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Abstract: The oil injection method was studied to maximize the cooling performance of an electric
vehicle motor with a hairpin winding. The cooling performance of the motor using the oil cooling
method is proportional to the contact area of the oil and the coil. A numerical analysis was conducted
to examine the effect of the spray nozzle type on the oil flow. The dripping nozzle forms the thickest
oil film on the coil, making it the most effective for cooling of hairpin-type motors. Subsequently, an
experimental study was conducted to optimize the nozzle diameter and number of nozzles. When
the inlet diameter and number was 6.35 mm and 6, the oil film formation rate was 53%, yielding
the most uniform oil film. Next, an experiment was performed to investigate the effects of the oil
temperature and flow rate on the oil flow. The oil film formation rate was the highest (83%) when the
oil temperature was 40 °C and the flow rate was 6 LPM.

Keywords: electric vehicle; hairpin winding; motor cooling; oil cooling; injection method

1. Introduction

In recent years, interest in environmental issues has increased, accelerating the de-
velopment of electric vehicles and increasing their demand. In contrast to conventional
fuel vehicles, electric vehicles use only electricity and thus have no emissions [1]. The
motor is the main power source of the electric vehicle and is the component that most
significantly affects the performance and life of the vehicle. Electric vehicle motors must
be high-power, and high efficiency for long and high-speed driving. In addition, because
parts such as batteries and hydrogen tanks are located, they must be miniaturized. Thus,
the heat-generation problem of motors is serious. The main heat losses of the motor are
joule losses, iron losses, stray load loss, and mechanical losses [2—4]. The power density
should be increased to improve the motor performance. However, this increases the loss
of the motor and the amount of heat generated. In particular, the coil generates a large
amount of heat owing to joule losses [5-7]. Therefore, effective cooling is important for
high-performance motors. The magnet of the rotor is demagnetized at high temperatures.
In other words, when the temperature of the motor rises, the magnet is demagnetized, and
the drive stops and the performance decreases. Finally, the heat generated by the motor
directly affects the performance and life of the electric vehicle.

There are several methods to cool the motor such as air cooling, water cooling, and
oil cooling method [8,9]. Thus far, motors have mainly used air and water cooling. In air
cooling, a fan is employed to inject air into the motor and cool it through forced convec-
tion [10]. Kim et al. [11] improved the cooling performance by optimizing the air-cooling
method of a brushless DC motor. By optimizing the inlet position and inner length of the
rotor, the performance was improved by 24.3% compared with a reference brushless DC
motor. Kim et al. [12] analyzed the air-gap flow heating phenomena of a large-capacity
induction motor using an air-cooling system. In the large-capacity motor, the temperature
of the rotor was significantly higher than that of the stator. Hence, the air flowing between
the rotor and the stator was heated by the rotor to a higher temperature than the stator.

Energies 2021, 14, 747. https:/ /doi.org/10.3390/en14030747

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-1621-413X
https://doi.org/10.3390/en14030747
https://doi.org/10.3390/en14030747
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14030747
https://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/14/3/747?type=check_update&version=1

Energies 2021, 14, 747

20f 15

Thus, the stator was heated secondarily by air. The air gap of a motor exceeding 100 kW
is in a superheating state; consequently, it is difficult to employ an air-cooling system.
Electric vehicle motors that are at the same level as the performance of commonly used
engine vehicles and capable of long-distance and high-speed driving use at least 100 kW of
power [13], air cooling is not suitable.

In water cooling, a coolant flows along a flow path in the housing and cools the motor
through conduction with the housing [14]. Pechéanek et al. [15] compared two types of
water-cooling electric motors: axial water flow and tangential water flow. The tangential
water flow had a lower water velocity, corresponding to a smaller heat-transfer coefficient
between the frame and the water (1018.7 W/m?K). The axial water flow had a higher water
velocity and a larger heat-transfer coefficient (1886.4 W/m?K). The higher water velocity
resulted in better cooling performance. Rehman et al. [16] compared various coolant jackets
with different numbers of flow passes. Considering the pump performance, a cooling jacket
with six passes at a flow rate of 10 LPM had the best cooling performance. The maximum
temperature was approximately 100 °C. For an electric-vehicle motor, a large amount of
heat is generated at the coil. The water-cooling method is not appropriate for removing
heat from the coil. This method has a low heat-transfer rate in the radial direction, because
the motor is cooled indirectly through the housing. Direct cooling is more effective for
removing the heat inside the motor [17].

Oil cooling involves spraying oil directly on the coil, which is a heat source inside the
motor. This method is suitable for cooling high-performance motors. However, research
on oil cooling for motors is insufficient. Huang et al. [18] compared the indirect cooling
method with the direct cooling method. In the indirect cooling method, a water jacket
was used, similar to the case of water cooling. In the direct cooling method, a groove
was formed between the stator and the housing to directly cool the stator with cooling
oil. Under similar cooling conditions, the motor with a direct cooling channel reduced
the average temperature on the stator by a factor of approximately two, improving the
heat-transfer performance. However, because there was insulating paper between the
stator and the coil, the heat transfer in the radial direction was insufficient. This method is
not suitable for the removal of heat from the coil. Ponomarev et al. [19] cooled the motor
through a method in which the inside of the electric motor was completely immersed in
cooling oil. The rotor and stator were cooled via direct contact with the coolant. Thus, the
cooling performance of the motor was improved, and the maximum temperature of the
coil was 124 °C. However, the performance of the motor was degraded by the friction loss
between the cooling oil and the rotor, making this motor unsuitable for electric vehicles.
Davin et al. [20] cooled the motor by spraying oil directly onto a coil. Different types
of injectors were compared, including the full cone nozzle, flat jet nozzle, dripping, and
multi-jets. When a dripping injector was used, the average temperature of the end winding
was approximately 109 °C, and the best cooling performance was achieved. Additionally, a
higher flow rate corresponded to better cooling performance at the end winding. However,
previous studies on the motor using the oil-cooling method focused on general windings
such as toroidal winding and multi-strand winding. These motors have limitations in
miniaturization and power improvement compared to hairpin type motors. The motor
using a hairpin winding was recently developed, which can improve the power density
by reducing the amount of unnecessary space between coils [13,21]. As a result, the size
of the motor can be reduced, and performance can be improved. The hairpin winding is
suitable for miniaturized high-performance motors; however, because of the considerable
heat generation, a new cooling method is needed. However, research on the cooling of
motors using hairpin windings is lacking.

In this study, the oil injection method was studied to maximize the cooling perfor-
mance of an electric-vehicle motor with a hairpin winding. The Chevrolet Bolt EV motor,
which uses the hairpin winding, was selected as the target motor. A parametric study
is conducted to understand the injection conditions. It was selected as a variable of the
factor that affects the behavior of oil, and the value of the variable to maximize the cooling
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effect was found. First, the effect of oil injection type on the oil film was compared through
numerical analysis. The types of spray nozzles included a dripping nozzle and 45° and
60° full-cone nozzle. The effects of the nozzle diameter and the number of nozzles on the
formation of the oil film were experimentally examined. Subsequently, the effects of the
flow rate and temperature of the oil on the formation of the oil film were investigated.
Finally, we proposed an optimal oil injection method for an oil-cooling motor using a
hairpin winding. Using this method, a uniform oil film can be obtained on the coil. The
results of this study provide important information regarding the flow characteristics and
oil film formation of oil-cooling motors with hairpin windings. This provides important
information for conducting relevant research, and they can contribute to the development
of a high-performance motor for electric vehicles by providing an optimal injection method
for improving the oil-cooling performance.

2. Materials and Methods
2.1. Motor Description

Figure 1 illustrates the stator and coil of the target motor. The Chevrolet Bolt EV motor
from General Motors was selected as the target motor. Figure 1a shows the motor geometry
used for the numerical analysis. The geometry of the motor was simplified to reduce the
analysis time. The outer coil had a diagonal shape similar to that in the actual motor. The
oil flow was affected by the coil shape. The inside of the coil was simplified as a cylinder
that was blocked between the coils. Figure 1b shows the motor used in the experiment,
which was a permanent-magnet synchronous motor with a hairpin winding. The motor
had a peak torque of 360 Nm and a peak power of 150 kW. The stack length was 125 mm,
and the outer diameter was 204 mm. The length of the stator used in the experiment was
180 mm. There were six coil conductors per slot of the stator. The end winding on the
right side of the motor was called the crown part, and the end winding on the left side was
called the welded part. There was white insulating paper between the protruding coils of
the welded part, in contrast to the crown part.

(a) (b)
Figure 1. Target motor: (a) CAD geometry; and (b) motor to be tested.

2.2. Numerical Analysis

A numerical analysis was performed to compare the various types of spray noz-
zles. To analyze the oil flow, we used the Moving Particle Simulation (MPS) method.
ParticleWorks® was used for the analysis. The continuum equation (mass conservation
law) and Navier-Stokes equations (momentum conservation law) were used as the funda-
mental governing equations of the MPS method:

Dp/Dt =0 @

Du/Dt=—~VP/p+vV?u+g+ V¢ @)
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where Dp/Dt represents a Lagrangian derivation, p represents the density, u represents the
velocity, P represents the pressure, v is the kinematic viscosity coefficient, and g represents
the gravitational acceleration. In the fluid analysis, the surface tension potential model
(V¢) was used.

As the cooling oil, ATF SP-IV—an automatic-transmission oil—was used. Figure 2
presents the changes in the oil properties according to the temperature. Figure 2a shows
the oil density with respect to the temperature, and Figure 2b shows the oil viscosity with
respect to the temperature. These oil properties are the important factors for analyzing
the oil flow because they vary significantly with respect to the temperature. The density
varies linearly with respect to the temperature; a higher temperature corresponds to a
lower density. The viscosity of the oil decreased rapidly until the temperature reached
50 °C, after which it became gentle.

o(T) = —0.5988T + 1042 3)

w(T)=2x10"BT% — 4 x 107197 + 4 x 1077T* — 0.0002T°% + 0.54T% — 8.2514T + 522.74 (4)
0.2
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Figure 2. Cooling-oil properties: (a) density; and (b) viscosity.

Equations (3) and (4) give the oil density and viscosity, respectively, as polynomial
functions of the temperature T. The analysis was conducted with consideration of the oil
properties that vary with respect to the temperature.

2.3. Experimental Setup

The experimental equipment for the flow-visualization experiment of the motor is
shown in Figure 3. The motor used in the experiment is shown in Figure 1b. The cooling
oil was transferred to the motor using an oil pump (TOP-210 HBE, DH PUMP Engineering
Co., Gimhae-si, Korea). To control the temperature of the oil supplied, heat supplied by
a boiler (Kiturami Electric Boiler, Kiturami, Cheongdo County, Korea) was transferred to
the oil through a heat exchanger. In an electric vehicle, as the motor is heated, the motor
is cooled with the oil temperature of 80 °C. The experiment in this paper is a motor flow
visualization experiment, and since no heat is generated in the motor, the oil temperature
does not rise. Therefore, we used a boiler to control the oil temperature. The temperature
was precisely controlled using a line heater. The oil flow rate was measured using a
flowmeter (KTR-550-MF-T-Ex, Korea Flowmeter Ind. Co., Gunpo-shi, Korea), and the oil
pump was controlled by an inverter (SV022iG5A-2, LS Electric Co., Anyang-si, Korea) to
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set the oil flow rate. The transferred oil was sprayed by a nozzle onto the end winding of
the coil and was sprayed directly onto the crown and welded parts.
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(a)

Figure 3. Experimental equipment: (a) schematic; and (b) photograph.

3. Results and Discussion
3.1. Effect of Spray Nozzle on Flow Field

Because of the insulating paper between the end windings of the welded part, the oil
did not pass between the coils and the oil film was evenly formed. In contrast, the crown
part had an empty space between the coils; thus, oil passed through it. The oil flow in the
crown part was more difficult to analyze than that in the welded part. Therefore, we studied
the formation of the oil film by analyzing the oil flow in the crown part. A numerical
analysis was conducted to investigate the effect of the spray-nozzle type on the flow field.
The spray nozzles examined included a dripping nozzle and 45° and 60° full-cone nozzles.
The full-cone nozzles had significant oil splashing; thus, it was difficult to observe directly
in the experiment. To compare the exact oil flow field and the amount of oil splashing,
we used the analytical method. Figure 4 shows the flow field and oil velocity in the front
and cross sections of the coil. In front of the coil, the flow fields of the three nozzles were
similar. The oil flowed in the oblique direction of the coil owing to the coil shape. Figure 4a
shows the oil flow with the dripping nozzle. The oil flowed well along the outer surface of
the coil, and the oil did not splash after hitting the coil. Additionally, the oil film formed
on the coil was thicker than those for the other nozzles. Figure 4b,c shows the oil flow
for the 45° and 60° full-cone nozzles. A larger spray angle corresponded to a wider area
over which the oil was sprayed onto the coil. However, in contrast to the dripping nozzle,
a large amount of oil splashed after hitting the coil. This is because the oil inlet velocity
was high. To accurately compare the amounts of oil splashing and the flow through the
coil, the results were quantified according to the width and thickness of the oil film. The
oil film formation rate was used to quantify the oil film formed on the coil. It was defined
as the area where the oil film was formed to the total surface area of the coil. The oil film
formation rate Ry, is given as follows:

Roilfilm = Avit/ Acoil &)

where A, represents the total surface area of the coil, and A,; represents the contact area
between the coil and the oil.
Q=k-A-AT (6)

Q=C-m-AT @)



Energies 2021, 14, 747 6 of 15

Velocity [m/s|
I 3.0

2.0

(a) (b)

Figure 4. Cross section of coil: (a) dripping nozzle; (b) full cone nozzle (spray angle: 45°); (c) full cone nozzle (spray
angle: 60°).

Figure 5a shows the oil film formation rate and Figure 5b shows the oil film thickness.
The dripping nozzle and 45° and 60° full-cone nozzles had oil film formation rates of
56%, 58% and 60%, respectively. The nozzles had similar oil film formation rates and flow
fields. This is because the oil flow was affected by the coil shape. The oil film thickness
of the full-cone nozzles was approximately 1 mm. The oil film thickness of the dripping
nozzle was 2.5 mm (approximately 2.5 times larger than that of the full-cone nozzles).
The dripping nozzle had the thickest oil film. The full-cone nozzles sprayed the oil more
widely than the dripping nozzles, increasing the oil film formation rate. However, they
did not form a thick oil film because of the large amount of oil that splashed after hitting
the coil. In contrast, the dripping nozzle had little oil splashing and formed the thickest
oil film. According to Equation (6), the cooling performance is proportional to the contact
area between the oil and the coil. According to Equation (7), the cooling performance is
proportional to the contact capacity between the oil and the coil. The area of the oil film
was proportional to the amount of heat transferred, and the thickness of the oil film was
proportional to the heat capacity. Thus, the use of the dripping nozzle increases the heat
capacity, and this nozzle is optimal for motor cooling.

100 3

ISl o 225

6----9---°9°

50 |- 15k A

il film formation rate [%]
Oil film thickness [mm]

5 075

0 1 1 1
Dripping 45" nozzle 60° nozzle Dripping 45" nozzle 60° nozzle

(a) (b)

Figure 5. Oil film for different spray-nozzle types: (a) oil film formation rate; (b) oil film thickness.
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3.2. Effect of Inlet Diameter and Number of Inlets on Flow Field

The foregoing analysis indicated that among the nozzle types considered, the dripping
nozzle is most effective for oil injection. An experimental study was conducted to optimize
the diameter and number of inlets. The oil temperature was 60 °C, and the flow rate was
1 LPM. The oil was sprayed through the dripping nozzle. Figure 6 shows the experimental
results for the oil film formation rate. We waited until the flow field of oil reached dynamic
equilibrium and took photographs. Then, we calculated the exact area of each area using
the photograph. Through the comparison with numerical analysis, the results of oil film
formation rate obtained by calculation using photographs and the numerical results are
3% of error. First, for the same diameter, the effect of the number of inlets on the oil
film formation rate was examined. When the inlet diameter was 3.175 mm, the oil film
formation rate increased with the number of inlets. The oil inlet velocity varied with
respect to the number of inlets. When the number of inlets was 8, 6 and 4, the velocity
was 0.527, 0.351 and 0.263 m/s, respectively. A smaller number of inlets corresponded
to a higher oil inlet velocity. Consequently, the oil film did not form well. For the inlet
diameter of 6.35 mm, the most uniform oil film was formed when the number of inlets was
6. In contrast to the other conditions, the inlets were located at the left, right and middle;
thus, the oil was sprayed evenly. The oil flow rate was low (0.088 m/s); thus, there was
no oil splashing. Consequently, the oil film was formed evenly throughout the coil. When
the inlet diameter was 9.525 mm, the oil film formation rate decreased as the number of
inlets increased. The oil inlet rate was the lowest (0.029-0.059 m/s) for this diameter, with
no oil splashing. However, owing to the wide inlets, the amounts of oil injected were not
identical among the inlets. As the number of inlets increased, the amounts of oil injected
at the inlets became more unbalanced, making it difficult to form the oil film. Figure 7
shows experimental photographs taken when the oil film was well formed for each inlet
diameter. Figure 7a presents the experimental results for the inlet diameter of 3.175 mm
and 8 inlets. Oil splashing occurred on the wall because the oil velocity was 4-9 times faster
than those for the other inlet diameters. Figure 7b presents the experimental results for the
inlet diameter of 6.35 mm and 6 inlets. As shown, the oil was sprayed evenly at each inlet.
Additionally, in contrast to the other inlet-number conditions, the inlets were located at
the left, right and middle; thus, the oil was evenly sprayed throughout the coil. Figure 7c
shows the experimental results for the inlet diameter of 9.525 mm and 4 inlets. The oil inlet
velocity was the lowest for this condition; thus, there was no oil splashing. However, the
amount of oil injected was not constant, owing to the large inlet diameter. Thus, when the
inlet diameter was 6.35 mm and the number of inlets was 6, the oil film formation rate was
53%, and the oil film formation was optimal.

104

—8— 3175mm
- =& - 6350mm

D= = 9.525mm

-
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1

50 O =~ T = -A

Oil film formation rate [%]

N
h
1

Number of inlets

Figure 6. Oil film formation rate according to the number and diameter of inlets.
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(©)

Figure 7. Oil flow according to the number and diameter of inlets: (a) 3.175 mm and 8 inlets;
(b) 6.35 mm and 6 inlets; (c) 9.525 mm and 4 inlets.

3.3. The Effects of Oil Flow Rate on Flow Field

The use of six dripping nozzles with a diameter of 6.35 mm at the inlet yielded the
optimal formation of the oil film. According to the given inlet geometry, the effect of the oil
flow rate on the flow field was analyzed experimentally. The temperature of the oil was
60 °C. Figure 8 shows the experimental results for the oil film formation rate. The error of
the oil film formation rate was approximately 4.6%. The oil film formation rate was the
lowest (63%) when the oil flow rate was 2 LPM. When the oil flow rate was 4 LPM, the oil
film formation rate was 70% (7% higher than that at 2 LPM). When the oil flow rate was
6 LPM, the oil film formation rate was 75% (approximately 5% higher than that at 4 LPM),
which was the highest rate observed in the experiment. As the oil flow rate increased,
the oil film formation rate increased. However, the increase in the oil film formation rate
gradually decreased as the flow rate increased.

Figure 9 shows the flow-visualization experiment results for each oil flow rate. Figure 9a
shows the oil flow when the oil flow rate was 2 LPM. The oil inlet velocity was 0.176 m/s,
which was lower than those of the other flow-rate conditions, because the flow rate was
low. Little oil splashing occurred after the oil was sprayed onto the coil, and the oil flowed
well along the coil. Figure 9b shows the oil flow when the oil flow rate was 4 LPM. Even at
4 LPM, the oil inlet velocity was low (0.351 m/s); thus, there was almost no oil splashing.
However, because the amount of oil increased, the oil flowed downward between the coils.
This oil did not flow along the coils but was sprayed onto the lower coil to form the oil
film. Compared with the case of 2 LPM, the formation of the oil film was better, because
the flow rate was higher. Figure 9c shows the oil flow when the flow rate was 6 LPM. The
oil inlet velocity at 6 LPM was 0.527 m/s, which was three times higher than that at 2 LPM.
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As the oil flow rate increased, oil splashing occurred on the wall. Additionally, the amount
of oil that flowed downward between the coils increased. This oil formed a film on the
lower coil. As the flow rate increased, the amount of oil splashing increased; however, the
amount of oil forming the oil film also increased. Thus, the oil film formation improved
with the increase in the oil flow rate and was optimized at 6 LPM.

100
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Mass flow rate [LPM]

Figure 8. Oil film formation rate according to the mass flow rate at 60 °C.

(b)

()
Figure 9. Oil flow according to the mass flow rate at 60 °C: (a) 2 LPM; (b) 4 LPM; (c) 6 LPM.



Energies 2021, 14, 747

10 of 15

3.4. Effect of Oil Temperature on Flow Field

The viscosity of oil changes rapidly with changes in the temperature; thus, it was
important to investigate the effect of the oil temperature on the oil flow. An experiment
was conducted to examine the effect of the oil temperature on the flow field. Figure 10
shows the experimental results for the oil film formation rate at a flow rate of 6 LPM. The
error of the oil film formation rate was approximately 4%. When the oil temperature was
20 °C, the oil film formation rate was 80%. The oil film formation rate was the highest (83%)
at 40 °C. The oil film formation rate at 60 °C was 75%, which was 8% lower than that at
40 °C. The oil film formation rate was the lowest (70%) at 80 °C. The oil film formation rate
depended on the temperature. When the temperature increased beyond 40 °C, the oil film
formation rate decreased, and the reduction rate was the highest between 40 and 60 °C.

100

75| O,

Oil film formation rate [%)]
2
I

25

1 1 1 1
20 40 60 80

Temperature ['C]

Figure 10. Oil film formation rate according to the temperature at 6 LPM.

Figure 11a shows the results for an oil temperature of 20 °C. At 20 °C, the oil viscosity
was 0.0547 kg/m-s. Owing to the high viscosity, almost no oil splashed after hitting the coil.
Additionally, the oil flowed well along the coil. The oil film was formed on the outer surface
of the coil; however, the oil film was not well formed between the coils. Figure 11b shows
the results for an oil temperature of 40 °C. At 40 °C, the oil viscosity was 0.0222 kg/m:s
(approximately 2.5 times lower than that at 20 °C). However, the oil was still very viscous;
thus, little oil splashed, and the oil flowed well along the coil. Compared with the case
of 20 °C, the oil film was thinner but more uniform. Figure 11c,d show the results for oil
temperatures of 60 and 80 °C, respectively. The oil viscosities at these temperatures were
0.0113 and 0.0067 kg/ms, respectively. As the temperature increased, the viscosity of the
oil decreased, and the amount of oil that splashed after hitting the coil increased. At 80 °C,
more oil splashed compared with 60 °C, and a large amount of oil was lost. Thus, when
the oil flow rate was 6 LPM, the oil film was optimal at the oil temperature of 40 °C.

3.5. Studied Oil Injection Method

The correlation between the oil flow rate and the temperature on the oil film formation
rate was analyzed. Figure 12 shows the oil film formation rate under each oil condition.
When the oil temperature increased at the same flow rate, the oil film formation rate was
significantly affected by the viscosity of the oil. When the oil flow rate was 2 LPM, the oil
inlet velocity was low; thus, little oil splashed after hitting the coil. There was no oil
splashing even when the viscosity was reduced; thus, a higher temperature corresponded
to a higher oil film formation rate. In contrast, when the oil flow rate was >4 LPM, the
formation of the oil film was optimal at 40 °C. When the oil temperature was 20 °C, the
viscosity was high, and the oil film was thick. When the oil temperature was 40 °C, the
oil film was thinner but more uniform than that at 20 °C. When the oil temperature was
>60 °C, the oil viscosity decreased significantly; thus, the amount of oil that splashed after
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hitting the coil increased, reducing the oil film formation rate. The oil film formation rate
increased with the flow rate, regardless of the oil temperature. The viscosity of the oil at 20
and 40 °C was high; thus, even when the flow rate increased, there was no oil splashing,
and the oil film was well formed. In contrast, the viscosity at 80 °C was very low; thus,
as the flow rate increased, the oil inlet velocity increased, and the amount of splashing oil
increased. Therefore, even when the flow rate increased, the oil film formation rate did not
increase significantly. Accordingly, the formation of the oil film was optimal when the oil
temperature was 40 °C and the flow rate was 6 LPM.

Figure 11. Oil flow according to the temperature at 6 LPM: (a) 20 °C; (b) 40 °C; (c) 60 °C; (d) 80 °C.
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Figure 12. Oil film formation rate according to the temperature at each mass flow rate.

Figures 13 and 14 show the results of applying the oil-cooling method with the
optimized oil injection conditions. A dripping nozzle was used as the spray nozzle, and
the inlet diameter and number of inlets were 6.35 mm and 6, respectively. The nozzles were
located at the top of the end winding of the coil, and the crown and welded parts each had
three nozzles. At each part, the nozzles were placed at the left, right, and middle sides
of the coil. The inlet oil temperature and flow rate were 40 °C and 6 LPM, respectively.
Figure 13a shows the oil flow in the crown part. No oil splashed after hitting the coil, and
the oil flowed well along the coil. The oil flow was affected by the diagonal direction of the
coil. The oil film formation rate was 83%. Figure 13b shows the oil flow in the welded part.
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Here, the oil flowed well, without splashing. In contrast to the crown part, the welded
part had insulating paper between the coils. Because of the insulating paper, the oil film
was formed more evenly than that in the crown part. The oil film formation rate was 90%
for the welded part (7% higher than that for the crown part). Figure 14 shows the results
of the numerical analysis of the crown part, which support the results in Figure 13a and
provide details regarding the oil flow over the coil. The oil flow was similar between the
two cases; however, there was a slight difference due to the simplification of the geometry.
Figure 14a,c shows the oil flow at the right and left nozzles, respectively. The oil flowed
well along the oblique direction of the coil, without splashing. As the oil flowed downward,
it was evenly distributed on the coil. Figure 14b shows the oil flow at the middle nozzle.
The oil flowed along the coil without splashing. However, in contrast to the actual situation,
there was no empty space between the coils; thus, no oil passed through.

(b)
Figure 13. Overall oil flow at 40 °C, 6 LPM: (a) crown part; and (b) welded part.
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Figure 14. Oil flow at each nozzle: (a) right; (b) middle; (c) left.
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4. Conclusions

The oil injection method was studied to maximize the cooling performance of an
electric-vehicle motor using a hairpin winding. The Chevrolet Bolt EV motor (Chevrolet,
Detroit, MI, USA), which uses a hairpin winding, was selected as the target motor. To max-
imize the cooling performance of the motor, the oil must be evenly distributed, because
the amount of heat transfer is proportional to the contact area between the oil and the coil.
Therefore, analyses and experiments were performed to investigate the effects of various
conditions on the formation of the oil film. Finally, the geometry and conditions of the inlet
were studied for maximizing the width of the oil film.

First, a numerical analysis was conducted to compare different types of spray nozzles.
When 45° and 60° full-cone nozzles were used, the oil was sprayed widely and formed
a wide film. However, the oil film was as thin as 1 mm, because a large amount of oil
splashed after hitting the coil. A dripping nozzle formed an oil film similar to that for the
full-cone nozzles. However, the oil film had a thickness of 2.5 mm. Thus, the use of the
dripping nozzle increased the heat capacity, and this nozzle is the best type for cooling.

Subsequently, an experiment was conducted to analyze the effects of the number
of dripping nozzles and the nozzle diameter on the oil flow. A smaller inlet diameter
corresponded to a higher oil inlet velocity and a larger amount of splashed oil. With an
increase in the inlet diameter, the oil flow rates at the different inlets differed, resulting in a
non-uniform oil film. When the inlet diameter was 3.175 mm, the oil film formation rate
decreased as the number of inlets decreased. This is because the oil inlet velocity increased
when the number of inlets decreased. Consequently, the amount of oil that splashed after
hitting the coil increased. When the inlet diameter was 9.525 mm, the oil film formation
rate decreased as the number of inlets increased. This is because the inlets were wide, and
the oil flow rates differed among the inlets. Lastly, in the case of the 6.35 mm inlet diameter,
the formation of the oil film was optimal (oil film formation rate of 53%) when the number
of inlets was six.

Next, an experiment was conducted to analyze the effects of the oil temperature and
flow rate on the oil flow for the studied inlet geometry. As the flow rate increased, the
oil inlet velocity increased. Consequently, the amounts of oil that splashed and flowed
downward through the coils increased. The oil that flowed downward between the coils
was sprayed onto the lower coil to form the oil film. Thus, the formation of the oil film was
improved when the oil flow rate increased. The viscosity of the oil changed rapidly as the
temperature increased. When the oil temperature was 20 °C, the viscosity was high, and
the oil film was thick. When the oil temperature was 40 °C, the oil film was thinner but
more uniform than that at 20 °C. When the oil temperature reached >60 °C, the viscosity
of the oil decreased significantly, and the amount of oil that splashed after hitting the coil
increased. Thus, the formation of the oil film was optimal (oil film formation rate of 83%)
when the oil temperature was 40 °C and the flow rate was 6 LPM.

To form the widest oil film, the dripping nozzle was used as the spray nozzle, and
the inlet diameter and number of inlets were 6.35 mm and 6, respectively. The inlet oil
temperature and flow rate were 40 °C and 6 LPM, respectively. In an experiment, the
optimized oil injection method was applied, and the flow field and formation of the oil
film in the crown and welded parts were analyzed. In the crown part, no oil splashed
after hitting the coil, and the oil flowed well along the coil. The oil film formation rate
was 83%. The oil film was formed more evenly in the welded part than in the crown part
owing to the insulating paper between the coils. The oil film formation rate was 90% in
the welded part. Thus, we studied the oil injection method for cooling high-performance
electric-vehicle motors with hairpin windings. The results of this paper provide important
information for the development and research of high-performance electric vehicle motors.
Furthermore, we will do more research to apply the oil cooling method to a hairpin type
motor based on the results of this paper.
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