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ABSTRACT

Schenk, Andrew Ph.D., Purdue University, Decemb@it42 Predicting Lubrication
Performance between the Slipper and Swashplatexial Riston Hydraulic Machines.
Major Professor: Dr. Monika Ivantysynova, SchooM#chanical Engineering.
Engineering of the sliding interfaces within swdshg type axial piston machines
represents the most complex and difficult part lo¢ tdesign process. The sliding
interfaces are subject to significant normal loadsich must be supported while
simultaneously preventing component wear to ensoimg lasting operation. Proper
lubrication design is essential to separate thed dmbdies from each other, but the
complexity of the physics involved makes this diclifit problem. This work focuses on
lubrication and the resulting energy losses astitkng interface between the slipper and
swashplate.

To better understand the slipper lubrication pen@mce, a numerical model has been
developed to predict the behavior of a design. Almaerical model considers the multi-
physics, multi-scale, and transient nature of th@ritation problem by utilizing novel
segmented physics solvers and numerical technidragsitioned solvers considering the
fluid pressure and temperature distributions, stmat deformation due to fluid pressure
and viscous heating, as well as a solid body dyesrfiom transient loads have been

originally developed and tightly coupled. Althoutyie effort necessary to implement this



Xviii
was significant, by avoiding a more traditional siotulation approach, high
computational efficiency and model fidelity candahieved.

To validate the developed numerical model, a speedh test rig was designed and
manufactured. Miniature high-speed inductive positsensors were mounted inside the
swashplate of a commercially manufactured pump withy minimal modifications.
These six sensors measured the distance betweeenber face and the slipper land as
the slipper passed over the sensor, effectivelysoraay the direct film thickness in real
time. The thickness of lubrication represents theatgst unknown predicted by the
model and provides the most rigorous validationnad as experimental insight into
actual slipper operation. New slippers were insthih the test rig, measured, and then
following a period of operation, were measured ag# significant change in film
thickness behavior was measured due to the presémaceorn slipper surface during the
second period of testing, and this same behaviohaihge was captured with the
simulation model.

The developed numerical model was used to condase¢ studies demonstrating the
potential of virtual pump lubrication design. Slgypsensitivity to operating conditions
and materials were explored. Operational changel as slipper tipping and liftoff at
high speeds were numerically observed and wouldester aid a designer in improving
the robustness of a design. A multi-modeling apgnoasing a surrogate model based
upon a design of experiment study and the full micak model explored the inter-
dependence of variables in a multi-land slipperngitedn particular, a decrease in total
power loss while increasing the outer stabiliziagd width at a constant hydrostatic

balance factor was observed for low pressure aperat



CHAPTER 1.INTRODUCTION

1.1 Background

Swashplate type axial piston pumps and motors seel in diverse types of hydraulic
systems, including construction, agriculture, arefogpace market segments. The
popularity of axial piston pumps stems from theommpactness, relative ease in
controlling the effective fluid displacement peraghrevolution, and high pressure
operation. These features do come at the cost diti@ual design complexity when
compared to other positive displacement machindgdges but nevertheless many
applications demand the additional capabilitiestdaf a single axial piston machine can
be partitioned into a few groups each serving aqgal function: The outer pump case
serves to separate the remaining components freroutside world, the pump end case
contains channeling to connect flow from the disptaent chambers to the suction and
discharge ports, in the case of a variable dispi@re machine, a control system is used
to vary the machine displacement per shaft revahytand finally the main rotating kit
realizes the pumping action. It is this rotatingWwhich forms the heart of a swashplate
type axial piston pump or motor and a cross sedtidtustrated in Figure 1.1. Within the
rotating kit, multiple pistons are arranged on \&egi pitch radius around the main pump
shaft. The pistons are encased by a cylinder bidukh is connected to the main pump

shaft, often through a mechanical spline. In purdpsigned for only low working



pressures, the pistons can be directly supportate@ewashplate without using a slipper.
However, in piston/slipper designs as shown in Fedul, a ball and socket joint attaches
a slipper to the piston. The slipper is used tamed high piston pressure forces through
a combination of hydrostatic and hydrodynamic flpieéssure which develop between
the slipper and swashplate. The piston / slippsem@ably press on an angled swashplate,
forcing a linear reciprocating motion of each pists the cylinder block rotates. This
reciprocal motion causes an increase and decrdédke displacement chamber volume,

thus suction and discharge of fluid, enabling daatifve pumping action.

Displacement
Chamber

Swashplate

Valve Cylinder
plate block

Figure 1.1. Cross-section of an axial piston hylicgaump rotating kit.
Depending on the loading of the hydraulic systeigniScant pressures can develop in
the working fluid. This fluid pressure, often oretmagnitude of 20-40 MPa, pushes the
cylinder block towards the valve plate and the qu&lipper assembly towards the

swashplate with great force. These large forcest inegransmitted across the relative



motion of cylinder block-valve plate and slipperashiplate. Additionally, due to the
inclination of the swashplate, the slipper reacftance pushes the piston laterally against
the cylinder block. Unlike many traditional bearidgsigns which exhibit large ratios of
rolling versus sliding motion, the relative motidretween the pump rotating kit
components is exclusively sliding in nature. Beeaaskthis, a full film of lubricant is
required between the components to prevent pemsistenponent wear and enable long-
lasting pump operation.

In fluid film lubrication, two solid bodies are fylseparated by a thin film of lubricant.
This thin fluid, only micrometers thick, is suffest to prevent the asperities of the solid
bodies from contacting each other and thus prewemtace wear. In addition to
preventing wear, the viscous friction during fulhf lubrication is significantly less than
the friction present during boundary lubricatiorhigh improves the efficiency of the
sliding interface. Full fluid film lubrication redres pressure of the lubricant to be large
enough such that the integrated pressure forcequsleto the external forces being
transmitted across the interface. The lubricansguee generation can occur in two
distinct physical manors: hydrostatic or hydrodymartydrostatic lubrication pressure
generation is the more trivial case where fluidsaé the thin film region is at an
elevated pressure which is transmitted by nornuad fstresses into the lubrication region.
Because the generation of fluid pressure occursreaily, no relative motion of the
bounding bodies is actually required. In contrdstdrodynamic pressure generation
requires relative motion, and often an inclinatiohthe bounding bodies.

Fortunately, in the design of most axial piston psnthe working hydraulic fluid bounds

a portion of the lubrication region causing hydatist lubrication. The larger the



lubricating area, the stronger the equivalent kdnt force acts on the cylinder block or
slipper. If the fluid film pressure force exceels force from the working hydraulic fluid
pressure, the cylinder block or slipper will liftvay from the valve plate or swashplate,
respectively. Although this would seem desirablecai metal-to-metal contact is now
avoided, unfortunately the working hydraulic flwmall simultaneously leak through these
large gaps, drastically reducing the ability of {hnemp to effectively discharge fluid.
Therefore, an extremely careful balance is requsethe slipper and cylinder block only
slightly lift away from their opposing surfaces Igieg full film lubrication to prevent
wear while simultaneously keeping the thicknessheflubricant low enough to prevent
excessive leakage of the pumping fluid. To furtbemplicate the problem, axial piston
pumps operate over a wide range of shaft speadd,dtessures, and swashplate angles.
Because of the delicate balance needed to achifaatiee lubrication, adaptive elements
are included in the design of the cylinder blocld aslipper to enable the lubricant
pressure to respond dynamically to the varying resley applied loads. This dynamic
lubricant pressure response means that while afisgmt portion of the lubrication
pressure occurs hydrostatically, hydrodynamic pmessgeneration is essential to
effective operation.

Hydrodynamic pressure sources or sinks can origifratm a number of physical effects
within both the lubricant and the bounding solidlies. First, the lubrication viscosity
has a strong impact on the magnitude of the hydrahyc pressure. Because the typical
lubricating fluid, mineral oil, has a strong temgieire-viscosity dependence, temperature
changes of the lubricant will affect the hydrodymamressure. The fluid film is by

definition quite thin, and since a strong conductiof heat between the fluid and



bounding solid bodies is possible, the surface tgatpre of the solid bodies impacts the
temperature of the fluid film itself.

It is not only fluid temperature-viscosity changesich affect the hydrodynamic pressure.
The pressure of the working and lubricating flusdquite large which in turn loads the
bounding solid bodies with significant normal fascdhe compliance of the bounding
solid bodies causes elastic deformation which ceartge thickness of the fluid film.
Similarly, non-uniform heating or bi-metal compoh@onstruction will cause thermo-
elastic deformation of the solids, and whenever ftos film thickness is modified,
hydrodynamic pressure generation is affected.

Because proper lubrication of the rotating kitoscsitical to long-term efficient operation
of the hydraulic pump, it is a major focus of axmbkton pump and motor design.
Unfortunately, because the physical phenomenonceded with lubrication is so
complex and sensitive, gross analytical approxiomgtiare still necessary from a design
standpoint.

This work will focus exclusively on studying theblication between the slipper and
swashplate sliding interface inside of an axiatgrisnachine. Previous modeling for the
sliding interfaces between the piston and cylin@Relosi, 2012) and the cylinder block
and valve plate (Zecchi, 2013) have been repoA#tiough there are similarities in the
tribological operation between the three primaryashplate type axial piston machine
sliding interfaces, significant differences in tinederlying physics of the slipper as well
as novel advancements in the lubrication modelpg@ach will be undertaken as part of

this work.



1.2 State of the Art

A significant amount of research into the lubrioatiphenomena of axial-piston pump
slippers has been conducted by numerous reseattineughout the world. Beginning in
the 1960’s, Shute and Turnbull (1962a, 1962b) ingated the operation of the slipper
analytically, assuming it to be a purely hydrostdtearing, and experimentally. In 1983,
Hooke and Kakoullis developed a hydrodynamic slipp@del using a short bearing
approximation and truncated Taylor series to appmaie the Reynolds equation
governing pressure distribution under the slippealiag land. Additional analytical
expressions were developed to satisfy load, flomd enoment equilibrium requiring
some numerical iteration to couple with the Reyaadatpression. The model predicted
that for hydrodynamic pressure to properly balaheenet force and moments acting on
the slipper, the slipper sealing lands must nqtdréectly flat.

Hooke and Li (1988) expanded the complexity of pmeviously developed model by
using a finite difference method to solve for thaap form of the Reynolds equation
without a short bearing approximation. This impnoent allowed analysis of complex
non-flat slipper profiles and the model was usedrtalyze overclamped, centrally loaded
slippers. Additionally, a test rig was built (Hoolkend Kakoullis, 1979) to directly
measure the fluid film thickness under a slippengi€apacitive sensors. Measurements
of minimum gap height from the test rig were coneplaio predicted values and a simple
empirical equation was fit to the data that predioinimum slipper gap given just a few
parameters. However due to experimental limitatitims sensor implementation required

significant pump modifications. Due to these maudifions, inertial and centrifugal



forces which impact slipper operation were elimgoland the structural deformation of
the swashplate was significantly altered.

Similar work (Hooke and Li, 1989; Koc et. at., 198@c and Hooke, 1996) continued to
use numerical models and experimental measurerteenigestigate the impact of tilting
moments, orifice size, non-flatness profiles, amdroamp ratio on slipper performance.
Koc and Hooke (1997) published general consideratim be made in the design of
slippers and concluded: “For a successful slipgeeration, slippers require a slightly
convex surface on the running face.” Although theseks emphasized the necessity of
non-flatness in slipper operation, they did notdss the origin.

Pang et. al. (1993) used a laser holographic plasthe experiment to measure the
pressure deformation of a slipper, however thegiesested was abnormally stiff and
details of experimental results are somewhat lagkitazama and Yamaguchi (1993)
developed a mixed-friction model for a hydrostaearing but only considered the
impact of Elastohydrodynamic Lubrication (EHL) dretasperity contacts, and neglected
the compliance to pressure of the overall bearoybYabe et. al. (1997) considered the
impact of slipper non-flatness due to run-in wesraa essential factor for successful
bearing operation.

Manring et. al. (2002) studied the impact of lindaformations on stationary hydrostatic
thrust bearings using analytical expressions. Irtiqudar the operational differences
between concave and convex deformations were exahand a general conclusion that
concave deformations tend to increase, while cordeformations decrease, the load
carrying capacity of the slipper was drawn. Howevleis analysis applied to stationary

thrust bearings and assumed the rigid positiom@tiearing to be parallel to the opposite



bounding surface, thus limiting the applicability its general conclusions to slipper-
swashplate interface. Manring et. al. (2004) penfedt analytical analysis coupled with
experimental measurements of the pressure pradtieden a slipper and swashplate. The
measured pressure and leakage data was usedaaléformation and film thickness
profile using the analytical expressions. Additibnathe impact of socket geometry on
leakage and fluid thickness was investigated. H@nehe experiment was performed on
a stationary slipper thus eliminating hydrodynapressure generation.

More recently, work by Bergada et. al (2010) stddiulti-land slippers without venting
grooves. Analytical expressions are developed fogsgure profiles and leakages,
although the slipper is assumed to be stationay Navier-Stokes models (Kumar et. al.,
2009) are able to calculate fluid film pressure amakage with tangential velocity,
however this model assumed the slipper to be ghtallthe swashplate. These numerical
models were compared to experimental measuremaptble of measuring an average
fluid film thickness and pressure profile distrilout for both stationary and dynamic
operating conditions. A number of design parameterd operating conditions were
perturbed and the impacts of leakage and slippgonpeance were evaluated, however
non-flatness was not studied in particular. Furtherk in Bergada et. al. (2011)
formulates a complete, although somewhat simplifimoalysis of axial piston pump
leakages. Experimentally, Bergada et. al. (2012asuesd the transient micro motion of
the cylinder block using inductive position transets. Three sensors were installed into
the endcase of a pump and measured the distaneedretthe sensor face and the

cylinder block face. Note that the sensors werdtipogd such that they measured a



portion of the cylinder block radially outward dfet actual sealing land surfaces and thus
the sensors themselves were not subjected to faegsures.

Complementing the experimental work of Bergada, lDast et. al. (2009) measured
viscous/mixed fiction on the swashplate coming fritw slippers for a number of slipper
designs and operating conditions. This work alscasueed and varied the surface
roughness of the slipper and swashplate. Consglertinface roughness was particularly
important in their study because many of the slippesigns tested had very high
clamping-ratios where full fluid film lubricatiorupport is not possible and the effects of
asperity contact become non-negligible.

Both numerical (Kazama, 2005) and experimental @Rnk2008) studies of tribological
lubrication between the slipper and swashplatewater hydraulic axial piston pumps
have also been conducted. Mixed lubrication is iciemed due to the differing lubricating
properties of water versus oil hydraulics. The woifkRokala and Koskinen (2010)
investigated the pressure deformation profiles @hpgosite PEEK and stainless steel
slipper designs. However, their analysis only coexsd a hydrostatic pressure field
without any other coupling. The numerical workkdzama includes transient squeeze
film effects in the pressure profile, something monsidered in most of the other
previously mentioned works.

Considering the squeeze film effect from transigstt micro-motion had actually been
considered earlier by Fang and Shirakashi (1998)veler they modeled the piston-
cylinder interface, not the slipper-swashplate. Waek of Fang was then extended in
principal to all the lubricating interfaces of axia piston machine by Kleist (1997) in an

iteration scheme that balanced external loads prigélssure and contact forces. Although
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Kleist's work presented a method generally appleato all the piston machine
lubricating interfaces, the piston cylinder intedavas the primary focus. A conceptually
similar model was developed by Deeken and Murrenf26001) by coupling two external
softwares, DSHplus and ADAMS.

In 2002, Wieczorek and Ivantysynova developed aiostihermal fluid flow model for
all three interfaces of an axial piston machine eodsidered the transient squeeze film
effect. In their model, a part micro-motion velgas$ found at every point in time which
develops the necessary fluid film pressure to éxdmdlance all the external loads. By
integrating over a number of shaft revolutions, th# micro-motion of the piston,
cylinder block, and slipper can be found. Huang bshtysynova (2003; 2006) further
developed the model of Wieczorek by now considetimggelastohydrodynamic pressure
deformation effect coupled with part micro-motiar the cylinder block-valve plate and
piston-cylinder interfaces. Pelosi and Ivantysyn(@2@08) extended the work of Huang
to the slipper swashplate interface by calculaprgssure deformation and the resulting
fluid structure interaction, although the deformnatmodel used was rather coarse and the
fluid-structure coupling was weakly enforced. Fertldevelopments considering higher
fidelity pressure deformation models, stronger ¢edifluid structure interaction, and
solid body temperature distributions / thermal defations have been accomplished for
both the piston-cylinder interface (Pelosi and tyagnova, 2012) and the cylinder block-
valve plate interface (Zecchi and Ivantysynova,Z0Xiong et. al. (2010) used a similar
solution scheme to solve for journal bearing ludtian, but without calculating thermal

effects of the solid bodies.
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Similar thermal-fluid-structural analysis for thablication between the lateral bushings
in external gear positive displacement machinesrbasntly been published by (Dhar
and Vacca, 2013). Experimental work by Dhar (20h8psured the fluid film thickness
between a lateral bushing in an external gear macand the pump housing. Although
the sensor was subjected to high fluid pressungs, tlynamics were not necessary as
there is not sliding motion between the bushing lamasing.

1.3 Research Objectives

This work aims to discover a method for understagdihe fundamental relationship
between the design of a slipper and the resultubgidation performance. Because the
lubricating regime between the slipper and swasbptadifficult and costly to observe
experimentally, the bulk of the research focusestten development of a numerical
model to simulate the lubrication domain. Consetjyerthe research objects are as
follows:

* Development of a multi-physics, multi-scale, tramséi numerical model to
simulate micro-motion of the slipper and thermaidtstructure interactions
between the domains.

* Direct experimental measurement of slipper lubracabehavior.

» Case studies of numerical experiments investigatsigpper Iubrication
performance.

These research objectives are accomplished by:
» Discovery of the necessary numerical/modeling a®ersitions required to

achieve a realistic and robust numerical simulation
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* Simulation case studies to demonstrate the abititynumerically predict the
change in slipper performance with design changes.

* The design, construction, and operation of a ndest rig for experimental
measurement of fluid film thickness between thepdr and swashplate in an
operational hydraulic pump with minimal modificatg

The final product of this research enables a neprageh to lubrication design of the
slipper / swashplate bearing. A high fidelity nuroak model can drive the initial design
of both traditional as well as novel pump desigignificantly reducing the time and cost
of physical prototype testing. Not only does thedelgorovide efficiency predictions in
terms of leakage and torque loss, but also deeghingto the slipper behavior which

before this work was at best conjecture.
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CHAPTER 2.SLIPPER LUBRICATION OPERATION

In the simplest axial piston pump design, the dipgp actually completely eliminated. In
this slipper-less piston pump design (Figure 2alpjston with a spherical end will slide
directly across the swashplate. The force fromdisplacement chamber pressufgy,
pushing on the piston is directly reacted by thaswlate. Since the interface between
the piston and swashplate will not support sigaific traction loads, the swashplate

reaction force must be normal to the surface. Bezanf this, the magnitude of the

swashplate reaction force must Bg, /cos(,B) so the component of the reaction force

parallel to the piston axis still oppodesk.

[~ Cylinder block

< FDK

—— Piston

Figure 2.1. Slipper-less piston design.

Although this same swashplate reaction force is egjuired from slipper designs, this
slipper-less design transmits the force over a Isrmaa, and without hydrostatic
assistance, resulting in high contract stressesd Héastohydrodynamic lubrication

conditions prevail in this contact regime and tliie continuous working pressure is
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significantly limited. Different designs incorporag roller or thrust bearings into either
the swashplate face or the piston end to incraasentorking pressure limit have been
patented, but generally a hydrostatic slipper ptesibetter performance and allows for
higher working pressures than the alternatives.

Of slipper designs which incorporate a hydrostabmponent, the single sealing land
slipper design of Figure 2.2 is likely the most eoom today in commercially
manufactured hydraulic axial piston units. In tthesign, the slipper is manufactured with
a socket which is swaged around the piston heada. ditfferent domains of fluid exist
between the slipper and the swashplate. Fluid enier slipper pocket volume from the
displacement chamber through a hole drilled dowe dénter of the piston. The fluid
within this volume is at a nearly uniform pressdte to the relatively large height of the
pocket. Pressurized fluid within the pocket leaksotigh the small gap between the
sealing land and swashplate into the pump case.thie fluid within this small gap that
prevents metal to metal contact between the slippdrswashplate and is thus termed a
thin lubricating film. The pressure distributiontlveen the sealing land and swashplate is
dependent on many parameters, but if the pressuce becomes insufficient compared

to external loads, the fluid film collapses and thaary friction occurs.
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Swashplate
Sealing
land
Pocket

Figure 2.2. Single land slipper design.

An alternative to the slipper design of Figure B.2vhere the ball portion of the piston-
slipper joint is placed on the slipper and instda& piston end contains a socket. This
‘male’ slipper design is illustrated in Figure 2An advantage of this design is that the

overall length of the piston-slipper assembly i®rtgned which reduces the bending

moment of the piston, allowing for larger swashgplamgles.

&

Figure 2.3. Male slipper design.
Variations to the slipper sealing land design ftsgk also quite common. The most
popular is to reduce the width of the sealing lamdl add additional stabilizing lands
radially in and outwards as illustrated in Figuret.2A radial groove in the inner
stabilizing land connects pocket pressure to th& ftircumferential groove. From a
hydrostatic pressure prospective, the inner stgdand does not cause any affect. The

same is the case for the outer stabilizing landyadial groove connects the
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circumferential groove to case pressure eliminating hydrostatic effect of the outer

land.

Inner stabilizing land

B Case pressure

Sealing Land
B Pocket pressure

Outer stabilizing land

Figure 2.4. Triple land slipper design.

2.1 Fluid Film Bearings

To better understand the origins of the single éahslipper design, it is helpful to briefly
review fluid film bearings in general. Many traditial fluid film bearings utilize
hydrodynamic pressure generation to support extgriagplied loads. This type of
pressure generation requires relative motion of tthe bounding surfaces, and the
magnitude of pressure generation is proportionéhéocboundary velocity. An alternative
to the hydrodynamic fluid film bearing is one whidperates instead on hydrostatic
pressure, and this classical design is illustrabedthe left of Figure 2.5. In this
hydrostatic bearing, an externally pressurized pookfluid and associated sealing lands
are able to generate sufficient fluid pressure wppsrt large axial loads. This is
particularly advantageous when the boundary veéscif the surfaces are low compared
to the bearing load. In the design on the leftiguFe 2.5, as the top plate moves further

away from the bottom, the bearing fluid leakagel witrease. Because an orifice is
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introduced between the constant pressure sourctharftlid pocket, the pocket pressure

will drop due to an increase in flow across théicei

/4 /4

|
T
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Siipper

@ /
W ) ( W Sealing / / /
1 1 Land e p 4
Fluid Pocket — Cs 1 ./ . [ Fluid Pocket
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Swashplate
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Figure 2.5. An orifice compensated hydrostatic inegfleft), slipper-swashplate
hydrostatic pressure distribution (right).

The top surface will continue to lift away from thettom portion of the bearing until the

bearing pressure force exactly balances the apjiad, W. Because of this inherent

lubricating self-adjustment, provided the supplessure is large enough to achieve
bearing liftoff, a wide range of external loads da@ supported. Moreover, since a
hydrostatically supported bearing can have flui fihicknesses significantly larger than
their hydrodynamic counterpart, they typically azkaracterized by extremely low

interface friction. Of course, these advantagesecainthe cost of the necessity for an
external pressure source.

It is by no coincidence that the mechanical desifislippers inside axial piston pumps
closely resembles this classical hydrostatic flfildh bearing as illustrated in the

similarities between Figure 2.5 (left) and Figureés Zright). During high pressure

operation of the axial piston pump, the slipper traugpport significant axial loads often
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at speeds insufficient for adequate pure hydrodyngressure generation. Frequently
the need for an external pressure source is a rdagovback to the hydrostatic bearing
design, but in the case of an axial piston pumppsl, the displacement chamber
pressure fpc) itself is able to serve this purpose. While itially seems fortuneous to
utilize the displacement chamber pressure for shlippbrication, it comes at a cost of
overall pump efficiency. Fluid which leaks from thisplacement chamber and out of the
slipper into the main pump case is fluid which ander enters the hydraulic circuit to do
useful work. An extremely careful balance is therefrequired to ensure adequate
lubrication while simultaneously maintaining higbanpp efficiency. To better understand
how this lubrication performance is impacted, a ensophisticated analysis of the axial
piston pump kinematics and forces is necessary.

2.2 Main Axial Piston Machine Kinematics

The shaft of an axial piston machine is connecteth¢ cylinder block often through a
mechanical spline. The spline couples the shaft @adisnder block rotational motion
together while allowing the cylinder block to maslgghtly in an axial direction and to tip
about the x and y axis. This compliance is necgdsapermit the fluid film lubrication
between the cylinder block and valve plate to dyicatly adjust its thickness as external
loads vary. As the cylinder block rotates, thegnsand slipper assemblies rotate around
the shaft axis as well with the slipper remainingggsed to the swashplate. The
inclination of the swashplate causes the piston dipgber to reciprocate over a shaft
revolution with half of the effective piston strok&ustrated in Figure 2.6 and the full

stroke calculated as:

he = 2R, tan(3) (2.1)
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Figure 2.6. Piston stroke definition.

A global coordinate system used to describe theamtaneous position of all the slippers
will be defined with respect to the swashplate, entermed the swashplate coordinate
system Xs, Vs, Zo) as illustrated in Figure 2.6. The x-axis of thlebal coordinate system
is parallel to the swashplate variable displacemetation axis and the z-axis is normal
to and pointing away from the swashplate surfadee Toordinate system origin is
defined at the center of the slipper motion patthaswashplate running face plane. The
shaft rotational position angle, is defined to be 0 at the positive y-axis. By\eamtion,
¢=0° corresponds to outer dead center in pumping naodeinner dead center instead
during hydraulic unit motoring. Using the shaft Bmg, defined in this global coordinate
system, the instantaneous piston position displaoérfrom outer dead center can be

defined as:

s¢ = R, danB {1~ cog) (2.2)
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Differentiating the piston position twice, the iastaneous linear acceleration of the

piston and slipper is given by Eqg. (2.3) wheres the shaft rotational velocity.

a, :?;732((02 = o’R, tan(B) cog¢) (2.3)

Closely inspecting Figure 2.6, the piston centerliemains at a constant radiug,from
the shaft centerline throughout the revolution. ldeer, when the swashplate is non-

orthogonal to the pump shaft axis, the slipper eerbllows an elliptical path as

illustrated on the right of Figure 2.6. The majtiipse axis has a length &R, /co3)

and the endpoints of the major ellipse axis comanith the shaft angle at inner dead

center (IDC) and outer dead center (ODC). The meilpse axis does not vary with
swashplate angle and has a lengti2dR,. The instantaneous radius of the slipper center

from the swashplate center as a function of shagfteacan be expressed as:

I, = \/(RB sin(¢))” {COF;(B[;) cos(¢)j2 (2.4)

A large portion of this work focuses on the behawiba single slipper at an instant in

time. Because a periodic steady state operatiothefpump is assumed, once the
behavior of a single slipper over an entire shafbtution is determined, those results can
be duplicated, appropriately phase shifted, andbtoed to calculate the performance of
all n slippers inside an axial piston unit. Therefore best describe the behavior of a
single slipper, a coordinate system is definedguaimeference slipper body. Because this
coordinate system is only used over a spatial dorhaiited to a single slipper, it is

termed local. The origin of the slipper coordinaystem is located at the center of the
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circular sealing land in the sealing land face pland lies in the path defined by Eq.
(2.4). The z-axis is normal to the sealing landefgminting towards the slipper socket.
The positive x-axis points in the instantaneousdlion of slipper tangential motion and
by the right hand rule, the y-axis points radialiytwards. Because this coordinate system
moves with the slipper and is constantly rotatagyross-section of the fluid film in x-z
plane will always show the slipper moving directly the right. This local slipper

Cartesian coordinate systers,(ys, Zs) is illustrated in Figure 2.7.

Figure 2.7. Local slipper coordinate systems.

An equivalent cylindrical coordinate system @, zg) localized over a single slipper
domain can also be defined as illustrated on tjiat wf Figure 2.7. Both cylindrical and
Cartesian coordinate systems share a common aiginz-axis, but in the cylindrical
system,f = 0° coincides with the Cartesian system y axis andlvegoclockwise. The

cylindrical coordinate system definition will berogenient when working with the polar
discretization of the thin film fluid.

Using this coordinate system defined for a sindipsr, the complete motion of the

single slipper motion can be analyzed. Although itin@ion of the slipper around the



22

main pump shatft is clear, the possibility for raiatof the piston-slipper assembly about
its own axis is not obvious. This secondary rotaigdefined by a variabkpeed which

is equal to zero if no relative rotation betweea piiston and cylinder bore is present and
speed = 1 if the relative piston rotation equals the maump shaft speed. Several
previous researchers have investigated this phemamé¢Renius, 1974; Hooke and
Kakoullis, 1981; Lasaar, 2003). Ivantysynova anddaa (2000) designed a special test
rig designed to directly measure the presence raliferential friction between the
piston and block bushing. The outcome from theskiphel works confirms the presence
of a relative rotation between the cylinder bord #re piston. For piston relative rotation
to be present, the slipper must be translatingsaidally as opposed to purely rotating
about the shaft axis. Therefore, this work makesstime assumption and sgpeed = 1.
Figure 2.8 contrasts the slipper rotational motion both extremes okpeed by
illustrating the location of a fixed point on thipper body and how its position will

differ for differentspeed values.

speedy=1 speedy=0
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Figure 2.8. Comparison of a fixed point (red) oe stipper body over a shaft revolution
for the two extreme values speed.
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Now that both the main velocity of the slipper abthe pump shaft and the rotation of
the slipper about the piston axis are defined,x@ression for the instantaneous slipper
velocity distribution in the slipper local cylindal coordinate system can be defined for a

given pump shaft speed;

Vs (r,8) = ax, coqc,)

Vs (1,8) = ax; sin(c,) - wlt (speeg

where: (2.5)
c = \/rz +152 = 2r coq 77— 6)

2,02 _p 2
C, :%T -cos*’ (—Cl 2r f's J
C I

2.3 Slipper Free Body Diagram

A number of forces act on the slipper body, thegdat of which comes from the
displacement chamber pressure. Even during stgatly machine operation, because the
displacement chamber switches between suction #@thaige pressure once every
revolution, the instantaneous forces acting onstipper vary greatly with time. Figure

2.9 illustrates the forces considered as partisfahalysis.
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Figure 2.9. Free body diagram of slipper forces.

The primary force is the clamping force coming fréime pistonFsk. This single force

can be decomposed into multiple components. Rhistdisplacement chamber pressure
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loads the piston face with an equivalent fofge. An inertial force Fak, stemming from

the linear acceleration and deceleration of théopislipper assembly as it reciprocates
acts at the center of mass. A third forEgq, acting in a direction parallel to the piston
centerline is the viscous friction between the grisand cylinder bore opposing the

direction of piston motion. These forces are illatdd in Figure 2.10.

Figure 2.10. Partial free body diagram of pistorcés.

The resultant of these three forces must be tratexsinto the ball joint, through the
slipper and lubricating film to the swashplate @ugnp case; this is however not directly
possible. Because the swashplate is inclined whlegs, the resultant force would
decompose into both a normal and a shear forceeaswashplate face. This interfacial
shear force would need to be frictionally carriadd the lubricant between the slipper
and swashplate makes transmission of a sizeablr $bece between the slipper and
swashplate impossible. Therefore, the reactionefn@m the swashplate through the ball
joint is normal to the swashplate face. This reacfiorce, with an equal but opposite
magnitude ofFsk illustrated in Figure 2.9, can be decomposed aforce component
parallel Esky and perpendicularFgk,) to the piston axis. The force componéidky

opposes the sum &k, Fak, andFrx as seen in Eq. (2.6). The radial force component
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Fsky causes a side loading of the piston which mustdntered by the fluid film

pressurefk, between the piston and cylinder bore.

I:SKX = I:DK + I:aK + FTK (26)

The friction force between the piston and cylinbere, Frk, is impossible to determine
analytically for all but the simplest case when thiston is concentric to the bore.
Without a numerically simple but realistic approxiton, this work neglectsrx. Since
the magnitude of piston friction is generally sn@mpared to the total piston force, this
approximation is reasonable. Research of PelogiZP0ses a multi-physics numerical
model to predict the values Bfk, and if these simulation results are present, tagybe
considered for increased completeness. The valiex@tan be calculated with Eq. (2.7)
where ppc is the instantaneous displacement chamber pre¢shaeled area of Figure
2.11),ax is found using Eg. (2.3), amd is the mass of the piston and slipper assembly.

T
FSKx:Z(dKZ_ddGZ) oo+ melac+ Ry (2.7)

K Ppc

Hydrostatic pressure
distribution

Ps

Figure 2.11. Slipper dimensions and pressure digians.
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Finally, the instantaneous valuefdk can be calculated as:

F
Fo = —SKe s 2.8
= (2.8)

Returning to the other forces illustrated in Fig@r®, the centrifugal forcE, acts at the

slipper center of mass with a magnitude:

F.o =M, R’ (2.9)
This centrifugal force, caused by the rotationtd slipper around the pump axis, tends
to tip the slipper such that the point on the gipradially away from the pump shaft has
a higher film thickness compared to the inner pdamice the centrifugal force acts at the
slipper center of mass but the reaction force acatirthe center of the piston head, a
tipping moment about the slipper local coordingtgtem x-axis is created:

M, =F g (2.10)
werelsg is the distance between the slipper center of ramdsthe center of the piston
head as illustrated in Figure 2.11.

Fup is a constant force pushing the slippers towahdsswashplate coming from the
springs located between the slipper retainer aedcgfiinder block. In the event of a

pump design featuring a fixed hold down mechaniBm, would be included using a

penalty contact scheme. In this scheme, when tharamce between the slipper and
swashplate exceeds the nominal design cleardfge,is applied with a magnitude

proportional to the amount of running clearancesexed.

The viscous friction in the thin fluid film dragsaahe slipper lands with a direction

opposite of the slipper motion. The viscous sh&ass is integrated over the lubrication

area to calculate therg magnitude:
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oh 2.11)
Fic = jrdA
A

Similar to the slipper centrifugal force, since thecous friction force acts at the slipper
running face but is reacted at the center of tlséopihead, and thus a moment results.
The magnitude of this moment which acts about tipper local coordinate system y-

axis can be calculated:

Mg = Frg g (2.12)
The final force in the free body diagram of Fig@:® is the lubrication fluid forcers,.
This force is calculated by integrating the pressarthe sealing lands and slipper pocket.

Fo= (Ao —dic’) + [ p e 2.19

Because the slipper land pressure field will likelgt be radially symmetric, fluid
moments about the x and y axis of the slipper looardinate system are:

M = [(pOk) dA
(2.14)

My, :J(_ptye)dA
wherexg andyg are the Cartesian coordinates of the slipper looardinate system as
illustrated in Figure 2.7.
2.4 Analytical Analysis of Slipper Lubrication Performae
As previously discussed, the primary role of thppsr lubrication interface is to transmit
the piston force to the swashplate while preventorgy-term wearing. A good slipper

design accomplishes this load transmission whiteukaneously minimizing power loss

due to either friction or fluid leakage. Fortungief the complex physical phenomena
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surrounding the lubrication are simplified, anatgtisolutions exist to predict the carried
load, friction, leakage, and fluid film thickness.

This analysis begins by simplifying the free bodgds discussed in the previous section.
Using the free body diagram of Figure Z9¢ andF+¢ are neglected because they create
moments about the ball joint instead of actingatlyenormal to the swashplate. Equation
(2.8) can be used to determine the primary appbeck, but in this case the inertial term
of Eq. (2.7) is neglected as it will vary with shpbsition. Therefore, a simplified value

for Fskis

= ﬂ(dKz _ddGZ)DpDC

F. =
sK 4cosf

+Fop (2.15)

whereFyp can be neglected in the case of a fixed clearpoog hold down design. The
Reynolds equation used to calculate the fluid firassure over the slipper sealing lands
will be described with detail in the next chaptér.the slipper and swashplate are
assumed to be flat and parallel to each other he®ds equation can be simplified and
an analytical expression (Hamrock, 2004) descriltivey lubricating film pressure as a

function of radial distance, is:

IN(r /7o)

2.16
In (rinG /routG) ( )

P= R

whereri,c andrq,c are half of the diameters,c andd,.ic as illustrated in Figure 2.11.
Integrating the pressure field over the sealingllarea and adding the pressure force

from the slipper pocket, the resulting fluid folan be calculated as:

) Toutc In (r /routG) an ( roUIGZ - rinGZ)
— . —2 d - 217
Ffz mem pG+ J. pG In (rmG /routG) rar 2|n(r OUIG/r inG) ( )

fing
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The magnitude of force found by Eq. (2.17) represéime hydrostatic force generation
available for a particular design. The most imparteactor in analytical analysis of a
given slipper design is a ratio between the apppiston load and the hydrostatic fluid

force generation, termed the balance fadBr (

B=—* (2.18)

SK

Balance factor (B) values greater than 1 indicaigess hydrostatic pressure under the
slipper causing it to lift away from the swashpjatdile ratios less than 1 indicate the
hydrostatic pressure alone is insufficient to bikar piston load. Many slipper designs
have a balance factor less than 1 with the majofityalues ranging from 0.85 to 1.0. In
these ‘underbalanced’ designs, hydrodynamic presgeneration is required to prevent
contact between the slipper and swashplate. Dunsig@nces where the balance factor
ratio is greater than 1, the orifice(s) betweendisplacement chamber and slipper pocket
will limit the effective gap height.

Although in Eq. (2.17), the magnitude of fluid fercs not directly dependent on fluid
film thickness, the same will not be true for thed leakage and viscous friction. As the
slipper lifts away from the swashplate and fullididilm lubrication is established, the
volumetric flow out of the slipper pocket, as wall the viscous friction between the

slipper and swashplate are:

Q= ﬂ (2.19)
6u In{r"”@j

r'inG
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o
WIR, (2.20)
Fre = 77( routG2 -r inG2) W

he

wherehg is the fluid film thickness between the slippedawashplate. Moreover, both

the volumetric and frictional power loss can becukdted:

3 2
F?eak = QSGDpG: nhG EpG (221)
6,u|n£°‘“9j
r'inG
=F

P 76 LR = ﬂ( routG2 - rinG2) Cu

friction

R (2.22)

A volumetric continuity between fluid entering thecket through the slipper throttle and
fluid leaving through the lubricating gap must baimtained. Fluid entering the pocket
must flow from the displacement chamber througlamaw restriction machined into the
slipper. This restriction causes a drop in fluiggsure proportional to the volumetric
flow rate preventing excessive slipper liftoff ifgperly designed. The flow rate through

the slipper orifice can be calculated assumingutienttt flow:

md. 2 [2(pye — P
Qsc =05 4dG ( D(,:O G) (2.23)

Equation (2.23) can be rewritten solving for poghestssure:

_ 80Qss”
Ps = Poc _W;:J (2.24)
The pg expression found in Eq. (2.24) can be substituteslEq. (2.19) and then solved
for Qg to express slipper leakage as a function of digplent chamber pressure and

fluid film thickness accounting for the impact diet orifice on pocket pressure. Adding
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Eq. (2.21) and (2.22) together equals the totalgvdass due to both friction and leakage

between the slipper and swashplate:

I:?ossG ﬂhG EpG + ﬂ( routG2 -r inG2) QJ% (225)
6u In( :“‘Gj e

The variation oPyssgWith respect to fluid film thickness for a singlipper is illustrated

in Figure 2.12. In this example, when the gap heigliess than around @n, viscous
friction dominates the total power loss. As thanfithickness increases, the viscous
friction decreases while the leakage beings toesme. Obviously the pump working
pressure and rotating speed will strongly influetto® transition point location, but the

trend of each line will nevertheless remain theesam

Single Slipper Analytical Power Losses
e . . . F :
900 1 ‘ ------- slocoooooooooodoo . !
; 800 +--Y------- ] cakage Loss 1 Zi
DO S Friction Loss
@ 600 +---\------
S 500 +---\----- =—Total (Pss) '
Pl LU e e e
Z 300 +------NG-- Poooooonooes e 15
& 200 f--m-mmmmm , , -
108 I S — | ,
0 5 10 15 20 25
Uniform Slipper Fluid Film Thickness (pm)

Figure 2.12. Analytical slipper power losses verftuigl film thickness.
Differentiating Eq. (2.25) with respect to gap heignd solvingg when the differential

is equal to zero gives the optimal fluid film thrgss for minimizing power loss:

1
s = \/2511 (8 (R Op?( Ty~ .nG)Dn[ j (2.26)

G inG
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Although this film thickness will result in the mimal power loss, the magnitude lfyc

will very significantly with pump speed and pressufhus, it proves extremely difficult
to design a slipper that operates at a near ideattickness under a wide range of pump
operating conditions. Moreover, thermo-elastohyginasnic effects are not included in
this analytical analysis, which have a significaffect on slipper operation, and make
this analytical analysis merely a starting pointr his reason, the development of a
numerical model which can predict the non-unifotipper lubrication film thickness at
different operating conditions and component desigmecessary and is presented in the

next chapter.
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CHAPTER 3.FLUID-STRUCTURE-THERMAL MODEL OF SLIPPER
SWASHPLATE LUBRICATION

To understand the lubrication performance betwden dlipper and swashplate, it is
imperative to understand how separate physicalg@hena interact to affect lubrication.
Most of these effects individually can be modelesing partial differential equations
derived from first principals. Although the prevswanalytical analysis attempted to
describe slipper-swashplate lubrication performasmmificant assumptions were made.
The fluid film between the sealing lands and thaswplate was assumed to be a constant
film thickness i.e., the slipper sealing land scefavas parallel to the swashplate surface.
This eliminates hydrodynamic pressure sources dmal transient load carrying
adaptability of the slipper lubricating film, botf which are essential to the underlying
slipper operation. However, these assumptions weoessary to formulate closed form
analytical solutions, but by introducing numerigalethods, the partial differential
equations can be solved directly.

The fluid-structure-thermal model of slipper swdsakg lubrication developed in this
chapter will use the coordinate systems, kinemlatoalysis and free body diagrams
developed in the previous sections 2.1 through R®vever, analysis of the fluid film
pressure will no longer use the simplified algebm@xpression of Eq. (2.16). The next
section expands on the phenomena which are nowdssad to impact the lubricating

fluid film pressure and thus overall slipper lulation performance.
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3.1 Slipper-swashplate Lubrication Phenomena and MOderview

The primary unknown in establishing slipper-swaatgllubrication performance is the
fluid film thickness between the slipper and swaatg Once the fluid film thickness is
established, the Reynolds equation, a governingtexqufor the thin viscous fluid film
regime, can solve for the non-uniform pressure ribistion. From this pressure
distribution, other derived quantities such as &gk friction forces, and power losses
can be calculated with a high degree of confideite value of fluid thickness is the
sum of a number of individual sources: the micgeribody separation of the slipper
from the swashplate, the relative deformation daeptessure of the slipper and
swashplate, and the relative thermal deformatiahelipper body.

The rigid body separation of the slipper from thashplate is a transient problem as it
depends on the instantaneous load pressing theeslip the swashplate. This separation
is defined by three degrees of freedom: the nodistince %) of the slipper body from
the swashplate running face, and the two plandinatons Rx Ry) of the slipper

sealing land from the swashplate running facetil@ied in Figure 3.1.

z-translation x-rotation y-rotation

Figure 3.1. Exaggerated slipper micro-motion.
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The translational and rotational velocities fors¢hree degrees of freedom are found by
satisfying Eq. (3.1) with the forces and moment@need in Section 2.3.
F, —Fs« ~Fup=ma,
fo+wa:|xax (31)
My +M =1y,
Since the mass and inertial tensor of the slippamall, the right hand side of Eq. (3.1)

can be neglected simplifying the slipper force beaéato:

Ffz_FSK_FHD:O

M, +M_ =0 (3.2)

My +M =0
Although slipper velocity terms do not directly &ap in Eg. (3.2), the fluid pressure, and
thus resulting force and moments, strongly depenthe separational velocities, termed
the fluid film squeeze velocity or micro-motion. \Whthese micro slipper dynamics are
transient over a shaft revolution, the aim of ttmedel is to solve for slipper operation
during steady state machine operation. An advaméadgi@s assumption is that at steady
state the slipper micro motion is periodically rafpeg each revolution. Due to this
periodicity, the entire rotating kit of slippersegonot need to be simulated. Instead only
an individual slipper is simulated for a few revodns until it reaches steady state. These
individual results can then be offset appropriatehd combined to obtain equivalent
results from the entire set of slippers.
The other contributions to fluid film thickness.epsure deformation of the slipper and
swashplate, and thermal deformation of the slijmety, are solved using the elasticity

equation for a solid body. The interaction betwpegssure deformation and the resulting
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lubricating pressure field can be strongly coupdsgecially when the film thickness is
below a few microns, and this interaction is tern@efluid structure interaction (FSI)
problem. The partitioned approach is used to s@dvethe fluid structure interaction
whereby the fluid and solid domain are solved s#péy using their respective governing
equations, with natural / essential boundary camultare being iteratively updated at the
FSl interface until a converged solution is found.

In thin lubricating films, significant heat genecat can result from viscous shearing of
the fluid. This heat generation warms the lubrioahich for many lubricating fluids can
significantly alter the dynamic viscosity, affe@ithe hydrodynamic pressure generation
ability of the fluid film. The convective-diffusivequation is used to solve for the three-
dimensional heat distribution of the lubricatingmfj and an empirically derived
exponential model compares fluid temperature tocoggy. Because the fluid film is so
thin, significant heat is transferred by conductioto the slipper and swashplate. The
diffusive heat transfer equation solves for thadyestate temperature distribution in the
slipper and swashplate bodies. Additionally, esdcvith bi-metal slipper designs, the
non-uniform heat distribution of the slipper bodguses a thermal expansion and this
thermal deformation is solved for using the elastiequation and included into the
slipper film thickness calculation.

Although the lubricating fluid film is bounded ble slipper on top and the swashplate
on bottom, regions of fluid both radially inwardsdaoutwards bound the thin film to
ensure the lubricating zone remains fully flood&tbreover, these fluid boundaries
provide the hydrostatic component of the lubricgagmmessure. The outer boundary is the

pump case or housing fluid volume, and has a conhptassure of typically 1-3 bar. The
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inner radius of the thin fluid film is bounded hyet slipper pocket fluid volume. This
small volume of fluid has a variable pressure wh#chmodeled using a lumped parameter
approach, assuming that the same pressure is nmifsoughout the pocket volume. The
compressible continuity equation solves for thengieain pocket pressure with respect to
time, considering the balance of flow in from thiespiacement chamber, flow out
through the lubricating gap, and the change irptieket volume over time.

Before considering how these multi-domain segrebatemerical models and their
respective effects are coupled together novellythis work, each of these separate
underlying models will be described in detail.

3.2 Thin-film Fluid Pressure Model

Sufficient analytical approximations were developedection 2.3 for all of the forces
acting on the slipper except for the slipper flpr@ssure force. This fluid force needs to
be found instead by integrating fluid pressure othex thin fluid film domain. This
domain is bounded on top by the slipper and onkb#tom by the swashplate. In
practically all pump designs, the slipper will neweerhang the swashplate face. Thus, it
is the slipper geometry which determines the bowfdthe thin fluid film lubricating
regime. On the underside of a typical slipper thedst two distinct regions of hydraulic
fluid: a fluid pocket, and the thin lubricating itlifilm. The slipper pocket is typically
0.7-1.0 mm tall and thus a constant and unifornmdffuressure is assumed in the pocket
region. Fluid in the pocket is fed from the disglaent chamber through a drilling in the
piston and slipper. Pressure in the displacemeambler is a boundary condition to this
numerical model and is solved using a lumped pat@ameodel before lubrication

simulation. The slipper sealing land is the portdrthe slipper geometry which defines
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the domain of the thin fluid film. The pocket anehBng lands are illustrated on the left
of Figure 3.2. A more complicated slipper desigimaduces two vented stabilizing lands
in addition to the primary sealing land. In thisted multi-land slipper design, the new
inner stabilizing land is surrounded by pocket poes while the outer stabilizing land is

surrounded by case pressure as illustrated ongheaf Figure 3.2.

Stabilizing

lands E i%o

Pocket

Pressure Boundaries

- Pocket

-xG pressure

Case
pressure

Sealing land

Figure 3.2. Slipper pressure boundaries for a sitagid (left) and vented multi-land
(right) designs.

Regardless of slipper land design, within the sgaditabilizing land region, due to the
thin nature of the lubricant domain, the fluid me® distribution can be found using the
Reynolds equation. The Reynolds equation, or latinoo equation, is a fundamental
equation of tribology (Reynolds, 1886). First dedvby Reynolds Osborn in 1886, the
Reynolds equation predicts the pressure distributio a thin film of viscous fluid

accounting for different sources of pressure gdimeraThe pressure solution of the
Reynolds equation does depend strongly on the flimdthickness, which as described
in section 3.1 is a summation of multiple sourd¢éswever, by utilizing an initial guess

and then iterating, an accurate calculation offlind film thickness can be used.
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Although the Reynolds equation is widely derivdtk typical derivation incorporates a
number of bounding surface height gradient or vgloassumptions limiting the
applicability of the final equation. The followinderivation will not impose such
limitations and moreover, by maximizing use of @iffntial operators, coordinate system
independence can be maintained.

3.2.1 Analytical Derivation of the Reynolds Equation

The Reynolds equation originates from the threeedsional Navier Stokes equation for

incompressible flow, written here using vector @ers:
ov
pa+va]]v:—Dp+D[QpDv)+f (3.3)

Lubrication theory makes assumptions regardingl fhehavior in the thin film regime:
1. Fluid inertial forces are small when compared ® viscous forces, and thus the

convective acceleration terpv v is neglected.
2. Fluid acceleration is small, implying near-steatites operation, thup% =0.
3. Body forces of the fluid are negligible.
4. Pressure is assumed constant across the fluidHiltkness, therefor%BZ =0 and

p is a function ofx andy only. Similarly, fluid viscosity and density aresamed

constant across the fluid film.
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5. Spatial derivatives of fluid velocity in the fluillm plane are small when

compared to the fluid velocity derivative across thuid film such thatg—v > Sﬂ
z X

ov ov
and — > —.
0z 0y

The first three assumptions regarding fluid behainathe lubricating regime allow Eg.
(3.3) to be reduced to:

Op=00{u0v) (3.4)
Because the lubrication area between the swashpateng-shaped, a cylindrical
coordinate system is the most convenient to useafolccurate discretization of the
lubrication domain. As part of the Reynolds equatterivation, an infinitely small
wedge of fluid in the cylindrical coordinate systesrconsidered with fluid film thickness

and boundary velocities as illustrated in Figu@ 3.

Top surface
(slipper)

Bottom surface
(swashplate)

Figure 3.3. Representative parcel of lubricatingdfland cylindrical coordinate system
definition.
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In a cylindrical coordinate system, thép term of Eq. (3.4) expands to:

)

dr

rdé
0

where the z component of the gradient is 0 duessmraption 4 listed above. The final
assumption 5 is used in the expansion of the tgimd side of Eq. (3.4) which when

combined with Eqg. (3.5) is:
op_0(,0u
dr az(” azj
Lon 0 (2]
rdéd odz\' o0z

whereu andyv are fluid velocities in the andd components respectively.

(3.6)

Integrating Eqg. (3.6) over the fluid film thicknessd solving for the fluid velocities:

ap 6( auj 7’ ap z
= y— u=——+A—+B,
2
ﬂ 1dar aza aaz dzdz= '2[ C:; # (3.7)
__p:_(lu_vj V= Z _p+AV_Z+3/
rdéd odz\' o9z 2ur dé@ Y7

where A and B are constants of integration. It is helpful toasicEq. (3.7) in vector

notation before continuing:

7 z
v=—-[01p+A=+B (3.8)
2u H

Referring to Figure 3.3, a given poiptin the fluid is bounded by surface velocities
v, atz=h andv, at z=h,. Using these boundary conditioAsandB in Eq. (3.8) can

be solved for their particular solution:
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__1 Vi ~Vp
A= ZDp(h+h))+'uh—h) -
_1 v,h —v, '
B —Zlu[]p(h[]';))+ ™

Substituting Eq. (3.9) in Eq. (3.8) and rearrangiaig expression for fluid velocities in

the thin film is obtained:

v:i(zz—(rﬁ h) z+ hp)D pr E\&:\r/{’]+vbﬁ:\r’£h° (3.10)

The fluid velocity field must satisfy a conservatiof mass described by the continuity

equation:
op _
E+D[va)—0 (3.11)

Since fluid velocity in the direction across theidl film is neglected, Eqg. (3.11) is
integrated across the film thickness, in effectragmg the continuity equation over the

lubricant height (Szeri, 2011):
ah h
—jpdz+ j O0{pv) dz=0 (3.12)
ot 4

Recalling the general form of the Leibniz integuak:
d (" _ d _ d
LT el (xS en- Cacigfay

a(x)

(3.13)

allows Eq. (3.12) to be rewritten as:

h h
%jpdz+DEfpvdz+pvbDD h—pov, 00 h=0 (3.14)
hy hy
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The second integral in Eq. (3.14) becomes:

I,ovdz p(g(h —hf)—&(fﬁ IB')( - D2)+ hi( h J)]D

2u 2

(3.15)
Vi Vbht_vtho
"5l h’)(h QJ+p(h “)( h-h J
Recalling thath=h — ) and simplifying:
Tpvdz: —%D p+'0—2h(vt +v,) (3.16)

My

Evaluating the first integral in Eq. (3.14) andiaing the integration from Eqg. (3.16):
oh® ph j 0 _
Of-—=>0p (+O00~—(v, + + MOh, - Mh+—(ph =0 (3.17
EE 122 p] Eéz(vt V) |+ oV, [Oh, = pv, M+ —(ph) (3.17)

Equation (3.17) is the vector form of the Reynaddmation valid for any gradient and
velocity of top and bottom surfaces. The first tamthe Reynolds equation represents
the hydrostatic diffusion of pressure throughowt filnid film, while the remaining terms
account for hydrodynamic sources of pressure gaorraAn advantage of the vector
form of Eq. (3.17) is that it is independent of artgular coordinate system. As
mentioned previously, because the cylindrical co@i# system is being used in this

work to model the fluid film, the divergence anédjent operators are defined as:

1 0 10 0
DA = o (rAr)+r—@(Ae)+—(Az)
(3.18)

or'r o8 oz
If the variation of fluid densityy, along the fluid film is neglected, the Reynoldsiation

in cylindrical coordinates becomes:
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o (rh’ ap h3 ap +vm @(wvrbj
12r ar )7 6r 09 u 09 a 2
+hi Vrt +Vrb 1ah +Di \ét + \éb (319)
or 2 r 09 2 r 06 2
h _woh, o, woh 0h

9 oh_
_I‘t th A NA ____O
o rod “a r 06 a a

This is the form of the Reynolds equation whichl wi used to solve for the pressure
distribution between the slipper and swashplatéhenslipper land region(s). Note that
spatial gradients of velocity which are often ngiplie in many tribological problems
need to be considered in this case. The non-zeadiggits arise not from surface
stretching but due to describing a rectilinear g#jofield on the polar slipper fluid
coordinate system (Beschorner, 2009).

3.2.2 Finite Volume Discretization of the Reynolds Eqaati

The Reynolds equation as described by Eq. (3.183 dot possess an analytical solution
and thus must be solved numerically. As with marstributed parameter numerical
solutions, the domain of interest must be disceetinto a finite number of points which
will approximate the continuous field solution dfiet partial differential equation.
Because of the naturally curved nature of the sliglmmain, a polar coordinate system is
used to describe the discretization. A structurad & defined using inner and outer
radius dimensions as well as a radial and circuentel cell count. An example of such
a discretization is illustrated in Figure 3.4, gowith the local slipper cylindrical
coordinate system as defined in Figure 2.7. A @ippolar discretization count used as

part of this work would be 60 cells radially and1&lls circumferentially.
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Figure 3.4. Two dimensional lubricating fluid grid.

A number of grid based finite schemes exist toes@lartial differential equations like the
Reynolds equation. Three popular schemes aree filiiterence, finite volume, and finite
element methods. The finite volume method is used tb its popularity in the
computational fluid dynamics community.

The finite volume method works by creating discrigtearized equations which relate
the pressure of a particular volume to its neighimumes. When sufficient boundary
conditions are imposed a system of linear equatiesslts with the solution yielding the
discrete pressure field.

To begin, an individual cell with centroRlis selected as lightly shaded in the illustration
of Figure 3.5. The cell has a height & and an angular width afe . In the finite
volume scheme, nodes are located at the centradalf cell. Neighbor cells are located
to the north, south, west, and east with centri@idsledN, S W, andE respectively. The
four faces separating the center cell from its mleags are labeled, s, w and e as

illustrated in Figure 3.5.
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Figure 3.5. Polar two-dimensional fluid grid sténci

A slightly modified notation of Eq. (3.19) is inteded over the two-dimensional volume

of the cell:

3
IDEEh—Dpj do =12j[h(v“ " %) +@(Vﬂ +Vrbj
U 5 2r or 2

Q
s [ VetV ) 10NN, * Vf’bj+hi( %t \éb} (3.20)
or 2 r og 2 r 068 2

ML B B L LR

"o rof "a r 98 a

Using the divergence theorem, the left hand sid&amf (3.20) can be rewritten as an

integral over the cell edges:

h? h?
jD[E—Dp] dQ = [—0OpOd (3.21)
5 (M H

A
whereA is the cell face area normal. An important assionpis then imposed in this
particular finite volume discretization: variablesy vary at most linearly between each
cell centroid. In other words, this restriction mea continuous variable over the whole
lubricating domain is approximated in a piecewisedr fashion with cell centroids as
vertices. As the limit of the finite volume sizepapaches zero, the piecewise linear

function will exactly represent the true continuowggiable. Additionally, because the
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finite volume mesh is structured, the cell faceaamermals only have a single non-zero
component simplifying the vector dot product of E8.21). Using these properties, the
edge integral of Eq. (3.21) is decomposed intofthe cell faces of Figure 3.5. The
pressure gradient is expanded according to Eg8)3ahd using the finite volume linear

variation assumption, the edge integral is evathiatehe centroid of each edge:

3
A,u ,u 198 ,u rog

A0 ap“Dpn(HEjM LIy apS( ArjAg
M, or 2 M, Or 2

(3.22)

Again, because the finite volume mesh is structdhedcell centroids are located such
that the connection between each neighbor is gxadthogonal to the shared cell face.
This means the face pressure differentials of BoR2) can easily be represented

discretely as:

. _Pe=Po OPy_ P~ Ry OP_ R~ B OR__B R (355
ra6 rA@ ' rdd rAg T @ X 9 A '

Similarly, again because of the linear variablefifg@assumption between cell centroids,

face height and viscosity values can be calculasean average of nodal values:

_a+% %% _ ATt D _Pst@p
=T g = = =TS TP 3.24
s BT GET S T (3.24)

%@

whereg¢ represents fluid film thickness, viscosity, or atiier continuous scalar variable
over the fluid film domain. The two-dimensional uole integral on the right hand side
of Eg. (3.20) can be evaluated numerically thaokghé linear profile assumption of the

finite volume method:
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where all variables are evaluated at the cell oghtand a simple differencing of the cell

scalar face values are used to evaluate the galiose velocity and height gradients:

0B _A-%% % _0~0
080 AO ' or Ar

(3.26)

where face values are found using Eq. (3.24). Noie is effectively using a central

difference method to find cell centroid derivatives
The fully discretized form of Egs. (3.22) and (3.2&%e combined and the centroid
pressures are factored from the left hand sideltreguin a linear equation which
describes the individual cell centroid pressupg, as a function of the neighboring cell
pressures and a constant source term:

&P R~ &R~ &R~ aps | (3.27)
This discretization scheme as presented is undeféhe domain boundaries where a

neighbor cell outside of the domain does not exist.remedy this, cells located on a

fluid domain boundary have an imposed pressureevaBecause the neighbor cell
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pressure is now fixed, the associated term on ¢fie dide of Eq. (3.27) can be
numerically evaluated and added to thieerm. An example of this for an individual cell
with a north boundary would result in:
BP-&R-q R~ &S B g N0 (3.28)

The single land slipper design only has a radialher and outer boundary of pocket and
case pressure respectively as illustrated on thefd-igure 3.2. The more complicated
vented multi-land slipper design with boundary dtinds shown on the right of Figure
3.2 is handled in a similar fashion. The circumftisd grooves are defined using
geometric dimensions allowing the finite volume mds exactly match the groove
boundaries. The radial venting grooves insteacatematically defined using the slipper
solid body definition used in section 3.6. Becatlsg automatic method uses simple cell

deactivation, the geometric discretization is leecise as illustrated in Figure 3.6.
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Figure 3.6. Multi-land slipper groove definitions.

The individual discrete Reynolds equations for eaefi in the fluid domain are

combined using matrix notation to form a lineartegs of equations:

Ap =D (3.29)
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The resulting system of linear equations from B329) is solved using an incomplete
Cholesky preconditioned iterative bi-conjugant geatistabilized solver as implemented
in the GMM++ library (Renard, 2011).

3.2.3 Elastohydrodynamic Squeeze Pressure Generation

In the discretized Reynolds equation source tergn,(E25), specific attention should be
. oh, ah, : .
paid to the last two termsa—tp—TtP, which represent the normal, or squeeze velodity o

the slipper and swashplate surfaces. As describeskection 3.1, the total fluid film
thickness is a summation of three sources: slipjggd body micro-motion, pressure
deformation of the slipper and swashplate, andmhbérdeformation of the slipper.
Slipper rigid body micro-motion is traditionally sidered as the only source of temporal
change in fluid film thickness. The slipper micrelacity is varied by the solid body
micro-motion model to achieve a fluid force balamcithe external loads. Because the

slipper thermal deformation is assumed constant avehaft revolution, there is no

oh L
thermal—= contribution.

The pressure deformation of the slipper and swashgiowever does change during a
shaft revolution in response to the varying pressloads. The varying pressure
deformation is in part from hydrodynamic sourcest especially large changes occur
due to hydrostatic boundary pressure fluctuatioAs. the displacement chamber
transitions from high to low pressure, the hydrostpressure within the slipper pocket
changes by the same magnitude as well. These daiormmagnitudes are non-

negligible, often on the order of a few micrometdvioreover, the time period over
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which the changing deformation occurs is very stanty a few degrees of shaft rotation.
To correctly account for the deformation squeezesgure effect (Li and Kahraman,
2010), a backwards difference method is used:

slipper __ , slipper
auslipper _U U_a

dt At

swashplate__ , , swashplat
swashplate _ Ut ut—At

dt At

2 (3.30)

Using these finite difference approximations to ét@stohydrodynamic contribution of

squeeze pressure generation, the boundary vekcdie be defined as:

% = ahrigid + auslipper

ot ot dt (3.31)
% — auswashplate
ot dt

When calculating the finite difference approximasan Eq. (3.30), it is important that
the same spatial location is used at bdadéimdt-At as also emphasized by Chang (2000).
Due to the moving lubricating fluid domain with pest to the stationary swashplate, a
careful interpolation is required to maintain tb@sistency.

3.3 Slipper Pocket Pressure Model

The Reynolds equation solved for the pressureiloigion within the lubricating film
between the slipper and swashplate. The secordldtunain significantly contributing to
the fluid force which acts on the slipper is thp@r pocket. This pocket is a small
volume of fluid which is connected to the displaesm chamber through a small
orifice(s), and at the outer radius is nearly sttale the slipper sealing land. Because the
slipper pocket is typically 0.7-1.0 mm tall, itnsasonable to approximate the pressure in

the slipper pocket as constant throughout the velufle so called “pressure build-up
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equation”, which derives from the compressible twity equation and the definition of
bulk modulus, relates the time derivative of flpigessure in a control volume to the net

control volume flow as:
dp K dv
—_ = +— 3.32
dt V (ZQ dtj ( )

whereK is the fluid bulk modulusQ) are the in/outlet flows, and is the volume of the

control volume. The control volume of the slippecket is illustrated in Figure 3.7. Inlet
flow from the displacement chamber must pass thraugestriction in the piston head,
and then a second restriction in the slipper badglfi Since a lumped parameter
approach is being used to model the pocket pres#uis necessary to develop an
equation which represents the pressure drop atitess two restrictions as a function of

the volumetric flow rate into the slipper.

2'I”DK

Qpiston y

Figure 3.7. Slipper pocket control volume.

In a simple sense, the restrictions can either desidered as an orifice or a throttle
depending on the laminar versus turbulent naturethef flow regime. In practice,

especially for the slipper restriction, althougk fltow may often be laminar at low flow
rates, due to the short length of the restrictiba®es not achieve a fully developed flow

field which is an assumption of the laminar thetfiressure drop model. Moreover,



53

because the restrictions become most importanigheh volumetric flows, a turbulent
model of pressure drop is assumed for both restnet The orifice equation which
considers the pressure drop across the two réstrictelates pocket inlet flow to the

differential pressure between the displacement blearand pocket:

20’D2}2 roélerth
Q. = - Os - 3.33
plston( Pe) \/,0( nge + TzrD4K)| Poc Q3| gl’( Bc E) ( )

Flow through the gap can be calculated by analgicategrating Eqg. (3.10) over the
film thickness dimensionz, from hy to h; and then numerically integrating around the

slipper circumference at the inner sealing landusad

(1 dp,s h
=||-—=—nh-=v, |rdd 3.34
o J[ aar 2 (3.34)

The time derivative of pocket pressure can now beem as:

dpG K deocket
G - Q....—Q.— 3.35
dt Vpocket( piston <SG dt ( )

A simple first order Euler method can solve theimady differential equation of Eq.

(3.35) forpg at the present time giverpa value at a previous timdt ago:
P, = pG't_l+AtB'% (3.36)

Numerically, because the bulk modulus of fluid isitg high and the slipper pocket
volume is quite small, Eq. (3.35) is exceptionallyf. Formally, Eq. (3.36) is an implicit
formulation because the differential is evaluatetha present timestep, but because this
is accomplished explicitly in an iterative loop ashge to the high equation stiffness, this

method diverges. If the pressure differential Bo36) is expanded:
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2a *mtrird
| o~ o e )
Ps = Pgq tALE— P Toe bK (3.37)
pocket dV

pocket

Qs dt
Although Qsg and dV/dt must still be updated iteratively due to their rmuical
formulation, thepg term from Qpiston Would not need to be iterated if Eq. (3.37) is

algebraically solved fops. Due to the presence of the absolute value andusgtion, a

piecewise solution is obtained:

a+5o(-o+ e ranc-4q) o5 e

2
Ps = 1 _
R N N
where: ] (3.38)
K V
G = pG,t—l_AtG—£QSG+Ej
pocket

K 2
=AM EG——[r rrlrl
CZ D DG DK\/p(]TZrSG_'_]Tzr;K)

pocke

This improved method achieves good stability altiothe pocket pressure is typically
underrelaxed by ~0.5 to prevent oscillations duthé®sc coupling in the fluid-structure
interaction and slipper micro-motion loops.

3.4 Slipper Rigid Body Micro-motion Model

By using the Reynolds equation to solve for theit#ting pressure distribution and the
slipper pocket model to calculate the uniform pagkessure, the net fluid force acting
on the slipper is calculated using Eq. (2.13). Hosvethe pressures predicted by both of

these models depend strongly on fluid film thiclsieas described in section 3.1, the
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lubricating fluid film thickness is the summatioh raultiple sources, the first of which
originates from the slipper micro-motion.

The macro motion of the slipper is governed byrttaen axial piston machine kinematics
as defined in section 2.2. However, each individiligiper is able to self-adjust its own
micro-motion in response to the varying externald There are three micro degrees of
freedom for each slipper with respect to the Iatipiper coordinate system: a translation
in the z-axis and a rotation about the x and y aXhsse three micro degrees of freedom
are illustrated in Figure 3.1.

Although possible to express the slipper micro-pmtising the z-translation and x and y
rotations, it is perhaps easier to define an edgmtanotion using z-translation of three
points affixed to the undeformed slipper runningate. One advantage of this definition
is that like units are shared between each degfe&eedom, instead of mixing
displacement with rotation. These three controhfmias illustrated in Figure 3.8, remain
affixed to the local slipper coordinate system. yrhee defined at the outer slipper radius
with pointg; lying radially outwards on thg, axis and the other two points being defined

in a clockwise manner spaced 120° apart.

YG

Figure 3.8. Slipper control points definition.
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The fluid film height distribution resulting from @gid body separation of the slipper
from the swashplate in the local slipper cylindricaordinate system (Figure 2.7) can be

described using the height of the three contrahisoat the outer diameter of the slipper:

n(r0)= () |3 (-) + "3 o1 )+ L e e 1) 039

r.outG 3outG

Similarly, the normal velocity distribution overerslipper lands resulting from a rigid
body motion of the slipper can be described udnegniormal velocity of the three control

points:

O . 1(dh dh
ot (r’g)_romGBm(g)\g(E dtj
+rﬁoiﬁ)(2ﬂ_%_%]+}(ﬂ+ﬂ+%j

3r dt dt dt) 3(dt dt dt

outG

(3.40)

The micro-motion of the slipper is governed by E3J2) which represents the system of
forces acting on the slipper body about the threeraymotion degrees of freedom.

Although part velocity does not appear directlyEq. (3.2), the normal squeeze term of
the Reynolds equation, Eq. (3.19), contains a t £, which is partially composed of

the slipper rigid body micro-velocity as expressedtq. (3.31). When the slipper moves
with micro-motion, this velocity has a significamipact on the hydrodynamic pressure
generation of the lubricating film. As the presswithin the fluid film changes, the force
balance of Eq. (3.2) quickly changes and in respdhe slipper will adjust its micro
position to again achieve a force balance.

A root finding method, in this work Newton’s methdd used to find a slipper micro-

velocity which causes a fluid pressure force toabe¢ external loads. Because a
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numerical method is being used, it is helpful iftatee degrees of freedom are similar in
magnitude, and thus Eqg. (3.2) is transformed frameteforce and two net moments about
the local coordinate system origin, into three foetes acting at the three control points

by solving the simple linear system:

1 1 1
r _r dFGl F, = Fs« = Fip
r.outG ;Jte ;utG dFGZ = M fx + M WX (341)
dF M_+M
0 _routG\/é r.outG\/é G3 Y e
2 2

To evaluate the convergence of Newton’s methodg@lesiobjective function consisting

of the norm of the three control point new force$ormulated:

df = /dR,2 + dR,,2+ dR, (3.42)

and thus by definition, whedlf = 0, Eq. (3.2) will be satisfied.
A central difference method of slightly varying tI%e? of each control point is used to

calculate the Jacobian matrix needed by Newtonthaoak

ddF,, ddf, ddFf,
qdh gdh
dt dt dt
ddF ddF ddE
J= G2 G2 G2 (3.43)

gdh gdh " dh
dt dt dt
ddF,, ddr, ddF,
gdh gdh
dt dt dt |

For the current vector of control point velocitidgwton’s method states that a new set

of control point velocities which should bring tkq. (3.2) closer to zero is:
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dn) (dh

dt | | dt dF

dl’b d}} . Gl

—= |=|—=|-J7| dF, :
at gt dFGZ (3.44)
% % G3

dt dt

This numerical loop iterates until the net forcemalefined in Eq. (3.42) is within a few
Newtons of zero.
Every time a new set of control point micro vela@stis found, the control point heights

are integrated using a second order Adams Moultethoa:

1( dhy, .- dh,
he, = h;n—m +E( (;tt 2 dtl’t)At
d d
e, = hGZ,t—At +%( rh(j:_m + g;tz'tjﬂt (3.45)
1( dhyse e AR,y
= + | ALy B3 At
Nes rE3,t—At 2( dt dt

As described in section 3.1, once a force balaeteden the external loads and the fluid
film pressure has been found, the shaft angle mnel &re incremented until a periodic
solution of fluid film thickness between each shatftolution has been reached.

3.5 Lubricating Fluid Temperature and Viscosity Model

Although the pressure distribution within the skppubricating film depends strongly on
the fluid film thickness, the ability of the intade to generate hydrodynamic pressure
also strongly depends on the fluid viscosity. Thsecesity of a typical mineral oll
lubricant present between the slipper and swashpldt change with multiple orders of
magnitude as fluid temperature changes. Thus tecty estimate the value of dynamic

viscosity in the lubrication fluid, the temperatutistribution in the fluid film must be
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modeled. A convection-diffusive heat transfer tlgiouhe lubricating fluid is assumed
and thus the convection-diffusion, or energy, eguatis suitable to capture the
temperature distribution. Heat capacitance, orsteart effects, are neglected. The general

form of the energy equation used as part of thigkwso
0{pc,vT)=00{A0T)+, (3.46)
where the left hand term represents convective tiaasfer, the first right hand term

thermal conduction, anf, represents heat generation due to viscous sheafitige

thin fluid film. In polar coordinatesb, is:

o, :(a"rj +(%j +i‘(ij +(ﬁj (3.47)
0z 0z 3Ur r

Unlike the Reynolds equation which was reduced tw@dimensional finite domain

with a scalar height property, the energy equaisosolved on a full three-dimensional
domain. The fluid mesh of Figure 3.4 is simply ered along the fluid film thickness.
However, because the fluid film is by definitionrththermal conduction between the
fluid and bounding solid bodies is the primary meubm of heat transfer. Thus when
solving for a temperature distribution of the fluidm, the boundary constraint
temperatures imposed strongly affect the temperasolution. To improve model
accuracy, the diffusive heat transfer of the bongdiolid bodies will also be solved for
in a separate step. To couple the fluid temperatweel to the solid body thermal model,
the heat flux from the lubricating fluid to the sbbody is time averaged over a shaft

revolution. This heat flux is calculated as:
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oT
qswashplate: =/ (EJZ:O

oT
qslipper =-A (EJZ:h

Although the Reynolds equation as derived in sac8@ assumes a constant viscosity

(3.48)

across the film, a variation of fluid viscosity afpthe film may easily be considered
using the solution of the temperature distribufi@m Eg. (3.46) and fluid pressure from
Eq. (3.19). An empirically derived exponential mrbdsuch as that published by
Roelands (1966), which accounts for variation oidflviscosity as a function of pressure

and temperature is used:

C2E[Dg(1+%35)+ D,
P
(“ Aooo)

(14 Y4ag

whereGy, C,, D,, andSy are empirically derived coefficients.

u=10% G, -1.2 (3.49)

3.5.1 Finite Volume Discretization of the Energy Equation

Similar to the Reynolds equation, the energy equats discretized using the finite
volume method. Due to the additional third dimensia single volume now has six
neighbor cells located to the north, south, wesstt,éop, and bottom with centroids aptly
namedN, S W, E, T, andB respectively. Equation (3.46) is integrated oves tell
volume, and the divergence theorem is then appberkewrite the volume integral of
divergence as an area integral:

[Otfpc,vT) d@=[0HA0T) D+ [®, d

[(pe,vT) A =[(ADT)Cn + [0, @ (3.50)

A A
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The discretization proceeds in a straight forwashfon assuming a linear variation of
temperature between cell centroids for the rigmdhside of Eq. (3.50). Because the left
hand side of Eq. (3.50) contains a fluid velocigrnt, it is improper to consider
exclusively a diffusive variation of fluid tempeua¢. Instead the power law scheme
(Patankar, 1980) is used to account for the conmeeadomponent of this term. Fluid
velocities in thez direction (normal to the film thickness) are ngiile compared to the
velocities parallel to the film thickness, and thios convective term for the cell top and
bottom faces is assumed to be zero. Similar toRegnolds equation, a single sparse
linear system can be formed and the iterative sistee over-relaxation method is used
to solve the linear system for fluid film tempenatu

3.6 Solid Body Elastic Deformation Model

It is not only the slipper rigid body micro-motievhich impacts the fluid film thickness.
Instead, elastic deformation of the slipper andshwéate themselves will occur due to
both pressure and thermal loading. Although themtades of these deformations may
be on the micrometer scale, the thin nature of Itheicating film demands these
deformations to be considered. The impact of thés®rmations on the fluid film
thickness can significantly alter the hydrodynamiessure generation and therefore the
overall fluid force. A finite element implementatiof the solid body elasticity equation
(Zienkiewicz, 2005) will be used to solve for preégsand thermal displacements of the
slipper and swashplate domains.

3.6.1 Varational Formulation of the Elasticity Equation

The strong form of the governing elasticity equati® commonly written as:

O +b=0 (3.51)
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where ¢ represents the infinitesimal stress tensor Bndre body forces. Instead of
attempting to solve the strong form of Eq. (3.5it¢dly, the elasticity equation is recast
using the method of residuals into a weak form. fésdual function for Eq. (3.51) is

defined as:

G(u,U)=-[u(0{e)+b)dQ =0 (3.52)

Q
where u represents a weighting function. The fundamenémhnha of calculus of

variations states that if over the entire domaiy, B.52) is satisfied for all second-order

differentiable functionsr then O [o)+b =0 must be true.

Recalling the vector product rule and divergene®tém respectively:

U0 6 = - DU+ O {ol)
[O{ot) do = [oth o (3.53)
Q r

Equation (3.52) can be rewritten as:
G(u,u)=-[ud® dQ~[u"b dQ =0
Q Q
G(u,u) = [emu dQ - [0{et) d2~[u'b d2 =0 (3.54)
Q Q Q
G(u,u) =[eu dQ~[u"eh dr - [u'b A2 =0
Q r Q
To continue towards a solution, some assumptionstnme made regarding the
underlying mechanics. First, if small displacementthe final solution are assumed, the

Lagrangian-strain tensor can be linearized as:

s:%(Du+DuT) (3.55)
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whereu is the solid body local deformation vector. Secaasbuming the magnitude of

solid body deformation will remain in the lineaaslic range, Hooke’s law can be used

to relate stress and strain as:

c :mtr(s)l +ma

1-v v v 0 0 0 |
v 1-v 0 0 0 £,
v 1-v 0 0 0 £,

:; 0 0 0 ﬂ 0 0 € (3 56)
(1+v)(1-2v) 2 2¢,, '
o o o o & g |z,
i 1- 2y | (%
0 0 0 0 0o —
L 2
6 =D¢g

whereE andv are the material elastic modulus and Poissonis raspectively. Making

use of these two mechanical identities, Eq. (3ca4h) become:

= "

G(u,U)=[2"6 dQ~[Usm dr - [u'b 2 =0
r Q

(3.57)

G(u,U)=[2'DedQ~[u"t dr ~[u"b dQ =0
r Q

wheret = ¢ h andt represents surface boundary tractions.

3.6.2 Galerkin Method of Weighted Residuals

The varational formulation of the elasticity eqoatmakes no assumptions as to how the

functionsu andu are defined and thus the problem is still infinitenensional. The
method of weighted residuals takes the varatiooah@lation and approximatesas a

weighted linear combination of pre-defined shademnacall shape or basis functions:

ula'h (3.58)
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whereh are the basis functions amdare the weights. These basis functions need to
satisfy essential boundary conditions (displacenoemistraints). The Bubnov-Galerkin
method further assumes the set of basis functiged to approximata should be the
same basis functions to approximate

ta'h (3.59)
The infinite dimensional problem of the varatiof@mulation has now been reduced to
a finite dimensional problem of size equal to thenber of basis functions.
3.6.3 Finite Element Discretization of the Elasticity Edjon
The Rayleigh—Ritz method can be used from hereigedvthe basis function$, are
defined over the entire volume domai@, However, because of the complex solid
domain of the slipper and swashplate, the finimmant approximation is used instead.
With this approximation, the solid domain is didgzed into many individual finite
elements and Eq. (3.54) with the approximation g§.H3.58) and (3.59) are applied to
each element volume individually. The summation thfe weighted residual
approximation over all the elements leads to aajleblution approximation.
There are many different types of individual eleinshapes which can be used to
discretize a solid domain. This work utilizes arglyathe simplest 3-d element type, the
four node linear tetrahedron. Figure 3.9 illustsab@w the slipper domain is discretized

into the sum of many individual tetrahedral shapeldmes.
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Figure 3.9. Slipper discretization with the linéatrahedron.

Examining a single element with closer detail réséaur nodes, each with a coordinate
in (X,y,. These four nodes with a specified connectivityturn define the four faces
which comprise the tetrahedron as illustrated enléft of Figure 3.10. The four nodes

are assumed not to be coplanar.

Node 4

Node 3

Node 1 Node 2

Figure 3.10. Four noded tetrahedron element ancede@f freedom for Node 4.

This four node element exhibits a total of twelhegikes of freedom in an elasticity
analysis, three degrees of freedom corresponditiget,y,2 coordinates for each of the
four nodes. These three degrees of freedom for Maate illustrated on the right side of

Figure 3.10.
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Points within the volume of the tetrahedron cardéfned using a linear interpolation of
the four corner nodes. To facilitate this, it idpfel to describe the query point not in
terms of its Cartesian coordinates, but ratheerms of the “natural” coordinates of the
tetrahedron as partially illustrated in Figure 3.E@ur natural coordinates are defined for
the tetrahedronL(, L2, L3, L4 with the coordinate value of (1, 0, 0, 0) whepaint is
coincident with Node 1, a coordinate value of1(00, 0) when a point is coincident with
Node 2, and so forth. A point would have a coortinalue of (0, L2, L3, L4) when the

point lines in the plane of the face defined by doa-4.

Figure 3.11. Tetrahedron natural coordinates.

Because the natural coordinate system is redundahtat four coordinates are used to

describe a three dimensional space, a constraimpissed whereby:
L1+L2+L3+L4=1 (3.60)

A point with natural coordinated {, L2, L3, L4 can be converted into Cartesian

coordinatesx,, Yp, Z) with the following expression:

1] |1 1 1 1|1
X |_[% % % x%||L2
Yol [V ¥ % %l||L3
z,) lz z 3z 3z](L4

(3.61)

With this definition, the Cartesian space can navexpressed in terms of the local

elemental nodal coordinates:
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These four functiondN;-N, are special and are termed the element shapeidnsact
Because variations within the tetrahedral elemem assumed to be linear, the
displacement of a point with natural coordinate$, (L2, L3, L4 can be expressed as a

weighted summation of the displacement of the fmdes:

L1
uxl ux2 ux3 ux4 L2
U,={U, U, Ug U, L3 (3.63)
u

u u u
z1 z2 z3 A L 4

Or instead of writing the displacement of a spegqioint, the deformation field can be

expressed in terms of the shape functions andtanettnodal displacements:

uxl

Uy1

uzl

ux2

N, 0 0NN 0 ON O O N, O o]l

u(xy,2=f0 N 0 0O N O O N O O N 0|42
0O 0N O ON O O N O ON4UX3 (3.64)

uy3

uz3

ux4

uy4

uz4

u(x,y,2=Nu
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The deformation of the tetrahedral volume has naenbwritten in terms of four
orthogonal shape function$\;-N4, and twelve scalar values of nodal component
displacements. Recalling the Galerkin method ofgiv&id residuals and Eq. (3.58), the
deformation field was expressed as a discrete umass functions and weights. This is
exactly the same form in which Eq. (3.64) descrithes deformation field in that the
basis functions are the shape functions and thghiseare the nodal displacements.

The strain field over the tetrahedral volume camygressed discretely as the appropriate

partial derivatives of the shape functions muléglby the nodal displacement:

£=Bu, (3.65)
whereB is defined as:
N, 0 0 oN, 0 0 N, 0 0 oN, 0 0
0x 0X 0X 0X
0 % 0 0 % 0 0 % 0 0 % 0
dy oy oy oy
0 0 N, 0 0 N, 0 0 N, 0 0 ON,
5= 0z 0z 0z 0z 3.66
Tlon oN o oon, aN, oooNy an, oon aN |09
dy 0X dy 0x oy 0Xx dy 0X
o N AN 0N, 0N, o 0N 0N, 0N 0N
Jz 0y dz 0y dz 0y dz 0y
N, o 9N 0N, 0N, ANy 0N 0N, o 0N,
| 0z ox 0z ox 0z oy 0z 0 X |

Note thatB is constant over the entire four noded tetrahedshime and thus the strain
field, as well as the stress field, are constardughout the element. It is for this reason
the four noded tetrahedron is referred to as ataingstrain element. Writing Eg. (3.64)

in terms of the elemental expressions derived s E264) and (3.65):
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G(u,.U,) =0, [B'DB dWi ,~U [Nt ,dA=0
\ A

(3.67)
G(u,,U,)

u.|[B"DB dwi ~[N"t (dA[=0
\% A

an expression for the elemental residual funct®ualefined, neglecting body forces as
they are negligible in the slipper and swashpl#teéhe bracketed term of Eq. (3.67)

evaluates to zero, then the whole residual mugeba thus:

[BTDBdwu, - [N"t, dA=0
\% A

(3.68)
[B'DBdw, = [N"t, dA
\% A
Since theB andD matrices are constant over the element:
B'DB[dVu, = [N"t, dA
v 8 (3.69)

B'DBV u, = [N't, dA
A

whereV is the elemental volume which is easily expresg®d function of the nodal

Cartesian coordinates:

11 1 1
v=lged | % % % (3.70)
6 i Y2 % Y,
z 2 7 3

The right hand side load vector of Eq. (3.69) wékd to be evaluated numerically which
can be simplified if the surface tractiot, is assumed constant over the individual
element face. Note that even though the face tmaathay be assumed constant for
integration simplification over a single elementhéed not be over the whole domain of

elements. Writing Eq. (3.69) in a matrix formulatio
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K eu e :b e
where:
b, = [N"t dA
A
the elemental stiffness matriK., nodal displacement vectaue, and load vectorbe,
form a linear system of equations. If the formuatnecessary to achieve Eq. (3.71) is

repeated for every element in the solid body, dmel dcommon degrees of freedom

between elements are summed, a global systemealrlequations results:

K=>K,

b=Yb, (3.72)
Ku =b

wherebyu represents the global deformation vector and th®wvar to the elasticity
problem in question. Note that without imposing esdgl (displacement) boundary
conditions on Eq. (3.72), the system of equatiesnsingular due to the existence of rigid
body motions as permissible solutions. The finadteyn of equations with imposed
constraints is solved using an incomplete Cholgsigconditioned iterative conjugant
gradient solver as implemented in the GMM++ librgBenard, 2011). To increase
computational efficiency, instead of solving thél &ystem of equations given by Eq.
(3.72) during every loop of the fluid structuredrdaction, the influence matrix method is
used. In this approach, the pressure deformatiaeotfubricating gap is stored for the
pressurization of each face with a reference predsad. These reference deformations
are appropriately scaled and summed online usiagtimcipal of linear superposition to

determine the deformation of the slipper or swaastep(Schenk and Ivantysynova, 2011).
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The typical pressure loading and fixed constrdiotsoth the slipper and swashplate are
illustrated in Figure 3.12.

Interpolated non-
uniform gap pressure

Uniform pocket
pressure

XYZ
Constraint

Interpolated slipper
fluid pressures

Figure 3.12. Typical boundary conditions used fdcalation of the solid body pressure
deformation.

An alternative option to imposing displacement lany conditions directly at element
nodes is to implement an inertia relief technigd®&$YS, 2004). In the inertia relief
technique, any net forces acting on the solid bady assumed to cause a uniform
acceleration. The resulting inertial reaction lodde to the linear and rotational
accelerations are calculated and applied to eadalmzgree of freedom. This action now
satisfies Newton’s second law and brings the neiefon the solid to be computationally
zero. In spite of this imposed inertial reactioadpthe body still exhibits unconstrained
rigid body motion. A distributed constraint optias imposed (Gockel, 1999) which

constrains the sum of mass-weighted nodal displan&srio equal zero for each principal
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degree of freedom. In this implementation, six laagre multipliers are added to the

linear system:

K mxﬂ my@ nglxglyﬂﬂ:g
m m m I I |
mxT% 0 0 0 0 0 0
— u b
mf% 0 0 0 0 0 o ||A] |0
= A | |0
mJ@ 0 0 0 0 0 o |14, =10} (3.73)
m
il Al |o
IJ“TT' 0 0 0 0 0 o |[4A,] |0
vl ATZ O
ITM 0 0 0 0 0 0
Y
U'TT' 0 0 0 0 0 0

The consistent nodal mass and inertia vectors aaed by the absolute average of the
stiffness matrix divided by the average nodal ntassertia to better condition the linear
system. Although the global stiffness matrix nove zaros on the main diagonal which
increases the condition matrix, because the finhlesof the Lagrange multipliers should
be computationally zero, the performance of theaitee solver does not decrease when
the initial value ofl is set to zero. Care should be taken when impdsitg loads on the
solid body to ensure the resulting net force isspdally consistent. Specifically, in the
case of the slipper, the socket which transfergtieket and fluid film pressure force to
the piston is normally constrained with a zero lispment boundary condition. If the
inertia relief technique is used, a socket pressasgls to be applied to the same region to

maintain the physical consistency. In this worle thertia relief constraint methodology
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is typically only used during the thermal deformatielastic analysis. Because of the
nature of thermal loads, the applied solid bodyfoete is already computationally zero,
and thus the resulting inertia loads are nearlyligiete. Nevertheless, the centroid
constraint imposed in this inertia relief methodplas useful to not introduce constraint
reaction forces on the thermal elastic deformation.

3.7 Solid Body Thermal Model

The fluid lubricating film between the slipper aplashplate is by definition thin. Due to
this, a strong conduction of heat between the bimgnslipper and swashplate bodies into
the fluid is possible. A significant portion of tléescous heat generated within the fluid
film transfers into the slipper and swashplate tigio conduction as illustrated in Figure
3.13. Because the fluid film thermal model devetbpe section 3.5 considered these
solid boundaries as fixed temperatures for numketiciency, but the value of the
surface temperature affects the thin film viscosiystrongly, it is important to iteratively

update the solid body temperatures.

Figure 3.13. lllustration of viscous heat generatiothin the thin film and resulting heat
conduction into the bounding slipper and swashdatels.

It is not only the solid body temperature which ediect the thin film pressure, but due

to non-uniform heating or bi-metal slipper constiae, a non-uniform thermal deflection
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of the slipper is the final physical phenomena Wwhaan alter the fluid film thickness and
thus pressure. Because the thermal mass of theesland swashplate bodies is large
compared to the inter-revolution variation of hiéat from the fluid film as calculated by
Eq. (3.48), the solid body temperature distributodnhe slipper and swashplate is solved
for only once per shaft revolution using a finitereent discretization approach (Liu and
Quek, 2003).

3.7.1 Galerkin Method of Weighted Residuals

The governing equation for conductive heat tranister

0q) =0
q=-A0T

(3.74)
whereq is heat flux and. is the thermal conductivity of the solid materi@imilar to the
elasticity equation of section 3.6, the strong fahthe Eq. (3.74) will be converted into
a weak varational formulation. The Galerkin metluddveighted residuals will then be

used in conjunction with a finite element approxima to solve for the scalar

temperature field. The weak form of the conduchieat transfer equation is:

G(T,T)=[T(-40T) =0 (3.75)

Q
Again using the vector product rule and divergethemrem of Eg. (3.53), Eq. (3.75) can
be rewritten as:

G(T,T)ziDTADT cQ—E[D[GqTI') @ =0

3.76
G(T.T)=[0TAOT-[Tm d=0 (370

Exactly the same Galerkin method of weighted resglulescribed in Section 3.6.2 is

made to approximate the functiohgndT .
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3.7.2 Finite Element Discretization of the Conductive Heansfer Equation
The same linear tetrahedral element described atid®e3.6.3 will be used to discretize
the solid body for the thermal conductive analysisjs same Cartesian to natural
coordinate transformations apply. Similar to thes&t linear tetrahedron of Section 3.6.3,
the temperature field is assumed to be a weighteér combination of the four nodal
temperatures. However, unlike Eq. (3.63), for thermal tetrahedron the temperature of
a point with natural coordinates, L2, L3, L3 is interpolated as:

L1

L L A 3.7

Thus, the temperate field within the tetrahedroexigressed as:
Tl

:
T(x%3=[N N N N~
T4

(3.78)

T(x Yy, 2=NT,
whereN;-N4 are the same shape functions defined in Eq. (3B&)ause of the linear

element formulation, the temperature gradient Wl constant within the element and

can be expressed using a derivative of shape nscts:
UT =BT, (3.79)

whereB is defined for the thermal tetrahedron as:
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ON, ON, 0N, OdN,
ox o0x 0x 0X
B = ON, ON, 0N, OdN, (3.80)
oy dy ody 0y
ON, ON, 0N, dN,
L0z 0z 0z 0z

If a conductivity matrix is defined as:

(3.81)

W)

1
o O N
o N~ O
X~ O O

then the varational formulation of the conductivéguation, Eqg. (3.76), can be written
using Egs. (3.78) and (3.79) as:

G(T,.T.)=T/[BDB dW -T [N§ @l dA=0

5 ’ (3.82)
G(T..T.)=T.|[BDB dW ~ [Ny 0 dA=0
v A
Since theB andD matrices are constant over the whole element donaaid since if the
bracketed term of Eq. (3.82) evaluates to zera) the whole residual must be zero Eq.
(3.82) can be simplified as:
B'DBVT, = [N'q @ dA
A

KeTe :b e
where: (3.83)
K_,=B'DBV
b, = [N"qh dA
A

whereV is the elemental volume expressed in Eq. (3.7@erAormulating the thermal

stiffness matrix of each individual element, theg aombined with common degrees of
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freedom between each separate element being adgdethér to form a global system of

equations:

K=>K,

b=>"b, (3.84)
KT =b

In a typical conductive heat transfer analysisee¢hdifferent types of wall boundary
conditions can be applied: Dirichlet, Neumann, axed. The simplest type of boundary
condition, termed Dirichlet, is an essential bougdahich specifies a fixed wall
temperature. This particular boundary condition oees a degree of freedom from the
final thermal stiffness matrix as the temperatuedug is prescribed. The Neumann
boundary condition is a natural boundary which #peca wall heat flux. If the specified
heat flux is constant over the element face, tteduation of the area integral of Eq. (3.83)
is simplified and the appropriate equivalent noflak terms are assigned. The last
boundary type, mixed, specifies a wall heat fluxickhvaries with the surface
temperature. The magnitude of heat flux is direptlyportional to the difference between
the surface temperature and some reference teraperand may be found from the

convective heat transfer equation:

q=n7(T,~T) (3.85)
wherey is the heat transfer convection coefficient. Altgb this convective heat flux
appears on the right side of Eq. (3.83), becauskechppearance of the wall temperature
in Eq. (3.85), the relevant portion of the integnddich containsle terms will need to be

moved into the thermal stiffness matrix. Fortungtdlecause Eqg. (3.85) is linear, the

final system of thermal equations remains lineawai. On a final note, because the
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mixed boundary condition is dependent on nodal tFatpre, this boundary condition (as
well as the Dirichlet) is sufficient to remove tkengularity from the global thermal
stiffness matrix and determine a unique temperatahetion. Similar to Section 3.6, the
final system of constrained equations is solvedngisan incomplete Cholesky
preconditioned iterative conjugant gradient solagimplemented in the GMM++ library
(Renard, 2011). Typical thermal boundary conditiceysplied to the slipper and

swashplate are indicated in Figure 3.14.

Neumann Boundary

Mixed Boundary T tid = Tsurtace

q" = Zoil Az

" Trp +T,
9" =M pocket (% - Tsznface

Mixed Boundary

q"= Nstipper—case (T/eak - Tszuface)
Mixed Boundary

q"= Nswashplate—case (T/eak - T_gm'face)

Neumann Boundary
T, fluid — + surface

q"= /101'/ Az

Figure 3.14. Thermal boundary conditions for bdig $lipper and swashplate.

3.7.3 Determination of Case Convection Coefficients

Due to the dependence of the solid body temperalistebution on the convective heat
transfer coefficient, a short study was undertalcedetermine reasonable values for the
slipper and swashplate case surfaces which wouldifbeult to simplify to a standard
convective geometry. A commercial CFD software paek AcuSolve, was used to

estimate proper convection coefficients for difféaresurfaces on the slipper and
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swashplate bodies. A rotating coordinate systemugas to impose a boundary velocity
on the slippers, shaft, and cylinder block to awiglansient moving mesh problem. The
full Navier-Stokes equations were solved using al&p-Allmaras turbulence model. The
convection coefficient is estimated internally bwet software using the non-
dimensionalized velocity field and the theory off-sémilarity. A constant property fluid
model was use with values typical of mineral oiddisted in Table 3.1. Figure 3.15
illustrates the fluid velocity vector field and e convection coefficient distribution.

Table 3.1. Oil fluid properties used in the CFDecasnvection coefficient analysis.

Density (kg/n) 871
Specific Heat (J/kg- K) 1880
Dynamic viscosity (Pa-s) 0.03
Thermal conductivity (W/m-K) 0.13

Linear Velocity (m/s)
0

2500

75 2000
Es .
'52.5

0

=1000

(MzW/AN) UBIOIJB0D UOROBAUOD

© m—

Figure 3.15. Convection coefficients for the exééisurfaces of the slipper and
swashplate bodies at a pump speed of 1500 rpm.

A mean value of the convection coefficient was takeer the slipper and swashplate
bodies individually. This process was repeatedafmumber of pump shaft speeds on a
130 cc/rev sized piston unit. Further studies omlkn sized units with higher rotating

speeds have shown similar magnitudes of convecti@fficients for similar values of
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linear (tangential) velocities. Thus the averageveation coefficient values reported in
Table 3.2 are listed in terms of the tangentiabery of the outer block surface.

Table 3.2. Approximate slipper / swashplate caseection coefficients.

Outer block tangential  Average slipper case surface| Average swashplate case surfade
velocity (m/s) convection coefficient (W/AK) convection coefficient (W/AK)

3.3 600 500

6.7 1000 750

10 1400 1000
13.3 1700 1200
16.7 2000 1400
20 2200 1600

3.7.4 Calculation of Thermal Forces from Thermal Strain
Once the temperature distribution of the solicbisnd, the thermal strain can be found on
an elemental basis. Since an isotropic materialah@assumed, and the four noded

tetrahedron is a constant strain element, the eleahthermal strain can be found:

a.AT
a.AT
_|a,aT
e =1 (3.86)
0

0

whereAT is the temperature change to a reference temperdtuthis application, the
reference temperature is commonly take to be 2Qemperature at which the
components are nominally sized. Given this thersitahin, the elemental thermal

deformation forces, can be calculated as follows:

f. = jBTDgT dV =B"De,V (3.87)
\%
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with the simplification possible becauBe D, ander are constant over the four noded
tetrahedron element volume. These elemental node¢$ are summed over all the nodes,
and the resulting load vector is used with thetwliég equation of section 3.6 to find the
thermal deformation of the solid body. The resgjtthermal deflection can actually be
quite large due to growth of the entire body. Hogrevhis uniform component of
thermal deformation does not alter the shape offpeand simply causes the solid body
to move uniformly away to achieve the same filmckhess. Although this is what
happens physically, it is difficult to numericalyandle such large uniform deformations.
To remedy this problem, the minimum point of defl@e on the sealing land surface is
considered as a reference (or point of zero thedefdrmation) and the relative thermal
deformation to that minimum point is only considkre

The slipper is a small part with large outer cotiveccoefficients due to the churning of
the slippers within the fluid filled pump case vwle. Because of this, and considering
the geometric symmetry (or near symmetry in thee cdsa vented slipper design), there
is often little non-uniform thermal deflection dfe slipper. Although the swashplate does
have regions of localized heating, the thermal me&tion over the running face does not
significantly vary. Moreover, because an individal@pper sealing land only is affected
by a small region of the swashplate at an instantime, the thermal swashplate
deformation is neglected.

3.8 Interpolation Between the Solid and Fluid

The physical phenomena affecting the fluid filmckmess and thus slipper fluid pressure
have now been fully described and mathematicallgleted. However, because a non-

unified scheme has been used to segregate the dhddsolid domains and common
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information must be passed between them, from aplementation standpoint, a

challenge remains.

An interpolation method which can transfer necessariables between the non-
coincident fluid and solid mesh (Figure 3.16) is #olution to this problem. Specifically,

fluid pressure and heat flux need to be transfawetie solid mesh cell faces while solid
body deformation and temperature are transfermea the solid mesh cell nodes to the

fluid.

Fluid mesh
exaggerated
thickness

Figure 3.16. Mismatch between fluid and solid meshe

To interpolate from the solid mesh to the fluide tralue at the fluid volume centroid is
determined based on the bounding element noddiistsated for a representative fluid
volume in Figure 3.17. Because the shape functontiie four noded tetrahedron is
based on Barycentric coordinates, Barycentric jpdiation will be used in a two-

dimensional formulation. The value at the cell ceidtlocation is calculated as:
G =A@t AP+ AP, (3.88)
where 41, 42, A3 are the Barycentric coordinates of the fluid ceidtrfor the triangle

formed by the three bounding tetrahedron faces s1@dé¢;, ¢ », ¢ 3 are either values of

deformation or temperature at the three nodes.
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Fluid volume

/N

Figure 3.17. Solid to fluid interpolation scheme.

A similar scheme is used to transfer fluid pressareheat flux to the solid. An
assumption is made that for a single tetrahedroa, fthe applied load will be constant
over the face. Thus the query point for interpolaton the solid is the face centroid.
Three fluid volumes are found such that when thwdficentroids are connected, the
resulting triangle bounds the solid mesh face o&hts illustrated in Figure 3.18. Again,
Barycentric interpolation is used to find the famntroid value on constructed “fluid

triangle”.

/

Fluid volumes

N /
Figure 3.18. Fluid to solid interpolation scheme.
This Barycentric interpolation method is robust acedurate provided the two meshes are
of similar magnitudes of size, which is the casethis work. Figure 3.19 provides an

example of fluid solid mesh pressure interpolattomthe left, and solid to fluid mesh

deformation interpolation on the right.
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Figure 3.19. Example of Barycentric interpolatigiveen the fluid and solid.

3.9 Coupling of the Fluid-Structure-Thermal Slipper-Sivalate Lubrication Model

The multiple partitioned numerical models which @éaveen presented must now be
numerically coupled to provide a meaningful preadict of slipper lubrication
performance. The fluid film pressure is the hedthe developed model; all of the other
segmented analysis updates variables which willarhgressure generation in the
lubricating regime. In order to attain the highlestel of computational efficiency while
simultaneously maintaining physical accuracy, tlegleh interactions are partitioned into
three numerical convergence loops.

The first loop is termed the fluid-structure-intetian loop; within this loop the thin film /
pocket pressure, temperature, and solid body presiormation are iteratively updated
until convergence is reached. At that point, thdidsbody deformation and fluid
temperature are held fixed and a solid body migneathics loop calculates the net force
acting on the slipper body and adjusts its micrloaity as necessary to achieve a force

balance. In this process, the fluid film / pockeegsure as well as an integration of
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slipper micro-velocity are continuously calculatedtil the force balance within a

specified tolerance is found. Following the conesrge the simulation time and shaft
angle are advanced and the fluid structure interadbop resumes. The third and final
loop updates only at the beginning of each shattlution. In this thermal fluid-structure

interaction loop, the viscous heat generation ftom slipper is summed over the shaft
revolution and a solid body heat transfer simutai®performed to calculate the surface
temperature of the slipper and swashplate. Usiegctidculated change in solid body
temperature of the slipper, a thermal deformat®rcalculated. Both the new slipper
thermal deformation as well as the slipper/swasbdi@undary temperature distribution
are updated and held constant for the next shafilugon. Final model convergence
occurs when sufficiently small thermal changes odmiween shaft revolutions. A high

level overview of these three loops and their cmgpéhre illustrated in Figure 3.20.

( Elasto-Hydrodynamic A

Deformation

4 .
Thermal Deformation

Fluid-Structure
Interaction

Thermal
deformation

/ N y,

Pressure
deformation

Vs

Fluid Pressure

Thermal Fluid-
Structure Interaction

N
Lubricating Fluid Model
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Micro-Dynamics
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Fluid Force

Figure 3.20. Slipper swashplate lubrication mode&raiew.
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From an implementation standpoint, the solutioresod begins by assuming initial states
of many variables: a guessed initial rigid bodyasapon of 10-15 micrometers between
the slipper and swashplate is assumed. Initial spres deformations are found by
assuming pocket pressure equal to displacement bdrarpressure and a linear
approximation of the pressure field in the lubrilegtdomain. An adiabatic wall boundary
is assumed over the gap region during the soldtoran initial solid body temperature
distribution and the slipper thermal deformationitiMnitial variable states set, the
iterative scheme begins. A detailed flowchart daagrof this iterative scheme is

presented in Figure 3.21 and will be describegmaining sections of this chapter.

[ Start, initialize values, $=0° ]

Calculate solid Calculate slipper solid body
body temperatures thermal deformation
no
T 3
cvotution __¥eS| End of shaft I no | Solve fluid film
periodicity [€ .
revolution? pressure
converged? -
Timestep ( Solve fluid film Fluid Structure
End of =gp+1° temperature Interaction
. , =9
simulation i
yes . . Slipper Micro
o mm [ Calculate ﬂtid properties ] 5 Motion
balance .
external loads? . Solid Body :
J \ - Solve slipper/ swashplate Thermal Interaction
A .
) es pressure deformation
Solve new Y
. N ( A
slipper micro- [ no| Pocket pressure
\__velocity ) converged? Solve slipper
pocket pressure
v .
Calculate new Solve slipper
. . pocket pressure -
Sllpper. micro- no | Fluid film pressure
position converged?
( .
| | Solve fluid film ] T
> yes
L pressure J

Figure 3.21. Slipper swashplate lubrication motelfchart.
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3.9.1 Fluid Structure Interaction
The thin film pressure model begins by solving tloee lubricating pressure distribution.
Initially the pressure solution is under-relaxedhwa factor of 0.8 using the standard

expression:

Prew = P+ ( P~ Poa) (3.89)
Progress of the pressure residual is monitored theefluid-structure interaction process
and the under-relaxation factor is increased oredsed as necessary with a lower limit
of 0.005 encountered at minimum fluid film thickees. Using the calculated thin film
pressure distribution, Eq. (3.34) calculates tlaédge into the pump housing through the
slipper gap. The pocket pressure model updatesahe of pressure within the slipper
pocket using the calculated value of slipper leakahe pocket pressure is typically
under-relaxed by 0.5 which becomes more necessaipgdslipper lift off as small
changes in fluid film thickness can significantippact leakage and therefore pocket
pressure. Also using the Reynolds pressure distoufluid velocities within the film
are calculated. Using the fluid velocities, thergyesquation solves for an updated thin
film temperature distribution and heat flux inteetbolid bodies. The fluid viscosity is
recalculated using this new fluid temperature distron. With the new pocket and thin
film pressures, the pressure deformations of tippet and swashplate are recalculated.
Because significant changes in pressure deformdteon hydrostatic contributions are
possible from one time step to the next, at thanmegg of each time step changes in
pressure deformations are under-relaxed into tld ffilm thickness over 25-50
iterations. Following these updates to fluid visggdilm thickness, and pocket pressure

the thin film pressure residual is recalculatedturally, the residual calculation does not
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incorporate pressure under-relaxation. The valuthisf residual determines the overall
fluid-structure-interaction solution progress antiew a normalized pressure residual
value of le-4 has been reached, the solution isidered converged. If the pressure
residual is above convergence criteria, anotheatiten of this fluid structure interaction
loop is performed being with an updated solutiorthef thin film pressure. Due to the
slow fixed relaxation of updated slipper and swéestiep pressure deformations, a
minimum of 25-50 iterations are required. Howewsrce the minimum iterations have
been reached and the pressure residual is belowpinafied tolerance, the solid body
micro motion loop begins.

3.9.2 Solid Body Micro-motion

The solid body micro motion loop considers the gpues deformation of the slipper and
swashplate as well as the fluid temperature, ang thscosity, to remain constant.
Although this is an approximation, without it thengputational expense to continually
update the fluid structure interaction loop would o great for practical usage.
Moreover, because the underlying fluid structuréerimction loop cannot employ
significant parallel computation, further advanaegarallel computing techniques are
not expected to change the situation. Nevertheéddbe initial force balance between the
calculated pocket and thin film fluid force and thdernal forces is calculated for each of
the three degrees of slipper micro-motion freed&ach of the three slipper micro-
motion control point velocities (Figure 3.8) arertpebed slightly with a central
difference method to calculate the force-velocdigabean matrix. Every time a control
point velocity is changed, the new micro positiohtbe slipper is found through

integration and then the thin film pressure andsiigper pocket pressure model iterate to
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convergence. A new guess at the slipper micro ugleefound using Newton’s method
as described in section 3.4. If the new slipperroieelocity results in a fluid pressure
which satisfies the force balance tolerance, tlmeukition time and shaft angle are
advanced. Elsewise, the process repeats with aategbateration of Newton’s method.
The finite difference Jacobean matrix is updatedrgwther iteration of Newton’s
method.

3.9.3 Solid Body Thermal Fluid Structure Interaction

Once the simulation shaft angle advances, a chegeiformed to determine if a full
shaft revolution has occurred since the last sbbdy thermal solution. If not, the
simulation proceeds to being the fluid structureenaction loop again (section 3.9.1).
However, if a full shaft revolution has been contgde the summed net heat flux from
the slipper fluid film interface is properly apmi¢hrough interpolation to both the slipper
and swashplate bodies. The applied heat flux iE&ly under relaxed by 0.5-0.6. The
solid body temperature is calculated as well asréiselting thermal deformation of the
slipper. All of these temperature / deformatiostabutions are under relaxed by the
same 0.5-0.6 factor and then interpolated backecstipper fluid film. In the case of the
swashplate temperate, the interpolation must repidlatevery shaft angle change, but the
underlying swashplate field remains the same. Akh®then performed to determine if
the specified number of shaft revolutions have besoulated as requested and if so the
simulation ends. Else, the model proceeds to upithatdluid structure interaction loop
for the shaft angle now with updated values ofdsdlody temperatures and slipper

thermal deformation. Following the end of the siatigin, a manual check is performed
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to determine if the change between shaft revolstiminthermal effects stabilized, which
typically happens in 6-10 revolutions.
An illustrative diagram depicts the governing equa and solution sequence of each

sub-model and the higher level nonlinear interagim Figure 3.22.
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3.10 Original contributions

Highlighted contributions from this work which aveiginal, considering the literature as
a reference, to the numerical model of lubricatomtween the slipper and swashplate
include:

* Use of a polar-coordinate based Reynolds equatmiaming complete source
terms to account for surface inclinations of bdik slipper and swashplate and
rectilinear boundary velocities imposed on a cygingrid.

» Consideration of the compressibility of fluid withthe slipper pocket and the
resulting transient pressure changes.

* Incorporation of structural deformation of the plgp due to both pressure and
thermal loads, accomplished using a finite elentBstretization technique and
open source linear solvers.

* Inertial relief elasticity constraint technique ilemented using lambda
multipliers to constraint rigid body translationsderotations.

* Development of a finite element based conductivat lteansfer solver for the
solid body heat transfer within the slipper and swdate bodies.

* Implementation of an implicit ODE integrator to welfor updated slipper micro-
positions within the solid-body micro motion itaxat loop.

* Full coupling and convergence of the fluid-strueturteraction problem at every
timestep.

» Discovery of the importance of transient deformatimpact on hydrodynamic

squeeze pressure generation.
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CHAPTER 4.SLIPPER FLUID FILM THICKNESS TEST RIG

4.1 Test Rig Design

A commercially manufactured 130 cc/rev variableptiisement swashplate type axial
piston pump was modified to directly measure thstagice between the swashplate
surface and the slipper at six locations on theshpiate, thus measuring the lubricating
fluid film thickness. Environmental conditions umdehich the sensor must operate,
combined with performance requirements, complitia¢edesign modifications and limit
possible sensor technologies. Ideally, installatbdrthe sensor would not modify the
swashplate surface; any direct modification of sheashplate surface has potential to
alter the fluid film itself. Unfortunately, this igresently unfeasible using commercially
available sensor technologies. Alternatively, tm@é¢ most common sensor technologies
requiring modification of the swashplate surface @ptical, capacitive, and eddy current.
Optical sensors are unsuitable due to the highspresacting on the sensor face and the
variability of the optical characteristics of th@rking hydraulic oil. Minimal changes to
the overall pump packaging were desired to redustom manufacturing, significantly
constraining the packaging space available to insensors. Additionally, sufficient
clearance for wire routing is necessary to considdr sensor selection.

Capacitive sensors have an advantage with respesinallest sensing diameter; eddy

current sensors require a coil winding which hdisnged minimum diameter. However
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the capacitive sensors often incorporate an atgjward shield” to minimize the effect of
electric field fringing, complicating sensor desigbue to the physical principal,
capacitive sensors are sensitive to the dielecriestant of the material between the
sensor and the target. Therefore the sensor fatguard need to be directly exposed to
high pressure fluid. In contrast, an eddy curresrissr is unaffected by non-metallic
separating media, enabling the entire sensor Bulreunded by ceramic. This outer shell
enables significantly larger fluid pressures at Hemsor face. Based on the need to
withstand high sensor face pressures as well asnpact design, an eddy current sensor
manufactured by the Micro-Epsilon corporation walested. The model type EU05(93)
sensor was used with integrated o-ring as showkigare 4.1, with custom manufacture
modifications made for a longer cable length. Fertdetails regarding sensor type
selection can be found in Spencer (2014). The uésol of the sensor rated by the
manufacturer is based on noise peak-to-peak vandsat 100 kHz is 0.2% FSO or 1
micrometer.

92.3-0.05

/?Q,

0-Ring
2x0.5

20.5
92.95-0.05

3.0740.05
5.15-0.05

Figure 4.1. Micro epsilon eddy current sensor EQG%((Image credit: Micro-epsilon
and Spencer, 2014).

To insert the sensors into the swashplate withlehst amount of modification, a two-

piece swashplate design was proposed as illustiatéigure 4.2. In this modified design,
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the sensors were sandwiched between an upper aed $svashplate half, with the small
sensor cables exiting the swashplate sides. Thisdessary since only a small portion of
the swashplate underside is not covered by robaribgs or the shaft preventing a thru
exit of the sensor wire. Notice the eddy currenisse is actually recessed below the
swashplate surface by 50-1p@n. This is necessary because the sensor desidh itse
limits the minimum measured distance to pfh and additionally to provide a
manufacturing tolerance. The magnitude of this seoeill need to be quantified and

subtracted from the measured sensor distance eéondiee the fluid film thickness.

Wire brackets (x2)
Top swashplate half

Slipper

Sensor wire
slots (x6)

i Swashplate Sensor
7 Top .
Attachment bolts I Bott Fluid film Measured
(x4) ottom thickness distance

swashplate half

Figure 4.2. lllustration of slipper test rig asséynlmage credit: Vonniederhausern,
2012 and Spencer, 2014).

The general location of the six sensors stemmeah faodesire to measure the slipper
position in all four quadrants of the swashplateefaWithin the general areas, specific
sensor locations were determined using an algordbueloped by Spencer (2014). The
algorithm found sensor locations which maximizee thegrees of shaft rotation the
sensor is totally covered by the slipper. Figuilustrates the sensor path as the slipper

passes over a sensor located at three differemdl fadations. Interestingly, a sensor
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located on the main pitch diameter will only beydccluded by the slipper for a total of
10° of shaft rotation. Instead by locating the serte trace over the radially inner and
outer land portions, larger magnitudes of total legion of 23° and 17° can be
respectively obtained. Due to this property, fotithe sensors are located on the inner

slipper radius while the remaining two sensors k@ated at the outer radius as

dimensioned in Figure 4.4.

Sensing width

2.3mm Slipper

sealing land

Figure 4.3. lllustration of the eddy current serzath traced over a slipper at different
radii.
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Figure 4.4. Eddy current sensor locations on swaghp

The initial design called for two originally mancfared swashplates to be used as base
stock for machining both the upper and lower swkbphalves. In this approach, the
swashplate surface finish would remain exactlyhesdriginal equipment manufacturer
intended; unfortunately the swashplate is hardenatle manufacturing process. Small
machining features needed in the top swashplafeMesé unable to be manufactured by
local machinists in this hardened steel. A comprss made to manufacture the top
swashplate half from plain 4140 steel with a postage grinding operation. The bottom
swashplate half was machined from an original egeit manufacturer swashplate.
Figure 4.5 shows the final result of the bottom swdate half with the eddy current
sensors resting in their appropriate locations.im@uactual assembly, the sensors are first
inserted into the swashplate top half due to thim@-and then the swashplate top with

installed sensors is lowered onto the swashplaterdalf.
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Figure 4.5. Sensors installed on the bottom halhefswashplate (top swashplate not
shown).

Following mating of the swashplate halves, the sensires are threaded through
openings in the pump case which will be sealed withbber stopper during operation as

shown in Figure 4.6.

Figure 4.6. Assembled swashplate before beingtedénto the pump housing.

Following final assembly of the pump, it was mouhtento a steady state test bench as
illustrated in Figure 4.7. Although driven primariby an electric motor, due to the large

torques needed to drive the pump at full displacenad high pressure, a variable
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displacement hydraulic motor is installed to redetectric motor load. To reduce the
cost of signal conditioning (Micro-Epsilon DT330&nd data acquisition equipment
required, each of the six sensors was not meassiradltaneously, but rather in a
sequence. Additional sensors used during steady staasurements are diagramed in
Figure 4.8. A full list of the sensor specificationsed for these experimental measures is

given in Table 4.1.

Electric drive Hydraulic Motor Test Pump

(Not shown NI
CompactDAQ)

Eddy current
sensors
signal
conditioning

Figure 4.7. Steady state test bench with the sp@stiumented pump mounted.

(9) (8)

E (7)
=
° =

Hydraulic

' \ (3)\‘

i | (4)

E:(* : (2) Z-r@
Low Pressure i E (1) .

. — - )
Drain L : -
Supply pressure [ [ I [ -
Return [ [ -

Figure 4.8. Steady state testing circuit.



Table 4.1. List of test rig sensors.

100

Sensor
Number

Sensor description

1,4,8

Omega K Type Thermocouple (2.2° C Error
limit)

2

WIKA S-10 Pressure transducer (0-100 bar,
0.125% BFSL)

3

WIKA S-10 Pressure transducer (0-25 bar,
0.125% BFSL)

VSE VS 0.2 Gear type flow meter (0.02 - 18
L/min flow range, 0.3% Accuracy)

VSE VS 10 Gear type flow meter (1.2 - 525
L/min flow range, 0.3% Accuracy)

KRACHT VC 5 Gear type flow meter (1-250
L/min flow range, 0.3% Accuracy)

HYDAC HDA 4445 Pressure transducer (0-60
bar, 0.5% BFSL)

10

Dr. Staiger Mohilo Torque / speed transducer
- 1000 Nm and 60 imp/rev, 0.1% FSO Accura

(0
Cy)

NI cDAQ 9178 with NI 9211, NI 9201, NI 9205

modules

4.2 Test Rig Measurement and Data Processing

The test pump was initially run with a constanetniemperature of 52 + 1°C until the

outlet and drain port temperatures reached a stefady value to within +1°C. At this

point the unit reached a thermal steady state tparand 30 seconds of high speed data
acquisition was preformed, recording the measuretage of a single eddy current

sensor. This process was repeated six times for atsor, waiting a minimum of three

minutes following each sensor switch to allow thieckonics to reach thermal

equilibrium.
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Following testing, the raw voltage data obtainednfrthe eddy current sensors was
converted to a film thickness using a linear sca#diprated with a multipoint fit. An

example of this transient data is shown in FiguB Because the sensor is continuously
acquiring data, film thickness information from alhe slippers is acquired sequentially.
Although the test rig does not contain a triggeassociate each reading with a unique
slipper, within each acquisition the measured sa@® be grouped by slipper. This post-
processing is done using the off-scale high medsuakies as a trigger. Figure 4.10 plots
the grouped data for a single slipper using theeseaw data. Approximately 500 traces

of the same slipper taken during the 30 second ksagngre displayed.

— : : 550
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Figure 4.9. Raw data obtained from Sensor #1 al@08 rpomAp = 100 barp = 18°.
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804
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9.58 9.6 9.62 9.64 9.66 9.68 9.7 9.72 9.74 9.76

Shaft angle (deg) Shaft angle (deg)

Figure 4.10. Grouping data from a single slippeaoted from Sensor #1 at n = 1000
rpm,Ap = 100 barp = 18°.

A mean line of the grouped measured data can bmilagdd as well as error lines
representing plus and minus one standard deviasoplotted in Figure 4.11. The error
bounds in this plot are typical of all the datawdoed during the testing with a standard
deviation of 1.3 micrometers measured distanceotNer filtering is used in the data post

processing aside from the data averaging described.
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Figure 4.11. Averaged data of a single slipper f@ensor #1 at n = 1000 rprkp = 100
bar, = 18°.



103

4.3 Initial Slipper Test Rig Operation

Following a short period of test rig operation (&@&urs), a flexible shaft coupling failed.

Although failure of the coupling was believed toureelated to the pump modifications,

the piston unit was unmounted and disassembledhotograph of the swashplate surface
after disassembly is shown in Figure 4.12. Regmfngolishing due to surface wear are

visible as well as a localized region of gougingh&t outer radius.

Figure 4.12. Swashplate surface following initipkcation showing gouging and
polishing.

The impact of swashplate gouging on the slipp&vident by comparing surface profile
traces of the slipper surface from before and dfterinitial testing as plotted in Figure
4.13. Slipper surface profiles are measured usistylas profilometer which measures
the sealing land deflection over a single planessifsection. A full cross section is taken
and then aligned post measurement to correct fprrigid body tilting of the slipper in

the measurement setup. An illustration of the pryofeter measurement process is shown
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in Figure 4.14. Note that because the slippemisetl upside down for testing, low spots

along the profile path will actually increase thed film thickness.

Slipper land surface profile pre-testing Slipper land surface profile post-testing
196 T T T T T T T T 140

194

192 136

190 134

188 132

184

128

Profilometer Measurement (um)
Profilometer Measurement {um)

18211 11i5 1i2 155 1i3 1;5 1i4 14is 1i5 15.5 126 E | i ; i E | i
: g . . - 1M1 115 12 125 13 135 14 145 15 155

Slipper radius (mm) Slipper radius (mm)

Figure 4.13. Pre-test and post-test of slipperirsg#hnd surface measured with a stylus
profilometer.

Stylus Profilometer
e ,—Q

Figure 4.14. lllustration of stylus profilometeate of the slipper sealing lands.

The cause of the swashplate gouging is believdaktdue to the manufacturing of the
swashplate running surface. Although the top swashpvas surface ground which
achieves a specified surface finish, the grindipgration does not necessarily ensure
flatness. Following this initial testing, to impmwop surface flatness the swashplate was
hand lapped. Unfortunately the limited surface slmng capabilities of the lapping
machine shop actually increased the final surfaoaghness. Measured surface
roughnesses of the commercially manufactured, ghoand hand lapped swashplate are

given in Table 4.2.
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Table 4.2. Test rig swashplate surface roughnesses.

Surface roughness
(Ra) [um]
Commercially 01
manufactured swashplate '
Surface ground swashplate 0.4
Hand lapped swashplate 0.7

4.4 Lapped Swashplate Test Rig Operation

After the swashplate was lapped, the test rig vwassembled with a new set of piston /
slipper pairs. These slippers were run under foeady state operating conditions as
given in Table 4.3.

Table 4.3. Lapped swashplate initial run in opagtonditions.

Shaft speed (rpm) HP port pressure (bar) Displacement (%)
1000 125 20
1000 125 50
1000 125 100
1000 225 50

Following this initial run-in, the pump was disasdded and the surface profile of the
slipper running surface was measured using a Mitut8J-500 stylus profilometer (x-
axis accuracy 0.0pm, z-axis accuracy: 0.Qim). The surface traces from this testing are
compared to slippers which had been run on an uifi@ddwashplate by Zecchi (2013)

in Figure 4.15. The magnitudes of wear over thapsl lands are very similar.
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Slipper surface post testing by Zecchi (2013) Slipper surface post initial run-in testing

12 ; : T r 12

10

Profilometer Measurement {um)
Profilometer Measurement {um)

- : i | : : 1 ~ ,
6 8 10 12 14 16 6 8 10 12 14 16

Slipper radius (mm) Slipper radius (mm)

Figure 4.15. Comparison of slipper surface prgiibst testing by Zecchi (left), and post
initial run-in operation.

The pump was reassembled using the piston slipgies fhat had just undergone run-in
without any modifications and full testing begaix &erating conditions were measured
continuously over one day. The pump was broughstéady state thermal operation
before any eddy current sensor acquisition begaeraged steady state data from these

six operating conditions is presented in Tablewith the testing order indicated.

Table 4.4. Averaged steady state pump data fronmgesfter swashplate lapping.
Test | n (@ Brox) Ap | QHP | QLK | pHP | pLP | THP | TLP | TLK M
Order |[rpm] FE(E;) ] 1 [bar] |[Mmin] |[/min] | [bar] | [bar] | [°C] | [°C] | [°C] | [Nm]
1 998 50 100 57.7 152 126{3 25/6 583 52.6 60.31.512
2 998 100 100| 126.3 1.02 1257 257 5%0 5P.9 §1286.0
3 998 20 100| 19.5| 1.87 124/9 25|1 589 523 61.7.458
4 998 20 200 147 3.96 225/2 253 64.3 52.3 68.91.010
5 998 50 200| 54.0 2.5% 2255 254 57.9 527 66.47.622
6 998 100 200 122.4 1.7fY 226.6 26.1 57.1 5B.0 7464.1

Pump shaft torque measured during this testingooagared to that measured by Zecchi
(2013) during testing of an identical unit, butlaut modifications directly affecting the
sliding interfaces. However, since those measurénerre taken at slightly different

port pressures, the shaft torque measured by Zeghiadjusted for direct comparison
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using Eq. (4.1) where the prime variables wereg¢husasured by Zecchi. A comparison
between measured torque values from Table 4.4 lmaddjusted torque measured by
Zecchi (2013) are given in Table 4.5. Notice thlatdll but the last operating condition
the shaft torque measured for this special testsrigery similar to the adjusted torque
measured by Zecchi. The increase in torque idated to solid to solid contact between

the slipper and swashplate.

I

measured+ p HP p I-IIP_ p LIE,- p I,_; QHP

2rm

M M

(4.1)

adjusted =

Table 4.5. Comparison between measured shaft taogadiusted shaft torque measured
by Zecchi (2013).

n [rpm] B (zig/g]rox.) : l:?apr] M [NIm] Zecwl[ﬁ% ijsted
998 50 100 1215 121.0
998 100 100 236.0 237.8
998 20 100 58.4 57.9
998 20 200 101.0 102.8
998 50 200 227.6 226.7
998 100 200 464.1 455.4

At the conclusion of acquiring film thickness sengtata for these six operating
conditions the pump was disassembled. Photograpie slipper surface following run-
in at four operating conditions (Table 4.3) andidaing full testing (Table 4.4) are
included in Figure 4.16. Unfortunately significaméar caused the outer sealing land to
wear away such that the nine micrometer step ilmger present. Data measured using
the stylus surface profilometer confirms the visti@nge of the sealing land wear and is
plotted in Figure 4.17. It is assumed this wearuomd during the final operating

condition when an unexpected increase in shafutvgas measured.
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Figure 4.16. Photograph of a slipper following iar{eft) and following full testing at
six operating conditions (right).

Slipper surface post initial run-in testing slipper surface following full testing

-
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6 8 1|o 1I2 14 16 6 8 10 12 14 16
Slipper radius (mm) Slipper radius (mm)

Figure 4.17. Surface profilometer traces of theper land following run-in (left) and
following full testing at six operating conditiofigght).

4.5 Conversion of Simulation Results to Measured SeRemresentation

The test rig measures the average film thicknessealhe sensor face with respect to
time. Instead, the numerical model described inp@re3 simulates the entire lubricating
fluid domain in a moving coordinate system. Morapvie coordinate system and
rotation direction used in the test rig (Figure)4dbes not align with the default

swashplate coordinate system used in the simulanodel (Figure 2.6). To easily

compare the simulation results to measured valg®st-processing scheme is utilized
on the simulation results to convert them into mparable format. A “virtual” sensor is

created from 1024 discrete points spaced to represpial areas over the sensor face as
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illustrated in Figure 4.18. The simulated slipp#mfthickness is correctly orientated
considering the measurement coordinate system hardinterpolation of the fluid grid

height onto individual sensor points is perform8dnsor points which are not occluded
by the slipper are assumed an off-scale high vafu#0um. An average of the sensor
points is taken and the scalar value is recordecdah shaft angle. The result of this

process are simulation results which can be dyrecinpared to measured values.

Single Slipper Motion Over Sensor Locations
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N
o
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-20_. ...................................... . ..................... |
40} . ........... 2|
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: |
-60f - R R S, 30 29 28 27 26 25 24 23 22
1

Swashplate Top View X-Coordinate [mm]
Figure 4.18. Graphic representation of simulatiostfprocessing into sensor readings.

The distance measured by the sensor is compriseaiiiiple components, each of which
combines to yield the final measured distance. fivi2 components are illustrated in
Figure 4.19. The slipper micro distance and intioma as well as deformation are
calculated by the simulation model described in pgi¢ra3 while the partial sensor
occlusion and sensor diameter height averagingaeceunted for by the virtual sensor
method described previously in this section. Thgpsr land wear was measured both pre

and post testing using a stylus profilometer. Timal significant contribution to
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measured distance is the sensor recess depth whiatiempted to quantify using a

calibration scheme described in the next section.

Slipper micro Slipper land non-flatness:

uniform-distance * Deformation Slipper micro-inclination

* Wear-in
% i I
Sensor recess depth Partial covering / averaging

* Predicted by the
simulation model
*  Measured

(Distances not to scale)

—|

.

Figure 4.19. Subcomponents affecting the total@emeasured distance.

4.6 Calibration of Sensor Recess Depth

Quantification of the sensor recess depth is cara@d due to the small length scale and
limitations of surface flatness. Although both teeashplate top and bottom were
machined flat, there are both surface roughnesdamgdr non-flatness deviations present
in the actual components. Additionally the sensottdm itself is not flat as it is an
epoxied surface with a dome shape. A hypothetikatiation of these additional affects
is illustrated in Figure 4.20. When the swashpkdsembly is in operation inside the
pump, large pressure forces acting over the swashpp will compress the two halves

to reduce the localized separation. Additionally tlze slipper passes over a sensor, high
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pressure will act on the sensor face which hagtssibility to press the sensor further
against the swashplate bottom. These two factdestasensor recess depth in opposite
magnitudes; as the swashplate top and bottom becomepressed the recess depth will

decrease whereas when the sensor is pressed éenswviishplate bottom the recess depth

will increase.
Considering asperities and
Idealized assembly non-flatness
Slipper
Fluid film
thickness Measured

\_/_$ I_/ distance

Swashplate % IQ
Top ~*

{ I i |
Sensor Swashplate
S~ Bottom

Figure 4.20. lllustration of geometric variatiofigely present in the swashplate assembly.

A set of slippers were specially modified to remotlee nine micrometer step
manufactured into the sealing land; the result slggpers with only the main pocket.
Removing the step caused the slippers to be signitiiy underbalanced hydrostatically.
The impact of this is when the displacement chanbgressurized, the slipper must
come into direct metal contact with the swashpéet¢he hydrostatic pressure field alone
will be unable to support the piston force. These filat calibration slippers were placed
into the pump and it was reassembled and mountaith ag the test rig. The pump was
operated at 1000 rpm with a minimum pressure diffeal until the inlet, outlet, and
drain temperatures were above 52° C. The pump iatet outlet ports were then
externally pressurized to 125 bar. The pump shaf slowly manually rotated until a

slipper fully occluded each sensor and the minimom@asured film thickness was
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recorded. This procedure was repeated twice onecotise days. The minimum
measured values, interpreted as the sensor reegdh, dare listed in Table 4.6. An
average of these two measured values will be usrecbfrect for the sensor recess depth
illustrated in Figure 4.19.

Although the values reported here are close in madg, the results in the next section
exhibit negative film thicknesses at some senscations. The root cause of this is the
inability to rigidly fix the sensor into the basechk the recess depth cannot change
between assembly / disassembly of the unit or ucki@nging operating conditions. Thus
while the sensor error is on the order of 1.3 mmegters, the measured film thickness
error is larger due to the inaccuracy in the sensoess depth measurements. The effect
of this is that the relative deflection of the filthickness over the sensor trace has an
error of 1.3 micrometers, but the absolute mageitoicthe film thickness error is larger.

Table 4.6. Minimum sensor measured distances wsiliigration slippers.

Sensor Recess Depthufn)

Trial #1 Trial #2

1 815 81.5

2 100 101

Sensor | 3 60.5 59.5
Number| 4 105 105
5 225 23

6 98 98

4.7 Comparison of Measured Sensor Data to Simulationblfiltiple Operating
Conditions

Simulations were run using the measured boundargitons from Table 4.4 and a film

thickness modification shown in Figure 4.21 to asdofor the run-in slipper wear and

pocket depth measured in Figure 4.15 (right).
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Filtered measured slipper wear

©

(=

Circumferential Slipper Film
Thickness Modification (um)

8 9 10 11 12 13 14 15 16
Slipper radius (mm)

Figure 4.21. Filtered profilometer measured sligpefile included in comparison
simulations.

The virtual sensor method described in the sedii@dnwas used to convert simulation
results to a format directly comparable with theasmeed sensor data. High speed
measurements taken during pump operation at thditcams listed in Table 4.4 were
corrected by the mean calibrated recess deptlesl list Table 4.6. Graphs plotting both
the measured and simulated film thicknesses at sactsor for the six operating
conditions are presented in the following Figur@24— Figure 4.27 with the mean

measured line from each of the nine slippers pdotte
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Figure 4.22. Fluid film thickness measurements sindilation results at sensor location
1.

The measured results at sensor location one areegsige. Small variations between
slippers during the measurements can either bidbwtd to physical variation in the
physical slippers, true variation during operationmeasurement error. Nevertheless, the
variations remained within two micrometers. Unfodtely a portion of the measured
data has a negative value which is unphysical. teganeasured film thickness values
stem from the recessed sensor design; the sens@unes a total distance which includes
a recess depth. Although the calibration procedigscribed in the previous section
attempted to accurately quantify the recess dejiire-assembly of the pump as well as
uncontrolled variability with the multi-piece swadate / sensor assembly evidently
introduce errors, which although only on the orolemicrometers, are sufficient to result

in reported values of negative film thickness.
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Figure 4.23. Fluid film thickness measurementssindilation results at sensor location
2.

The behavior of the slipper at sensor location teaignificantly different from the
measured values at sensor location one. Althoudgih ensors are located on the inner
swashplate radius within the suction stroke, asgenne the slipper fluid film thickness
rapidly increases after the slipper passes appmteiy half way over the sensor. Such a
strong “bending” of the film thickness is difficuy be predicted by the simulation model
and potentially indicates a type of contact or liegdorce not accounted for. The
slipper behavior at sensor location two howeveseemingly more stable. The forward
tipping of the slipper is measured over nearlypkrating conditions by approximately 5
micrometers. The same inclination is predicted liy $imulation model, although the
magnitude of tipping is only approximately 2-3 noigreters. It is believed that the
measured average film thickness changes betweeratoge conditions is due to

fluctuations in the assembly of the swashplatesams$or.
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Figure 4.24. Fluid film thickness measurementssindilation results at sensor location
3.

Sensor number three is located at the outer raditise suction stroke as opposed to the
previous two sensors which were located at theriraius. There is a larger variation in
mean film thickness between the nine individugbsdirs passing over the sensor than at
the previous sensor location. However the standaviation of the raw acquired data for
each individual slipper is near 1.5 micrometersjilair to the value reported previously
in Section 4.2. The belief is that since the ingdiinal slipper standard deviation remains
small, the mean film thickness differences measued physically present. The film
thickness at the outer radius is more sensitivelipper tipping from centrifugal effects
which could vary from slipper to slipper. Neverisd, the inclination of the slipper on
the leading / trailing portions of the sealing laisdvery repeatable between all nine
slippers since the slopes of the measurementsxameneely similar. The magnitude of

tipping is extremely interesting as the simulatimodel predicts a nearly flat film
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thickness at the outer edge. Because the senswraidixed location in space with the
slipper moving, the film thickness is acquired wihtemporal variation. Thus another
possible explanation to the inclined measured @at@t that the slipper is more inclined
but rather the outer radius of the slipper is mgwaway from the swashplate in time at a
rate of approximately 0.5 micrometers per degreshafit rotation. If this is true, this

behavior is only possible for a portion of shaftatmn as the slipper must then

transiently decrease the outer film thickness toea® periodicity.

n1000 b20 p100 n1000 b50 p100 n1000 b100 p100

Film Thickness (um)

Simulation
Measurements

N S N A [ S T N

Shaft angle, ¢ (deg)

Figure 4.25. Fluid film thickness measurementssindilation results at sensor location
4.

Sensor number four is located within the high presgpumping portion of operation.
General measured behavior of the slipper in thigh tpressure stroke is similar to the
suction stroke due to the load adaptivity of thppsr design. Larger convex deformation
of the sealing lands is visible in the measuremeriien compared to the equivalent

suction stroke sensor, number two. The simulatedease in mean film thickness as
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pump displacement decreases is three to four metiensi whereas the measured slipper

appears to be more stable with a change of onljf@t@o micrometers.

n1000 b20 p100 n1000 b50 p100 n1000 b100 p100

n1000 b100 p200

Film Thickness (um)

ST JI Simulation
Measurements

110 120 110 120 110 120

Shaft angle, ¢ (deg)

Figure 4.26. Fluid film thickness measurementssindilation results at sensor location
5.

The film thicknesses measured at sensor locationbeu five are nearly exclusively
negative in magnitude. Clearly for this locatioreréh are significant difficulties in
obtaining an accurate recess depth value. Neveahekthe measured data shows an
inclination at the outer radius very similar to thefile measured at sensor number 3.
Because the same film thickness slope behaviobsereed at both sensor number three
and five it seems less likely to be a transientaase in outer slipper thickness and rather

an inclination of the slipper itself.
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Figure 4.27. Fluid film thickness measurementssindilation results at sensor location
6.

The slipper behavior at sensor location six is lsimin ways to sensor location four.
What is specifically interesting is the behaviortla 200 bar operating conditions. The
first part of the slipper to pass over the sendotha 20% and 50% displacement
operating conditions has a large variance betwaeh ef the nine slippers. However, the
trailing land has a very tight grouping of low filthicknesses. Experimentally at the
conclusion of testing, the slipper lands were witahwithout the nine micrometer pocket
step. Although an increase in measured pump straftié¢ compared to reference values
was only measured at the 100% displacement opgratindition (Table 4.5), it seems
some contact was already occurring at the 200 temiyced displacement operating
conditions to cause the measured film thicknes8lgrto band so tightly over the trailing

land.
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4.8 Comparison of Measured Sensor Data to Simulatioegfd Post Wear-in
Following lapping of the swashplate surface, braed manufactured slippers were run
in the pump at four operating conditions give inblEa4.3. During this initial run in
period, sensor measurements were acquired and repsut data from the very first
operating condition during the run-in is comparediata acquired in the full set of steady
state measurements presented in the previous rseetgure 4.28 plots the measured film
thickness at 1000 rpm, 50% displacement, and a geltt pressure of 100 bar both

during the initial slipper run-in and following tmen-in process.

Measurements: 1000 rpm. 50% . 100 bar

Sensor number 1 Sensor number 2 Sensor number 3

Sensor number 6

Film Thickness (um)

Initial operation
Post run-in wear

110 120 40 50 60
Shaft angle, ¢ (deg)

Figure 4.28. Measured film thicknesses for brand sigppers during initial operation
and post run-in wear.

Following the initial slipper run-in, approximatelhree micrometers of wear was
measured at the outer slipper radius (Figure 4lh8yuctively contact between the slipper

and swashplate must occur during the initial slippen-in operation to cause the
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resulting measured wear. Only small differenceslin thickness for the suction stroke

sensors are measured. However, there is a clearttiickness profile change between
initial operation and post run-in wear at senseatmns four and six. During the initial

slipper operation, the slipper is tilted forwardidg the high pressure stroke which is not
observed one a sloping wear is formed on the alifgrer land.

Simulations were run for the same operation comadliiL000 rpm, 50% displacement,
delta port pressure of 100 bar) but with a nomynélt sealing land without a wear

profile and compared to simulations including theasured wear profile. The simulation
results are converted to an equivalent sensor measat format and plotted in Figure

4.29.

Simulation: 1000 rpm. 50% [. 100 bar

Sensor number 1 Sensor number 2 Sensor number 3
10 T T 10 T T T 10
5¢ 5}- 5}-
E :
2
/]
n U ! ) i : ! £ ] :
20 0 0
Z 280 290 300 220 230 240 220 225 230
)
-2
= Sensor number 4 Sensor number 5 Sensor number 6
£ 10 T T 10 T T 10
= :
; No wear profile
S S S Measured wear
profile considered
0 H H H 0 H H 0
100 110 120 110 120

Shaft angle, ¢ (deg)

Figure 4.29. Simulation results neglecting anduduig the measured post run-in wear
profile.

Simulation results for both sensors four and sigwstthe change in film thickness

behavior when wear is excluded and then consideseglas observed in the experimental
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measurement. The magnitude of the step predictedsinmulation was only 3-4
micrometers whereas the measured step height vi@sn@crometers. The main aim of
the numerical lubrication model is to predict sépperformance during normal full film
operation, not precisely predicting the slipperentation when significant contact is
occurring such as during initial wear-in. Thus thedel is able to successfully predict the
presence / absence of swashplate contact with gowelation to the measured behavior,
although the absolute magnitude of slipper micrsipmn does not match during contact
since it is not the models focus.

The simulation model offers additional insight inkdy the observed wear dependent
behavior occurs. Figure 4.30 provides a generustithtive example of the simulation
results with the fluid film exaggerated to provigigentation for the following simulation
results. The predicted fluid film thickness undeg slipper both assuming a normally flat

land and including measure wear is illustratedigufe 4.31.

Exaggerated Fluid Film = )6
Thickness (1000x)

Figure 4.30. Graphical illustration of the exaggedsslipper lubricating fluid film
simulation result with reference systems.
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Figure 4.31. Simulation results of slipper fluithfithickness at n = 1000 rpif,= 50%,
Ap = 100 bar for a) nominally flat slipper sealiagdls b) measured slipper land wear.

It is clear from these simulation results the gippps forward without wear on the outer
radius of the sealing land. The reason for theripjs easier to see in a cross section of
the slipper film taken in the x-z plane of the p#p coordinate system as illustrated in
Figure 4.32. In these cross sections, the slippesni top of the fluid moving in the
positive x-axis direction. The 9 micrometer stepually acts as a hydrodynamic step
bearing causing a pressure generation on thengéalalf of the slipper, tipping it forward.
This in turn causes contact with the swashplatehenleading slipper edge and the
resulting wear on the outer slipper radius. Ingeeond simulation with the wear profile

included, the wear on the leading land acts asdardbearing generating hydrodynamic
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pressure. This pressure generation on the leadatigoli the slipper counteracts the
hydrodynamic pressure generation in the step otralleng half of the slipper preventing

tipping and enabling a full film operation.
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Figure 4.32. Simulation results of slipper fluithficross section at n = 1000 rpfns
50%,Ap = 100 bar for a) nominally flat slipper sealilmgdls b) measured slipper land
wear.

4.9 Original Contributions

Previous researchers used indirect measuremertsasuemperature, pressure, force, or
strain sensors to measure the tribological constiavithin operational axial piston
hydraulic pumps. Frequently however the measuresnemre made for other sliding
interfaces within a piston pump: either the cylinBéck / valve plate or piston / bore
interface. Direct measurements using fluid filmckmess displacement transducers
within axial piston machines have been used atyader block / valve plate interface

and slipper / swashplate interface. However thendgl block / valve plate measurement
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did not directly measure the fluid film and theppler / swashplate test necessitated
significant modifications to the pump design.

Pushing the boundaries of previous experimentahtgsthis research aspired to directly
measure the fluid film height within the lubricagimegime at high speed to capture fast
moving slippers. This goal was achieved using sthtéhe art miniaturized inductive
sensors in an otherwise nearly unmodified axialopignachine. Lubrication behavior
changes between operating conditions and duringctimeponent run-in process were
experimentally measured.

Lubrication fluid film thickness represents the aest unknown variable affecting
slipper performance. Other physical quantities sashiemperature and friction have an
averaging quality either temporally or spatiallyhefefore attempting to measure and
correlate point film thickness poses the greatéstlenge. In spite of this difficulty,
correlation was achieved between measured and ai@dulslipper behavior. The
numerical model was able to predict the hydrodycagfiects of micro design features

within the sealing land and the contribution okttesign feature wear.
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CHAPTER 5.CASE STUDIES: VIRTUAL SLIPPER TESTING AND DESIGN
MODIFICATIONS

5.1 Impact of Pump Operating Conditions

The same slipper design used in the experimergtihtefrom the previous section was
simulated at four different pumping-mode operatoopditions by varying pump shaft
speed and working port pressures, selected fdiotloeving reasons: a low pressure, high
shaft speed operating condition will promote slipp& away from the swashplate.
Conversely, a low speed, high pressure operatingiton will often exhibit the lowest
film thicknesses in underbalanced slipper designe tb the reduced hydrodynamic
pressure generation ability. A high speed, higrsguee operating condition represents
the peak power of an axial piston unit, and a nmadspeed, medium port pressure serves
as a good comparison point.

Hydrostatically due to the unique stepped sealamgl Idesign, the slipper is significantly
overbalanced if it is resting on the swashplatéaser This is due to the sealing land step
which would become pressurized to nearly the saouket pressure. However, as the
film thickness between the swashplate and thegeading land increases, the pressure in
the step region will transition to more of the laganic hydrostatic distribution. This
transition between constant and logarithmic hydiostressure enables a load adaptive

design without using a traditional orifice restoict
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However, the addition of a small step in the segliand introduces a source for
hydrodynamic pressure generation / reduction on titading and leading lands
respectively which cannot realistically be evalda@nalytically. Therefore, using the
developed model, the thin film pressure distribugidor the previously described four
different operating conditions are presented irufg@gh.1. The fluid film thicknesses and
deformations are exaggerated 1000 times to engipeopriate visualization with the

hidden slippers bodies moving in a clockwise diect

Fluid Film Pressure (bar)
100

MIIIHIH%%HIISI??JII\IIIL}OOH
I

0.2 450

Ap = 100 bar, n = 2800 rpm, f=100% Ap = 200 bar, n = 2000 rpm, f=100%

Ap =400 bar, n = 1000 rpm, f=100% Ap =400 bar, n = 2800 rpm, f=100%

Figure 5.1. Thin film slipper pressure distribusoat four operating conditions.
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As defined earlier, the high pressure dischargekstroccurs in the positivis axis.

Because a common pressure scale is used in cogpherdifferent operation conditions,
the boundary pressure distribution changes fronptoket are the most evident. Using a
low pressure, high speed operating to best highligh hydrodynamics effects, a cross

section an individual slipper fluid film is illugtted in Figure 5.2.

Ap = 100 bar, n = 2800 rpm, B=100%

Fluid Film Pressure (bar)
40

MHIIIII]BO IIIXZ‘\OHHHI]J?OH

1 190

Figure 5.2. Detailed view of slipper pressure disifion atp = 40°.

In this cross section view, the top slipper surfecenoving towards the right. There is
nearly 70 bar of hydrodynamic pressure generatiothe trailing land due to the step.
The pressure moment on the trailing edge must lnted by the leading land that is
accomplished due to both the convex elastohydradim@ressure deformation of the
slipper lands as well initial run in wear.

The fluid film thickness between the slipper andashplate for the four same operating
conditions is illustrated in Figure 5.3. Interegtutifferences in slipper operation between

the different operation conditions can be observed.
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Ap = 100 bar, n = 2800 rpm, f=100% Ap = 200 bar, n = 2000 rpm, f=100%

Ap = 400 bar, n = 1000 rpm, f=100% Ap = 400 bar, n = 2800 rpm, f=100%

Figure 5.3. Slipper thin film thickness for a 13flrev axial piston unit.

The pressure force from the displacement chamlessprg on the piston and the slipper
pocket / fluid film pressure are the two largesadovariations over a single shaft
revolution with changes occurring w axis. However, the inertia forcé&4) coming
from the reciprocation of the piston and slippeir paries sinusoidal with the greatest
magnitude pulling the slipper away from the swaatghtp = 180°. The magnitude of
the inertia force increases with the square of pshgdt speed. During the high pressure
stroke, a very small change in fluid film thickness create the necessary change in the

slipper fluid pressure to offset the inertia foremwever, during the low pressure stroke,
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a much larger film thickness change is requiredl @nus the impact of inertia force on
slipper lift is best observed just after transitioto the suction stroke. At 1000 rpm there
is little slipper lift, or increase in fluid filmhickness. Slightly more slipper lift occurs at
2000 rpm. However, as the pump shaft speed incsaas2800 rpm, a significant slipper
liftoff is observed. What prevents the slipper fréifing any further is a combination of
a decreasing impact of the slipper step and evpocket pressure reduction due to the
piston and slipper orifice. The slipper pressusdrghution atp = 200° and a comparison
between pocket and displacement chamber pressplatied in Figure 5.4. At this large
mean film thickness, the pressure distribution he sealing land is not significantly
altered by the micrometer step because the ovi@nalthickness is much larger. Thus, a
nearly symmetric hydrostatic pressure distributeoabserved over the entire sealing land.
Moreover, because of the large film thicknessnalsislipper is instantaneously leaking
over 0.5 I/min atp = 200°. Even though the piston and slipper resbns are larger in
this stepped slipper design, with such a large ftate a slipper pocket pressure loss is
encountered as illustrated on the right of Figu# Fhis reduction in slipper pocket
pressure finally allows the net clamping force frtm piston headFgk) to balance the

slipper pocket / land pressure force.
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Figure 5.4. Slipper load adaptive elements limigtigper lift off.

Referring back to Figure 5.3, the micro-motion bé tslipper generally is such that a
larger film thickness results radially outwardshwiespect to the pump shaft. This effect
is pronounced at higher shaft speeds and duringubBon stroke. This radial tipping
comes from the momem,,c which is created by the centrifugal force actingtbe
slipper center of mass. The slipper tilts radigllgh that a larger hydrodynamic pressure
force can be generated on the inner radial edgieea$ealing land to oppose the moment.
For the same reason as the changing inertia féntegeffect is most pronounced during
the suction stroke. However, unlike the inertiac&rthe tipping moment remains
constant over a shaft revolution.

The model is not only able to generate three diimeas results, but also quantitative
results of slipper lubrication performance. Forsthesame four operation conditions,
guantitative results of total slipper case leakafe, torque generation from viscous

friction, and the resulting summation of power lass presented in Table 5.1.
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Table 5.1. Quantitative summary of slipper lubiimatperformance for a 130 cc/rev axial

piston pump.
Slipper LeakaggSlipperTorque Total Slipper
(L/min) Loss (Nm) [Power Loss (W,
Ap=100 bar, n=2800 rpm p=100% 1.2 3.4 1113
Ap=200 bar, n=2000 rpm p=100% 0.5 3.8 922
Ap=400 bar, n=1000 rpm =100% 0.6 2.1 611
Ap=400 bar, n=2800 rpm p=100% 15 3.4 1657

The trends of increasing or decreasing leakaga@nde loss are clearly explainable by
comparing the predicted slipper film thicknesse&igure 5.3 as well as the changing in
pump port pressure and shaft speed.

5.2 Impact of a Bi-metal Slipper Design

Many slippers designs are constructed of a unifieotropic material, commonly bronze.
Because the slippers are rotating quickly in thenpthousing full of oil with nearly
axisymmetric heat generation from the lubricatifignf there are not normally large
magnitudes of non-uniform thermal deformation asrtee sealing lands. However, in
this case study a male slipper design is not mdde uniform material, but instead a
bimetal construction of primarily steel with a thinonze coating as illustrated in Figure

5.5.

Figure 5.5. Slipper bi-metal construction.
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The necessity for a predominately steel constroatmmes mainly from the male slipper
design. The male design results in a smaller negion between the ball-socket interface
and the sealing land reducing the overall bendiifi(ness. The reduction in bending
stiffness results in especially large convex slippeessure deformation leading to a
weakening of the pressure film and significant wélay mitigate this larger pressure
deformation, the slipper is constructed primarifysteel, which with a greater elastic
modulus will reduce the pressure deformation coegbato an all bronze design.
Although the desire is to use exclusively steeltii@r slipper construction, the swashplate
is also a steel construction. Steel on steel wipokl pairing is not desirable during
instances of mixed or boundary lubrication suclmashine startup or at low speeds. To
achieve a stiff slipper design while simultaneousigintaining a bronze-steel paring
between the slipper and swashplate, the solutitm apply an approximately 1 mm thick
bronze coating to the bottom of the steel slippenstruction. Although this design
reduces pressure deformation, because of the noBrirathermal expansion coefficients
between steel and bronze, a significantly gredtembal deformation is introduced. The
same thermal loads taken from a full lubricatiomwdation are applied to the bronze
coated slipper, and an identically meshed slippeit, with steel material properties
applied uniformly to all solid elements. The comgan of thermal deformations between
these two slippers designs is illustrated in Fighu@ The bronze coated slipper exhibits
nearly 2 micrometers of thermal deflection acrdes glipper fluid film lands, while the
same slipper under the same thermal loads butexittusively steel material properties

exhibits nearly no relative thermal deflection. Tdh&erence is exclusively because of
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the greater thermal deflection of bronze compaoestéel. The fluid thickness simulation

results for the actual bi-metal slipper design@mesented in Figure 5.7.
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Figure 5.6. Comparison of a steel and a bronzeedagteel slipper under the same
thermal loading.
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Figure 5.7. Fluid film thickness for an axial pistoydraulic unit a\p = 200 bar, n =
1000 rpm8 = 100%.
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5.3 Multi-land Slipper Design

Although the most common slipper design featuregle slipper land, a vented multi
land design is also popular. This case study walneine the impact of varying the multi-
land design parameters on slipper operation. FiguBeillustrates the primary design
parameters of a multi land slipper. Because theralipper diameter is typically fixed
by maximizing the diameter which prevents contaatiMeen neighboring slippers, the
outer slipper diameter is held constant. With théeo diameter constant, if five
parameters are used to describe the three landstvamdyrooves, the slipper inner
diameter i.c) is constrained by:

d. . =d,c—landl- groové- lan®@- groov2- lan8 (5.1)

Therefore, a total of six slipper design parametensain for this design study example.
This particular design is a vented slipper withay@s connecting groove 1 to the pocket

and groove 2 to the case as illustrated in Figude 5
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Figure 5.8. Primary design parameters for a typiwalti land slipper.
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Figure 5.9. lllustration of slipper radial grooves.

With six variables the design space becomes qaitgelfor any reasonable number of
interval discretization. For example, Table 5.85lihe desired full factorial combinations
for a total of 38400 designs. Assuming an averagellation time of 18 hours there is

simply too much computational effort required tongrete such a full factorial design.

Table 5.2. Example full factorial multi-land slippgesign variations.

Full Factorial Variations
dyc 0.5to 1.0mm by 0.25mm
land1 1.0to 1.7mm by 0.1mm
groovel 0.5to 0.9mm by 0.1mm
land2 1.0to 1.7mm by 0.1mm
groove2 0.5to 0.9mm by 0.1mm
land3 1.0to 1.7mm by 0.1mm

An alternative to full factorial design of experinie(DOE) studies are techniques
including:

e Fractional factorial designs

» Central composite design

e Latin Hypercube sampling
For this case study, the popular Latin Hypercubm@iag (LHS) method is utilized

because the sample population is able to be indigp¢rof domain size as well as the
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methods inherent space filling properties (Tan@®3)9A sample size of 75 was selected
to limit the total computational effort with thersa variable ranges as given in Table 5.2.
The scatter distribution of each design variablelagted for the population of 75 designs
in Figure 5.10. This illustration highlights the ase-filling feature of the LHS

methodology.

groovel

land?2

s . . . q
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dyg landl groovel land2  groove2

Figure 5.10. The Latin Hypercube population for ingti-land slipper design study.

Simulations were run for each of the slipper desighone moderate operating condition
of n = 2000 rpm,B = 50%, Ap = 200 bar. A simplification was made by
inter/extrapolating a single set of influence neasi used for deformation calculation
instead of recalculating a new influence matrix feeteach design. Additionally, for a

more complete design study, other operating candtishould also be simulated and
included.

The total simulated slipper power loss for eachhef slipper designs is plotted against
each of the design variables in Figure 5.11. haarly impossible to extract any useful

trends from this data due to the nature of the I9d®ple set. Although the designs are
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space filling, all parameters are being change kameously making it difficult to extract

single variable trends.
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Figure 5.11. Total multi-land slipper power lossiaon as a function of design variable.

To extract trend information from the data, a tegha termed surrogate modeling will

be employed. The premise of surrogate, or black, lmeadeling is to train a simple

generic mathematical model using a set of knowra.ddthe surrogate model is

computationally cheap to evaluate and can be wssdldisequently evaluate the impact of

a single variable on slipper performance while hawdother parameters constant. A

number of surrogate modeling techniques exist, thig case study will utilize the

Ordinary Kriging method. Kriging is a type of linekast squares estimator algorithm

(Sakata, 2003; Emery, 2005). The Kriging estimatedicts the function valugx ), at

an unknown locationx , based on the value of the function at known locat x with

the linear combination:
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f(x)=2wt(x)

(5.2)
whered w = 1

To solve for the Kriging weightsy, in Eq. (5.2) the following system must be solved:

= (5.3)

where X is the design vectaris the variogram function, andis a slack variable used to
enforce the constraint on w. A variogram functia used to describe the spatial

dependence of the approximated function. In thaskwthe Gaussian variogram model

y(X%%) =8 EE1- exr{_”Xar—_zx"”]J (5.4)

The parameters, andr, used in Eq. (5.4) are determined using a leasdrsgucurve fit

was used where:

of the model Gaussian variogram to the experimesiabgram data (Cressie, 1985). It is
important to note that the design variables weredily normalized before the Kriging
model was built. This is important because ofltheector norm used by the variogram
model in Eq. (5.4). Further details regarding timplementation of a Kriging surrogate
model using an underlying physical model can bendoin Schenk and Ivantysynova

(2011b).
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While each design variable is varied, the otheraldes will be held fixed at a reference
design with values given in Table 5.3.

Table 5.3. Reference multi-land slipper designalaas.

dyc 0.7 mm
landl 1.4 mm
groovel 0.8 mm
land2 1.4 mm
groove2 0.8 mm
land3 14 mm

Because the slipper outer diameter is held constiardome design variables are changed
the analytical slipper hydrostatic balance factdr ehange. Both the total slipper power
loss prediction from the Kriging model as well Be thange in hydrostatic balance factor
are plotted in Figure 5.12. Changes in the sligpéice as well as land1 and groovel do
not change the hydrostatic balance factor as theriand outer radiuses of the sealing
land remain constant. However as the width of largidove2, and land3 change the
radiuses of the sealing land change as well. Isteigly, due to the outer slipper
diameter constraint, as the width of land2, groowwfl land3 increase the main slipper

pocket becomes smaller reducing the effective Istdtm balance.
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Figure 5.12. Total slippers power loss as a fumatibindividual multi-land design
parameter changes using a surrogate model.

To better understand the reason for the powertlessls observed in Figure 5.12, it is
helpful to look at the primary sources individualtgtal slippers leakage in Figure 5.13
and shaft torque loss in Figure 5.14. There ik lithange in predicted leakage as the
width of land1 and groovel increase. This intuifim@akes sense as the balance factor is
not changing and the sealing land is remainindghatseme width. However as the width
of landl increases, the shaft torque coming frostadis friction increases due to an
increase in total slipper land area. As the widtigroovel increases, the center radius of
land1 decreases to maintain the same outer slgppereter. Although the width of land1
remains the constant, since the center radius asesethe total slipper land area

decreases in turn reducing the shaft torque loss.
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Figure 5.13. Total slippers leakage as a functionaividual multi-land design
parameter changes using a surrogate model.
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Figure 5.14. Total slippers shaft torque loss smation of individual multi-land design
parameter changes using a surrogate model.

The sealing land (land2), groove2, and outer siihg land (land3) dimensions all alter
the hydrostatic balance factor as their dimenssoohanged. In all cases as the balance

factor decreases the leakage decreases whilertheettoss increases. A balance between
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these two inversely proportional losses is neededihimize power loss. This case study
only focuses on one operating condition, but if waking pressure and shaft speed can
vary significantly, achieving a balance betweenkdeme and torque loss becomes
problematic. As working pressure increases flonségssbecome dominate, whereas at
high speeds and low pressures friction losses datinstead.

The slipper orifice diameter will never affect thalance factor, but becomes important in
limiting slipper lift, especially at higher speedad larger hydrostatic balance design
ratios. As the slipper orifice diameter increashsre is less flow restriction between the
displacement chamber and the slipper pocket. Redtlogv restriction allows for a
slightly higher pocket pressure, lifting the slipgarther away from the swashplate. In
Figure 5.13, as the slipper lifts away from the swate, the leakage increases while the
shaft torque decrease.

At higher initial leakage flow rates, decreasingioe diameter will have a larger impact
on total leakage reduction. This is shown in Figas which varies the orifice diameter
at five different land3 diameters. As the outerdlamidth increases, the hydrostatic
balance ratio decreases reducing the leakage Hden the total leakage magnitude is
reduced, further reductions in slipper orifice deder have little impact on leakage. Upon
inspection of Figure 5.15 the surrogate model pitsch negative leakage for the 1.7mm
land3 design with a small orifice. This highliglatéimit of surrogate modeling a complex
physical problem with a sparse data set; althohghrends displayed in Figure 5.15 are
representative of results from the full physicsesasmumerical model, especially near

domain boundaries, the surrogate model miss-pedlzdolute magnitudes.
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Figure 5.15. Impact of slipper orifice diametertotal slippers leakage for different outer
stabilizing land widths.

It is interesting to investigate how the slipperfpenance behavior will change as the
slipper land widths are changed, but while holdimgy hydrostatic balance factor constant.
To achieve this while simultaneously maintaining same slipper outer diameter the
width of land1 and land3 will vary, with land2 getachieve the same balance factor of
98%. The other slipper dimensions are held constaiit values given in Table 5.3.
Figure 5.16 plots the total slippers power lossadanction of the width of land1l and
land3 as well as the resulting width of land2 neette maintain the 98% hydrostatic
balance ratio. Notice that while landl varies other full domain, land3 is limited to
approximately 1.25mm to 1.6mm. This range is lichite ensure the width of land2

needed to maintain the balance ratio stays witienltOmm to 1.7mm simulated range.
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Figure 5.16. Total slippers power loss (left) aadlsg land width (right) as a function of
inner and outer slipper land variation while maimitag a 98% hydrostatic balance ratio.

Interestingly, the trend of Figure 5.16 indicatésitt power loss decreases as land3
increases in width. This is quite different tharFigure 5.12 where the power loss is at a
minimum when the width of land3 is at 1.3mm, insiag either as the land width grows

or shrinks. However, in Figure 5.12 the hydrostdtatance ratio is decreasing as the
width of land3 increases which is not the caseFigure 5.16. To better understand this
trend difference, Figure 5.17 plots slippers leakagd torque loss over the same land
variations. As the width of land3 increases, thdthkviof land2 is forced to decrease in

order to maintain the same balance ratio as shawngure 5.16. A decrease in sealing
land width leads to the higher leakages predidt#edvever the width of land2 is forced to

decrease in size faster than the width of landBases. The net effect of this is the total
slipper land area decreases as the width of lamcf@ases as shown in Figure 5.18. The

reduction in total land area reduces the viscagidn and thus shaft torque loss.



146

land3 (mm)
land3 (mm)
5

(urw/7) a8exea saaddi|s |eyoL

(wN) sso7 anbuoy siaddi|s jeroL

11 12 13 14 15 16 11 12 13 14 15 16
land1 (mm) land1 (mm)

Figure 5.17. Total slippers leakage (left) and tertpss (right) as a function of inner and
outer slipper land variation while maintaining &®8ydrostatic balance ratio.

1.3 14 15 16
land1 (mm)

w
(=]
o

w
[
o

land3 (mm)

w w w
N w -
o o o
21y pue Jaddi|s |eyor

(;ww) e

290

Figure 5.18. Total slipper land area as a funatibimner and outer slipper land variation
while maintaining a 98% hydrostatic balance ratio.

At this particular operating condition the decreas¢orque loss has a larger impact on
power loss than the increased losses from gresa&nge flow rates, but the same is not
true as the hydraulic working pressure increasssth& high pressure of hydraulic units
continues to increase driven by the demand for drighower densities, the design

advantage of the outer stabilizing land will deseea
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5.4 Original Contributions

These three case studies highlight the model baksign potential enabled by
computational power and the novel model developetis work. Although experimental
testing does not require modeling assumptions @rcgmations, it is notoriously
expensive, measurements are limited, and reproifiticilis not guaranteed. More
frustrating is that when experimentally testinguanp, it is nearly impossible to observe
the nature of the lubricating film and a desigrseforced to intuitively reason why design
changes caused different operation. With a numlerreadel, direct insight to design
changes can be observed, allowing for a deeperrstageling of the mechanisms
impacting the operation.

Although the slipper lubrication numerical modet@mputationally expensive, a special
purpose reduced order surrogate model was developaitbw for the rapid comparison
of design changes, and the complex interactionsd®st variables. This multi-modeling
approach was integrated for the first time in loation analysis of the slipper —
swashplate. Although the absolute value of sureogabdeling error increases near
domain boundaries, overall trends are capturedpaonhising subspaces can be refined
with further simulations.

The multi-landed slipper case study utilized thenbled modeling approach, with the
physics based model driving a black-box surrogatdeting technique. Multi-parameter
design variations were investigated using the reduwrder model. In particular, it was
discovered why from a design and efficiency stamatpgippers with an outer stabilizing

land have a design advantage at lower working pressand high speeds.
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CHAPTER 6. CONCLUSIONS

For the first time, a numerical model of slipperasivplate lubrication performance in
axial piston machines has been developed whichuatsdor a wide range of physical
phenomena including: slipper micro-motion, nondsotnal fluid film lubrication, the
impact of slipper and swashplate deformation du#iuid pressures, and the impact of
thermal effects from the slipper and swashplated dmbdies. The interactions between
these non-linear problems have been solved usimayel coupling of numerical methods
and computational algorithms.
The goal of the numerical model is to accuratefdpst lubrication performance between
the slipper and swashplate. The desire to accomfiis was twofold: to discover the
interaction of physical effects enabling lubricatiand provide the foundation for model
based design of new axial piston pumps. Yet no inalevithout limitations and
boundaries. Numerically, tradeoffs between computat cost and convergence are
necessary. Therefore, this model focused to:

* Predict fluid leakage from the slipper pocket.

» Predict viscous friction during full film lubricain.

* Predict areas and conditions under which mixed/dagnlubrication is likely to

occur.
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By concentrating on prediction of these three faites, the lubrication performance of
any slipper design under any set of environmeiraietiofs can be explored. In developing
this model, numerous original contributions wereassary and in part include:

* In considering pressure deformation of both thppar and swashplate, a fluid
film pressure model capable of accounting for btip and bottom surface
gradients in a cylindrical coordinate system wasived and implemented.
Utilizing advancements in computational techniqaed linear solvers, the fluid
film spatial discretization increased resolutioneov20 times compared to
previous work.

* The dynamic pressure loading of the slipper andskplate causes dynamic
deformation effects. Modeling the resulting transieelastohydrodynamic
deformation squeeze pressure and its impact wagnally introduced in this
work to significantly improve low film thickness Bucation performance
predictions.

 Fixed clearance slipper hold down devices are commo commercially
manufactured axial piston pumps, but were previodsficult to correctly model
in part because of their high stiffness. Usingraplicit micro-motion integration
has overcome this obstacle as well as providingoeerstabilized slipper micro
motion prediction.

* Heating of the slipper and swashplate from numerthesmal sources was
previously not considered, but this heating canehaxa impact on lubrication
performance. A finite element thermal solver wagplamented to consider

temperature gradients inside the slipper and svatghpThe resulting surface
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temperature and thermal deformation fields werglEmliback into the lubrication

model.
The principal unknown driving lubrication perfornganis the fluid film thickness
between the slipper and swashplate. ExperimeritaByis difficult to observe due to high
pressures, a fast moving lubrication domain, arel rtiicro-scale height of lubricant.
Nevertheless, an experimental test rig was builhgusniniature inductive sensors to
directly measure the film thickness between thppsli and swashplate in a minimally
modified axial piston pump. This experimental wovklidated the ability of the
numerical model to predict the impact of desigridezs on the wear and operation of a
slipper design.
Three case studies were included to highlight tbeergial of the numerical model to
drive investigations into the operational limitsaoflesign, the impact of materials choices,
and implementation of model based design. Intetrogaf the complete fluid film and
all corresponding physical attributes is possildmg the model — something not possible
even with the most sophisticated experimental teghes. Using a surrogate modeling
technique a large design parameter perturbationinvastigated to discover the limited
advantageous use of a multi-landed slipper design.
This work has the potential to drive the developmeh tribological parings inside
hydraulic machinery to a model based design apprdaapefully with continued efforts
both in academia and industry, this change carebkzed and future hydraulic systems

can become more clean, efficient, robust and inesipe.
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