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Abstract

The interface between the slipper/swash plate is one of the most important frication pairs in axial piston pumps.
The test of this interface in a real pump is very challenging. In this paper, a novel pump prototype is designed and

a test rig is set up to study the dynamic lubricating performance of the slipper/swash-plate interface in axial piston
machines. Such an experimental setup can simulate the operating condition of a real axial piston pump without
changing the relative motion relationship of the interfaces. Considering the lubricant oil film thickness as the main
measurement parameter, the attitude of the slipper under the conditions of different load pressure, rotation speed
and charge pressure are studied experimentally. After the test, the wear state of the swash plate is observed. Accord-
ing to the friction trace on the surface of the swash plate, the prediction for the attitude of the slipper and the zone

easy to wear are verified.
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1 Introduction

The axial piston machines are essential components in
fluid power community, which are widely used in indus-
try due to its high reliability, power density and competi-
tive efficiencies [1, 2]. There are 3 significant interfaces in
such a machine including the slipper/swash-plate inter-
face, the piston/cylinder interface and the cylinder/valve
plate interface. Between the three interfaces, the slipper/
swash-plate interface is the most complicated [3] not
only because the pump kinetics but also because the deli-
cate micro motions including the tilting [4, 5], squeezing
[6] and spinning [7, 8] of the slipper. In recent years, with
the development of simulation model and commercial
software, the theoretical research on the lubrication of
the slipper/swash plate interface has been comprehen-
sive and thorough, expanding from static to dynamic
[9], steady state to unsteady state [10, 11], single-factor
to multi-factor coupling [12, 13]. Most recently, several
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fully coupled fluid-structure-thermal models have also
been proposed, such as Ref. [14] studied the multi-body
dynamics considering the mixed lubrication model, Ref.
[15] presented a transient thermoelastohydrodynamic
lubrication model and Ref. [16] predicted the slipper
behaviors use a similar advanced model.

At the same time, many researchers devote themselves
to the experimental research; focus on the lubricating
performance of the key interfaces. Only by the test in real
condition to verify the accuracy of the theoretical mod-
els, can the study on its lubricating performance truly
progress. The experimental study on the slipper/swash-
plate interface also experiences the evolution from static
to dynamic [17], from steady to unsteady [18], from indi-
rect to direct measurement [19], from model test to real
pump test [20, 21]. Chao et al. [3] presented a review of
the test rigs of the slipper bearing in axial piston pump.
The test rigs are classified into four groups in this paper:
stationary cylinder and swash plate [22], stationary cyl-
inder and rotational swash plate without tilt [23, 24], sta-
tionary cylinder and rotational swash plate with tilt [25]
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and stationary swash plate and rotational cylinder [26,
27].

It can be known from the literature that the test on the
dynamic lubricating performance of the slipper/swash
plate interface is still in developing [3, 28], and most
research is based on static lubrication [29] or the test rig
with single piston [30] in a modified prototype instead of
a real pump. Therefore, the real-time measurement of the
real pump is less carried out, resulting in that the actual
lubricating state of slipper/swash plate interface in piston
pump still cannot be accurately acquired.

In this paper, a test rig for dynamic lubricating state
of slipper/swash plate interface in a real pump is set up,
and the test is performed under the conditions of dif-
ferent load pressure, rotation speed and charge pres-
sure comprehensively, taking the oil film thickness as the
main measurement parameter. From the 3-points of the
oil film thickness, the attitude of slipper can be decided,
therefore the micro-motion dynamics of the slipper and
contacting on the swash plate will also be known. The
future work of this paper could be to verify the simula-
tion model by using the test results and to optimize the
design of the slipper interface.

2 Experimental Setup
2.1 Description of Test Rig
From the previous studies, it is possible to find many test
rigs in terms of the axial piston pumps. However, due to
the limitation of test difficulty and sensor layout, most
of the test pumps only include one certain part of the
machine, resulting in that the test pump cannot entirely
represent the real operating state of the machine.

For this reason, a transparent test pump was particu-
larly designed and manufactured. Figure 1 shows the
main structure of this test prototype. The test pump was
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Figure 1 Structure of the test pump

Page 2 of 7

re-designed based on a commercial pump. The pistons,
slippers and cylinder are taken from the original pump,
but the swash plate, valve plate and housing are carefully
devised in order to mount the micro displacement sen-
sors (as shown in Figure 1), which are adopted to meas-
ure the oil film thickness of the sliding interfaces. The
pump housing is made of PMMA for the convenience of
observing the flow field inside the pump.

It should be emphasized that the test pump is very close
to a real commercial pump, because the motion of all the
components including the pistons, slippers and cylinder
is unchanged. Therefore the original operating condition
can be simulated to the max. As shown in Figure 2, the
test rig mainly consists of the following parts: the driv-
ing motor and its control unit, the speed and torque sen-
sor, the test pump, the auxiliary hydraulic system and the
data collection module. The photo of the real test rig is
shown in Figure 3.
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Figure 3 Photo of the test system
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2.2 Sensor Mounting

Oil film test system is the core of the test rig for
dynamic lubricating state of the slipper/swash-plate
interface. Considering the functional expectation
and practical feasibility, the sensors were fixed on the
immovable swash-plate. In this way, it is necessary to
design many mounting holes on the swash-plate, in
the moving track of slipper for the purpose of making
up the lack of not continuous measurement of the film
thickness. At least three sensors should be put at each
measuring position to determine the distribution of
oil film thickness and the posture of slipper, according
to the basic principle that three non-collinear points
can define a plane. In addition, temperature sensors
need to be added to the test system to monitor the oil
temperature.

As shown in Figure 4, in the 0-xyz coordinate system,
Al, A2 and A3 are three points on the exterior margin
of the slipper, and their interval angles are all 21/3. Let
hy, hy and Ky be the actual oil film thickness of Al, A2
and A3, respectively.

Let Ryyt be the radius of A, B and C on the slipper. Let
a, ¢ and kg be the incline angle, the azimuth angle and
the central oil film thickness of the slipper, respectively.
When these three parameters are confirmed, /,, &, and
h4 can be obtained by Eq. (1):

A2

A3

Figure 4 Description method of the 3-point film thickness
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hy = ho + Royrax cos(—g),

2

hy = ho + Roytox cos (;T — (p),
4

h3 = ho + Royto cos (;T - ga).

When £, hy and i are known, expand the cosine func-
tion in Eq. (1) and compare it with Eq. (2), «, ¢ and /g can
be obtained as follows:

hi + hy + b3
hO == f’
_ [(ha—h3)* | (2h1 — hy — h3)?
“= SR, 9R? ’
out out (2)
sin hy — h3
ing = ———,
v \/§Rout0{
cos 0 — 2h1 — hy — h3
v= 3Routa ’

The electric eddy current displacement sensor is used
in the test system mainly to measure the micron oil film
thickness with high accuracy. The sensor has the features
of high precision, high resolution and high test band-
width because of the principle of electric eddy current
effect. In order to ensure the accuracy, the scope diam-
eter detected by the sensor probe is at least three times of
the probe diameter.

Two kinds of layout schemes of the mounting holes for
sensors on the slipper are designed in the test, as shown
in Figures 5 and 6. On the one hand, the bottom dead
center (BDC) in slipper’s moving track is selected as a
detection point for oil film thickness. Because the bottom
dead center (BDC) and the top dead center (TDC) on the
slipper lie in the conversion area from high pressure to
low pressure, hence the oil film thickness and the over-
turning condition of the slipper in this area is changing
drastically, so the TDC is chosen as the detection point.

Figure 5 Two kinds of layout schemes of sensor mounting at the
swash plate
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Figure 6 Photo of sensor mounting: (a) at TDG; (b) at the high or low

pressure zone

On the other hand, the dynamic lubricating condi-
tion in the high and low pressure areas of the slipper
is also extremely notable. So sensors are put in the
middle of the right half of slipper’s moving track (fac-
ing to the friction surface of the swash-plate). When
the line shaft rotates clockwise, the oil film thickness
in the high pressure area is measured, while when the
line shaft rotates anti-clockwise, the film thickness in
the low pressure area is measured. The test pump is
designed completely symmetrically in the left and right
directions, so only the high and low pressure pipes
need to be replaced before the rotation of high and low
pressure.
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Figure 7 Oscillogram of data collected online

Therefore, the swash plate in Figure 6(a) is used to per-
form the conversion region test and the one in Figure 6(b)
is used to perform the low and high pressure region test.

3 Result Analysis

3.1 TestData

The oscillogram of data collected is shown in Figure 7
when the rotation speed of the piston pump is 200 r/min.
hy, hy, hy are the real-time data measured by No. 1 sensor,
No. 2 sensor and No. 3 sensor, respectively. On this basis,
the actual oil film thickness can be obtained by subtract-
ing the benchmark values confirmed during calibration
process. It is not difficult to find from Figure 7 that the
No. 1 sensor detects the sealing belt once per shaft revo-
lution, and the No. 2 and No. 3 sensor detect it twice per
shaft revolution, which is determined by the position of
the sensors, no matter which mounting model shown in
Figure 6.

3.2 High Pressure Region

Figure 8 shows the change of oil film thickness with the
load pressure when the rotating speed is 1000 r/min. It
can be seen from the curve that the measurement results
of the 3 sensors decreases gradually with the increase of
pressure, and the oil film thickness measured by No. 1
sensor is almost the minimum all the time of the three
sensors, which indicates that the posture of the slipper
in this position basically is “head up’, and the convergent
gap is forming. Moreover, the oil film thickness decreases
with the increase of pressure, and the overturning angle
decreases with the increase of pressure.

Figure 9 shows the change of the oil film thickness
with the rotation speed at pressure of 60 bar. It can be
seen from the curve that the measurement of No. 1 sen-
sor is almost the minimum all the time of the 3 sensors.
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Figure 8 Change of the oil film thickness with pressure at high
pressure region
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Figure 10 Change of the oil film thickness with the rotation speed

at low pressure region
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Figure 9 Change of the oil film thickness with the rotation speed at
high pressure region

According to the position of the sensor, it is concluded
that the slipper is almost inclining to the line shaft all the
time, the oil film thickness increases with the increase of
rotation speed (except No. 2), and the slipper overturn
intensifies.

3.3 Low Pressure Region

After the test in high pressure region, the inlet and out-
let pipelines are exchanged and the running of the driv-
ing motor are changed from clockwise to anti-clockwise,
then what the sensor measures is the oil film thickness
in the low pressure region. The charge pressure is 20 bar
and the rotation speed of the driving motor rises from
200 to 1400 r/min. The results are shown in Figure 10.

It can be seen from the figure that the measured oil
film thickness of No. 1 sensor is basically less than that
of No. 2 sensor and No. 3 sensor with the increase of
rotation speed, which indicates that the slipper is inclin-
ing to No. 1 sensor, that is, overturn to the line shaft.
In addition, the difference between No. 2/No. 3 sensor
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Figure 11 Change of the oil film thickness with the pressure at the
conversion region from high pressure to low pressure

and No. 1 sensor in Figure 10 is getting bigger, because
when increasing the speed, the linear velocity (the slipper
relative to the swash-plate) in the outer edge of trajec-
tory is larger than that in the inner edge, so the dynamic
pressure effect of the slipper in the outer edge is more
remarkable, which increases the support force at the slip-
per, the imbalance of the oil support force at the bottom
of the slipper increases, and the overturn becomes more
serious.

3.4 Conversion Region from High Pressure to Low Pressure
The measured oil film thickness is shown in Figure 11
when the rotation speed of the driving motor is 600 r/
min and the pressure rises from 0 to 60 bar. The curve
shows the oil film thickness at sensor No. 3 is almost the
smallest of the 3 sensors all the time, which indicates that
the posture of the slipper is “head up’; the convergent gap
is forming, and it’s conducive to the generation of the
dynamic pressure effect.
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Figure 12 Comparisons of friction conditions on the swash-plate
before and after the test: a before the test; b after the test

3.5 Wear Observation

After the test of oil film thickness, the swash-plate
was taken out and compared with that before the test,
and obvious friction trace was found on the surface
of swash-plate, as shown in Figure 12. It can be seen
from the figure that the trace color in high pressure
region is deeper than that in low pressure region and
the solid contact in the inner edge of the slipper trajec-
tory is more serious than that in the outer edge, which
validates that the slipper overturns towards the shaft
in the high pressure region. Similarly, according to the
appearance in the low pressure region, it can be clearly
found that the slipper overturns towards the shaft.

4 Conclusions

(1) Taking the attitude of the slipper as the main test
target, the rig testing dynamic lubricating perfor-
mance is designed, which realizes the dynamic pos-
ture measurement of the slipper/swash plate pair
under the actual working condition.

(2) The test results show that: In high pressure area, the
gap between slipper and swash-plate is convergent,
the slipper posture is “head up’, and the inclination
angle of slipper is smaller. In low pressure area, the
oil film thickness is thicker, the inclination angle of
slipper is larger and the gap is divergent in the latter
half stage.

(3) The effective test scheme provided in this paper is
very close to the actual situation and works cred-
ibly, which has a guiding significance for the future
study of dynamic lubrication of the slipper/swash-
plate interface.
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