Purdue University

Purdue e-Pubs
Open Access Theses

Theses and Dissertations

Summer 2014

Design and development of a novel test method to
measure the slipper / swashplate interface fluid film
in a positive displacement machine
Natalie A. Spencer
Purdue University

Follow this and additional works at: https://docs.lib.purdue.edu/open_access_theses
Part of the Bioresource and Agricultural Engineering Commons, and the Mechanical
Engineering Commons
Recommended Citation
Spencer, Natalie A., "Design and development of a novel test method to measure the slipper / swashplate interface fluid film in a
positive displacement machine" (2014). Open Access Theses. 690.
https://docs.lib.purdue.edu/open_access_theses/690

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.

*UDGXDWH6FKRRO(7')RUP
5HYLVHG 0114 

PURDUE UNIVERSITY
GRADUATE SCHOOL
Thesis/Dissertation Acceptance
7KLVLVWRFHUWLI\WKDWWKHWKHVLVGLVVHUWDWLRQSUHSDUHG
%\ Natalie A. Spencer
(QWLWOHG

DESIGN AND DEVELOPMENT OF A NOVEL TEST METHOD TO MEASURE THE SLIPPER /
SWASHPLATE INTERFACE FLUID FILM IN A POSITIVE DISPLACEMENT MACHINE

)RUWKHGHJUHHRI

Master of Science in Mechanical Engineering

,VDSSURYHGE\WKHILQDOH[DPLQLQJFRPPLWWHH
Ivantysynova
Dr. Monika

Dr. Andrea Vacca

Dr. Qingyan Chen

7RWKHEHVWRIP\NQRZOHGJHDQGDVXQGHUVWRRGE\WKHVWXGHQWLQWKHThesis/Dissertation Agreement.
Publication Delay, and Certification/Disclaimer (Graduate School Form 32)WKLVWKHVLVGLVVHUWDWLRQ
adheres to the provisions of 3XUGXH8QLYHUVLW\¶V³3ROLF\RQ,QWHJULW\LQ5HVHDUFK´DQGWKHXVHRI
FRS\ULJKWHGPDWHULDO
Dr. Monika Ivantysynova

$SSURYHGE\0DMRU3URIHVVRU V BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
BBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBBB
$SSURYHGE\ Dr. David Anderson
+HDGRIWKHDepartment *UDGXDWH3URJUDP

07/08/2014
'DWH

DESIGN AND DEVELOPMENT OF A NOVEL TEST METHOD TO MEASURE THE
SLIPPER / SWASHPLATE INTERFACE FLUID FILM IN A POSITIVE
DISPLACEMENT MACHINE

A Thesis
Submitted to the Faculty
of
Purdue University
by
Natalie A. Spencer

In Partial Fulfillment of the
Requirements for the Degree
of
Master of Science in Mechanical Engineering

August 2014
Purdue University
West Lafayette, Indiana

ii

For my parents and confidants, George and Debi, and my sis and partner-in-crime, Kate,
who never once doubted I could achieve all my dreams and more. Your prayers, calls,
texts, and visits made all the difference. I would not be where I am or who I am without
you; I love you all.
For my best friend and sweetheart, Loren, who gave me the faith to see the light at the
end of the tunnel when I jumped into the challenging yet inspiring regime of fluid power; I
can’t wait to take on the world with you as husband and wife.
Galatians 6:9

iii

ACKNOWLEDGMENTS

First I must thank my advisor, Dr. Monika Ivantysynova, for her inspiring vision
for this project and constant support through the many weeks and questions. Even with
numerous other students requiring attention, Monika always had time to discuss ideas
and the support to make it happen. I was touched by her passion for the field of fluid
power and I hope to carry that same enthusiasm for life and careers with me as I leave
Maha a stronger and more confident engineer.
Second, Andrew Schenk, whose consistent availability and patience throughout
my two years at Maha made all the difference. I so admire your vast wealth of
knowledge and experience and I am very grateful I was able to bring your modeling
results to life on the test rig. I hope all you have learned at and contributed to Maha will
bring you and Desi a long future of happiness.
Third, my many new friends and colleagues at the lab were a constant source of
knowledge and humor, making each day a new adventure. I will miss our cooking
lessons; corn hole disasters (well, that was mostly me); Tasteful Thursday and Friday
Lab Lunches (and sometimes Monday, Tuesday, Wednesday, and Saturday lunches!);
froyo (“fro-jo”) overload, shooting lessons, Wabash 9 visits, and Chumley’s; discussions
of cultures, cats, trolling, or exams; and seeing each of you learn, grow, and improve. I
will always cherish the fun diversity we had as we pushed the boundaries of hydraulics
and I wish you all success upon success as you continue to pursue your PhD degrees
and beyond.

Fourth, the indomitable staff of Maha: Susan Gauger, Anthony Franklin, and
Connie McMindes for their consistent support and friendship. Each of you plays an
important, daily role in the success of all the research at this renowned lab and I will
miss our many interactions!

iv
Fifth, the many people whose expertise assisted this unique and challenging test
rig: Steve Sochowski (Micro-Epsilon America, Director of Sales & Marketing), Martin
Dumberger (Micro-Epsilon America, Managing Director), Marty Boi (MTI Instruments,
Inc. Applications Specialist), Paul Slazas (MTI Instruments, Inc. Product Sales
Manager), David Meyer (Purdue Materials Engineering Labs), Mike Rushmore (Advance
Repair & Machining, Inc. Project Manager/Estimator), Lester Williams I and II (Anita
Machine & Tool, Inc), Randy Replogle (Purdue Chemistry Advanced Machine Shop
Lab), and Stan Harlow (Purdue Agricultural and Biological Engineering IT). I appreciate
the availability and excellence I received from all of these great professionals.
Sixth, I must thank my friends and supporters at NASA Johnson Space Center.
To Bryan Grant (former JSC Co-op Program Coordinator) and John Sims (Expedition
Vehicle Division Chief) for helping me achieve my post-graduate goals while keeping the
door open at my beloved NASA center. And, to Whitney Maples (Communication and
Data Systems Branch Chief) for welcoming me with open arms back to CRONUS.
Seventh, I also cannot forget the consistent efforts of my graduate school
recommendation writers, Dr. Geoffrey Kain (Embry-Riddle), Dr. Cameron Wang
(formerly Embry-Riddle), Mark Sonoda (NASA Johnson Space Center) and Son Nguyen
(NASA Johnson Space Center). With their gracious support through many letters to
many schools and organizations, I am able to finish my formal education with a Master’s
degree, almost two years of “real-world” experience, and no debt. Their mentorship
throughout college and my co-op tours was always welcome and I am forever grateful.
Eighth, I am also very grateful to my degree advisory committee members, Dr.
Andrea Vacca and Dr. Qingyan Chen. Your input was very important and valuable to me
as I completed this comparatively short, but knowledge-rich degree program.
Finally, this work could not have been accomplished without the support of
Purdue University’s Agricultural and Biological Engineering and Mechanical Engineering
departments (special thanks to Dr. David Anderson and Julayne Moser for their
hospitality and warm welcome during the ME visitation weekend that helped me find
Maha), the National Science Foundation, and the Center for Compact and Efficient Fluid
Power. Their dedication to funding fluid power research is remarkable. Thank you!

v

TABLE OF CONTENTS

Page
LIST OF TABLES ........................................................................................................... vi
LIST OF FIGURES ........................................................................................................ vii
LIST OF SYMBOLS........................................................................................................ ix
ABSTRACT ................................................................................................................... xii
CHAPTER 1. INTRODUCTION ...................................................................................... 1
CHAPTER 2. SLIPPER / SWASHPLATE INTERFACE .................................................. 3
2.1. Slipper / Swashplate Interface Basics .......................................................... 3
2.2. Slipper / Swashplate Interface of 130cc Test Unit ........................................ 5
2.3. Previous Slipper / Swashplate Interface Fluid Film Measurements .............. 6
CHAPTER 3. AIMS......................................................................................................... 9
CHAPTER 4. MEASUREMENT DESIGN ......................................................................11
4.1. Sensor Selection .........................................................................................11
4.2. Sensor Specifications and Related Components.........................................16
4.3. Modified Swashplate ...................................................................................19
4.4. Sensor Locations ........................................................................................22
CHAPTER 5. PRELIMINARY TESTING / DESIGN VALIDATION..................................33
5.1. Mini Test Rig Design ...................................................................................33
5.2. Mini Test Rig Experiments ..........................................................................38
CHAPTER 6. FLUID FILM THICKNESS MEASUREMENTS .........................................43
6.1. Measurement Setup ....................................................................................43
6.2. Pump Alterations .........................................................................................50
6.3. Measurement Description ...........................................................................54
6.4. Data Post-Processing .................................................................................55
6.5. Presentation of Results ...............................................................................56
CHAPTER 7. COMPARING MEASUREMENT WITH SIMULATION .............................61
CHAPTER 8. CONCLUSIONS ......................................................................................64
LIST OF REFERENCES................................................................................................65

vi

LIST OF TABLES

Table

Page

Table 4.1. Extrapolated Dielectric Constant of Hydraulic Fluid. ......................................16
Table 4.2. Micro-Epsilon EU05(92) Sensor Specifications. ............................................17
Table 4.3. Micro-Epsilon Measurement System Wiring I/O. ...........................................18
Table 4.4. Sensor Hole Leakage Comparison for Different Gap Heights. ......................21
Table 4.5. Genetic Algorithm Input Parameters. ............................................................26
Table 4.6. Genetic Algorithm Results.............................................................................28
Table 4.7. Genetic Algorithm Penalty Function Input Parameters. .................................29
Table 4.8. Genetic Algorithm Results.............................................................................29
Table 4.9. Chosen Sensor Location Coordinates (See Fig. 4.17 Axis). ..........................31
Table 5.1. Mini Test Rig Sealing Bolt Comparison. ........................................................35
Table 5.2. Circuit Sensors and Accuracy. ......................................................................38
Table 5.3. Dummy Drill Rod Sensor & Wire Leakage Measurements. ...........................39
Table 5.4. Comparison of Measured Sensor Offsets. ....................................................41
Table 6.1. Figure 6.1 Components. ...............................................................................43
Table 6.2. Required Statement of Measurement Parameters per ISO 4409. .................46
Table 6.3. Micro-Epsilon DT3300 Controller Specifications. ..........................................48
Table 6.4. Forces for 3 SAE Steel Grades. ....................................................................53
Table 6.5. Fluid Film Thickness Measurements Operating Conditions. ..........................54

vii

LIST OF FIGURES

Figure

Page

Figure 1.1. Labeled Swashplate-Type Axial Piston Machine Rotating Kit ....................... 1
Figure 2.1. Slipper Free Body Diagram........................................................................... 3
Figure 2.2. Slipper / Piston Connection with Main Pressure and Flow Parameters ......... 4
Figure 2.3. 130cc Unit Ball-End Piston & Socket-End Slipper Section Cut View ............. 5
Figure 2.4. Slipper Base Components (Bottom View). .................................................... 6
Figure 2.5. Hooke & Kakoullis (1981) Swashplate Instrumentation ................................. 6
Figure 2.6. Measurement Setup and Dimensions ........................................................... 8
Figure 4.1. Slipper Path on Swashplate. ........................................................................11
Figure 4.2. Capacitive Transducer Basic Parameters ....................................................12
Figure 4.3. Eddy Current EU05(93) Sensor Scale Illustration ........................................14
Figure 4.4. Eddy Current Sensor Operation Near a Target ............................................15
Figure 4.5. LEFT: Micro-Epsilon Eddy Current Sensor Body Components. ...................17
Figure 4.6. Micro-Epsilon DT3300 Multifunction Controller. ...........................................18
Figure 4.7. 2-Piece Swashplate CAD.............................................................................19
Figure 4.8. Leakage Between Piston and Bushing Parameters for Eq. 4.6. ...................20
Figure 4.9. Brackets for Wire Protection and Anchoring with Installed Foam Strip. ........22
Figure 4.10. Key Parameters for Calculating Circle-Circle Intersection ..........................22
Figure 4.11. Key Cylinder Block and Piston Parameters for Sensor Location ................23
Figure 4.12. Labeled Slipper Base Components............................................................24
Figure 4.13. Physical Swashplate Limits for Sensor Installation.....................................25
Figure 4.13. Swashplate Orientation. .............................................................................27
Figure 4.15. GA Results: Feasible Locations. ................................................................30
Figure 4.16. Slipper Sensor Trace for Optimized Sensor Location.................................30
Figure 4.17. Chosen Sensor Locations ..........................................................................31
Figure 5.1. Mini Test Rig Section View and Labeled Components. ................................33
Figure 5.2. Testing Coupon Design. ..............................................................................35

viii

Figure

Page

Figure 5.3. Mini Test Rig Cut View Showing Curved Wire Slot ......................................36
Figure 5.4. Mini Test Rig Hydraulic Circuit. ....................................................................37
Figure 5.5. Mini Test Rig Setup for Leakage Test. .........................................................38
Figure 5.6. Mini Test Rig Top Plate and Base................................................................39
Figure 5.7. Plot of Measured Film Heights from Mini Test Rig .......................................40
Figure 5.8. Sensor Measurements Using Bronze Targets..............................................40
Figure 5.9. Stylus Profilometer Measured Sensor Offset. ..............................................41
Figure 5.10. Stylus Profilometer Set-up to Measure Sensor Offset in Mini Rig...............41
Figure 6.1. Fluid Film Thickness Measurement Test Rig Hydraulic Circuit.....................43
Figure 6.2. Fluid Film Thickness Measurement Test Rig with Labeled Components......47
Figure 6.3. Eddy Current Sensor Calibrated Boards, Controller, and Wire Setup ..........47
Figure 6.4. Cord Grip Locations in Case & Installed Cord Grip ......................................51
Figure 6.5. Labeled Cord Grip (Trade Size 3/8) Components ........................................51
Figure 6.6. Fitting Diameters (Eq. 6.5). ..........................................................................52
Figure 6.7. Cord Grip Leakage Test using a Hydraulic Hand Pump. ..............................53
Figure 6.8. Sample Data Comparison between Pre- and Post- Smoothing Filter ...........55
Figure 6.9. First vs. Final Measured Revolution for Sensor 1.........................................56
Figure 6.10. Comparison of Single Revolution, Sensor 4 Readings ...............................57
Figure 6.11. Comparison of Single Revolution, Sensor 1 Readings ...............................58
Figure 6.12. Comparison of Sensor Single Slipper Readings ........................................59
Figure 7.1. Mean Slipper Run-In Wear Measurement Using a Stylus Profilometer. .......62
Figure 7.2. Mean Slipper Run-In Wear Profile Trace .....................................................62
Figure 7.3. Measured vs. Simulated Comparison of a Single Slipper .............................63

ix

LIST OF SYMBOLS

Symbol


Area








 




Description

_ 

Rubber Bushing Underside Surface Area



Overlap Area Considering Sealing Land Only



Bolt Thread Area
Overlap Area Between Slipper and Sensor
Genetic Algorithm Bit Value



Capacitance



Distance Between Two Parallel Plates



Outer Diameter of Cord Grip Fitting



Genetic Algorithm Constraint Scaling Factor



Inner Diameter of Cord Grip Fitting



Distance Between Slipper and Sensor Centers



Piston Diameter



Sensor/Wire Diameter

/ 








"#






Inner Diameter of the Slipper Sealing Land
Slipper Diameter
Force
Fluid Film Force on Slipper

$%

Hold-Down Force on Slipper

'(

Viscous Friction Force on Slipper

*

Gap Between Sensor and Plate

&

)(
*
+



Piston Force on Slipper
Centrifugal Force on Slipper
Gap Between Piston and Bushing
O-ring Inner Diameter

Unit
[ ]
[ ]
[ ]

[ ]
[ ]
[]
[ ]

[]

[]
[]

[]

[]
[]
[]

[]
[]
[!]
[!]

[!]
[!]

[!]
[!]

[]
[]

[]

x

Symbol

Description

,

Bulk Modulus of Lubricating Oil

/

Piston Length

/

Genetic Algorithm String Length (Sum of Bits)

/

/ 

Length of Sensor/Wire in the Plate

012

Electric Motor Required Torque

!

Genetic Algorithm Population Size

5

Pressure

0
3

56

58

 ,8 9

4%:

Torque Loss
Hydraulic Unit Shaft Rotation Speed
Maximum Unit Case Pressure
Genetic Algorithm Mutation Rate
Displacement Chamber Pressure

4(

Pocket Pressure

;<

=

;&
?

Leakage Between Sensor and Plate
Leakage Between Piston and Bushing
Radius of Slipper Base

.

.6=
.6

Radius of Sensor Face
Distance from Cylinder Block Center Axis to
Piston Center Axis
Disc Radius

. 

Radius of Swashplate Curve

.

Genetic Algorithm Penalty Multiplier

.

.

BC



Genetic Algorithm Bit Resolution
Sensor Face Radius
Bolt Yield Strength

D

Hydraulic System Temperature

F

Hydraulic Unit Theoretical Displacement

@

H
I6

I<

Measurement Settling Time
Piston Velocity
 

x-Coordinate of Slipper or Sensor Center
Lower Limit of Genetic Algorithm Variable

Unit

[-.]
[]

[]
[]

[!]
[!]
[]

[.4]
[-.]
[-.]
[]

[-.]

[-.]

[//>3]
[//>3]
[]

[]
[]
[]

[]

[>@A]
[]

[]

[5-]
[E]
[A]

[/.GH]
[/A]
[]

[H-.>GA]

xi

Symbol
IJ
K6
L

Description
Upper Limit of Genetic Algorithm Variable

 

y-Coordinate of Slipper or Sensor Center
Swashplate Angle

∆4

System Pressure (Unit Pressure Change)

R

Angle Location in Swashplate “First Quadrant”

Q

S

Dielectric Constant of the Working Fluid
Lubricating Oil Dynamic Viscosity

U

Lubricating Oil Kinematic Viscosity

Z

Average Tension Stress on Fitting

]

Disc Angular Rotation

V

[

Lubricating Oil Density
Shaft Angle

Unit

[H-.>GA]
[]

[° N. %]
[-.]

[/]
[°]

[5- T A]
[ /A]

[WX/Y]
[!/]

[°]

[°/s]

xii

ABSTRACT

Spencer, Natalie A. M.S.M.E., Purdue University, August 2014. Design and
Development of a Novel Test Method to Measure the Slipper / Swashplate Interface
Fluid Film in a Positive Displacement Machine. Major Professor: Dr. Monika
Ivantysynova, School of Mechanical Engineering.

Although robust models of fluid film behavior between the slipper / swashplate
lubricating interface in positive displacement machines have been developed, measuring
this same fluid film thickness to a highly accurate degree inside a relatively unaltered
axial piston unit has never been accomplished until now. A test method was created to
close this gap in available data by measuring fluid film thickness between the slipper and
swashplate in a 130cc axial piston pump. Precise knowledge of the gap height between
the slipper and swashplate at various shaft angle locations during operation provides
critical insight into machine behavior. The design, validation, creation, and
implementation of this novel measurement method will be discussed in detail.
Additionally, sample results from various operating settings taken at steady state
conditions will be presented to provide confidence in the design methodology and
recorded data. Finally, a preliminary comparison is also presented between test rig
results and a precise slipper / swashplate interface prediction model previously
developed at the Maha Fluid Power Center.
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CHAPTER 1. INTRODUCTION

Figure 1.1. Labeled Swashplate-Type Axial Piston Machine Rotating Kit
(Schenk, 2012).

Axial piston machines are one of the most prominent and power-dense types of
hydraulic units. An axial piston machines’ rotating kit is comprised of a cylinder block,
valve plate, pistons, piston bushing (guide), and slippers (shoes) on the end of the
pistons angled on a swashplate, depicted in Fig. 1.1. Multiple piston / slipper assemblies
are arranged on a given pitch radius around the main pump shaft and are encased by a
cylinder block which is connected to the rotating unit shaft via splines. The slippers’
pressing motion on the angled swashplate forces a linear reciprocating motion of each
piston as the kit rotates. This reciprocal motion causes suction of fluid through openings
in the valve plate into the displacement chamber when the distance between the slipper
and block is increasing. Then, as the rotation continues, the distance between the
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slipper and block is decreasing, forcing the piston upward in the block and enabling the
discharge of the working fluid out of the unit through valve plate openings.
The relative motion between the pump rotating kit components is exclusively
sliding in nature (no rolling), so full film lubrication is required to prevent wear
(Ivantysynova & Schenk, 2011). One such lubrication film (located between the slipper
and swashplate) will be measured using the developed testing method presented below.

3

CHAPTER 2. SLIPPER / SWASHPLATE INTERFACE

2.1. Slipper / Swashplate Interface Basics

Figure 2.1. Slipper Free Body Diagram (Schenk, 2012).

There are several forces acting on the slipper (Fig. 2.1) which are important to
understand in the pursuit of measuring fluid film. A piston force (FSK ) acts downward,
pushing the slipper toward the swashplate (which is at an angle β –often represented in
degrees or percent displacement– from horizontal) with a fluid force (Ffz ) acting upward
in opposition. Additionally, due to the rotation of the block on the shaft, a centrifugal
force (FωG ) “pulls” radially outward on the slipper center of gravity. If a hold-down
mechanism is used in the design, a hold-down force (FHD ) increases the downward force
on the slipper, lessening the possibility of the slipper lifting from the swashplate surface.
As the slipper rotates through various shaft angles (φ) at a certain radius, its motion has
forward velocity acting along the x-axis (xG ) which is opposed by a viscous friction force
(FTG ). The proper balance of these forces is critical for both slipper / swashplate
interface operation and unit operation as a whole.
In addition to the macro-type motion discussed above, slippers also exhibit
micro-motion during operation in order to respond to varying external loads. These x-
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and y-rotations and z-translations are on the order of microns and dynamically adjust
during shaft rotation.

Figure 2.2. Slipper / Piston Connection with Main Pressure and Flow Parameters
(Schenk, 2012).

As the force balance of Fig. 2.1 has implied, the slipper / swashplate interface
serves to transmit piston forces to the swashplate while keeping the friction between the
two at a minimum. A slipper consists of at least one land (min. one for sealing, extras for
load-bearing purposes), and a center pocket. The high pressure fluid from the
displacement chamber (flow QG under pressure pDC ; see Fig. 2.2) is supplied to the
slipper pocket (under pressure pG ; see Fig. 2.2) and lubrication gaps through a small
bore in the piston head and slipper body. Some of the flow is lost to leakage, depicted as
QSG in Fig. 2.2. The pocket pressure is always less than the displacement chamber
pressure, but the actual pressure decrease depends on throttle design (Ivantysynova &
Schenk, 2011).
Fluid film thickness in the slipper / swashplate interface varies significantly at
different locations on the swashplate and across varying operating conditions. An
increase in load decreases the gap height, after which, the pocket pressure increases
until the forces are hydrostatically balanced. However, the slipper is not always perfectly
parallel to the swashplate. Tilting moments, for example, cause the slipper to rotate in an
inclined position to the swashplate. As the slippers cannot fully balance the hydrostatic
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forces in this position, additional hydrodynamic forces arise which must be balanced via
micro-motion, as discussed previously (Schenk, 2012).

2.2. Slipper / Swashplate Interface of 130cc Test Unit
The 130cc unit used for fluid film measurements operates at a maximum 450 bar,
3200 rpm, and 104 ˚C. Its reasonably large components provide the necessary space to
embed as many sensors as desired, cost-permitting. Additionally, although fluid film
heights between the slipper / swashplate interface vary at different locations, for shaft
rotation speeds of 1000 rpm and differential system pressures between 100 and 200 bar
(a key measurement range), the fluid film should not exceed 15 µm. Even at the most
extreme conditions (maximum pressure and speed), fluid film should not exceed 40 µm.

Figure 2.3. 130cc Unit Ball-End Piston & Socket-End Slipper Section Cut View with
Approximate Overall Dimensions. Feature Dimensions Not to Scale.
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The unit’s slipper / swashplate interface is comprised of nine ball-end pistons
with concave socket slippers (Fig. 2.3). This ball joint allows the slipper a wider range of
motion to adapt to changing conditions and swashplate angles. Each slipper base (Fig.
2.4) consists of an outer sealing land 8.5 mm wide, a 6.5 mm wide step offset 8 µm
higher than the sealing land (bearing), and a center pocket with 15.5 mm diameter
(balancing).

Figure 2.4. Slipper Base Components (Bottom View).

2.3. Previous Slipper / Swashplate Interface Fluid Film Measurements
As this section will illustrate, the majority of attempts to build a slipper /
swashplate fluid film clearance test rig in the last three decades have involved building

Figure 2.5. Hooke & Kakoullis (1981) Swashplate Instrumentation.

an apparatus that seeks to simulate various positive displacement machine conditions.
However, the research shared in this document attempts to return to a much earlier idea
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to capture the fluid film “in situ” (to examine “in-place” where the activity is occurring; i.e.
inside the machine) for the most accurate and complete picture of film behavior, thus
making maximum machine improvement attainable. Hooke and Kakoullis (1978, 1979,
and 1981) mounted a cluster of 4 displacement transducers (capacitive) in either the
suction or delivery stroke region of 90 and 330cc axial piston units with two directly
underneath the slipper center path, one near the inner radius of the swashplate, and one
near the outside radius of the swashplate (Fig. 2.5). First, the method was simply used
to validate the in-house developed measuring system and produce plots of slipper
clearances (Hooke & Kakoullis, 1978 and 1979). The results were limited by the
relatively low sampling frequency (when compared to pump speed; less than 40 kHz).
With the instrumentation working seemingly as desired, a next-step, published set of
measurements compared clearance to delivery pressure, spin rate, and swashplate
angle (Hooke & Kakoullis, 1981). However, in both cases, no attempt was made to
compare the measurements with any theoretical predictions.
After these initial measurements, Hooke turned his focus to a wide variety of
theoretical considerations, including the effect of surface wear and profiling (Hooke &
Kakoullis, 1983) and tilting couples (Hooke & Li, 1989) on slipper performance.
However, none of these formulations were able to accurately predict a specific number;
the two studies rather focused on determining reasonable ranges.
Although derived and nondimesionalized bearing equations for pressure
distribution, flow, and even clearance were readily available and understood well before
the 1980s (Boyd & Raimondi, 1958), Hooke and Li (1988) and Hooke, Kok, and Li
(1992) felt other factors were missing as they considered experimental validation of
theoretical predictions for slipper fluid films. They placed 3 stationary slippers above a
rotating swashplate to investigate a centrally-loaded scenario (i.e. negligible friction and
centrifugal coupled forces) for varying slipper sealing land widths (2 - 8 mm) in 1988 and
varying orifice size and balance ratio in 1992. Transducers measured the clearance
between the slippers and plate, passing underneath the center of each slipper in order to
capture the leading and trailing edges of the sealing land. Although the measurements
seemed to match theory well, the results were only for a centrally-loaded case.
Then, in 1997, Hooke and Koc again developed a fixed slipper, rotating plate test
rig to measure fluid displacement. They compared measured values to predicted values
calculated using known tribological pressure build-up equations. Although they saw a
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reasonable correlation, the model cannot simply be used to predict fluid film inside a
positive displacement machine however appropriate it is for the simplified test rig.
In a similar style to Hooke and various co-authors, Canbulut et al. (2009)
investigated frictional power loss in the slipper / swashplate interface via a 3 slipper test
unit (Fig. 2.6). Here, the slipper geometry (comprised of a sealing land and a pocket or
cavity) was varied (both the hydrostatic pocket ratio and the capillary tube diameter), as
well as the average roughness of the “slipper plate”, relative velocity, and supply
pressure. The study produced some interesting results; however, the goal was not to
quantify fluid film height but rather to discover the effect of various parameters on power
loss in the interface.

Figure 2.6. Measurement Setup and Dimensions for Canabulut et al. (2009) Experiment.

And, more recently in 2011, Akita et al. created a test rig containing a mounted
slipper outfitted with displacement sensors inside an oil chamber. These sensors had a
500 µm measurement range and a resolution of 0.1 µm. The test rig also used a
pressure transducer, torque meter, and thermocouple to fully characterize measurement
data across all operating conditions (50 to 350 bar pressure, 0 – 1602 rpm, and 30 – 60
°C). Although many of these operating conditions ar e highly appropriate for axial piston
machines, the test rig is still limited in its scope by the simple fact that the slipper and
sensors are outside the machine.
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CHAPTER 3. AIMS

As just discussed, many researchers have attempted to investigate the slipper /
swashplate interface over the past decades, but no comparison between a
comprehensive theoretical prediction and highly accurate, in situ measurement has ever
been published. Although researchers such as Ivantysynova & Pelosi (2008) and
Ivantysynova & Schenk (2011) have developed precise and robust fluid film simulation
models for the interface, a previous lack of available measurement mediums has served
as a significant limitation to model advancement and validation. Although an in-depth
interface model proof is outside the scope of this project, the successful measurement
the fluid film in the slipper / swashplate interface is a critical first step toward the
validation of interface models.
To successfully breakthrough such limitations, a test method was created to
measure the fluid film thickness between the slipper and swashplate interface of a 130cc
axial piston swashplate-type pump. The relatively large unit size (approx. envelope: 23
cm x 22 cm x 28 cm) allowed for the placement of a sufficient number of sensors to
characterize the fluid film across the swashplate. The entire process of developing a
measurement methodology, designing components, selecting sensors and their location
in the swashplate, making small modifications to the original unit, creating a testing
ground for design validation, building the final circuit, calibrating and verifying equipment,
and measuring fluid film will be explained in detail.
Additionally, a set of sample measurements will be displayed as an indication of
the success of the test rig in performing as designed. The measurements were taken at
shaft speeds of 1000 and 2000 rpm and system pressure up to 350 bar. The working
fluid was kept to 51 ± 1˚C to match steady state measurement requirements. Each
selected sensor has a measurement range up to 200 µm, accurate to 0.1 µm, which was
more than sufficient for the expected maximum fluid film of 40 µm.
Great care was taken to minimize alterations to the original unit to preserve
behavioral and fluid film measurement integrity. Six sensors embedded in the pseudo-
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original swashplate (alterations explained in Section 4.3; although the “footprint” is nearly
identical to the original) were selected and placed to gather important fluid film height
data and provide a trustworthy and repeatable in situ measurement.
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CHAPTER 4. MEASUREMENT DESIGN

Figure 4.1. Slipper Path on Swashplate.

4.1. Sensor Selection
A unique sensor was required in order to measure the fluid film thickness
between the slipper and swashplate of a fully-operational machine. Figure 4.1 illustrates
the general motion of the slippers as they rotate above the swashplate. The path radius
(r in Fig. 4.1) is determined through the following slipper center coordinate equations
(Ivantysyn & Ivantysynova, 2002):

I _  .6= T sin [
K_

.6= T cos [
cos L

(4.1)
(4.2)

where rblock is the radius of the block (just under 47 mm for the 130cc unit), φ is the shaft
angle (see Fig. 2.1), and β is the swashplate angle (see Fig. 2.1).
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These fine adjustments to sensor path indicate that a small sensor face is best
for capturing fluid film behavior across the full range of pump displacement. Additionally,
the sensors must be as unobtrusive as possible in order to have the most accurate

representation of machine behavior and operation. Altering pump components to
accommodate each sensor could interfere with fluid film behavior and is best avoided.
Various types of inductive and optical sensors were considered and eventually
rejected due to their relatively large size and inability to operate under the expected

machine temperatures and pressures. They also would not provide the extremely small
resolution required. For less demanding conditions, however, many researchers,

including Cameron and Gohar (1966), were able to use optical methods such as
interferometry to characterize lubrication shape and behavior between contacts.

Ultrasonic sensors have also been used successfully for film thickness
measurements, as in the condensing fluid film work by Shear (2005) and the ball bearing
lubrication research by Drinkwater et al. (2005), but accomplishing exact, perpendicular

positioning at various locations without any other pump elem
element’s
ent’s interference presents
a significant challenge. Perhaps the key limitations, however, are found in desired

measurement resolution or sampling rate. Shear’s ultrasonic transducer measurement
system offers a 35 µm resolution at best and is most accurate for films above 500 µm,

as opposed to the desired 0.1 µm resolution for less than 50 µm range of this project.
And, although the ultrasonic sensor used by Drinkwater et al. has sufficient resolution, it

which
ich is much too low for the
is limited by a maximum 20 kHz receiver frequency wh
measurement conditions of this positive displacement machine (see Section 6.1 for
sampling rate equations).
Capacitive sensors were investigated for some time for this test rig as the
seemingly most compact, yet robust and accurate, sensor type. Several researchers

Figure 4.2. Capacitive Transducer Basic Parameters (MTI, 2013).
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have effectively used capacitive-type sensors for fluid film measurements in the past
including El-Sisi & Shawki (1960); Astridge & Longfield (1967); Hooke & Kakoullis
(1979, 1981), and Sherrington & Smith (1986).
This earlier research had measurement techniques limited by factors such as the
lack of electrically-conductive additives in oil, variations in oil film thickness, contact
wear, too-large sensors, insufficient resolution, and short measurement range. However,
technological and experimental equipment advances later addressed many of these
concerns, giving modern researchers such as Furuhama et al. (2000) and Donahue et
al. (2001) the ability to thoroughly investigate what their predecessors could not.
In some applications, this sensor type is inconvenient as it demands being
embedded in an insulator; but in a pump, the largely steel material provides reasonably
ample mounting options. The smallest capacitive unit discovered boasted an accuracy of
up to ±0.05 µm with an overall diameter less than 3 mm and length of less than 10 mm.
Capacitive sensors operate similarly to a two-parallel-plate capacitor where capacitance
is known to be:

_

Q


(4.3)

where A is the area of the plate, ε is the dielectric constant of the fluid in-between the
plates, and D is the distance between the plates (Fig. 4.2). Therefore, since A and ε are
constant at any given moment, when the sensor provides a capacitance reading, the
distance can be solved.
For circular-faced capacitive sensors, the equation can be restated more
explicitly:

_

Qd. 


(4.4)

where r is the radius of the sensor face. Again, the capacitance value given by the
sensors can be used to back-calculate the distance or height of the fluid film between
the sensor face and the slipper land(s).
These sensors operate by applying voltage to the sensor tip which creates an
electric field between the tip and a surrounding conductive material (in this case, the
steel swashplate). It is absolutely critical for accuracy that the electric field be
perpendicular to the target surface. Additionally, a sensor guard ring at an identical
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phase and voltage potential of the sensor prevents the sensing field from distortion by
drawing outer field lines away (MTI, 2013).
The raw capacitive sensor data is fed through an amplifier and output as voltage.
A simple post-processing step of multiplying by a determined constant can convert the
voltage to desired distance data.
Although Dhar (2013) quite recently and successfully measured the fluid film
inside a gear pump positive displacement machine with capacitive sensors, he used a
relatively large sensor with built-in body threading for embedding. However, for this
swashplate-type positive displacement machine research, repeated issues with stiffness
and subsequent breakage of the spatially-required radially outward capacitive sensor
wire required another search. A Micro-Epsilon EU05(92) eddy current sensor (Fig. 4.3)
was selected which was rated to far above expected pump temperature and pressure
(unlike the capacitive sensor which had an unknown ability to withstand the high pump
system pressures). Additionally, the sensor body and flexible sensor wire were
significantly smaller than that of the smallest capacitive sensor on the market.

Figure 4.3. Eddy Current EU05(93) Sensor Scale Illustration (Micro-Epsilon).

Eddy current sensors are based on an induced magnetic field generated by
supplying an internal coil with alternating current. “Eddy currents” form when an
electrically conductive object is placed inside a magnetic field (Carter, 2010). For this
test rig, the non-ferrous mounting material (1018 steel in Mini Test Rig and 4140 in final
unit measurements) surrounds the sensor, while the ferrous target object (bronze
slipper) has induced eddy currents which quantifiably interfere with the coil’s magnetic
field. This interference causes a measurable change in coil impedance (National
Instruments, 2013). Impedance is defined as a measured opposition of an electrical
circuit to an applied voltage. The existence of this “applied voltage” in an eddy current
sensor can be explained by Faraday’s Induction Law which states that an
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electromagnetic force (voltage) will be induced in a circuit (coil) if the flux (magnetic field)
is altered in any manner (Carter, 2010). In this case, the change to the magnetic field is
caused by the ferrous slipper’s interference.
Eddy current sensors are often used for detecting flaws or unwanted variations
as a Nondestructive Evaluation (NDE) technique. However, they are also well-suited to
measuring the distance between a sensor face and a ferrous target if properly calibrated.
Figure 4.4 below illustrates the basic operation of an eddy current sensor:

Figure 4.4. Eddy Current Sensor Operation Near a Target (Victor Aviation, 2014).
a) the coil’s induced magnetic field has no interference; the sensor displays “off-scale high”
b) the coil’s induced magnetic field is creating eddy currents on the target material surface; the
sensor is shown in the exact instant before registering the target
c) the coil’s induced magnetic field and the target material’s eddy currents are interfering with
each other and coil impedance has changed; the sensor records the change in voltage and
converts the information to distance

When compared to using a capacitive sensor for this hydraulic test rig, eddy
current sensors are more robust, compact, and versatile. They are more versatile due to
their ability to induce eddy currents on a target regardless of temperature and pressure
(pressure is explicitly proven in Chapter 5). Additionally, eddy current sensors are not
affected by the medium between themselves and the ferrous target. Conversely,
capacitive sensors calculate distance using the dielectric constant (see Eq. 4.3), which is
entirely based on the working fluid, which changes with temperature in a known
relationship and possibly with pressure in an unknown relationship.
Mineral oil is the base most often used in industrial hydraulics like this 130cc
positive displacement pump. The dielectric constant of mineral oil is generally given to
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be between 2.1 at 200 °C and 2.3 at 50 °C (Bronshte in et al., 1977). From this data, we
can find a trend line and solve for expected values:

K _ 0.0013I i 2.365

(4.5)

where y is the dielectric constant and x is the temperature in °C.
Table 4.1. Extrapolated Dielectric Constant of Hydraulic Fluid.

Temperature (°C)

Dielectric Constant, ε

Room / Ambient, 20-25

2.339 – 2.333

Pump Steady State, 49-53

2.301 – 2.296

Max Pump Condition, 115

2.216

As shown in Eqs.4.3 - 4.4, having an accurate dielectric constant is critical to
solving for fluid film height using the capacitive sensors. Since the pump operates
between 49 – 53 °C at steady state conditions, assu ming a dielectric constant of 2.3 is a
reasonable approximation (based on Eq. 4.5 and shown in Table 4.1). Although the
value does not vary greatly and the above extrapolated values could be used in postprocessing, there is still uncertainty in how the dielectric constant changes with pressure,
making capacitive sensors a second choice to eddy current sensors.

4.2. Sensor Specifications and Related Components
The Micro-Epsilon eddy current sensors used to take novel fluid film
measurements were found to be the smallest available on the market. The EU05 model
sensor envelope is a maximum 5.15 mm tall with an outer diameter no greater than 2.95
mm (shown in Fig. 4.5 below). Even at this minimized size, the sensor also offers
incredible pressure and temperature ratings and a resolution of 0.1 µm in its 0-400 µm
measurement range (Table 4.2). The sensor also has a built-in o-ring to aid in sealing.
Simulations (see Chapter 7) predict the fluid film measurements of interest will be
recorded as less than 40 µm. Additionally, there will be an offset from the swashplate
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surface and the sensor face of up to 150 µm. Thus, the sensor range is appropriate for
this application.

Figure 4.5. LEFT: Micro-Epsilon Eddy Current Sensor Body Components.
RIGHT: EU05(92) Unshielded Sensor Dimensions.
Table 4.2. Micro-Epsilon EU05(92) Sensor Specifications.

Parameter

Value (Unit)

Maximum Resolution

0.1 µm

Calibrated Measurement Range

0-400 µm

Maximum Pressure

2000 bar

Temperature Operating Range

-40 to 200°C

Temperature Stability

0.015% / °C

Each sensor’s flexible (39 mm bending radius), 0.5 mm dia. wire (~24 gauge) is
soldered to a 3 m long cable which directly inputs to the DT3300 Multifunction Controller
(“SENSOR” port in Fig. 4.6 below). The controller conditions and linearizes the sensor

signals for the user using an integrated micro-controller. A power supply with output ±12
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VDC and 5.2 VDC is plugged directly into the DT3300 Controller (“IN/OUT/24V IN” port
in Fig. 4.6) which also serves to power the sensor. Finally, the analog I/O cable delivers
the signal to a NI cDAQ 9205 module with 12-bit card to a standard Windows desktop
computer running Labview. Further explanation of the system wiring is in Table 4.3.
Finally, the creation and display of the Labview file as well as signal processing
considerations are explained in more detail in Chapter 6.

Figure 4.6. Micro-Epsilon DT3300 Multifunction Controller.
Table 4.3. Micro-Epsilon Measurement System Wiring I/O.

Connecting Component

EC3/1 Sensor Cable

PS300/12/5 Power Supply

SCA3/5 Analog Signal Cable

I/O Information (1- Input, 2- Output)

1- EU05(92) Sensor Wire
2- DT3300 Controller (triaxial
straightline male connector)
1- Electric Wall Outlet
2- DT3300 Controller (7-pole
female)
1- DT3300 Controller (8-pole
female)
2- NI 9205 DAQ Board Analog Input
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4.3. Modified Swashplate

Figure 4.7. 2-Piece Swashplate CAD.
Top Plate- Blue; Base- Green; Wire Bracket- Gray.
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Even with a viable choice of sensor, another “barrier” to test rig design remained:
determining the proper location and layout of the sensor wires. A special two-piece
swashplate design (Fig. 4.7) was selected to allow for wire grooves (slot exit hidden from
view by wire bracket) in the bottom half while preserving maximum surface area in the
top half. The top piece of the swashplate was simply modified by the addition of small,
counterbored holes for the sensor and its o-ring. Additionally, four #10-32 bolts sit in
corresponding corners, used to securely attach the two components. Even with the builtin o-ring of the eddy current sensor body, any added hole or slot presents a leakage
potential (especially under high pump pressures) which needs to be minimized.

Figure 4.8. Leakage Between Piston and Bushing Parameters for Eq. 4.6.

The equation for leakage between the piston and bushing, for example, is:

;& _

d= *=Y
d= *= H=
∆4 
12S/=
2

(4.6)

where dK is piston diameter, hk is the gap between piston and bushing, µ is the viscosity
of the lubricating oil, lk is the piston length, ∆p is the change in pressure in the pump,
and vk is the piston velocity (Ivantysyn & Ivantysynova, 2002).
Modifying Eq. 4.6 to model the sensor hole, and assuming the sensor is
stationary (vk -> vsensor = 0; second term goes to 0), gives:
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where dsensor is the sensor diameter, hgap is the gap between the sensor and the plate, µ
is the viscosity of the lubricating oil, lsensor is the length of the sensor in the plate, and ∆p
is the change in pressure in the pump.
Considering several possible values of the hole diameter and maximum
differential pressure (∆p = 350 bar):
Table 4.4. Sensor Hole Leakage Comparison for Different Gap Heights.

Gap (hgap, µm)

Leakage (l/min)

10

0.07

20

0.58

30

1.95

40

4.61

50

9.01

Clearly, the potential for large amounts of leakage is high with only a small
change in the sensor and hole clearance at this high pressure. During research for the
straight-body capacitive sensor, an adjustable needle lap was to be the sole contributor
to creating a tight fit, but the process proved inconsistent. Applying diamond compound
to the lap and using a drill press to keep the lap axis aligned with the hole axis still
“jumped” between not fitting and providing too loose of a fit. Although this method would
have perhaps been useful for tailoring individual holes to individual sensors, the already
built-in o-ring on the eddy current sensor body proved to be much more effective. The
tight fit between the sensor body and the top swashplate component holes provided by
the o-ring promised a much less leakage-prone swashplate design.
As a final modification, a bracket with foam lining was added to each side of the
swashplate to protect the wires leaving the swashplate and mitigate a dangerous tension
point between the sensor body and sensor wire (Fig. 4.9).
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Figure 4.9. Brackets for Wire Protection and Anchoring with Installed Foam Strip.

4.4. Sensor Locations
A critical consideration for the success of the test rig measurements was
determining the best number and location of sensors. The solution to this problem is a
complex combination of understanding the dynamics of the rotating kit (including the
reciprocating motion of the piston and its attached slipper/shoe), the fluid flow within the
pump, and the mathematics describing the intersection of the dynamic slipper and the
static sensor.

Figure 4.10. Key Parameters for Calculating Circle-Circle Intersection
(Slipper / Sensor Intersection) Area.

Perhaps the most useful way to determine the “best” location of sensors in this

test rig is to solve for the amount of time during a full shaft revolution m0 n [ n 360 o

that a sensor provides viable readings. A mathematical equation for the intersection of
two circles is used as the basis for such a value (Weisstein, 2014):
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where r is the radius of the sensor, R is the radius of the slipper, and d is the
distance between them (see Fig. 4.10 above).
Solving for this distance involves the simple Pythagorean Theorem where the
locations of the center of a slipper (dynamic) and sensor (static) are required:
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(4.9)

Figure 4.11. Key Cylinder Block and Piston Parameters for Sensor Location Optimization.
Note that the “K” subscript conventionally refers to the piston and ODC, Outer Dead
Center, is the location where φ = 0° for a designated piston.

Note that Eq. 4.9 is used for a single sensor with a constant location and a
single slipper at various degrees of a shaft revolution. Recall from Eqs. 4.1-2 that the
center of each slipper depends on swashplate angle, block radius, and shaft angle (Fig.
4.11).
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Next, notice that solving for 

 

provides a total overlap area over a single

Figure 4.12. Labeled Slipper Base Components.

shaft revolution where any part of the sensor is underneath any part of the slipper.
However, only the sealing land portion of the slipper can fully illustrate main slipper
functions of both fluid sealing and load bearing. The sealing land is shown as a blue ring
in Fig. 4.12. Therefore, the above equations can be used to solve for the overlap area for
the sealing land alone:
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A more useful term to describe desired sensor readings was created known as
Degrees of Prime Sensing (DoPS). DoPS is the percentage of one shaft revolution that
an individual sensor is recording across its entire face the fluid film height of the sealing
land:
Yuv°
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(4.11)

Of course, using these equations to find the sealing land overlap area for every
possible sensor location across the entire swashplate would take an incredible amount
of computing time and cost. Instead, an optimization technique known as a Genetic
Algorithm (GA) was used to provide the prime location.
The GA is a type of heuristic search algorithm which can greatly speed
optimization time while still providing confidence in results. Its chief goal is to minimize or
maximize a certain user-defined objective function. A GA creates a population of
possible candidate solutions and alters and evaluates them iteratively. Once a certain
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user-defined “fitness test” has been satisfied, the current candidate solution becomes
the actual solution of the run (Crossley & Williams, 1998).
In this case, the problem statement is to maximize the DoPS for a single sensor.
The complement to this goal is to minimize 1 – DoPS which is a more typical approach
in optimization. Therefore, the optimization problem can be stated as:
Minimize:

fmxo _ 1  DoPS

(4.12)

With Design Variables (3):
β [%, x, and y, [mm.
Although not seen at this fully derived level of DoPS and f(x), DoPS depends on
all three design variables (see Eqns. 4.8-12). This objective function is subject to several
constraints:

0  n |I6
I6

 ,



 ,



 0 

i K6
-3

 ,

K6



n 60 ,

 ,



 0 .

(4.13)
(4.14)

These values act as a loose constraint for the swashplate face; many sensor
locations in this region would be infeasible. To better define the feasible region, it was
necessary to consider the geometric constraints of installing sensors. Simply put, the
sensors cannot be placed outside the physical limits presented by the swashplate
geometry. The swashplate has surface shaping that requires careful consideration of the
top and bottom surface where each sensor is supported. For example, the central cut-out

Figure 4.13. Physical Swashplate Limits for Sensor Installation.
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hole for the machine shaft is a perfect circle from what Fig 4.13 shows as the “top side”,
however, when the swashplate is cut in two for the sensor support structure (see Section
4.3), an oval shaped limit is introduced. Together, these limits are combined to make the
true inner limit of the sensor placement as shown in Fig. 4.13.
The equation for finding the elliptical swashplate underside limits (green curve in

Fig. 4.13) comes from the measured knowledge of “a” and “b” where xmθo _ acosmθo and

ymθo _ bsinmθo. The sensor also cannot physically be placed AT the limit or the hole would
not be complete. Therefore, a buffer of 2.5 mm (safely larger than sensor radius) must be
included as well.
These requirements can be written as follows for the GA:

X _1
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or X _ 1  
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(4.15)
(4.16)
(4.17)
(4.18)
(4.19)

Table 4.5. Genetic Algorithm Input Parameters.

Parameter

Number of Bits Per Variable

Swashplate Angle Bit Resolution

Derivation

Value

swashplate angle

1

sensor x-location

9

sensor y-location

9

IJ  I<
. _ 
m2   1o

25%
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Table 4.5. Continued.

Sensor x- and y- Coordinates Bit
Resolution

IJ  I<
. _ 
m2   1o

0.1174
mm

Bit String Affinity Value

-

0.9

Population Size

! _ 4/

76

Probability of Crossover

Mutation Rate

uniform crossover = 50%; encourages
exploration

58 _ m/ i 1o/m2! /o

0.5

0.0066

Figure 4.14. Swashplate Orientation.

Using the Genetic Algorithm for this optimization problem is the perfect tool due
to the need for multiple design variables and their interdependency on each other. The
constraints are nonlinear which is easily enforced by GA. Additionally, controlling bit
resolution gives the ability to minimize computational cost while getting a desired level of
accuracy.

28
The results for bit resolution were set up for key reasons. First, the swashplate
angle must have a resolution of 25% since actual steady-state pump measurements will
only be taken at 25% increments between 25% and 100%. As for the sensor x- and ycoordinate bit resolutions, typical machining tolerances are +/- 0.127 mm. Since the
resolution is reasonably close to this limit, we can ensure that the best possible and
feasible locations have been identified but the resolution is not wasting computing time.
The calculations for population size and mutation rate represent guidelines
established by Purdue researchers (Crossley & Williams, 1998). These equations work
well for desirable uniform crossover and tournament selection behavior. To achieve
uniform crossover, the probability of crossover was set to 50% while the bit string affinity
percentage was set to 90%, deemed to be a sufficient representation of the convergence
of the population with an acceptable computation cost (Crossley et al., 2004). The lower
and upper bit limits serve as a loose constraint forcing the optimized sensor to be placed
in the first “quadrant” of the swashplate. Since the swashplate has four identical
“quadrants”, it was not necessary to consider all 360 degrees. Both the x- and ycoordinates are positive only from 0 to 90 degrees (seen in Fig. 4.13). To impose the
final geometric constraints, g(x) (nonlinear constraints) is set inside the function as
dependent on the sensor’s polar coordinate radius as discussed in Eqns. 4.17-4.19.
The Genetic Algorithm was run four times to investigate results:
Table 4.6. Genetic Algorithm Results.

Pop.

Mutation

Fcn.

Size

Rate

Evals.

Run
1
Run
2
Run
3
Run
4

80

¤T

¤T

Part 1:

Part 2: Sensor

β [%]

Loc.[mm]

3,200

75

§

2,720

25

§

2,320

25

§

3,280

100

§

0.0066

16.086
©
31.820
28.298
©
19.961
33.581
©
8.337
17.613
©
31.820

¥m¤T o[°

¦m¤T o

-51.055

0.0445

-51.500

-0.0822

-51.500

-0.0813

-51.322

0.0178
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The global minimum appears to be -51.500, found at 25% displacement in Runs
2 and 3. Table 4.6 shows an interesting trend where the higher swashplate angles (i.e.
75-100%), provide infeasible x* values and unsatisfied constraints (colored red in Table
4.6 above; a non-negative g(x*) represents an unsatisfied constraint). In order to
overcome this behavior, a penalty function can be applied. Penalty functions are used to
create appropriate fitness functions to enforce constraints and require certain userselected parameters to be applied:
Table 4.7. Genetic Algorithm Penalty Function Input Parameters.

 _ 10

Constraint Scaling Factor

. _ 100

Penalty Multiplier

¡z

5 m¤o _ p  «max [0, X mIo¬

Penalty Function

yr

 _ ®m¤o i . 5 m¤o

Pseudo-Objective Function

The penalty multiplier was found by incrementing from 0 until results were
reasonable. With the new pseudo-objective function coded (a combination of the
previous optimization and the penalty function), the same GA was run multiple times.
Two key runs are displayed below in Table 4.8:
Table 4.8. Genetic Algorithm Results.

Pop.

Mutation

Fcn.

Size

Rate

Evals.

Run
1
Run
2

80

¤T

¤T

Part 1:

Part 2: Sensor

β [%]

Loc.[mm]

3,120

50

§

2,720

25

§

0.0066

32.877
©
10.920
32.290
©
12.446

¥m¤T o[°

¦m¤T o

-51.055

-0.0826

-51.500

-0.0814
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With the penalty function enforced, the results repeatedly settled on the lower
swashplate angles (25 and 50%) while achieving feasible x* and the global maximum.
As Fig. 4.16 illustrates, the GA most often found optimized locations in the range
pictured in yellow. Taking Run 1 values and animating the slipper motion provided an
interesting trace (Fig. 4.15).

Trace
Figure 4.15. Slipper Sensor Trace for Optimized Sensor Location.

According to the GA results, the best locations for a sensor are to be
approximately tangent to the outer step diameter (Fig. 4.15). In other words, the sensors

Figure 4.16. GA Results: Feasible Locations.

were able to make the longest recording sweeps of the sealing land because of their
tangency. The fact that the optimized locations were relatively close to the origin also
rings true because of dynamics: a rotating disc experiences a slower linear/tangential
velocity closer to its origin.

/>3G-. A4GG _ .6 T ]

(4.20)

where r is the radius of the disc and ω is the angular velocity of the disc.
Therefore, the sensor is able to read more information at the same sampling rate when
placed closer to the origin rather than on the “outskirts”.

31
Although the best location (as described by highest DoPS) has been clearly
resolved, a number of additional locations were chosen to include a wider representation
of fluid film behavior across the swashplate (Fig. 4.17).

Figure 4.17. Chosen Sensor Locations with Top Swashplate Component Orientation and
Alteration Descriptions.
Table 4.9. Chosen Sensor Location Coordinates (See Fig. 4.17 Axis).

Sensor

x-Coordinate (mm)

y-Coordinate (mm)

1

32.35

13.25

2

25.20

-25.20

3

42.95

-42.95

4

-32.35

-13.25

5

-54.96

-22.57

6

-25.20

25.20

Sensors 1 and 4 were chosen as a result of the GA optimization technique.
Although Table 4.8 shows two different locations as optimal (in reality there are many
more), this is actually illustrating a region that provides the same DoPS. Since this is the
case, the locations for sensors 1 and 4 were selected in this region. Sensors 2 and 3 are
placed at 45 degree angles to capture the transition experienced by the fluid before and
after Inner Dead Center (IDC; see Fig. 4.17). Sensor 6 is placed after Outer Dead
Center (ODC; see Fig. 4.17). And, sensors 3 and 5 were placed radially outward at the
highest DoPS position from sensors 2 and 4, respectively. Having these two pairs of
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sensors allows for the collection of data on the tilting behavior of the slipper which is
more pronounced near IDC. Admittedly, certain aspects of these sensor placements are
inherently arbitrary, but the selected combination of locations will provide a wide range of
fluid film behavior for the slipper / swashplate interface.
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CHAPTER 5. PRELIMINARY TESTING / DESIGN VALIDATION

5.1. Mini Test Rig Design
A “Mini Test Rig” (overall dimensions: 88.9 mm x 88.9 mm x 94 mm) was
designed to enable preliminary testing of many relevant elements such as sensor
capabilities, leakage, and machining accuracy. Because swashplates are difficult and
expensive to replace, having a test bed for finding and solving potential issues before
sensors were embedded in the final test rig was a necessary precaution. Additionally,
the Mini Test Rig allowed for confirming technical specifications and investigating
possible measurement error sources.

Figure 5.1. Mini Test Rig Section View and Labeled Components.

Mini Test Rig: Top & Sealing
The top of the mini test rig provides an inlet and outlet for the high pressure
hydraulic fluid as well as an open cavity to fit a calibrating coupon and provide equal
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pressure across the plate and coupon surfaces. Additionally, a N0552-90 o-ring chamfer
(pictured as tiny slots in Fig. 5.1) is present on the underside of the top component to
seal the rig and ensure pressure build-up. The main block sealing bolts are torqued shut
against the top. The bolts were chosen for a factor of safety of 5.1 because the price and
availability allowed for such caution. To determine the necessary bolt size, begin with the
classical relationship for force, pressure, and area and expand for a sealed o-ring area
and 4 bolt situation:

 _ 5 _ 5

d+ 
4

(5.1)

where F is the force pulling the mini test rig components away from each other, P is the
maximum pressure the test rig will experience, A is the sealed area experiencing the
pressure and force of the hydraulic fluid, and ID is the inner diameter of the region
sealed by the o-ring.
Each bolt, then, must be able to withstand the calculated force divided by 4. For
a system with maximum differential pressure of 350 bar,

1 50.06  
±
d
¯
q°
2 ±
 _ 5 _ 350 -. 10 -.
_ ²³, ´³µ ¶/·¸¹º.
4 N/@A
¯

(5.2)

Information for standard bolt capabilities is often given in yield strength. To
determine the factor of safety (FOS), slightly change Eq. 5.1 to relevant bolt values:

 _ BC 

(5.3)

where Sy is the bolt yield strength and At is the bolt thread area (Juvinall & Marshek,
2006). Two common bolt sizes with three common grades each were compared to find
the best factor of safety for a reasonable cost (Table 5.1). As mentioned above, since
the ¾” UNF – SAE 5 provided a low cost option with a high FOS, it was selected.
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Table 5.1. Mini Test Rig Sealing Bolt Comparison (Juvinall & Marshek, 2006).

Size & Grade

Sy (MPa)

½” UNF – SAE 1

248.2

½” UNF – SAE 2

393.0

½” UNF – SAE 5

At (m2)

F(N)

F.O.S.

23,435

-!!!

40,479

1.6

634.3

60,364

2.4

¾” UNF – SAE 1

248.2

48,918

2.0

¾” UNF – SAE 2

393.0

84,495

3.4

¾” UNF – SAE 5

634.3

126,002

5.1

0.000103

0.000215

Mini Test Rig: Sensor Targets

Figure 5.2. Testing Coupon Design.

Two main sensor targets were used to test sensor distance readings. First, a
bronze coupon with no offset from the top plate was used to test the variation of fixed
distance readings over the range of pump pressures. The coupon is a 25.4 mm square
piece of surface-finished bronze with 2 bolt holes for attachment and 2 pocket holes for
easier flow of fluid to the underside (Fig. 5.2). A completely flat coupon (as-machined)
should provide a near-zero micron reading from the sensor (after the offset of the sensor
from the plate is subtracted).
Second, the readings given by an actual slipper over the target were compared
to the measured offset using a stylus-type profilometer. The results for both target
studies will be compared after more details of the Mini Test Rig are explained.
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Mini Test Rig: Plate
A 5.2 mm-thick plate simulates the top half of the swashplate in the Mini Test Rig
block. The plate has 4 sealing bolt holes, 2 coupon bolt holes, and a through hole in the
middle for the sensor. Both faces of the plate have a machined finish to aid in horizontal
alignment and sealing. As discussed in Section 4.3, preliminary tests showed a great
deal of leakage for slight increases in hole clearance, an o-ring chamfer was placed on
the underside.

Mini Test Rig: Base & Static Analysis

Figure 5.3. Mini Test Rig Cut View Showing Curved Wire Slot. See Fig. 5.1 for Labels.

Finally, the mini test rig base houses the sensor and o-ring assembly (see Fig.
4.4), sensor wire slot, and threaded holes for both the main sealing bolts and the coupon
bolts. A small hole allows for wire escape while still supporting the sensor base.
Additionally, a finite element static analysis was done on the plate and base of
the test rig. The base and main sealing bolts were considered as fixed. The connection
between the plate and base and sensor and base were treated as “welded” surfaces.
With 350 bar uniform pressure applied to the o-ring ID area of the top of the plate, the
results show the steel plate material just surrounding the sensor has a slightly higher
deformation compared to the sensor itself. This is the type of value of interest because
the difference between these two surfaces is the true offset which must be accounted for
in fluid height calculations during coupon calibration. For example, if the sensor is
measured to be 5 µm below the plate surface, and the deformation around the sensor is,
for example, 0.3 µm, 0.3 should be added to the offset value as a potential error source
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due to deformation. The final fluid film thickness value from the sensor, then, would be
the recorded value minus 5.3 µm. This is only true for the mini test rig for several
reasons including the fact that the steel used in the swashplate design is much harder
than the mini test rig’s steel. Still, illuminating possible error sources was one way the
mini test rig was utilized to validate sensor capabilities.

Mini Test Rig: Hydraulic Circuit
Once all the mini test rig components are in place and sealed, hydraulic fittings
and hoses connect the block to the rest of the circuit (see Fig. 5.4). An electric motor
powers a 130cc pump which produces flow through a sensor block containing a
pressure transducer, thermocouple, and flow meter. Next, the flow continues through the
mini test rig and a throttle before returning to tank post-filtering. A pressure relief system
is also in place and can be varied based on desired system pressure. To begin any test,
the throttle is closed to allow for pressure build-up in the mini test rig. By altering the
throttle and pressure relief valve positions, a variety of pump conditions can be
simulated at steady-state values.

Figure 5.4. Mini Test Rig Hydraulic Circuit.
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Table 5.2. Circuit Sensors and Accuracy.

Sensor Type

Output

Final Unit

Measurement
Accuracy

VSE VS
Series Flow
Meter

Flow Rate

LPM

±0.3% of
Measured

Keller Series
21 Pressure
Transducer

System
Pressure

bar

±0.5-1.0% of
Range

E

±0.75% of
Range

Omega
Fluid
K-Type
Temperature
Thermocouple

5.2. Mini Test Rig Experiments
Experiment 1: Leakage Test
For preliminary leakage tests, a mock sensor was used (drill rod). The diameter
of the drill rod “sensor” fit loosely in the swashplate hole so the leakage flowing out the
wire slot (located where the white wire meets the mini test rig body in Fig. 5.5) was
approximated through the use of an oil pan and scale. Even at low pressures of < 100
bar, significant leakage was observed (Table 5.3). The gap between the “sensor” and
swashplate hole was calculated to be 30.5 µm (Eq. 4.7). This again confirmed the eddy
current sensor’s built-in o-ring as a necessity to minimize leakage.

Figure 5.5. Mini Test Rig Setup for Leakage Test.
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Table 5.3. Dummy Drill Rod Sensor & Wire Leakage Measurements.

Differential
Pressure
[bar]

Flow Rate
[l/min]

Leakage
[l/min]

35

0.36

0.20

70

0.76

0.41

100

1.10

0.59

Calculated
Circumferential Gap
[µm]

30.5

Experiment 2: Eddy Current Sensor, Flat Coupon

Figure 5.6. Mini Test Rig Top Plate and Base with EU05(92) Sensor and Coupon Installed.

Next, as a sensor validation test, an eddy current sensor was placed in the mini

test rig with a flat bronze coupon attached above. The measured fluid film height was
recorded at 50 bar intervals over the expected range of the final test rig hydraulic pump
pressures. The sensor performed in a consistent and accurate manner, varying only 1
µm between 50 bar and 350 bar (Fig. 5.7). Furthermore, this difference is likely unrelated

to sensor accuracy, but rather due to the deformation of the coupon and/or mini rig plate
toward each other, slightly lessening the distance between the sensor and coupon.
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Certainly, further Finite Element Modeling could be used to validate this theory,
but is unnecessary as the mini test rig’s sole purpose was to test the sensor’s ability to
measure the distance between itself and a bronze target (fluid film height + physical
offset from the plate) under varying pressure and with a large (> 100 µm) offset from the
target. The final recorded measurements will be taken with the sensors installed in the
swashplate, not the mini test rig; therefore coupon deformation is not needed.

Eddy Curent Sensor Film Height Measurements
(working fluid temp. between 19.2-21.6 °C)

112.5

112.2

112

111.7

111.5

Target
Distance 111
[µm] 110.5

110.7

110
109.5
ATM

50

100

150

200

250

300

350

∆p [bar]
Figure 5.7. Plot of Measured Film Heights from Eddy Current Sensor EU05(92) in Mini Test Rig

Experiment 3: Sensor Offset Measurement Validation:
Bronze Targets vs. Stylus Profilometer

Figure 5.8. Sensor Measurements Using Bronze Left- Coupon and Right- Slipper Targets.
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Finally, the accuracy of the sensor reading itself was investigated using a stylus-

profilometer. First, a sensor was installed in the Mini Test Rig and connected to the
signal processing display. Then, a bronze coupon and slipper were placed, in turn,
directly over the sensor face (flush with the top plate; Fig. 5.8). These readings were
compared with a measured offset from the profilometer, shown in Table 5.4 below. Note
that the bronze coupons appear to be 10 µm closer to the sensor face. However, this
discrepancy is likely due to material property differences. Simply using “bronze” is a

more generic term; it is unlikely the exact composition of the slipper is replicated by the
coupon. This illustrates that although the coupon is useful to denote changes in
measured values (as in Experiment 2), it should not be used to record absolute values.
Table 5.4. Comparison of Measured Sensor Offsets.

Target

Measured Offset [µm]

Finished Surface
Bronze Coupon

254-255

Bronze Slipper
Sealing Land

264-265

N/A

265 (avg.)

Measurement Tool

Eddy Current Sensor
Signal / Reading

Stylus Profilometer

Figure 5.9. Stylus Profilometer Measured
Sensor Offset.

Figure 5.10. Stylus Profilometer Set-up to
Measure Sensor Offset in Mini Rig.
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Table 5.4 shows the eddy current measurement of the slipper sealing land to be
essentially identical to that of the profilometer-measured average offset depicted in Figs.
5.9 and 5.10. The profilometer distance is an average value due to the practically
unavoidable slight tilt of the sensor face (Fig 5.9). However, the sensor itself also takes
an average over the entire face, so averaging the data here does not prevent a fair
comparison with profilometer measurement. The result given in Table 5.4 proves the
ability of the eddy current technology to accurately determine the distance between the
measuring face and slipper target.

Experiments Conclusions
The three successful experiments above validated the design for embedding
sensors in a hydraulic pump swashplate. Experiment 1 illustrated the necessity for
proper sealing in the sensor hole to avoid leakage. Experiment 2 increased confidence
in the sensor’s ability to withstand and consistently measure fluid film height over the full
range of pump pressures. Experiment 3 provided an important method for comparing
sensor readings to measured offset which will be repeated when sensors are installed in
the 2-piece swashplate. Final measured values will be determined by subtracting the
sensor offset from the running surface from sensor readings.
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CHAPTER 6. FLUID FILM THICKNESS MEASUREMENTS

6.1. Measurement Setup
A 130cc variable displacement pump was mounted on a test rig as displayed in
the Figure 6.1 circuit and further characterized in Table 6.1 below:

Figure 6.1. Fluid Film Thickness Measurement Test Rig Hydraulic Circuit & Sensor Electronics
(Repurposed from Zecchi, 2013).
Table 6.1. Figure 6.1 Components.

Number
Label

Component

Key Parameters

1

Electric Motor

Max. Power: 225 kW
Max. Torque at 3500 rpm: 615 Nm
Max. Speed: 4150 rpm
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Table 6.1. Continued.

2

Variable Displacement
Hydraulic Motor

Displacement: 100 cc/rev
Max. Flow at Rated Speed: 330 l/min
Max. Torque at Max. Disp.: 668 Nm

3

Variable Displacement
Hydraulic Pump

Displacement: 130 cc/rev
Max. Flow at 3300 rpm: 416 l/min
Max. Torque at Max. Disp.: 931 Nm

4

Pressure Relief Valve

Set to: 350 bar

5

Gear-Type Flow Meter

Measurement Range: 1-250 l/min
Error: ±3% Measured Value
Gear-Type Flow Meter
Measurement Range; 3.5-525 l/min
Error: ±3% Measured Value

6

Pump Outlet
Measurement Block

Pressure Transducer
Measurement Range: 0-600 bar
Error: ±0.15% Measured Value
Pressure Gauge
Display Range: 0-400 bar
Omega K-Type Thermocouple
Measurement Range: 0-120 °C
Error: 0.75%+ Measured Value
Pressure Transducer
Measurement Range: 0-100 bar
Error: ±0.15% Measured Value

7

Pump Inlet
Measurement Block

Pressure Gauge (slightly “upstream”)
Display Range: 0-100 bar
Omega K-Type Thermocouple
Measurement Range: 0-120 °C
Error: 0.75%+ Measured Value
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Table 6.1. Continued.

Gear-Type Flow Meter
Measurement Range: 0-18 l/min
Error: ±3% Measured Value

8

Pump Drain/Leakage
Measurement Block

Pressure Transducer
Measurement Range: 0-25 bar
Error: ±0.15% Measured Value
Pressure Gauge
Display Range: 0-10 bar
Omega K-Type Thermocouple
Measurement Range: 0-120 °C
Error: 0.75%+ Measured Value

9

Shaft Measurement Block

Shaft Speed Encoder
Maximum Speed: 8000 rpm
Error: ±0.1% FSO
Torque Meter
Measurement Range: 0-1000 Nm
Error: ±0.2% FSO

The circuit and value tolerances for the fluid film thickness measurement tests
conform to ISO 4409, Hydraulic Fluid Power – Positive Displacement Pumps, Motors,
and Integral Transmissions – Determination of Steady State Performance, but the main
purpose of this investigation is separate from this standard. Still, it was important to
ensure the fluid film measurements were taken in the context of steady state conditions
and done so in a repeatable manner. There are several requirements for accompanying
data laid out by ISO 4409 which are fulfilled by information shared in Table 6.2 below.
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Table 6.2. Required Statement of Measurement Parameters per ISO 4409.

Parameter

Relevant Information

Mobil DTE10 Excel 32 (Mobil, 2014)
(valid for measured conditions)

Test Fluid

ρ = 846.8 kg/m3

(6.1.2)

ν = 3.27×10-5 m2 /s
K = 1.6×104 bar

Class A

Parameter

Allowable Variation

Temp. (K)

±1.0

Speed (%)

±0.5

Torque (%)

±0.5

Vol. Flow (%)

±0.5

Pressure (%)

±0.5

Class of Measurement Accuracy
(6.1)

The swashplate-type 130cc unit (3) was mounted on a steady state test stand
and used to record fluid film measurements. As discussed in previous sections, great
effort was taken to alter the pump components and geometry as little as possible to
preserve the integrity of the measurements (Section 6.2 expounds on exact variations).
Although six eddy current sensors were embedded in the 2-piece swashplate inside (3),
only one sensor cable (10) was connected to the frequency converter box at a time. The
original analog signal from a sensor is converted to a -10 to 10 V signal by a DT3300
controller (see Table 6.3) and input to a NI cDAQ 9205 module.
Due to the sensor locations (see Fig. 4.17), one side of the case has four
sensors exiting while the other has two. The displacement of (3) is held fixed at the
tested values (see Table 6.5) via threaded rods.
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Additionally, the pressure relief valve (4) is set to 350 bar as a safety limit for the
pressure differential in the system.

Figure 6.2. Fluid Film Thickness Measurement Test Rig with Labeled Components

Figure 6.3. Eddy Current Sensor Calibrated Boards, Controller, and Wire Setup for Fluid Film
Thickness Measurements
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Table 6.3. Micro-Epsilon DT3300 Controller Specifications.

Parameter

Value (Unit)

Power Supply

11 – 32 VDC / 700 mA

Linearity

≤ 0.2 % of Full Scale Output

Resolution

≤ 0.2% of Full Scale Output @ 25 kHz

Frequency Response

25 kHz

Signal Output

-10 to 10 V

A Labview measurement file was created to allow the user to monitor and record
fluid film measurements and all other required steady state measurement data from
three NI cDAQ modules. System pressures, volumetric flow rates, shaft speed, and fluid
temperatures are displayed and recorded for data processing and safety/monitoring in
the main program window using 0-10 V frequency converters and NI cDAQ modules
9211 and 9201.
Ensuring a proper sampling rate is another critical step in measurement setup.
There are three key terms to consider when determining appropriate sensor sampling:
sampling rate, or the number of samples per second [Hz]; sampling interval, or the time
between samples [1/Hz]; and frequency response, or the highest frequency being
measured [Hz]. To understand how these factors work together, the Nyquist-Shannon
Sampling Theorem is followed. The Nyquist Theorem states that perfect reconstruction
of a signal is possible if the sampling frequency is greater than twice the maximum
frequency of the signal being sampled. For the eddy current sensor, the maximum
frequency response is set to 25 kHz. This means that 50 kHz is the minimum
measurement rate to follow the Nyquist Theorem. However, as in most cases, it is even
more prudent to sample at 10x the frequency response. Therefore, the chosen
measurement rate was 250 kHz. To reduce noise, a 100 kHz low pass filter was
implemented which still ensures a perfect signal reconstruction.
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To further quantify the impact sampling at 250 kHz has on measurements,
consider the maximum shaft speed of the hydraulic unit converted to revolutions/second:

2800

.GH 1 >3
£ _ ³». ´ ¼½¾/¿.
>3 60 A

(6.1)

Or, written in another way, a single revolution of the rotating kit takes only 0.02 s.
From previous sensor location simulations, it was found that the maximum percent of a
single rotation a single sensor is recording the sealing land of a single slipper is:

25 GX.GGA

1 .GHN/À@>N3
£ _ µ. µ´ Á ´%.
360 GX.GGA

(6.2)

Finally, combining this percentage with the time taken for a single rotation gives:

0.07 T 0.02 A _ µ. µµÂ³ ¿.

(6.3)

And, since the sampling rate was chosen to be the maximum available 250 kHz:
²Ãµ ÄÅÆ T µ. µÂ³ ¿ _ ÇÃµµ ÈÉºÉ Ê¸ËÌº¿.
Thus, every rotation of the pump shaft results in a single sensor (recall there are
6 total embedded in the swashplate) recording a minimum 3500 data points (minimum
because the smallest amount of measurement points occurs at maximum shaft speed,
used in Eq. 6.1). This thorough amount of information recorded by the sensors will
provide excellent opportunity to characterize the fluid film behavior between the slipper
and swashplate.
The tested unit has a maximum differential pressure of 400 bar which provides
the required torque of the EM (1) when combined with displacement:

012

Y 1 Y
°
F,mYo ∆4 130 .GH 10u Y £ T 400 T 10 5_
_
_ 827 ! Í 800 !
2d
2d .-/.GH

(6.4)
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where F is the hydraulic unit theoretical displacement and ∆4 is the set system

pressure.

However, this amount of torque is significantly greater than the electric motor (1)
can provide (see Table 6.1), so a second positive displacement unit was added. This
100 cc motor (2) acts as a load and recirculates power from the tested pump (3) back
onto the shaft. This feature allows the electric motor required torque to be much lower as
the new equation for required torque relies on the difference in displacement of the two
units and the torque loss. And, since the torque loss should never exceed 180 Nm over
the range of measurements (approximated from previous project measurements), the
new maximum torque requirement is:

012,

_

mF,mYo  F,mo o∆4
i 0,mo
2d
_

(6.5)

Y
130  100 .GH £

Í 370 !

1 Y
£ T 400 T 10° 510u Y
i 180 !
2d .-/.GH

which is significantly less than the 615 Nm maximum allowed by the electric
motor (Table 6.1), confirming the design.

6.2. Pump Alterations
As previously mentioned throughout the Introduction and Aims, the goal of this
test rig is to measure fluid film in situ while minimizing alterations to the positive
displacement unit. However, installing the sensors required two main changes to the unit
which must be clearly understood in order to predict the effect on the fluid film: First, two
NPT-threaded holes were drilled on each side of the case to allow the sensor wires to
exit while still preventing case leakage (and a corresponding pressure drop; Fig. 6.4).
Second, due to the original swashplate being heat treated by the manufacturer, the top
portion of the two-piece swashplate was instead machined out of 4140 steel in order to
allow for necessary threading and tapping. However; the bottom half is still machined
from the original swashplate.
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Figure 6.4. Cord Grip Locations in Case & Installed Cord Grip with Sample Sensor Wire.

Figure 6.5. Labeled Cord Grip (Trade Size 3/8) Components and Case Location (units, mm).
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Figure 6.6. Fitting Diameters (Eq. 6.5).

Before installing the cord grips, however, initial calculations were performed to
determine the safety and reliability of the steel threads and rubber plug. First, a rule of
thumb for threading indicates that the minimum length of thread in the case must be at
least 0.47* of the fitting (Juvinall & Marshek, 2006):

>3. @*.G->3X >3 -AG @*>W3GAA  0.47 _ 7.6 .

(6.6)

The actual threading in the case thickness is 12.6 mm, or 1.65x more than
required. This ensures that the tensile strength will not overcome the thread-stripping
strength. Next, to determine if the rubber plug and the steel threads will be able to
withstand the maximum case pressure, stress must be considered:

where  is:

 n Z8
_

   

d 
}   ~
4 

(6.7)
(6.8)

_ 88.9  .

Using known stress values for various grades of SAE steel (the exact grade of
the cord grip is unknown) results in the maximum force allowable if the grip is to not fail
(Table 6.4):
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Table 6.4. Forces for 3 SAE Steel Grades (Juvinall & Marshek, 2006).

Material

F [kN]

Grade 1

35

Grade 2

43

Grade 5

70

Finally, comparing the maximum forces from Table 6.4 to the force acting on the
underside of the rubber bushing (pushing it outward on the tightening cap) gives:

 _ 56
_ 5 -. T

 ,8 9 

_ 

(6.9)

dm19.8 o
_ 154 !.
4

Clearly, even if the cord grip is made from SAE Grade 1 steel, the threads will
hold in the case and not give during operation.
As a final validation, the cord grip with a dummy wire to represent 2 sensor wires
bundled together (the smallest cord diameter and therefore “worst-case-scenario” for
leakage through the rubber plug hole) was attached to a hydraulic hand pump and
placed under 5 bar of pressure (although for the 130cc unit, maximum case pressure is

Figure 6.7. Cord Grip Leakage Test using a Hydraulic Hand Pump.
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closer to 3 bar). The plug performed as designed, creating a seal around the wire and
preventing any leakage (Figure 6.7 taken after test completed; the visible oil in the pan
was not from the cord grip). The pre-calculations and leakage tests performed all served
to increase confidence in the cord grip selected and its suitability for the test rig.

6.3. Measurement Description
Fluid film measurements between the slipper and swashplate interface were
taken using six eddy current sensors embedded in a positive displacement pump’s
swashplate over a wide range of operating conditions at steady state conditions. The
variable parameters and required standards are displayed below:
Table 6.5. Fluid Film Thickness Measurements Operating Conditions.

Controlled
Parameter

Measured Range & Allowable Variation per ISO 4409

System Pressure

∆p = [100, 200] ± 1.75 bar

Shaft Speed

n = [1000, 2000] ± 14 rpm

130 cc Unit
Displacement

β = 50 ± 1 %

System
Temperature

Settling Time

T = 52 ± 1 °C

represents the successful attainment of steady state conditions
(outlet and case temperature of the tested 130cc unit vary less
than 1 °C over 10 continuous minutes)

For each of the three selected operating conditions (∆p = 100 bar, n = 1000 rpm;
∆p = 200 bar, n = 1000 rpm; and ∆p = 100 bar, n = 2000 rpm;), six 30-second
measurements were recorded (one per sensor). A five minute pause between
measurements was necessary to allow for changing the calibration boards and a
required sensor “settling time” determined during Mini Test Rig static experiments.

55

6.4. Data Post-Processing
Two main steps were taken to convert the recorded sensor voltage values into a
desired form. First, the following linearization was performed to convert recorded voltage
values to µm:

Î®®AG@ i /À> >/ [S _ 25m0G-AÀ.G FN/@-XGo i 250

(6.10)

The data was measured using a -10 to 10 V scale (as recorded in Table 6.3)
giving the best possible refinement available from the controller.
Second, a simple filtration resulted in the removal of data noise and provided

Measured Sensor Values [ µm]

Measured Sensor Values [ µm]

much smoother results (see Fig. 6.8 below).
Pre-Filter Data Sample

120
110
100
90
0

0.2

0.4

Time [ms]

0.6

0.8

1.0

0.8

1.0

Post-Filter Data Sample

120
110
100
90
0

0.2

0.4

Time [ms]

0.6

Figure 6.8. Sample Data Comparison between Pre- and Post- Smoothing Filter for
∆p = 200 bar, n = 1000 rpm, and β = 50%.
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These two basic steps produced much clearer plots which can now be analyzed
for the sake of validating the test rig design.

6.5. Presentation of Results
Before ever considering data results in light of simulation, it is critical to compare
readings for various situations to ensure repeatability. First, a comparison between
Sensor 1’s (see Fig. 4.17) first and final measured revolution of the first operating
condition (∆p = 100 bar, n = 1000 rpm, and β = 50%) is presented below in Fig. 6.9.
Note that this plot shows recorded values greater than 400 µm which actually represent
“off-scale, high” and will not be used.

Figure 6.9. First vs. Final Measured Revolution for Sensor 1 at ∆p = 100 bar, n = 1000 rpm,
and β = 50%.

The true region of interest in Fig. 6.9 lies in the the nine “valleys” which indicate
each slipper’s sealing land fluid film plus the sensor offset from the plate. At 1000 rpm, a
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30 second measurement provides 500 revolutions of data. Figure 6.9, then, is displaying
the first and five-hundredth revolution measurements at the given operating condition.
Although slight disparities exist, most noticeably for the “first” and “second” slipper in the
plot, overall the data is consistent. This comparison illustrates both the repeatability of
slipper and fluid behavior at steady state conditions and the ability of the sensor to
record consistently in spite of the high rotation speed of the shaft.
Next, plots of sensor data during various operating conditions can be used to test
that the measurements match expected behavior. For example, the measured values for
each sensor should visibly change along with a change in the unit operating condition.
First, consider varying pressure:

Figure 6.10. Comparison of Single Revolution, Sensor 4 Readings where ∆p = 100 bar and
∆p = 200 bar at n = 1000 and β = 50%. Also pictured is the “beginning” (green) and “end” (red)
dots which correspond to the slipper trace schematic in the lower right corner of the plot.

Here, Fig. 6.10 shows that, with an increase in system differential pressure, the
slipper and sensor are forced in a flatter position. Compared to ∆p = 100 bar, the ∆p =
200 bar readings show the slipper at a nearly level angle of inclination. Although not a
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huge difference in measured fluid film and offset height for a ∆p difference of 100 bar,
Sensor 4 still illustrates the capability of the eddy current sensors to capture subtle
differences in fluid film between operating conditions.
Second, consider varying speed:

Figure 6.11. Comparison of Single Revolution, Sensor 1 Readings where n = 1000 rpm and
n = 2000 rpm at ∆p = 100 bar and β = 50%.

Figure 6.11 shows that as expected, doubling rotation speed provides twice as
many sensor readings in the same amount of time. And, since the general shape and
magnitude of the curves do not change, the sensor’s ability to measure at a higher
speed with consistent and repeatable values is confirmed as well.
Finally, the measured fluid film and offset behavior should show marked
differences depending on sensor location, as predicted by the location optimization
process presented in Chapter 4. The set of six plots in Fig. 6.12 below are shown for the
second operating condition (∆p = 200 bar, n = 1000 rpm, β = 50%):
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Figure 6.12. Comparison of Sensor Single Slipper Readings where ∆p = 200 bar,
n = 1000 rpm, and β = 50%.
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Figure 6.12 confirms that the chosen sensor locations provide a varied look at
the fluid film under the nine slipper sealing lands since all the curves are different from
one another. Of course, in order to view the entire slipper measurement, the micron-level
differences are lost. Still, the The differences in measured sensor values (y-axis) can be
attributed to both the sensor offset from the plate and the height of the fluid film itself.
Additionally, the variation in the width of the curves (x-axis; representing the shaft angles
over which a sensor records an individual sealing land) is validation of the importance of
sensor location when a more “productive” reading is desired (i.e. the longest possible
trace of the sealing land). Sensors 3 and 5 have the “shortest” reading of the slipper
sealing land which was expected due to their radially outward position (these two
sensors were placed radially outward from Sensors 2 and 4, respectively, as shown in
the schematic above the plot in Fig. 6.12).
Clearly, the sample measurements discussed above in Figs. 6.9 - 12 are a
testament to the designed selection, placement, and operation of the eddy current
sensors.
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CHAPTER 7. COMPARING MEASUREMENT WITH SIMULATION

Since a major aim of this test rig is to assist in the validation of a slipper /
swashplate interface model, a behavior comparison is presented between the results of
Chapter 6 and a predicted fluid film simulation (Schenk, 2012). The simulation is a
prediction of steady-state behavior for the identical, unaltered, worn-in 130cc positive
displacement machine used in the test rig. Additionally, an average wear profile for the
previously run-in slippers of the pump was determined through the use of the same
stylus profilometer mentioned in several previous sections. The results of Hooke and
fellow researchers’ work are indicative of the importance of some type of “run-in wear” to
machine operation. At the time, they were unable to produce precise clearance
predictions without knowing the wear on the slipper lands, but the profilometer and
iterative computer model used at Maha Fluid Power Center make this possible. Other
methods include advanced wear models (common in bearing research) and using
radioactive tracers for wear rates (Eberle et al., 2003), but simply utilizing a stylus
profilometer to measure average wear profiles from a sufficiently “run-in” unit versus
predicting it or measuring it real-time is more desirable for this research. To measure the
wear present, a slipper base was propped on leveling blocks to minimize incline. Then, a
trace was taken across the surface of the bottom of the slipper and then data from each
“side” of the sealing land was post-processed to find a mean wear profile:
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Figure 7.1. Mean Slipper Run-In Wear Measurement Using a Stylus Profilometer.

Figure 7.2. Mean Slipper Run-In Wear Profile Trace (Post-Processed Data from Stylus
Profilometer) Used in Simulation to Produce More Realistic Fluid Film Reading Behavior.

Again, since the exact offset from the top plate to the sensor face was not yet
determined, comparing measured results to that of predicted values is limited to
comparing general behavior and the change in fluid film height between operating
conditions:
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Figure 7.3. Measured vs. Simulated Comparison of a Single Slipper Sensor 3 Reading for
∆p = 200 bar, n = 1000 rpm, and β = 50%. Note that the y-axis values are not to scale; an
explanation is presented below.

As predicted, the presence of the sensor offset from the top plate in the
measured values creates a large difference between the measured and simulated fluid
film heights (note the different y-axis ranges in Fig. 7.3). Still, the similarities in behavior
between the two are indicative of both a robust model and a precise measurement. For
example, if Sensor 3 is offset from the top of the swashplate by approximately 101 µm,
the measured data would match the predicted quite well. However, the edges of the
measured slipper seem much more abrupt and steep than predicted values (i.e. varying
between approx.103 and 116 as opposed to approx. 3.7 and 6 microns). This difference
can be attributed to several possible influences including the machined top plate of the
2-piece swashplate potentially causing greater slipper wear than normal.
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CHAPTER 8. CONCLUSIONS

As the results have indicated, the goal of this project to measure the fluid film
between the slipper and swashplate interface in a positive displacement machine has
been successfully met. This advanced capability to take in situ measurements will
greatly aid in future understanding of this interface, as well as overall hydraulic unit
behavior. Schenk (2012) and other researchers at the Maha Fluid Power Center, present
and future, can now use this 130cc unit to compare recorded fluid film data to simulated
predictions. Additionally, with confidence in such simulations, designers and researchers
can then use these models for optimizing machine design without having to build several
costly and time-consuming prototypes.
Potential sources of error were discussed in detail and must be considered in any
future comparisons to simulated data. For example, although tools exist for determining
the sensor offset from the top half of the swashplate (such as comparing stylus
profilometer measurements to sensor measured values when a target is placed flush
with the plate), none can exactly simulate the pressure experienced during pump
operation forcing the sensors to rest firmly on the swashplate base. This potentially
means it will be difficult to extract absolute fluid film values from the recorded data;
however, the variation between operating conditions would be another method of useful
comparison, not requiring exact knowledge of the offset.

LIST OF REFERENCES

65

LIST OF REFERENCES

Akita, H., Kazama, T., Saito, T., & Suzuki, M. (2011). Experiment on Slippers Behavior in
Swashplate-Type Axial Piston Motors. 8th JFPS International Symposium on
Fluid Power (pp. 157-162). Okinawa: JFPS.
Boyd, J., & Raimondi, A. A. (1958). A Solution for the Finite Journal Bearing and its
Application to Analysis and Design III. ASLE (translated), 1, pp. 195-209.
Bronshtein, L. A., Drozdova, O. L., Shekhter, Y. N., & Shkol'nikov, V. M. (1977, July).
Electrical and Viscosity Properties of Mineral Oil Components. Chemistry and
Technology of Fuels and Oils, 13(7), pp. 479-481.
Cameron, A., & Gohar, R. (1966). Theoretical and Experimental Studies of the Oil Film
in Lubricated Point Contact. Proceedings of the Royal Society of London. Series
A, Mathematical and Physical Sciences (pp. 520-536). London: The Royal
Society.
Carter, R. G. (2010). Electromagnetism for Electronic Engineers. bookboon.com.
Crossley, W. A., & Williams, E. A. (1998). Empirically-Derived Population Size and
Mutation Rate Guidelines for a Genetic Algorithm with Uniform Crossover. In
Various, Soft Computing in Engineering Design and Manufacturing (pp. 163172). London: Springer-Verlag.
Crossley, W. A., Nankani, K., & Raymer, D. P. (2004). Comparison of Bit-String Affinity
and Consecutive Generation Stopping Criteria for Genetic Algorithms. 42nd AIAA
Aerospace Sciences Meeting and Exhibit. Reno: AIAA.
Donahue, R. J., Ducu, D. O., & Ghandhi, J. B. (2001, Vol. 123). Design of Capacitance
Probes for Oil Film Thickness Measurements Between the Piston Ring and Liner
in Internal Combustion Engines. Journal of Engineering for Gas Turbines and
Power, pp. 633-643.
Drinkwater, B. W., Dwyer-Joyce, R. S., & Zhang, J. (2005). Acoustic Measurement of
Lubricant-Film Thickness Distribution in Ball Bearings. Acoustical Society of
America, pp. 863-871.

66
Eberle, D. C., Timmons, S. A., Treuhaft, M. B., & Wendel, G. R. (2003). Wear
Measurement of a Large Hydraulic Fluid Power Pump Using Radioactive Tracer
Wear Technology. Proceedings of IMECE'03 (pp. 1-10). Washington, D.C.:
ASME International Mechanical Engineering Congress.
El-Sisi, S. I., & Shawki, G. S. (March 1960). Measurement of Oil-Film Thickness
Between Disks by Electrical Conductivity. ASME, pp. 12-16.
Furuhama, S., Ishibashi, F., Kai, R., Sasaki, R., Sato, M., Takahashi, I., & Takiguchi, M.
(2000). Oil Film Thickness Measurement and Analysis of a Three Ring Pack in
an Operating Diesel Engine. Advances in Powertrain Tribology, SP-1548.
Hooke, C. J., & Kakoullis, Y. P. (1978). The Lubrication of Slippers in Axial Piston
Pumps. 5th International Fluid Power Symposium (pp. pp. 13-26). Durham:
BHRA Fluid Engineering.
Hooke, C. J., & Kakoullis, Y. P. (1979). On-Line Measurement of Film Thickness.
Institution of Mechanical Engineers, C128(79), pp. 51-59.
Hooke, C. J., & Kakoullis, Y. P. (1981). The Effects of Centrifugal Load and Ball Friction
on the Lubrication of Slippers in Axial Piston Pumps. 6th International Fluid
Power Symposium. D2, pp. 180-191. Cambridge: BHRA Fluid Engineering.
Hooke, C. J., & Kakoullis, Y. P. (1983). The Effects of Non-Flatness on the Performance
of Slippers in Axial Piston Pumps. Institution of Mechanical Engineers:
Engineering Sciences Devision, 197C, pp. 239-247.
Hooke, C. J., & Koc, E. (1997). Considerations in the Design of Partially Hydrostatic
Slipper Bearings. Tribology International, 30(11), pp. 815-823.
Hooke, C. J., & Li, K. Y. (1988). The Lubrication of Overclamped Slippers in Axial Piston
Pumps - Centrally Loaded Behavior. Proceedings of the Institution of Mechanical
Engineers, 202(C4), pp. 287-293.
Hooke, C. J., & Li, K. Y. (1989). The Lubrication of Slippers in Axial Piston Pumps and
Motors - The Effect of Tilting Couples. Institution of Mechanical Engineers, 343350.
Hooke, C. J., Koc, E., & Li, K. Y. (1992). Slipper Balance in Axial Piston Pumps and
Motors. Transactions of the ASME, 114, pp. 766-772.
Ivantysyn, J., & Ivantysynova, M. (2002). Hydrostatic Pumps and Motors (First English
Edition ed.). (S. N. Ali, Trans.) New Delhi, India: Tech Books International.

67
Ivantysynova, M., & Pelosi, M. (2008). A New Fluid-Structure Interaction Model for the
Slipper-Swashplate Interface. 5th FPNI Ph.D. Symposium, (pp. 219-236).
Cracow.
Ivantysynova, M., & Schenk, A. (2011). Design and Optimization of the SlipperSwashplate Interface Using an Advanced Fluid Structure Interaction Model.
Proceedings of the 52nd National Conference on Fluid Power. NCFP I11-4.2.
Juvinall, R. C., & Marshek, K. M. (2006). Fundamentals of Machine Component Design
(4th ed.). Hoboken: John Wiley & Sons, Inc.
Micro-Epsilon. (n.d.). eddyNCDT 3300 Non Contact Eddy Current Sensors. Retrieved
January 22, 2014, from Micro-Epsilon: http://www.microepsilon.com/download/products/dat--eddyNCDT-3300--en.pdf
Mobil. (2014). Mobil DTE 10 Excel Series. Retrieved April 21, 2014, from Mobil:
http://www.mobil.com/USAEnglish/Lubes/PDS/GLXXENINDMOMobil_DTE_10_Excel.aspx
MTI. (2012). ILR Probes. Retrieved July 11, 2013, from MTI Instruments:
http://www.mtiinstruments.com/products/ilrprobes.aspx
MTI. (2013). Capacitance Sensing Theory. Retrieved July 11, 2013, from MTI
Instruments:
http://www.mtiinstruments.com/products/capacitancemeasurement.aspx
National Instruments. (2013, May 8). Eddy-Current Sensors Overview. Retrieved
January 22, 2014, from National Instruments: http://www.ni.com/whitepaper/10291/en/
Schenk, A. (2012). The Influence of Swashplate ElastoHydrodynamic Deformation in the
Slipper-Swashplate Interface. 7th FPNI PhD Symposium Proceedings, (pp. 122). Reggio Emilia.
Shear, M. A. (2002). Ultrasonic Measurement of Thin Condensing Fluid Films.
Worcester: Worcester Polytechnic Institute.
Sherrington, I., & Smith, E. H. (1986). Experimental Methods for Measuring the Oil-Film
Thickness Between the Piston-Rings and Cylinder-Wall of Internal Combustion
Engines. Tribology International, pp. 315-320.
Victor Aviation. (2014). Eddy Current Electromagnetic Induction. Retrieved January 22,
2014, from Victor Aviation: http://www.victoraviation.com/Eddy_Current_Inspection.php

68
Weisstein, E. W. (2014). Circle-Circle Intersection. Retrieved January 13, 2014, from
MathWorld- A Wolfram Web Resource: http://mathworld.wolfram.com/CircleCircleIntersection.html
Zecchi, M. (2013). A Novel Fluid Structure Interaction and Thermal Model to Predict the
Cylinder Block/Valve Plate Interface Performance in Swash Plate Type Axial
Piston Machines (Dissertation). West Lafayette: Purdue University.

