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ABSTRACT

The rotor of a high-power water-filled submersible motor rotates at high speed in liquid during
operation. while working motor internal air gap fluid flow in complicated cases, fluid flow char-
acteristics is not only directly affect the water of the rotor friction loss, also affect the submers-
ible motor cooling effect. In this paper, the fluid field in the inner cavity of submersible motor
is deeply studied. The air-gap fluid grid model was established according to computational fluid
dynamics, and the influence of air-gap on fluid velocity of submersible motor was studied based
on ANSYS and FLUENT software. The results show that the pressure decreases linearly after the
cooling water enters the motor air gap, the maximum pressure is located at the air gap inlet and
the minimum at the air gap outlet; the outlet and inlet pressure of the air gap fluid grows with
the increase of the air gap inlet fluid flow rate, and the growth rate tends to decrease in differ-

ent degrees. The research results provide a basis for the design of submersible motor and the
determination of the reasonable flow of fluid in the motor.
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1. Introduction

Among the submersible motor faults that occur during
the operation of high-powered submersible motors, the
most common failure is due to overheating inside the sub-
mersible motor or excessive local temperature rise lead-
ing to motor winding or lead insulation failure [1-3], and
the flow characteristics of the cooling medium inside the
submersible motor directly affect the cooling effect of the
motor [4]. Therefore, the study of the temperature field of
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the submersible motor inevitably requires the study of the
flow characteristics of its internal cooling [5].

So far, some scholars and experts have generally
focused on the structural performance of the motor, the
internal temperature rise distribution and the fluid flow
characteristics of the motor. Zhao and Luo [6] use analyt-
ical method to analyze the causes of noise vibration and
abnormal noise of permanent magnet synchronous motor,
and verifies the simulation by manufacturing a proto-
type. Zhang et al. [7] established two temperature field
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models by using the finite volume method (FVM), pointed
out the importance of oil friction loss and copper loss as
variables, proposed the design process of the cooling sys-
tem, and obtained the design range between the structural
parameters of the radiator and the circulation flow. Zheng
et al. [8] studied the law of turbulent flow in a water-
filled submersible motor based on the three-dimensional
numerical simulation method of ANSYS-CFD software.
Guan et al. [9] proposed a numerical model based on the
eccentricity analysis method to simulate the bearing fail-
ure process of submersible induction motor. The effects
of rotor deflection on air gap magnetic density and field
electromagnetic force are analyzed by using two-dimen-
sional Fourier decomposition method. According to the
structural characteristics of the submersible motor, Xu et
al. [10] studied the influence of the segmental characteris-
tics of fixed rotor on the design and performance of sub-
mersible motor, and improved the measuring method of
submersible motor.

Some experts have focused on different motors such as
permanent magnet synchronous motors [11], hydroelectric
generators, and turbine generators, opening up excellent
and effective analytical studies on their fluid flow charac-
teristics under the cooling structure and temperature rise
distribution. The main methods used are finite element
analysis [12], FVM [13], and thermal mesh method [14].

Wang et al. [15] proposed a new IPMSM based on the
internal fan of the axial ventilation cooling structure, and
improved the cooling structure of the motor by using com-
putational fluid dynamics (CFD) to analyze the wind speed
distribution and temperature distribution characteristics
inside the motor. Shi et al. [16] put forward the control method
and operation mode with Siemens PLC (Munich and Berlin,
Germany) as the core, designed the air-cooled heat exchanger
and the liquid-cooled radiator of the heat dissipation system,
and optimized the cooling tube layout and pipeline layout of
the air-cooled heat exchanger and the liquid-cooled radiator.

According to the available references, for high-power
submersible motors, researchers generally focus on the
fluid flow characteristics flow characteristics inside the
motor under different cooling media, and most of the liter-
ature use the finite element method to calculate the model
and establish the air gap fluid mesh model based on CFD
principles to analyze the three-dimensional model of the air
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gap of high-power submersible motors [17,18]. However,
the fluid flow rate in the air gap inlet and outlet affects the
motor operating temperature and cooling condition, so it
is meaningful to study the fluid flow in the air gap inside
the submersible motor.

In this paper, 3,200 kW water-filled submersible motor
is taken as the research object. Based on the finite element
analysis method and Re-Normalisation Group (RNG) k-¢
two-equation turbulence model, the air-gap fluid grid
model of submersible motor is established by CFD, and the
influence of rotor speed and air-gap inlet and outlet fluid
velocity on the flow characteristics of water-filled sub-
mersible motor is studied. The results obtained by detailed
research will provide a certain reference for the design of
this kind of water-filled submersible motor and the determi-
nation of reasonable fluid flow in the motor.

2. Structure and parameters description
2.1. Cooling structure

High power submersible motors work for long hours
in mines and have high ambient temperatures. The high-
power submersible motor has long working time and high
ambient temperature in the mine. It is necessary to fill
with cooling water or lubricating oil to ensure the lubri-
cation and heat dissipation between the parts inside the
submersible motor, so the water circulation cooling struc-
ture is designed inside the motor. The overall structure of
the water-filled submersible motor is shown in Fig. 1. The
assembly model of submersible motor cooling structure is
shown in Fig. 2.

2.2. Parameters of submersible motor

In order to better understand the structure of submers-
ible motors, a 3,200 kW submersible motor is used as an
example and its basic parameters are shown in Table 1.

3. Modeling for thermal analysis of the submersible motor

In order to study the flow characteristics of fluid in the
air gap of the water filled submersible motor stator and
rotor, the submersible motor flow field is modelled and
simulated according to the available structural parameters.

(4 8
F

R

== '

I 9

T

‘‘‘‘‘ AT

= 3 T T

\ \ \i

L9 \5 \2

\ \‘\ |

\ 6 \ 11\\ 16 \ 13 \ 15

Fig. 1. Deep well water-filled submersible motor overall structure diagram. 1-Motor shaft; 2-Motor casing; 3-Stator assembly; 4-Rotor
component; 5-Upper guide bearing; 6-Lower guide bearing; 7-Thrust bearing assembly; 8-Cooling radiator; 9-Mechanical sealing
device; 10-Sand throwing ring; 11-Thrusting disc; 12-Filter; 13-Cooling water tank; 14-Base; 15-Adjustment capsule; 16-Drive pump

wheel; 17-Poor water sensor.
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(a)

Fig. 2. Assembly model of submersible motor cooling structure. 1-Motor casing; 2-Stator component; 3-Cooling channel.

Table 1

Basic parameters about 3,200 kW water-filled submersible motor

(b)

Parameter Value
Power 3,200 kW
Voltage 10 kV
Inner diameter of stator 423 mm
Outer diameter of rotor 417 mm

Supporting circulation pump wheel
Air gap height 3 mm

Design temperature rise

Flow rate of 40 m®h, head range of 10 m

When the ambient temperature is 40°C, the temperature rise shall not exceed 40°C

3.1. Basic assumptions of internal flow field analysis

Before solving the flow field and setting the boundary,
the following reasonable assumptions are made for the
simulation model from the perspective of fluid dynamics:

(1) Cooling water enters the motor stator and rotor air gap
along the motor axis.

(2) Set the inlet air gap of the motor as the velocity bound-
ary, the outlet air gap of the motor boundary as the
pressure boundary, Set the outlet pressure to be equal
to 1 atmospheric pressure.

(3) Set the intersection of air gap and stator and rotor as
the motion boundary, the two sections of air gap along
the motor axis are set as symmetric boundary, and
rotor speed and rotor surface roughness are set in the
rotor intersection.

(4) Air gap is an in-compressible fluid, the inlet tem-
perature is set to 285 K, and the fluid density does not
change during operation.

3.2. Governing equations

The flow characteristics inside the submersible motor
are analysed using FLUENT for simulation solutions.
The flow of fluid in the motor follows the conservation of
mass and the conservation of momentum.

3.2.1. Mass conservation equation

The mass conservation equation of fluid in continuous
flow can be expressed as:

%P _
v(pv)+ L =0 M

where p represents fluid density; T represents time; V rep-
resents the velocity; V is a Hamilton operator.

3.2.2. Momentum conservation equation

In the process of fluid flow, conservation of momentum
must be satisfied, the momentum conservation equation
of a fluid in continuous flow can be expressed as:

%(pv)+V~pv-v:F—Vp+V(Ft) (2)

where p represents the pressure of the fluid; F represents
unit volume force; v is the viscous force tensor.

3.3. Mathematical model

The standard RNG k-¢ two-path turbulence model is
selected for calculation. The model has good applicability
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to curved flow lines such as rotating flow with large centrif-
ugal force, and the model equation can be expressed as:

0 0 0 ok
a(pk)+8_aci(pu’k)_6_acj[aku‘3ff g]-er +pe 3)

]
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where p_, = p + u, correction coefficient.

The shift of the fluid mesh is controlled by the dynamic
mesh UDF program to effectively correct the offset angle.
For constant, incompressible fluids, the constant pressure
solver is used, and the SIMPLE algorithm is chosen for the
coupled pressure-velocity solution.

3.4. Mesh generation

Fluent software is used to establish the air-gap fluid
model of submersible motor. The quality of mesh is directly
related to the accuracy of numerical calculation results. Air
gap fluid belongs to annular structure, which requires high
precision. The height of the air gap is smaller than the over-
all size of the motor, so the quality of the boundary layer

grid needs to be controlled. Meet the operation require-
ments of GAMBIT software; GAMBIT software is used for
structured mesh division, which can ignore the convex and
concave structures on the outer surface of the rotor and
the inner surface of the stator. Hexahedral mesh cells were
used to divide 709,389 units and generate 795,000 nodes.
The minimum volume mesh cells were positive. The
mesh irrelevance check proves that the mesh quality is
good and can be used directly for fluid simulation analy-
sis, meeting the computational requirements of FLUENT.
The meshing effect is shown in Fig. 3.

In order to reduce the calculation time while ensur-
ing accurate analysis results. The water-filled submersible
motor air gap fluid grid model can be partitioned accord-
ing to the symmetric boundary conditions, taking the sub-
mersible motor air gap fluid 1/4-mesh model for simulation
and setting the tangent surface as a symmetric boundary,
and the model is shown in Fig. 4.

4. Numerical analysis of fluid field

The hypothesis and the fluid field model that the fluid
flow at the inlet of the air gap affects the fluid flow and
fluid pressure in the air gap during the operation of sub-
mersible motor are simulated and analyzed.

Fig. 3. Fluid meshing effect of motor air gap.

Fig. 4. Motor air gap fluid 1/4 model.
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4.1. Effect of air gap inlet fluid flow rate on fluid flow rate

Fig. 5a-d show the internal velocity distribution clouds
of the fluid in the air gap of the motor when the flow
velocity is 1, 2, 3 and 4 m/s, respectively. In order to study
the influence of air gap inlet fluid velocity on the flow
velocity distribution of motor air gap fluid, a cross sec-
tion parallel to the XY plane is taken at a suitable position
along the stator axial direction (Z-axis direction) in each
velocity cloud, and the velocity cloud shows that the veloc-
ity changes quickly at the air gap inlet, the cross section

(c) Air gap inlet flow rate 3 m/s
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interval is taken to be smaller, and the velocity at the back
end of the air gap is relatively stable, the cross section inter-
val is taken to be larger. Calculate the average velocity of
the cross-sectional fluid, and display the average velocity of
the fluid in the cross-section in 2D and 3D coordinate sys-
tems. Air gap fluid velocity distribution cloud are shown
in Fig. 6.

Analysis of Figs. 5 and 6 can lead to the following con-
clusions: after the fluid in the motor enters the motor air
gap, the velocity of the fluid increases rapidly when the
submersible motor rotor rotates at high speed, and then

Z‘l/'x

(b) Air gap inlet flow rate 2 m/s

(d) Air gap inlet flow rate 4 m/s

Fig. 5. Air gap fluid velocity distribution cloud. Air gap inlet flow rate (a) 1 m/s, (b) 2 m/s, (c) 3 m/s, and (d) 4 m/s.

—=— Inlet velocities 1m/s
—e— Inlet velocities 2m/s
—a— |nlet velocities 3m/s
- —v— Inlet velocities 4m/s

Cross-sectional average speed(m/s)

2 T T T
0 200 400 600

T T T T T T
800 1000 1200 1400 1600 1800
Cross-sectional distance alona stator axial direction(mm)

(a)

>

>

K [2UONODS-SSOID
-« 3 D =

o

sy pods obeiol
oo

()
>

Fig. 6. Average velocity distribution of air gap fluid at different inlet speeds.
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the fluid velocity quickly reaches a relatively stable state.
In this process, the maximum velocity is located at the side
wall of the motor rotor, the minimum velocity is located at
the inner wall of the motor stator, and the minimum veloc-
ity value is 0. The steady state average velocity of air gap
fluid corresponding to 1, 2, 3 and 4 m/s are 15.33, 16.13, 16.78
and 17.19 m/s, through analysis, it can be concluded that
the average value of air gap fluid flow rate increases with
the increase of air gap inlet flow rate, and the growth rate
gradually decreases. The effect of different inlet velocities
on the stable average flow velocity of air gap fluid is shown
in Fig. 7.

4.2. Effect of air gap inlet fluid flow rate on fluid pressure

Fig. 8a—d show the fluid pressure distribution clouds
inside the submersible motor air gap when the gap inlet
fluid velocity is 1, 2, 3 and 4 m/s, the colored strips shown
in Fig. 8 are the pressure contours. In order to understand
more intuitively the effect of air gap inlet fluid flow veloc-
ity on the pressure distribution in the submersible motor
air gap, 16 equally spaced cross sections parallel to the XY
plane are taken at equal distances along the stator axial
direction (Z-axis direction) in each pressure cloud, and the
average pressure value of the fluid in the cross sections is
calculated, and then the average pressure of the fluid in
the cross sections is displayed in the two-dimensional and
three-dimensional coordinate system. The average pres-
sure distribution of air gap fluid at different inlet speeds is
shown in Fig. 9.

Analysis of Figs. 8 and 9 can be concluded as follows:
after the fluid inside the motor enters the stator and rotor
air gap, the pressure contour is irregular, indicating that
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(a) Air gap inlet fluid velocity 1m/s
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(c) Air gap inlet fluid velocity 3m/s

the internal fluid is in a turbulent state. Fig. 9a shows the
average value of the cross-sectional pressure is linearly
decreasing along the motor axial direction, the maximum
pressure value of the submersible motor air gap is the gap
inlet, the minimum value is at the air gap outlet, which is
equal to the ambient pressure. The inlet pressure corre-
sponding to the air gap inlet fluid axial velocity of 1, 2, 3
and 4 m/s are 1.0416, 1.0828, 1.1201 and 1.1512 MPa, respec-
tively, and the outlet pressure is 1.0 MPa, and the pressure
drops of import and export are 0.0416, 0.0828, 0.1201, 0.1512
and 0.1512 MPa. The pressure drop at the inlet and outlet
of the motor air gap fluid increases and returns with the
increase of the air gap fluid flow rate, as shown in Fig. 10.
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Fig. 7. Effect of different inlet velocities on the stable average
flow velocity of air gap fluid.
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Fig. 8. Air gap fluid pressure distribution cloud. Air gap inlet fluid velocity (a) 1 m/s, (b) 2 m/s, (c) 3 m/s and (d) 4 m/s.
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Fig. 10. Air gap fluid pressure drop with the change of the air
flow rate of fluid inlet.

5. Experimental verification

The author of this article has built a temperature rise
experimental platform for submersible motors, with the aim
of measuring the actual temperature during the operation of
the submersible motor. Fig. 11 shows a general view of the
test platform. The key to the temperature rise experimental
platform design was the installation of a 10 MPa manually
adjustable gate valve at the submersible pump outlet to
simulate the submersible electric pump discharge depth.

The working principle of the experimental platform is as
follows: The submersible motor is connected with the sub-
mersible pump, which composition of submersible electric
pump. The suction chamber is installed outside the sub-
mersible electric pump. The entire system is suspended in
the experimental well through drainage pipelines and sup-
port structures. The manual gate valve is installed on the
pipeline at the outlet of the submersible electric pump; the
front of the manual gate valve is equipped with a manometer,

0 1 17
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Fig. 11. Deep well submersible pump comprehensive test plat-
form schematic. 1-Experimental well; 2-Suction chamber; 3-Wet
submersible motor; 4-Pressure sensor; 5-Electric cable; 6-Pump;
7-Check valve; 8-Drainage pipe; 9-Support structure; 10-Manual
gate valve; 11-Piezometer; 12-Pipeline pressure gauge; 13-Oper-
ation console; 14-Manometer; 15-Electromagnetic flowmeter;
16-Electric gate valve; 17-Return tank.

which is used to control the outlet pressure of the submers-
ible electric pump. Pressure gauge, flow meter, electro-
magnetic control valve, etc. are installed in the outlet pipe
for measuring the flow of the submersible electric pump.
When the test is carried out, the submersible electric pump
outlet pressure is controlled by adjusting the opening of
the manual gate valve, so as to achieve the regulation of the
submersible electric pump operating conditions.

The author of this article installed four pressure sensors
inside the submersible motor, two of which are located in the
root of the teeth of the two parts of the stator of the submers-
ible motor (A, B), another two are located in the pump (C, D),
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Fig. 12. Submersible pump (a) test process and (b) data recording.

Table 2
Comparison of pressure calculation results and the experi-
mental pressure data

Number Positions of Test Calculated  Error
pressure sensor  (MPa) (MPa) (%)

1 A 1.0828 1.1015 +1.698

2 B 1.0856 1.0965 +0.994

3 C 1.1124 1.1035 -0.806

4 D 1.0956 1.0924 -0.293

and the four pressure measuring elements are connected to
the operation console on the ground for display of the pres-
sure value at the measurement point. Fig. 12 shows the test
process and data recording process of the submersible pump.

The pressure at the air gap inlet was tested at different
flow rates. The comparison of the simulated calculation of
pressure data with the experimental pressure data is shown
in Table 2. It is not difficult to see through data compari-
son; the simulated calculation of pressure data agrees well
with the experimental pressure data.

6. Conclusion

Based on CFD theory, this paper simulates the air gap
flow field of submersible motor, and studies the influence
of air gap inlet fluid flow on air gap fluid flow and air gap
fluid pressure under different working conditions. The main
conclusions are as follows:

(1) After the fluid enters the air gap of the motor, the speed
increases rapidly due to the high-speed rotation of the
rotor, and then reaches a relatively stable state. The
maximum fluid velocity is located on the outer wall
of the rotor, and the minimum fluid velocity is located
on the inner wall of the motor stator.

(2) After the cooling water enters the air gap of the motor,
the pressure shows a linear downward trend. The max-
imum pressure is located at the air gap inlet and the
minimum pressure is located at the air gap outlet.

(3) The pressure drop at the inlet and outlet of the air gap
fluid increases with the increase of the flow rate of the
air gap inlet fluid, and the growth range decreases to
different degrees.

The research results provide a basis for the design of
submersible motor and the determination of fluid velocity
in the motor.
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