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Abstract

This thesis reports on the simultaneous measurement of internal combustion engine
ring/liner oil film thickness and friction using a reciprocating test apparatus. The
design, construction and instrumentation of the apparatus are presented. Friction
measurements are compared to rig and in-engine test résults previously described
in the literature. Observations of the experimental behavior of the test apparatus
are detailed. Results are presented from a test matrix of five lubricating oils of
viscosity ranging from 38 to 226 cP, at three mean piston speeds of 0.45, 0.67 and
0.89 m/s and at three normal ring pressures of 0.48, 0.95 and 1.9 MPa. The data were
highly repeatable and patterns indicative of mixed lubrication and trends towards
hydrodynamic lubrication were exhibited. Oil film thickness and friction coefficient
results are consistent with the physical understanding of ring/liner lubricant friction
behavior.
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Chapter 1

Introduction

1.1 Motivation

The focus of this work is the experimental measurement of friction and oil film thick-
ness between the ring and liner of an internal combustion engine, utilizing a recipro-
cating test rig. The internal combustion engine was first aeveloped in 1860 by Jean
J. Lenoir and is still used to power modern day automobiles. Main issues in the
development of the internal combustion engine have included: improved quality of
engine emissions, greater engine power density, increased engine durability and im-
proved engine efficiency. This last issue can be approached by considering the ability
of a particular engine to utilize the fuel energy available to it and, naturally, affects
the third issue of durability. A more quantitative measurement of engine efficiency is
the product of two quantities: the fuel conversion efficiency of the engine, 7y and the
mechanical efficiency, 7,,. The latter is defined as the ratio of the brake, or usable,
power to the indicated power [1, p.49] In other words, a mechanical efficiency index
of one means that all the mechanical energy released from combustion is transferred
to usable power to drive the automobile transmission system. Mechanical efficiency
can also be expressed as one minus the ratio of total friction power to gross indicated
power, where total friction power is power other than that transferred to the automo-
bile wheels, such as: engine rubbing friction, pumping work and power to drive the

engine accessories. Typical automobile spark ignition engine mechanical efficiencies
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are in the neighborhood of 0.7, depending on load and speed, indicating a significant
loss of power to friction. This can dictate a variety of improvements to engine effi-
ciency, such as altering the combustion process to produce greater available energy
and indicated power or decreasing the magnitude of friction power. The latter is the
motivation for this research.

Total friction power is an all-encompassing term. Its components have been studied
and it has been found [1, p.713] that the piston-crank assembly has the greatest
contribution to the total friction (approximately 50%). The piston-crank assembly
friction is dominated by the ring/liner friction, which constitutes approximately 25%
of the piston-crank assembly friction.

Thus, if two identical cars, one without ring/liner friction, were to be driven under
the same conditions (such as: speed, load, and road route), the car without ring/liner
friction would have one-eighth less total friction and a corresponding increase in brake
power of 14%. In addition, without friction or wear, the engine would have a longer
life.

It is the goal of this research to recognize the role of ring/liner friction in engine power
loss and the consequent importance of understanding the mechanisms of ring/liner

friction in a detailed qualitative and quantitative manner.

1.2 Approach

The approach herein is to simultaneously measure the ring/liner friction and the oil
film thickness in a reciprocating test rig. This research will focus on isolating the
friction contribution of a single ring and liner so that there are no secondary factors,
such as the friction of the piston skirt, second ring or oil control ring, affecting the
experiment. This is best achieved through use of a rig which simulates the ring/liner
interaction outside of the engine. However, the results should be applicable to actual
engine conditions and so it is desired to reproduce those conditions, such as ring and
liner material surface finishes, stroke length, temperature, engine speed, and lubricant

properties. It should also be recognized that a test rig will not be able to realistically
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reproduce the cyclic gas loading on the piston ring. A test apparatus is less expensive
and less time-consuming than full engine tests and can provide initial results cheaply

and quickly before further, more extensive engine tests are performed.

1.3 Background

1.3.1 Definitions

Figure 1-1 shows a schematic of an internal combustion engine liner and reciprocating
apparatus. The piston moves up and down within the liner in the axial direction
through a mechanical link to a connecting rod, which is mounted on the revolving
engine crankshaft. The direction from the center of the piston out towards the liner
is referred to as the radial direction and the direction following the curvature of the
liner, the circumferential direction. Figure 1-2 diagrams ‘the ring/liner interface in
the presence of a lubricating film. The point along the liner at which the lubricant
contacts, or wets, the ring is called the inlet, and the é.xial location is denoted by
z;. The thickness of the lubricant is represented by h(z) and, under the ring, the
minimum oil film thickness is hg. The lubricant exits from under the ring at the
outlet, z2, and the region under the ring, between the inlet and outlet is termed the

subring region.

1.3.2 Friction

The role of mechanical friction has previously been studied extensively. This section
offers some technical background for a detailed and thorough discussion of results.
The ring is pushed against the liner in the radial direction by the combustion gas
pressure loading and the ring tension. The latter is also known as the elastic pressure,
which is produced by the spring-like nature of the ring material, compressed to fit
in the liner. Typical ring tension is 0.2 MPa and typical radial gas pressure during
firing is 1 to 2 MPa. The force exerted by the ring radially on the liner is generally

referred to as the ring load, normal force, normal load, Fyorma or Fiy. This produces
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a friction force in the direction opposite to that of sliding motion, denoted by Firiction
or Fr. These forces are illustrated in Figure 1-3. The ratio of the friction force to
the normal force is the friction coefficient, Cs.

- |
Cs= F_z (1.1)

The value of Cy depends on the relative sliding velocity, lubricant viscosity, normal
pressure (the normal load divided by the area of contact) and the width of the lu-
bricant over which sliding occurs, known as the sliding pad width. The dependence
is generally illustrated in a Stribeck diagram, in which the coefficient of friction is
plotted on the vertical axis with a logarithmic scale against a dimensionless param-
eter, the Sommerfeld Number, ’;—Uc—, viscosity times sliding speed divided by loading
pressure times the width of the sliding pad. An example is shown in Figure 1-4. The
first regime, boundary lubrication, operates at a friction coefficient of the order of 0.1,

and indicates conditions of wear, or solid friction (metal to metal contact). In this
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Figure 1-3: Forces in the Ring/Liner Interaction

regime, the coefficient of friction is roughly independent of speed. The third regime
is hydrodynamic lubrication where the two sliding surfaces are completely separated
by the lubricating film. The corresponding friction coefficient is 0.001 to 0.005. It
is independent of the surface material and is generally accepted to be related to a
power of the Sommerfeld number. The transition between these two regimes is called
mixed lubrication, and has properties corresponding to those of both hydrodynamic
and boundary lubrication. It has been found that ring/liner friction operates in all

three regimes [2].

1.4 Related Research

1.4.1 TFriction

Ring/liner friction experimental research comprises both non-engine test apparatus

and in-engine experiments. The latter have focused on adapting production engines
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for friction measurements. A test procedure using a floating liner, first developed by
Taylor and Forbes, was used by Yoshida et. al. [3], in which a single cylinder diesel
engine liner is altered. The liner responds to the friction force exerted by the piston
and rings, allowing for transmission of the friction force to two transducers mounted
on opposite sides of the liner to the block. This is shown in Figure 1-5.

Similarly, Gauthier et. al. [4] studied friction losses in a single cylinder diesel engine
adapted with a floating liner, in which the liner was isolated from the block and
cylinder head with three force sensors located between the bore and block to capture
all the force components on the liner. A drawing is shown in Figure 1-6. The zero
friction force points at dead centers were used to locate the endstrokes. Results were
presented for motored and fired conditions and for varying viscosities and speeds.
The results obtained from varying viscosity display the role of boundary friction,
which was observed in data taken at 500 rpm, both at stroke end and center. It was
concluded that a minimal viscosity is necessary for hydrodynamic lubrication for the

range of operating conditions.
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Figure 1-6: Floating bore

A later version of the floating liner, designed to be less susceptible to structural
vibration, is the fixed sleeve method [5]. The design is shown in Figure 1-7. One
cylinder of a production engine was modified for friction force measurements and the
engine was operated under motored and fired conditions. The liner of one cylinder
was replaced by two concentric sleeves, held together at the base by a pair of lock
nuts. The outer sleeve replaced the liner and the inner sleeve was slightly below the
engine head. which left a rim subject to gas pressure during the engine operating
cycle. This gas pressure and the friction force were measured by sixteen pairs of
strain gauge bridge circuits on the inner and outer surfaces of a narrow section of
the outer sleeve. The use of a pressure transducer allowed for cancellation of the
gas pressure force. Although there were modifications to the cylinder, the use of the
fixed sleeve method allowed for optimal replication of actual engine conditions. This
paper has several findings. First, major differences in magnitude between motored
and fired results were found to occur at the beginning of the power stroke, but the

results were similar in shape and magnitude for the rest of the cycle. Friction was
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Figure 1-7: Fixed Sleeve Experimental Design

not significantly changed as the engine speed was varied from 850 to 2,000 rpm.
However, friction behavior did vary with lubricant and coolant temperature. At an
oil temperature of 35° C, the friction was higher at midstroke and lower at endstroke
than the friction measured at higher temperature. This was attributed to increased
viscosity at lower temperature and thus increased hydrodynamic drag at midstroke.
The liner surface finish was also found to affect friction, when machined and honed
liner friction results were compared. Additionally, the rings were successively removed
from the piston to investigate individual effects. These tests were conducted with the
engine motored at 500 rpm. It was found that oil control ring friction dominates the
ring pack and surmised that removal of the oil control ring resulted in larger amounts
of oil left on the liner during engine operation and therefore gave a hydrodynamic
characteristic to friction of the top and second ring alone. This analysis was conducted
without instrumentation for measuring the radial load of the ring on the liner and
thus derivation of the friction coefficient. Assumptions about lubrication regimes were
made on the basis of the friction curve shape.

These adapted-engine experiments have the advantage of being able to closely repli-
cate engine (including firing) conditions, such as speed and liner temperature, but

do not allow for separation of friction effects of the piston body from the effects of
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individual piston rings under normal engine operating conditions. This separation
can be achieved through the use of a test rig, some examples of which are described
below.

A test apparatus for measuring friction generally consists of: a mechanism for provid-
ing reciprocating motion to a ring holder, which functionally replaces the piston, a rig
simulating the ring/liner interaction and an oil feed system. Ting [2, 6] describes a
test apparatus in which a horizontal liner sample is moved in a reciprocating motion,
by use of a slider crank mechanism. The apparatus has a realistic stroke length. A
stationary ring segment is held against the liner segment by weights applied to the
arm supporting the ring segment as shown in Figure 1-8. The oil is fed by a drip
mechanism. The rig allows for simultaneous normal and friction force measurement,
and direct sliding velocity measurement. The main purpose of the apparatus is to
understand the behavior of the instantaneous piston ring friction coefficient, through
use of a modified Stribeck diagram. The results presented were gathered at room
temperature, for engine rotational speeds of 100 to 500 rpin, ring contact loads of 40
to 80N, fully flooded lubricant conditions, new bore/ring specimens, a single ring and
oils 5W30 and SAE50. Ting’s results include friction coefficients of 0.01 to 0.05 and
friction force and friction coefficient traces similar to those of current literature.

A similar test apparatus, developed by Hartfield-Wiinsch et. al. [7] uses a modified
Cameron-Plint High Frequency Friction Tester to investigate engine cylinder compo-
nent friction and wear. This is shown in Figure 1-9. A section of cylinder liner is fixed
horizontally, immersed in an oil bath of 5W30 oil and heated from below to 120°C.
A top ring segment is held in a fixture, shown in part b of the figure, and moved
horizontally in a reciprocating motion by a scotch-yoke mechanism, at a rotational
speed of 600 revolutions per minute and a stroke length of 10 mm. A spring balance
loads the ring against the liner. This is the only reference found which addresses ring
conformance to the liner curvature. The ring holder is built to allow the ring to con-
form to the liner. There are three pins in the ring holder. The load is applied through
the center pin and the two outer pins restrain the ring in the fixture. This allows

the ring to self-align to the liner curvature. The arrangement is difficult to evaluate
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Figure 1-8: Reciprocating Test Rig
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Figure 1-9: Bench Wear Test -

because the conformance is not quantitatively measured. Because this apparatus is
used primarily for wear tests, a worst case situation (corresponding to the beginning
of the power stroke) of 80N, or 7 MPa pressure, normal load was used.

The bench tester, EMA-LS9, (8] was constructed by Slone et. al. to simulate friction
and wear for testing of new diesel engine lubricants, liners and rings under several
speed, temperature and loading conditions. The rig is unique for its use of an oil spray
onto the liner, rather than a drip or immersion system. The spray mechanism is a
water-cooled stainless steel pipe system carrying a pressurized air and oil mixture,
driven by a peristaltic pump, providing control of the feed rate to the liner. A
schematic of the rig is shown in Figure 1-10. The ends of a complete piston ring
are held together by pins in a disk shaped holder, which is driven by a motor and
reciprocates to rotational speeds of up to 700 rpm, for a stroke of 25.4 mm. The
holder is loaded by two liner segments, placed 180° apart, of 38 mm length and 7
mm width. They are pressed against the ring through a pressurized air cylinder
and lever arm. The friction force is measured about the liner-air cylinder pivot and

the instantaneous friction coefficient is measured using the load supplied by the air
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cylinder as the normal load. The rig temperature is varied using an oven containing
electric heaters around the liner samples and ring. The temperature is measured using
thermocouples placed in the oven, although not in the liner samples. The oven has a
temperature range from room temperature to 550°C. Because the paper emphasizes
wear results, there are few friction results available for comparison. However, for a
standard ring, liner and lubricant at room temperature, load of 85.4N and engine
speed of 268 rpm, the average friction coefficient measured is 0.04. The tests were
run over several hours and it was found that the friction coefficient varied over a time
scale of minutes. Over a liner/ring break-in process, the friction coefficient dropped
steadily until it reached a steady state. Additionally, the friction coefficient was
found to vary depending on the lubricant supply. Initially, there were differences in
the oil feed systems for each sample. When the systems were equalized, the friction
coefficients were identical. This experiment assumes that the air cylinder exerts the
same force from each side and that the equal forces, when transmitted to the ring
through the apparatus lever and connections, results in the same force applied to
both sides of the ring. It is difficult to judge this assumption with the information
given on this bench test, but, if the assumption is valid, then it leads to self-alignment
of the liner samples’ axes and the ring holder axis of motion, which is a significant
advantage.

The papers available on test rigs do not discuss the lubricant behavior. While this can

be thoughtfully derived or hypothesized, the oil film behavior is essentially unknown.

1.4.2 Oil Film Thickness

A review of the literature in this field reveals that there are three primary methods
used for direct experimental measurement of oil film thickness. Grice and Sherrington
[9] measured piston ring/liner oil film thickness utilizing transducers based on capac-
itance and inductance measurement methods, using a single cylinder diesel engine
fitted with eighteen capacitance transducers and one inductance transducer. Tests
were run for the full four-ring pack under motored and fired conditions, for engine

speeds 900 to 1600 rpm. The lubricant film thicknesses under the top ring were on the
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Figure 1-10: Bench Tester: EMA-LS9

order of 9 to 10 ym and increased at lower speeds. For the top ring, some instabilities
of oil film behavior were inferred from the non-repeatability of ring traces at constant
speed and this was attributed to secondary piston motien, lateral movement of the
ring (ring tilting in the groove) and ring circumferential motion. Since the goal of
the research was to investigate the ring location of maximum pressure change in the
top ring subring region, the project also focused on the most likely location for top
ring instability. The calibration procedure is not discussed. However, it is probable
that calibration of the transducers can be performed independent of the engine, thus
giving a fairly robust calibration.

Optical methods, namely thin-film interferometry, have been used by Wakuri et. al.
[10] in 1981 on a test bench, shown in Figure 1-11 similar to that of the friction rigs, in
which a circular slider simulating a ring is moved against a flat optical plate. The oil
film thickness is measured by studying the light and dark patterns of interferograms
generated by a streak camera.

Laser Induced Fluorescence (L.LF.) was investigated by Ting as early as 1979 [11]
and subsequently, many researchers have used this experimental technique, in which
a laser signal is directed at a dyed lubricant. The dye emits a fluorescence signal at

a known wavelength proportional to the volume of oil and thus the oil film thickness
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Figure 1-11: Use of thin-film interferometry for observation of oil film thickness.

on the liner. L.I.F. has been significantly advanced at the M.I.T. Sloan Automotive
Laboratory [12]. Past applications have involved installation of quartz L.I.F. windows
flush with the engine liner, to allow passage of the laser signal to the oil and subse-
quent measurement of the fluorescence signal. This makes the L.I.F. data collection
fundamentally different to that of friction data, since the window can only be mounted
at a specific, stationary liner location, limiting the film thickness measurement to a
fixed axial and circumferential position, while the friction data is collected for the
complete stroke. The window was mounted close to midstroke, where there is high
speed and typically low film thickness and friction close to the hydrodynamic lubri-
cation range, and at endstroke, where there is low speed and high friction, typically
characterized by boundary lubrication. The development of the L.I.F. apparatus is
well described and detailed in [13, 14, 15].

Additionally, L.I.F. was used by Brown et. al. [16] to measure the liner/ring oil film
thickness in a single cylinder firing diesel engine. While the basic design is similar to
that of M.I.T.’s, there are two important differences. The laser signal was directed to
activate the natural fluorescence of the oils (15W40 and 10W30), rather than a dye
and the calibration of the L.L.F. signal was performed using a bench-top calibration

cell. Results from calibration in-situ, using grooves of known depth in the piston skirt
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Figure 1-12: Calibration Cell

and top ring, were unreliable and the grooves were under-filled with oil or filled in
a random manner, as a result of the engine oil flow. The calibration cell is shown
in Figure 1-12. The L.L.F. apparatus is directed at a calibration compartment filled
with oil, where the separation of the compartment walls is of known distance. The
error associated with this method was estimated at 5 to 8%. The results presented
are for operation of the entire ring pack and show clear trends of oil film thickness
under the rings dependent on oil flow through the ring pack. The minimum oil film
thickness under the top ring as it passed 123° from top center, varied between 1 and
3 pum, at 1200 rpm engine speed. This thickness may be dependent on conditions of
the entire ring pack, such as geometry and oil flow.

In addition to the experimental aspects of engine friction and oil film thickness, there
is an abundance of literature on theoretical models. For example, Yoshida et. al.
derived the oil film thickness under the top ring corresponding to their friction mea-
surements using theoretical considerations. The M.I.T. Laser Induced Fluorescence
oil film thickness measuring technique was used for the research described herein.
The system is available, well understood and there is resident expertise and a base of

knowledge, as well as in-engine data for comparison of experimental results.
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1.5 Opbjective

Based on the review of research to date, there is a need for a test apparatus for
measuring friction which also confirms realistic engine conditions in terms of lubri-
cant behavior, particularly oil film thickness. In cases when film thickness has been
considered, it has been indirectly derived rather than experimentally measured.

The objective of this research is to simultaneously measure ring/liner friction and
oil film thickness using a test apparatus which simulates conditions of an internal
combustion engine. The test results will provide a mechanism for understanding the
proximity of the apparatus lubrication conditions to actual engine tribology and will
provide background when compared to current research friction results. It will also
allow understanding of friction and oil film thickness behavior.

The future use of this test rig will also allow for analysis of methods for achieving
reduced friction and subsequent friction power loss, enginé economy benefits. as well

as the design of new lubricants, such as low-friction oils.

1.6 Thesis Outline

This thesis will report research results in the following order:
1. Description of the test apparatus

2. Description of the instrumentation necessary for oil film thickness and friction

measurements
3. Explanation of data processing

4. Presentation of trial results and subsequent lessons learned and incorporated

into the research
5. Presentation of test conditions and data results
6. Analysis of results

7. Comparison to theoretical results and current research results
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The conclusion will comprise a discussion of the apparatus capabilities as implied by

this research, as well as suggestions for rig improvement and future research.
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Chapter 2

Experiment

The purpose of the test apparatus is to simultaneously measure oil film thickness and
friction in the area between the ring and piston liner. Figure 2-1 shows the concept of
the experiment. It is desired to replicate the actual engine conditions, such as speed,
load, temperature and lubricant flow between the ring and the liner. Samples of the
actual ring and liner materials were used for preservatib;l of geometry, metallurgy
and surface finishes. The ring sample was held by a ring holder in such a way that it
moved in a reciprocating motion emulating that found in an engine. The liner sample
was mounted in such a way that a load cell could measure the friction exerted by the
ring on the liner and the behavior of the oil film between the ring and the liner could
be studied.

This chapter will detail the experimental setup. instrumentation and procedure. The
first section describes the engine drive system. the ring and liner samples, the appa-
ratus for mounting the liner segment and the ring sample mounting hardware. The
next section details the instrumentation and the last section reviews the procedure

used for data processing.

2.1 Experimental Apparatus

The design of the rig described herein is based on that of an existing apparatus for

comparative friction measurements at Ford Motor Company. The Ford apparatus
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Type Single Cylinder, Horizontal Crankshaft,
Air Cooled, Spark Ignition, Overhead
Valves
Lubrication System Gerotor Pump, Paper Filter
Power 10.5 kW, 14 hp @ 3600 rpm
Peak Torque 28.9 N-m (21.3 1bf-ft)
Bore 87 mm (3.43 in)
Stroke 67 mm (2.64 in)
Typical Application Lawn Tractor
Modifications Retained reciprocator, inertia balancer
and lubrication system.

Table 2.1: Kohler Engine General Information

mechanism for mounting the liner and ring samples was almost directly incorporated

into the M.I.T. rig, and was subsequently modified for oil film thickness measurements.

2.1.1 Engine and Driving System

A commercial spark ignition, single-cylinder engine was used as the source of the recip-
rocating motion for the ring sample. The engine is a Kohler Command 14-horsepower,
four-cycle internal combustion engine. Table 2.1 provides general information. The
stroke, which directly corresponds to the ring sample stroke is 67 mm, which is slightly
shorter than that of a typical automobile engine (=~ 90 mm).

In order to transfer the motion of the engine piston to the ring sample, the head

of the engine was removed, with the short block remaining. The lubrication system
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was retained, as Wéll as the camshaft and gear for balancing of the crankshaft. The
piston, rings, connecting rod apparatus and crankcase were kept.

The engine was motored by a DC dynamometer. Since the heavy ring holder mecha-
nism exerts a large load on the piston, possibly stressing the wrist pin or connecting
rod or unbalancing the crankshaft, it was decided to initially run the engine at low
speeds of 100 to 600 rpm. The dynamometer has a listed speed range of 10 to 3600
rpm. The coupling between the dynamometer and engine was a pulley and belt sys-
tem with a ratio of 9:1 speed reduction. Two 3:1 identical pulley and belt systems
were used, so that, in the future, one pulley and belt system could be reversed to
gain a 1:1 speed ratio from engine to dynamometer. This was designed for potential
future high speed experiments.

Figure 2-2 is a drawing of the assembled driving system, mounted on a test bed. The
dynamometer directly drives the right pulley and belt system, which is mounted on an
intermediate shaft and pillow block, connecting to the second pulley and belt system,
which is directly coupled to the engine crankshaft. Photbgraphs of the constructed
system are shown in Figure 2-3. In (a), the dynamometer is on the right and the
engine, with the test apparatus mounted on top, is to the left of the photograph. The

mounting of the test rig is shown in more detail in (b).

2.1.2 Experiment Ring and Liner Samples

Since it is desired to replicate engine conditions whenever possible, materials from an
actual engine were used for the ring and liner samples. For the set of experiments
described in this thesis, new rings and liners from a Ford Motor Company production
engine were used. It is also possible to use worn samples of the same geometry.

The liner is made of cast-iron and the inner surface is polished and honed. Its length
is 131.5 mm and the bore is 90.2 mm. The sample was cut at Ford using electrical
discharge machining, to minimize bore distortion from the cutting process. The
sample was cut for a circumferential sector of approximately 56°, which results in
a width of approximately 5 cm. The back of the liner sample was then machined

at the center, to provide a flat mounting surface. The top and second rings are
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Figure 2-2: Test Apparatus Driving System

manufactured from coiled steel wire which is heat treated for shape retention. There
is a coating on the ring surface which contacts the liner, to improve the ring wear
and durability characteristics. Both rings have thicknesses of 0.058 inches and widths
of 0.161 inches and therefore are interchangeable in the ring holder. The ring is cut
so that the center of the ring sample is opposite from the ring gap, for even ring
curvature, at approximately £90° from the ring gap. The ring and liner samples are
drawn in Figure 2-4, and information about the dimensions is summarized in Table
2.2. For calibration purposes, a groove was etched on the sliding surface of the ring.

This will be discussed further in the section on Experimental Procedure.

2.1.3 Liner and Load Cell Apparatus

The fixture for the liner sample is supported by a load cell, attached to a fixed
stationary structure, for measurement of the friction exerted on the liner. The concept

is shown in Figure 2-5. Upwards motion decreases the distance between the two ledges
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Figure 2-3: Photographs of the Driving System

Source

Ford 4.6L engine
90.2mm (3. 552”) bore x 90.0mm (3.543”)
stroke

Liner Segment

Length: 5.176”, Width: approx. 2”

(approx. 56° of liner)

Cut at Ford using E.D.S. (minimization of bore
distortion)

Ring Segment

Top & Second Ring
Thickness: 0.058”, Width: 0.161”

Table 2.2: Ring and Liner Sample Dimensions
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supporting the load cell, exerting a compressive force on the load cell. Downward
motion expands the ledge distance, exerting an expansion force on the load cell. A
photograph of the side view of the assembled test apparatus is displayed in Figure
2-6.

The four test apparatus walls provide a fixed structure and additionally, a mounting
surface for instrumentation. The bottom wall is mounted on top of the engine through
the holes regularly used for mounting the cylinder head. In the original Ford design,
two liner samples were used, one as a baseline and the other for comparative friction
measurements. In this design, only one liner sample was used. A photograph of the
front and rear views of the load cell apparatus mounting in the side wall is shown
in Figure 2-7. The load cell fixture is slid in a groove along the stationary side wall
until the circumferential center of the liner sample matches that of the ring sample.
It is fixed in place by four bolts through the side wall and two placement pins, which
are visible in (a). Figure 2-8 shows the load cell apparatus removed from the side
wall and reversed. The load cell and thermocouple mountings are clearly visible.
The construction of the load cell apparatus is shown in Figure 2-9, which displays
the disassembled apparatus, with front and rear views. In (a), the liner sample is
displayed on the left, the piston sleeve friction mount is placed in the center and the
load cell fixture is on the right. In (b), the piston sleeve friction mount ledge which
supports the bottom surface of the load cell through a bolt is visible. A matching
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Figure 2-6: Side View of the Test Apparatus

ledge to support the top surface of the load cell is part of the load cell fixture. The
liner sample is mounted on the front of the piston sleeve friction mount, for direct
translation of the friction force from the liner to the load cell. To prevent mechanical
stress or shear on the load cell from the normal load, which is particularly worrisome
if the ring sample motion is slightly off axis, the load cell fixture and piston sleeve
friction mount are designed to allow two rods to hold the apparatus together. The
rods are fitted to the load cell fixture through a set screw, groove and snap rings and
are shown in both (a) and (b). The rods move within the piston sleeve friction mount
on linear bearings. The two ledges for supporting the load cell were placed to allow
for unobstructed passage of L.I.F. instrumentation. Figure 2-10 is a photograph of
the top view of the load cell apparatus, showing the liner mounting. The center screw

is attached to the load cell, whose outline is faintly visible.

2.1.4 Ring Holder and Support Apparatus

The purpose of the ring holder apparatus is to push the ring sample against the liner

sample with a controlled radial force during apparatus operation. The ring normal
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Figure 2-7: Front and Rear Views of the Load Cell Apparatus in the Side Wall

Figure 2-8: Load Cell Apparatus removed from the Side Wall
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Figure 2-11: Reciprocator

force of a production engine has a cyclic variation generated by the engine firing cycles,
but this is difficult to reproduce in the test apparatus described herein. The recip-
rocating motion is provided by a connecting piece, the reciprocator, photographed in
Figure 2-11. The base of the reciprocator is bolted to the top of the Kohler engine
piston, so that it moves with the piston. This mounting is shown in detail in Figure
2-12. Holes were machined in the reciprocator to remove unnecessary material and to
lighten the inertial load on the engine reciprocating apparatus. Two hardened rods
placed parallel to the piston motion were press-fit between the top and bottom walls
to guide the motion of the reciprocator. Two linear bearings were slip-fit into the
sides of the reciprocator and held in place with snap-rings. A bearing and rod are
shown in Figure 2-13.

The ring holder apparatus is photographed in Figure 2-14. Part (a) shows the assem-
bled apparatus and part (b) displays the disassembled components. The radial ring
pressure is applied by an air cylinder mounted on the flat circular surface of the recip-
rocator, which pushes the ring holder towards the liner segment. The normal force on

the ring is proportional to the air pressure applied by the air cylinder. A ring guide,
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drawn in Figure 2-15, is bolted through two holes onto the bar of the air cylinder
and therefore moves forward with the bar. A ring holder is slid between the upper
and lower ledges of the ring guide. These ledges are in the direction perpendicular to
the friction force and prevent twisting of the ring holder and thus the ring due to the
reciprocating motion. The lower and upper ledges are designed to be asymmetric,
so that the ring holder cannot be inserted upside down. The ring holder is drawn in
Figure 2-16. The back surface of the ring holder has a bore hole for placement of a
transducer, which can measure the force exerted on the ring holder by the ring guide,
which is the normal force on the ring sample. A through-hole is machined in the ring
holder for passage of the load cell wire. The front surface is machined to imitate the
ring groove of a piston. The clearance of the groove is one thousandth of an inch
larger than the ring thickness. On each side of the ring guide, two ledges constrain
the ring sample to the radius of the liner sample. There are two set screws which are
in a radial direction to the ring. When the set screws are turned, they push against
the ring sample. allowing for slight adjustment of the ring radius. The ring sample is

slid into the ring holder.

2.2 Instrumentation

The parameters (inputs) and measurements (outputs) of the experiment are displayed
in Figure 2-17. The variables which can be controlled or varied are: oil type, engine
speed, normal force, ring geometry and oil feed mechanism. The oil type determines
the oil viscosity and the ring geometry refers to the ring profile. Outputs of the
test apparatus are: friction force, coefficient of friction. oil film thickness and liner
temperature.

Further details of the instrumentation of these variables are shown in Figure 2-18.
A side view of the rig is drawn, with the friction force and normal force load cells
mounted, respectively, in the liner sample support apparatus and ring holder. Oil
film thickness and liner temperature are measured from the back of the liner sample

support apparatus. The ring position and engine speed are measured from the engine
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(b)

Figure 2-14: Assembled Ring Holder Apparatus
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(b)

Figure 2-15: Ring Guide

Figure 2-16: Ring Holder
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INPUTS OUTPUTS
i1 APPARATUS sl

Oil Viscosity Friction Force
Engine Speed Coefficient of Friction
Ring/Liner Normal Force Oil Film Thickness
Oil Feed Mechanism Liner Temperature
Ring Geometry

Figure 2-17: Test Apparatus Inputs and Outputs

crankshaft using a shaft encoder and a tachometer. The oil film thickness, shaft
encoder signal, friction force and normal force data are fed to a data acquisition
system, which samples and digitizes the data and records it. The instrumentation

hardware is summarized in Table 2.3.

2.2.1 Ring Sample Linear Position and Engine Speed

The rotational position of the crankshaft is measured using a shaft encoder attached
through a flexible coupling to the engine crankshaft, visible in Figure 2-3. The shaft
encoder provides impulses triggering the data acquisition system to sample data. The
shaft encoder has a resolution of 7,200 data points per revolution. In other words,
every 0.05°, the shaft encoder emits a signal to the data acquisition system. The
shaft encoder resolution is diagrammed in Figure 2-19.

The rotational speed of the engine crankshaft is measured using a magnetic pick-up
coil and a gear attached to the engine crankshaft. The speed is manually recorded

from a tachometer in revolutions per minute.

2.2.2 Ring Sample Normal Force

The normal force is measured by a strain gage transducer mounted in the rear of
the ring holder. A Sensotec miniature button load cell was used, which is slip fit
into the mounting hole. The button protrudes from the load cell, and the ring guide

front surface pushes against the button, exerting the normal force on that area. The
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Figure 2-18: Test Apparatus Instrumentation Schematic
Crank Position and BEI Motion Systems Company Model H25
Rotational Speed Incremental Optical Encoder

Model No. H25EF1SS7200T5AZ8830LEDEM18
Minarik Visi-Tach Model No. VT-1-115V

Normal Force

Sensotec Model 13 Subminiature Load Cell

Daytronic Model 9171 Strain Gage Conditioner
Model 9515A Digital Indicator
Model 9005 Mainframe

Friction Force

Kistler Piezotron Load Cell Model No. 9712A5
Kistler Dual Mode Amplifier Model 504E

Liner Temperature

Thermocouple Wire Type K
Digital Temperature Indicator Omega Model 199

Table 2.

3: Instrumentation Hardware
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Figure 2-19: Shaft Encoder Resolution

transducer capacity is 100 1bs in compression, and it is pre-calibrated to output 2.1711
mV per input volt. A strain gage conditioner provides an excitation voltage to the
transducer and calibrates and amplifies the output signal. This was fed to a digital
indicator which allowed for an instant manual readout of normal force for setting
the air pressure. The signal was also fed to the data acquisition system, so that the

instantaneous normal force could be collected.

2.2.3 Ring/Liner Friction Force

The friction force is measured by a transducer placed between the load cell fixture
and piston sleeve friction mount. A Kistler piezotron load cell was used, which has a
full scale load capacity of 5 Ibf in both tension and compression. It is pre-calibrated at
892 mV/Ibf. The load cell was connected to a Dual-Mode Amplifier, which activates
the transducer and amplifies the output signal, set on a medium time scale. The

amplifier output was fed to the data acquisition system.

50



2.2.4 Liner Sample Oil Film Thickness

Figure 2-18 shows the details of the L.LF. system. The laser light is filtered and
coupled to an optical fiber connecting to the L.I.F. probe, shown in the lower part of
Figure 2-7, part (b). The probe is located near the oil film and focuses the light on
the oil film, which is doped with a fluorescent dye. Passage of the light through the
liner is achieved by installing a quartz window in the liner. The fluorescence signal is
collected through the same fiber, filtered, focused and directed to a photomultiplier
tube, which converts the light signal to volts. This data is then sent to the data
acquisition system. Further details, including equipment description, procedure for
oil dyeing and signal collection, are given in [17].

Two quartz windows were installed in the liner sample at a position close to midstroke,
each approximately 0.25 inches, or 8° from the circumferential center. This axial
position was chosen because it is the region of highest velocity and thus greatest
power loss to friction, and because data from the same L.L.F. system is available for
comparison. The windows and holes for passage of the L.LF. signal are visible in
Figure 2-9. The dimensions of the windows are drawn in Figure 2-20 and a three-
dimensional view is shown in Figure 2-21. The front surface has the curvature of the
liner, so that it does not disturb the oil flow on the liner, or, at worst, minimally
disturbs the oil flow. The dimensions of the window were chosen to optimize the
tradeoff between maximal area for passage of the laser signal and minimal area for
non-disturbance of oil flow. The step in window diameter allows for a rear surface for
glueing the window to the liner without blocking the laser signal.

Figure 2-22 displays the mounting of the windows and L.L.F. probe in the liner sample
support apparatus. The figure shows a cross section at midstroke of the liner sample,
mounted on the piston sleeve friction mount and load cell fixture, which are located
in the side plate, in the position for operation of the rig. The holes for the windows
were machined in the liner sample. The liner sample was then mounted onto the load
cell apparatus and side plate and the window holes were used as centering holes for

through holes in the piston sleeve friction mount and side plate. It was important that
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Figure 2-21: L.I.F. Quartz Window Three-Dimensional View

the laser signal not be interrupted and consequently, the through holes were oversized
to allow for slight movement of the piston sleeve friction mount. The movement of the
piston sleeve friction mo'u'nt7 as well as the lack of supporting material were criteria
for choosing the side plate as the probe mount. The location of the probe supporting
material far from the liﬁer sample was a concern since the end of the probe may
be exposed to engine vibration. The focusing probe is screwed into the threaded
mounting. A coupling allows for fitting of the fiber optics cable into the focusing
probe. The exact positioning of the probe from the L.I.F. window determines the
focus of the laser signal on the oil. The procedure involves running the test apparatus
and observing the L.L.F. signal on an oscilloscope. The probe is then turned until the
signal is maximized and then it is locked in position using a locknut. The laser power
supply input is then adjusted so that the maximum values of the L.I.F. trace are
slightly less than 10 V, which is the maximum input to the data acquisition system.
The laser signal is transmitted through four parts of the test apparatus, which must
be re-aligned every time the rig is disassembled and reassembled. This requires very

careful handling of the reassembly as well as re-calibration of the L.I.F. signal.
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Figure 2-22: L.I.LF. Window and Probe Mounting: Cross Section.
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2.2.5 Liner Temperature

The liner temperature was measured using thermocouple wire inserted in the back of
the liner between the two quartz windows, as shown in Figures 2-9 part (b) and 2-22.
The bared wires were locked into an indent in the liner rear surface by a customized
plastic screw. Although the wire did not contact the liner surface, it was located less
than one sixteenth of an inch from the liner surface. The wire was fed back through
the load cell apparatus and connected to a thermocouple reader for an analog display

of temperature in degrees Celsius.

2.2.6 Oil Feed System

During the course of the apparatus construction and initial testing, two different oil
feed systems were used. The first was a drip system, which was easily assembled
and allowed for preliminary measurements. The second system was a controlled oil
injection system, an effort to obtain more precisely controlled oil film thicknesses,
typical of those of firing spark ignition engines. The second is similar in nature to

that used by Slone et. al. [ibid.].

Drip Oil Feed System

The preliminary oil feed system consisted of a 100 ml oil-filled burette mounted on
the top wall of the rig. A valve on the burette base controlled oil flow. The oil
trickled down from the burette to the liner by gravity, similar to the oil drip system
employed by Ting [ibid.]. This oil feed system, although simple and easy to use for a
variety of oils, did not provide precise control of the oil thickness on the liner. The
valve was essentially a binary control and, in general, the liner was over-flooded with
oil. However, the system was very useful, allowing for preliminary measurements of

friction force, normal force and oil film thicknesses.
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Pulsed Oil Injection System

A new oil feed system was designed and constructed to provide better control of
oil flow and oil film thickness. This mechanism consists of repeated single-pulse oil
injection, in which oil is pumped from a reservoir through a nozzle which sprays the
oil onto the liner sample, as shown in Figure 2-6. A schematic of the oil feed system
is shown in Figure 2-23. From the reservoir, the oil is filtered and then pumped
through a stainless steel pipe to a nozzle. A solenoid valve, located in the pipe just
prior to the nozzle, opens and closes according to an electrical pulse from a signal
generator. The signal can be varied in terms of duration and frequency, allowing for
control of the number of pulses in time and the amount of oil injected per pulse, as
diagrammed in Figure 2-24. Various nozzles were tried. The most successful was a
modified syringe nozzle, which has a large enough cross section to allow flow of a
fluid as viscous as engine oil, but a small enough cross section to provide a jet of oil.
Typically, in an automobile engine, the oil splashes up onto the hot liner from the
motion of the piston and the connecting rod. While the Way in which the oil reaches
the liner is difficult to duplicate, it is hoped that the final product, the spreading of
the oil on the liner, is similar to that found in an automobile engine. Additionally, in
an automobile engine, the oil splashes up onto the liner from the bottom of the liner.
The geometry of this test apparatus is such that it is not an easy task to mount the
oil feed system. The best mounting is one which utilizes the stationary top wall of the
apparatus. This allows for positioning of the nozzle close to the liner, so that most
of the oil reaches the liner. The oil exits the nozzle in a stream, rather than a spray,
and, from the nozzle placement, contacts the liner at the circumferential center. just
above top center. The stream can contact the liner in several ways, diagrammed in
Figure 2-25. The first, (a), shows inadequate pump pressure, where the oil fluid does
not have enough pressure to reach the liner and instead drips down from the nozzle.
The third, (c), diagrams the fluid behavior when the pump pressure is too high. The
oil hits the liner and a large fraction bounces off the liner, down onto the rig, or onto

the ring holder. Some oil does remain on the liner. The second picture, (b), shows
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Figure 2-23: Oil Feed System Schematic

the ideal situation, with the pump pressure optimized to spray just to the liner. Most
of the oil remains on the liner. However, this situation is very difficult to achieve in
practice. The system is dctually closer to the situation shown in (c), where there is

some oil loss as a result of the high stream pressure.

2.2.7 Data Acquisition System

The Data Acquisition System (DAS) used was one employed in conjunction with
previous L.LF. experimentation. More information is available in [18]. Three channels
of data, as well as the shaft encoder signal, were input to the DAS. Channel 0 was the
friction force signal, channel 1, the normal force signal, and channel 2 was the L.L.F.
signal. The DAS system software does not allow for collection of three channels, so
four channels were recorded, with channel 3 discarded during data analysis.

The analog to digital (A/D) converter transforms the channel input voltages to 12 bit
(4096 levels) of digital data. For this case, the L.L.F. signal was set to vary between
0 and 10 Volts and the friction force load cell emitted a positive and negative voltage

for compression and tension, so a range of 10 V was set. The resolution is thus 5
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Figure 2-25: Oil Feed System Spray Patterns
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Number of samples 288,000
Clock External
Channel 0&1&2&3
Range 10V
Trigger on digital edge
Start after pos
Offset 0

Table 2.4: DAS software inputs

mV.

The user inputs to the DAS software program are listed in Table 2.4. The shaft
encoder sent 7,200 data points per revolution, the number of input channels was four
and the number of cycles for sampling was usually set at ten. This gave a total
number of 288,000 samples. It was desired to average the data over several cycles,
however, the size of output data files were usually very large, placing a limitation on
the amount of collectible data. The choice of ten cycles reflected the compromise.
The software output was in ASCII format of four columns of data, each column
containing the data for one input channel and each row signifying the crank angle

difference between sampling.

2.3 Experimental Procedure

This section describes how the raw data gathered by the data acquisition system and
the analog displays was processed into calibrated and useful results for analysis and

comparison.

2.3.1 Calibration of Friction and Normal Forces

The friction force signal was converted to Newtons using the calibration constant
provided by the manufacturer. The normal force signal was calibrated by applying
weights to the load cell and observing the digital output on the oscilloscope. The
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data set is graphed in Figure 2-26. The points correspond very well to a straight line,

with zero offset. The slope of the line was used as the new calibration.

2.3.2 Calculation of Friction Coefficient

The friction coefficient was calculated from the ensemble averaged friction and normal
force cycles. In order to obtain instantaneous friction coefficient values, the coeflicient

was calculated for the entire average cycle, using equation 1.1.

2.3.3 Calibration of Oil Film Thickness

The standard method for converting the L.I.F. signal to distance is to match a physical
marking of known depth on the piston to the equivalent trace in the L.I.F. signal.
In [12], the piston skirt machining marks allowed for calibration of the L.I.F. signal.
However, this strategy is difficult to apply to the test apparatus because of the use
of a single ring and the absence of a piston and easily visible oil control ring. It
was decided to mark the top ring itself, for active calibration. Technicians at Dana
Corporation etched two top rings at circumferential positions corresponding to the
L.ILF. window locations and provided Talysurf profiles of the resulting grooves. The
groove chosen for experimentation, shown in Figure 2-27 was the most centered in the

ring profile and has a width of approximately 150 ym and a depth of 25 um, which is
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Figure 2-27: Talysurf Profile of the Ring used in experimentation.

of the order of the desired oil film thicknesses. It was hoped that the Talysurf profile
could be superimposed on the L.I.F. signal.

2.3.4 Location of Top Center

The shaft encoder pulsing is known to be 7200 points per revolution. This translates
to the data having been sampled every 0.05°. A crank angle vector of 7200 points
incrementally increased by 0.05° was made to represent this, so that data could be
plotted against crank angle. The calibrated averaged friction force trace was plotted
against the crank angle vector, and the zero points, where the friction force was zero,
were located using an iterative process. The first zero was found to be at 4.625°.
The second zero follows the first zero by 180°. These results were reflected in a
new crank angle vector. To determine which zero corresponded to top center, the

apparatus was turned by hand and the friction trace observed on the oscilloscope. As
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the ring moved downwards, the signal was positive, and became negative when the

ring reversed direction.

2.3.5 Calculation of Linear Position and Velocity

The crank angle was converted to linear distance along the liner using formula 2.5 of

(1, p-44],

s =acosd + (> — a®sin® 9)% (2.1)

where 6 is the crank angle, a is the crank radius and equal to half the stroke length, [
is the length of the connecting rod, and s is the distance from the crankshaft axis of
rotation to the piston pi'n axis. In order to have the linear distance defined relative

to top center, this was adjusted to:

d=a+1—[acosf+ (12 — a®sin? )3 (2.2)

The stroke length is given as 0.067 m and the connecting rod length was measured
at 0.11309 m.
The linear sliding velocity, U, was calculated by taking the time derivative of equation

2.2 above, yielding,

2 a2 cosd
U=—Vsinf |a+
60 (12 — a2sin? §)3

where V is the crankshaft rotational velocity in rpm.

(2.3)

2.3.6 Calculation of the Sommerfeld Number

The Sommerfeld Number was defined earlier as “;—g The viscosity of the oil, u was
provided by the manufacturer, Shell, for temperatures 40 ° Celsius and 100 ° Celsius.
Although these are applicable to engine operating conditions, they were too high for
the test apparatus, which runs at room temperature. For each of the oils provided, the

viscosity was graphed against temperature, and linearly extrapolated to the desired

62



N
=]
S

_ 5

O 240 —0~

8 {---

£ 200 — : J-\

g ... L

T 160 3

E 120 A"Ib ki

E A S —~

1 —
g —
S 40 F—x—x ?\ %\\\
%__'___‘_“P\\\)
0 -+ ]
20 30 40 50 60 70 80 90 100
Viscosity (cP)

Figure 2-28: Extrapolation of Viscosity to Room Temperature

value, as shown in Figure 2-28. The calculation of the sliding velocity, U, has been
described earlier. Physically, the Sommerfeld Number should use the minimum oil
film thickness hq as the sliding pad width, or reference length. The limitations of
the L.I.LF. measurements, however, only provide the measurement of film thickness
at the quartz window location, estimated at 81° from top center, at midstroke. For
the Sommerfeld number for the data in a cycle, b, the ring width, is substituted as
the reference length. The normal pressure, o, is the normal force divided by the area
of contact. This was calculated as the ring thickness times the length of contact,
estimated at 2.9 cm, resulting in a 4.2 x 107® m? area. This is probably high, and
the normal pressure is probably smaller as a result. The ring profile curvature would
not contact the liner over the entire ring width, unless the ring was well worn-in.

The experimental procedure was written into code, using the software MATLAB,
chosen because of the software’s capability to handle large arrays. A flowchart of
the program logic is shown in Figure 2-29. A copy of the actual code is shown in

Appendix A.
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Make crank angle vector and adjust for dead centers.
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L
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)
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L

Plot individual cycles of oil film
thickness and friction and normal forces

Figure 2-29: Flowchart of the Code embedding the Experimental Procedure
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Chapter 3

Observations of Test Apparatus

Behavior

This chapter describes typical results obtained from equipment operation, and dis-
cusses the issues resulting from the initial runs. Results from a complete data matrix
will be presented in the next chapter. Trial tests were ruh, under varying conditions
of load, speed and oil viscosity. The friction force, normal force and oil film thickness
signals were found to be repeatable and consistent with the expected behavior and
value range. The oil film thickness was found to decrease with load and increase
with speed. The main issues for action and discussion were: variation in normal
force, effects of quartz windows on friction, conformance of the ring fit to liner curva-
ture, reciprocator/liner axis alignment, ease of apparatus disassembly, linear bearing

friction contribution, oil film temporal behavior and oil film thickness calibration.

3.1 Normal Force Variation

Figure 3-1 displays a normal force trace, averaged over ten cycles, taken under test
conditions of 210 rpm and 46 N average normal load, using a 10W50 oil. The normal
load is not constant throughout the cycle and varies significantly, from a maximum
of 58 N to a minimum of 40 N. This variation is repeated for each individual cycle

and is highest at low loads. It was hypothesized that the cyclical variation is a result
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Figure 3-1: Sample Normal Force Trace

of the ring guide/ring holder geometry, shown in Figure 3-2 and photographed in
Figure 3-3. The normal force transducer is positioned against the front surface of the
ring guide and slip-fit into a bore hole in the rear surface of the ring holder so that
the normal force is transmitted through the protruding button on the load cell. The
surface area of the button is approximately 9 mm?, positioned between two surfaces,
each approximately 500 mm?2. It is probable that the load cell and thus the ring
holder rotates about the button during the stroke. The motion is constrained by
the corners of the ring holder. As a result, there may be more contact points than
through the button of the load cell, so that not all the normal force is transmitted
through the load cell itself. The variation in Figure 3-1 neglects the redistribution of

the normal load between the load cell and the other contact points.
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Figure 3-3: Photograph of the Normal Force Load Cell
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(left) and the rear surface of the Ring Holder (right).
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3.2 Effects of L.I.F. Quartz Windows on Friction

In a hydrodynamic lubrication regime, the friction force will not be dependent on the
surface finishes of the two sliding materials. However, preliminary friction force results
showed a change in friction behavior at the axial location of the quartz windows.
Figure 3-4 displays an averaged friction force trace at 210 rpm engine speed and
approximately 46 N normal force. For both strokes, there is a large spike at the
quartz window location, where there is dramatic change in surface finish. Effects
from the presence of L.I.F. windows appeared consistently in all trial friction force
measurements. This provokes two concerns. First, the rig is not operating under
hydrodynamic lubrication and input conditions may have to be altered. Second, the
quartz windows may be affecting lubricant flow. Figure 3-5 shows a cross-section of
the liner sample at the axial location of maximum window diameter. The window to
liner length ratio is approximately 20% but may be higher if the ring is not contacting
the complete length of the liner.

Additionally, the liner was machined and the windows glued into the liner with the
objective of having the window curvature flush with that of the liner, in order to both
minimize the effect of the windows of lubricant behavior and to reduce any offset in oil
film thickness measurements. For evaluation purposes, the position of the window in
the front surface of the liner sample was measured by using a stationary dial indicator,
and moving the liner sample in the axial direction. The results are shown in Figure
3-6. The dial indicator had a precision of 0.00005 inches. The window on the left
when facing the liner front surface was cocked in its mounting with the top side lower
than the liner surface and the bottom side 0.0001 inch higher. The right window
appeared to be uniformly lower than the liner surface, by 0.0001 inch. Both offsets
are on the order of previously measured minimum oil film thicknesses, and it is not

unreasonable to surmise that this may affect the oil film behavior.
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Liner Sample
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Figure 3-5: Cross section of the Liner Sample, showing L.I.F. Quartz Windows.
3.3 Ring Conformance to Liner Curvature

The ring/liner non-conformance first became noticeable upon observation of the oil
spreading. The oil pattern, after the ring had passed over it, was not axially symmetric
and there tended to be clumps of oil or oil streaks. In addition, the ring holder, when
moving towards the liner sample, tended to hit one side of the liner first, as shown
in Figure 3-7. This drawing compares the ideal situation, where the ring curvature
conforms to that of the liner at every circumferential point, to the actual situation.

To investigate this issue further, the test rig was cleaned of oil and the engine was
turned by hand until the ring was positioned in front of the windows. Then a low
normal force simulating ring elastic pressure was applied and a miniature light bulb
placed under the ring holder. The ring/liner conformance was then studied from
above the test apparatus. The ring curvature appeared to match the liner curvature
better on one side than on the other as expected and could be adjusted to match part

of the curvature but not all of it. This has implications for determining the contact
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Figure 3-6: Ring/Liner Axis Alignment.
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Figure 3-7: Ring/Liner Ideal and Actual Fits.
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area and for undersfa.nding the lubricant flow. The ring/liner non-conformance could
be a result of normal bore distortion in an engine liner, where the liner curvature is
not perfectly cylindrical, and it could also be a result of the process used to cut the
liner sample. It is possible that the liner, when cut, distorts to a larger and non-
uniform radius. This is not an easy problem to solve, especially since the ring holder
only allows for maximum ring radius adjustment to that of the pre-cut liner sample
radius. Because it is difficult to adjust the liner sample radius, it was decided to alter
the ring holder design.

The re-design is shown in Figure 3-8 and photographed in Figure 3-9. The two
side ledges were milled off and the inner groove, which controls the ring radius, was
machined from 1.776 inches to a larger radius of 1.781 inches. Two machined pieces
replaced the ledges and are screwed down to the ring holder and reinforced with
helicoil inserts. This re-design provided a slightly better fit, which is shown in Figure
3-10. The ring segment curvature matches at the center and at the extreme sides of
the liner sample. but in-between, there is some non-contact, and light can be clearly
seen shining through the gaps. The radial gap size was estimate at 0.002 inches,
which is an order of magnitude larger than typical minimum oil film thicknesses.
It was decided to adjust the ring radius in the ring holder until the ring curvature
matched that of the liner in the area near the quartz windows, which are the critical
locations. The resulting oil spreading leaves a small streak in the center and at the
sides. This is the best fit for this axial position and the liner segment curvature may
also be distorted axially. It is difficult to judge the severity of this problem, which is

usually not discussed in the literature.

3.4 Ring/Liner Axis Alignment

The problem discussed in the previous section highlighted another potential issue
associated with the rig design. The axis of motion of the ring is determined by the
engine piston movement. This may not be parallel to the axial direction of the liner

segment, which is determined by the liner sample fit to the load cell apparatus and the

72



(a) Front View

(b) Rear View

Figure 3-8: New Ring Holder Design.

Figure 3-9: Photograph of the redesigned Ring Holder.
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Figure 3-10: Fit of Ring Curvature to that of the Liner Segment.

consequent fit to the test apparatus walls. Moreover, disassembly and reassembly of
the rig results in a new liner sample axis. The problem was assessed by mounting a dial
indicator on the reciprocator and positioning the indicator end on the liner segment.
The engine was hand turned and the distortion of the indicator visually traced and
recorded at 20° intervals. The distortion at the circumferential center was examined
and the procedure reiterated at two positions, in front of the windows as shown in
Figure 3-11, which also displays the results in graphs of measured distortion against
axial position. The liner segment appears to be tilted away from the reciprocator
at the top and towards the reciprocator at the bottom. This seems to be the sole
direction in which the axes are misaligned and confirms that the ring conformance
will vary from that measured at midstroke but may not vary circumferentially as a

result of changes in liner sample alignment.

3.5 Apparatus Disassembly

Trial testing of the rig demonstrated the difficulty of accessing the ring and ring holder.
While the ring holder is not physically attached to anything, it cannot be extracted
without first removing the blocking liner sample and load cell apparatus. This is a
concern because the total time for this disassembly and reassembly is approximately

two hours. A simple re-design was implemented, which reduced the assembly time to
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Figure 3-12: Re-design of the Ring Guide for Improved Access to the Ring Holder.

Figure 3-13: Photograph of the redesigned Ring Guide.

five minutes. This is shown in F igure 3-12 and photographed in Figure 3-13. The top
ledge of the ring guide was milled off and a replacement piece was machined which
is attached through two flathead screws into helicoil inserts. Removal of the ring
holder became a simple process of removing the ring guide ledge and lifting up the
holder. This also additionally allowed for easier cleaning of and oil removal from the

test apparatus.
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3.6 Bearing Friction Contribution

Linear bearings were installed in the reciprocator and the load cell apparatus. After
approximately an hour of engine operation, score marks appeared on the reciprocator
rods, caused by the balls of the larger linear bearings. The effects of the smaller linear
bearings in the load cell apparatus were more difficult to discern because the rods are
obscured by the equipment but it became a concern that they were contributing to
the friction force measured by the load cell. To assuage this concern, the bearings of
the load cell apparatus were replaced and the shafts were replaced by rods of smaller
diameter. The new equipment appeared to move more easily and there were no
visible scratch-marks from vigorous manual movement of the shafts. Unfortunately,

the friction force and friction coefficient did not noticeably change.

3.7 Temporal Oil Film Thickness Behavior

The pulsed injection oil feed system was run through some trial tests, both to observe
the oil flow to the liner and to examine the oil behavior on the liner. It was found
that the oil feed pulsed too much oil to the liner, even at the lowest setting of pulse
width of five ms and pulse spacing of one second, which produced a volume flow rate
of oil onto the liner of 7.5 mL per minute.

Under these conditions, a large amount of oil was bouncing away from the liner
and a visual inspection of the liner showed complete flooding of the liner. It was
decided to send a single pulse of oil to the liner and, using an oscilloscope, observe
the oil film thickness, focusing on the trace around the ring. An oil thinning pattern
was observed, where, defining time zero as the time of the single oil pulse, the oil
thickness trace assumed a shape similar to the one shown in Figure 3-14. In the first
few seconds, the overall trace would rapidly increase in size and then, over the course
of half a minute, reached a steady state, in which the trace did not change further,
for a period of observation of over half an hour. The mass of oil to the right of the

ring, labeled Ay, was studied over several runs at engine speeds of 300, 400 and 600

77



x10°
Averaged over Ten Cycles
Engine Speed 400rpm

Normal Force =24N Ring Profile

1.5

-t
T
1

A

Ay

U v

0 0.01 - 0.02 0.03 0.04 0.05 0.06
Distance from TC, downstroke (m)

Oil Film Thickness (m) (calibration: e-6)
o
n

Figure 3-14: Sample Oil Film Thickness Trace.

rpm, approximately 20 N normal load and pulse width of 40 ms. The oil thinning is
displayed in Figure 3-15. It was hypothesized that the pulsed oil initially increased
the oil mass around the ring and then, reflected in the transition to steady state,
some amount was shaken off by engine vibration and ring reciprocating motion and
some oil flowed down the liner due to gravity. At steady state, the oil film behavior

on the liner is solely determined by the ring/liner interaction and oil properties.

3.8 Oil Film Thickness Calibration

In preliminary trials, the calibration of the L.I.F. signal was found to be very chal-
lenging. The calibration factor affects the oil trace shape in both the vertical and

horizontal directions. If the factor is halved, then, for the same distance from Top
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Center, the height of the oil film thickness is halved and the curvature is flattened.
Figure 3-16 shows two oil film thickness traces, taken at 400 rpm, multiplied by the
same calibration factor. The left graph, (a), was taken using the drip oil feed system
and the right graph (b) is a result of a single oil pulse. In both graphs, the Talysurf
ring profile is diagrammed as the dotted line, and is shown to be larger than the oil
trace around the ring, a physically impossible situation, although in (a), the actual
ring groove matches the groove depth of the oil trace. If, in (a), the calibration is
altered until the ring widths are matched, the groove markings of the oil trace are
flattened out. In (b), the groove mark is completely absent from the oil trace. The
groove was inspected using a microscope and it was found to have been worn down
from apparatus operation. Since it can no longer be reliably used for calibration, the
only recourse is to recalibrate so that the ring widths are matched.

This chapter has outlined some of the initial data and resulting issues and assessed the
main problems and corresponding revisions. The completion of preliminary testing

allowed for data collection which is described in the next chapter.
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L.LF. calibration: 10-6

(b) 400rpm
Normal Force =24N
L.LF. calibration: 10-6

Figure 3-16: Two Sample Calibrations of Oil Film Thickness Traces.
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Chapter 4

Experimental Data and Analysis

The matrix of test conditions for each data set is shown in Table 4.1. A total of forty-
five data sets were taken, where oil type, normal load and engine speed were varied.
Each data set included: instantaneous friction force, normal force and L.I.F. signal
values. Five oil types were used, providing a viscosity range, at 30°C, of 38 to 226 cP.
Three normal load test conditions were chosen. The lowest value of approximately 15
N represents a typical ring force due solely to ring elastic pressure. The two higher
values represent the presence of gas pressure behind the ring. Three engine speeds
were chosen. The preliminary results indicated increased noise with higher engine
speeds such as 400 and 600 rpm, while the results at 200 rpm are relatively noise-free.
The highest speed, 600 rpm, is at the limit of the dynamometer capability. For a
stroke of 0.067 m, the corresponding mean piston speeds for 200, 400 and 600 rpm
are, respectively, 0.45, 0.67 and 0.89 m/s.

The data was collected in order of test number. The raw data is given in Appendix
B. This includes: the oil thinning data, oil type, engine speed, liner temperature
and applied normal load. The raw data, collected as described in the Experimental
Procedure section, is also listed, and includes: friction force, instantaneous normal
force, friction coefficients and minimum oil film thickness. This chapter will first
present the measurements of the system inputs: liner temperature and normal load.
Next, typical results will be presented for oil film thickness, friction force and co-

efficient and general trends will be examined. Specific graphical results for oil film

82



Data Set | Oil Viscosity at 30°C (cP) | Normal Load (N) | Engine Speed (rpm)
1 382 15 ‘ 200
7 (il #1) 200
3 10W 600
4 40 200
5 400
6 600
7 80 200
8 400
9 600

10 102.7 15 200
11 (Oil #2) 400
12 SAE30 600
13 ' 20 200
14 400
15 600
16 80 200
17 400
18 600
19 126.5 15 200
20 (Oil #3) 400
21 10W50 600
p%) %0 200
23 400
24 600
25 80 200
26 400
77 600
28 161.2 15 200
29 (Oil #4) 400
30 10W50 600
31 20 200
32 400
33 600
34 80 200
35 400
36 600
37 23260 15 200
38 (Oil #5) 400
39 SAES0 600
20 40 200
41 400
42 600
3 80 200
44 400
45 600

Table 4.1: Matrix of Test Conditions.
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thickness and friction will be presented and analyzed. Repeatability will be discussed,

as well as oil film thickness calibration and verification of experimental procedure.

4.1 Variation in Experimental Inputs

A typical set of graphs of normal loads for the same oil is given in Figure 4-1. Moving
left to right across the page gives increased load, and moving down the page gives
increased engine speed. The cyclical variation in the normal load, as discussed in Trial
Results, is obvious under each condition. For the lowest load, increased speed leads
to greater variation in normal load and increased load leads to reduced noise. The
traces for the two higher loads are very similar to each other and show minor variation
with increased speed. The extremes of the averaged normal load were measured and
are included in the figure. The worst case is at high speed, where the small normal
load and air pressure against the liner cannot be steadily maintained, leading to
extremes of 80% above the average and 63% below the average. It is possible that the
variation in normal load is substantial enough to cause variation in the friction force
behavior. There is a consistent difference between the upstroke and the downstroke
normal loads. The downstroke normal force at midstroke is always less than that of
the upstroke normal force at midstroke. However, this should not affect the friction
coefficient. |

It was difficult to set the air pressure exactly at the desired normal load, because
of the inaccuracy of the air pressure system and the cyclical variation of the normal
load. Figure 4-2 shows the accuracy of the normal load setting in order of the desired
normal loads. The actual normal load averages, maximums and minimums for each
data set are displayed. The lowest load has a high average (5N above the desired
average of 15N) and high percentage deviation. This may reflect the inability of the
air pressure cylinder to apply a constant, steady load at a low normal load and to
maintain that load under engine vibration and movement. These high variations in
normal load were kept in mind when comparing friction and L.L.F. results for a given

normal force.
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Figure 4-3: Variation of Liner Temperature during Testing

As expected, there were variations in the liner temperature from one data set to the
next. Figure 4-3 shows the liner temperature for each test. The temperature increase
is steady through each set of tests. This was partly a result of ambient temperature
differences, but was mainly due to heating caused by the ring motion against the
liner, indicating some heat generation and transfer as a result of friction. This was
concluded from the rise in temperature with increased continuous testing and the
decrease in temperature when the rig was allowed to rest between data sets while the
oil was changed.

It was observed that the motor and pump of the oil feed system also heated up with
continuous use. Both became hot to the touch. This became a concern because it
was thought that the temperature increase might be transferred to the oil itself, thus
affecting the oil viscosity in an unknown manner. However, a touch of the stainless
steel pipes of the oil feed system close to the nozzle revealed no significant difference
from room temperature, suggesting that whatever heat had been transferred to the
oil by the pump, it was lost while flowing through the pipes. The measured liner
temperature was assumed to be the temperature of the oil and was used to calculate

oil viscosity as discussed in Ezperimental Procedure.
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4.2 Results

Typical friction force graphs, for one oil with variation in load and speed, are given
in Figure 4-4. There are some similarities with the normal force traces. There is
significant noise in the signal. The worst case is at low load, high speed, with high
noise, perhaps as a result of the variation in normal load. On each graph, two averages
are given. The average includes one stroke and the midstroke average is applicable
to the center of the stroke, as defined in the Ezperimental Procedure. The noise
increases with engine speed and decreases with applied normal force. In all of the
graphs, there is an increase in friction at endstroke, particularly top center and a
plateau at midstroke. The presence of the quartz window, marked by the sudden,
quick change in friction force, is noticeable in all the traces. The shape also varies
with load. This will be discussed when considering the friction coefficient, where the
influence of the normal load shape is normalized. T

The curve shapes vary little, for the same speed and load conditions, from oil to
oil. Exceptions include Oil 3 (10W50) at low speed and low load, where the quartz
window does not affect the downstroke friction trace, although it is dramatically
visible on the upstroke. For the same oil, at medium load and low speed, the effects
of the L.I.F. window are once again not visible, except on the upstroke. This is a
promising indication of hydrodynamic lubrication. Both graphs are shown in Figure
4-5. Another set of exceptions arise from the friction traces of Oil 5, where there are
suggestions of a ‘crown’ in the center of the stroke, where the friction force is greatest
at endstroke, decreases, and then increases slightly at midstroke. This suggests a
transition between lubrication regimes, and is shown in Figure 4-6.

Typical friction coefficient results are shown in Figure 4-7. In general, the curves
are similar to those of friction force, for the same speed and load, with differences
resulting from fluctuations in the normal force. The friction coefficient values range
from approximately 0.09 at endstroke to 0.05 at midstroke, on average, although there
are friction coefficients close to 0.02 at midstroke. The lower values are indicative of

transition among lubrication regimes. As in the friction force diagrams, two averages
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Figure 4-4: Instantaneous Friction Force
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are given for each stroke. The friction coefficient varies by at most 0.01 between
the overall curve average and the midstroke average. This is true of all the forty-
five data sets collected. The midstroke friction coefficient average will be used to
compare between data sets. There are differences between up- and downstroke friction
coefficient averages, which is also visually apparent. These are most prominent at
high speeds. These trends are also consistent throughout the data set, leading to the
conclusion that the ring/liner friction is different for downstroke and upstroke. This
may be due to the ring being cocked differently in the up- and downstrokes. For
consistency, the downstroke friction coefficient will be used for comparison between
data sets. The curve shapes and values shown in Figure 4-7 are typical of all the oils
for the same load and speed. Appendix C shows the friction coefficient graphs for
oils 1, 2, 3 and 5. The exceptions are again produced from use of QOil 5, and shown
in Figure 4-8. Again , there are trends suggesting lubrication regime transition away
from endstroke. Another notable exception is the medium load, low speed graph of
Oil 3, shown in Figure 4-9, in which the presence of the L.I.LF. quartz window, as
noted in the friction force trace, is not visible.

Figure 4-10 shows the variation of the friction coefficient on load for the three engine
speeds, with marked lines of constant viscosity. The results for the two lower speeds
are very consistent. The friction coefficient increases with normal force. At the
highest speed, oils number 1, 3 and 4 demonstrate similar trends, but oils number
2 and 5 do not change substantially with load. The order of the constant viscosity
lines is not maintained from one speed to the next, except that oil number 1, the
least viscous, consistently has a high friction coefficient and, at high load, oil number
5 consistently has a low friction coefficient. Figure 4-11 displays the dependence of
the friction coefficient on engine speed, along lines of constant viscosity for the three
normal loads. In this case, the relationship is very clear and repeatable. For each
load, the friction coefficient decreases with engine speed. In all but one case, oil
1 has the highest friction coefficient. The relationship between friction coeflicient
and engine speed is maintained even at low load, high speed, which shows some

instability, consistent with previous observations of low load, high speed data. This
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All graphs are averaged over Ten Cycles. oil 4 (10W50)

Figure 4-7: Instantaneous Friction Coefficient
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Figure 4-9: Friction Coefficient Upstroke Trace, showing no Quartz Window Effect

indicates that the lubrication regime is not boundary lubrication, in which the friction
coefficient would be independent of speed. It is probably mixed lubrication, where,
for the same viscosity and load, the friction coefficient decreases with sliding speed,
as demonstrated in the Stribeck diagram.

Typical oil film thickness results of averaged oil film thickness over one cycle are shown
in Figure 4-12. The L.I.F. signal was calibrated from the ring width, since this was
easier to match than the ring profile. Since the groove in the ring was not discernible,
it could not be used for reliable calibration. Figure 4-13 shows a comparison of
different calibrations. It is apparent that for the lowest calibration, 2 x 107, the ring
width is too small and for the largest, 5 x 1077, the ring is seemingly filled with oil, a
physically impossible situation. A calibration between 3 x 1077 to 3.5 x 10~7 would
be physically plausible. The calibration 3 x 10~7 appeared to be the best fit and was
used consistently throughout the data set. This gives the calibration an approximately
20% certainty when calibrating from the ring width. From this calibration, and the
match shown, it is difficult and perhaps foolhardy to draw conclusions about the
ring wetting and detailed oil film behavior. There were traces, such as that shown
in Figure 4-14, where it appeared that there was ring wetting and inlet and outlet

points. This became clearer at a higher calibration which provides an excellent fit to
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the ring curvature. However, this was not consistent for all L.I.F. traces and the ring
width is clearly not matched.

From the L.I.F. calibration comparison in Figure 4-13, the sides of the ring shown in
the L.LF. signal are not parallel, while the ring sides are indeed physically parallel.
This adds doubt to the calibration, since the ring width can only be matched at one
vertical location. The chosen point was the edges of the Talysurf traces, which are
clearly parallel, rather than far away from the area of interest, the subring region.
For the reasons outlined above, it is preferable to think of the oil film thickness in
relative terms, as points for comparison.

The ring wetting is clearly discernible in all the graphs of Figure 4-12. The down- and
upstroke traces are almost mirror images of each other. The region around the ring
was magnified and is shown in Figure 4-15, confirming the L.I.F. window location at
approximately 81° from Top Center. This graph was generated for every data set,
to check the assumption for defining minimum oil film thickness, described in the
Ezperimental Procedure, of the subring region located between 80° and 82° from Top
Center. A visual inspection of all the graphs showed this to be a valid assumption.
This process also allowed for an investigation of ring wandering from test to test.
This was found to be minor and there were no trends of deterioration during testing.
The crank angle was converted to linear distance as described in Ezperimental Procedure.
The downstroke trace is shown in Figure 4-16. Again, the ring wetting is very clear.
The general shape of the oil around the ring is consistent from one condition to the
next, with a large clump of oil present before the ring passes the window, a cav-
ity and then oil wetting around the ring, followed by two smaller clumps of oil. It
is difficult to specifically interpret the oil thickness pattern. One interpretation by
Deutsch [12], who used the same L.I.F. system, is that the oil around the ring is oil
sitting on the piston, or, in this case, the ring holder. Even if the oil is sitting on
the holder, which is at a radial distance of approximately 1 millimeter from the liner,
the oil will still fluoresce and emit a signal when activated. Further credibility is lent
to this interpretation by the fact that the oil thickness covers about 29 millimeters

for all the graphs, and the ring holder has a thickness of 25.4 millimeters. Oil has
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Figure 4-15: Oil Film Thickness in the Subring Region
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been observed on the top and bottom lip of the ring holder, which would increase this
thickness. Although it is difficult to observe the oil flow during the experiment, due
to the laser beam presence, both before and after the tests, considerable lubricant
presence was observed over the ring holder, the ring and the entire rig itself, as well
as within crevices on the ring holder, such as the groove holding the ring to the liner
curvature. The oil thickness curve does not change in size or shape with increased
load but does change with increased speed. One possible explanation for this is that,
at higher speeds, less oil is able to remain on the holder and more is shaken off before
the oil film stabilizes. These trends are consistent independent of oil type. Appendix
D shows the oil film thickness profiles for oils 1, 2, 3 and 5.

Typical traces of the downstroke subring region, with the imposed Talysurf ring profile
(dashed line) are shown in Figure 4-17. In all the cases, the Talysurf profile ring
width matches the oil wetting ring width. The general shape of the curve changes
slightly but not significantly from one condition to the next. These curves are similar
through the complete data set. For a more thorough analysis, the downstroke and
upstroke minimum oil film thicknesses were determined and are shown in Figures
4-18 and 4-19, against load along lines of constant viscosity, for the three engine
speeds. It is difficult to discern a clear relationship between either up or downstroke
oil film thickness and normal force, at any speed. Oil 5 consistently has the largest
oil film thickness. This suggests that the higher viscosity of the oil causes higher film
thicknesses. This matches the thinking that, for lift generated under a hydrodynamic
wedge, the lift force is proportional to the velocity times the viscosity divided by the
lubricant thickness. For conditions of constant lift and engine speed, an increase in
the viscosity will result in a thicker oil film. In most of the cases, oil 1 has the lowest
film thickness but this trend does not have the consistency of that of oil 5. At the two
higher speeds, the film thicknesses of oils 2, 3 and 5 always decrease with increased
load, indicating that, as the normal force increases, it squeezes out more oil, thus
decreasing the film thickness. Oils 1 and 4, for the higher speeds, decrease at the
lowest load, peak at 40N and then decrease. This behavior is difficult to interpret.

At 200 rpm, the behavior is varied and also difficult to translate to a meaningful
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physical situation. It may be that the high variation noted at the low load in Figure
4-2 produces a different lubrication mechanism under the ring. Another possible
source of unreliability is the temperature change with time, noted earlier. This alters
the viscosity which was shown to affect film thickness, but should be a minor effect
since the change in viscosity is small compared to the absolute viscosity.

The dependence of minimum oil film thickness on engine speed is graphed in Figures
4-20 and 4-21. Like the previous set of graphs, there are no clear consistent trends
. The highest viscosity oil always has the highest minimum film thicknesses and the
lowest viscosity oil usually corresponds to the smallest film thickness. At the highest
load, all the oils have decreasing oil film thickness with increased speed. At medium
load, the trends for up- and downstroke have different behavior and, at low load,
minimum film thickness for oil 1 clearly decreases with speed, while oils 2, 3 and 5
appear to increase film thickness with speed.

To understand the nature of the friction regimes in the experiment, the Stribeck dia-
gram for instantaneous friction coefficient vs. Sommerfeld number was generated for
the data sets which were considered to be most likely to have reached hydrodynamic
friction behavior. These included: oil 4, at high load and high and low speeds and
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