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Churning loss characteristics of a wet three-phase high-speed 
reluctance motor
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Abstract: With the increasing requirements of electro-hydrostatic actuators (EHAs) for power, volume, and pressure, there is a 
growing tendency in the industry to combine the motor and pump to form a so-called ‘motor pump’  to improve the integration. 
In this paper, a novel structure for a wet three-phase high-speed reluctance motor pump is proposed, which can further improve 
integration by removing the dynamic seal on the pump shaft, thereby avoiding the problems of dynamic seal wear and oil 
leakage and improving heat dissipation under high-speed working conditions. However, after the motor is wetted, the churning 
loss caused by immersion of the rotor in the oil causes additional fluid resistance torque. Based on fundamental fluid mechanics, 
an analytical model of the churning torque of a wet motor was established. To verify the accuracy of the analytical model, a 
simulation model of churning loss was established based on computational fluid dynamics (CFD), and the churning torque and 
flow field state were analyzed. Finally, an experimental prototype was designed and manufactured, and a test bench for churning 
loss was built. The oil churning torque was measured at different speeds and temperatures. The results from the analytical, 
simulation, and experimental models agreed well. The experimental results validated the analytical model and CFD simulation. 
This research provides a practical method for calculating the churning loss and serves as guidance for future optimization of 
churning loss reduction.
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1 Introduction 

Electro-hydrostatic actuators (EHAs) are highly 
integrated hydraulic systems composed of motors, hy‐
draulic pumps, tanks, cylinders, test elements, and other 
components (Ge et al., 2021). As early as the 1960s, 
American aviation scholars proposed that EHAs have 
outstanding advantages in integration and power-to-
weight ratio (Wang et al., 2020; Ge et al., 2021; Lei 
et al., 2021), which help to meet the requirements of 
military aircraft for high speed, high mobility, and 
high energy efficiency. They overcome the shortcom‐
ings of traditional centralized hydraulic systems and 
thus play a key role in the performance of such systems 
(Jensen et al., 2021). EHA technology has not been 
limited to the aerospace field (Chao et al., 2019; Jiao 

et al., 2022), but has been widely used in mechanical 
engineering, intelligent robotics, and other fields (Song 
et al., 2019; Kittisares et al., 2022; Zhu et al., 2022).

As a crucial part of an EHA, the hydraulic pump 
greatly influences its performance. Recently, to improve 
the integration of EHAs and to broaden their applica‐
tion field, the industry proposed a so-called ‘motor 
pump’ with a high degree of integration of the motor 
and hydraulic pump (Zhu BH et al., 2018), which has 
obvious advantages over its traditional counterparts.

Earlier motor pumps used a ‘three-section’ struc‐
ture, i.e., motor, coupling, and pump (Cai, 2018). Since 
the moving components of the pump are immersed in 
oil, a rotating dynamic seal is required on the coupling 
between the motor and the pump to isolate the pump 
cavity from the rotor cavity of the motor. The seal pre‐
vents pressurized oil from entering the motor, which 
could potentially damage the excitation coil. However, 
such a rotating dynamic seal is liable to fail under high-
speed conditions, resulting in oil leakage in the pump 
casing, seriously affecting the reliability of the motor 
pump operation. Therefore, an electric motor with a wet 
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structure was developed (Jin et al., 2021). The wet 
motor allows oil to enter the rotor cavity through a spe‐
cial oil pressure-resistant design. This eliminates the 
need for the rotating dynamic seal on the pump shaft 
and thus has better reliability than a dry motor. There‐
fore, the structure of wet motors has been the focus of 
recent research in the industry.

Claar and Hodges (1998) developed an integrated 
motor pump (IMP) by connecting the motor and hydrau‐
lic pump axially, thereby reducing leakage and noise. 
The oil wets the stator and rotor of the motor, remov‐
ing the heat generated inside the motor and enhancing 
heat dissipation. SAUER BIBUS (1999) designed a vari‐
able motor pump combining an asynchronous motor 
and a variable axial piston pump. The piston pump 
cylinder is assembled directly inside the motor rotor, 
thus reducing the axial size of the motor pump and 
further improving the integration of the motor pump. 
This also eliminated the need for a dynamic seal on the 
shaft to realize a motor pump without external leak‐
age, and reduced noise and pressure pulsation. Ji et al. 
(2010, 2014) integrated a vane pump with an asyn‐
chronous motor and investigated the electromagnetic 
field, temperature field, flow field, and other aspects 
of the motor pump. Compared with the conventional 
structure, the axial size of this motor pump was reduced 
by about 61% and the volume by about 50%. Zhang 
et al. (2008) and Gao et al. (2010) conducted exten‐
sive research on axial piston hydraulic motor pumps. 
They simulated the internal flow field and the electro‐
magnetic field of the motor pump to provide a refer‐
ence for the design of the motor pump. Fu et al. (2017) 
integrated an axial piston pump with a three-phase 
asynchronous motor to form a so-called ‘motor pump’. 
The efficiency and loss issues were analyzed and veri‐
fied via simulation.

Based on research on the oil-immersed structure 
of motor pumps, the use of enameled wires is a simple 
and convenient method to isolate the impact of oil on 
the coil. However, in most cases where the motor pump 
is immersed in oil, the use of enameled wires alone 
can lead to severe leakage hazards and poor safety 
when wear occurs. Furthermore, because the motor 
pump in this study was designed for use in high-speed 
hydraulic aviation pumps at a speed of approximately 
10000 r/min, the flow field is more agitated. Thus, 
the friction between the oil and the enameled wire is 
intensified, increasing the likelihood of damage to the 

enameled wire. To overcome this problem, we pro‐
pose a high-pressure-resistant structure for a wet three-
phase high-speed reluctance motor pump, which uses 
the static sealing structure of an O-ring to isolate the coil 
from the oil. Compared with previous structures, the 
new structure is simple, reliable, and easy to implement.

After a motor is wetted, the original air gap of the 
motor is filled with oil to form a so-called ‘oil gap’. 
This leads to churning loss caused by the oil (Li et al., 
2020), resulting in a reduction of the whole motor effi‐
ciency. Therefore, it is necessary to investigate the 
churning loss to provide a basis for subsequent struc‐
ture optimization to reduce its effects. Oil churning loss 
has often been analyzed in studies of high-speed axial 
aviation piston pumps. Zhang (2022) studied an oil-
immersed axial piston motor pump and established 
analytical models for oil friction loss, leakage loss, elec‐
tromagnetic heat generation loss, and mechanical fric‐
tion loss. An analytical model of the churning loss of 
an oil-immersed motor was established by converting 
the wind friction loss equation into the oil-liquid fric‐
tion loss equation and simplifying the stator and rotor 
as cylinders. Li et al. (2014) analyzed various mechani‐
cal losses of axial piston electro-hydraulic pumps, estab‐
lished a model for calculating mechanical efficiency, 
and presented the curves of oil gap losses between the 
stator and rotor with respect to speed, pressure, and 
temperature. Wang et al. (2022) designed an oil-filled 
motor that can be used at full-ocean depths and inves‐
tigated the friction losses caused by the rotation and 
properties of the oil. When the motor is wetted, the 
outer wall of the rotor and the inner wall of the stator 
form inner and outer walls, respectively, which are sim‐
ilar to annular oil gaps. The presence of tooth grooves 
on the wall makes the fluid flow in an annular air gap 
extremely complex, and the Taylor-Couette flow ulti‐
mately occurs (Taylor, 1923). Lee and Minkowycz 
(1989) studied the flow in an annular air gap when 
the cylinder was grooved axially. The results indicated 
that the pressure drop in the Taylor-Couette flow gen‐
erated by the axial groove design was greater than that 
in the smooth flow between the inner and outer cylin‐
ders. This results in an increase in the differential pres‐
sure resistance torque during operation, i.e., an increase 
in the churning loss. Borujerdi and Nakhchi (2017) 
investigated the effect of different tooth slot aspect 
ratios and the number of tooth slots on the heat trans‐
fer and pressure drop ratio between air gaps using a 
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response surface method. In summary, rather than con‐
sidering industrial low-speed motors, in this study, we 
focused on the problem of excessive oil churning torque 
during the operation of integrated high-speed wet 
motors for aviation. The churning losses were studied 
with a focus on flow fields with a tooth-slot structure 
between the stator and rotor walls of the wet motors.

With the increasing requirements of EHAs for 
power, volume, and pressure, there is a growing ten‐
dency in the industry to combine the motor and pump 
to form a motor pump to improve the integration. In 
this paper, a novel structure for a wet three-phase high-
speed reluctance motor pump is proposed. The design 
improves integration by removing the dynamic seal on 
the pump shaft while avoiding the problems of dynamic 
seal wear and oil leakage, and improves heat dissipa‐
tion under high-speed working conditions. However, 
once the motor is wetted, the churning loss caused by 
immersion of the rotor into the oil causes additional 
fluid resistance torque, which needs to be analyzed 
in detail.

The rest of this paper is organized as follows: In 
Section 2, the structure and working principle of the 
wet three-phase high-speed reluctance motor pump are 
described. In Section 3, an analytical model of the oil 
churning torque is established. In Section 4, a compu‐
tational fluid dynamics (CFD) simulation of churning 
loss is described, including the establishment of a wet 
motor flow domain model and a set of simulation 

parameters. In Section 5, the CFD simulation results 
of churning loss are analyzed, including the flow field 
and oil churning torque changes under different condi‐
tions. In Section 6, a wet motor oil churning test bench 
is established, and experimental research on the proto‐
type is described. Finally, conclusions from this work 
are drawn in Section 7.

2 Structure and working principle 

The structure of the wet three-phase high-speed 
reluctance motor pump is shown in Fig. 1. It consists 
mainly of a wet three-phase high-speed reluctance 
motor (denoted as the wet motor) and a stacked roller 
2D piston pump (Jin et al., 2019; Zhang et al., 2021). 
Note that the proposed wet motor can form a motor 
pump with any hydraulic pump, not only a stacked roller 
2D piston pump. The wet motor consists mainly of a 
stator made of four sections of yoke iron, three sections 
of the rotor, control coils, coil holders, and front and 
rear end caps. Fifteen rectangular teeth are evenly dis‐
tributed on the inner circular surface of the stator made 
up of the four yoke iron sections, and the coil holders 
are placed between yokes A and B, B and C, and C 
and D, where the control coils are wound to form a 
three-phase current control. The 15 rectangular teeth are 
also evenly distributed on the outer circular surface of 
the three rotor sections, and the three rotor sections 

Fig. 1  Schematic diagram of the structure of the wet three-phase high-speed reluctance motor pump
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are misaligned with each other by 1/3 tooth pitch angle, 
so that six working air gaps are formed between the 
rotor and the stator from left to right (δ1, δ2, δ3, δ4, δ5, 
and δ6).

In a traditional dry motor, when connected to the 
pump shaft, a rotating dynamic seal needs to be added 
to isolate the pump cavity from the rotor cavity of the 
motor to prevent pressurized oil from entering the 
motor, potentially damaging the excitation coil. How‐
ever, such a rotating dynamic seal is liable to fail under 
high-speed conditions, resulting in oil leakage in the 
pump casing, which seriously affects the reliability 
of the motor pump operation. As our proposed motor 
adopts a wet concept design, the dynamic seal at the 
pump shaft can be omitted, which greatly improves 
the reliability of the whole motor pump. Fig. 1 shows 
that when oil enters the motor rotor chamber, there is 
an annular groove on the inner side of the front and 
rear covers for the O-ring to prevent the oil from leak‐
ing out of the mating gap between the parts. The inner 
holes of the three coil holders are machined with a 
pair of annular grooves arranged evenly on the left and 
right to position the O-rings so that the control coils 
can be isolated from the rotor chambers filled with oil. 
The circulating flow of oil can also take away the heat 
generated by the coil, thereby improving the heat dis‐
sipation of the motor. This wet structure is simple, reli‐
able, and easy to realize. However, the churning loss 
caused by immersion of the rotor into the oil will cause 
additional fluid resistance torque, so it is necessary to 
study the churning loss.

The working principle of the proposed wet motor 
is shown in Fig. 2. The magnetic field always moves 
along the path with the least reluctance. When none 
of the three-phase control coils are energized, none of 
the working air gaps (δ1, δ2, δ3, δ4, δ5, and δ6) form be‐
tween the stator and the rotor work. When one of the 
phase control coils is excited (Fig. 2), the control mag‐
netic field generates a tangential magnetic force, caus‐
ing the rotor to rotate. Because the teeth of the stator 
and rotor are misaligned, their relative positions and 

the magnetic conductivity of the magnetic circuit are 
different. Rotation of the rotor ensures the minimum 
reluctance of the magnetic circuit. Continuous rotation 
of the motor can be realized by changing the sequence 
of energization between the three-phase coils.

3 Analytical modeling 

When the wet motor is running, the stator is fixed, 
and the rotor rotates at a constant speed, where the oil 
gap is between the stator and the rotor. The fluid flow 
pattern within the oil gap is defined by the Taylor 
number. The formula for the Taylor number (Ta) and 
the corresponding critical Taylor number (Tac) can be 
written as (Zhu YC et al., 2018):

Ta =
ω2r(Dh /2)3

υ2
 (1)

Tac = 1708 (2)

where ω is the angular velocity, r is the radius of the 
rotor, Dh is the hydraulic diameter, and υ is the kine‐
matic viscosity.

Because the rotating speed of the wet motor is 
generally high, the actual Taylor number of the internal 
fluid flow is far greater than the critical Taylor number, 
so the internal flow field of the wet motor is mainly a 
turbulent Taylor vortex.

The stator and rotor of the motor have a toothed 
structure. Influenced by the rotation of its wall surface, 
the oil churning loss of the motor comes mainly from 
three different sources. The first is the resistance torque 
coming from the shear friction resistance between the 
stator and rotor. The second is the resistance torque 
coming from the fluid flow resistance force during oil 
churning on the side of the rotor. The third is the resis‐
tance torque coming from the shear friction resistance 
when the end face of the rotor rotates. These three 
parts of churning torque during motor operation were 
analyzed using the following analytical model.

3.1 Churning torque of the rotor circumference

Fig. 3 shows a sectional diagram of the stator 
and rotor. Where the circumferential surface of the 
rotor tooth shape is marked with dashed lines, it can be 
regarded as the flow between coaxial rotating cylinders 
(Zou et al., 2013).Fig. 2  Magnetic circuit diagram of one-phase coil excitation
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The velocity distribution in different directions 
between cylinders is defined as follows: Vr is the radial 
partial velocity, Vφ is the circumferential partial velocity, 
and Vz is the axial partial velocity. In the equilibrium 
state, we assumed that the flow field is steady and axi‐
symmetric, and the fluid flow is limited to the plane of 
rotation, which does not move along the axis of rota‐
tion. Taking the flow between two cylinders with radii 
r2 and r3 as an example, the velocity (u) distribution 
between the two cylinders can be expressed as:

u =
ω2r 2
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r 2
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  (3)

where r2 is the radius of the rotor addendum circle, r3 
is the radius of the stator addendum circle, ω1 is the 
rotation speed of the inner cylinder, and ω2 is the rota‐
tion speed of the outer cylinder.

The motor drives the rotor to churn oil during real 
operation. At this time, the outer cylinder wall is sta‐
tionary (ω2=0). When the inner cylinder rotates and the 
outer cylinder is stationary:

u
u1

=
u
ω1r2

=
r 2

2

r 2
3−r 2

2

r 2
3−r2

r2r
=

1−k 2 x2

( )1−k 2 x
 (4)

where k=r2/r3 is the ratio of the two radii of the cylin‐
der, x=r/r2 is the relative radius of flow, and u1=ω1r2 is 
the circumferential velocity of the inner circle.

The distribution of tangential stress perpendicu‐
lar to the r and φ directions (τrφ) in the flow field is:

τrφ = 2μSrφ = μ ( ¶Vφ

¶r
+

1
r
¶Vr

¶φ
− 1

r
Vφ )  (5)

where μ is the oil viscosity, and Srφ is the area of the 
fluid perpendicular to the direction.

Substituting Vφ=u(r), Vr=0, and Eq. (4) into Eq. (5) 
yields:

τrφ = μ ( du
dr

− u
r ) =-2μ

r 2
2 r 2

3

r 2
3−r 2

2

ω1

1
r2

. (6)

The negative sign in Eq. (5) indicates the tangen‐
tial stress of the inner fluid acting on the outer fluid 
(Fig. 3 counterclockwise). The tangential stresses act‐
ing on the inner and outer cylinder surfaces by the vis‐
cous fluid are expressed respectively as follows.

On the outer surface of the inner cylinder r=r2,

(τrφ )
r = r2

=+2μ
r 2

3

r 2
3−r 2

2

ω1. (7)

On the inner surface of the outer cylinder r=r3,

(τrφ )
r = r3

=-2μ
r 2

2

r 2
3−r 2

2

ω1. (8)

When the radius is r (r2<r<r3), the outer cylindri‐
cal surface is stationary, and the inner cylindrical sur‐
face is rotating, the rotational resistance torque (T) of 
the inner cylindrical surface subjected to the fluid per 
unit height can be expressed as:

T = ∫
0

2π

τrφr
2dφ = 4πμ

r 2
2 r 2

3

r 2
3−r 2

2

ω1 . (9)

Based on the above equation for the flow between 
the walls of the two cylinders and the actual radius of 
the circular surface, the formula for the resistance torque 
between the four different radii of the toothed rotor 
and stator can be obtained in the same way.

Since the circumference surfaces of the stator 
and rotor are toothed, there are two gaps t1 (r3−r1) and 
t2 (r4−r1) between the concave surface of the rotor tooth 
and the stator in the process of rotation. The convex 
surface of the rotor tooth has two gaps t3 (r3−r2) and 

Fig. 3  Sectional diagram of the stator and rotor. r1 is the 
radius of the rotor tooth root circle; r4 is the radius of the 
stator tooth root circle
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t4 (r4−r2) relative to the stator during rotation. After 
calculation, the proportion of the arc length of the tooth 
surface corresponding to each radius to the complete 
circle is about:

Pr1 » 1.00π/(2π)= 0.5 (10)
Pr2 » 0.80π/(2π)= 0.4 (11)
Pr3 » 0.80π/(2π)= 0.4 (12)
Pr4 » 1.40π/(2π)= 0.7. (13)

Substituting Eqs. (10)–(13) into Eq. (9) to obtain 
the churning torque of the rotor circumference surface 
(TR) gives:

TR = πμω1(0.64
r 2

2 r 2
3

r 2
3−r 2

2

+ 1.12
r 2

2 r 2
4

r 2
4−r 2

2

+

)0.8
r 2

1 r 2
3

r 2
3−r 2

1

+ 1.4
r 2

1 r 2
4

r 2
4−r 2

1

. (14)

However, the internal flow field of the motor is 
complex during operation. The above calculation ap‐
plies only to laminar flow. Therefore, the calculation 
needs to add a correction coefficient CR for the circum‐
ferential shearing flow (Huang et al., 2020). The final 
circumferential shear torque on a single rotor section 
can be expressed as:

TR =CRπμω1(0.64
r 2

2 r 2
3

r 2
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2
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r 2
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. (15)

The fluid resistance torque acting on the total 
length of three rotors (the length of a single rotor is L) 
is calculated as follows:

TR = 3CRπμω1 L (0.64
r 2

2 r 2
3

r 2
3−r 2

2

+ 1.12
r 2

2 r 2
4

r 2
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2
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)0.8
r 2
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4
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. (16)

3.2 Churning torque of the rotor side

As shown in Fig. 4, when the rotor moves in the 
viscous fluid at a rotational speed of ω1, its side will 
be subjected to the corresponding fluid force (FD) con‐
sistent with the direction of the incoming flow. Since 

FD is opposite to the moving direction of the rotor, it is 
a resistance force. Therefore, for high-speed rotating 
rotors, the formula for calculating the fluid flow resis‐
tance can be obtained as (Li et al., 2016):

FD =
1
2

CD ρv
2SD (17)

where CD is the friction resistance coefficient, ρ is the 
fluid density, v is the tangential speed of rotor move‐
ment, and SD is the projected area of the object perpen‐
dicular to the flow direction.

From Eq. (17), the friction resistance acting on 
the unit area is:

dFD =
1
2

CD ρv
2dSD. (18)

Since dTD = rdFD, it yields:

TD = ∫rdFD =
1
8

CD ρω
2
1 L (r 4

2−r 4
1 )  (19)

where TD is the churning torque of the rotor side.

3.3 Churning torque of the rotor end face

The three rotors have a total of six end faces, and 
the end faces are the same (Fig. 1). The oil churning 
loss of the overall end face can be obtained by fixing 
one of them. The rotor end face is shown in Fig. 5.

According to the non-slip condition of the wall 
surface of the fluid resistance, the fluid adhering to the 
rotor surface makes the rotor subject to viscous shear 

Fig. 4  Schematic diagram of the rotor side. h is the tooth 
height
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stress during the rotation process, i.e., the frictional 
resistance of the fluid to the object. The friction resis‐
tance of the rotor during rotation is related to the fluid–
solid contact area, the roughness of the rotor, the vis‐
cosity of the liquid, and other factors.

When calculating the area integration of the above 
end faces, it is necessary to divide the calculation of 
the resistance torque of the end faces into the circular 
part within the dashed line and the 15 rectangular tooth 
parts outside the dashed line (Fig. 5), using the polar 
coordinate system and the rectangular coordinate sys‐
tem, respectively.

The formula for the resistance torque of the end 
face rotation on any element area on the circumference 
of the end face can be written as (Zhang, 2020):

dT = τ × dA × r =
μωr2

δ
× rdrdθ a2 + b2  (20)

where τ is the shear stress of fluid, A is the microele‐
ment area on the end face, a is the unit length in tooth 
width direction, b is the rotor tooth width, and δ is the 
distance between rotor end faces.

Substituting the end face parameters yields the 
churning torque of the rotor’s circumferential end 
face TE1:

TE1 = ∫
0

2π∫
r0

r1

μ
ω1r
δ

r2dθdr = πμ
ω1

2δ
(r 4

1−r 4
0 )  (21)

where r0 is the radius of the rotor shaft.

The rotation resistance torque of the end face on 
any micro-element area on a single-toothed end face 
can be written as:

dT = τ × dA × r =
μωr2

δ
dadr. (22)

Substituting the end face parameters yields the 
churning torque of the rotor’s rectangular end face TE2:

TE2 = ∫
0

b∫
r1

r2

μ
ω1

δ
r2dadr = μ

ω1

3δ
b(r 3

2−r 3
1 ) . (23)

Therefore, the total end face resistance torque of 
the rotor (TE) can be written as:

TE = 6 é
ë
êêêêπμ

ω1

2δ
(r 4

1−r 4
0 )+ 5μ

ω1

δ
b(r 3

2−r 3
1 )ù

û
úúúú . (24)

Due to the instability of the fluid at high rotational 
speeds, the correction coefficient CE of the end face 
shearing flow (Huang et al., 2020) is added here, giving:

TE = 6CE
é
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1 )ù
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úúúú . (25)

3.4 Total oil churning torque

From the above solution to the churning loss of the 
rotor’s circumference, side, and end face during move‐
ment, the total churning torque (Tt) can be written as:

T t=3CRπμω1 L (0.64
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1−r 4
0 )+5μ

ω1

δ
b(r 3

2−r 3
1 )ù

û
úúúú .   (26)

4 CFD simulation and discussion 

4.1 Fluid domain model and parameters

As shown in Fig. 6, according to the tooth size 
of the stator and rotor of the proposed wet motor, the 
fluid domain model required for the CFD simulation 
was established and appropriately simplified (Fig. 6). 
The size information of the fluid domain model is 
shown in Table 1.

Fig. 5  Schematic diagram of the rotor end face. dθ is the 
unit angle, dS1 is the unit area in circular area, and dS2 is the 
unit area in rectangular area
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According to the analysis of the analytical model, 
the churning torque is directly related to the viscosity 
of the oil. The viscosity is caused by the intermolec‐
ular interaction force. The temperature has the great‐
est impact on this force. As the temperature increases, 
the molecular spacing increases, and the viscosity 
decreases. To verify the effect of temperature on the 
churning torque, the viscosity– temperature character‐
istics of oil should be considered. The relationship 
between the temperature and viscosity of the oil is 
shown in Table 2 (Liu, 2021).

Based on the corresponding viscosity–temperature 
characteristic parameters in Table 2, the Reynolds equa‐
tion was used (Wu et al., 2022) to perform the func‐
tion fitting of the viscosity–temperature curve. Though 
the Reynolds equation is simple in form and easy to 
calculate, its accuracy was not satisfactory, and it is 
generally used within the temperature range of 20–
80 ℃. To make the viscosity–temperature curve more 
accurate, the Reynolds equation was modified into 
two forms:

μ = c2e
−c1( )Toil + 273.15 + c4e

−c3( )Toil + 273.15  (27)

where Toil is the oil temperature (℃), and c1, c2, c3, and 
c4 are constants.

Based on the curve fitting of the above Reynolds 
correction equation, the viscosity–temperature charac‐
teristic function of 46# hydraulic oil is obtained as 
follows:

μ=1.05´1010e−0.08852 ( )Toil+273.15 +168.6e−0.02757 ( )Toil+273.15 .  (28)

The function curve is shown in Fig. 7.

Fig. 7  Viscosity–temperature characteristic curve

Table 2  Relationship between temperature and viscosity 

(46# hydraulic oil) (Liu, 2021)

Temperature (℃)

20

30

40

50

60

70

80

Viscosity (kg/(m·s))

0.1090

0.0632

0.0398

0.0261

0.0192

0.0138

0.0107

Table 1  Fluid domain parameters of wet motor

Parameter

Total length of fluid domain, H (mm)

Total length of stator teeth in fluid domain, H1 (mm)

Peripheral radius of fluid domain, D (mm)

Radius of inner circle of fluid domain, r0 (mm)

Radius of rotor tooth root circle, r1 (mm)

Radius of rotor addendum circle, r2 (mm)

Radius of stator addendum circle, r3 (mm)

Radius of stator tooth root circle, r4 (mm)

Tooth width, b (mm)

Tooth height, h (mm)

Oil density, ρ (kg/m3)

Oil viscosity, μ (at 40 ℃) (kg/(m·s))

Value

74.00

66.00

57.60

12.00

14.50

17.95

18.25

21.80

3.00

3.50

850

0.04

Fig. 6  Fluid domain model of wet motor: (a) 3D; (b) 2D
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4.2 Simulation conditions

In CFD simulations, different fluid domain motion 
pairs should be solved with different models. Consid‐
ering the high speed of the proposed wet motor, its 
energy loss occurs mainly near the wall. The k-ω shear 
stress transfer (SST) model considers the transmission 
of shear stress, introduces mixed functions to achieve 
the conversion of the turbulence model in different 
turbulence scale regions, and has excellent performance 
for the near wall situation. In this study, by comparing 
the convergence of different turbulence models, it was 
reasonable to use the k-ω SST model to simulate the 
internal fluid domain of the wet motor.

Dynamic mesh and sliding mesh can both be used 
to simulate and analyze the actual movement of the 
fluid field inside the wet motor. The dynamic mesh can 
automatically update the mesh as the flow field bound‐
ary changes. The sliding mesh can realize the mutual 
motion between the flow field regions by applying 
conditions to the whole mesh region and realize the 
flow between the two regions through the interface. 
Through the comparison of simulation results between 
dynamic mesh and sliding mesh, we found that the oil 
gap of the fluid domain model of the wet motor is 
very small (0.3 mm). Although the dynamic mesh can 
describe the actual working conditions more clearly, it 
demands a large amount of calculation resource, and 
the requirements for mesh quality are high. Also, prob‐
lems such as mesh negative volume may easily occur. 
In comparison, the sliding mesh is easy to set up, and 
the calculation time is rapid. The simulation results are 
close to those from the dynamic mesh where the cal‐
culation error is small. Therefore, in this study the slid‐
ing mesh method was used to divide the overall fluid 
domain into the internal moving fluid domain and exter‐
nal stationary fluid domain, as shown in the 3D model 
in Fig. 6a. The sliding mesh motion was set in the fluid 
domain near the rotor and the corresponding rotation 
speed is given. The velocity of the fluid domain near 
the stator was set to 0. The interface of the two parts 
of the sliding mesh in the fluid domain was set as 
‘matching’ to realize the data exchange between the 
fluid domains, and the outer wall of the inner fluid 
domain and the inner wall of the outer fluid domain 
were divided further to obtain more accurate simula‐
tion results.

All walls in the model were set as non-slip walls. 
The SIMPLE (semi-implicit method for pressure linked 

equation) algorithm was used to solve the pressure–
velocity coupling problem. The pressure interpolation 
was set to the second order. The time step was set as 
the time taken by the actual rotation of the motor for 1°, 
which was convenient for the analysis of the subse‐
quent simulation results.

4.3 Mesh independence

The mesh is the link between the physical model 
and the numerical algorithm. The quality of the grid 
has a great impact on the accuracy of the calculation 
results, which is related to the speed of iteration con‐
vergence and the stability of iteration. With the refine‐
ment of the mesh (the mesh cells become smaller and 
the total number of cells increases), the theoretical simu‐
lation error should gradually approach 0, but the actual 
grid needs only to be densified within the permitted 
range of the error.

In the operation of designing mesh division, when 
hexahedral structure mesh is used for a tooth-like com‐
plex fluid domain structure, its quality is generally 
low and errors are often reported. Therefore, a tetrahe‐
dral unstructured mesh was used for the fluid domain. 
The mesh was densified and remaining settings were 
unchanged. The mesh independence was verified by 
the CFD simulation result of churning torque. Because 
the oil gap in the fluid domain was so small, the simu‐
lation can run normally only if the mesh quality is 
improved to be more than 0.8. Therefore, the simulation 
results with mesh numbers of 1.93 million, 2.53 million, 
and 3.14 million (grid quality is about 0.80, 0.81, and 
0.82, respectively) were compared here.

According to the simulation results of different 
mesh numbers at an oil temperature of 40 ℃ and a 
rotational speed of 6000 r/min in Fig. 8, we found that 

Fig. 8  Mesh independence test
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there was a small difference between the simulation re‐
sults of 1.93 million and 2.53 million meshes. However, 
the simulation results of 2.53 million and 3.14 million 
meshes were basically consistent, and tended to be more 
stable than those of 1.93 million meshes. This shows 
that the change in the number of meshes affects the 
result of churning torque: the larger the number of 
meshes, the more precise the division, and the smaller 
the effect. Therefore, it is necessary to reduce the 
number of meshes in the fluid domain as much as pos‐
sible while still ensuring that the number of meshes 
has little influence on the churning torque. Finally, 
2.53 million fluid domain meshes were selected in this 
study to perform CFD numerical simulation.

5 Simulation results and discussion 

Fig. 9 shows the velocity vector distribution of the 
flow field section of the wet motor simulated under 

different speeds when the oil temperature is 40 ℃ . 
Fig. 9 shows that the effect of the tooth slot changes 
the flow field and produces Taylor vortices. The cir‐
cumferential velocity in the section annular gap domi‐
nates, and the velocity gradually decreases along the 
radial direction. The velocity in the tooth slot area is 
relatively small. Fig. 9 shows the velocity distribution in 
the tooth slot with local amplification, where an obvi‐
ous Taylor vortex can be observed. With the increase 
of rotor speed, the flow velocity of the internal vortex 
gradually increases, which increases the complexity of 
the whole flow area.

Fig. 10 shows a pressure distribution nephogram 
of the flow field section of the wet motor simulated 
under different speeds when the oil temperature is 40 ℃. 
The pressure gradually increases from the rotor wall 
to the stator wall, i.e., the pressure at the rotor side is 
lower than that at the stator side. This is because the 
fluid velocity near the rotor wall is greater than that 
near the stator wall. In addition, there are periodic 

Fig. 9  Velocity vector distribution of the flow field section of the wet motor simulated under different speeds: (a) 3000 r/min; 
(b) 6000 r/min; (c) 9000 r/min; (d) 12000 r/min
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high-pressure and low-pressure zones near the rotor 
and stator walls. This is because under the combined 
action of viscous force and centrifugal force, the fluid 
will generate periodic Taylor vortices in the gap, and 
under the combined action of the stator wall and the 
rotor wall, the fluid will generate a relatively obvious 
velocity gradient near the stator and rotor walls, result‐
ing in periodic pressure variation.

The curve of the churning torque at an oil tem‐
perature of 40 ℃ and a speed of 6000 r/min is shown 
in Fig. 11. Initially, the oil churning process of the motor 
has not reached a stable state. The total churning torque 
is still rising, and the increase is large, especially of 
the side churning torque. As time goes by, the churning 
torque on the circumference and the end face gradually 
reaches a steady state, while the side churning torque 
fluctuates periodically with time and eventually tends 
to be stable.

When the motor is stabilized, the total churning 
torque is about 0.212 N·m. The circumferential churn‐
ing torque is about 0.059 N·m, accounting for 27.83% 
of the total torque, the side churning torque is about 

Fig. 10  Pressure distribution nephogram of the flow field section of the wet motor simulated under different speeds: 
(a) 3000 r/min; (b) 6000 r/min; (c) 9000 r/min; (d) 12000 r/min

Fig. 11  Curve of churning torque of each part
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0.131 N·m, accounting for 61.79% of the total torque, 
and the end face churning torque is about 0.022 N·m, 
accounting for 10.38% of the total torque. The side 
churning torque accounts for more than half of the total 
churning torque. Therefore, to reduce the whole churn‐
ing torque, the optimization for the wet motor struc‐
ture parameters should focus on how to reduce the side 
churning torque.

Based on the CFD simulation, the variation curves 
of the churning torque of the circumference, side, end 
face, and the total can be obtained (Fig. 12). With the 
increase of rotating speed, the churning torque of all 
parts increases. The side churning torque increases 
sharply with the increase of speed. In contrast, the 
increasing trend of the churning torque on the circum‐
ference and end face is relatively flat. When the motor 
speed is lower than 3000 r/min, the magnitude of the 
side churning torque is similar to that of the circumfer‐
ential churning torque, which indicates that the influ‐
ence of the viscous force on flow is not much different 
from that of the inertial force on the fluid. When the 
motor speed is higher than 3000 r/min, the side churn‐
ing torque is significantly greater than the circumferen‐
tial counterpart. This indicates that the influence of the 
inertia force on the flow is more obvious than that of 
the viscous force, and the greater the speed, the more 
obvious the difference between the two. We conclude 
that when working at high speed, how to reduce the side 
churning torque is the key issue for wet motor design.

When the oil temperature is 40 ℃, the analytical 
values of the churning torque at different speeds were 
compared with the simulation values (Fig. 13). The cor‐
rection coefficients CR=0.490, CD=0.915, and CE=4.217 

were used here and in the subsequent analytical value 
calculation. The rising trends of the analytical value 
and the simulation value are basically the same. With 
the increase of motor speed, the churning torque pres‐
ents a monotonic increasing trend and the gradient of 
the increase gradually increases. Meanwhile, the dif‐
ference between the simulation value and the analytical 
value also increases. When the maximum speed is set 
to 12000 r/min, the difference between the two is the 
largest, where the analytical value is about 0.670 N·m, 
the simulation value is about 0.705 N·m, and the error 
is about 5.22%. The possible reason is that the correc‐
tion coefficients in the analytical model are obtained 
by fitting each sampling point of the CFD simulation 
results, and the number of sampling points limits the 
accuracy of the correction coefficients, resulting in the 
error between the analytical and simulation values.

When the motor speed is fixed at 6000 r/min, the 
analytical values of the churning torque under different 
oil temperatures were compared with the simulation 
values (Fig. 14). In the range of oil temperature from 
20 to 70 ℃, the churning torque decreases monotoni‐
cally with the increase of oil temperature, and the gra‐
dient of the decrease gradually decreases. The trend of 
this curve is similar to that of the viscosity–temperature 
characteristic curve of oil. Fig. 14 shows that when the 
oil temperature is between 20 and 40 ℃, the differ‐
ence between the two curves gradually decreases with 
the increase of oil temperature. When the oil tempera‐
ture is between 40 and 70 ℃, the difference between 
the two curves gradually increases with the increase 
of oil temperature. That is, the difference between the 
analytical value and the simulation value at 20 ℃ 
reaches the extremum when the analytical value is about 

Fig. 12  Churning torque of each part at different rotation 
speeds with an oil temperature of 40 ℃

Fig. 13  Total churning torque at different rotation speeds 
with an oil temperature of 40 ℃
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0.357 N·m, the simulation value is about 0.392 N·m, 
and the error is about 9.80%. At an oil temperature of 
40 ℃ , the analytical value is about 0.217 N·m, the 
simulation value is about 0.218 N·m, and the error is 
about 0.46%. At 70 ℃ , the analytical value is about 
0.165 N·m, the simulation value is about 0.149 N·m, 
and the error is about 9.70%. The error at the maxi‐
mum value is less than 10%, but it is obviously larger 
than that in Fig. 13. The possible reason is that the 
physical property parameters of the oil are defined 
based on the case of an oil temperature of 40 ℃ in 
this study. Although the viscosity of the oil with the 
main influence factors has been fully considered by the 
viscosity–temperature characteristic function (Eq. (28)), 
the oil density and other parameters under different 
oil temperatures are all simply taken as the values at 
40 ℃ and do not change with the oil temperature. There‐
fore, when the oil temperature is 40 ℃ in Fig. 13, the 

error between the analytical value and the simulation 
value is only 0.46%, and as the oil temperature gradu‐
ally deviates from 40 ℃, the error between the two will 
gradually increase.

6 Experimental validation 

To verify the above analytical and simulation 
results, a churning experimental prototype of the toothed 
stator and rotor was designed and machined based on 
the 3D model of the wet motor (Fig. 15). To clearly see 
the flow field inside the prototype, the stator, rotor, and 
shaft were made of aluminum, and the front and rear end 
covers were made of transparent plexiglass material.

Fig. 16 shows the oil churning test bench of the 
prototype, including the oil churning prototype, elec‐
tric motor, speed regulator, temperature/torque sen‐
sor, temperature/torque acquisition card, 12 V voltage 
source, signal converter, and personal computer (PC). 
The oil churning prototype was fixed on the base of 
the test bench, and the rotor shaft was connected to the 
torque sensor through the coupling. After powering on, 
the electric motor was used to drive the prototype, and 
the speed regulator was used to control and vary the 
speed of rotation. To obtain the churning torque at dif‐
ferent speeds and temperatures, the torque/temperature 
sensor and the acquisition card were used to monitor 
the numerical changes in real time at the PC.

To observe the influence of experimental temper‐
ature on the churning torque, a temperature sensor on 
the front end cover and three temperature sensors on the 
side of the stator were used to measure the temperature 

Fig. 14  Churning torque at different oil temperatures with 
a motor speed of 6000 r/min

Fig. 15  Churning prototype: (a) parts; (b) assembly

263



|    J Zhejiang Univ-Sci A (Appl Phys & Eng)   2024 25(3):251-267

of the oil (Fig. 15). The rate of the rise in oil temper‐
ature of four temperature sensors at 6000 r/min was 
measured (Fig. 17). T1 represents the temperature 
sensor on the front end cover, while T2, T3, and T4 
represent the temperature sensors on each of the three 
sides of the stator on the experimental platform from 
left to right in Fig. 15, respectively. The temperature 
of the end face was significantly lower than that of the 
side. This is because the wet motor has only circum‐
ferential rotation movement, and there is no axial move‐
ment. Therefore, the heat transfer of the fluid in the 
axial direction is significantly lower than that in the 
circumferential direction. Thus, subsequent oil temper‐
ature measurement results were based mainly on the 
average value of the readings of the three temperature 
sensors on the side of the stator.

The rate of the rise in oil temperature at different 
speeds was obtained (Fig. 18). With the increase of the 
motor speed, the rate of the rise in temperature increased 
gradually, and the gap in the rate of temperature rise 
between adjacent speeds decreased gradually. However, 
at the same rotational speed, with the rise of tempera‐
ture, the rate of the rise in oil temperature decreased. 
This was caused by the viscosity–temperature charac‐
teristics of the oil.

The analytical, simulation, and experimental val‐
ues of the churning torque at different speeds were com‐
pared when the oil temperature was 40 ℃ (Fig. 19). 
The three churning torque curves presented a mono‐
tonic increasing trend with increasing motor speed, 
and the gradient of the increase gradually increased. 

Fig. 18  Rise in oil temperature in the prototype at different 
rotation speeds

Fig. 17  Rate of temperature rise of four temperature sensors 
at 6000 r/min

Fig. 16  Oil churning test bench of the prototype
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Meanwhile, there was a small difference between the 
analytical, simulation, and experimental values. The 
difference between the three was the largest when the 
maximum speed was set to 12000 r/min: the analyti‐
cal value was about 0.705 N·m, the simulation value 
about 0.670 N·m, and the experimental value about 
0.690 N·m.

The analytical, simulation, and experimental val‐
ues of the churning torque under different oil tempera‐
tures were compared when the motor speed was fixed 
at 6000 r/min (Fig. 20). Because the oil temperature 
was restricted owing to the use of plexiglass material 
in the prototype, the temperature range measured in 
this experiment was 25–40 ℃. In this range, the three 
churning torque curves showed a monotonic decreas‐
ing trend with increasing oil temperature and the gra‐
dient of the decrease gradually decreased. Meanwhile, 
the overall error between the three values gradually 

decreased with increasing oil temperature, showing two 
extrema: when the oil temperature was 25 ℃, the ana‐
lytical value was about 0.302 N·m, the simulation value 
about 0.334 N·m, and the experimental value about 
0.320 N·m; when the oil temperature was 40 ℃, the 
analytical value was about 0.217 N·m, the simulation 
value about 0.220 N·m, and the experimental value 
about 0.210 N·m. The reason for this phenomenon may 
be related to the viscosity–temperature characteristics 
of the oil. When the temperature is low, the viscosity has 
a greater effect on the churning torque, and the numer‐
ical error of the three results is large. In contrast, when 
the temperature is high, the viscosity has a smaller 
effect on the oil churning torque, and the numerical 
error of the three results is small.

Finally, the errors between the experimental results 
and the simulation and analytical results were also 
related to the following two aspects: firstly, the exis‐
tence of bearing and seal loss in the experiment brings 
errors to the experimental value; secondly, due to the 
limitation of computer calculation capacity, the numeri‐
cal simulation in this study was carried out with oil 
being regarded only as single-phase, which ignores the 
effect on the wet motor rotor of the gas dissolved in 
the oil. This would also contribute to the error between 
the simulation value and the experimental value of the 
churning torque.

7 Conclusions 

1. A novel structure of a wet three-phase high-
speed reluctance motor pump is proposed, which elim‐
inates the need of a dry motor structure for a dynamic 
seal at the pump shaft by using a so-called ‘wet motor’. 
This also simplifies the structure and improves the 
motor integration level and heat dissipation by the cir‐
culating flow of oil. The proposed wet motor structure 
is simple and easy to realize, which improves the work‐
ing reliability of the motor pump while avoiding leakage.

2. Based on the theory of fluid mechanics, an 
analytical model of churning torque was deduced, and 
a fluid domain simulation model of oil churning based 
on CFD was established. Through the comparison 
of different fluid simulation models, motion modes, 
meshes, and other parameters, the sliding mesh motion 
mode under the k-ω SST model was finally selected to 
study the flow field and churning torque. The analytical 

Fig. 20  Comparison of churning torque at different 
temperatures at 6000 r/min

Fig. 19  Comparison of churning torque at different rotation 
speeds at 40 ℃
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modeling results were generally consistent with the 
simulation results, indicating that CFD simulation can 
provide a good technical reference for the research of 
wet motor oil churning.

3. An experimental bench was built to study the oil 
churning of the wet motor. The accuracy of the analyt‐
ical and simulation results was verified by measuring 
the churning torque at different temperatures and speeds. 
The trends of the three curves were basically the same, 
indicating that the method can provide a reference for 
further study of structure design and churning loss 
reduction optimization of wet motors.

4. The side churning torque of the wet motor 
accounted for the largest proportion of the total churning 
torque during high-speed operation of the wet motor. 
Therefore, in future research, how to optimize the struc‐
ture parameters to reduce the side churning torque is the 
key issue for the successful application of the wet motor.
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