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Abstract
The internal leakage has important influence on low speed performance of continuous rotary

electro-hydraulic motors, and research on internal leakage is of important significance to improve the

motor low speed performance. UG software is adopted to establish a flow field inside a motor, which

ignores the gap between the blade and the blade groove, and a motor fluid model in different working
conditions is established. Using ICEM-CFD to generate high-quality O-Net mesh for meeting the
computing requirements, the flow field inside the motor is simulated using fluid simulation software

CFX. Applying reasonable boundary conditions and then solving it, pressure field distribution and

the variation rule of internal leakage with different pressure difference in the flow field are obtained

when the clearance value of the motor key components is 0. 0Olmm. At the same time the motor’ s

leakage experiment has also been done to verify the validity of the simulation results, which lays a

foundation for the study of motor internal leakage effect on the low speed performance.
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0 Introduction

Rapid development of hydraulic technology not
only broadens the application scope of hydraulic sys-
tem, but also accelerates the research on hydraulic
pump and hydraulic motor''*’. At present China’s
power keeps rising in aerospace and military technolo-
gy, so aircraft’ s precision and controllability require-
ments are becoming more stringent. The flight simula-
tor is an important experimental equipment of flight
control system simulation, whose performance affects
the fidelity of flight simulation results directly, and
continuous rotary electro hydraulic servo motor must
have good properties as directly driving the heavy load
hydraulic simulator, such as super-low speed, wide
control, high precision and fast dynamic response,

etc >

. The minimum stable speed of a continuous ro-
tary electro-hydraulic servo motor is 0.001°/s, and
factors affecting the low speed performance include
friction and leakage characteristics of motor, servo
valve resolution, load friction characteristics and oil

source pressure pulsation, etc. , the most important of

which is friction and leakage characteristics of mo-
[68]
tor .

static characteristics, but also easily causes low ripple

Friction not only affects system dynamic and
and a creeping phenomenon in the system"”""'. In ad-
dition, the damping ratio of the hydraulic motor system
can be improved by motor internal leakage. But at the
same time system stiffness will be reduced, so that the
system anti-interference ability is reduced in low speed

. [12,13]
running

. Thus the real problem of improving mo-
tor’ s low speed performance is attributed to the study
of friction and leakage characters.

In order to master the internal leakage changing
rule affecting motor’ s low speed performance, in this
work , motor’ s leakage characteristics will be studied
in detail. First of all, motor’ s internal leakage parts
are analyzed, and then physical models are established
by UG software. The finite element simulation is imple-
mented on the flow field within motor with ANSYS
14161 The internal flow field distri-

bution of continuous rotary motor is obtained under dif-

workbench software

ferent inlet and outlet pressure, and the changing rule
of motor’ s seal chamber pressure field and motor’ s in-
ternal leakage with pressure difference are revealed and
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proved by the experiment, which provides powerful ba-
sis for improving the motor low speed performance.

1 Working principle of continuous rotary
motor

The working principle diagram of vane type con-
tinuous rotary electro-hydraulic servo motor is shown as
Fig. 1, which is composed of a vane, a rotor, an oil
distribution casing and a stator, where the stator inner
curve includes two arcs with long radius, two arcs with
short radius and eight transition curves for connecting
the long and short radiuses. When the motor does not
start, the vane under the effect of pre-compression
spring extends along the vane groove and the vane top
is pressed against the stator inner surface to form a
closed chamber inside the motor.

Fig.1 The working principle diagram of continuous rotary elec-

tro-hydraulic servo motor

After the motor is started, hydraulic oil is sup-
plied to each oil-way by hydraulic pump. Firstly hy-
draulic oil is supplied by electro-hydraulic servo valve
to inlet chamber 1 and inlet chamber 2 which is distrib-
uted as radial symmetric in the oil distribution casing.
After the high-pressure oil flows into the motor sealed
cavity, an effect torque is put on the blades, so as to
drive the rotor to rotate. As the motor runs, the blades
along the rotor slot continue to slide constantly. In arc
transition curve of the stator, the cavity fluid between
blades root and blades top is interlinked in order to
make the blade always to keep a close contact with the
stator inner surface. And on the four arcs with long and
short radius, the oil from the blades root is supplied by
relief valve in order to ensure that the blades can be
close to the stator surface, so as to ensure a closed
container cavity. Therefore, when the blades rotate
from the stator arc segment to transition curves, the

pressure in the root is changing. The leak site exists in
the arc segment of stator curves, and between the vane
and stator inner surface, between the vane end face
and oil distribution plate, between the rotor end face
and oil distribution plate, and between the vane and
the vane groove.

2 Flow field analysis of continuous rotary
electro-hydraulic servo motor

2.1 The creation of fluid computing model

Due to the special structure of continuous rotary
electro-hydraulic servo motor, the leakage only exists
in the arc segment of stator curve. For this purpose,
the flow field distribution is studied where there are two
blades in the long radius arc section of stator inner
curve and two blades in the short radius arc section of
stator inner curve, and in this case a blade exists in
the other arc segment of stator curve, so the four fluid
flowing models could just express the entire variation of
pressure field in the seal chamber. The leakage direc-
tion between the vane and vane slot is complex because
of the special motor structure, and its impact on the
whole leakage model is small and the modeling is com-
plex, so when the flow field is modeled inside the mo-
tor, leakage is ignored between the vane and vane
groove, considering the leakage between the stator in-
ner surface and the blade, blade end face and the oil
distribution plate, and the rotor end surface and the oil
distribution plate. Using Unigraphics to model the solid
which is shown in Fig.2. Fig.2(a) is the fluid model
of a blade in the long radius arc of stator curves,

Fig.2(b) is the fluid model of two blades in the long

() (b)
© (d

Fig.2 Fluid models of various parts of the motor
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radius arc of stator curves, Fig.2(¢) is the fluid model
of a blade in the short radius arc of stator curves, and
Fig.2(d) is the fluid model of two blades in the short

radius arc of stator curves.

2.2 Grid division

The fluid model structure is complex in this study,
because there is size distortion at the vane top, and the
minimum gap value is 0. 0lmm between the vane top
and the stator inner surface, the end face of the rotor
and the oil distribution plate, whose size is too much
different between the surrounding structure, and the
shape and the structure of blade top is also very irregu-
lar, which make it more difficult to build a structured
grid, and it needs to try different methods to generate
high-quality meshes. So the difficulties of this study is
to mesh fluid model, in general, somewhere physical
changes drastically, the grid unit size should be rela-
tively small, and permutations need to be more
close'""®! . Therefore, CFD ICEM is used to divide
the fluid model grid, which has a good grid division
function and a rich solver interface, and can output
grid for CFD and FEA software .

considering various factors, the size distortion part of

Comprehensive

the top gap is parted from other sections, and then the
size distortion position is divided into several parts
again. By creating mapping to generate O-Net mes-
hing, the grid of flow sensitive region is encrypted.
The grid of motor flow model is shown as Fig.3, and
grid convergence check all through, which meets the

computational requirement.

(@) ()

© (Y]
Fig.3 The grid of fluid models in motor

2.3 Settings of boundary conditions

When calculating flow field distribution of contin-
uous rotary motor at different inlet and outlet pressure
difference, the boundary conditions consist of inlet and
outlet pressure boundary, symmetric periodic bounda-
ry, fixed wall boundary and rotating wall boundary.
The inlet and outlet pressure boundary is set to get the
motor leakage in different inlet and outlet pressure
difference, so when the oil source pressure is 12 MPa,
respectively, inlet and outlet pressure value is shown in
Table 1, and the change rule of leakage can be ob-
tained when inlet and outlet pressure difference is
IMPa 2MPa ,3MPa .4MPa 5MPa. In this work, 327
hydraulic oil is chosen, and hydraulic oil viscosity
change will affect flow field distribution, so the pres-
sure field distribution within the motor is considered
[20]

under varying viscosities The relationship of dy-

namic viscosity and temperature is shown as Fig. 4.
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Fig.4 viscosity-temperature curve of 32% hydraulic oil

Table 1  Analog pressure boundary condition

Inlet pressure(MPa) 8.5 8 7.5 7 6.5

Boundary
pressure values (ylet pressure(MPa) 3.5 4 4.5 5 5.5

3 Simulation results and Analysis

Under the conditions of variable viscosity, simula-
tion analysis is done by changing working conditions.
Due to the length limit of this paper, the change law of
pressure field is listed only when pressure difference is
1MPa, 3MPa, and SMPa in the motor working cham-
ber, as shown in Fig.5 to Fig. 8.

(1) When there is a blade in the long radius arc
of the stator inner curves, the pressure field distribu-
tion with different pressure difference is shown in
Fig.5.

(2) When there are two blades in the long radius
arc of the stator inner curves, the pressure field distri-
bution with different pressure difference is shown in

Fig. 6.



HIGH TECHNOLOGY LETTERSIVol. 22 No.4|Dec. 2016

457

Pressure
[Pa]

(a) IMPa

7.50e+006
7.20e+006
6.90e+006
6.60e+006
6.30e+006
6.00e+006
5.70e+006
5.40e+006
5.10e+006
4.80e+006
4.50e+006
a

Pressure

8
I 8.00e+006

7.50e+006
7.00e+006
6.50e+006
6.00e+006
5.50e+006
5.00e+006
4.50e+006
4.00e+006

3.50e+006
[Pa]

(b) 3MPa (c) 5MPa

Fig.5 Pressure field distribution with a blade in the long radius arc of stator inner curves
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Fig.6 Pressure field distribution with two blades in the long radius arc of stator inner curves

(3) When there is a blade in the short radius arc
of the stator inner curves, the pressure field distribu-
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tion with different pressure difference is shown in

Fig. 7.
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Fig.7 Pressure field distribution with a blade in the short radius arc of stator inner curves

(4) When there are two blades in the short radius
arc of the stator inner curve, the pressure field distri-

(a) IMPa

Fig.8 Pressure field distribution with two blades in the short radius arc of stator inner curves

Simulation results show that the flow pressure field
distribution within the motor is not evenly uniform, but
shows some regular distribution that the inlet pressure
is the maximum, the outlet pressure is the minimum,
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bution with different pressure difference is shown in

Fig. 8.
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and the pressure transits gradually from high to low
pressure chamber. Pressure cloud shows that the pres-
sure field distribution under different pressure differ-
ence is the same. When only one blade in the long ra-
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dius arc, there is a clear transition zone in the blade
top connection between the high and low pressure
chamber, and the pressure gradually decreases from
the high pressure chamber to the low pressure cham-
ber, and the transition of blade end face is more gentle
and no obvious transition zone. While these are two
blades in the long and short radius arc, in the region
between two vanes, there is a relatively less obvious
transition zone in the blade top and end face between
high and low pressure chamber, and no negative pres-
sure occurs.

In order to obtain the motor internal leakage, an
example of fluid model was given when the long radius
arc has two blades and pressure difference is 1MPa. By
Function Calculator under Calculators of CFX software ,
the cross-section was established on one of blades’ top
which is named Planel, according to the operation
shown as Fig. 9, and then clicking Calculate to get the
leakage through the blade top of the arc segment when
the gap is 0. 0lmm. The motor mass flow in other loca-
tion and under different pressure difference can be ob-
tained by the same method. When two blades exist in

the long and short radius arc, the leakage can be de-
termined at different pressure difference, and hydraulic
oil as incompressible fluid, the mass flow will eventual-
ly be converted into volume flow. Under different work-
ing conditions, when two blades exist in the long radius
arc, the results are shown as Table 2. When two
blades exist in the short radius arc, the results are

shown as Table 3.

Function Calculator
a
Function |areaave - ‘
Location |Plane 1 v ‘ li‘ 4
Case FX v
Variable Mass Flow - |—‘ -

Results
Area Average of Mass Flow on Plane 1

1.58006e-006 [kg s~-1]

7| Clear previous results on calculate

| Show equivalent expression

J Calculate ‘ ‘ Hybrid HConservaﬁve|

Fig.9 The mass flow through the Plane 1

Table 2 The results under different pressure difference when two blades exist in long radius arc

Pressure difference ( MPa) 1

3 4 5

Leakage (L/min) 0.5375 x10°

0.9648 x 10 ~*

1.3292x107°  1.6624 x10™°  1.9691 x10~*

Table 3  The results under different pressure difference when two blades exist in short radius arc

Pressure difference ( MPa) 1

3 4 5

Leakage ( L/min) 0.5379 x 10~

0.9914 x10?

1.3921 x10™* 1.7685x107° 2.117x10°?

Thus the change curves of gap leakage flow of
continuous rotary motor with the pressure changing can
be obtained, as shown in Fig. 10, where curve 1 is the
curve that the gap leakage flow changes with the pres-
sure difference when two blades exist in the long curve
radius arc, and curve 2 is the curve that the gap leak-
age flow changes with the pressure difference when two
blades exist in the short curve radius arc.

x107

X
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N
T

Leakage amount (L/min)
-
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Pressure difference (MPa)

B
n

—

Fig.10 The leakage change curve with pressure difference

From Fig. 10, the pressure difference is propor-
tional to the internal leakage of continuous rotary elec-
tro-hydraulic servo motor, and the greater the pres-
sure, the greater the amount of leakage within the mo-
tor. Therefore in order to reduce the internal leakage,
it does not only reduce the gap with the motor inside
surfaces, but also control the pressure difference be-
tween the inlet and the outlet of the motor, thereby im-
proving the low speed performance of continuous rotary
motor.

4 Experiment

The purpose of this experiment is to make a quan-
titative measurement of leakage produced by the motor.
The hydraulic system circuit of leakage experiment is
shown in Fig. 11, where the dashed line represents
valve block, the motor’ s high pressure chamber is
connected to port A, and low pressure chamber is con-
nected to port B. The oil of blade root is connected to a
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pressure reducing valve by p,, and 1, 2 and 3 repre-
sents the globe valve, p, represents the oil inlet, and O
represents the outlet.

'A
b
L ip
P,

13 03

Qz

LT ' |

Fig. 11  Circuit sketch of hydraulic system

Neglecting the effect of the servo valve leakage on
the motor leakage, the experiment process is as fol-
lows; Setting oil source pressure p, to be respectively 1
MPa, 2 MPa, 3 MPa, 4 MPa, 5 MPa, and p,/2 to be
dispatched as the reducing valve pressure. Secondly
starting the motor, closing stop valve 2, opening stop
valve 3, finally collecting leakage within 10s, and the
average of multiple measurements is calculated. The
result is shown in Fig. 12, Curve 1 represents motor
leakage with pressure difference when the servo valve
opening is positive, and Curve 2 represents motor leak-
age with pressure difference when the servo valve open-
ing is reversed. As Fig. 11 shows, the motor leakage is
high, and the leakage increases with the increasing of
pressure difference. So the results of experiment and
simulation are uniform on the change trend, which ver-

ifies the correctness of simulation results.

N
9

N
T

—
wn
T

—_
T

Leakage amount (L/min)
(=3
n

OO
[

2 3 4 5
Pressure difference (MPa)

Fig.12 Experimental curves of leakage under different pressure
difference

5 Conclusion

Through the working principle analysis of continu-
ous rotary electro-hydraulic servo motor, the internal
leakage position is determined, and using UG to estab-
the distribution
rule of pressure field in the different condition of the

motor is obtained by using ANSYS CFX. The simula-

lish the flow field simulation model,

tion results of the pressure field under different pres-
sure difference show that pressure field distribution is
not uniform, and there is no pressure jump, but a
gradual transition from the maximum pressure to the
minimum pressure in accordance with the actual work-
ing conditions of the motor. The change rule of internal
leakage in various position of continuous rotary electro
hydraulic servo motor is obtained, and the pressure
difference is proportional to motor internal leakage.
The experiment equipment is built for continuous rotary
electro-hydraulic servo motor, and the motor leakage
experiment is practiced under the oil pressure of
12MPa. The experimental results show that the leakage
which has

the same change trend with the result of motor finite el-

is proportional to the pressure difference,

ement analysis. So the correctness of simulation result
is verified, which not only lays the foundation for the
motor structure design optimization, but also lays the
foundation for studying the leakage effect on the motor
low speed performance.
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