorer HP thermal performance when the operating temperature is too low. The
working temperature for HPs in region I is lower than region IV due to the inclination
angle effect, which results in worse thermal benefits, and it is less affected by incremental
wind velocity. Consequently, as the wind velocity increases, the winding temperatures in
region I decline slower than region IV, thus leading to a smaller temperature range and
more uniform temperature distribution across the specimen.

I Wind velocity: 2.2m/s, 6 = 6.81K, AT, = 22.4K
Wind velocity: 3.4m/s, ¢ = 6.26K, AT, =19.89K
I Wind velocity: 4.7m/s, ¢ = 5.47K, AT, = 17.29K

120+

Temperature(°C)

1 1 11 v
Region

Figure 11. Winding temperature distribution under a current density of 20.6 A/mm? and different
wind velocities (2.2 m/s, 3.4 m/s and 4.7 m/s).

4. An Improved Structure for More Uniform Temperature Distribution
4.1. Proposed Improved Structure

To address such temperature nonuniformity, an improved structure with properly
enlarged fins in the bottom half of the specimen is proposed to compensate for the degraded
thermal performance of the HPs in the gravity-opposed case, as shown in Figure 12. It
is evident that the thermal property of the HP and fin assembly is difficult to accurately
quantify through analytical calculations due to the phase change principle of the HP and
the convective heat transfer of the fin. Therefore, an experimental approach is adopted in
this study to determine a reasonable fin size by comparing the cooling effectiveness of the
fins with different surface areas.

Enlarged
Regio n fin area
v

Figure 12. Proposed improved structure to address temperature nonuniformity.
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In this study, the actual surface area of the original fin arrays with 15 pieces of fins
is assumed as a base value, and the surface areas of linearly expanded fins are converted
into per unit (pu) value, i.e., 1 (15), 1.067 (16), 1.133 (17), 1.2 (18) and 1.267 (19), as listed in
Table 3.

Table 3. List of different fin areas.

Specimen No. of Fin Arrays Fin Area (pu) Inclination Angle during Test
Original 15 1.0 0° and 180°

Option 1 16 1.067 180°

Option 2 17 1.133 180°

Option 3 18 1.2 180°

Option 4 19 1.267 180°

4.2. Specimens Preparation with Different Fin Areas

To experimentally quantify the rational fin area, five specimens with the above candi-
date surface areas are prepared for the comparative tests. The schematic of the specimen
construction based on partial stator lamination is illustrated in Figure 13a, which is pro-
cessed in a similar way to the previous full stator-winding specimen. Copper wires are
wound on a three-slot stator lamination, and slot liner is used for insulation consideration,
as well. Identical HPs are inserted into the clearances of different winding layers, and fins
in the different sizes listed above are attached to the HPs. To increase the contact area
and enhance thermal conductivity, sufficient thermal compound (IC diamond) is applied
to the contact interfaces between the HPs and the windings. The entire specimen is also
wrapped with multi-layer thermal insulation material, except for the fin, to purely study
the compensation effect of different fin areas. Two thermocouples are affixed to the center
of the windings for temperature monitoring, and the average winding temperature is used
to characterize the cooling performance of the fins. The prepared specimens corresponding
to five different fin areas are presented in Figure 13b.

Thermal

material

(a) )

Figure 13. Specimen preparation with five different fin areas. (a) Schematic of the specimen construc-
tion based on a partial stator-winding assembly. (b) Five prepared specimens.

4.3. Experiments and Results

As presented in Figure 14, the specimen with the original fin area (1.0) is tested
vertically upwards (0°) to simulate the gravity-assisted case, where the obtained steady-
state winding temperature is defined as a reference value. Afterwards, the specimens with
expanded fins are tested vertically downwards (180°) to simulate the gravity-opposed case,
and the measured winding temperatures are compared to the reference value to evaluate
the compensation effectiveness. The above two sets of experiments are conducted under
the same conditions as the thermal test in Section 3.2, i.e., a current density of 20.6 A/ mm?
and wind velocity of 2.2 m/s.
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Figure 14. Specimen testing at an inclination angle of 0 and 180 degrees.

Figure 15 presents the results of the comparative experiments. The steady-state
winding temperature for the original fin area (1.0) at an inclination angle of 0° is plotted
as an orange dashed line. In addition, the temperature data for the linearly expanded fins
at 180° are fitted as a solid blue line. Thus, the intersection of the above two lines is the
equilibrium point, which indicates that the enhanced convective area can fully compensate
the degradation in HP thermal performance due to the inclination angle effect. The fin area
corresponding to the equilibrium point is 1.21; thus, 1.20 is determined as a reasonable fin
size, which is the closest and feasible solution for enlarged fin arrays.

= Experimental results
1404 L0 —— Fitted curve
G Expanded fin areas
S Inclination angle: 180
o
5 130
; 1.133 Equilibrium
5 - Fin area: 1.21
g" Original fin area: 1.0
S 1204, fination ancle- 0° " ~C |
= Inclination angle: 0 .
L]
110 T .

1 1.07 1.13 1.2 1.27
Fin area (pu)

Figure 15. Winding temperature comparison of original fin at an inclination angle of 0° and expanded
fins at 180°.

5. Experimental Verification

A new specimen based on the improved structure proposed above is prepared for
experimental verification, according to the same assembly method in Figure 3. To reduce
unnecessary workload and save time, copper wires are wound on half of the stator stack,
with HPs mounted from the topmost to the bottommost end of the module, which fully
covers the inclination angle from 0° to 180°, as illustrated in Figure 16.
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Figure 16. Prepared specimen with expanded fins in the bottom half.

5.1. Temperature Distribution for the Improved Specimen

The newly prepared specimen is tested under the same conditions as the original one
in Section 3.2, and the experimental results are presented in Figure 17. Compared to the
original specimen, a more uniform temperature distribution is clearly observed, with AT
declining from 22.4 K to 13 K and ¢ from 6.81 K to 3.79 K. The winding temperature in the
gravity-opposed zone is significantly reduced, though no great change is discovered in the
gravity-assisted region, which is in line with the expected results of the improved structure.
Additionally, it can also be noted that the winding temperature is the highest in Region II,
while it is lowest in Region III. The main reason lies in that the HPs equipped with original
fins in Region II are at a larger inclination angle (compared to Region I), while the HPs in
Region III with enlarged fins have a smaller inclination angle (compared to Region IV).

120

[T Region I Region II [ ]Region IIl [_]Region IV

Origin: ¢ = 6.81K, AT =22.4K Optimized: ¢ = 3.79K, AT =13K|
P
03 - Max
e pninke i
; - — —
£ o5- ] ] 1 13K
g
=% Min
=
[5)
2

70 T T T T T T T T T

1 2 3 4 5 6 7 8 9 10 11 12
HP number

Figure 17. Winding temperature distribution for the new specimen under a current density of
20.6 A/mm? and wind velocity of 2.2 m/s.

5.2. Effects of Current Density and Wind Velocity

The effects of current density and wind velocity on the improved specimen are also
studied under the same conditions as the original specimen, as presented in Figures 18 and 19.
As the current density increases and the wind velocity declines, a similar degradation trend in
temperature nonuniformity is observed from the histograms, where a gradual growth in the
temperature range and standard deviation is discovered.
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Figure 18. Current density effect on temperature distribution. (a) Winding temperature distribu-
tion for the improved specimen under a wind velocity of 4.7 m/s and different current densities
(35 A/mm?,7.3 A/mm?,11.1 A/mm?,14.9 A/mm?, 18.7 A/mm? and 22.5 A/mm?). (b) Comparison
of AT and o between the original and improved specimens under typical current density intervals
corresponding to common cooling methods.
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Figure 19. Wind velocity effect on temperature distribution. (a) Winding temperature distribution
for the improved specimen under a current density of 20.6 A/mm? and different wind velocities
(22m/s,3.4m/s and 4.7 m/s). (b) Comparison of AT and ¢ between the original and improved
specimens under different wind velocities.

Regarding typical current density intervals under different cooling methods in electri-
cal machines, it is generally recognized that the achievable range is from 0-5 A/mm? under
natural convection, 5-12 A/mm? under forced convection and 12-30 A/mm? under liquid
cooling [25]. Figure 18b shows a comparison of the temperature distribution between the
original and improved specimens corresponding to the aforementioned current density
intervals. It is evident that there is no significant change under light thermal load due to a
comparatively uniform temperature distribution in the original specimen, with AT and o
less than 1 K. However, there is a considerable improvement in temperature distribution
for the improved specimen under heavy thermal load, where AT and ¢ are reduced by
63.3% and 48.8%, respectively, at a current density of 22.5 A/mm?. As for the wind velocity
effect in Figure 19b, a similar pattern can be obtained, in which AT and ¢ decline at an
accelerated rate with the enhanced wind velocity, i.e., 41.9% and 44.3%, respectively, at the
wind velocity of 2.2 m/s, while 65.9% and 52.5%, respectively, at 4.7 m/s.
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It can be concluded from the above results and analyses that the proposed improved
structure could provide a more uniform temperature distribution across the specimen,
particularly under heavy thermal load and high wind velocity conditions, which is crucial
for high-power-density motors.

6. Conclusions

In this study, the non-uniform temperature distribution due to the HP inclination
angle effect has been investigated through experimentations on a prepared stator-winding
specimen. Results have shown a clear temperature nonuniformity across the specimen, with
a temperature range of 22.4 K and standard deviation of 6.81 K, which further deteriorates
with the increasing current density and declining wind velocity. To address this issue, this
study has proposed an improved structure with enlarged fins for the HPs in the gravity-
opposed zone. The reasonable fin size has been determined to be 1.2 times the original area
by fitting and comparing the winding temperatures of candidate fins with different surface
areas. After the preparation of the improved specimen with enlarged fins, it has been
experimentally verified that a more uniform temperature distribution was obtained under
the same conditions, with a 42% reduction in temperature range and 44.3% in standard
deviation. Moreover, a more distinct improvement in temperature distribution could be
observed under heavy thermal load and enhanced wind velocity, which indicates a more
effective enhancement in thermal management for high-power-density motors.

The conducted research and proposed improved structure could serve as practical
guidelines for the implementation of a more uniform temperature distribution in electrical
machines with HPs.
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