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Abstract

The research on the oil film characteristic of piston pair is beneficial to the design and optimiza-
tion of friction pair, which can improve the performance of piston pump. The fluid pressure of piston
cavity is accurately obtained by AMEsim simulation. Oil film thickness field model of piston pair un-
der the slanting state of piston is established, and the distribution law is numerically analyzed under
different speed and pressure by Matlab. The experiment model pump for oil film characteristic of pis-
ton pair is designed to measure oil film thickness under the pressure of 18 MPa. The experiment re-
sults show that oil film thickness varies greatly under high pressure, and oil film thickness fluctuates
sharply under low speed. The minimum oil film thickness increases with spindle speed increasing
and oil film characteristic of piston pair based on the numerical analysis method is verified. This
method lays a foundation for studying the friction performance of piston pair in the axial piston

pump.

Key words: axial piston pump, piston pair, oil film characteristics, model pump, numerical

analysis

0 Introduction

The axial piston pump is widely used in the field
of aviation and other fluid transmission with compact
structure and high power density!'!. The piston pair is
one of the main friction pair of piston pump. Because
the friction pair works at high speed and heavy load
state for a long time and the lubrication condition is
quite complex, the friction pair becomes an important
factor affecting the performance, reliability and life of

2] " The oil film clearance and the

the piston pump
fluid in the piston chamber of axial piston pump which
was analyzed based on three-dimensional Navier-Stokes
equation, was focused on the static lubrication charac-
teristic of friction pair, and the established model did
not correlate the mechanical property of the friction pair

Ref. [6] analyzed the fric-

tion and lubrication characteristic of the axial piston

with the fluid property"’.

pump at low speed by using the oil lubricated friction
and lubricating property rule. Ref. [7] found that the
friction loss between piston pair and slipper pair was
the main power loss source of axial piston pump and
analyzed the influence of the friction interface with dif-
ferent surface morphology on reducing friction perform-

ance of piston pair by theoretical and experimental
tests. Ref. [8] built a 3D simulation model of 35 MPa
high-pressure axial piston pump distribution pair. The
slip grid technology and dynamic grid technology were
used to perform computational fluid dynamics ( CFD)
numerical simulation on the secondary flow field of the
piston pump distribution, which visualized pressure
field, velocity field, and temperature field of the sec-
ondary oil film for flow distribution. Tang et al. '*'"’
used the finite difference method and the finite element
method to analyze the variation of oil film thickness in
different piston cavities, and demonstrated that thermal
deformation and elastic deformation affected the heat of
the shoe. However, the above two simulation analyses
are limited to theory, and there is no experiment as an
argument. Ref. [11] studied the theory of passive oil
film lubrication based on the lubrication characteristic
of non-metallic materials. It was analyzed that the the-
ory of non-metallic slipper and passive oil film lubrica-
tion could be applied to many kinds of piston pump.
In this work, the characteristics of the piston oil
film are simulated and tested under the change of spin-
dle speed and load pressure. Taking A10VSO series
piston pump as an example, the model of the piston
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pump system is simulated by AMEsim. The piston
pump spindle speed are 1 500 r/min, 1 200 r/min,
900 r/min, 600 r/min respectively, and the load pres-
sure are 18 MPa, 12 MPa, 6 MPa. According to Reyn-
olds equation and the finite volume discretization meth-
od, the thickness distribution of the cylinder is ob-
tained. The oil film thickness experiments under the
corresponding working parameters are designed with the
single piston of model pump. During the experiment,
the oil film thickness with 18 MPa is sampled, which is
closer to the actual working environment. The simula-
tion model is verified by the experiment, which plays a
guiding role in the piston pair research.

1 Piston cavity pressure solution

In order to obtain the piston cavity pressure, the
hydraulic and dynamic models of A10VSO skew axial
piston pump are simulated by AMEsim, and the spin-
dle speed is set to 1 500 r/min, load pressure 18 MPa
and inclined angle 18 °*"*'*/ " The whole model of ax-
ial piston pump is shown in Fig. 1, and the liquid pres-
sure curve of the piston is shown in Fig.2. The liquid
pressure at the bottom of the piston is the fluctuating
periodic force, and the change period is the rotation

period of cylinder body.
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Fig.1 Axial piston pump model

2 Lubrication model and numerical solu-
tion of piston pair oil film

2.1 Analysis on piston posture in cylinder hole

The resultant force causes the piston to tilt in the
cylinder hole, and the piston axis is not superposed
with the cylinder bore axis. The position relationship is
shown in Fig. 3. The value {e,, e,, e;, e,} of the axi-
al eccentricity vector was developed by Wieczorek and
Ivantysynova and accurately defined the local film
thickness h at each point in the fluid domain'™’,
where e, and e, represent the axial and radial offsets of
the end of the plunger respectively, e, and e, represent
the axial and radial offsets of the front of the plunger

respectively.
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Fig.3 Schematic diagram of piston tilt state

The coordinate of the eccentric piston axis relative
to the rectangular coordinate system is determined as

follows.
x,(z) = %l;elzk +e
F (1
e, — e )
Yu(z) = lizk te,
F

After the coordinate of the slanted piston shaft is
clearly defined, the oil film thickness of the secondary
piston can be obtained by solving the following equa-
tion.

h(z, d)k) =
V(Rocosdy —x,(2,))" + (Rsing, - ,(5))’
- R, + Ah (2)
where, ¢, =18 ° is the piston pole angle, R, =33.5
mm is the cylinder radius, R, =8.5 mm is the piston
radius, Ah indicates the extrusion effect of the micro

motion on the oil film thickness.
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Assuming that the clearance is smaller than the
piston radius, the lubricant curvature is neglected. The
rectangular coordinate system is introduced, and the oil
film thickness of piston pair is expressed as Eq. (3) in
the Cartesian coordinate system.

foan g

2.2 Reynolds equation

The Navier-Stokes equation of Newton fluid repre-
sentation is

%’+ VpWV -V e (uVV) =— VP (4)
where, V is the gradient, V @ is the dispersion, p is
the oil density, V is the volume, y is the oil viscosity,
P is the pressure.

Referring to Cartesian coordinate system, the lu-
brication interface is defined in the plane so that z is
the direction of the film thickness, as shown in Fig. 4.

According to the establishment of lubrication theo-

Navier-Stokes equation is greatly re-
[16-18]

ry hypothesis,
duced to the following formula.

VP = Ve (uVV) (5)

X

Fig.4 Fluid film geometry, the gray plane being z =0

The Descartes component is generated as follows.

op _ 9, du

ax az(“ c')z) (6)
_ o

ay

The expression of the fluid velocity obtained
through Eq. (6) in the permissible thickness of oil film
is shown as

_ L@ 2 U, — Uy ubht B uthb

=5, ax(z +zh + hh,) +z A N

_1oP, » v, v, vh —vh,
v=a ay(z +zh + hhy) +z W W

(7)

Considering the inclination of the upper and lower

surfaces, h, and h, are the distance ( with symbols)

from the bottom and the top surface to the reference

plane z =0 and the actual film thickness (h = h, -
hy).

The Reynolds equation is derived from integrating

the expression of the fluid velocity in the incompressi-
ble continuity equation into the thickness direction of
the fluid film. The final result of the integration ignores
the stretching condition, which can be expressed as

9 (FaPy o K aPy ok vt oh
dx 12y ox ay 12w 9y 2 c')x 2 9y
ahz t ahb
+(u‘ax+”‘ay)+(u” = v,, )+W+W
=0 (8)

Because the cylinder is fixed, V, =V, and V, =
(u,, v,) is on the x —
{{Lk = w,R, (9)

v, =— w,R,tanBsing
Since the only moving surface is the bottom ( the

y plane, it is defined as follows.

piston surface) and the negative z coordinate is presen-
ted relative to the reference plane in Fig. 2. The corre-
sponding translational extrusion term will be changed
to: =l hy| /oxand — 31 h, | /dy. The derivative of
the fluid film thickness with time is 0h/dt = — h.
Based on the above considerations, it is also as-
sumed that the pressure would not change with the
thickness of the fluid film. Therefore, z dimensionality
is not considered. In the plane rectangular coordinate
system, it is assumed that the pressure does not change

with the thickness of the fluid film.

38P 3aP
a%(h x) (h b) + 6u
[ Ayl [ Ayl
[2a ﬁ vk(28 _ Oy g0k
By Gy ot

(10)

The boundary condition is very critical to solve the
Reynolds equation. So here we choose the Reynolds
boundary condition. If the pressure and the first deriv-
ative of the pressure are zero, it can ensure flow conti-
nuity without negative pressure. The boundary condi-
tions are as follows:

Inlet pressure boundary conditions P, = (%, 0) ,
P_ is the pressure inside the piston cavity.

Export pressure boundary conditions P = (x, L)
=0.

Periodic boundary conditions ;

{P(O,&) :P(z"TRk’ﬁA’)
oP ~ oP x
T = A 2

ax(O, y) 8x< wR,, y)

where, R, =8.5 mm is the radius of the piston, x re-

(11)

presents the radial direction of the cylinder, y means
that the piston is in the direction of the lateral force
from the inclined plate.

The pressure distribution of the piston is calculat-
ed by the boundary condition of the oil film.

In order to establish an integral expression equiva-
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lent to the initial value of the Reynolds equation, We-
iczorek and Ivantysynowa proposed a method of compu-
ting interstitial fluid membranes through computer tech-
nology. The interstitial fluid between the piston and the
cylinder was simulated by the model tool CASPAR.
The design parameters were inputted into the simulation
program and the motion equations of the corresponding
components were solved by iterative method. The range
of fluid film was divided into a computational grid. El-
ement method and element volume method were used to
calculate the interstitial fluid film. The combination re-
alized the iterative coupling between micro motion.

The solution of oil film thickness field can be de-
scribed as follows. To solve the Reynolds equation, the
oil film between piston block and cylinder block are di-
vided into many grids. Using the pressure value on
each node to form the difference quotient, the deriva-
tive of the Reynolds equation is substituted. The equa-
tions are transformed into algebraic equations, and the
algebraic equations represent the relation between the
unknown quantity of each unit and the unknown quan-
tity of the surrounding units. Then, the pressure value
of the whole field is obtained by solving the equations
according to the iterative method.

Take the operating conditions as follows: Plunger
cavity pressure is 18 MPa, motor speed is 1 500 r/min,
piston radius is 8. 5 mm, average clearance between

Oil film thickness (p.m)

Oil film thickness (pm)

(c) Rotation angle 110 °

plunger and cylinder bore is 10 wm, swash plate angle
is 18 °, radius of distribution circle is 33. 5 mm, oil
dynamic viscosity is 39.1 Pa-s. The oil film thickness
distribution can be calculated by these parameters.

3 Numerical analysis of piston pair oil film

3.1 Effect of pressure load

Based on AMEsim, the plunger pump model can
be simulated. The angle speed of the pump is set to
1 500 r/min, and the load pressure is set to 18 MPa.
The piston pair simulation also requires the input of the
piston chamber pressure, as shown in Fig.2. The cyl-
inder rotates around 0 —360 °. Similar cylindrical pis-
ton pair oil film is deployed in Cartesian coordinate
system demonstrated by Eq. (3). When the cylinder in
the oil discharge area rotates with the main shaft to 30
°, the cylinder rotates through the triangular groove of
the valve plate, the oil outlet of the valve plate commu-
nicates with the piston chamber, and the oil film be-
gins to be compressed under the action of the pressure
load. When the cylinder rotates with the spindle to 210
°, the piston located in the bore of the cylinder is now
located in the suction area, and the external force ap-
plied to the piston is reduced. The resulis of the nu-
merical solution of oil film thickness field in 0 — 180 °©
oil exhausting area are shown in Fig. 5.

W
(=}

Oil film thickness (nm)
Y
S

Oil film thickness (p.m)

(d) Rotation angle 150 °

Fig.5 Oil film thickness in oil drainage area

The change law of oil film thickness fluctuation
range, the average oil film thickness and the rotation

angle of cylinder body is shown in Table 1. Promptly
the maximum average thickness of the oil film in the oil
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discharge area is 24 pm when the rotation angle of cyl-
inder body is different.

The numerical solution of the thickness field of the
piston pair oil film in 180 —360 ° oil absorption area is
described in Fig. 6. The average oil film thickness of
piston pair at 4 different angles in the oil absorption re-
gion is 20 —21 pm, and the average oil film thickness
is basically stable.

NN
[T ST N

Oil film thickness (pm)
o

(a) Rotation angle 210 °
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Oil film thickness (pm)
=
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=

(c) Rotation angle 290 °©
Fig.6 Oil film thickness

According to the simulation, the oil film thickness
of the oil-absorbing zone is basically stable when the
spindle speed is 1 500 r/min and the load pressure is
18 MPa, owing to the fact that when the piston is in the
low pressure zone, the oil pressure in the piston cavity
is the fuel tank pressure.

3.2 Effect of rotation speed

The influence of the load pressure on the dynamic
lubrication performance of piston pair is mainly mani-
fested in the high pressure area, while the oil film
thickness in the low pressure area remains basically un-
changed , which is mainly due to the oil pressure in the
piston chamber when the piston is in the low pressure
area. The following focuses on the situation of the oil
film lubrication of piston pair in the high pressure
zone. The change trend of the oil film thickness of pis-
ton pair under different parameters of cylinder body ro-
tating to 70 ° is studied when the piston is located in
the oil drainage area. The speed is set to 600 r/min,

Table 1

Comparison of oil film thickness in oil drainage area

The rotation .
The fluctuation The average

angle of

exffinder budy range oil film thickness
30° 10 - 30 pm 24 pm
70 ° 10 —=29 pm 19 pm
110 ° 11 -28 pm 24 pm
150 °© 14 - 27 pm 23 pm

—_— e NN
AN 0 O N b

Oil film thickness (pm)

—
—_

Oil film thickness (pm)
—_— N NN
0 SN &

(d) Rotation angle 330 °©

in oil absorption area

900 r/min, 1200 r/min and 1 500 r/min and the pres-
sure is set to 6 MPa, 12 MPa and 18 MPa accordingly.
The oil film thickness distribution of piston pair is
shown in Fig. 7 under different pressures when the pis-
ton speed is 1 500 r/min. As can be seen from Table
2, the maximum average thickness of oil film is 24 pm
under different load pressures.

Table 2 Comparison of oil film thickness with speed 1 500 r/min

The average oil
The load The fluctuati
e load pressure  The fluctuation range . . -

6 MPa 10 -30 pm 24 pm
12 MPa 12 =27 pm 21 pm
18 MPa 10 -29 pm 19 pm

The distribution of the oil film thickness field of
piston pair is shown in Fig. 8 under different pressures
when the spindle speed is 1200 r/min. It can be seen
from Table 3 that promptly the maximum average thick-
ness of the oil film is 35 wm when the load pressure is
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Fig.7 Oil film thickness of piston pair with speed 1 500 r / min
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Fig.8 Oil film thickness of piston pair with speed 1 200 r/min

Table 3  Comparison of oil film thickness with speed 1200 r/min

The average oil
The load The fluctuati
e load pressure The fluctuation range o . -

6 MPa 20 -40 pm 26 pm
12 MPa 19 -39 pm 30 wm
18 MPa 15 -45 pm 35 pm

Oil film thickness (m)
Oil film thickness (pm)

(a) 6 MPa

Table 4 Comparison of oil film thickness with speed 900 r/min

The fluctuation The average oil

The load pressure

range film thickness
6 MPa 12 =26 pm 18 pm
12 MPa 19 -38 pm 26 wm
18 MPa 15 -42 pm 33 pm

The distribution of the oil film thickness field of
the piston pair is shown in Fig. 10 under different pres-

(b) 12 MPa
Fig.9 Oil film thickness of piston pair with speed 900 r/min

The distribution of the oil film thickness field of
piston pair is shown in Fig.9 under different pressures
when the spindle speed is 900 r/min. It can be seen
from Table 4 that the maximum average thickness of the
oil film is 33 wm when the load pressure is different.

Oil film thickness (pum)

sures when the spindle speed is 600 r/min. It can be
seen from Table 5 that promptly the maximum average
thickness of the oil film is 34 pm when the load pres-
sure is different.

The analyses of the oil film thickness of piston
pair with different spindle speeds from Fig. 7 to Fig. 10
show that the oil film thickness of the piston is increas-
ingly fluctuant with the speed decreasing. That is, with
the higher speed, it is more conducive to produce the
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stable oil film.
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(a) 6 MPa

Table 5 Comparison of oil film thickness with speed 600 r/min

The fluctuation The average oil

The load pressure

range film thickness
6 MPa 23 -39 um 34 wm
12 MPa 10 - 30 pm 22 um
18 MPa 5-33 um 16 pm

4 Experiments

In order to verify the change law of oil film thick-
ness of piston pair, the model pump was used in the

[19:22] s experiment platform for the oil

experiment.
film of the axial piston pump is shown in Fig. 11.

It is required that the selected sensor does not suf-
fer the effect of contaminants and lubricating oil, and
also the sensor itself needs to bear high temperature
(200 °C). Therefore, the electric eddy current dis-
placement sensor made by German micro-epsilon Com-
pany is chosen. The pressure is up to 70 MPa and the
probe diameter is only 2. 5 mm. The sensor is placed
on the surface of the plunger sleeve and the distance
from the sensor to the plunger head is equal to the dis-
tance from the sensor to the plunger end. In order to
compare the simulation results with the experiment re-
sults, the experiment used 4 different speeds (600 r/min,
900 r/min, 1200 r/min and 1 500 r/min) and the output
pressure is 6 MPa, 12 MPa and 18 MPa. Data results are

Eddy current transducer

Plunger Coupling

Fig.11 Oil film test bench for piston pair

(b) 12 MPa
Fig.10 Oil film thickness of piston pair with speed 600 r/min

Oil film thickness (pm)

obtained by 5 sensors installed to measure the oil film
thickness, as shown in Fig. 12.

As shown in the experiment data in Fig. 12, the oil
film thickness varies periodically. The oil film thickness
varies significantly in high pressure, and the thickness
fluctuation is small in low pressure. The oil film thickness
varies greatly in low speed, and the thickness fluctuation
is small in high speed. The minimum oil film thickness
increases with the speed increasing.

Because the experiment and simulation were estab-
lished under the same influence factors, by comparing the
results of simulation with that of the experiment, it can be
illustrated that the variation of the oil film thickness is re-
lated to the spindle speed and load pressure. At the same
time, the higher the load pressure, the greater the change
of oil film thickness. When the load pressure is fixed, the
larger the spindle speed, the smaller the change of oil
film thickness. It also shows that the thickness of oil film
changes periodically. The simulation results are consist-
ent with the results of oil film thickness change, and the
feasibility of the simulation model is proved. However,
due to the leakage in the actual distribution side, it is
reasonable to find that the actual oil film thickness is
smaller than the simulation result by observing the simu-
lation graph and experimental curve. Considering the
model pump feasibility, the motor drives the rotation of
the swash plate, which is different from the model set by
the simulation model that the motor drives the spindle, so
the experiment value and the simulation value of the oil
film thickness is different. In this paper, the influence of
spindle speed and load pressure on the film thickness of
the cylinder is explained, which presents the design di-
rection of piston pump in the future.

4 Conclusion

The fluid pressure of piston cavity was calculated by
AMEsim simulation. The piston differential equation was
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Fig.12 The experiment curves of oil film thickness
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used to describe the oil film thickness of piston pair in
Cartesian coordinate system, and the oil film thickness
model of piston pair was established. The simulation re-
sults show that the piston oil film thickness fluctuates in a
certain range when the piston is subject to a large oscilla-
ting load in high pressure. When the piston in the cylin-
der block is located in the suction area during the period
from 180 ° to 360 °, the force applied to the piston is re-
duced. Due to the low power load, the pressure field is
relatively moderate, and the oil film thickness is basically
unchanged. The results show that the oil film thickness is
more and more fluctuant with the speed decreasing. The
higher the speed is, the more stable the oil film is. The
experiment model pump was designed, and the oil film
thickness was measured. The simulation results of the oil
film thickness of piston pair are verified by experiments.
It is proved that the simulation model of piston pump es-
tablished in this paper has important guiding significance
for the design of axial piston pump.
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