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Abstract

The aim of the study is to investigate the impact of the buffer groove structure on the pressure of
continuous rotation electro-hydraulic servo motor. The mathematical model of the motor valve plate
with triangular groove and U-groove structure is established firstly, and the structure size of the two
buffer grooves with better pressure drop effect is obtained by Matlab. Secondly, an established pres-
sure gradient model is developed for the sealed canisters for electric motors using a combined groove
structure. The bird swarm optimization algorithm is used to obtain the optimal dimensions for the
combined depth and angle of the pressure groove. The flow field in the motor seal chamber is simu-
lated and calculated by Fluent. This study compared the pressure field distributions in the motor’s
sealing chamber using triangular and combined groove structures. It investigated the combined
groove’s effect on the pressure impact during the commutation of a continuously rotating electro-hy-
draulic servo motor. It is found that the combined groove structure has a positive impact on reducing
the pressure impact. The results indicate that the combined groove structure significantly enhances
the efficiency of mitigating pressure shocks when the motor switches between high- and low-pressure
chambers.

Key words: continuous rotating electro-hydraulic servo motor, pressure impact, combined

groove , optimal design

0 Introduction

Electro-hydraulic servo motor has the characteristics
of high precision, low rotational speed, fast frequency
response and fast speed regulation. It has been em-
ployed in a diverse range of applications, including
flight simulation turntables in the aerospace industry,
drive components of computer numerical control ( CNC)
machine tools, hydraulic servo systems for ships, robot
joints, automotive braking devices, and so forth'"’,
However, the operation of hydraulic pumps and motors
involves constant switching between high-pressure and
low-pressure chambers, which can lead to pressure
shocks that compromise motor performance and longevi-
ty. Researchers worldwide have diligently investigated
methods to mitigate these pressure shocks. For exam-

ple, Ref. [7] developed a design methodology using
CASPAR to reduce pressure oscillation in piston pumps.
Refs. [8, 9] implemented elastic rings within piston
pumps to absorb pressure energy, effectively decreasing
pressure pulsations. Additionally, Refs. [10, 11] em-
ployed finite element methods to model pump flow and
piston chamber pressure, and a simplified cavitation
model is introduced to analyze flow pulsations.
Ref. [ 12 ] proposed a new valve plate structure to ad-
dress noise issues caused by abrupt pressure changes
in double shaft piston pumps. Ref. [13] designed a
valve plate for electro-hydraulic servo swashplate
plunger transformers. Refs. [ 14, 15] conducted simu-
lation and experimental analyses on pressure impacts.
Additionally, Refs. [16, 17] explored various buffer
device designs, including triangular grooves and U-
shaped grooves, to mitigate pressure shocks during the
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operation of rotary electro-hydraulic servo motors.

By analyzing the research status at home and
abroad, it is rare to observe the implementation of a
novel cushioning structure to investigate the impact of
pressure shocks on electro-hydraulic servo motors that
spin continuously. Therefore, the mathematical models
of triangular groove and U-shaped groove are estab-
lished firstly, and the optimal size of the two buffer
slots is obtained by Matlab. Secondly, the pressure
gradient model for the motor seal chamber is estab-
lished under the combined pressure grooves and the op-
timal dimensions of the combined pressure grooves
depth and depth angle are obtained through the bird
flock optimization algorithm. Finally, a three-dimen-
sional model of the motor’ s internal flow field is estab-
lished for the triangular groove and combined pressure
groove. Subsequently, the internal flow field model is
numerically calculated using Fluent software. The
study investigates the distribution of the pressure field
within the motor seal chamber under the triangular and
combined pressure grooves to investigate the effects of
the latter on pressure reversal.

1 Establishment of mathematical model for
sealing cavity of continuous rotary elec-
tro-hydraulic servo motor

1.1 Mathematical model of motor seal cavity with
triangular groove and U-groove structure

Fig. 1(a) illustrates the construction of a contin-
uously rotating electro-hydraulic servo motor of the
vane type. The motor comprises a vane, a rotor, a
mating casing, and a stator. The vanes are pushed by
a pre-compressed spring to form a sealed chamber with-
in the motor, pressing against the stator when idle. To
reduce pressure shocks during oil distribution, hydrau-
lic pump and motor housings typically feature triangular
and U-shaped grooves (Fig. 1(b)), which are con-
structed based on the plane angle and depth angle.
These groove designs are commonly employed on the
valve plate (Fig. 1(c)).

Egs. (1) and (2) express the calculated circula-
tion area of the triangular and U-shaped grooves, based
on their respective structural schematic diagrams.

A= %rz @’ tany, cos %tany2 (1)

where, r represents the radius at the leading edge of
the motor valve distribution window in millimeters; 6
indicates the angle (°) at which the motor blades ro-
tate in the groove; 7y, represents the plane angle, and

v, represents the depth angle of the groove.

Triangular groove U-shaped groove

(b) Specific location of the groove

B
D

U-shaped groove

Triangular groove

(¢) Theoretical analysis diagram of the groove

Fig.1 Schematic diagram of the groove structure

The flow area of the U-groove expands swiftly upon
entering the semi-cylindrical section and remains stead-
y in the equivalent-sized area. The groove is divided
into two sections; the semi-cylinder and the equal-area
part. The angle of the semi-cylindrical section is deno-

ted by a, with DF perpendicular to AG, b =BC, and r

=0cC.
e ZLJ(S)Z—(§+r)2sin2(0—a) a < b
b xL a=0
(2)

where, L is the depth of U-channel.

The capacity of the triangular buffer tanks and U-
shaped tanks entering or exiting the motor sealing
chamber will occur as in Eqs. (3) and (4).
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dv
d—t] = %r202tanylcos %tanyz(]q 24p (3)
dv,
de
b \? (b . 2 pr
2ch¢(7) (?+r)51n (9-a) [P <o
bLC, /2%1’ @=0

(4)
where, Ap is the pressure difference between the inlet
and the outlet.

The pressure gradient in the sealing cavity under
the triangular buffer groove and U-shaped groove struc-
ture is calculated as in Egs. (5) and (6).

1 Y 2A
% o & . jrzﬁztan’y,cos jztan’yz(]q TP
do
© Bl -RT - R, - kO]
(5)
dp, _
de

y 5 (oo 2

@ B[(Rf—Rj)%—(Rz—Rl)b]
a <6
2Ap
bLC, [Z2P
B. a p

@ B[(Rf ~RT - (R, —Rl)b]

a=0

(6)
The relevant calculation parameters of numerical
salution in this paper are listed in Table 1.

1.2 Simulation analysis

In the process of depressurizing the engine, the
blade angle on the buffer slot is set to 3 °. Considering
the dimensions of the injector plate in relation to the
position of the buffer groove, and that the structure of
the triangular groove can be considered as a triangular
cone obtained by machining with a molding tool, the
plane angle is set to y, =8 © and the width angle is set
toy, = 60 °.
[18]

For the triangular slot buffer optimiza-
tion' °', the influence factor of the width angle is de-
fined as K, = tan(y;/2) and the influence factor of
the depth angle is defined as K, = tany,siny,, so the
size of the depth angle ranges from 6.5 ° 10 9.5 °. To
study the influence of the triangular slot buffer tank
structure on the pressure of the motor sealing tank,

Matlab simulation is carried out, and the pressure

change and pressure gradient change curves for differ-
ent depth angles in the optimization interval under the
triangular slot structure are obtained, as illustrated in

Fig. 2.

Table 1  Parameters of numerical solution

Parameter Physical meaning Value

P, Oil source pressure 10.0 MPa

P, Inlet chamber pressure 6.5 MPa

P, Oil return chamber pressure 3.5 MPa

B. Bulk modulus of elasticity 700.0 MPa

z Number of motor blades 13

) Motor speed 0.1/(°-s™")

R, Radius of the rotor 98.00 mm

R, Large arc radius of stator 112.50 mm

n Dynamic viscosity coefficient 0.028 8 Pa * s

p Oil density 870 kg - m ™’

C, Flow coefficient 0.82

B Stator width 60.00 mm

r Leading edge radius 98.00 mm

B, Gap width 14.50 mm

b Blade thickness 8.00 mm

1) Clearance height 0.01 mm

Pressure of the sealing chamber/MPa

2 +
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Rotation angle/°
(a) Pressure of the sealing chamber
0
< -] 9.5°
[=9
2
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g
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4 . . . . .
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Rotation angle/®

(b) Pressure gradient
Fig.2 Pressure reduction curves of sealed cavity under triangu-

lar groove
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Curves in Fig. 2 show pressure variations at depth
angles of 6.5 °, 7.5 °, 8.5 °, and 9.5 ° respective-
ly. In Fig.2(a), the curve of 8.5 ° gradually decrea-
ses in pressure until it equals the output pressure.
Fig.2(b) indicates a significantly smaller pressure gra-
dient change in the curve of 8.5 ° during decompres-
sion. Thus, maximum motor output power is achieved
with a plane angle of 8.0 ° and a depth angle of 8.5 °
for the triangular cutout.

With the oil distribution board’ s dimensions and
buffer tank placement in mind, the width of the U-
shaped groove is set to 2. 00 mm and the depth is taken
to be like the depth of the largest cross section of the
triangular groove, resulting in a depth range of 1.45 —
1.65 mm. Matlab is used to determine the optimum
depth from 1. 45 mm, 1. 50 mm, 1.55 mm, and
1.65 mm, examining their impact on motor seal com-
partment pressure, as shown in Fig. 3.
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(b) Pressure gradient
Fig.3  Pressure reduction curves of sealed volume under U-

shaped groove

Fig. 3 depicts the depressurization curve under the
U-shaped recess, with curves representing depths of
1.45 mm, 1. 50 mm, 1.55 mm, and 1.65 mm re-

spectively. The curve of 1.55 mm shows a gentle pres-

sure drop and moderate gradient, aligning sealing
chamber pressure with the outlet pressure. Additional-
ly, the curve of 1. 55 mm exhibits less significant
changes in pressure gradient during depressurization.
Optimal pressure reduction occurs with a U-groove
width of 2. 00 mm and a depth of 1.55 mm.

The triangular groove with plane angle 8 ° and
depth angle 8.5 °, and U-shaped groove with width
2.00 mm and depth 1. 55 mm are simulated and ana-
lyzed respectively. The simulation results are shown in
Fig. 4.
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Fig.4 The simulation results

Fig. 4 shows significant pressure gradient fluctua-
tions with the U-shaped groove during depressuriza-
tion, while the triangular groove exhibits minimal chan-
ges. Upon comparison, the triangular groove demon-
strates superior pressure reduction capabilities.

2 Structure optimization of combined pres-
sure buffer tank for continuous rotary
electro-hydraulic servo motor

The bird flock optimization algorithm''*?! facili-
tates the exchange of information between groups and
achieves fast convergence by using group intelligence
for effective problem solving, while effectively avoiding
falling into local optimums. In this study, the pressure
gradient model inside the motor sealing chamber in the
presence of a combination of grooves is investigated,
and the dimensioning of the combination of grooves is
optimized based on the solution steps of the bird flock
optimization algorithm. A groove structure is consid-
ered in the study, in which the vanes pass through the
triangular and U-shaped grooves sequentially. To main-
tain the sealing effect, the blades are rotated at an an-
gle of 3 ° on the combined groove. Furthermore, it is
crucial to ensure that the combined pressure groove ar-
ea is commensurate with that of the two cushion
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grooves. The ratio of the triangular groove to the U-

shaped groove area is 2 : 312/

. By employing this ra-
tio, the two phases of the blade turning angle can be
Furthermore, the throttle

bore flow equation assists in determining the quantity of

Y 2A
?ztan'yz TP

calculated with precision.

%quz #’tany, cos

dv
dt

2Ap

C,bL

where, 6 represents the angle at which the blade ro-

bz_(b Joo 28p 5o .
quLJ(z) 5 rrinio-0.s B 120<60 <177

hydraulic fluid entering and exiting the motor seal
chamber through the combined pressure tank, thereby
effectively eliminating any possibility of leakage from
the motor. The expression for the flow area under the
combined groove is as follows.

0.0°<6 <1.2°
(7)

1.77° = 60 < 3.0°

of the motor under the combined groove structure is as

tates through the pressure groove combination. follows.
The pressure gradient equation of the sealing cavity
B %qu202tan’ylcos %tan’y2 24p
—j- - 0.0°<0 <1.2°
Bl (r - RO - R, - ROM]
)
216, [(2) - (L +r)sinco-0.57) 24p
dp _ B. ' 2 2 o o (8)
de_ —;' p 1.2°<60 < 1.77
Bl (r - RO - R, - ROM]
5 coL 24
- = P 1.77°< 0 < 3.0°
Bl (R - RO - (R, - RM]

The position of the bird flock is determined by the
depth and angle dimensions of the combined pressure
groove, represented as C, and C,. During decompres-

sion, the pressure gradient equation of the motor is im-
plemented as the objective function for the purpose of
computing the flock adaptation values, denoted as F(x).

C.
B %quzﬂztan'ylcos jlztanci2 24p
- = P 0.0°<6 <1.2°
B[(Rf - R)y; ~ (R, - R, )b]
3
B 2CiICq J(;) - (% + r)sin2(9 -0.57) /%ﬂ
F(xoy={_F. P 120<0<1.77° (9)
@ B[(Rf—RZ)%—(RZ—RI)b]
5 che, |PAP
—j- - 1.77° < 6 < 3.0°
B[(Rf - R~ (R, —Rl)b]
In the continuous rotary electro-hydraulic servo 0.0°<6<3.0°

motor bucking process, the motor blades must be limit-
ed to a maximum rotation of 3. 0° on the combined
pressure tank to form a sealing cavity, that is, when
the blaed is rotated from 0. 0° to 3. 0°, the pressure re-
duction can be completed, so the motor blade rotation
angle constraints are shown below.

In the combined groove, the U-shaped groove
depth dimension interval is constrained as follows.

1.45 mm <L <1.65 mm

The dimension interval of the depth angle of the
triangular groove in the combined groove is constrained
as follows.
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6.5°<y,<9.5°

The decision function, based on the motor’ s pres-
sure gradient during depressurization, optimizes com-
bined pressure groove parameters constrained by the ro-
tation angle of the motor blade and groove size. Ten
birds, one spatial dimension, and 600 iterations are
used. Flight frequency is 8, with cognitive and social
evolution coefficients set to 1, and parameters a, and
a, are also 1. Matlab simulates the objective function,
shown in Fig. 5.

To minimize the pressure gradient of the motor dur-

-0.6

Fitness values
~ 5
L] oo

.
)
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(a) Optimization curve of objective function

0 1 dO 260 300 40I0 SIOO 600

ing depressurization, the fitness function is tested with
various values. The optimization curve of the objective
function ( Fig. 5 (a)) shows convergence to
—1.274 1 at the 53rd iteration. Fig. 5(b) reveals
that the pressure gradient is minimized when the depth
angle is 9. 41 ° and the depth is 1. 532 mm. There-
fore, the maximum pressure reduction is achieved for a
combined pressure groove with a 2. 000 mm width,
8.00 ° plane angle, 9. 41 °
1.532 mm depth.

depth angle, and

Fitness values
.
[ ]

7.5
Depth angle p/° 7.0

1.55
1.45 150 Depth L/mm

(b) Optimized curve of depth and depth angle of combined slot

Fig.5 The optimization result of bird swarm algorithm

3 Simulation and analysis of internal flow
field of continuous rotary electro-hy-
draulic servo motor

3.1 Before processing

To assess the impact of triangular and combined
slot structures on pressure in the long radius arc region
of the motor, the vanes are rotated by 0.4 ° from their
tangent position to the oil return chamber. The internal
flow field in the motor seal cavity was modelled using
unigraphics NX (UG) software with adjacent vanes ro-
tating from 0.0 ° to 3.2 °. In the model of the motor’s

internal flow field, accurate numerical calculations re-
quire a refined mesh due to the smaller gap between
the top of the motor blade and the contacting part of the
stator surface and the smaller size of the part at the
sharp corner of the triangular slot. The internal flow
field mesh model in the decompression process with
delta slot and combined slot structure in the long radius
region after refinement is shown in Fig. 6(a) and (b).
Fig. 6(c¢) and (d) display the improved mesh model
of the internal flow field during pressurization in the
short radius region using a triangular slot and combined
slot structure.

(a) Mesh modeling of
the flow field in the

Madanai under the trian-

gular slot structure of the

buckling process

(b) Mesh modeling of
the flow field in the
Madanai under the com-
bined slot structure of the

buckling process
Fig. 6

(c¢) Mesh modeling of
the flow field in the
Madanai under the tri-
angular slot structure of

the boosting process

Internal flow field grid model of the motor

(d) Mesh modeling of the
flow field in the Madanai un-
der the combined pressure
tank structure of the boosting

process
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The mesh model is calculated in Fluent, and the
material property is set as No. 32 anti-wear hydraulic
oil. The boundary conditions are defined as 6.5 MPa
and 3.5 MPa at the pressure inlet and outlet. A renor-
malization group ( RNG) turbulence model is selected
as the solver.

3.2 Flow field simulation of motor seal cavity
The pressure changes in the motor sealing chamber

Pressure Pressure
Plane 1 Plane 1
.500e+00
5.643¢+006
4.573¢+006
3.846+006
3.368e+006 3.537e+006
[Pa] [Pa]
(a) 0.0 °
Pressure Pressure
Plane 1 Plane 1

3.394e+006 3.376e+006
[Pa] [Pa]
() 1.2°

Pressure Pressure

Plane 1

6.496¢+00

5.866e+006)
4.773e+006
3.946e+006

3.403¢+006 13.387¢ 1006
[Pa] [Pa]

(g)2.4°

49Se+006

5.734e+006

4.866e+006

3.947e+006

6.498e+0006;

.568¢+006
4.712¢+006
3.931e+006

(b) 0.4°

6.497e+006 .458e+001

5.537e+006 5.574e+006
4.481e+006] 4.673e+0006|
3.914e+006 3.870e+006

(e) 1.6 °

(h) 2.8 °

at different rotation angles of the blades under the tri-
angular slot structure and the combined slot structure
were derived from the results of the 3D model of the in-
ternal flow field of the motor, processed using the com-
putational fluid dynamics-post processing ( CFD-POST)
is the
rotation interval, and the checked rotation angles are
0.0°,0.4°,0.8°,1.2°,1.6°,2.0°,2.4°,
2.8 °, and 3.2 °, as shown in Figs. 7 and 8.

software. The motor blade rotation angle of 0.4 °

Pressure
Plane 1

6.495¢+006;
5.714e+006
4.693e+006
3.728e+006
3 336e+006

Pressure
Plane 1

.458e+00
5.746e+006
4.679¢+006|
3.785e+006

3.264e+006

(¢) 0.8°

(f) 2.0°

Pressure

6 4926+00

5.828e+006)
4.654e+006
3.874e+006

3.291¢+006
[Pa]

(i) 3.2°

Fig.7 Calculation results of the motor seal cavity under the triangular groove

As can be observed from the flow and pressure di-
agrams in the motor, the pressure within the engine
seal chamber varies constantly and demonstrates a
downward trend as the motor blades rotate. During the
depressurization process, the pressure fluctuates but it
is not consistently stable. When the motor blade rota-
tion angle reaches 3.2 °, the sealing chamber of the
motor is linked to the oil return chamber, finishing the
pressure reduction in the sealing chamber.

To analyze the effect of two buffer groove types on
motor pressure during depressurization in the long radi-
us arc area, pressure values are recorded under both
groove types at various blade rotation angles. Matlab is

then used to plot pressure change and pressure gradient

curves in the motor seal chamber, as shown in

Fig. 9 (a) and (b).
Fig. 9(a) illustrates the occurrence of significant
during the depressurization

pressure fluctuations

process in the region of the long radius arc, situated
below the triangular notch. In contrast, the combined
notch structure effectively mitigates these fluctuations,
thereby ensuring a more stable decompression process.

As illustrated in Fig. 9(b),

been observed to significantly reduce the range of pres-

the combined groove has

sure gradients within the seal cavity in comparison to a
single triangular groove. In conclusion, the combined
groove structure has been demonstrated to be more ef-

fective in mitigating pressure shocks during the pres-
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sure reduction process. trend, particularly at 3.2 © of rotation, with a signifi-
The calculated pressure changes in the motor seal cant surge in pressure, which is particularly evident in

chamber during pressurization reflect the pressure fluc- the pressure distribution plots.

tuations in the motor blades, which are affected by the Pressure and pressure gradient curves within the

triangular and combined slot configurations at different motor seal chamber during the boosting process under

rotation angles (from 0.0 ° to 3.2 °). As the rotation the triangular slot and combined slot structures are

angle of the motor blades increases, the pressure inside presented in Fig. 10(a) and (b), respectively.

the seal chamber demonstrates an overall increasing

Pressure Pressure Pressure
Plane 1 Plan Plane 1
6.506¢+006 6 49%*006 6.485¢+006
5.762e+006 5.873¢+00 5.694¢+00
5.017e+006 5.248e+00 5.372e+00
4.645¢+006 4.623e+006) 4.728¢+006
4.024¢+006 4.024¢+006 4.084¢+006
3.404¢+006 3.497¢+006 3 440e+006
[Pa] [Pa]
(a) 0.0° (b) 0.4°
Pressure Pressure Pressure
Plane 1 Plane 1 Plane 1
6.499¢+006 6.498¢+006 6.487¢+006
5.804e+00 5.654€+00 5.752¢+006
5.242e+00 5.010e+006! 5.031e+006
4.747e+006| 4.624e+006 4.648e+006
4.286¢+006 173¢+006 4.009¢+006
3.490¢+006 3.475¢+006 3 3866+006
[Pa] [Pa] Pa]
(d)1.2° (e) 1.6 ° (f) 2.0°
Pressure Pressure Pressure
Plane 1 Plane 1 Plane 1
6.500+006 6490e+006 16.499¢+00
5.807e+006 5.829¢+006 5.851e+00
5.115e+006 5.159¢+006 5.203¢+006
4.423e+006 4.489¢+006 555¢+006
3.731e+006 3.819¢+006 3.686e+006
3.038¢+006 3.148¢+006 259¢+006
[Pa] [Pa] [Pa]

(h) 2.8° (i) 3.2°

Fig.8 Calculation results of the motor seal cavity under the combined groove
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Fig.9 Decompression curves of motor seal cavity
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Fig. 10 Boosting curve of motor seal cavity

The analysis on Fig. 10 (a) shows significant
pressure fluctuations in the sealing cavity under the tri-
angular groove structure during supercharging, whereas
the fluctuations are milder under the combined pressure
tank structure, ensuring a more stable process. In
Fig. 10(b), the pressure gradient in the sealing cavity
is significantly lower under the combined pressure
groove structure during supercharging compared with
the triangular groove. Overall, the combined pressure
grooves prove to be more effective in mitigating the
pressure surges experienced by the engine during su-
percharging.

4 Conclusions

(1) By analyzing the working principle of continu-
ous rotary electro-hydraulic servo motor, the sealing
cavity model of the motor with triangular groove, U-
groove and combined pressure groove is established.
By analyzing pressure and pressure gradient curves in
the motor workshop with varying buffer groove struc-
tures, it can be concluded that the most effective pres-
sure reduction during the depressurization process is
achieved with the triangular groove angle at 8.0 ° and
the depth angle at 8.5 °.
reduction results are accomplished with a U-groove
width of 2. 00 mm and a depth of 1.55 mm. When the
combined pressure groove width is 2. 00 mm, the plane
angle is 8. 00 °, the depth angle is 9.41 °, and the
depth is 1. 532 mm, the depression-reducing effect

The most optimal pressure

reaches its optimum level.

(2) By analyzing the pressure and pressure gradi-
ent curves at the optimal dimensions for both triangular
and U-shaped grooves, it can be concluded that the
decompression effect of the triangular groove is more
significant than that of the U-groove.

(3) From the pressure cloud diagram, pressure

curves and pressure gradient curves under triangular
and combination grooves during the depressurization
and boosting processes, it can be concluded that the
combined groove structure can effectively relieve the
pressure shock when the high- and low-pressure cham-
bers of the motor are reversed.
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