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Abstract: Axial piston machine of swashplate type is the camndesign widely used for many hydraulic applicagio
because of its simplicity, compact design and l@stcHowever, this simplicity has a negative efffaet piston transverse
forces which limits machine performance. The mairgét of this study is to investigate a feasiblsigie of a fixed
displacement swashplate contour in order to mirénpiston transverse forces. The design should cosgpe the contact
surface mechanism between swasplate and pistonPéstdn slipper is replaced by a ball that is it mounted within a
ball socket formed at the piston end. The ball mms circumferential contour groove formed ongivashplate surface. The
sliding friction between swashplate and slipperdplaced by a rolling friction between ball andcamferential runway
groove. Primary results show a rough estimatio3@¥ reduction of piston transverse forces due ¢ochm action radial

forces elimination. This reduction promises to erdgaoverall machine performance.
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1. Introduction

In an axial piston machines, the axes of the ptstare
parallel to the axis of rotating cylinder block.stvashplate
axial piston machine has a cylinder block whichtaors a
number of cylinders. The cylinder block rotatesirigkthe
pistons with it. The end of each piston exposedhttined
swashplate. The stroke of the pistons dependdtantle of
the swashplate. Controlling the tilt angle contrdlse
displacement of the machine. The inlet and outtatspare
formed in a separate non-rotating plate (valveedlatated to
the surface of the rotating cylinder blodke suction port of
the axial piston pump is exposed to the outwartbpswhile
the delivery port is exposed to the inward pistomkis
situation remains unchanged with rotation; theitlgalways
flows from the suction port to the delivery porhelopposite
is true for the swashplate piston motors.

Due to the narrowness of the clearance of theotdfical
contact between piston-cylinder pair, sealing of giston
machines is very high compared to other oil maclypes.
The three main tribological contact friction pairsf
swashplate axial piston machinepisfon-cylinder pair,

swashplate-slipper pair and cylinder block-valvatpl pair)
have serious wearing problems at tribological ccngaeas
which limit machine pressure and lifetime. Lubrioatplays
a key role in the design of such machines.
swashplate-slipper pair is subjected to the higtfiestion
level due to tilt angle and transverse forces gctin the
piston end. In case of very high pressure needsdal
piston pump design should be used.

Great efforts were paid to reduce friction forcesthe
swashplate piston machines. The most concern wat e
friction forces within piston-cylinder friction paiA geometry
study of the piston-cylinder contact, is optimizdad/
comparing test bench results. Both, piston andhdgli are to
be coated or should consist of hardened matergsuls show
that contouring and geometry can be optimized focHic
working points [1].

Surface treatment of cylinder barrel coated by plasma
within axial piston pumps was used. Results shoat the
friction of the valve plate mated with a TiN-coateginder
barrel could be reduced to 22% compared to uncoaied
under 300 bar and 100 rpm rotational speed [2].

Numerous researches concerning the slipper-swdshpla
friction pair have been conducted. This parametequiite
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important because of its high effect on the frigtiforce
between piston and inner cylinder surface due w&topi
transverse forces. Increasing transverse forcddea to an
increase of piston and cylinder friction as wellaasurfaces
wearing. Static and dynamic characteristics ofséopi pump
slipper with a groove have been studied using 3-dviét
Stokes equation. The effect of different dimensicaml
position and rotational speed of grooves on presseakage,
torque and force were also simulated. Results shatwvhen
modifying groove position, moving the groove towaithe
slipper inner pocket increases leakage and fortiagaover
the slipper, while when the groove is positionedrribe outer
boundary of the slipper, decreasing the groovehittreases
the force on the slipper and decreases the ledBage

A simulation model is developed for the dynamic
micro-motion, the pressure distribution and leakafehe
swashplate-slipper friction pair is included in theodel.
Results show that the oil flm can be very thin same
positions due to slipper tilt causes a partial siora on the
outer part of sealing belt. The partial abrasioft intensify
the tilting degree of slipper and accelerate plaglarasion
further which leads slipper leakage to increaseoraer to
improve the oil carrying ability of slipper and et the
partial abrasion, the slope on the inner edge alirgg belt
should be optimized. This will cause the efficienmythe
pump to be improved due to slipper leakage rednddh

The major part of a model designed for axial piston

machines is dedicated to the lubrication of thee¢hmain
pump sliding interfaces, including slipper-swaskplpair,
and considers the impact of elasto-hydrodynamierntial,
and micro-motion effects on fluid film thicknesdnilation
results are compared to measurements taken of
commercially manufactured pump interface. Developna
more efficient slipper designs could be performetha this
new insight [5] A sophisticated numerical transient model,
considering thermo-elastohydrodynamic lubricatiwas been
developed to predict lubrication performance
swashplate-slipper pair. Results show the impogant
correctly considering transient deformation squgasssure
effects in a thin film lubrication model of the gber
swashplate lubricating interface [6].

Reducing piston transverse forces by using a hatbip
bearing for an axial piston machines was the fafusn old
US patient in 1967 by North [7]. Fig. 1 illustratéke
mechanism using a piston with its outer end, eqpdppith a
spherical socket within which a metal ball is fteeotate. The
ball is rolling on a circumferential groove runwiymed on
the surface of the swashplate cam member. Therdware
cams, of each substantially plane and inclinedrbpragle of
80° to the cylinder block axis. The ball is hydrauliga
balanced and little leakage is allowed through onenore
very small hall that opens the displacement chanfbigh
pressure) to the ball socket area (low pressureg. dost of
manufacturing such ball and socket is quite srvalsprings
were needed for pistons to asses them in their andtw
movement. Springs were omitted because this emtediie
particularly proposed for use as a motor and theliegh
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pressure will force the pistons to move outwartiiythe case
of pumps springs would be necessary [7].

An invention by Spielvogel that was published by US
patient in 2012 was aimed to improve the perforreant
swashplate axial piston hydraulic machines. Thegdes
shorter in length and the radial piston forces comemt is
totally eliminated. Fig. 2 shows a longitudinal &c of a
piston with a spherical head and its circumferéstismshplate
cam [8]. This concept is similar to the inventidnNorth [7]
that illustrated in Fig. 1.
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Figure 1. Cross-section through a hydraulic motor inventigh
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Figure 2. Cross-sectional view through a hydraulic motorention [8].
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2. Problem Satement

Figure 3. 3-D CAD showing the 9-piston slippers with the mangles and
forces acting on the piston end.

The problem in focus of this study is to reducetgris
transverse forces in the swashplate axial pistochias of
fixed displacement type.

Working pressure of the swashplate axial pistonhimecis
limited by piston transverse forces due to swaspikh angle
(o) and friction forces caused by surface tribologmantact
between swashplate and slipper. As shown in Fap®8Fig.
4a tilt angle &) is directly affecting the cam action fordeg].
The cam action angle in the radial directigh {s unchanged
for the current swashplate design and is equdiddilt angle
(o). Increasingx increases$rc (cam action force in the radial
direction) IncreasingFrc is at the expense of axial piston
force (Fpg). Simply @ a=45° > ¢'=0=45° > Fr=Fpc.
Therefore, the tilt angle is limited and as a rethé machine
displacement is also limited.

3. Proposed Design

The main idea of the proposed design is to minintime
cam action anglegj under a condition of keeping the same
pump displacement. Fig. 4, compares the geometrthef
current swashplate design (Fitp) with the geometry of the
proposed circumferential cam contour design (Big. The
case selected is a piston at @tside Dead CentdODC) at
the pump shaft rotational angle @£0°. This point is very
clear as a starting point for comparison. In theremt
swashplate desigg, is constant and equal 0 While in the
proposed design, the cam action angle in radiatton ¢") is
eliminated ¢'=0) and concequently the cam action angle
reduced and varies from zero&at0° to a maximum value at
6=90°. In comparison, the current design hawingaries from
¢= ¢' atf=0° to a maximum valuat 6=90°, see Fig. 12.
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Figure 4a. Current swashplate design at OD&=(°).
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Figure 4b. Proposed circumferential cam contour design at OB€0°).

Figure 5a. Current swashplate design, 3D-CAD assembly.

Figure 5b. Proposed design, 3D-CAD assembly.
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Fig. 5 shows a 3 D-CAD mechanism comparison betwedahe proposed design. The displacement is measisied a

the current swashplate design and the

circumferential cam contour design.

propose&D-CAD software (SolidWorks) based on the geometry

analysis. This is done by rotating the pump shgf6bstep

Fig. 6 shows 3 D-CAD mechanism comparison between t angels and measuring the piston’s displacementgutiie

current swashplate design and the proposed designnie

measuring tool facility of the SolidWorks. The ccamigon

piston focusing on the relation between the pistod and the between the two curves shows very small differeaeesed by
runway for each design. Figs. 5 and 6 show theamallsocket the shifting of the ball and runway tangential @mttposition
assembly replacing the slipper shoe mechanism aed tas shown in Fig. 10. This difference will be oveked in this

circular runway of the ball bearing attached topfston end.

Figure 6a. Current swashplate design, 3D-CAD one piston absem

Figure6b. Proposed circumferential cam contour design, 3D-QAE piston
assembly.

4. Results and Discussion
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Figure 7. Comparison between piston displacement of cuaadtproposed
design, 3D-CAD geometry analysis.

Fig.7 shows the displacement of the piston in theent
design in comparison with the displacement of tistop in

study.
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Figure 8. Displacement, velocity and acceleration of theppsed design,
using Egs. 1, 2 and 3.

The velocity and acceleration curves are considered
identical for both designs. Fig. 8 shows the dispfaent,
velocity and acceleration for current design (adgplicable
for proposed design). Fig. 7 illustrates how thepomsed
design has no significant impact on the displacénwetocity
or acceleration of the pump. Egs. (1) - (3) desthib piston
motion under swashplate cam action.

S = R;tana (1 - cosd) (1)

Knowing thatd = wt and deriving Eq.1 by time yields
V, = w R;tana sinf, o = 2zN/60 (2)
a, = dv/dt = w? R, tana cosé ()

Where:N=1450 rpm,a= 26.57 and Rc=40mnwere used
as a case study for curves plotted in Fig. 8. émttesent work,
only a 3D-CAD model was built for both the curramd the
proposed designs, and all measurements were peafiorm
based on the geometry analysis. Therefore, the umsaent
of the cam action anglef was used as the basis for the
comparison. The transverse force acting on the adntthe
piston of the current design is affected by thdofeing
parameters:

* Piston end and slipper centrifugal forces actingtlom

radial direction Eq. 4.

F,c=Mg Re 0 4)

* Friction between slipper and cam surface
* The cam action force which strongly depends on the
swashplate tilt angle.



International Journal of Mechanical Engineering Apglications 2015; 3(1-2): 17-23 21

the friction force between cam and piston end. This
component is beyond the scope of this study, baig most
= === likely reduced by the ball bearing rolling fricti@cthieved by

= N the proposed design.
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Figure 9. Cam action angle at ODCg£0° at #=0°).
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Figure 10. Cam action angle at 36rom ODC, $=15.5 at =30°).
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The proposed design has the potential to elimiriage
transverse force due to cam action in radial divadFgc). In
addition it also reducing the slipper friction ferby replacing
slipping friction (current design) by a ball bearimolling 0
friction (proposed design). This will lead to an eoall 0 45 Shaft Rotating Angle [0] > 180
reduc“_on in the total transverse forces aCthISton_end Figure12. Comparison between came action ang)ef@r current swashplate
(Fy). Figs. 9 and 10 show the measurments of the @iona gesign and proposed design.
angle @) using the 3D geometry assembly design. Starting
with ODC¢=0° at§=0°, Fig. 9. Ther is measured for ead Fig. 12 shows a comparison beween the measured cam
step of the shaft anglé)( Fig. 10 shows the cam action angleaction angle ) for the current and the proposed designs as a
(4=15.5") at9=30°. Fig. 10 shows the dashed curve tangent tlunction of the shaft rotating anglé)( The relation between
the ball surface which represents the cam contmumdd in  the transverse force and the cam action anglés(derived
the swashplate. The contact tangent point betwemdashed according to the force analysis illustrated in Rigand can be
curve and the ball circlQ mn) is slightly shifted to the left explained as follows:
by 2.69 mm This shift produces torque on the piston due to
non-axial force pushing the pistofs().

The maximum possible cam action anglg rheasured for
the proposed design was almost equal to the swatshplt
angle and was #=90° (nm2=26.3"), Fig. 11. At6=90° the 2F axia=0
contact tangent point shift was also the maximund an - _
measured a4.52 mmThe analysis of the forces acting on the Frc = Fp=Fc CoS¢ > Fc = Fp/ cosg (6)
piSton end is illustrated in Flg 11. The radiatedtion is Piston force is main|y related to the pump Worlqimgssure
perpendicular to the paper plane direction and thtal F_=p A.. substituting in Eq. 5 yields:
transverse forceFH;) acting on the piston end is shown in
details in the right hand side of Fig. 11 and esetbinside a Frc=PAstang )
box. The centrifugal force(,c) could be calculated by Eq. 4.
The centrifugal force is assumed to be roughlyshme for
both designs. The most important and effective comapt is

= Proposed Design
= =Current Design

Cam Action Angle [®°]
-
w

w

Frc=Fcsing (5)

Force balance at piston axial direction yields:

Eq. 7 is plotted on Fig. 13 to compare the cureamd the
proposed designs.
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—_ — apcurate mgchining processes and tc_>|erance carqh&)r
\// \(/ circumferential cam contour manufacturing. At taene time
the manufacturing process for the piston end wéllrhore

simpler than the current design of the sliding sfide piston

Reduced Area .
230% end spherical socket and the ball are both comnmn f

manufacuring that are widly used for ball bearings
appliocations. The proposed design is expectedethuae

Piston Transverse Forces [-]

—Proposed Design machine power consumption and increase its effogieand
==Current Design life time. In case of motor applications, no spsrage needed
’ for pistons to asses them in their outward moveme&he

applied pressure will force the pistons to movewautlly.
0 45 shat Rotggng Angle [ ei]35 180 While for pumps springs would be necessary.

It is highly recommended to perform an experimental
investigation comparing the proposed design witidantical
current swashplate design. Pressure limitatioh®fptoposed

Fig. 13 compares the transverse forces of the ouarel the Pall bearing design should be also experimentaligther

proposed designs. This curve is based on a roughation  nvestigated.
and states an expected 30% reduction of the tresesterces.

Figure 13. Comparison between current and proposed designsecing
transverse forc and expected power reduction dudieigvery stroke.
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(=]
S Reduced Nomenclature
E_ Area =30%
g a Swashplate tilt angle [deg]
- 0 Shaft angle [deg]
¢ Angle betweerrpcandFc [deg]
i %—ﬁ ¢ Angle betweenrpcandFgc [deg]
0 o 18 270 360 R Radius of piston pitch circle [mm]
Shaft Angle of Rotation [0°] ) Angular velocity [rad/s]
Figure 14. Comparison between current and proposed designsermg N Rotational speed [rpm]
transverse forc and expected power reduction dudslivery and suction g Displacement in x-axis direction [mm]
strokes ¢=0° to §=38(). Vi Velocity in x-axis direction [m/s]
Fig. 14 shows a comparison between the transversed e Accelera_uon in x-axis direction [nils
of the current and the proposed designs for comaaft Fe Cgm actlc_)n force [N]
rotation. The comparison shows that transverseeforis Fe P!ston axial force [N]
maximum at delivery strok& =0° -18C) and minimum at Fpc  Piston force, cam component [N]
suction stroke 4=180° - 360). Further experimental and Fr Piston transverse force, tqtal [N]
theoretical investigations should be performed étednine Frc  Cam act!on force, tangenual [N]
the real and exact amount of reduction. Frc  Cam action force, radial [N]
Fesc  Cam ball friction force [N]
. F.c  Piston end centrifugal force, radial  [N]
5. Conclusions Mg Piston end and ball weight gkg]
The proposed design holds the potential to redbhee tAP P|stop cross sectional area Im
transverse forces exerted on the piston for theedfix P .V\./orkmg pressure [bar]
displacement swashplate piston machines. The ee@ectAbrewanns s
power reduction is about 30% based on rough estmaind ODC  Outer Dead Center 6[:0"]
needs further investigations for accurate reducatiaduation. IDC  Inner Dead Center 0[=180]
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