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Abstract—Due to high equivalent thermal conductivity with 
lightweight and small size, heat pipes (HPs) are being extensively 
applied in the motor cooling system to improve its thermal 
performance. However, when practically installed in electrical 
machines, the inclination angle of the HP will affect its thermal 
conductivity and motor temperature distribution as well, which is 
still unclear. This article intends to figure out the effects of HP 
inclination angle on motor temperature distribution via both 
theoretical and experimental investigation. Based on the 
theoretical analysis of the HP inclination effect, the equivalent 
thermal conductivity of the HP with different inclination angles 
from 0° to 180° is experimentally investigated on a dedicated 
platform. Then, temperature distribution across a full-size stator-
winding assembly with HPs is quantitatively studied using an 
established thermal model. Finally, the thermal simulation results 
are experimentally verified by testing on a processed specimen. 
The results indicate that the HP thermal performance degrades by 
over 80% with the inclination angle from 0° to 180°, which results 
in a significant temperature nonuniformity across the motor under 
liquid cooling conditions. 

Index Terms—Cooling method, electrical machine, equivalent 
thermal conductivity, experimental validation, heat pipe (HP), 
inclination angle, temperature distribution, thermal analysis. 

I. INTRODUCTION 

UE to the depletion of fossil energy and increasingly 
stringent requirements on carbon emission, there has 
been tremendous progress in the development of 

transportation electrification in recent years, such as electric 
vehicles and more electric aircraft, which propose greater 
demands on the motor power density and challenges as well to 
its cooling system [1-5]. To address such technical issues, HPs, 
which have been verified with remarkable cooling effectiveness 
in other contexts, are being extensively explored in motor 
cooling scenarios to enhance cooling capacity and extend 
power density boundaries [6-8]. 

HP is a passive thermally conductive device with a compact 
geometry and lightweight, which enables considerable heat 
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transmission over a long distance with a small temperature drop 
and the absence of external energy consumption [9]. A typical 
copper-water HP is composed of a hollow sealed copper shell, 
a sintered wick structure, and a vacuum vapor space, as 
illustrated in Fig. 1 [10]. The operating principle of the HP is 
based on the phase transition of the internal working medium, 
which absorbs heat during evaporation and releases heat during 
condensation. By the capillary force generated in the wick 
structure, the working medium is driven from the evaporator 
section back to the condenser section, which could provide a 
very high value of equivalent thermal conductivity of up to 
100000 W/mꞏK considering its lightweight and small size, 
thereby making it a competitive cooling device for electrical 
machines [9].  

 
Fig. 1. Schematic of HP structure and working principle. 

Due to the gravitational effect on the backflow of the 
working medium, the inclination angle has a significant impact 
on HP thermal performance, which has been confirmed by the 
studies in the fields of thermology and mechanical 
engineering [11-16]. If we define the inclination angle θ as the 
angle between the backflow direction and the gravity direction 
of the working medium, the gravitational effect on the backflow 
of the internal working medium in the HP can be divided into 
the gravity-assisted case (θ＜90°) and gravity-opposed case (θ

＞90°), as shown in Fig. 2. For the gravity-assisted case, the 

evaporator section of the HP is lower than the condenser 
section, and the gravity facilitates the backflow of the liquid 
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working medium, which enhances the HP cooling 
effectiveness. Conversely, the return of the working medium 
will be hindered, and the HP thermal characteristic is thus 
weakened for the gravity-opposed case. 

 
Fig. 2. Gravitational effect on the backflow of the internal 
working medium in the HP for the gravity-assisted case and 

gravity-opposed case. 

 
When incorporated in motor cooling systems, HPs are 

generally installed uniformly into motor assemblies along the 
circumference, as presented in Fig. 3 [17-22], which intends to 
achieve a comparatively even working temperature distribution. 
In this case, HPs are with different inclination angles along the 
circumference and present various cooling capabilities, which 
result in a nonuniform temperature distribution. Such 
temperature difference may cause unexpected thermal stress or 
deformation and increase the stability-related risk.  

    
Fig. 3. HP applications in electrical machines with different 
inclination angles [21, 22]. 

 
The inclination angle effect of HPs in other application 

scenarios has been extensively investigated. In [23], the HP 
inclination angle effect on the performance of CPU coolers has 
been studied and the results indicate that CPU cooling 
performance is greatly affected beyond a threshold angle. 
Similar studies have been also performed for HP 
photovoltaic/thermal systems, which shows the HP 
performance is sensitive to the inclination angle, especially for 
wickless HPs [24]. Furthermore, the orientation effect on 
pulsating HPs has been also studied in [25, 26], and the results 
point out that pulsating HPs with lower thermal resistance 
enable a more uniform heat distribution under gravity-assisted 
operation. However, the impact of HP inclination angle on 
motor temperature distribution is still unclear and requires an 
intensive investigation. 

In the previous study [27], the effect of HP inclination angle 
on motor temperature distribution has been preliminarily 
evaluated through thermal analysis. This paper aims to provide 
a thorough investigation into this issue, primarily focusing on 
theoretical analysis, updated thermal modeling and evaluation, 
and experimental validation. The major novelties and 
contributions of this manuscript are summarized as follows: 

(i) An analytical model of the HP considering the inclination 
effect has been derived to clarify its impact mechanism. 

(ii) The non-uniform motor temperature distribution due to 
the impact of HP inclination angle has been numerically 
investigated using a more precise modeling approach, together 
with its variation under different thermal loads and cooling 
conditions.  

(iii) Experimental validation has been conducted to verify 
the thermal simulation results, including specimen preparation, 
experimental setup, and results analysis. 

The remainder of this article is organized as follows. Section 
II theoretically analyzes the inclination angle effect on HP 
thermal performance. In Section III, a dedicated experimental 
setup is established and the HP equivalent thermal 
conductivities with different inclination angles are 
experimentally studied. Then, a 3-D thermal model based on a 
full-size stator-winding assembly is developed and motor 
temperature distribution under different cooling methods is 
evaluated in Section IV. Section V experimentally verifies the 
thermal simulation results by testing on a prepared specimen. 
Finally, a conclusion is drawn in section VI. 

II. THEORETICAL ANALYSIS 

The copper-water HP with sintered wick structure is the most 
widely used in motor cooling scenarios due to its remarkable 
thermal performance, and thereby it was selected to investigate 
the inclination effect in this study. According to the HP working 
principle, the maximum capillary force generated in the wick 
structure must be greater than the total pressure drops in the HP, 
otherwise, the HP will dry out in the evaporator section [9]. The 
pressure drop consists of the following three parts: (i) the liquid 
flow pressure drop △Pl required to return the liquid from the 
condenser to the evaporator; (ii) the vapor flow pressure drop 
△Pv needed to drive the vapor to flow from the evaporator to 
the condenser; and (iii) the pressure resulted by the gravity of 
the working medium, △Pg depending on the HP inclination 
angle, which may be positive, zero or negative. When the 
inclination angle is within 90°, gravity assists the capillary 
force, and it is negative. In contrast, the gravitational effect is 
marked positive for the inclination angle greater than 90°. The 
above discussions can be expressed by [28]: 

  (1) 

△Pcmax is the maximum capillary pressure provided by the 
wick structure, which can be calculated as: 

  (2) 
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It is assumed that the HP is operating stably, and both the 
vapor and liquid flow are laminar flows. The vapor pressure 
drop △Pv can be expressed as: 

  (3) 

According to Darcy’s law, the liquid pressure drop △Pl can 
be calculated as: 

  (4) 

Additionally, the gravity pressure can be formalized as: 

  (5) 

Substituting equations (2), (3), (4), and (5) into equation (1), 
the maximum heat flux Qmax can be obtained as:

 (6) 

The maximum heat flux through the HP considering the 
installed inclination angle is derived based on its operating 
mechanism. It is found that the maximum heat transfer of the 
HP degrades with the increasing inclination angle, which 
thereby results in a gradual deterioration in the HP thermal 
performance. All the related symbols are defined in Table I. 

 
TABLE I 

NOMENCLATURE 
 

Symbol Concept 

leff HP equivalent length 

l HP total length 

dh Hydraulic diameter of the wick structure 

Av Cross area of the vapor space 

Aw Cross area of the wick structure 

A Cross area of the HP 

ε Permeability of the wick structure 

Cl Cross area of the liquid channel 

Al Wetted perimeter of the liquid channel 

ρv Vapor density 

ρl Density of liquid working medium 

J Latent heat of working medium 

μv Kinetic viscosity of vapor 

μl Liquid viscosity 

g Gravitational acceleration 

θ HP Inclination angle 

α Contact angle 

σ Surface tension of liquid 

rp Pore radius of wick 

Qmax Maximum heat flux through the HP 

P Heat load through the HP 

Te Average temperature of the HP evaporator section 

Tc Average temperature of the HP condenser section 

T0 Coolant temperature at surface S2 

△T 
Temperature gap between the HP evaporator and 
condenser sections 

△Ts Temperature gap across the whole assembly 

Tmax The maximum temperature across the assembly  

Tmin The minimum temperature across the assembly 

σ Standard deviation of the winding temperature 

Ti 
Average temperature corresponding to the ith winding 
module 

Tav Average temperature of the entire winding section 

RHP HP thermal resistance 

λHP HP equivalent thermal conductivity 

h The convective heat transfer coefficient 

hmax The maximum convective heat transfer coefficient  

Vmax The maximum wind velocity 

q Heat flux in the solving domain 

ρ Material density 

cp Specific heat capacity of the material 

λ Thermal conductivity of the material 

S1, S2 Boundary surfaces of the assembly 

III. EXPERIMENTAL INVESTIGATION OF THE HP THERMAL 

PROPERTIES AT VARIOUS INCLINATION ANGLES 

Generally, the experimental method is adopted to 
characterize the HP thermal properties with simple principle 
and accurate result [29]. A dedicated experimental platform is 
established and the equivalent thermal conductivities of HPs 
with different inclination angles from 0° to 180° are 
experimentally investigated. 

A. PTCHE-based Specimen Preparation 

Fig. 4 presents the preparation process of the specimen used 
to experimentally measure the HP equivalent thermal 
conductivity. The positive temperature coefficient heating 
element (PTCHE), also known as the self-regulating heater, is 
used as the heat source in the specimen, due to the merits of 
rapid warm-up and accurate temperature maintenance at a fixed 
input voltage, as illustrated in Fig. 4(a). Compared to motor 
copper windings, the PTCHE offers the following benefits: (i) 
more precise thermocouple locations and temperature 
measurement, thereby conducive to the accurate determination 
of HP thermal properties, i.e., temperature gap and thermal 
resistance; (ii) time-efficient in terms of specimen preparation 
and thermal test. The detailed parameters of the HP and PTCHE 
used in this study are listed in Table II and Table III. 

The PTCHE and fin are attached to both ends of the HP as 
the heat source and heat sink, respectively, as shown in Fig. 
4(b). The length of the fin arrays is chosen to be close to that of 
the PTCHE, as the HP offers favorable thermal performance 
when the length of the evaporator section approaches to that of 
the condenser section [30]. A high-performance thermal grease 
with favorable dielectric strength, i.e., IC diamond [31], is used 
to enhance heat transfer and insulation performance at the 
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contact interfaces between HP and PTCHE, as well as HP and 
fin. For a more reliable connection, thermal adhesive is also 
applied to both ends of the contact interfaces to bond them 
together. Finally, multi-layer thermal insulation 
material (Nitrile rubber) is used to wrap the entire surface of the 
specimen except for the fin to minimize heat loss, as presented 
in Fig. 4(c). For a clear temperature profile along the specimen, 
four K-type thermocouples are affixed to different sections of 
the specimen with cyanoacrylate adhesive, where E1 and E2 are 
attached to the evaporator section, C1 and C2 are located at the 
condenser section, respectively. All the thermocouples are 
located on the centerline of the HP to ensure accurate 
temperature measurement. 

        
(a)                                                                   (b) 

 
(c) 

Fig. 4. PTCHE-based specimen preparation: (a) PTCHE. (b) 
Sketch for specimen preparation. (c) Prepared specimen. 

 
TABLE II 

HP PARAMETERS 
 

Parameters Value Parameters Value 

Length 170 mm Material Copper 

Width 8 mm Working medium Water 

Thickness 3 mm Wick structure Sintered 

 
TABLE III 

PTCHE PARAMETERS 
 

Parameters Value Parameters Value 

Input DC voltage 24 V Length 60 mm 

Steady-state temperature 110℃ Width 21 mm 

Temperature deviation ± 10℃ Thickness 5 mm 

B. Experimental Platform 

An experimental platform based on the steady-state method 
is established to perform thermal tests on the prepared 

specimen [27], as presented in Fig. 5. The experimental 
specimen is affixed to the testbench by a clamp-on bench vise. 
For each inclination angle to be tested, the specimen is rotated 
to the specific angle, measured with a protractor and finally the 
vise is tightened to fix the specimen. A DC power supply (UTP 
1310) is employed to provide the thermal load for the specimen, 
and its input power is measured by a power 
meter (YOKOGAWA WT333E). The air-cooling condition is 
realized by an electric fan which is placed on a height-
adjustable platform. The position of the fan relative to the 
specimen is kept constant throughout the thermal test to ensure 
the same cooling environment. The temperature profile across 
the specimen is monitored by a thermal logger (Pico TC-08) 
and uploaded to the laptop for further statistics and analysis. 
Moreover, the wind velocity measured with an 
anemometer (OMEGA HHF144) is constant at 1m/s. 

 
(a) 

 
(b) 

Fig. 5. Experimental platform for HP thermal properties. (a) 
Schematic. (b) Photo. 

C. Data Processing 

The HP thermal properties are characterized by the 
temperature gap △T between its evaporator and condenser 
sections, HP thermal resistance RHP, and HP equivalent thermal 
conductivity λHP [30]. The temperature gap △T is given by: 

  (7) 

where Te and Tc are the average temperatures of the evaporator 
and condenser sections, which are calculated by: 

  (8) 

where TE1, TE2, TC1, and TC2 are the temperature data measured 
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by the thermocouples E1, E2, C1, and C2. Thereby, the HP 
thermal resistance RHP can be calculated by: 

  (9) 

where P is the heat load fed into the specimen, which is 
measured by the power meter. Finally, the HP equivalent 
thermal conductivity λHP can be obtained by: 

  (10) 

where A is the cross-sectional area of the HP and leff is the 
equivalent length of the HP, i.e., the center-to-center distance 
of the HP evaporator and condenser sections. 

D. Experiments and Results 

During the thermal tests, the prepared specimen is affixed to 
the testbench with a clamp-on bench vise and oriented at an 
inclination angle from 0° to 180°, i.e., 0°, 30°, 60°, 90°, 120°, 
150°, 180°), as presented in Fig. 6. All the tests are performed 
with the same input DC power and cooling conditions. The 
temperature data is logged every second throughout the 
experiment. When the temperature change is less than 0.2K 
within 5 minutes, thermal equilibrium is considered to be 
achieved and the sensor data are recorded. 

 
Fig. 6. HP orientation at different inclination angles. 

 
Fig. 7 presents test results, i.e., the measured temperature 

gaps between the HP evaporator and condenser sections at 
various inclination angles. It can be clearly observed that the 
temperature gaps are comparatively small when the inclination 
angle changes from 0° to 90°, i.e., 0.4K to 0.6K, while increases 
significantly after the inclination angle above 90°, i.e., 0.87K to 
2.25K. 

Then, the HP thermal properties at various inclination angles, 
including thermal resistance and equivalent thermal 
conductivity, are calculated based on the above data processing 
method, as shown in Fig. 8. It can be observed that the HP 
presents favorable thermal performance with only a degradation 
of 31% in its thermal properties for gravity-assisted case (θ＜
90°). However, the HP equivalent thermal conductivity 
deteriorates rapidly from more than 150000 W/mꞏK to less than 
50000 W/mꞏK when the inclination angle exceeds 90°. 

On this basis, the general variation pattern of HP equivalent 

thermal conductivity with its inclination angle can be obtained 
by fitting the measured data, as shown by the purple dashed line 
in Fig. 8. Mathematically, the variation can be described as: 

  (11) 

where θ is the inclination angle of the HP. The coefficient of 
determination of the fitting results is 0.99, which indicates that 
the approximation model has high accuracy, i.e., it can perfectly 
predict the HP equivalent thermal conductivities at various 
inclination angles. 

 
Fig. 7. Temperature gaps between the HP evaporator and 
condenser sections at various inclination angles. 

 
Fig. 8. HP thermal properties at various inclination angles. 

IV. THERMAL MODELING AND ANALYSIS 

Based on the experimental studies of the HP thermal 
properties in Section III, the effects of inclination angle on 
motor temperature distribution are further quantitatively 
evaluated through thermal analysis on a full-size stator-winding 
assembly. 

A. Stator-winding Assembly 

As presented in Fig. 9, a full-size stator-winding assembly 
with HPs is developed for the evaluation of the HP inclination 
angle effect on motor temperature distribution. Copper wires 
are wounded on a stator stack with slot liner used for insulation. 
One end of the HPs is inserted into the clearance between 
winding layers, and the other end is equipped with aluminum 
fins as heat sink. The contact interfaces between HPs and 
windings are coated with the same thermal grease (IC diamond) 
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as the PTCHE-based specimens to enhance heat transfer and 
insulation performance. To facilitate data statistics and 
comparative analysis, HPs and adjacent windings are numbered 
clockwise along the circumference, as shown in Fig. 9. 

 
Fig. 9. Stator-winding assembly with HPs. 

B. Mathematical Model 

The heat transfer process of the motor assembly is 
theoretically governed by the energy conservation law [32]: 

  (12) 

where q is the heat flux in the solving domain, ρ, cp and λ are 
the density, specific heat capacity, and thermal conductivity of 
the materials in the assembly, respectively. In this study, the 
effect of thermal radiation is ignored, and heat convection 
occurs only at the fin surface. Therefore, the heat conduction 
equation for the transient temperature of a 3-D thermal model 
in Cartesian coordinates together with boundary conditions can 
be expressed as 

  (13) 

where S1 and S2 are boundary surfaces of the assembly, h is the 
convective heat transfer coefficient (CHTC) of the surface S2, 
i.e., fin surface, T0 is the coolant temperature at interface S2, and 
q0 is the heat flux through interface S1. For an adiabatic surface, 
q0 is zero. 

C. Physical Model 

A three-dimensional finite element analysis thermal model is 
established based on the proposed stator-winding assembly to 
quantitatively evaluate the effect of the HP inclination angle on 
the motor temperature distribution, as shown in Fig. 10. The 
heat transfer in the winding modules is critical and directly 
affects the accuracy of the motor thermal analysis results. The 
winding modules in electrical machines are generally 
considered to be anisotropic due to the insulating coating of the 
copper wires, the impregnating process of the winding section, 
and the air gaps between the wires. Therefore, the winding 
module is divided into in-slot winding and end winding for a 

clear temperature profile, where the heat is mainly transferred 
in the axial direction (along the z-axis) in the in-slot winding, 
while along the y-axis in the end winding [18, 33]. Moreover, 
the laminated core is also designated as an anisotropic material 
with heat transfer mainly along the radial direction (x-axis and 
y-axis). To facilitate mesh generation and calculational 
efficiency, the hollow multilayer HP based on the phase change 
principle is modeled as a solid copper rod with corresponding 
thermal property. The equivalent thermal conductivity at 
practical inclination angle is calculated by equation (11) and the 
results are listed in Table IV. Furthermore, the detailed thermal 
properties of the components involved in the thermal model are 
listed in Table V. 

 
Fig. 10. Physical model of the stator-winding assembly with 
HPs. 

 
TABLE IV 

HP EQUIVALENT THERMAL CONDUCTIVITIES AT DIFFERENT 

INCLINATION ANGLES 
 

Numbering_ 
Inclination 
Angle 

Thermal 
Conductivity(
W/mꞏK) 

Numbering_ 
Inclination 
Angle 

Thermal 
Conductivity 
(W/mꞏK) 

1_7.5° 263752  7_97.5° 151837 

2_22.5° 245100  8_112.5° 133185 

3_37.5° 226447  9_127.5° 114532 

4_52.5° 207795  10_142.5° 95880 

5_67.5° 189142  11_157.5° 77227 

6_82.5° 170490  12_172.5° 58575 

 
TABLE V 

THERMAL PROPERTIES OF COMPONENTS IN THE PHYSICAL 

MODEL [18, 34, 35] 
 

Component Material 
Thermal 
Conductivity (W/mꞏK) 

Laminated core 
B50A350 
silicon steel sheet 

x =y = 43 
z = 1.6 

In-slot Winding QZY-2 (class F) 
x =y = 0.43 
z = 400 

End winding QZY-2 (class F) 
x =z = 0.43 
y = 400 

Insulation board Plastic (class F) 0.65 

Slot liner 
DMD insulation 
paper (class F) 

0.3 

Thermal grease IC diamond 2000 

Thermal adhesive Silica gel 2 

HP Copper-water Table IV 

Fin Aluminum 210 
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D. Boundary Conditions and Heat Sources 

Generally, cooling methods for electrical machines can be 
classified into natural convection, forced convection and liquid 
cooling according to the fluid type and flow rate. Typical 
parameters for the above cooling methods are listed in Table 
VI, including the CHTC range and corresponding achievable 
current density intervals [36]. 

Heat sources and cooling conditions corresponding to the 
upper limits of the above typical value intervals are fed into the 
thermal model to evaluate the effect of HP inclination angle on 
the motor temperature distribution under different cooling 
methods. In the thermal model, the winding module is defined 
as the heat source, which is given the copper losses calculated 
from the winding phase resistance and the current data in Table 
VI. Whilst, fins are assigned as the heat sink with corresponding 
CHTC, as presented in Fig. 11. 

 
TABLE VI 

TYPICAL PARAMETERS FOR COMMON COOLING METHODS 
 
Cooling Method Current Density (A/mm2) CHTC (W/m2ꞏK) 

Natural convection 1.5-5 5-10 

Forced convection 5-10 10-300 

Liquid cooling 10-30 50-20000 

 
Fig. 11 Heat source and heat sink. 

E. Results and Analysis 

Thermal simulation of the stator-winding assembly is 
performed under natural convection, forced convection and 
liquid cooling, respectively, with results presented in Fig. 12.  

 
(a) 

 
(b) 

 
(c) 

Fig. 12. Thermal analysis results under various cooling 
conditions. (a) Natural convection (5 A/mm2 and 10 W/m2ꞏK). 
(b) Forced convection (10 A/mm2 and 300 W/m2ꞏK) (c) Liquid 
cooling (30 A/mm2 and 20000 W/m2ꞏK). 

 
It can be seen that the temperature distribution pattern is 

similar under three cooling conditions, i.e., the winding 
temperature rises gradually with the increasing HP inclination 
angle. The hotspot appears in the winding section with the 
largest HP inclination angle (W13), while the lowest 
temperature occurs in the winding module with the smallest HP 
inclination angle (W1). The non-uniform temperature 
distribution becomes more pronounced with the increasing 
current density and cooling conditions, i.e., the temperature gap 
intensifies from 0.5K for natural convection to 4.3K for liquid 
cooling. 

Based on the proposed thermal model, the effects of thermal 
load and cooling conditions on the non-uniform motor 
temperature distribution are further studied, with results 
presented in Fig. 13. It can be observed that the temperature gap 
increases considerably from natural convection to forced 
convection, while almost flat further to liquid cooling. The main 
reason is that the convective thermal resistance is reduced, and 
the ratio of HP thermal resistance in the cooling path is 
increased, which enhances HP inclination angle effect. Similar 
to the CHTC effect, the temperature nonuniformity deteriorates 
with the increasing current density, and the variation slows 
down beyond a threshold, which is mainly caused by the 
growing HP inclination angle effect due to the increasing heat 
flux. 



8 
 
 

 
Fig. 13. Effects of current density and cooling conditions on 
motor temperature distribution, i.e., the temperature gap across 
the whole winding section. 

V. EXPERIMENTAL VALIDATION 

The effects of HP inclination angle on motor temperature 
distribution are experimentally investigated in this section to 
verify the above thermal simulation results, with specimen 
preparation in Part A, and experimental setup in Part B, as well 
as results analysis in Part C. 

A. Experimental Specimen Preparation 

According to the proposed stator-winding assembly in Fig. 9, 
an experimental specimen featuring a 24-slot and an outer 
diameter of 160 mm is prepared, as presented in Fig. 14. Copper 
wires are wound on a laminated core in a concentrated layout 
with slot liner and insulation board used for insulation 
consideration. The same cooling components as the PTCHE-
based specimen, including HPs and fins, are inserted uniformly 
into winding clearances along the circumference. High-
performance thermal grease (IC diamond) is also applied to the 
contact interface between the HP and windings to enhance heat 
transfer and electric insulation. Furthermore, 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 and fins, so as to 
fully evaluate the HP inclination angle effect on the motor 
temperature distribution. The prepared specimen is affixed to a 
dedicated iron bracket through an aluminum flange for thermal 
test. 

For a clear temperature profile across the specimen, a total of 
48 K-type thermocouples are installed in the in-slot windings 
with cyanoacrylate adhesive, half of which are located in the 
center of the winding module on the left side of the HP and the 
other half are mounted on the right side, as detailed in Fig. 15. 
The average winding temperature is used to characterize the 
thermal performance of the inserted HPs, which refers to the 
average value of the temperature data collected by the two 
thermocouples in each slot. 

 
Fig. 14. Preparation process of the experimental specimen. 

 
Fig. 15. Thermocouple location in winding modules. 

B. Experimental Setup and Experimental Process 

A dedicated experimental platform is established to perform 
thermal tests on the prepared specimen, as shown in Fig. 16. 
The specimen is powered by an adjustable DC power 
supply (DSP1050-42WE), which operates in the constant 
current mode during the test. A high-power axial flow fan with 
large fan blades is employed to provide uniform cooling 
conditions for the specimen. Moreover, the position of the fan 
relative to the specimen is kept constant during tests to ensure 
the same cooling environment.  

 
Fig. 16. Experimental setup. 

 
Meanwhile, the experimental platform is equipped with a 

range of sensors and instrumentations to monitor the data 
required for further analysis, including electrical parameters, 
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temperature data, and wind velocity. A power 
meter (YOKOGAWA WT333E) is used to measure the thermal 
load fed into the specimen. The temperature profile across the 
specimen is monitored by thermal loggers (Pico TC-08). The 
temperature sensor readings are logged every second during the 
test. When the temperature variation is smaller than 0.2K within 
5 minutes, thermal equilibrium is considered to be achieved and 
the sensors data are recorded. To ensure uniform cooling 
conditions, the wind velocities at eight monitoring points 
around the specimen are monitored by an 
anemometer (OMEGA HFF144), as detailed in Fig. 17. The 
deviation between the obtained data is less than 5%, which 
indicates uniform cooling conditions for the whole specimen. 

Since the axial flow fan used in this study can only provide a 
maximum wind velocity of 7.5 m/s, the corresponding CHTC 
hmax can be calculated with the following empirical 
formula [18]: 

  (14) 

where Vmax is the maximum wind speed that the fan can provide. 
Besides, the input heat source is adjusted to the power 
corresponding to a current density of 8 A/mm2 to ensure that 
the winding temperature rise is within the permissible range of 
the wire insulation. 

 
Fig. 17. Wind velocity monitoring points. 

C. Results and Analysis 

Temperature gap △ Ts across the whole assembly and 
standard deviation σ of the winding temperature are used to 
characterize the motor temperature nonuniformity. The 
temperature gap △Ts refers to the difference between the 
maximum and minimum temperatures of the winding modules 
across the whole model, given by: 

  (15) 

Moreover, the standard deviation σ of the winding 
temperature is defined as: 

  (16) 

where n refers to the number of the winding module in Fig. 9, 
Ti is the average temperature corresponding to the ith winding 
module, and Tav is the average temperature of the entire winding 
section. The above parameters △T and σ are in K (Kelvin), 
while Ti and Tav are in ℃ (Celsius). 

Fig. 18 presents the comparison of simulated and tested 

temperatures under a current density of 8 A/mm2 and CHTC of 
80 W/m2ꞏK. It can be observed from the experimental results 
that the winding temperature gradually rises with the increasing 
inclination angle, which is consistent with the thermal analysis 
results. The temperature gaps (1.91K and 2.43K) and standard 
deviations (0.62K and 0.77K) obtained by thermal analyses and 
thermal tests are in good agreement, where the deviations are 
below 22%. Possible reasons for the slightly higher measured 
temperatures than the simulated data may lie in the following 
aspects:  

(i) Deviation between CHTC calculated from empirical 
formula and the practical cooling conditions.  

(ii) In this study, the input heat source for the thermal model 
is the loss density, which is the copper loss divided by the 
volume of the winding module. The difference between the 
volume of the winding model and the practical winding may 
lead to deviations of the heat source and motor temperature 
distribution. 

 
Fig. 18. Comparison of simulated and tested results under a 
current density of 8 A/mm2 and CHTC of 80 W/m2ꞏK. 

VI. CONCLUSION 

HPs are being widely applied in motor cooling systems with 
remarkable cooling effects validated in the existing literature, 
while the effect of installed inclination angle on HP thermal 
characteristics and motor temperature distribution is still 
unclear and requires an intensive investigation. 

In this article, the effects of HP inclination angle on its 
practical thermal performance and installed motor temperature 
distribution have been quantitatively studied. According to the 
experimental investigations on the PTCHE-based specimen, the 
HP equivalent thermal conductivity decreases by 31% when the 
inclination angle is within 90° while degrades up to 80% over 
90°. Referring to the research findings of the full-size stator-
winding assembly, the temperature nonuniformity deteriorates 
significantly with enhanced current density and cooling 
conditions. The temperature difference is only 0.5K under 
natural convection while increases to 4.3K under liquid cooling 
conditions and heavy thermal load, which needs to be fully 
considered when using HPs in motor cooling systems. 

The quantitative analysis results obtained in this study could 
serve as guidelines for HP generalization in motor cooling 
scenarios. As for the potential research work, the impact of HP 
inclination angle in a practical motor can be further investigated 
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with full consideration of eddy current losses and motor 
operating duties. 
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