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Abstract: This paper develops a composite weaving structure, combining hexagonal micro-
bumps and hexagonal grooves, in the design of the rubber surface of the screw pump. This
allows us to solve the problem of high torque and fast wear of the rubber stator during
the operation of screw pump lifting oil recovery, based on the bionic hexagonal surface
structure, traditional surface damping principle, and fluid dynamic pressure lubrication
theory. Finite element analysis is first conducted to quantitatively analyze the impacts
of the parallel side distance, groove width, and groove depth on the surface flow field
and wall pressure field of the composite hexagonal structure. Based on the simulation
law, the rubber surface laser structure is then designed and prepared by nanosecond laser
processing. Afterward, tribological experiments are conducted under the condition of long-
term immersion in the actual extraction fluid of shale oil wells. This aims at simulating the
actual downhole oil production conditions and quantitatively studying the impact of the
size of the composite hexagonal structure on the lubrication characteristics of the friction
part of the stationary rotor, as well as the effect of abrasion reduction. The results show
that, within the simulation range, the smaller the parallel side distance, the higher the
load-carrying capacity. In addition, the hexagonal weave with a parallel side distance of
3 mm has a higher wall load carrying capacity than that with distances of 4 mm and 5 mm.
When the groove width is equal to 0.4 mm, the oil film load carrying capacity is higher
than that in the case of 0.2 mm. When the groove depth increases, the oil film pressure
first increases and then stabilizes or decreases after reaching 0.3 mm. In the hexagonal
weave, the friction ratio of the rotor is equal to 0.4 mm. In the tribological experiment of
hexagonal weave, the smaller the parallel side distance, the smaller the friction coefficient,
and the 0.5 mm weave has the highest performance.

Keywords: screw pump stator rubber; hexagonal texture; antifriction and resistance
reduction; fluid lubrication

1. Introduction

More than 400,000 onshore production wells exist in China, supporting almost
200 million tons of crude oil output. They comprise more than 95% of artificial lifting
wells. In addition, more than 98% of the crude oil-produced liquid comes from artificial lift-
ing [1,2]. Using mechanical equipment to work on the fluid, energy is added to the bottom
of the formation, and crude oil is extracted from the underground surface [3]. The basis
of efficient oil well lifting is stable oil production and increase. The screw pump is stable,
safe, and reliable, and it is the second-largest artificial lifting method. It is widely used in
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general crude oil wells, as well as high-viscosity and high-sand-content oil wells [4-11]. In
recent years, electric submersible screw pump rodless lifting has rapidly developed and
has become a crucial important technical direction of platform well lifting. However, the
relative movement between the rotors of the screw pump leads to friction and wear, as
shown in Figure 1. According to the field application statistics of the electric submersible
screw pump, more than 90% of the faults are caused by the wear and friction of the screw
pump [12-14]. The main problems consist of the large friction torque and low efficiency of
the wear pump. To prolong the operating life of the screw pump, many studies have been
conducted on the friction performance of its stator bushing. For instance, Wang et al. [15]
analyzed the form and characteristics of stator rubber wear under dry friction. Sun et al. [16]
analyzed the wear types and characteristics of stator rubber at different positions. Liu
et al. [17] studied the impact of the contact force and rotational speed on the friction and
wear of the stator rubber using the method of friction and wear test. Han et al. [18,19]
studied the impact of the interference quantity and friction coefficient on the stator wear of
the screw pump.

Figure 1. Worn rubber stator of the screw pump.

In recent years, biomimetic surface engineering technology has been widely studied in
the field of oil and gas engineering to reduce the friction between friction pairs. For instance,
Guo et al. [20] presented a coupled PDC drill that mimics the surface structure of seashells
using cellulose and lignin from bamboo as references, allowing an increase in drilling
speeds by a factor of 1.5. The biomimetic surface texturing treatment has been studied
according to the characteristics of biological surfaces in reducing resistance [21-26]. The
application of surface texture technology on the surface of hard materials has also been
studied, while studies on the application of soft materials, such as rubber, are still in
their first stage. Some studies have shown that surface texture can also play a role in
reducing friction on some soft materials. For instance, Yang et al. [27] studied the wear of
rubber plates of propulsion bearings controlled by underwater vehicles. They compared
the tribological properties of surface textured and non-textured rubber samples under
the conditions of water lubrication, low speed, and overload. Their results showed that
the friction coefficient and wear rate of surface textured rubber samples are reduced,
which demonstrates that the surface texture reduces friction and increases wear resistance.
Kasem et al. [28] made a surface texture for the rubber plunger surface of the syringe,
which significantly reduced the friction resistance between the plunger and the tube wall.
Zhang [29] prepared a surface texture on the stator rubber surface to improve its friction
characteristics, allowing for reduced friction, extending the service life, and increasing
work efficiency. Liu [30] mentioned that hexagonal grooves with centrosymmetric and
axisymmetric features and an easy combination of multiple weaves can be used to reduce
friction over the rubber in screw pumps. The anti-friction mechanism of surface texture on
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hard materials has been studied, while the theoretical model on soft materials has not been
studied yet [30-38]. After the development of the laser processing technology, more laser
processing technologies are employed for surface texture processing [39—41]. Mao et al.
discuss laser ablation, laser interference, and laser impact surface texturing processes for
flexibility, very high processing accuracy, and good controllability for different conditions
and materials [42].

Taking into consideration the actual application in the oil recovery site, in the case
where the stator rubber of the screw pump has a large friction wear, causing pump failure,
this study proposes to treat the surface texture of the rubber. This allows us to reduce the
friction between the stator rubber and the rotor, and to increase the wear and abrasion
resistance of the rubber. A dynamic pressure lubrication model of rubber contact fluid is
developed, and a composite hexagonal texture, which combines micro-bumps and grooves,
is designed and constructed. The distribution law of flow and pressure fields on the surface
of high acrylonitrile rubber with a textured surface is also studied. In addition, tribological
experiments are conducted to reveal the anti-friction mechanism of the surface texture on
the surface of the soft material. By optimizing the surface texture dimensions and guiding
the actual production in the field, the pump checking cycle of the screw pump well is
extended and the production efficiency is increased.

2. Mathematical Model of the Dynamic Pressure Lubrication Theory
In this study, the following assumptions are made:

(1) Volumetric forces, such as gravity and magnetism, are not considered, and there is no
relative sliding between the fluid surface and the solid interface.

(2) The fluid at the surface of the friction sub-surface is a Newtonian fluid of constant
viscosity, regardless of the pressure variation in the direction of the film thickness.

(8) The screw pump stator and rotor between the soft and hard materials of the interfer-
ence fit so that the contact surface is not completely in line contact, the surface of the
weaving unit can be seen on the plane of contact, and the effect of the curvature of the
oil film is negligible. The translational velocity is used instead of the speed of motion
without taking the effect of the oil film curvature into consideration.

(4) The fluid flow on the surface of the friction pair is laminar, and the inertial forces are
negligible compared with the viscous forces.

(5) In this paper, the selection of lubrication medium for low-viscosity shale oil with good
fluidity is challenging, as it resists the viscosity changes even at a high shear rate. The
viscosity is constant along the direction of the lubricant film thickness.

The Reynolds equation for the fluid on the surface of the weave (given by Equation (1)) [30]:

B()+ 5(23) - \

6 & (ph) + & (Vi) +20(a, — wy)]

where 7 is the fluid-viscosity, (Pa-s), p is the lubrication film pressure, (N), U, and V are
the relative velocities of the friction pair along the x and y directions, and wy, and wy are
the speeds of the two surfaces of the friction pair along the direction of the thickness of the
lubrication film.

Neglecting the effect of pump temperature and pressure on viscosity and assuming
that the viscosity in the fluid cell remains constant, the Reynolds equation for a locally
pressurized fluid film can be written as (Equation (2)) [30]:

(%) +3(43) - augon &
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Considering only the dynamic pressure effect term, the Reynolds equation can be
simplified to the form presented in Equation (3) [33]. This can be used as Reynolds equation
in the theoretical model of the lower surface texture of small gap where the incompressible
fluid is dominated by laminar lubrication. Its form is given by:

0 [, 30p d (,30p\ oh

The bearing capacity of the plate can be obtained by integrating the surface pressure
of the plate:

Fyy = /A PdA (4)

where P is the oil film pressure of the lubricating oil, (Pa), and A is the effective area
between the plates, (m?).

The friction force of the oil film can be obtained by integrating the shear stress on
its surface:

- /A TdA (5)

where T is the shear force of the lubricating oil film, (Pa).
The friction coefficient can be determined by calculating the bearing capacity and
friction force of the lubricating oil film using Equations (4) and (5), respectively:

I ©

3. Fluid Simulation and Friction Experimental Analysis of
Textured Surface

3.1. Simulation Model of Stator Inner Surface Texture

The surface texture geometric parameters mainly include the shape of the texture unit,
parallel edge distance (D), groove width (w), and depth (h). Each parameter has its specific
impact on the friction coefficient and lubrication state. Therefore, a reasonable selection of
the surface texture parameters plays a crucial role in increasing the lubrication performance
of the friction pairs. The scale of the snake can protect the body and reduce the friction
resistance. In addition, the structure of the snake scale is hexagonal, and thus, in this study,
the hexagonal surface texture is designed on the inner surface of the rubber stator of the
screw pump with reference to the scale of the snake.

Figure 2 shows the three-dimensional model of the rubber surface texture of the stator
of the screw pump. The finite element method and fluid analysis method are used to
quantitatively analyze the impacts of different hexagon texture parallel edge spacing and
texture groove width and depth on the friction properties of the friction pair of the screw
pump fixed rotor.

W— Groove width

h—Groove depth

)

74

7} p—Parallel side distance

Figure 2. Geometric model of hexagonal surface textures.
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The surface texture of the rubber sample of the screw pump stator was manufactured
by nanosecond laser. The parallel edge spacing was set to 3, 4, and 5 mm, the groove width
was set to 0.2 mm and 0.4 mm, and the groove depth was set to 10 pm, 50 pm, 100 pm, 200,
and 300 pm. The impacts of the hexagon texture parallel edge distance, texture groove
width, and texture depth on the friction properties were quantitatively analyzed.

The flow field and pressure field on the texture surface were analyzed using the
finite element method according to the hexagonal texture geometry model. The three-
dimensional fluid model was developed by finite element calculation on computational
fluid dynamics (CFD) and fluid analysis software (Workbench 2020 R2 Fluent). The lubri-
cation medium is selected from the actual extracted fluid from the shale oil production
area in western China, having a viscosity of 0.08 mPa-s and 870 kg/m?, and the lubrication
weaving boundary condition is set to 101,325 Pa, with the flow rate set to 1 m/s.

The local encryption improves the mesh quality, as shown in Figure 3. When the
number of meshes in the simulation model reaches 110 k, its impact on the calculation
result is less than 5%.
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Figure 3. The meshed three-dimensional fluid model. (Fluid domain grid model (a), The surface
pressure values are calculated under different grid numbers (b—d)).

3.2. Analysis of the Fluid Simulation Characteristics of the Texture Surface

Figure 4 shows the mean pressure cloud image of the oil film on the hexagonal surface
with parallel edge margins of 3, 4, and 5 mm. It can be seen that the average pressure of the
oil film on the upper wall with a parallel edge distance of 3 mm is higher, which indicates a
higher bearing capacity.

Figure 4a,c show the pressure distribution on the upper surface of hexagonal textured
oil film with different parallel edge distances. It can be seen that when the texture size
increases, the fluid velocity inside the groove decreases, and its dynamic pressure effect
decreases. Therefore, when the average pressure on the upper wall of the fluid decreases,
the carrying capacity of the oil film also decreases.
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Figure 4. Mean pressure cloud image of the oil film on the groove of surface texture with parallel
edge margins of 3 (a), 4 (b), and 5 mm (c).

It can be seen from Figure 5a that when the groove depth of the hexagonal texture
increases, the average pressure on the wall of the oil film on the hexagonal texture surface
first increases and then gradually stabilizes. The film pressure rapidly increases within
the range of 300 um, and the average pressure then stabilizes as the groove depth reaches
400 pm, and it finally decreases when the average pressure continues to increase.
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Figure 5. Texture groove pressure of the lubricating medium film function of the depth (As the groove
depth changes, the pressure value (a), the pressure cloud image (b), the flow field (c) in the groove,
and the velocity vector (d) change).
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It can be observed from Figure 5b that when the depth increases, the positive and
negative pressure zones vary, and the parallel edges of the positive pressure zones gradually
tend to be equal. As a result, the additional bearing capacity obtained by the textured oil
film decreases, and the average pressure reflected in the wall surface of the oil film also
decreases. That is, the bearing capacity and the anti-friction effect both decreases.

It can be seen from Figure 5c,d that with the same groove width, when the groove
depth increases, the fluid inside the groove forms a vortex. In addition, when the groove
increases, the flow rate of its bottom decreases, and the impact on the upper fluid is reduced.
Therefore, when the depth reaches 400 pm, the bearing capacity of the oil film first increases,
and when the depth reaches 500 pm, it slowly decreases.

When the depth of the hexagonal textured grooves increases, the flow state at their
location significantly changes. With a notch width of 0.4 mm, the texture groove starts to
form vortices within at a depth of 100 pum. When the textured groove depth increases, the
size of the vortices also increases. At a groove depth of 300 um, the volume of the vortex
reaches its maximum value. In this process, the greater the increase of the weaving depth,
the greater the impact of the vortex on the upper fluid layer of the groove. In addition,
the relative motion and viscous effect between the fluid layers produce vortex flow in the
opposite direction of the upper layer of the fluid motion. Moreover, some of the reduced
fluid kinetic energy is converted into vortex energy, and the energy loss caused by the
vortex flow is increased compared with the previous process. The increase of the dynamic
pressure lubrication effect of the wedge gap caused by the depth increase is not enough
to offset the kinetic energy loss of the upper fluid due to the vortex generation. Thus, the
average surface pressure first increases and then stabilizes or decreases when the depth
at the weaving grooves continues to increase. The oil film-carrying capacity is higher at a
groove width of 0.4 mm compared with that at 0.2 mm, which indicates higher lubrication
performance. The composite hexagonal weave with a groove depth of 300 um showed an
average increase of 1.4% in the mean pressure on the wall of the grooves compared to the
grooves with a depth of 10 um, with a standard deviation of 0.00496.

3.3. Friction Experiment on Well Liquid Fabrication

In this experiment, the actual well fluid from a screw pump well in the oilfield is used.
It belongs to a light crude oil with a paraffin base. The well fluid was pre-deaerated to
remove the gas impact.

The surface texturing samples were manufactured on high-acrylic rubber by using
a nanosecond laser, and the surface texture features of the sample were observed using
the Olympus three-dimensional confocal microscope OLS500 (Olympus, Tokyo, Japan).
Appropriate laser processing parameters were adopted to make the rubber surface texture
clear. The processing parameters are shown in Table 1.

Table 1. Laser processing parameters.

Laser Processing Parameters

Laser power 20W
Engraving frequency 500 kHz
Engraving speed 800 mm/s
Number of engravings 5

The on-site conditions of the electric submersible screw pump show that the friction
force of the rubber used in the pump will increase within a month. Therefore, the samples
were immersed in actual well liquids at 70 °C for 31 days. The surface texture features are
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shown in Figure 6. It can be clearly seen that after immersing tests, the surface textures
still exist.

627.944pm
D=3.28mm

H=546pm

31.532um

Figure 6. Hexagonal surface texture after immersing in actual well liquids at 70 °C for 31 days.

The friction experiment of the surface texturing samples after immersion was con-
ducted using a UMT-3 reciprocating friction and wear tester, as shown in Figure 7a,c. The
actual well liquids were used as a lubricating medium. The reciprocating frequency and
travel were 3 Hz and 6 mm, respectively. A load of 30 N was used, and the experimental
time for each sample was set to 900 s.

S ol -
~“Upper specimen 4
" Bear ball

- |
Lower specimen
Rubber specimen

Friction coefficient

4000 200 300 400 500 600 700 500 900 0.5 15 3

time /s parallel edge spacing /mm
Figure 7. (a) Schematic diagram of the oil lubrication friction experiment, (b) friction coefficient, and
(c) wear loss of hexagonal textures with parallel edge spacings of 0.5, 1.5, and 3 mm.

Figure 7a shows a schematic diagram of the friction and wear test process. As can be
seen from Figure 7b,c, the hexagonal texture with parallel edge spacing of 0.5 mm has the
smallest rubber friction coefficient and wear amount. When the parallel edge distance is
equal to 3 mm, the friction coefficient and wear amount are the largest.

4. Conclusions

In this paper, the geometrical model of the hexagonal surface texture on the rubber of
the screw pump stator was designed, and the mathematical model of the dynamic pressure
lubrication of the textured surface was established. In addition, the impacts of the parallel
edge distance, groove width, and depth on the dynamic pressure lubrication field on the
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oil film-bearing capacity and friction characteristics were analyzed through theoretical
analysis and conducted experiments.

The results show that the smaller the parallel spacing of the hexagonal micro texture in
the study range, the greater the oil film pressure-bearing capacity. The parallel side spacing
and width of the grooves were set to 3 mm and 0.4 mm, respectively. When the depth of
the grooves increases, the average pressure of the oil film on the surface of the hexagonal
texture first significantly increases and reaches its maximum value. Afterward, due to the
increasing energy loss caused by eddy currents, the carrying capacity and anti-friction effect
start to slowly decrease. A reasonable design of the hexagonal surface texture parameters
can significantly increase the dynamic lubrication performance of the friction pair and the
anti-friction wear performance of the stator rubber.

After 31 days of immersion in the actual well fluid at 70 °C, the surface texture of the
rubber samples still exists. It is also observed that the smaller the spacing between the
parallel edges of the hexagonal weave, the higher the load-bearing capacity and the friction
and wear-reduction ability. The hexagonal texture of 0.5 mm exhibits the smallest rubber
friction coefficient and the smallest wear.
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