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ARTICLE INFO ABSTRACT

Keywords:
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To achieve a carbon-neutral sustainable future, the transportation sector is experiencing quick
electrification, as more and more vehicles are driven by electric motors. Electric motors are
designing more and more powerful and thus pose a great increasing challenge for thermal
management. In this paper, an innovative experimental study on oil spray for end winding
thermal management were presented. The experimental results indicated that the oil spray

Thermal management cooling significantly decrease the temperature of the winding. With higher oil temperature and

flow rate, better cooling performance and better temperature uniformity were achieved both for
teeth and slot winding. Meanwhile, a heat transfer performance prediction model based on a fully
connected artificial neural network (ANN) was developed to correlate oil spray. The model used
Reynolds number and Prandtl number as inputs, and the number of neurons in hidden layer was
optimized to 8. The model accurately predicts the heat transfer performance of oil spray with a
correlation coefficient of 0.93. The paper is expected to be a good reference for the oil spray
engineering application in e-motor cooling.

Nomenclature

A area (mz)

a thermal diffusivity (m?/s)
b bias

D variance

E identity matrix

e error

f function

H Hessian matrix

h heat transfer coefficient (W/m2eK 1)
J Jacobian matrix

MSE mean square error

Nu Nusselt number

Pr Prandtl number
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Ap pressure drop (Pa)

Q heating power (W)

Re Reynolds number

r correlation coefficient

T temperature (°C)

\% velocity (m/s)

X input

y output

Greek symbols

A thermal conductivity(W/(meK))
v kinematic viscosity (mz/s)
w weight

p density (kg/m3)

subscript

ew end winding

exp experiment

min minimum

max maximum

0 oil

pre prediction

1. Introduction

With increasing concerns about climate change, more and more governments, international organizations, companies have
released their commitments to achieve the carbon neutrality by around the middle of this century [1-3]. Against this background, the
transportation sector is experiencing rapid electrification worldwide to cut off the consumption of fuels and oils [4,5]. More and more
vehicles will be driven by electric motors. It is predicted that by 2030, 30% of the new sale cars will be electric cars [6]. To make
electric cars more competitive, the motor is designing more and more powerful, with higher torque, higher speed and higher power
density. As a result, it poses a great challenge to thermal management [7-9]. Generally, a motor is a very complex thermal network
system. There are distributed heat sources in a quite compact space, and the heat losses include copper loss, iron loss, magnet loss,
mechanical loss and stray loss due to different physical mechanisms. Furthermore, there are copper, carbon steel and resin used for
motor components, whose optimal working temperature and safety temperature limits are also different [9,10]. Elaborate thermal
management technics involving heat conduction, convection and even radiation heat transfer are needed to redistribute the heat and
meet the cooling requirements. The failure of motor thermal management will cause lots of issues, including the ageing of the winding
insulation, a shorter expectancy, a lower efficiency electric short circuit and even burnout of the motor [11,12]. For popular
permanent-magnet motors in electric cars, the magnets with rare-earth metals in the rotor will also suffer from irreversible demag-
netization caused by high temperature [13].

Currently, although air [14-16] and water jacket cooling [17-20] are also widely used for thermal management of motors, they
can’t satisfy severe requirements of higher heat flux of motors in the coming future, due to the poor thermal conductivities of the
lamination and insulation materials. Most heat generates in the winding by the Joule effect. From this point of view, cooling methods
that directly target the winding will surely dissipate the heat efficiently. Recent advanced cooling methods are based on this concept
and novel research have been conducted. As the winding in the slot, Lindh et al. [21] combined cooling tubes with the slot winding and
tested its performance with three real drive cycles. It was reported that the maximum temperature of the winding was only 77 °C, well
below the safety temperature limit of the motor components. Liu et al. [22] compared the performance of water jacket cooling and
direct winding cooling. It was concluded that with the winding cooling, the thermal resistance was reduced by 80% as well as the
continuous torque output tripled. Reinap et al. [23] reported the current density of the slot winding doubled with oil direct cooling,
comparing with air convection cooling. Xu et al. [24] also confirmed the important role of cooling tubes inside of the slot with the
winding, along with the suggestion that evenly distribution of the tubes benefited the cooling performance. Direct cooling for the end
winding is another prospective method for thermal management considering more space is available. Li et al. [25] investigated the end
winding oil cooling under stagnant and flowing states by separating the rotor and stator through a well-sealed glass fiber sleeve. It was
found that the temperature of the end winding was reduced by 43.6 °C compared with the cooling with water jacket only when two
ends of end winding are immersed by still oil. Madonna et al. [26,27] introduced a noninvasive cooling pipe network for thermal
management of end winding. The cooling pipe was directly placed onto the end winding surface to dissipate the heat. It was presented
that with the end winding cooling, a 25% reduction of end winding temperature was achieved. The spray cooling, especially, is also
under critical consideration apart from convection cooling. Liu et al. [28] conducted an experimental investigation on end winding
cooling by oil spray. It was suggested that with oil spray, the current density and motor output almost doubled. The influence of the
spray parameters and nozzle configuration was also discussed. Li et al. [29] compared the cooling of the water jacket and oil spray
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cooling. It was found that with the hybrid cooling method, the temperature of the motor was well decreased by 40%-50%, as well as
the response time reduced by 30%-60%. Guechi et al. [30] developed a CFD model to analyze the prospect of spray cooling for the end
winding. The results also highlighted the advantages of spray cooling. Generally, the research with respect to two nominate winding
configurations (random and hairpin windings), middle-to-high heat flux regime against the convection heat transfer cooling has been
reported.

Despite the spray cooling has a very good prospect for thermal management of motors as indicated, the heat transfer characteristics
and thermal modeling has not been fully investigated. How to maximize oil spray cooling and optimize heat transfer performance are
still need more comprehensive studies. To further understand the heat transfer characteristics of oil spray cooling and the related
optimization, in this work, an innovative experimental study for the oil spray cooling on end winding were presented. The influence of
operational parameters of the oil spray was discussed, followed by a fully-connected ANN model to correlate the heat transfer of oil
spray, targeting to the optimization of motor thermal management with end winding spray cooling.

2. Experiment

2.1. Experimental rig

To investigate the performance of oil spray cooling, a test rig was developed as shown in Fig. 1. The experimental rig consisted of a
stator module, a heating module, a cooling module and a data acquisition module. Considering the symmetric characteristics of the
stator, only 1/3 of the stator was made. The geometric dimensions of the stator section are presented in Table 1. A programmable DC
power supply was used to heat the winding, whose electric resistance was 5.5 Q. The heating power was recorded by a power supply.
The cooling oil from the oil chiller with a temperature-control accuracy of 0.1 °C was pressurized by a gearbox pump. For each side of
the end winding, there are two spray nozzles. The distance between the end winding and nozzle outlet was set at 70 mm.

The flow rate of the oil was measured by an electromagnetic flowmeter with an accuracy of 0.1 L/min. The pressure and tem-
perature of the oil were further collected at inlets of the nozzles. Meanwhile, the temperatures of the yoke, teeth, slot winding, and end
winding were also recorded by a series of T-type thermocouples. To identify the temperature gradients of the slot winding and teeth,
there were five thermocouples evenly distributed in the axial direction. The accuracy of the thermal couples was calibrated to be +0.2
K. The temperature and pressure data were recorded by the Agilent 34970A, whose accuracy was 62,

The nozzles used were full-cone nozzles with S-shape internal vanes. The inner diameter of passage and spray angle at 3 bar were
0.94 mm and 51°, respectively. There were two nozzles at each end of end winding, as shown in Fig. 1.

The essential thermodynamic properties of the oil tested in the experiment are given in Table 2. The investigated ranges of heating
power, oil temperature, oil flow rate and pressure were (60-780) W, (40-58) °C, (1.8-3) L/min and (1-3) bar, respectively.

2.2. Data reduce

To identify the performance of oil spray cooling for the end winding, temperatures of stator regime and parameters of oil were
collected as mentioned before. Due to the configuration of cooling, the highest temperatures of teeth and slot winding are in the
middle. Therefore, the temperature gradients of the winding and teeth are very important indexes, and are given by,

pump Power supply

VII.

flow meter

V3

oil chiller 0000

V4 V2

¢ e

:" Stator b “:

- nozzle 1
Agilent P — <<
(o)e pump i £ =

~ ".' enclosure £

Slot winding wé &) @ @5 &):b cé é é &) é:d

Fig. 1. The schematic diagram of the test rig.
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Table 1

The dimensions of the tested stator section.
Parameters Values
length of the motor 93 mm
number of teeth 6
width of teeth (average) 11.98 mm
diameter of the teeth 179.2 mm
diameter of stator 216.7 mm
diameter of teeth root 134.7 mm
winding diameter 0.9 mm

~0.5

filling ratio of slot

Table 2
The thermodynamic properties of the oil.

Ref. temperature Thermal conductivity (W/(me K))

Viscosity (mz/s)

Density (kg/m>)

Heat capacity (kJ/kge K)

50 °C 0.135 1.55 x 107° 823.9 2.00
dT,,=Ts — T, @
dl;,=Ts — Ts 2
The heat transfer performance of the oil is correlated by,
Nu=f(Re, Pr) 3)

where Nu, Re and Pr are Nusselt number, Reynolds number and Prandtl number and calculated by the following equations,
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Fig. 2. The influence of oil flow rate on temperature and temperature gradient of slot winding with different oil temperatures (a) 40 °C; (b) 58 °C.
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v
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a
The heat transfer coefficient of the oil is correlated by,
QW
hy=—2
¢ Aew(Tew - Tm’l) (7)

The characteristic temperature to evaluate the thermodynamic properties of oil is the average temperature of end winding and oil.
The velocity of the oil at the outlet of the nozzle is calculated by Ref. [31],

2p 120

V=,V + ®)
P pdxn

In the calculation, the influence of surface tension term and the inlet velocity are neglected, as their contribution is very minor. The
uncertainties of the temperature difference and heat transfer coefficient are calculated by,

by =1/ () on) ©

i=1 !

In this experiment, the maximum uncertainty of heat transfer coefficient was 6.25%.
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Fig. 3. The influence of oil flow rate on teeth and temperature gradient of teeth with different oil temperatures (a) 40 °C; (b) 58 °C.
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3. Experimental results and discussions

3.1. The influence of oil flow rate

With the experimental rig above-mentioned, the influence of oil spray operational parameters was studied. Fig. 2 shows the
temperature and temperature gradient of slot winding when the oil temperatures were 40 °C and 58 °C, respectively.

With the increase of the heating power, the temperature of the slot winding increased. With a higher oil flow rate, the temperature
of the slot winding was lower than those of lower flow rates. When the heating power and oil temperature were 720 W and 40 °C, the
temperature of the slot winding with 3.0 L/min was lower by 11.86 °C and 7.24 °C compared with those of 1.8 L/min and 2.4 L/min,
respectively. It is because with a higher flow rate, more oil is pumped to the surface of end winding, thus the end winding is well
covered and wetted by the oil. As a result, more heat is dissipated by the oil due to its larger heat capacity. Nevertheless, the advantage
of a higher flow rate is not too obvious with relative lower heating power, as a low flow rate of oil is enough to dissipate the heat in this
scenario. There is an apparent temperature gradient in the slot winding, as shown in Fig. 2. At oil temperature of 40 °C, with the
increase of the oil flow rate, the temperature gradient of slot winding generally decreased. When the heating power and oil tem-
perature were 600 W and 40 °C, the temperature gradient of the slot winding with 3.0 L/min was lower by 7.62 °C and 1.92 °C than
those with 1.8 L/min and 2.4 L/min, respectively. However, the influence of oil flow rate on temperature gradient is not obvious with
oil temperature of 58 °C. It also results from excellent heat-dissipation ability of higher oil flow rate.

The influence of oil flow rate on teeth temperature and teeth temperature gradient with oil temperature of 40 °C and 58 °C is
presented in Fig. 3. Like slot winding, the temperature of the teeth also increased with the heating power. When the heating power was
relatively lower, the influence of oil flow rate was not obvious. As for higher heating power, the temperature of the teeth was lower at a
higher flow rate. While oil temperature and heating power were 58 °C and 660 W, the temperature of the teeth was 13.42°Cand 6.3 °C
lower than those with 1.8 L/min and 2.4 L/min, respectively. The temperature gradient of the teeth is smaller than that of slot winding.
The oil flow rate posed no obvious influence on the temperature gradient of the teeth.

3.2. The influence of oil temperature

The temperature of oil also has a great influence on the performance of spray cooling. The hydrodynamic and thermodynamic
properties of oil, which directly affect the heat transfer, are highly dependent on temperature. Fig. 4 shows the influence of oil
temperature on the temperature and temperature gradient of slot winding with different oil flow rates, oil temperatures and heating
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o 7'=48°C, F1=1.8 L/min a ' 20+ © 7.=48°C, FL=1.8L/min g
120, 7=58°C, FL=1.8 L/min A .8 1 4 T =58°C, FL=1.8 L/min L .
L]
. 0 ¢ 15} 1 LI
—~ . o [ 8 3
g) A ° - U - ° L]
T 9 a - . . - . “ -
5 a 8 5 10f . . a R
= . ' < o s . 4
a H
L] L] L]
6op 4 o * . 5r . i 1
.
: : A A .
1 1 1 1 1 0 A 1 1 1 L 1
0 150 300 450 600 750 0 150 300 450 600 750
Heating power (W) heating power
(a)
T T T T T 25 T T T T T
A
120F = 7=40°C, F1=3.0 L/min T « 7'=40°C, F1=3.0 Limin
AT . .
. 10:48 C, FFL=3.0 L/min 2 : : 20F e 7.=48°C, F1=3.0 1 il i
- o s A
100k 4 1,758°C,F1=3.0 L/min R . i A 7'=58°C, FL=3.0 L/min
A °
~ ¢ o 2 15 ]
¥ sol S ] S A
et L] = . -
g 4 ] 2 ° 4“4, n
= $ . § 101 o . 1
60F . . . * ) .
L]
L]
St ° . 1
L] '] a
40 . |
N
1 1 1 1 1 0 A 1 1 1 1 L
0 150 300 450 600 750 0 150 300 450 600 750
Heating power (W) Heating power (W)

(b)

Fig. 4. The influence of oil temperature on temperature and temperature gradient of slot winding with different oil flow rates (a) 1.8 L/min; (b) 3.0 L/min.
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powers. As can be seen, the temperature of slot winding increased with the heating power and oil temperature, while the temperature
gradient increase first and then became flat. With the increase of oil temperature, the temperature gradient of slot winding decreased
when the flow rate was 1.8 L/min at the heating power of 600 W, the temperature gradients were 17 K, 14 K and 11.8 K when the oil
temperatures were 40 °C, 48 °C and 58 °C, respectively. Nevertheless, the temperature gradient was not sensitive to oil temperature
when the flow rate was 3.0 L/min, which was caused by the excellent heat transfer ability of higher flow rate.

Fig. 5 presents the influence of oil temperature on teeth temperature and temperature gradient with different cooling conditions.
The teeth temperature gradient firstly increased with heating power and the curve became flat. The temperature gradient of teeth was
smaller than that of slot winding. The maximum temperature gradient within the testing range was 6.36 K when the oil temperature,
oil flow rate and heating power were 48 °C, 1.8 L/min and 720 W, respectively. When the oil flow rate was 1.8 L/min, higher oil
temperature generally achieved an even temperature distribution for the teeth. While the difference was not obvious with a flow rate of
3.0 L/min. For a smaller flow rate, the oil fluidity is very important, while the influence is not so greater with a higher oil flow rate.
Thus, higher temperature of the oil is favorable because of lower viscosity.

3.3. Artificial neural network model for heat transfer coefficient

To precisely predict the heat transfer performance of oil spray, an artificial neural network (ANN) model was developed. In the ANN
model, one hidden layer was used, and all neurons were connected, as shown in Fig. 6. The ANN model used Prandtl number and
Reynolds number as inputs, and Nusselt number as output. All the data set were divided into three groups, and 70%, 15% and 15% of
them were used as training, validation, and testing, respectively. In the proposed ANN model, the outputs of nodes are calculated by all
its inputs along with their weights and biases, and given by,

y :f(i o 'x"' +b) (10)
j=1

Therefore, the overall output of the proposed ANN model presented in Fig. 6 is given by Refs. [33,34],
Yore =F[0*(F(W'X" 4+ b) 4+ b7] an

For all input data, the following function was used to pre-processes the input data,
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Fig. 5. The influence of oil temperature on temperature and temperature gradient of teeth with different oil flow rates (a) 1.8 L/min; (b) 3.0 L/min.
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Hidden layer Output layer

Fig. 6. The structure of ANN model.

y:M(Xfxmin) + Ymin (12)
Xmax — Xmin
Due to its great adaptation and flexibility in non-linear ANN model, the Levenberg-Marquardt algorithm [32] was used to update
the weights and biases of the ANN neurons. The Hessian matrix was approximated as,

H~J' (13)

in which J is the Jacobian matrix, and presented by,

de; de; de,
opi dpr T ops
J=(: b)) (14)
de,, Jde, de,,
opi o op,

To make sure the approximated Hessian matrix is invertible, it was further revised as,

H =JT]+E (15)
Therefore, the update rule of Levenberg-Marquardt algorithm was given by Ref. [35],

Pivt =px — H' = 1Jye; (16)

For hidden layer, a sigmoid function was used as the activate function,

2
=1 aa7)
The cost function of the ANN model is defined by the following equation,
1 & 2
e= ) (18)

_5[

1

To determine the neuron number of the hidden layer, a trial-and-error method was applied, and the result is shown in Fig. 7(a).
When the neuron number was 8, the ANN model achieved a good balance between accuracy and complexity. Therefore, the structure
of the ANN model proposed had 2 nodes, 8 nodes and 1 node in the input layer, hidden layer and output layer, respectively. The
performance of ANN model is commonly evaluated by mean square error (MSE) and correlation coefficient. They are defined by,

!
e Yew) Ypre = Yeup) (19)
S - Dy — )
o e (20)
D(x)y/D(y)

The performance of the ANN model is shown in Fig. 7 (b). The predicted Nusselt number coincided well with experimental data
generally. The MSE and correlation coefficient of the model were 7.28 and 0.93, respectively. The optimized weights and biases are
presented in Table 3.

4. Conclusion

In this paper, an innovative experimental study on the cooling performance of oil spray for end winding was conducted to address
the challenge of higher heat flux of electric motors. Based on the experimental rig built, the influence of oil flow rate and oil tem-
perature were studied. It was shown that with higher oil temperature and larger oil flow rate, lower temperatures of winding and teeth
were achieved, as well as smaller temperature gradients in them. To correlate the experimental data, a fully-connected feedforward
ANN model was further developed to predict the heat transfer performance of oil spray on end winding. There were 2 nodes, 8 nodes
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Fig. 7. ANN model for heat transfer performance (a) hidden layer neuron number optimization; (b) prediction performance of ANN model.

Table 3
Optimal weights and biases of ANN model.
Node Hidden layer Hidden layer bias Output layer weight Output layer bias
Re Pr
1 1.9867 2.2583 —1.3510 —1.3543 —0.6689
2 —4.0809 0.2674 2.5835 6.3306
3 5.0819 1.2304 —2.0409 6.4656
4 0.2467 1.6672 —1.4096 1.8991
5 0.8209 22.661 11.7817 —3.4115
6 0.0586 —17.700 —9.1988 —-3.1278
7 5.8845 —1.8555 6.6334 0.5460
8 1.7607 13.917 —9.7906 -0.2917

and 1 node in input layer, hidden layer and output layer, respectively. The predicted results of the model coincided with experimental
data very well with the MSE and correlation coefficient of 7.28 and 0.93, respectively. The optimized biases and weights were given for
future designs and applications.

Despite the current research is expected to be a good reference for the future research, more studies regarding wider operating
conditions, various end winding configurations, different types of motors as well as fundamental revealing on spray heat transfer
characteristics, will surely benefit both the industrial applications and scientific exploration.
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