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Abstract: Swashplate axial piston machines are simple, cotrgrat low price. This simplicity is at the expermgepiston
transverse forces which limits machine characiesisfThe aim of this study is to propose more ¢iffecdeveloped design
using roller piston bearing. Ball bearing was pregabto reduce transverse forces acting on thenpestd of the axial piston
machines. The proposed roller bearing design wdlige line contact bearing between roller and camtour compared to
point contact of ball bearing arrangement. Theeraluns on a flat surface contour formed on thestpiate which is simpler
in manufacturing process. The sliding friction beémn swashplate and slipper is replaced by a rdftiojon between roller
and runway of cam surface contour. Results showdasibility of the developed design. The propodedign promises to
increase the pressure limitation of the ball bepdarrangement. Parameters such as piston displateraen action angle are
the same for both roller and ball piston bearingofparison analysis was also performed betweemliwmative cam contours,
sinusoidal and linear piston displacement. Thec$iele criterion was based on piston transverseumrdResults show that
sinusoidal piston displacement is much better ehtiian the linear one.
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. machine design is compact and low price machinepened
1. Introduction with other axial piston machine types. Many pararset

In 1600 Johannes Kepler invents the gear pumpras fi affecti_ng the perfor_mance of the swashplate axiatop
practical use of hydrostatic power, then the ppatiof Machines were studied. _ _ _ _
hydraulic press was established (1663), the firsictical A theoretlc_al study to predict aX|a_1I piston machine
application was in London (1749-1814) by Josef Btam Performance is performed by developing a new caliple
After James Watt invention of steam engine (17369)8the multi-domain computer simulation model. The modsl i
water pump was used and operated by the steameerigie cpmposed of _dlfferent_ modules, each quel analyzing
first use of oil as a working fluid in hydraulic ofaines different operating machine problems. The majot paihese
appears in 1910 by Hele Shaw then Hans Thoma staffPdels is analyzing the lubrication of the threempump
developing the axial piston machines in 1930. Hafigkers sliding tr|bolog|cal_ interfaces con5|d_er|ng th_e gwp of
(1936) developed a pilot operated pressure valeanJ ela_lstoThydro_dynamm, thermal, and micro-motion @ffeon
Mercier (1950) starts for the first time the biggédro fuid film thickness [2]. Other research efforts ut be
pneumatic accumulator [1]. Hydraulic machines thai:z_;\te_gonze_d according to the main three triboldgozntact
operated by oil as a working fluid is very impottammany ~ f1iction pairs as follows:
app_lications worldwide. Th_e mair! reason is its cam!p 1.1. Piston-Cylinder Pair
design and very low weight with high torque ability
compared with other non-hydraulic equipment. Nowada Piston-cylinder interface geometry was investigatsd
axial piston machines are common type used worldvitd comparing test bench results, some geometry paeasnaich
numerous fluid power applications. A swashplatalpiston as gap width, cylinder length are to be optimizBésults
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show that contouring and geometry can be optimifmed
specific working points [3]. A one piston test bkRneith a
PVD-coating piston was built and an experimentat tgas
performed, results show that the coating pistororded
limited wear for the first hour of operation andrye
significantly reduces the friction between pisteom dushing

[4].
1.2. Cylinder Block-Valve Plate Pair

The problem with cylinder block-valve plate pairrist
only with the friction or wear, but also leakagert the
lubricating gap that dissipates percentage of nmethenergy.
The results of a simulation study show that the groass due
to lubricating gap between cylinder block and valate
could be reduced by 50% for the waved surface [me@b].

Surface treatment with TiN plasma coating of théncher
barrel of the axial piston pumps was tested to eedtiction
and wear of the valve plate for low speed of rotafiLl00 rpm),
results show that the friction between the TiN-edavalve
plate and a cylinder barrel is reduced by 22% coatgpavith
the uncoated valve plate [6]. Another study of twatthe
barrel surface with a thin film of CrSiN was perfued,
results show that the friction coefficient could feeluced to
50% compared with those of the plasma nitrided, vilear
parameter is also enhanced for the barrel surfabde no
significant wear occurred on the bronze valve p|aie The
effect of pressure and temperature on barrel flimkhess
was investigated; the results show that elasti@htetmetal
forces and damping coefficient are essential inl\8hg the
barrel dynamics. Results show that increasing mperature
decreases damping coefficient,
freedom of movement [8].

1.3. Swashplate-Slipper Pair

The swashplate-slipper pair is our focus in thiglgt This
pair is the key element in a swashplate piston inash It
contains a slipper component which is moving facdate
over the swashplate surface under a very high ctnggforce
depending on pump operating pressure. Slipperngposed
to high friction and wear that lead to a limitaticlue to
swashplate tilt angle. Friction between slipper swdshplate
impacts the friction force between piston and incg@mder
surface due to piston transverse forces. Increasamgverse
forces will lead to an increase of piston and adinfriction as
well as a surfaces wearing.

Developing of an accurate slipper
simulation models is quite important because ofctizal
impossibility to observe variations of fluid filmhitkness
measurements. The new dynamic micro-motion simarati
model opens a window and allow for more slippemustiand
efficient designs [2].

Static and dynamic characteristics of a piston psfigper

with a groove have been studied using CFD with 3-D

Navier-Stokes equation, results show that with mgvihe
groove towards the inner pocket of the slipper d#ggkand
slipper force increases. While with positioning thmove

giving the barrelremo

lubrication film

25

near the outer slipper boundary, decreasing thevgravidth
increases the slipper force and consequently deesethe
leakage [9]. Later on a CFD is developed and edaleleal
with any number of grooves [10].

Theoretical model was developed for swashplatgsstip
friction pair, it includes the pressure distributiand leakage,
according to results, the oil film could be verintdue to the
slipper tilt angle which causes a partial abrasioithe sealing
belt outer part. This abrasion intensifies thep#iptilting and
accelerates this abrasion furthermore and consdgugre
slipper leakage will increase. In order to impropemp
efficiency, optimization of the slope on the seglbelt inner
edge is recommended [11].

A transient model with a novel numerical couplitheme,
of thermo-elastohydrodynamic lubrication within
swashplate-slipper pair, has been developed. Reshudiw the
importance of accurate transient deformation scgpezssure
effects on the lubrication model of a thin lubrioat film
between the swashplate and the slipper surfacés [12

Some patients were published concerning reducisgppi
transverse forces by using a ball piston bearingSApatient
was published in 1967 introducing an invention base a
mechanism that uses a piston having a sphericibsocter
end within which a metal ball is rotatably mount&te ball is
rolling on a circumferential groove runway formed the
surface of the swashplate of the axial piston mdtor need
for springs because this proposal was for motoid e
applied pressure will force the pistons to movenaumtly. In
the case of pumps springs would be necessary ftjther
US patient was published in 2012 concerning anawgment
of the performance of swashplate axial piston meahi The
radial piston forces was eliminated by using bahifing
piston end rolling on a circumferential runway cgnoove
[14]. Recently a US patient was published in 204this
invention a ball bearing piston end was also usedafmicro
compressor. The ball is rolling on a flate surfaaen contour
in such manner that eliminates the radial pist@mdverse
forces. An outher spring action was used for sacstroke
[15].

The present study aimed to develop a second alesrat
ball piston bearing arrangement. The idea is toauseller
bearing instead of ball bearing. The proposed rddkaring
will provide roller swashplate line contact interéa

2. Problem Satement

(a) (b)

-

Figure 1. Svashplate design (&) in comparison with ball piston bearing with
cam contour (b) at ODC (9=0°).
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Increasing swashplate tilt angle increases pistod e

transverse force. This causes the pump displacessemt|l as
the pump working pressure to be limited. Fig. 1vehdall

piston bearing design in comparison with the cotiveal

swashplate design. The ball bearing is normallypoint

tribological contact which limits the pump opergtipressure
(expected up to 250 bar). The present study prapase
alternative design of a roller bearing arrangentgyibg to

increase pump pressure limitation.

3. Proposed Development Design

In order to overcome pressure limitation of thd bahring
arrangement, a further developed design is propddezidea
is simply to use a roller bearing instead of baating. The
roller bearing will satisfy liner tribological caamtt between
the roller and the cam runway which promises tadase
pump pressure limitation.

/

%

Figure 2. 2-D geometry comparison between ball and roller bearingsat ODC
(6=0°.

Fig. 2 shows a schematic 2-D geometry comparisor

between ball and roller bearing designs.

Figure 3. 3-D geometry comparison between ball and roller bearings at 30°
from ODC (6=30°) .

Fig. 3 shows a 3-D geometry comparison betweenanall
roller bearing designs. The geometry of roller begar
arrangement shows simpler cam contour for manufiactu

sy
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Figure 4. Trajectory view showing the 9 piston geometry design of the roller
piston bearing mechanism.

Computer Aided Design of Axial Piston Machineavithg a Roller Piston Bearing

Fig. 4 shows the geometry of the nine piston aramnt
with the roller attached to each piston end. Thenugry
analysis shows a feasibility of roller bearing deswith the
nine axial pistons pump.

4. Results and Discussion

Geometry analysis of the roller piston bearing regeament
shows the same displacement distribution and three ssam
action angle of the ball bearing design. The difee appears
is the contact area which is point contact for befring and
line contact for roller bearing. Results show aisoeffect of
diameter of neither ball nor roller on the cam@etangle or
on the piston displacement. The main player in ¢@ime is
the cam contour. Two different contours were stdidies
follows:

4.1. Sinusoidal Piston Displacement and Its Cam Contour

The conventional swashplate piston displacemenofis
sinusoidal curve profile. The cam contour is theamant
parameter controlling the piston displacement. déeeloped
roller piston bearing design is proposed to forra #ame
sinusoidal piston displacement on a cam contote&usof the
swashplate.

Figure 5. Snusoidal displacement cam contour, (a) cross sectional view at
ODC (6=0°) and (b) 3-D view at 30° from ODC (6=30°).

Fig. 5 shows the roller piston bearing arrangemsettit the
corresponding sinusoidal piston displacement camocwo.

B~ |

£35

- Sinusoidal Displacement

0 45 90 135 180 225 270 315
Shaft Rotating Angle [6°]

360

Figure 6. Snusoidal piston displacement.

Fig. 6 shows the sinusoidal piston displacemeth@foller
piston bearing. The piston displacement of theeradind ball
piston bearing are both the same and exactly ashphate
piston displacement
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Fig. 9 shows the linear piston displacement of risiéer
RN S AT SN S O T AT T piston bearing. The piston displacement of theeraind ball
piston bearing are both the same and unlike theskgplate
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Figure 7. Cam action angle (4) versus shaft rotating angle (6) for roller & 1 _SR‘;'IT; ZraltBZII eL?:‘genar
sinusoidal piston displacement and conventional swashplate designs. 5 .
Fig. 7 shows the cam action anglg for the roller with 0
sinusoidal piston displacement and for the convexafi Y - 2 2B —

- . Shaft Rotating Angle [6°]
swashplate. The comparison shows about 30% areatie«d

of the curve which indicating almost the same patage of

transverse force and power reduction.
_ Fig. 10 shows the cam action angd for the roller with
Fre =P /Aptang @ linear piston displacement and for the conventional
Equation (1) is the relation between transversg)(Bnd ~Swashplate. The comparison shows about 25% areatied
cam action anglep}, where P is the pump operating pressur@f the curve which indicating almost the same pesage of
and A is the piston cross sectional area. transverse force and pump power reduction.

Figure 10. Cam action angle (¢) versus shaft rotating angle (¢) for roller
sinusoidal piston displacement and conventional swashplate designs.

4.2. Linear Piston Displacement and its Cam Contour 4.3. Comparison between Sinusoidal and Linear Piston
Displacements
| order to satisfy linear piston displacement tamcontour

should follow spiral curve, Fig. 8. The important question appears is Sinusoidal oe#ifi
Which one is better design? According to the ageaiction of
cam action angle curves of Figs. 7 and 10 sinusgigéon
displacements satisfies more reduced area of ttve cwhich
indicates more transverse force reduction. Thisapater
alone is not enough to judge the benefits of eadigt. The
most important parameter is the relation between aetion
angle and the piston displacement. At the ODED)) the
piston is at its maximum length outside the cylinda such
position cam action angle matters as well as atJalues of

Figure 8. Linear displacement cam contour, (a) cross sectional viewat ODC ~ C&m action angles.
(9=0° and (b) 3-D view at 30° from ODC (6#=30°).

(@)

30

Fig. 8 shows the roller piston bearing arrangemétit its e e e % el o P e il il N
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Figure 9. Linear piston displacement. action angle ) reaches its maximum value of almost 20
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shaft angle@=10") and keeps constant after that at all deliveryprovides simpler cam contour which will simplify eth

stroke up to 180 In comparison, sinusoidal

piston manufacturing process. The roller piston bearintisfas

displacement increases gradually fraps0° and reaches higher operating pump pressure compared with kiatop

$=5.63 at shaft angledE1P).
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Figure 12. Roller piston bearing with sinusoidal and linear displacement.

Fig. 12 shows a comparison between sinusoidal iaedr
piston displacement. For linear piston displacematft=10"
the piston moves only 4.46 mm of its all displacetra 40
mm. For sinusoidal piston displacementpal(® the piston
moves only 0.35 mm.

bearing. Parameters such as piston displacementacton
angle ¢) are the same for both roller and ball piston begrin
A comparison analysis was also performed betweem tw
alternative cam contours. First cam-contour satssfi
sinusoidal piston displacement and the second atisfies
linear piston displacement. The selection criterias based
on piston transverse torque due to each cam-corRR@sults
show that the cam-contour of sinusoidal piston ldsgment

is much better choice than the linear one.

This study is based on geometry and theoreticdy/sisaof
the proposed roller arrangement and is promisingetiuce
piston transverse forces by almost 30%. Furtheegxental
studies should be performed to predict the perfocea
enhancement of such roller piston bearing arrangeme
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The base parameter of comparison will be the torquis Work.

exerted on the piston end due to transverse fofdestorque
will be calculating according to piston displaceinefriFig. 12

for linear and sinusoidal cases multiplied by trensverse

force (1) based on cam action angles of Fig. 1k fHsults
then plotted on Fig. 13.

—Sinusoidal
= =Linear

Transverse Piston Torque [-]

35 110
0 45 90
Shaft Rotating Angle [6°]

135

180

Figure 13. Transverse piston torque distribution as a function of shaft angle
() for roller sinusoidal and linear piston displacement.
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