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ABSTRACT

Shale gas production has become the main driver of global gas production growth. Deep shale gas is
difficult to extract, which puts forward higher requirements for drilling speed increase. The downhole
power drilling tools are mainly screw drilling tools. Conventional screw drill tool stator bushing has poor
heat dissipation, which is prone to thermal hysteresis failure, shortening drilling tool life, and is not
suitable for high temperature and high pressure environment of deep shale gas wells. Equal wall
thickness screw drilling tools and hydrogenated nitrile rubber have better high temperature resistance.
Therefore, based on the thermal aging experiment and constitutive model of the rubber changes the
displacement of the inner cavity of the stator bushing and the difference between the front and the back
is up to 21.6%. The increase of the interference and eccentricity between rotor and motor leads to the
increase of the maximum von Mises stress of the stator bushing and the thermal hysteresis temperature.
The influence of the interference is greater than the influence of the eccentricity so that the interference
should be given priority in the design. This paper provides a theoretical reference for the design and

optimization of equal wall thickness bushing of positive displacement motor.
© 2022 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Shale gas production has made significant progress in recent
years and has become a major driver of global gas production
growth. The deep shale gas resources in China are rich, diverse and
widely distributed, which has a good resource prospect and great
exploration significance. Sichuan Basin is rich in shale oil and gas
resources, and has superior geological conditions incomparable to
other shale layers in China. The production of shale gas in the South
China Sea continues to grow rapidly and the exploitation of ultra-
high pressure deep marine shale gas has become a technical diffi-
culty [1—4]. Deep shale gas is buried deeply, and features high rock
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strength, temperature and pressure, multiple layers, low rate of
penetration, long cycle and high cost, which puts forward higher
requirements for drilling speed increase [5] Therefore, it is of great
significance to study high-performance downhole power drilling
tools and their working characteristics, which are suitable for deep
and ultra-deep wells, to ensure the efficient work of downhole
tools, improve the rate of penetration and reduce drilling cost. The
downhole power drilling tools are mainly screw drilling tools.
Screw drill, as one of the main power drilling tools, transforms the
hydraulic energy of drilling fluid into mechanical energy. Conven-
tional screw drill tool stator bushing has poor heat dissipation,
which is prone to thermal hysteresis failure, shortening drilling tool
life, and is not suitable for high temperature and high pressure
environment of deep shale gas wells. Compared with the ordinary
screw drill, the screw drill with equal wall thickness has good heat
dissipation characteristics, uniform rubber expansion, high single-
stage pressure, and large bonding area between rubber and
metal, which improves the working life of the stator, the stability of
the stator, the system efficiency, and the bonding strength of the
rubber bushing [6,7]. It is more suitable for deep well environment
with high temperature and pressure. Practice has proved that the
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equal wall thickness oil resistant screw drilling tool (temperature
resistance 170°C, life 150 h) has excellent performance in deep
shale gas well drilling process [8], so it is widely used in shale gas
drilling [9].

The main failure component of screw drill is screw motor stator
bushing, shown as Fig. 1. Many scholars have done a lot of research
on the mechanical properties of screw motor rubber bushing. Shi
[10] analyzed the thermal hysteresis mechanism of conventional
screw motor rubber bushing based on experiment and numerical
simulation. Shao [11] used the fluid-structure coupling method to
analyze and compare the forces of the stator bushing with the same
wall thickness and the conventional wall thickness to optimize the
bushing structure design. Wang [12] studied and compared the
mechanical properties of stator bushings with equal wall thickness
and those with conventional wall thickness under the coupling of
uniform pressure, static pressure and differential pressure. Zhu's
[13] research shows that ambient temperature thermal aging has a
significant effect on the calculation results of screw drill stator
bushing.

Rubber bushing materials for screw drilling tools are mainly
NBR and hydrogenated NBR. Hydrogenated nitrile rubber is ob-
tained by hydrogenation in the molecular chain of nitrile rubber. It
has better heat resistance, weather resistance and ozone resistance
than nitrile rubber. It also has higher tensile strength, tear strength
and wear resistance. Especially in ozone aging resistance and
hydrogen sulfide resistance [14], it has better performance than
other rubber materials and is more suitable for high temperature
and pressure environment of deep and ultra-deep wells. Aging has
a significant effect on the mechanical properties of rubber. Many
scholars have done a lot of research on the anti-aging and me-
chanical properties of hydrogenated nitrile rubber after aging. After
aging at 150°C x 72 h, the tensile strength of Nargard 445 was the
highest when it was used alone [15]. Li's [16] research shows that
the high temperature tensile and heat resistance of HNBR with
peroxide sulfide is better than that of sulfur and sulfur donor sul-
fide. Fu [17] studied the mechanical properties and fatigue life
differences of HNBR materials after aging in the environment of air
and aviation kerosene immersion. Li [18] studied the physical and
mechanical properties of hydrogenated nitrile rubber (HNBR) with
different saturation at room temperature and 180°C, as well as the
dielectric resistance of water, diesel and water-based drilling fluid
at 180°C. Li [19] studied the mechanical properties of hydrogenated
nitrile butadiene rubber (HNBR) with different amounts of carbon
black in the temperature range of 25°C—150°C. Zhu's [20] study
shows that both external strain and temperature accelerate the
aging of HNBR, and there is an approximate linear relationship
between the acceleration effect of strain aging and the strain level,
and the acceleration effect of strain aging is enhanced by the in-
crease of temperature. The study of Ouyang [21] shows that in the
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aging process, the molecular chain cyanide of hydrogenated nitrile
rubber is hydrolyzed, which reduces the hardness, tensile strength
and retention rate of breaking and elongation of the vulcanized
rubber. Du's [22] study shows that the swelling rate of HNBR in-
creases with the increase of temperature.

Equal-wall thickness screw drilling tools have been widely used
in shale gas exploitation in Sichuan and Chongqing areas. However,
there are few researches on mechanical properties of hydrogenated
nitrile rubber bushing for equal-wall thickness screw drilling tools
at high temperature. Therefore, based on the thermal aging test,
this paper obtained the mechanical properties of HNBR at different
temperatures, and combined with the finite element model,
analyzed the mechanical properties of the same wall thickness
bushing at different well depths, as well as the influence of different
interference and different eccentricity on its mechanical properties.
This paper provides guidance and suggestions for improving the
service efficiency and working life of the screw drill tool with equal
wall thickness in deep or ultra-deep wells.

2. Superelastic constitutive model

Currently, rubber materials have many types of superelastic
constitutive models. This paper discusses two constitutive models
that are widely used in engineering: the Mooney-Rivlin (M-R)
model and the Yeoh model.

2.1. Mooney-Rivlin model

The Mooney-Rivlin [23] model was first proposed in 1940, after
which Rivlin further developed it. Its general form is:

o0

Z Crs(ly — 3)r(12 - 3)5

00
r=0 s=0

W= (1)

where W represents the strain energy function of unit undeformed
volume; cs represents material constant which is a regression co-
efficient derived from the analysis of experimental data; I; and,
represent  invariants of Cauchy deformation tensor:
L =Gy, = (112 —CUZ)/Z . The strain energy function commonly
used in engineering is a linear form for I, I; (Assume that rubber is
a completely incompressible material):

W =Cyo(l1 —3) + Cor1(l2 - 3) (2)

In order to calculate the model constant Iy, I; , the strain energy
function needs to be expressed by the main elongation ratio A, A5,
A3 and then find the relationship between the main elongation ratio
A; and the stress ¢, the deformation tensor invariant. The relation-
ship between the main elongation ratio and the invariant of the

Fig. 1. Stator rubber bushing failure phenomenon and region distribution.
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Cauchy deformation tensor is as follows:

11 = /112 + 122 + 132
L = (MA2)? + (Aas)® + (Jshy)?}
I3 = (MAa3)?

(3)
Because rubber is a completely incompressible material, it has:

1
I3=(hlpks)’ =1.0r 23 =55 (4)
112

Substituting formula (4) into formula (3):

I] :A12 +/122 +ﬁ
M A
1 1 } (5)
L=k’ +—+—
WAt
The relationship between the main elongation ratio and the
main strain ¢; is:

Ai=eg+1 (6)

The expression of the Cauchy stress tensor is:

MB_ 2%3*1

o= —pl+250 ol

(7)

where [ represents the invariant of deformation tensor; p repre-
sents any hydrostatic pressure from an incompressible assumption;
B represents deformation tensor, I; is an invariant. The relationship
is:

I;=B,I, =%[112 —tr(B%)),I; = detB (8)

Substituting the formula (8) into the formula (7):

20W 1

(9)

In the uniaxial tension and compression test, the test piece is
only stressed in one direction and the other two directions are free,
then:

B 20W 1 aW
o1=2[A m—h—zy]—l? (10)
20W 1 aW _
02 =2[1y W_AZ_ZW]_ =0, 03=0 (11)
=kt =N (12)
Combined with formula (10)-(12):
_ 2 1 W 1 oW
0'1—2(/.\1 /12) 611 +A] 612) (13)
Substituting the formula (2) into the formula (13):
1 1
01=2(11" =5)(Cro +3-Cor) (14)
2 1
Equation (14) can be written as:
g 1
—————=C10 +5Co1 (15)
204° -4 M
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Equation (15) is the basic formula for calculating the M-R
constitutive model constants.

2.2. Yeoh model

The Yeoh model was proposed by Yeoh [24] in 1990 in the form
of a cubic strain energy function to describe the strain energy of a
super elastic material:
W =Cio(h —3) + Cao(h — 3)* + Czo(l — 3)° (16)
where Cjg, Cy0 and C3q are the Yeoh model constants.

In the same way, substituting formula (16) into formula (13):

E_3)2

; (17)

a 2 2 2
Equation (17) is the basic formula for calculating the constant of
the Yeoh constitutive model.

3. Study on the applicability of constitutive models
3.1. Rubber material test

The research object of this paper is the hydrogenated nitrile
rubber commonly used in the stator bushing of PDM in deep well
drilling and it is subjected to uniaxial tensile test and rubber heat
aging test. The test subjects were directly purchased hydrogenated
nitrile rubber dumbbell test pieces. Experimental equipments are
shown in Fig. 2.

(1) Taking into account the influence of temperature and time
on the mechanical properties of rubber, according to the ASTM
standard (ASTM-D573-2004 Standard Test Method for Rubber
Deterioration in an Air Oven), the entire rubber test piece is sub-
jected to heat aging treatment under the corresponding conditions
at a standard temperature. Processing conditions are shown in
Table 1.

(2) A uniaxial tensile test was performed on the heat-aged
rubber test piece. Quasi-static cyclic loading (loading speed
0.01 mm/s) was used in the test to obtain engineering stress o¢ and
engineering strain. The relationship between engineering stress
and real stress ¢ is as follows:

g=0p(1+e¢) (18)

The engineering stress-strain data obtained from the experi-
ments are substituted into equations (15) and (17), respectively,
and the corresponding straight lines and quadratic curves are fitted
as shown in Fig. 3 and Fig. 4.

The model constants of the Mooney-Rivlin model and the Yeoh
model are calculated according to the above derivation, as shown in
Table 2 and Table 3(* stands for data confidentiality).

3.2. Applicability comparison

In order to ensure the accuracy of the subsequent finite element
calculation, it is necessary to compare the fitting errors of the two
constitutive models and choose the rubber constitutive model
which is more suitable for the deep well high temperature envi-
ronment. The fitting error formula is as follows [25]:

N
E=) (
i=1

o; test _ (Tith

2
) (19)

where ¢;" represents theoretical engineering stress; ;s



C. Shi, X. Wan, X. Zhu et al.

()

Petroleum 8 (2022) 403—413

(b)

Fig. 2. Uniaxial tensile test equipment and rubber aging test equipment.
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Table 2

—— Room temperature
—— 70 degrees Celsius
—— 100 degrees Celsius
—— 130 degrees Celsius
—— 150 degrees Celsius

5 10 15
A+2/A-3

Fig. 4. Fitting curve of hydrogenated nitrile rubber Yeoh model.

M-R model constant of hydrogenated nitrile rubber.

Table 1
Rubber heat aging treatment conditions.
Group 1 Temperature/°C 100 130 150
Time/h 24
Group 2 Temperature/°C Room temperature (25)
Time/h 24
2.0
—— Room temperature &
—— 70 degrees Celsius
—— 100 degrees Celsius
1.6 ———130 degrees Celsius A
= —— 150 degrees Celsius
‘: v
1
< 1.2
=
S
0.8
0.4 - - '
0.2 0.4 0.6 0.8
/A

Fig. 3. Fitting straight line of hydrogenated nitrile rubber M-R model.

represents test stress; E represents the square of the relative error
between theoretical engineering stress and experimental stress.
For uniaxial tensile and compression tests, the theoretical

Model constant

Hydrogenated nitrile rubber

Room temperature  70°C 100°C 130°C 150°C
Cio 0.2507 * 02827 * *
Co1 0.9931 1.1478 * 1.1788  1.5755

engineering stress can be obtained by the partial derivative of the
main elongation ratio 4; in the corresponding energy function W.
The formula is as follows:

406
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Table 3
Yeoh model constant of hydrogenated nitrile rubber.

Petroleum 8 (2022) 403—413

Model constant Hydrogenated nitrile rubber

Room temperature 70°C 100°C 130°C  150°C
Cio 0.948 * 0.9332 1.2792 *
Cyo 0.0919 0.1539 * 0.0919 *
C3g —0.0023 —0.004 -0.0050 * —0.0048
ow oW al; oU ol
th 1 2
o= = b 20
V79 ol 9k ol oA (20)
Combined with formula (5)(12).
11:/.{]2-%21171,12:1]72-’-2}1 (21)

Calculate the theoretical engineering stress of the Mooney-
Rivlin model and the Yeoh model by substituting the measured
main elongation ratio into equation (20),(21). Then the fitting error
of the two constitutive models is calculated by equation (19). The
calculation results are shown in Table 4. It can be seen that the
fitting error of the Yeoh model is lower than the fitting error of the
M-R model at four temperatures. This fitting error comparison
analysis method is further demonstrated in the Shi's article [26,27],
so the results obtained by this method will be used below.

In summary, in the high temperature deep well environment,
using Yeoh model to describe the constitutive relationship of hy-
drogenated nitrile rubber can ensure the accuracy of finite element
analysis results.

4. Finite element analysis and discussion

This section would deeply analyze the mechanical behavior of
equal wall thickness bushing in high temperature and deep well.
Zhang et al. [28] and Chi [29] compared the calculation results of
the three-dimensional model and plane strain model of the con-
ventional stator bushing of PDM. The results show that the uniform
temperature field, pressure field, thermal hysteresis temperature
field distribution and lumen profile displacement obtained by the
two models are basically the same under the same working con-
ditions. Therefore, the finite element analysis of the paper uses the
plane strain model to improve work efficiency. In the actual drilling
process, the temperature field and pressure field of PDM are related
to the drilling depth, so the actual internal pressure at the bottom of
the well and the temperature corresponding to different well
depths will be used as the boundary conditions. Room temperature
is set to 25°C. The temperature of different well depths is calculated
according to the gradient of 3°C/100 m. The internal pressure
calculation formula is p = pgh , where p represents drilling fluid
density of 1100 kg/m3, g = 9.81 m/s2.The pump pressure after loss
is 15 MPa.The boundary parameters of different well depths ob-
tained from above are shown in Table 5.

Table 4
Hydrogenated nitrile rubber fitting error.

Temperature M-R fitting error Yeoh fitting error
Room Temperature 0.1332 0.0991
70 °C 0.1237 0.1107
100 °C 0.1255 0.1174
130 °C 0.1382 0.1163
150 °C 0.0944 0.0715

407

Table 5

The boundary parameters of different well depths.
Well depth/m 2500 3500 4200
Temperature/°C 100 130 150
Internal pressure/MPa 42 53 60

4.1. Influence of the constitutive model's change on the normal
displacement of the inner cavity of the bushing

Fig. 5 are the comparison curves of the analytical results of the
constitutive model at different temperatures. At a depth of 2500 m,
the maximum normal displacement of the bushing cavity obtained
by the constitutive model at room temperature is 0.225 mm. And
using the correct constitutive model at 100°C, it is 0.214 mm. The
difference between the two displacements is 4%. At a depth of
3500 m, the maximum normal displacement of the bushing cavity
obtained by the constitutive model at room temperature and the
constitutive model at 130°C were 0.284 mm and 0.241 mm,
respectively. The difference is 15%. At a depth of 4200 m, the
maximum normal displacement of the bushing cavity obtained by
the constitutive model at room temperature and the constitutive
model at 150°C were 0.321 mm and 0.251 mm, respectively. The
difference is 21.8%. It can be seen that the temperature changes the
constitutive model of the rubber and also has a large effect on the
maximum normal displacement of the liner cavity. As the depth of
the well increases and the formation temperature rises, the effect
increases. Therefore, in the calculation of the following text, the
constitutive model at the corresponding temperature in Table 3
should be selected.

4.2. Influence of different interference on mechanical behavior of
bushing

Fig. 6 is an equivalent stress cloud diagram of equal wall thick-
ness bushing whose parameter settings are: the depth of the well is
3500 m, the interference between the stator and rotor is 0.5 mm
and the rotor speed is 2.5 r/s. It can be seen that the equivalent
stress is mainly distributed at the location where the stator is in
contact and the maximum equivalent stress (0.902 MPa) is also
present at the meshing of the stator and rotor. Fig. 7 shows the
maximum equivalent stress of the bushing when the interferences
are 0.3 mm, 0.4 mm, 0.5 mm, 0.6 mm, respectively. As the inter-
ference increases, the maximum von Mises stress (Von Mises Stress
is equivalent to the Mises Stress in the stress nephogram) of the
bushing increases. Fig. 8 shows the effect of interference at different
well depths on the maximum von Mises stress of the bushing. It can
be seen that the 2500 m and 4200 m wells have the same regularity
as the 3500 m well under deep working conditions. If the inter-
ference is too large, the maximum von Mises stress of the bushing is
increased and the life of bushing is reduced. Therefore, while
ensuring the sealing performance, the smaller the interference, the
better.

4.3. Influence of different eccentricity on mechanical behavior of
bushing

In order to analyze the influence of eccentricity, only the ec-
centricity value is changed, and the interference value is set as
0.5 mm, while other structural parameters remain unchanged
(consistent with Section 3.1). Similarly, the case of 3500 m well
depth is taken as an example. Fig. 9 shows the maximum von Mises
stress curve of the bushing when the eccentric distance is
e = 6.1 mm, e = 6.3 mm, e = 6.5 mm respectively. When the ec-
centricity is e 6.1 mm, the maximum von Mises stress is
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Fig. 5. Normal displacement curve of inner cavity of bushing.

S,Mises
(Avg:75%)
0.902

0.754

- 0.606
- 0.458

11

- 0.309

0.161

0.013

Fig. 6. von Mises stress cloud diagram of wall thickness bushing at 3500 m well depth
and 0.5 m interference.

0.576 MPa. When the eccentricity is increased to e = 6.3 mm, the
maximum von Mises stress becomes 0.608 MPa. Continue to in-
crease the eccentricity to e = 6.5 mm and the maximum von Mises

stress is 0.824 MPa. It can be seen that an increase in the eccen-
tricity also leads to an increase in the maximum von Mises stress.

As can be seen from section 3.3 and above, both the interference
and the eccentricity are positively related to the maximum von
Mises stress of the equal wall thickness bushing. In order to further
compare the degree of influence of the interference and eccen-
tricity on the maximum von Mises, simultaneous changes in the
interference and eccentricity are taken into account. Table 6 shows
the maximum von Mises stress relationship of bushing with
different interference-eccentricity. When the eccentricity increases
from e = 6.1 mm to e = 6.5 mm and the interference remains at
0.5 mm, the maximum von Mises stress increases from 0.576 MPa
to 0.824 MPa. Then the maximum von Mises stress continues to
increase to 0.903 MPa when the eccentricity is reduced from
e = 6.5 mm to e = 6.1 mm and the interference increases from
0.5 mm to 0.6 mm. This shows that the effect of the interference on
the maximum von Mises stress of the bushing is greater than the
influence of the eccentricity.

The increase of the internal temperature of the stator bushing of
PDM will inevitably cause the expansion deformation of the rubber
and accelerate the fatigue damage. If the temperature exceeds the
temperature resistance of the rubber, the rubber material will
directly fail. Therefore, it is necessary to analyze the temperature
field of rubber materials.

There are three main reasons for the increase in stator bushing
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S,Mises
(Avg:75%)
0.605
s 12}
% S.Mises 0.507
(Avg:75%) S, Mises
2 1.0 | goos S (Avg:75%)
3] 0.304 S, Mises 1.136
a 0.240 (Avg:75%) ¢
%) 08 } 0.192 0.203 0.903 0.947
% : . 0.758
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g 06 I 0.096 0.602 0.569
= ’ . 0.380
g 0.048 0.452
5 04 | —— 0.301 0.191
S : 0151 0.002
0.2 ; . . 0.001
0.3 0.4 0.5 0.6
Interference/mm

Fig. 7. Curve of maximum von Mises stress of bushing-interference at 3500 m well
depth.

temperature [30]. (1) The first reason is the downhole formation
temperature. It changes with the depth of the well and the tem-
perature is stable. (2) The second reason is hysteresis heat gener-
ation of the stator bushing. During the operation of PDM, the stator
is periodically squeezed by the rotor. Due to the viscoelastic char-
acteristics of the rubber material, under periodic load, the rubber
inside will produce viscous loss and heat generation. Moreover, the
load on different parts of the stator is different and the thermal
conductivity of the rubber material is poor, so that uneven tem-
perature rise occurs inside the stator bushing. (3) The last reason is
friction heat generation between the stator and the rotor. Under
normal circumstances, the friction coefficient of the stator-rotor
contact surface is small and the friction generates less heat,
which can be ignored. Among the above three reasons, the hys-
teresis heat generation is the most complicated and the most un-
controllable, so it should be studied.

14 ¢
ch —=®— 2500 m
S 1.2 | —e—3500m
E —4A—4200m
g 10
2 08
=
£ 06
E
5 04
E .
0.2 . . J
0.3 04 0.5 0.6
Interference/mm

Fig. 8. Curve of maximum von Mises stress of bushings-interference under different
well depths.
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o

0.55 L— - - : -
61 62 63

0.60

Maximum Mises stress/MPa

Eccentricity/mm

Fig. 9. Curve of maximum von Mises stress of bushing-eccentricity at 3500 m well
depth and 0.5 mm interference.

4.4. Effect of different interference on thermal hysteresis of bushing

Fig. 10 shows the thermal hysteresis temperature field distri-
bution of the bushing, whose conditions are: the depth of the well
is 2500 m, the bottom hole temperature is 100°C, the interference is
respectively 0.3 mm, 0.4 mm, 0.5 mm, 0.6 mm. As can be seen in the
figure, when the interference is 0.3 mm, the maximum tempera-
ture rise of the thermal hysteresis is only 2.7°C. When the inter-
ference increases to 0.6 mm, the maximum temperature rise
sharply increases to 23.4°C. The larger the interference, the higher
the maximum temperature rise and the higher the temperature
rise gradient.

When the depth of the well is different, the pressure of the
drilling fluid column and the formation temperature are all
different. Fig. 11 and Fig. 12 show the bushing thermal hysteresis
temperature—the bushing cavity phase angle curve and the ther-
mal hysteresis maximum temperature rise amplitude histogram. It
can be seen from Fig. 11(b) and (c) that the variation of the
maximum thermal hysteresis temperature of the equal wall thick-
ness bushing at 3500 m and 4200 m with respect to the interfer-
ence is basically the same as that obtained at 2500 m. The deeper
the well depth, the greater the change in thermal hysteresis tem-
perature caused by the same amount of change in interference.
Fig. 12 shows a phenomenon in which, with the same interference,
the deeper the well depth, the smaller the maximum thermal
hysteresis rise of the stator bushing. The cause of the above phe-
nomena is: When the depth of the well becomes deeper, the
pressure of the drilling fluid column increases and the displace-
ment of the inner cavity of the stator bushing increases accordingly,
which results in a reduction in the interference between the stator
and the rotor. It can be seen from the conclusion of section 3.3 that

Table 6
Maximum von Mises stress of bushing with different interference-eccentricity at
3500 m well.

0.5-6.1
0.576

0.5-6.5
0.824

0.6—-6.1
0.903

Interferenceeccentricity/mm
Maximum von Mises stress of bushing/MPa
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Fig. 10. Thermal hysteresis temperature field distribution of different interferences at 2500 m well depths.
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Fig. 11. Thermal hysteresis temperature of bushing - cavity phase angle curveunder different interferences.

410



C. Shi, X. Wan, X. Zhu et al.

.Y
O
C

rma]

$ temperatyre/

20

15

M rise in the

Maximy
hysteregj

10

Fig. 12. Maximum thermal hysteresis temperature rise amplitude of bushing
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when the interference between the stator and the rotor is reduced,
the maximum equivalent stress of the stator bushing is reduced
and the extrusion between the stator and the rotor is also reduced.
Therefore, the thermal hysteresis temperature rise of the stator

bushing is reduced.

4.5. Effect of different eccentricity on thermal hysteresis of bushing

Firstly, the calculation model of the equal wall thickness bushing
with eccentricities of e = 6.1 mm, e = 6.3 mm, e = 6.5 mm is
established. The interference is 0.5 mm. The remaining structural
parameters and thermodynamic parameters are the same as in
Section 4.1. Take the working condition at 3500 m as an example.
Fig. 13 shows the thermal hysteresis temperature distribution of the
bushing at different eccentric distances. The maximum tempera-
ture of thermal hysteresis is respectively 132.821°C, 133.382°C,
134.544°C and the variation range is small, which indicates that the
eccentricity has little effect on the thermal hysteresis of equal wall
thickness bushing.

Table 7 shows the thermal hysteresis temperature of bushing
with different interferences — eccentricity. When the interference
is 0.5 mm and the eccentricity increases from e = 6.1 mm to
e = 6.5 mm, the maximum thermal hysteresis of the wall thickness
bushing increases from 132.821°C to 134.544°C. When the inter-
ference increases to and the eccentricity drops back to e = 6.1 mm,
the maximum temperature of the thermal hysteresis continues to

TEMP
(Avg:75%)

133.382
132.835
132.288
131.741

131.195

130.648
130.101

(b)

134.544
133.812
133.079
132.347

131.614
130.882

130.149

(©)

Fig. 13. Thermal hysteresis temperature distribution of bushing with different eccentricities.
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Table 7
Thermal hysteresis temperature of bushing with different interference-eccentric
distance.

interference-eccentric 0.5-6.1 0.5-6.5 0.6—-6.1
distance/mm
Thermal hysteresis temperature of bushing/°C  132.821 134.544 137.33

increase to 137.33°C. And the temperature increase is greater than
the temperature increase caused by changing the eccentricity. This
shows that the effect of the interference on the maximum thermal
hysteresis temperature of the bushing is greater than the effect of
the eccentricity.

5. Conclusions

Aiming at the problem of thermal failure of the stator bushing of
PDM in high temperature deep well environment, this paper
studied the deformation law of the stator rubber bushing, the in-
fluence of the bushing structural parameters on the mechanical
behavior of the bushing and the hysteresis thermal effect of the
bushing. The research conclusions are as follows:

(1) Uniaxial tensile test of hydrogenated nitrile rubber dumbbell
test piece has been completed. According to the experi-
mental data, the calculation accuracy of the Yeoh constitutive
model is higher than that of the Mooney-Rilvin constitutive
model under high temperature and deep well environment.
The Yeoh model is more suitable for the finite element
analysis of hydrogenated nitrile rubber in high temperature
deep well environment.

(2) This paper compares and analyzes the normal displacement
of the liner cavity in two cases, considering the influence of
formation temperature on the rubber constitutive model and
not considering the effect. At the well depth of 2500 m,
3500 m and 4200 m, the normal displacement of the liner
cavity in the two cases differs by 4%, 15% and 21.8%, respec-
tively. It is proved that it is necessary to consider the influ-
ence of formation temperature on the rubber constitutive
model.

(3) The increase in the interference and eccentricity between the
stator and the rotor of PDM leads to an increase in the
maximum von Mises stress of the stator bushing and the
influence of the interference is greater than the influence of
the eccentricity. Therefore, priority should be given to the
amount of interference in the design. The interference is as
small as possible under the premise of ensuring the sealing
property and the wear of the stator bushing can be alleviated.

(4) The increase of the interference and the eccentricity between
the stator and the rotor of PDM leads to the increase of the
maximum temperature of the thermal hysteresis of the
bushing and the influence of the interference is greater than
the influence of the eccentricity. The temperature rise of the
highest temperature of the thermal hysteresis decreases
with the increase of the well depth, and the thermal hys-
teresis heat distribution is uneven. Therefore, in the high
temperature deep well environment, more reasonable
design of the motor parameters is needed.
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Nomenclature

w strain energy, J
C10,Cy0,C30 Yeoh model constant coefficient

C10,Co1  Mooney-Rivlin model constant coefficient
I1,1,I3 deformation tensor invariant coefficient

g stress, MPa

A extension ratio

E the elastic modulus, MPa
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