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Abstract. Stator coils of automobiles in operation generate heat and are cooled by a coolant poured from 

above. Since the behavior characteristic of the coolant poured on the coils is not clarified yet due to its 

complexity, the three-dimensional two-phase flow simulation is conducted. In this study, as a steppingstone 

to the simulation of the liquid falling on the actual coils, the coils are modelled with horizontal rectangular 

pillar arrays whose governing parameters can be easily changed. The two-phase flows are simulated using 

the lattice Boltzmann method and the phase-field model, and the effects of the governing parameters, such 

as the physical properties of the cooling liquid, the wettability, and the gap between the pillars, on the wetting 

area are investigated. The results show that the oil tends to spread across the pillars because of its high 

viscosity. Moreover, the liquid spreads quickly when the contact angle is small. In the case that the pillars 

are stacked, the wetting area of the inner pillars is larger than that of the exposed pillars. 

1 Introduction 

The electrification of automobiles is now increasing for 

CO2 reduction. The powertrains with high efficiency 

and high power density are necessary for further 

electrifications. One of the motor heat sources is the 

Joule heat of the coil. To increase the power density, 

cooling technology is important. Various cooling 

systems exist, air cooling, water cooling, and oil cooling. 

Oil is the insulating liquid and it can cool the coil 

directly. The oil cooling system enables efficient heat 

exchange because of the high heat transfer coefficient 

between the coils and the oil. To improve the cooling 

performance of the oil cooling system, it is necessary to 

maximize the contact area of the coils and the oil and to 

exhaust the warmed oil efficiently. 

 Since the actual coils inside the motor have a 

complex structure, the liquid flow mechanisms around 

the coils are not clarified yet. Moreover, the cooling 

performance is affected by the various governing 

parameters such as the wettability, the gap among the 

coils, and the physical properties of the cooling liquid. 

Therefore a numerical approach is required. 

 In this study, as a steppingstone to the simulation of 

the liquid falling on the actual coils, the coils are 

modeled with horizontal rectangular pillar arrays whose 

governing parameters can be easily changed, and the 

two-phase flows are simulated using a combination of 

the lattice Boltzmann method (LBM) and the phase-

field model (PFM) [1, 2]. Furthermore, the effects of the 

governing parameters on the wetting area are 

investigated. 

 

 

 
* Corresponding author: mkaneda@me.osakafu-u.ac.jp 

2 Governing equations 

The PFM is based on the free energy theory [3] of non-

equilibrium system. In the PFM, the liquid and gas 

phases are distinguished using the order parameter 𝜙, 

which is defined as a local liquid volume fraction. 

Therefore, 𝜙 takes values of 0 and 1 for the gas and 

liquid phases, respectively. The region where 0 < 𝜙 <
1 is a diffuse interface with finite thickness 𝑊. The time 

evolution of the order parameter is expressed by the 

conservative Allen-Cahn equation, as follows [1, 2]: 
∂𝜙

𝜕𝑡
+ 𝛁 ⋅ (𝜙𝐮) = 𝛁 ⋅ [𝑀𝜙(𝛁𝜙 − 𝜆𝐧)], (1) 

where 𝑀𝜙 is the mobility, 𝜆 = 4𝜙(1 − 𝜙)/𝑊, and 𝐧 =

𝛁𝜙/|𝛁𝜙| is the unit vector oriented normal to the liquid-

gas interface. 

 The time evolution of the velocity 𝐮  and the 

pressure 𝑝 is expressed by the Navier-Stokes equation, 

as follows: 
∂(𝜌𝐮)

𝜕𝑡
+ 𝛁 ⋅ (𝜌𝐮𝐮) = −𝛁𝑝 + 𝛁 ⋅ [𝜇(𝛁𝐮 + 𝛁𝐮T)] + 𝐅, 

 (2) 
where 𝐅  denotes the total force term, which can be 

divided into the surface tension force 𝐅s  and the 

gravitational force 𝐅g = 𝜌𝐆, as follows: 

𝐅 = 𝐅s + 𝐅g. (3) 
In this study, the following potential form is used for the 

surface tension force: 
𝐅s = 𝜇𝜙𝛁𝜙, (4) 

where 𝜇𝜙 is the chemical potential, which is defined as 

follows: 

𝜇𝜙 = 2𝛽𝜙(1 − 𝜙)(1 − 2𝜙) − 𝜅∇
2𝜙, (5) 
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where 𝛽 and 𝜅 are the physical parameters below, which 

are dependent on both the interfacial thickness 𝑊  and 

the surface tension 𝜎: 

𝛽 =
12𝜎

𝑊
, 𝜅 =

3

2
𝜎𝑊. (6) 

3 Lattice Boltzmann method (LBM) 

The conservative Allen-Cahn equation and the Navier-

Stokes equation are converted into the following lattice 

Boltzmann equations, respectively: 

𝑓𝑖(𝐱 + 𝐞𝑖𝛿𝑡 , 𝑡 + 𝛿𝑡) − 𝑓𝑖(𝐱, 𝑡)                         

                           = Ω𝑖
𝑓(𝐱, 𝑡) + 𝛿𝑡𝑅𝑖

𝑓(𝐱, 𝑡), (7) 

𝑔𝑖(𝐱 + 𝐞𝑖𝛿𝑡 , 𝑡 + 𝛿𝑡) − 𝑔𝑖(𝐱, 𝑡)                         
                           = Ω𝑖

𝑔(𝐱, 𝑡) + 𝛿𝑡𝑅𝑖
𝑔(𝐱, 𝑡), (8) 

where 𝑓𝑖  and 𝑔𝑖  are the distribution functions of the 

order parameter and the velocity, respectively. Ω𝑖
𝑓
  and 

Ω𝑖
𝑔

 are the collision operators. 𝑅𝑖
𝑓
 and 𝑅𝑖

𝑔
 are the source 

term and the force term, respectively. The subscript 𝑖 
denotes the discrete direction, 𝐞𝑖 is the discrete velocity, 

and 𝛿𝑡 is the time step. 

 In this study, the single-relaxation-time (SRT) 

model [4] and the weighted multiple-relaxation-time 

(WMRT) model [5] are used for the collision operators 

of the distribution functions 𝑓𝑖 and 𝑔𝑖, respectively. The 

collision operators are given as follows: 

𝛀𝑓 = −
1

𝜏𝑓
(𝐟 − 𝐟eq), (9) 

𝛀𝑔 = −𝐌−1𝐒𝑔𝐌(𝐠 − 𝐠eq), (10) 
where the superscript eq denotes the local equilibrium 

distribution function and 𝐌 denotes the transformation 

matrix of the WMRT model. 𝐒𝑔 is the diagonal collision 

matrix and is given as follows: 
𝐒𝑔 = diag(1,… ,1⏟  

𝑑+1

, 𝑠𝑔, … , 𝑠𝑔⏟    
(𝑑+2)(𝑑−1)

2

, 1, … ,1⏟  

𝑞−
𝑑(𝑑+3)
2

), (11)
 

where 𝑠𝑔 = 1/𝜏𝑔. 𝑑 and 𝑞 denote the dimension of the 

discrete velocity model and the number of the discrete 

directions, respectively. The relaxation times 𝜏𝑓 and 𝜏𝑔 

have the following relationships with the mobility and 

the kinematic viscosity, respectively: 

𝑀𝜙 = 𝑐s
2 (𝜏𝑓 −

1

2
) 𝛿𝑡 , (12) 

𝜈 = 𝑐s
2 (𝜏𝑔 −

1

2
) 𝛿𝑡 , (13) 

where 𝑐s denotes the speed of sound. 

 The local equilibrium distribution function 𝑓𝑖
eq

 is 

obtained as follows using the first-order term of the 

Maxwell distribution: 

𝑓𝑖
eq
= 𝑤𝑖𝜙 (1 +

𝐞𝑖 ⋅ 𝐮

𝑐s
2
) . (14) 

The local equilibrium distribution function 𝑔𝑖
eq

  is 

written as [1, 2, 6] 

𝑔𝑖
eq
= {

𝑝

𝑐s
2
(𝑤𝑖 − 1) + 𝜌𝑠𝑖(𝐮),    (𝑖 = 0),

𝑝

𝑐s
2
𝑤𝑖 + 𝜌𝑠𝑖(𝐮),                (𝑖 ≠ 0),

(15) 

where 𝑤𝑖  is the weight coefficient and 𝑖 = 0  is the 

discrete direction in which 𝐞𝑖 = 𝟎 . 𝑠𝑖  is the following 

function: 

𝑠𝑖(𝐮) = 𝑤𝑖 [
𝐞𝑖 ⋅ 𝐮

𝑐s
2
+
(𝐞𝑖 ⋅ 𝐮)

2

2𝑐s
4

−
𝐮 ⋅ 𝐮

2𝑐s
2
] . (16) 

The source term 𝑅𝑖
𝑓
 and the force term 𝑅𝑖

𝑔
 are requied 

to recover the governing equations from the LBMs and 

are expressed as follows [7]: 

𝐑𝑓 = (1 −
1

2𝜏𝑓
) �̅�𝑓, (17) 

𝐑𝑔 = 𝐌−1 (𝐈 −
𝐒𝑔

2
)𝐌�̅�𝑔, (18) 

where 

�̅�𝑖
𝑓
= 𝑤𝑖𝐞𝑖 ⋅ [

𝜕𝑡(𝜙𝐮)

𝑐s
2

+ 𝜆𝐧] , (19) 

�̅�𝑖
𝑔
= 𝑤𝑖

𝐞𝑖 ⋅ 𝐅 + (𝐞𝑖 ⋅ 𝐮)(𝐞𝑖 ⋅ 𝛁𝜌)

𝑐s
2

. (20) 

In this study, the time derivative term in Eq. (19) is 

computed using the following explicit Euler scheme: 

𝜕𝑡(𝜙𝐮) =
𝜙(𝑡)𝐮(𝑡) − 𝜙(𝑡 − 𝛿𝑡)𝐮(𝑡 − 𝛿𝑡)

𝛿𝑡
. (21) 

The macroscopic variables, comprising the order 

parameter, the velocity, and the pressure, are computed 

using the zeroth or first moments of the distribution 

functions as follows: 

𝜙 =∑𝑓𝑖
𝑖

, (22) 

𝐮 =
1

𝜌
(∑𝐞𝑖𝑔𝑖

𝑖

+
𝛿𝑡
2
𝐅) , (23) 

𝑝 =
𝑐s
2

1 − 𝑤0
[∑𝑔𝑖
𝑖≠0

+ 𝜌𝑠0(𝐮) +
𝛿𝑡
2
𝐮 ⋅ 𝛁𝜌] . (24) 

Furthermore, the density and the kinematic viscosity are 

interpolated using the order parameter as follows: 
𝜌 = 𝜙𝜌l + (1 − 𝜙)𝜌g, (25) 
𝜈 = 𝜙𝜈l + (1 − 𝜙)𝜈g, (26) 

where the subscript l and g denote the liquid and gas 

phases, respectively. 

 In this study, the D3Q27 discrete velocity model [8] 

is used for the distribution functions. 

4 Simplified model of coils 

In this study, the actual coils inside the motor are 

modeled with the horizontal rectangular pillar arrays 

shown in Fig. 1. The gaps between the pillars are set to 

1 mm. The inlet of the liquid is located at the center of 

the +z boundary. The inlet is a circle with a diameter of 

about 3 mm, and the flow rate is set to 0.5 L/min. 

 

 

Fig. 1. Schematic drawing of the single-layered simplified 

model. 
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5 Results and discussion 

5.1 Single-layered model 

The firstly-investigated schematic model of single-

layered model is shown in Fig. 1. The effects of the 

physical properties of the falling liquid, the wettability, 

and the gaps between the pillars on the wetting area on 

the pillars are discussed here. 

5.1.1 Effect of the falling liquid 

The cases of different liquid are simulated. The 

presumed liquids are the water and the oil. In this study, 

the gas phase is set to the air. The computational 

parameters are shown in Table 1. 𝑊𝑒 = 𝜌l𝐷𝑈
2/𝜎 is the 

Weber number, 𝑂ℎ = 𝜇l/√𝜌l𝜎𝐷  is the Ohnesorge 

number, and 𝐵𝑜 = (𝜌l − 𝜌g)|𝐆|𝐷
2/𝜎  is the Bond 

number, where 𝐷 and 𝑈 denote the inlet diameter and 

the inlet velocity, respectively. In these simulations, the 

contact angle is set to 𝜃 = 90∘ . Figure 2 shows the 

snapshots of the water and oil falling on the simplified 

model. It is confirmed that the water spreads along the 

center pillar instead of flowing across the gaps. On the 

other hand, the oil steps over the gaps and spreads while 

retaining the elliptical shape. These are because the high 

viscosity of the oil suppresses the spreading along the 

pillar, and the dammed oil flows across the pillars. This 

result indicates that, in terms of wetting, the oil is 

superior to the water for cooling the coils. 

Table 1. Computational parameters. 

Liquid 𝜌l/𝜌g 𝜇l/𝜇g 𝑊𝑒 𝑂ℎ 𝐵𝑜 

Water 828 55.5 70.4 2.22×10-3 1.05 

Oil 705 2360 121 1.47×10-1 1.81 

 

 
(a) Water. (b) Oil. 

Fig. 2. Snapshots of the water and oil falling on the simplified 

model. 

5.1.2 Effect of the wettability 

In this section, the simulations are performed by 

changing the contact angle to 𝜃 = 30∘, 60∘  from the 

simulation of the oil in the previous section. Moreover, 

for validation, the numerical results are compared with 

the experimental one. Figures 3 and 4 show the 

numerical and experimental results of the oil spreading 

on the simplified model, respectively. In the experiment, 

the contact angle is less than 30∘. These figures show 

that the wetting area of the numerical result with 𝜃 =
30∘ has an elliptical shape, and qualitatively agrees with 

the experimental one. Figure 5 shows the transition of 

the wetting area for each contact angles, where 𝑆wet and 

𝑆pillar  denote the wetting area of the pillars and the 

cross-sectional area of the pillar. From Fig. 5, it is 

confirmed that the oil falling on the lyophilic pillars 

spreads across the pillars at an early stage. 
 

 
(a) 𝜃 = 30∘. 

 

 
(b) 𝜃 = 60∘. 

 

 
(c) 𝜃 = 90∘. 

Fig. 3. Numerical results of the oil spreading on the simplified 

model. 

 

 

Fig. 4. Experimental result of the oil spreading on the 

simplified model. 

 

 

Fig. 5. Transition of the wetting area for each contact angle. 
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5.1.3 Effect of the gaps between the pillars 

In this section, the simulation is performed by changing 

the gaps of the pillars to 2 mm and the contact angle to 

𝜃 = 30∘  from the simulation of the oil in the first 

section. Figure 6 shows the snapshots of the oil falling 

on the simplified model with the gaps of 2 mm between 

the pillars. It is confirmed that the most oil falls from the 

pillars and does not step over the gaps. Figure 7 shows 

the transition of the wetting area for each gap. It is 

confirmed that the wetting area of the pillars whose gaps 

are 2 mm achieves a steady state at an early stage, and 

there is a large difference in the wetting area compared 

with the pillars whose gaps are 1 mm. 

 

Fig. 6. Snapshots of the oil falling on the simplified model 

with the gaps of 2 mm between the pillars. 

 

 

Fig. 7. Transition of the wetting area for each gap. 

5.2 Multi-layered model 

The real-use of the stator has layered coil arrays which 

is presumed in the simulation as shown in Fig. 8. In this 

model, four single-layered models are stacked, and the 

second and fourth layers are rotated 45∘  around the 

central axis normal to the layers. The size of the cross-

section of each pillar is (x, z) = (5 mm, 3 mm) and its 

corners are rounded with a radius of 0.3 mm. The gaps 

among the pillars are set to 1 mm. In this simulation, the 

contact angle is set to 𝜃 = 30∘ . Figure 9 shows the 

snapshots of the oil falling on the multi-layered 

simplified model. From this figure, it is confirmed that 

the oil infiltrates deeply into the pillars. Figure 10 shows 

the transition of the wetting area of each layer. It is 

confirmed that the oil infiltrates into the lower layer as 

time proceeds. Moreover, the wetting area of the second 

layer eventually becomes larger than that of the first 

layer. This is because, as shown in Fig. 11, the capillary 

force acts on both the bottom of the first layer and the 

top of the second layer in the gap between the first and 

second layers, while the wetting force acts only on the 

top of the first layer on the exposed layers. 

 

Fig. 8. Schematic drawing of the multi-layered simplified 

model. 

 

 

 

 

Fig. 9. Snapshots of the oil falling on the multi-layered 

simplified model. 

 

 

Fig. 10. Transition of the wetting area of each layer. 

E3S Web of Conferences 321, 01014 (2021)
ICCHMT 2021

https://doi.org/10.1051/e3sconf/202132101014

4



 

Fig. 11. Schematic drawing of the wetting force acts on the 

pillar surfaces. 

6 Conclusions 

The liquids falling on the simplified model of the coils 

are simulated by the lattice Boltzmann method and the 

phase-field model, and the effects of the governing 

parameters on the wetting area. It is confirmed that, 

because of its high viscosity, the oil tends to spread 

across the pillars. Moreover, the liquid spreads quickly 

when the contact angle is small. In the case of the multi-

layered simplified model, the wetting area of the inner 

pillars is larger than that of the exposed pillars. 
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