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Design and friction loss study of full-ocean depth oil-filled direct
current motor
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Abstract: In this study, we designed an oil-filled motor that can be used at full-ocean depths, and investigated the friction losses
caused by the rotating seal and the properties of the oil. The direct current (DC) motor is encapsulated in an aluminum alloy
housing. A rubber diaphragm is used to balance the internal and external pressures so that the motor can work on the seabed
without pressure difference. To study the resistance caused by the rotating seal, a numerical model of the Glyd ring and the
rotating shaft was established. Results from a rotational torque test agreed with those from numerical analysis. The kinematic
viscosity of four oils was measured at 1-25 °C. Oil bath experiments in an incubator showed that the resistance from oil is
highly correlated with its dynamic viscosity. Dimethicone appears to be very suitable as an insulating oil for these motors. The
working characteristics of the motor were tested in a high-pressure chamber. The results showed that the motor needs to
overcome higher oil resistance under higher pressure. A prototype of a pressure-adaptive motor was designed and applied

successfully in the hadal zone at a water depth of more than 10000 m.
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1 Introduction

Direct current (DC) motors have the advantages
of a high power to density ratio, strong overload ca-
pacity, convenient speed regulation, and low cost.
They are widely used as drives in marine engineering
applications including pipeline lifting systems (Kang
et al., 2019), weight adjustment systems of manned
submersibles (Qiu, 2008), and the dynamic thruster
systems of deep-water vehicles (Li et al., 2009;
Meng, 2021). Deep-sea DC motors are used in moni-
toring systems (Smith and Teal, 1973) and deep-sea
samplers (Zhang et al., 2012; Chen et al., 2020; Wang
et al., 2020).

Deep-water motors transmit torque to the outside
via a magnetic coupling or a shaft with a rotating seal
(Fu et al., 2019; Gasparoto et al., 2021). When work-
ing in shallow water, the isolation sleeve of the mag-
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netic coupling motor is thin. This mimimizes the im-
pact on the motor’s magnetic field, making the motor
highly efficient. However, as the water depth increas-
es, the shell and the isolation sleeve must be thick-
ened to withstand the hydrostatic pressure, resulting
in more current loss caused by eddies. The efficiency
of this type of motor is therefore severely reduced.
The cabin of an oil-filled motor is filled with insulat-
ing oil and uses a pressure compensation structure to
balance the inside and outside pressures on the motor.
Therefore, a thick shell is no longer required, allow-
ing a significant reduction in the weight of the mo-
tor. The oil also cools other parts inside the motor
and reduces mechanical vibration and noise. Thus,
an oil-filled motor is a low-cost and efficient deep-sea
actuator.

Researchers have extensively studied the perfor-
mance of oil-filled motors, including their heat gener-
ation effects, viscous losses, starting characteristics,
mechanical losses, and parameter optimization design
(Li et al., 2010; Xu et al., 2010; Cai et al., 2016; Bai
et al., 2018; Romanov and Goldstein, 2018). Friction-
al losses in deep-sea oil-filled motors arise mainly
from rotating seals and viscosity (mechanical losses
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are not discussed here). There have been many stud-
ies on the viscous power of oil-filled motors. The
experimental results show that the viscous power of
a high-power motor with a total capacity of 60 kW
is about 6 kW when operating at 60 MPa at 2 °C. In
contrast, the viscous power is only 0.5 kW under usu-
al working conditions (ambient conditions) (Umapa-
thy et al., 2019). The viscous power of a small DC
brushless oil-filled motor at 70 MPa exceeds atmo-
spheric pressure by 51.4% (Zou et al., 2012). Re-
searchers at Zhejiang University, China studied the
starting characteristics and viscous losses of oil-filled
motors at 2—25 °C and 0.1-60.0 MPa, and derived an
empirical formula for calculating viscous losses. In
more complex cases, such as motors for deep-sea
electric manipulators, more sophisticated numerical
calculation models were developed to consider the
effects of grooves on the stator and rotor surfaces.
The surface grooves were filled with epoxy resin to
optimize the geometry of the gap. Experiments
showed that this approach can effectively reduce the
viscosity loss of the motor (Bai et al., 2021).

While the viscous loss of oil-filled motors is a
current focus of research, there is a lack of research
at depths over 7000 m (hydrostatic pressure above
70 MPa). In addition, there have been few studies on
the evaluation of the friction loss and sealing perfor-
mance of seals of the rotating shaft of oil-filled mo-
tors. With the rapid development of deep-sea explora-
tion technology, the hadal zone has become the fron-
tier of marine science (Du et al., 2021). As an impor-
tant actuator, the performance of an oil-filled motor in
the hadal needs further analysis. The purpose of this
study was to propose a detailed design of an oil-filled
motor that can be applied at full-ocean depth, focus-
ing on rotating seal losses and viscous losses. Multi-
ple applications of this motor in the Marianas Trench
are given.

2 Design of the motor

2.1 Mechanical structure

Fig. 1 shows the detailed structure of the full-
ocean depth oil-filled DC brushless motor (AM-
BL45100AN, Zhengyuan Co., Ltd., China). When
the motor is equipped with a reducer (AM 45GP,
Zhengyuan Co., Ltd.), the maximum torque can reach

more than 30 N-m. There are three vents on the side-
wall of the shell: two for filling the motor with oil,
and another for a 4-pin waterproof plug. The motor
shell is made of aluminum alloy 6061T6 with oxida-
tion treatment on the surface. This alloy has high
strength and low density, which satisfy the require-
ments of lightweight and corrosion resistance for
deep-sea equipment. The rotation shaft is made of
stainless steel 316. The deformation of the rubber dia-
phragm balances the internal and external pressures
and ensures that there is no pressure difference be-
tween each side of the combined sealing ring. The
control circuit board of the motor has high-pressure
resistant components (capacitors, chips, etc.), and is
installed in the motor control cabin. The designed
motor has a total length of 340 mm and an underwa-
ter weight of 1.2 kg, and can be easily installed in
deep-sea equipment.
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Fig. 1 Structure of the oil-filled motor: (a) detailed
structure; (b) 3D model of the motor. A: rotating seal; B,
C, and D: static seals

To guarantee the production processing quality,
the form and position errors of geometric features of
the parts need to be restricted within a tolerance
range. The characteristics of form and position errors
include geometric size, the scope of changes, and the
direction and position of the parts. According to the
Pareto principle, a few key condition factors cause
most of the tolerance fluctuations. In the production
process, the variation of geometric parameters is
controlled within the tolerance fluctuation range by
adjusting these critical condition factors.



2.2 Control and work mode

The control of the motor is realized by the meth-
od shown in Fig. 2a. The central control module can
control two motors at the same time. The central con-
trol module communicates with the motor in real
time, and the motor’s communication module con-
trols the motor’s drive module to start or stop the mo-
tor. The control software of the motor (Fig. 2b) can
control the motor manually or automatically. Usually,
when operating at deep-sea levels, we set the work-
ing mode to automatic. The delay start time interval,
forward rotation time, reverse rotation time, etc., are
set in the automatic control module of the software,
with specific parameters depending on the require-
ments of the operation.
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Fig. 2 Control and interface of the software: (a) control
system; (b) interface of the software

3 Friction of the rotating seal

3.1 Simulation model

To solve the rotating seal friction, we first ob-
tained the contact pressure distribution and contact
length by simulation. Then, the normal force and total

J Zhejiang Univ-Sci A (Appl Phys & Eng) 2022 23(8):587-598 | 589

friction torque on the entire contact surface were ob-
tained by integration. The combined seal component
exerts a radial contraction force on the slip ring
through O-ring compression. Specific contact stress is
generated between the slip ring and the drive shaft,
which seals the motor. The O-ring can compensate for
the wear of the slip ring to a certain extent.

We studied the contact pressure distribution char-
acteristics of various forms of rubber O-ring—PTFE
(polytetrafluoroethylene) square ring combined seals
under different degrees of interference installation
conditions with the drive shaft. A numerical analysis
model was built, using the finite element analysis soft-
ware Abaqus, to study the contact stress distribution
(Fig. 3). The total number of grids was 4632 and the
approximate unit size was 0.08 mm. A CAX4R unit
was used for the slip ring, sleeve, and driveshaft. The
O-ring adopted the CAX4RH unit to adapt to large de-
formation characteristics. Since the deformation of
the sleeve and the drive shaft can be ignored com-
pared to the deformation of the O-ring and the slip
ring, they are set as rigid bodies. The diameter of the
O-ring was 3.55 mm, and the width of the groove was
5.00 mm. A penalty function model described each
contact type, and the friction factor of each contact
pair was defined as shown in Table 1. Interference
installation was adopted between the O-ring and the
sleeve. We set the interference amount to 5%, 10%,
15%, 20%, 25%, or 30%.
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Fig. 3 Geometry (a) and mesh (b) of the numerical
analysis model

Table 1 Definition of contact pairs in the model

Contact pair Contact type Sl1§e Frlctlgn
setting  coefficient
Shaft-slip ring  Surface to surface  Small 0.15
Slip ring—O-ring  Node to surface ~ Finite 0.50
O-ring—cylinder = Node to surface  Finite 0.50
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The stress-strain properties of the rubber mate-
rial were tested by uniaxial tension. The Mooney-
Rivlin constitutive model parameters were calculated
using the material evaluation function in Abaqus. The
parameter C10 was 1.87, and the parameter CO1 was
0.47. Other materials were described by linear mod-
els, and their material parameter settings are shown in
Table 2.

3.2 Simulation results

The contact path of the slip ring and the drive
shaft was established in the post-processing module
of Abaqus. The maximum contact stress was located
at the contact point between the two ends of the slip
ring and the drive shaft. The contact stress decreased

rapidly towards the middle part, and then fluctuated
around a fixed value. As the compression ratio of the
O-ring increased linearly, this stable value showed a
greater increase. MATLAB software was used to fit
the curve and obtain the corresponding equations
(Fig. 4).

The contact pressure between the sealing surface
of the shaft and the slip ring can be expressed as

b
F= f wDydx, (1)
0

where F is the contact pressure, b is the actual contact
surface width, D is the diameter of the rotating shaft,
and y is the fitting equation.

Table 2 Material parameter settings

Part Material Density (g/cm®) Young’s modulus (MPa) Poisson’s ratio
Cylinder Aluminum alloy 6061T6 2.7 72000 0.33
Shaft Stainless steel 316 7.9 210000 0.26
Slip ring PTFE 23 960 0.45
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Fig. 4 Contact distributions under different compression rates



The friction torque can be expressed as

T=F 2 5

where T'is the friction torque, and y is the friction fac-
tor, which was 0.15.

The results of the friction torque under different
compression ratios are shown in Table 3.

Table 3 Friction torque calculation results

Compression rate Friction torque (N-m)

5% 0.155
10% 0.312
15% 0.515
20% 0.781
25% 1.119
30% 1.602

3.3 Torque test

To validate the simulation results, a torque test
platform was built (Fig. 5).

DC power supply|

Control and

Sealing ring

Motor Torque sensor Load module

(b)

Fig. 5 Torque test platform: (a) test platform; (b)
detailed structure

The experimental results (Table 4) showed that
as the compression ratio increased, the starting torque
increased sharply, and the maximum of the start
torque was more than 2.5 times greater than the stable
torque. Here, the starting torque refers to the moment
at the beginning of each set of experiments. The
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stable torque exceeded the calculation results by 20%—
30%. This discrepancy is related to the accuracy of
surface machining, the power loss of the coupling,
and the power loss of the reducer. These factors were
not taken into account in the theoretical calculations.
Therefore, this is a reasonable calculation method, as
the experiment results were generally greater than the
calculation results.

Table 4 Torque test results

Compression rate ~ Start torque (N-m) Stable torque (N-m)

5% 0.3270 0.18755
10% 0.5608 0.37752
15% 1.1510 0.62315
20% 2.6554 0.94501
25% 3.8046 1.35399
30% 5.4468 1.93842

When an oil-filled motor works on the seabed,
there may be a small amount of leakage due to the
movement of the rotating shaft. Therefore, we consid-
ered compressing the bladder to a certain extent be-
fore deployment, so that the pressure inside the motor
was slightly greater than that outside (not exceeding
1 MPa). When the motor works on the seabed, even if
there is a small amount of leakage, no seawater will
enter the motor compartment, but oil may leak into
the seawater. We chose the size of the sealing ring
to match the groove with a compression rate of
15%. The average contact pressure was greater than
1.6 MPa under this combination, which can meet the
sealing requirements and avoid excessive frictional
resistance resulting in excessive power consumption.

4 Influence of oil

4.1 Influence of temperature

As the temperature decreases, the viscosity of
the hydraulic oil increases significantly (Fig. 6). The
viscosity of the silicone oil also increases, but the
change is relatively small.

After consulting the manufacturer for the inter-
nal structural parameters of the motor, we established
a numerical analysis model (Fig. 7). The hydrodynam-
ic characteristics of the motor rotating at different
speeds in different liquid media were analyzed, based
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on the shear stress transfer (SST) k-w turbulence mod-
el in the Reynolds-averaged Navier-Stokes equations
(RANS) and the slip mesh technique in Fluent. The k-
@ model shows good performance in predicting the
flow and separation of the adverse pressure gradi-
ent boundary layer, and it is widely used in the hy-
drodynamic analysis for rotating machinery, such as
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Fig. 6 (a) Four tested types of oil: dimethyl silicone oil (1)
(GB-3881, Bogang Co., Ltd., China), diethyl silicone oil
(2) (DC-1785, Kaiyin Co., Ltd., China), and hydraulic oils
(3) and (4) (DTE Excel Series and HVI26, Mobil Co.,
Ltd., the USA); (b) viscosity of the oils

Fig. 7 Simulation model of the internal chamber of the
motor

propellers. The slip mesh technique can accurately
solve rotor-stator interactions in transient analysis
mode when dealing with problems that do not in-
volve mesh deformation (Ji et al., 2012; Dubbioso et
al., 2014). Fig. 7 shows a schematic diagram of the
internal chamber of the motor. The rotating shaft is
divided into a hexahedral structured mesh, and a
boundary layer mesh is divided on its surface (the
mesh thickness is 0.1 mm). The stator part is divided
into an unstructured mesh due to its complex struc-
ture. The total number of grids is 612288 and the
maximum size is 0.8 mm. The results are shown in
Fig. 8.

0.18
0.16
0.14

~ 012

£

Z 010

S
3 0.08

To

0.06

0.04
0.02

0.00

o
(&)}

10 15 20 25
Temperature (°C)

Fig. 8 Simulation results

The motor was placed in an oil bath in a
temperature-controlled testing box. Due to the size
limitations of the box, we could not place the load in-
to the box simultaneously. Therefore, we used the
working current of the motor to describe the viscous
resistance approximately (Fig. 9). There was a high
correlation between the operating current and the vis-
cosity of the oil at different temperatures. Tempera-
tures exceeding 10 °C had little effect on the operat-
ing current of the motor. However, the temperature of
the deep sea is generally 2—4 °C, and the oil-filled mo-
tor was obviously affected by temperatures in this
range. We chose oil (1) to fill our motor.

4.2 Influence of pressure

The purpose of the test shown in Fig. 10 was to
study the performance of the oil-filled motor under
high pressure. Because the torque sensor cannot be
used in water and high-pressure environments, we
placed the motor in a high-pressure chamber and ana-
lyzed its working characteristics through its current.
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of the motor

The relationship between torque and current can
be expressed as

M=k,1,, 3)

where M is the mechanical torque, k,, is the torque
constant, and /,, is the current.

The relationship between the internal friction
torque of the motor and the no-load current can be ex-
pressed as

MR=kM109 (4)

where M, is the internal friction torque of the motor,
and /, is the idling current.
The efficiency of the motor can be expressed as

. m n,(M-My) (5)
=30000 U1,
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Fig. 10 High-pressure test

where 7, is the efficiency of the motor, 7, is the output
speed of the motor, and U,, is the voltage.

Then, the output power of the motor is defined
as follows:

T
PI_WHI(M_MR)‘ (6)

The input power of the reducer is equal to the
output power of the motor, and the output power of
the reducer can be expressed as

T

P2:P1’72:mn2Mza (7
where M, is the output torque of the reducer, #, is the
output speed of the reducer, and 7, is the efficiency of
the reducer.
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When i=n,/n,, the output torque of the reducer is
defined as follows:

M,=k,in,(1,~1,). (3

The characteristic parameters k,,, i, #,, and I, of
the motor we selected can be obtained from the mo-
tor selection manual, and their values are shown in
Table 5.

Table 5 Characteristic parameters of the motor

Parameter Value
k,, (N-m/A) 0.076
i 104
7, 0.72
1, (A) 0.19

Substituting the above parameters into the for-
mula gives

M,=5.6911,— 1.081. 9)

The pressure was increased from 0 MPa in
10-MPa increments, and the pressure rate was
0.5 MPa/min. Each time the pressure was increased,
the motor was controlled to start. The motor worked
for 20 min each time, and the current value was re-
corded after stabilization (Table 6). In the process of
pressure relief, the rate of pressure drop was con-
trolled to be 0.5 MPa/min. This was to prevent dam-
age to the motor, especially its internal controller, due
to an excessive rate of pressure drop.

Table 6 High-pressure test current

Pressure (MPa)

Stable current (A) Torque (N-m)

0 0.31 0.68321
10 0.33 0.79703
20 0.34 0.85394
30 0.36 0.96776
40 0.38 1.08158
50 0.41 1.25231
60 0.45 1.47995
70 0.52 1.87832
80 0.61 2.39051
90 0.68 2.78888
100 0.74 3.13034
110 0.90 4.04090
120 1.05 4.89455

Analysis of the calculation results showed that
up to 60 MPa, the output torque had an approximately
linear relationship with the increase in pressure.
When the pressure exceeded 70 MPa, the increase in
output torque was significantly increased. This is re-
lated to the change of the viscosity of the oil under
high pressure and the change of the motor speed.
Therefore, the motor needs to overcome a greater loss
of friction under ultra-high pressure.

5 Application and sea trial of the motor

5.1 60-MPa high-pressure chamber test

During the 60-MPa hyperbaric chamber test, sev-
eral sets of deep-sea sampling equipment were placed
on the support (Fig. 11). Three sets of full-sea depth
sampling equipment, A, B, and C, were deployed, all
of which use the pressure-balanced full-sea depth oil-
filled DC motor developed by this research as the
driving device. The operation of the oil-filled motor
was controlled by an electronic chamber, and the con-
trol program was written into the central control mod-
ule before deployment. The chamber was equipped
with lights and cameras so that the working condi-
tions of the equipment could be observed outside. The
actions of sampling devices A and B during the hyper-
baric chamber test are shown in Figs. 12 and 13, respec-
tively (because the only movement of sampling de-
vice C that could be observed by the camera was the
rotation of the shaft, this action is not shown).

60-MPa high-
pressure
chmber

[Motor C ¥

Deep-sea camera module

-

Sampling device B

A
4
J %7

Fig. 11 60-MPa high-pressure chamber test
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Fig. 13 Action process of sampling device B in the 60-MPa high-pressure chamber at different times (1)—(6)

Both sampling devices were started according to
the presupposed time and reversed to drive the
sampling mechanism to complete a reciprocating
movement process.

5.2 In-situ application

The developed oil-filled motors are equipped as
actuators on many deep-sea instruments (Fig. 14). Mul-
tiple applications in the Marianas Trench have dem-
onstrated that the motors can operate in the deepest
extreme environments of the ocean.

6 Conclusions and discussion

With the development of deep-sea exploration
technology, oil-filled DC motors will become important

actuators. The designed motor has completed several
operational tasks at depths of over 11000 m, which
shows that the motor can operate at full-sea depth.
The developed pressure balancing mechanism, motor
control system, and upper computer software make
our motor very easy to use and suitable for a wide
range of applications.

However, the developed motor still has some
shortcomings: (1) We found that the rubber dia-
phragm of the oil-filled motor would rupture after sev-
eral working operations on the seabed, probably be-
cause the rubber material selected could not withstand
repeated cyclic loads. (2) The motor is unsuitable for
high-speed operation because the rotating seal will
leak at high speed. (3) Sometimes, the motor starts up
on the seafloor with a lag or advance of up to 15%
over the set time.
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Fig. 14 In-situ applications of the motor: (a—d) motor driving a sediment sampler at the bottom of the Mariana Trench to
acquire samples; (e) motor deployed on a filter device; (f) motor deployed on a benthic capture device; (g) motor mounted
on the “Yuanweishiyanhao” lander for testing; (h) motor mounted on the “Fendouzhe” manned submersible for testing

Therefore, we believe that future research on  oil and rubber diaphragms dedicated to deep-sea oil-
deep-sea motors should focus on the following as-  filled motors; (2) development of more accurate mo-
pects: (1) development of unique materials, such as  tor control methods; (3) development of new sealing



structures for deep-sea electromechanical devices,
such as the silica gel seal used by some designers
(Li et al., 2021), which can reduce the weight of the
device.
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