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Measurment of Fluid Film Thickness on The Valve Plate
in Oil Hydraulic Axial Piston Pumps
(Part I1: Spherical Design Effects)
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Tribological charactenistics 1n the shiding parts of o1l hydraulic piston pumps are very
unmportant in mcreasing overall efficiency In this study, the fluid film between the valve plate
and the cylinder block was measured by using a gap sensor and the mercury—cell ship ring unit
under real working conditions To mvestigate the effect of the valve shape, we designad three
valve plates each having a different shape Omne of the valve plates was without bearing pad,
another valve plate had bearing pad and the last valve plate was a spherical valve plate It was
noted that these three valve plates observed different aspects of the flmd film characteristics
between the cylinder block and the valve plate The leakage flow rates and the shaft torque were
also nvestigated mn order to clarify the performance difference between these three types of valve
plates From the results of this study, we found that the spherical valve plate estimated good
fluid film patterns and good performance more than the other valve plates 1n oil hydraulic axial

piston pumps
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Nomenclature

Dy * Piston diameter

n Pushing foice between valve plate and
cylinder block

F, . Seperating force between valve plate and
cylinder block

h Fluid film thickness on valve plate

Hnin Mintinum fluid film thickness on valve
plate
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N Number of piston

Py Discharge pressure in pump

AR Leakage flow rates on valve plate
a Tilting angle of cylinder block

ji; Viscosity of working o1l

rni~7, Radws of seal land on valve plate

1. Introduction

Despite the fact that the o1l hydraulic axial
piston pumps are more expensive than other types
of pump, the use of the oil hydraulic axial pisten
pumps 1s rapidly increasing due to the variable
discharge charactenstics, higher working pres-
sures, higher volumetric and overall efficiencies
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O1l hydraulic axial piston pumps have been used
to the heavily demanding operattonal conditions
which often lead to the tribological problems of
the sliding parts The 1nterface between valve
plate and cylinder block 1s the most impoitant
slidmg part 1n axial piston pumps, because the
cylinder block rapidly rotates on the fixed valve
plate, and the pistons 1n cylinders during approxi-
mately half a revolution peiform the suction and
the discharge action of woiking o1l through the
kidney ports Also, the pressure distitbution on
the valve plate varnies momentarily, and optimal
force balance 18 required to reduce the leakage
flow rates and friction

Many researches have been carried out to 1m-
prove the pump design Saitchenko (1950} des-
cribed the various forces acting on the cylinder
block without going 1nto detail on the nature of
those at the interface with the valve plate Franco
{(1961) derived the sealing land hydrostatic pres-
sure’s radial vanaton for points away from the
valve port ends but no account of the pressure
field between the two ports of the valve plate
The most extensive work was that of Shute and
Turnbull (1964) In addition, McKewon et al
(1966) addiessed an extensive survey for various
mventions relating to these machines, some of
which are concerned with certain valve plate
design technigues Furthermore, good studies ha-
ve been accomplished on the principles of the
force balancing between the cylinder block and
the valve plate {Hibbert et al, 1971, Taylor and
Lin, 1984, Jung et al, 2003, Kim et al, 2004)
However, fluid film on the valve plate n o1l
hydraulic axial piston pumps have not been rev-
ealed in detall, because of the difficulties mvolv-
ed 1n measunng the fluid film The cantinuous
measurement of the fluid film on the valve plate
m driving conditions 1s extremely difficult due to
the very high rotational speed of the cylinder
block

In the present study, the fluid film between
valve plate and cylinder block was measured by
using a gap sensor and a ship ring system under
dynamic conditions 1n order to seek the in-
bological analysis and the design criterion of the
valve plate 1n more detail
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2. Force Balance and Fluid
Film on Valve Plate

There are two principal axial forces acting
on the bearing swiface between valve plate and
cylinder block One of these forces 1s a pushing
force associated with highly pressurized pistons
tending to push the cylinder block to the valve
plate And the other 1s a separating force as-
sociated with the pressure n the highly pres-
surized kidney port and across its lands tending to
separate the cylinder block with the valve plate If
the pushing force due to the pistons under high
pressute s too big, the faces will subjected to high
friction, rapid wear, overheating, and therefore
reducing mechanical efficiency Alternatively, if
the separating force due to the pressure distribut-
1on on the seal lands 15 too big, the cylinder block
will be forced away from the valve plate leading
to excessive leakage losses 1t 13 essential to cal-
culate these two forces as accurately as possible
mn order to maintain adequate balance between
thern Most axial piston pumps have an odd
number of pistons to reduce the pulsatron of
pressurized o1l And since the number of cylinders
contamning the highly pressurized working oil 15
half of the iotal number of pistons, the pushing
force can be calculated by the following equa-
tion

Fi="% DyPuN (1)

Also, the separating force can be calculated by,
2_ 2 2__ 2

=" p { Yi—vs v } 5

SR NGl ) @

The flud film on the valve plate 15 produced by
balancing these two forces Considering the fld
film between the adjacent faces of the cylinder
block and the valve plate of the o1l hydraulic
piston pump {as shown in Fig 1) 1f the leakage
flow tates 15 (AQ), the mean flmd film (&) wilt
be expressed 1n the following foim

_ [ 12pAQ | In{re/7) -In(ri/7s) T
h_{ Py Wnlw/n)+inlr/n) } 3)

As the cylinder block 1s tilted from the center of
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Fig. 1 Fluid film on valve plate

the valve plate, the fluid fitm in the discharge
region being smaller than that in the suction
region. This caused an appearance of minimumn
fluid film on the valve plate in the discharge
region. Hence the minimum fluid film {%n,) on
the valve plate is given by

e

2pAQ  Intn/n] : 111'( raf 1

hm‘n:[ — T —rsing (4}
' mFa Inimin!l +inlr

3. Experimental
Apparatus and Method

The picture of the test cylinder block is shown
in Fig. 2. A section diagram of the test piston

Piston (Gap sensor

Vaive plate

Cylinder block

Fig. 2 Picture of test cylinder block

[+
~1

pump is shown in Fig. 3 and the specifications of
the test piston pump is shown in Table I. The
miniature gap sensor was mounted in the hole
of around the cylinder 1o continuously measure
fluid film thickness during the working period of
the test pump. A wire of the gap sensor was led
through the center of the shaft and taken out from
housing to connect with a slip ring uait. During
the rotation of the eylinder block, signals from
the gup sensor are transmitted to a recorder via a
mercury-cell slip ring unit. A digital oscillogra-
phic recorder was used in order to display the gap
sensor signals which were permanently stered in
the recorder’s memory and plotted by some other

Table 1 Specifications of test piston pump

Displacement icc/rev) | 63
Swash plate angle (deg) I8

The number o.{.pislon T 7
Max. Pressure {MPaj R
7 Max. Speed ( r;;mJ I 2,500

Table 2 Gap sensor specifications

Measuring Runge 0~2mm
Qutput Yollage 5 {10V P-P} Vv
fnput Vohage : T12V DC

IOV
— 10~ +120C

Resolution Voltage

Working Temperature

Signal |
Conditioner| |

“"Recorder

Magnatic pickup 4Q

Pigtan Gap sensor

Swash plate  Slipper Cyfinder block Valve pate

Fig. 3 Schematic diagram of test piston pump
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Plane type Spherical type
Section A-A

Fig. 4 Shape of test valve plates

graphic means in a personal computer. The spec-
ifications of the gap sensor is shown in Table 2.

The shapes of the test valve plates are shown in
Fig. 4. Also, specifications of the test valve plates
are shown in Table 3. Three valve plates were
used in the test. One is the plane valve plate
without bearing pad. Another is the plane valve
plate with bearing pad and the other is the sphe-
rical valve plate. As the drive shaft rotates, the
cylinder block slides on the valve plate having
two kidney ports. Hence, two forces occur be-
tween valve plate and cylinder block. The fluid
film between valve plate and cylinder block is
generated by these two balancing forces. The
signal of minjature gap sensor is continuously
produced on the target valve plate under driving
conditions.

The arrangement of the hydraulic circuit for
this experiment is shown in Fig. 5. The test pis-
ton pump was driven by a variable speed electric
motor {75 kw). The motor speed was continu-
ously adjusted from 0 to 2,000 rpm by use of a
vector inverter controller. The test piston pump
was connected with a driving motor by insulating
coupling. The torque sensor was mounted in the
middle of the test pump and driving motor.

The pressure, flow and temperature Sensors
were mounted in the discharge line. The relief
valve controlled the discharge pressure from 0 to
30 MPa in the test pump. The heat exchanger was
used to control oil temperature in the test unit.
Furthermore, the filter was mounted in the suc-
tion line and the return line so as to maintain the
clean working oil.

A broad range of experiments must be con-
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Table 3 Specifications of test valve plates

VPI VP2 VP3
Type P?ane valve Pla.ne valve | Spherical
without pad | with pad valve
 ri(mm) 24 24 24
#2{mm) 27.1 271 27.1
¥3(mm) 35.6 35.6 35.6
#4(mm) 39 39 39
¥s(mm) — 44 —
re{mm) — 50
SR{mm) = - 300

iginal

Oselllographic
PC CI Recorder

Read Out}
SHystem

Compound

Gauge °
..

Flow Meter  Hgat Filter
Exchangar

| Reservoir Tank

Fig. 5 Hydraulic circuit of test equipment

ducted to provide reasonable data on the effect of
fluid film. In this study, the main test conditions
which were considered are discharge pressure,
rotational speed and valve plate geometry. We
acquired many test results such as fluid film,
discharge pressure pulsation, leakage flow rates
and shaft torque. The range of discharge pressure
was 0-30 MPa and the range of rotational speed
was 0-1800 rpm. The working oil was [SO VG46
and the oil temperature is controlled not to exceed
40+27C.

4. Experimental Results
4.1 Fluid film variations with discharge

pressure and rotational speed
Figure 6 shows fluid film variations with dis-
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Fluid film thickness 6, pm)

270 360

0 - g0 180

Rotational angle {0, degree)

Fig. 6 Fluid film variations on the plane valve plate
without bearing pad (VPL)

charge pressure on the plane valve plate without
bearing pad during a revolution of the cylinder
block at 1,500 rpm. It is found that the several
small fluctuations of fluid film are resulted from
discharge pressure pulsation produced by nine
pistons. The fluid film on the valve plate is con-
tinuously changed during one revolution of the
cylinder block. It means that the shaking and
tilting phenomena of the cylinder block being
produced in the driving condition. The shaking
of the cylinder block is caused by the discharge
pressure pulsation. The tilting of the cylinder
block is caused by the clearance of the spline and
the bearing, The size of the shaking and the tilting
increases with increased discharge pressure. It
might be inferred from these phenomena that the
change of fluid film will be produced according
to the rotation of the cylinder block.

At 10 MPa discharge pressure, the minimum
fluid film was measured to be 20 gm but at 30
MPa discharge pressure, the minimum fluid film
was measured to be 2 gm which is equivalent
to 10 percent of 20 gm. If the direction of the
cylinder block is from lefi to right {in Fig. 6),
the associated minimum fluid film exists in the
discharge region (#=9%0—135C) and the maxi-
mum fluid film exists in the suction region. The
location of minimum fluid film depends on the
balancing forces and the eccentricity of the
cylinder block. In case of the plane valve plate
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Rotational angle {8, degree)

Fig. 7 Fluid film variations on the plane valve plate
with bearing pad [VP2)

without bearing pad, the possibility of contacts
between valve plate and cylinder block is re-
markably increasing in high discharge pressure
condition. Therefore, high friction and severe
wear will be occured and the frictional loss will
be increased.

The fluid film variations with discharge pres-
sure on the plane valve plate with bearing pad
during a revolution of the cylinder block at
1,500 rpm are shown in Fig. 7. At 30 MPa dis-
charge pressure, the minimum fluid film was
measured to be 9 gm which is 7 gm higher than
the value of the plane valve plate without bearing
pad. Because of the hydrodynamic effect at bear-
ing pad, fluid film increased over all test con-
ditions. The difference of fluid film between on
discharge region and suction region was reduced
compared with that of the plane valve platc with-
out bearing pad (see Fig. 6). Also, the size of the
several small fluctuations of fluid film was fairly
decreased over the high discharge pressure region
above 20 MPa. Therefore, it is clear that the plane
valve plate with bearing pad has more desirable
fluid film pattern than the plane valve plate with-
out bearing pad at the high discharge pressure
region.

The fluid film variations on the spherical valve
plate are shown in Fig. 8. At 30 MPa discharge
pressure, the minimum fluid film was measured
to be 13 which was about 4 highér than the value
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80

Fluid film thickness b, um)

v 90 180 270 360
Rotational angle (8, degree)

Fig. 8 Fluid film variations on the spherical valve
plate {(VP3)

of the plane valve plate with bearing pad. The
difference of fluid film between discharge region
and suction region was remarkably reduced com-
pared with that of the plane valve plate without
bearing pad. Also, the size of the several small
fluctuations of fluid film was considerably de-
creased throughout the driving conditions. The
changing pattern of the fluid film on the spheric-
al valve plate maintains the most stability among
the three test valve plates. This means that the
spherical valve plate sustains good tribological
condition between valve plate and cylinder block
due to the spherical contact.

Figure 9 shows a discharge pressure pulsation
at 30 MPa, 1,500 rpm. The general tendency of
nine small pulsations was observed. These typical
patterns are caused by the number of pistons in a
piston pump. The size of pressure pulsation in
the spherical valve plate is the smallest among
the three valve plates. Also, it was found that
the pressure pulsation is deeply related with the
contour of fluid film on the valve plate, and
the spherical valve plate maintain the most ac-
ceptable performance of discharge pressure puls-
ation.

Figure 10 shows minimum fluid film variations
with the rotational speed at 20 MPa. On the
whole, the minimum fluid film slightly increas-
ed as rotational speed increased. Especially, the
spherical valve plate had the most increasing

32
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“
5
<9
g
=
n
8 29}
o

28 i i i

0 90 180 270 360
Rotational angle (9, degree)

Fig. 9 Comparison of discharge pressure pulsation

at 30 MPa

30
—— VP1
25 o P2
—m— VP3

Minimum fluid film thickness (h,,., um)
&

0 i L : . ‘ L
0 300 600 900 1200 1500 1800

Rotational speed (rpm)

Fig. 10 Minimum fluid film variations with rota-
tional speed at 20 MPa

rate among the three valve plates. In case of
the two types plane valve plates had the similar
increasing pattern all rotational speed range.
The minimum fluid film of the plane valve plate
with bearing pad is about 4 gam bigger than the
plane valve plate without bearing pad over all
rotational speed range because of the hydrody-
namic action at the bearing pad region.

4.2 Comparison of fluid films

The comparison of fluid film in the three
valve plates at 1,500 rpm is shown in Figs. 11 and
12. For lower discharge pressure than 15 MPa,
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Fig. 11 Comparison of fiuid film ar 15 MPa
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Fig. 12 Comparison of fluid film at 25 MPa

the patern of fluid film in VPl and VP2 was
almost similar each other, The pattern of fuid
film in VP23 shows a smooth profile compared
with thase of the two valve plates,

For high pressure range of 25 MPa, the pat-
tern of fluid film is considerably different. The
pattern of VP1 is the worst of the three valve
plates. On the other hand, the pattern of VP3
is the most acceptable of the three valve plates.
This difference occurs when the cylinder block
was 1ilted at the high pressure region.

It was found that the stable tribological ac-
tion of the spherical valve plate could reduce
the inclination and the shake of the cylinder
block, In the case of the plane valve plate with-
out bearing pad, the inclination of cylinder

4C

30

20

10k

Fluid film thickness (|, um)

0 5 10 15 20 25 30 35
Discharge pressure (MPa)

Fig. 13 Cemparison of mimmum fluid film with
discharge pressure
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Fluid film thickness th,_, -h,,.. um)

0 5 10 15 20 25 30 35
Discharge pressure (MPa)

Fig. 14 Difference between maximum and minimum
fluid film

block drastically increases and leakage flow

rates largely increases for high pressure above 15

MPa.

The effects of discharge pressure on minimum
fluid film are shown in Fig. 13. The minimum
fluid film linearly decreased as discharge pres-
sure increases. Especially, the minimum fluid
film of the plane valve plate without bearing pad
decreased more steeply than the other valve plates
in high pressure range. For the high pressore
range sbove 20 MPa, the design of bearing pad
on the plane valve plaie couid ensure bigger
minimum fluid film from 3 gm to 7 gm than the
plane valve plate without bearing pad. Also, the
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spherical valve plate could obtain bigger mini-
mum fluid film about 4 pm than the plane valve
plate with bearing pad for high pressure range
above 20 MPa. Therefore, the minimum fluid film
of the spherical valve plate decreased to the
lowest rate of the three valve plates.

Figure 14 shows the difference between maxi-
mum and minimum fluid film with discharge
pressure. In the case of the plane valve plate
without bearing pad, the difference abruptly in-
creased with discharge pressure at above 15 MPa.
But, in the case of VP2 and VP3, the difference
almost increased linearly with all discharge pres-
sure range. As mentioned earlier, these pheno-
mena ar¢ also related with the tilting of the
cylinder block in high pressure range.

43 Comparison of leakage flow rates and

total efficiency

Fig. 15 shows the comparison of the leakage
flow rates with discharge pressure at 1500 rpm.
The leakage fow rates increases as discharge
pressure increases. Especially, the leakage flow
rates of the spherical valve plate shows the lowest
value compared with the other (wo valve plates
in the range above 20 MPa. But, the leakage
flow rates of the plane valve plate without bea-
ring pad sharply increases compared with those
of the plane valve plate with bearing pad in high
pressure range above 25 MPa due to the increase
of fluid film.

The comparison of the total efficiency with
discharge pressure at 1500 rpm s shown in Fig.
16. For low pressure range below 20 MPa, the
efficiency of the plane valve plate without bearing
pad is higher than the plane valve plate with
bearing pad duc te the tiny fluid film. But, for
high pressure range above 25MPa, the efficiency
of the plane valve plate with bearing pad was
better value than the plane valve plate without
bearing pad because the beartng pad reduces the
cylinder block from tilting. The total efficiency of
the spherical valve plate is the most acceptable of
the three valve plates in overall pressure range.
Especially, the spherical valve plate maintained
good total efficiency in spite of high pressure
range.

5
et (P )
4 o] e PR L
—— VP3

Leakage flow rates AQ, l/min)

0 : L 1 i
0 ] 10 15 20 25 30 35

Discharge pressure (MPa)

Fig. 15 Comparison of the leakage flow rates
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Fig, 16 Comparison of the total efficiency

5. Conclusions

The fluid film thickness between valve plate
and cylinder block was measured by using a
miniature gap sensor in real driving conditions.
Three valve plates were used in the tests in erder
to investigate the effects of valve shapes. One of
the valve plates was the plane valve plate without
bearing pad, another plane valve plate had bear-
ing pad, and the third valve plate was a spherical
valve plate. Following results were obtained :

(1) The minimum fluid film on the valve plate
exists in the discharge region (§=100—135°)
and the maximum fluid film exists in the suction
region due to the tilting of the cylinder block.
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(2) The bearing pad design 1n the plane valve
plate paitly reduced the ulting of the cylinder
block in the high pressure conditions due to the
hydrodynamic effect at bearing pad

{3) The mummum flud film thickness of the
plane valve plate with bearing pad was 7 um
which 1s bigger than that of the plane valve plate
without bearing pad 1 the high pressure con-
ditions

{(4) The spherical valve plate could remark-
ably reduced both the shaking and the tilting of
the cylinder block over all driving conditions

(5) The minimum fluid film thickness of the
spherical valve plate was 4 g#m which 15 bigger
than that of the plane valve plate with bearing
pad n high pressure conditions

(6) The discharge pressure pulsation, the
leakage flow rates and the total efficiency are
deeply related to the changing pattern of the fluid
film on the valve plate

{7) The spherical valve plate mamtained the
most desirable triblological conditions and a
good total efficiency compared with the plane
valve plate over all driving conditions
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