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Abstract

Internal combustion (IC) engines used in road frartsapplications employ pistons to convert
gas pressure into mechanical work. Frictional lssg®und within IC engines, where only 38-
51% of available fuel energy results in useful nagstal work. Piston-bore and ring-bore
conjunctions are fairly equally responsible forcait30% of all engine friction - equivalent to
1.6% of the input fuel each. Therefore, reductiomiston assembly friction would have a
direct impact on specific performance and / or fteisumption.

In motorsport, power outputs and duty cycles gyeaxiceed road applications. Consequently,
these engines have a shorter useful life and a pigmium is placed on measures which
would increase the output power without furtheruadg engine life. Reduction of friction
offers such an opportunity, which may be achievednipproved tribological design in terms
of reduced contact area or enhanced lubricatiohotin. However, the developments in the
motorsport sector are typically reactive due taeklof relative performance or ad-hoc
reliance, based upon a limited number of actualirentests in order to determine if any
improvement can be achieved as the result of sam@etermined action. A representative
scientific model generally does not exist and ah sinvestigated parameters are often driven
by the supply chain with the promise of improveméntcylinder investigations are usually
limited to bore surface finish, bore and pistonrgetrical form, piston skirt coatings and the
lubricant employed. Of these investigated areadyemerging surface coatings are arguably
seen as predominate.

This thesis highlights a scientific approach whias been developed to optimise piston-bore
performance. Pre-existing methods of screening laeachmarking alterations have been
retained such as engine testing. However, thisbkas placed in the context of validation of
scientifically driven development. A multi-physicsumerical model is developed, which
combines piston inertial dynamics, as well as tleestnuctural strains within a thermo-
elastohydrodynamic tribological framework. Expemta tests were performed to validate
the findings of numerical models. These tests woheltilm thickness measurement and in-
cylinder friction measurement, as well as the nucady-indicated beneficial surface
modifications. Experimental testing was performed @n in-house motored engine at
Capricorn Automotive, a dynamometer mounted simglexder ‘fired’ engine at
Loughborough University, as well as on other engibelonging to third party clients of
Capricorn. The diversity of tests was to ascertiagngeneric nature of any findings.

The multi-physics multi-scale combined numericgbexmental investigation is the main
contribution of this thesis to knowledge. One mdijoding of the thesis is the significant role
that bulk thermo-structural deformation makes oa tlontact conformity of piston skirt to
cylinder liner contact, thus advising piston skiesign. Another key finding is the beneficial
role of textured surfaces in the retention of resies of lubricant, thus reducing friction.

Keywords: Piston skirt lubrication, Thermo-elastohydrodynamics, Thermo-elastic
global deformation, Laser surface texturing, Platea honing
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Chapter 1

Introduction

1.1 Problem definition
In 2005 the UK Chancellor of the Exchequer annodreceeview of forward implications on
the UK regarding the economics of climate changereiew presented b$tern (2006)

contained the following statements:

“The scientific evidence that climate change ig@asis and urgent issue is now compelling. It
warrants strong action to reduce greenhouse gassems around the world to reduce the risk
of very damaging and potentially irreversible imfgacon ecosystems, societies and
economies...... Reversing the trend to higher globalperatures requires an urgent, world-
wide shift towards a low-carbon economy. Delay nsatkee problem much more difficult and
action to deal with it much more costly”. Accordirtg the Stern review, road transport
accounts for 10.5% of global greenhouse-gas emmissamd this is expected to double by
2050. Carbon-based emissions from road transpartigfnout the world are, therefore, under
increasing scrutiny due to their contribution t@ thverall emissions. Increasingly stringent
Governmental regulations throughout the world avecihg automotive manufacturers to
improve economy whilst reducing emissions. The KiReyiew (King, 2007) stated 22% of
UK total emissions (in 2005) are from the road $portation sectors and an 80% reduction in
CO, km™ should be targeted by 2050. Amidst an estimatasblifty of UK transportation
throughout this timeframe, the effective reductisr®0%.King (2007) also details potential

engine and transmission efficiency savings (takil¢. 1

Technology Efficiency saving Cost per vehicle (£)
Direct injection and lean burn 10-13 % 200 — 400
Variable valve actuation 5—7% 175 — 250
Downsizing engine capacity with

turbocharging or supercharging 10 — 15% 150 — 300
Dual clutch transmission 4 5% 400 — 600
Stop—start 3—4%* 100 — 200
Stop—start with regenerative braking 7%* 350 — 450
Electric mortor assist 7%* 1,000
Reduced mechanical friction components 3-5% Negligible

Table 1.1 Potential engine and transmission saiKgg), 2007)
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Table 1.1 states the case for ‘Reduced mechanigetioh components’. Power-train

efficiency is also cited by thé/orld Energy Council (2007)as a technology to be considered
towards 2050 C@reduction. A reduction in power-train efficiendggses) therefore results in
reduced CQ Richardson (2000)also presented power-train losses based on thaé IOt

engine fuel energy input (Figure 1.1) showing ietatontributions.

Mechanice
Friction
(4-15%)
Other losses
(47-58%)
Work Output
(38-51%)

(a) Distribution of total energy in fired engine

Pistons, rings
rods
(40-55%)

Others
(40-60%)

(b) Distribution of total engine mechanical friatio

Piston Rod
(25-47%) (18-33%)
Rings
(28-45%)

(c) Distribution of piston, rings and rod friction

Figure 1.1 Proportion of energy and losses in aari@ine (afteRichardson (2000)
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According toRichardson (2000)of the engine mechanical friction sources, theopisand
rings account for the major frictional losses. ladieeach of these losses (piston rings and
piston) accounts for 1.6% of input fuel. In ternfswerk output (assuming nil contribution
towards ‘other losses’), each of these sourcesh@apotential to contribute 3% (6% additional

mechanical work).

Andersson (1991)and Taylor (1992) have accounted for approximately 55% of all logees

an engine as thermal losses (see figure 1.2). Enemnemaining 45%, approximately 25% of
the energy loss is due to mechanical losses hipalteciprocating / rotating inertial members
within the internal combustion engine: piston adsigmjournal and big end bearings, valve
train and other ancillaries. A further 15% is ldste to pumping, resulting in approximately
10% output power remaining. The piston assemblyrefbee accounts for a sizeable
proportion of the mechanical losses (approxima&®y), making a viable case for overall

engine performance improvement. As this mechaissl is a total loss from the system, any
improvements made should directly improve not dagt consumption for a specific case, but

also the total emissions for a given duty.

Mechanic al losses Total power from fuel Power 1o the wheels

Figure 1.2 Frictional losses in an IC engine simntaurban driving

as measured by Andersson (1991)
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Wheels . 4
125 Piston Skirt Friction
: : 254
Air Pumping 25%
5:__.-:F g Axle & Transmission
Exhaust 40 22.5%
e i

Braking & Coasting
7.5%

b
A " 1%
Axle & Transmission
Friction 3%

Accessories
4%

Caeling Bearings
29% 125%

SESICN ano evenaprmen
Rasearch and Develap

Figure 1.3 Frictional loss contribution from var®olC engine sub-systems
(afterTung and McMillan, (2004))

Tung and McMillan (2004) (see figure 1.3) an@arden (2008)both further expand on this
assessment of various losses stating the pistohtekibe the greatest contributor to a piston

assembly’s friction.

1.2 Piston assembly preamble

With the exception of Mazda on limited models, thiston assembly of nearly all road
vehicles whether spark ignited (SI) or with compies ignition (Cl) contains similar
components. Furthermore, nearly all the road vehiglith the exception of relatively small
units operate as four-stroke engines. The comperadrthe piston assembly often vary greatly
in material, design and layout. However, it is gallg possible to identify the major

components discussed herein. A typical piston aBseisishown below in figure 1.4.

1.2.1 Piston assembly components

The piston assembly consists of the piston (EpsrifA) and the working bore surface (F). It
also contains the gudgeon pin (C) and the pinnetgiclips (B), as well as the connecting rod
(D). For the purposes of this work, the connectiod is considered to be extraneous to the

definition of the piston assembly with the exceptad its inertial contribution.
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Figure 1.4 The piston assembly.

The primary function of the piston assembly isremsform the combustion gas pressure into
crank torque (work). The piston translates alorg dplinder axis in a reciprocating manner,
transferring thrust to the connecting-rod and utiely the crankshaft. Combustion
parameters, component geometry, parasitic lossttsedative position in the rotational cycle

dictate the resulting instantaneous induced inddrgue.

The assembly of these parts is shown diagrammigticalFigure 1.5 and brief descriptions for

these and other related components are given below:

(a) Piston: The piston may be regarded as a pressure-tighhdridal plunger, which is
subjected to the expanding gas pressure, resditbngthe combustion process. Its function is
to convert the gas pressure loading into a drivilmgist along the connecting rod axis.

Therefore, it has also to act as a guide for theeuportion of the connecting-rod.
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Figure 1.5 The piston assembly Figure 1.6 Simplif@rces on the piston
assembly

(b) Piston rings: The piston rings are assumed to be circular wimisitu (note this is not the
case whilst they are in ‘free-state’, when they @asidered as incomplete rings). The rings
seal the gap between the piston and the bore surfdeally preventing the flow of gas
between the combustion chamber and the sump (bjowHorthermore, the rings control the
bore surface lubrication, ideally providing an ad#g film in these conjunctions, guarding
against direct surface interactions and wear, Wwipiteventing lubricant ingression into the
combustion chamber (blow-by). This ingression,at oontrolled, would lead to unacceptable

emissions and limited life due to lubricant constiom

(c) Gudgeon pin: The gudgeon pin or wrist pin (USA) provides a ping connection
between the piston and the connecting rod. It psramigular articulation yet restricts the rod’s
small-end motion to remain nominally along the boeatreline. The gudgeon pin, depending
on design, may be fixed in one of the adjacent compts (e.g. shrink-fitted onto the
connecting-rod) or it may be free to rotate (fulbating).

(d) Connecting rod: The connecting rod is situated between the gudgadonand the
crankshaft. The upper portion of the connecting iodeferred to as themall endand has
predominantly a translating motion with small angiscillatory reversals, which is a
tribological unfavourable condition. The lower port of the connecting rod is referred to as

the big endand often incorporates suitable bearing elemertghie transfer of combustion
6
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thrust into rotational torque applied to the crdrdés The motion of the big end is

predominantly rotational.

(e) Crankcase:The crankcase is usually a fairly complex castcstire, at the very minimum
containing components above the crank centrelirte uanto the lowest point of the piston
travel. In this minimal case, a cylinder block artel is attached on top of this to make a
crankcase-cylinder block assembly (thereby comtgiil the components in figure 1.4). Most
commonly in road vehicles the cylinder block isiategral part of the crankcase containing all

the oil and water galleries for cooling and lubtica.

(f) Crankcase / cylinder block with integral liner / bore surface: Most modern passenger
vehicle engines tend to be light alloy constructiolt is quite common to find in such cases
that, for tribological reasons, a cast-in cast iliaer or an additional surface treatment to be

applied to the crankcase material (parent metakddareated crankcase).

(g) Crankcase / cylinder block with separate liners As an alternative to the above, and
especially in the case of a limited production woéy the crankcase / cylinder block may be
sleeved with a liner of more suitable bore surfiamegerial. This ‘liner’ has two basic versions,
a ‘dry’ version, where the liner sits within theankcase/cylinder block with full metal contact
around its entire surface, or a ‘wet’ version, véharportion of the liner is in direct contact

with the cooling medium employed.

1.2.2 Piston assembly sources of friction

When considering parasitic mechanical losses witiénpiston assembly, the piston assembly
creates a resolved force on the cylinder bore duéd inclined reaction from the connecting

rod and the connecting rod inertia. An outward shdue to the sealing rings is also presented
to the cylinder bore wall (figure 1.6). These farqggoduce drag on the cylinder bore during

the piston motion relative to the cylinder boreface.

The forces shown in figure 1.6 are based on separaimeters, which are common among the
conventional internal combustion engines. Thesarpaters are as follows: Cylinder pressure
(which varies with several parameters), componeontetry and cyclical position, ring pack
static pre-load and dynamic gas loading, mass ofpoments, rotational speed and the
gudgeon pin offset (where present).



Chapter 1: Introduction

For the piston assembly to function several factoust be considered: ease of manufacture,
cost, low mass, performance at extreme temperatetresThis effectively limits the choice of
construction materials for individual componentsl éimereby, to some extent, the dry friction
between the sliding surfaces.

Early in the IC engine development, (indeed prewgdhis in external combustion engines
and other earlier pumping devices), a lubricant wagployed, thereby allowing a nominal
separation of the contacting bodies resulting iaral frictional drag some 25% or so of the
unlubricated case. This has such a significanuanfte on the piston assembly’s parasitic
losses that the piston assembly is now definedid¢tude the lubricant entrained between the
contacting bodies. It is known through historicatperimentation that the following
parameters are amongst those that influence thirpemce of a given engine piston
assembly.

1.2.3 Factors influencing piston assembly drag

The following parameters have been reported amngaam influence on the piston assembly’s
overall parasitic loss:

(@) Lubricant temperature and method of application Different engine configurations
employ various methods regarding lubricant deliveryhe piston assembly. The usual OEM
(original equipment manufacture) method is to dpldsig end-bearing spray, where either the
rotation of the crankshaft through the lubricaliefl sump drags the lubricant past the crank
centre-line and deposits on the upper surfaceseoétankcase (including the bore surfaces) or
a small lubricant exit (spray) hole is drilled irttee lower half of each connecting rod on the
piston assembly’s thrust side.

Generally, the temperature of this lubricant is theme as the engine bulk lubricant
temperature. However, dual oil feed systems are@sonally used in racing applications,
supplying additionally cooled oil into the pistossambly. In highly loaded engines, separate
oil spray jets are fitted to each cylinder (shownfigure 1.7). This is primarily to cool the
pistons, but with the secondary benefit of furthpplying lubricant to the cylinder bores. It
must be stated that the configuration of lubricsuqiply to both cylinder bores and pistons is

generally fairly empirical, based heavily on preisty applied parameters. Overall, there is
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little data to truly support the lubricant condit®actually existing on the bore surface during

running conditions.

(b) Bore surface and form: Sealing ring elements are designed to reciprowétan truly-
cylindrical bores. However, for a given cylindridadre the assembled condition is rarely true
to form, due to both thermal and stress-inducedirpaters. ‘Torque plate honing’ (figure
1.8a) is the de-facto method for practically eliating assembled displacements due to
cylinder head to crankcase bolted constructionufeigl.8b shows typical ‘cylinder head
assembled’ cylindrical bore deformation due to hgnwith a torque plate (LHS) and without
(RHS). The non-torque plate part (RHS) clearly shdhe distortion due to 4-off cylinder
head bolts resulting in a diamond shape in the ippee portion.

Figure 1.7 Piston cooling / squirt jets (PCJ)

Methods also exist to negate a large amount ofrthkdistortion by finish processing the bore
surface while assembled in a heated crankcase. Wowéhis ‘match honing’ is a time

consuming and laborious method, at the very leaglichting engine-build requirements.
Furthermore, ‘taper’ honing of the cylinder boreyntee employed in an effort to match the
top-to-bottom thermal expansion and to a lesseengxtombustion deformation for the most

required sealing condition (at the top dead cethtireng the power stroke).
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Torque plat

Honing head
in bore

Cranl-cast

Figure 1.8a Torque plate honing

Figure 1.8b Torque plate honing and cylindricityrgarison
(LHS with torque plate 31 / RHS without torque plate 116u)

The cylinder bore surface is often made of cast.itdowever, alternatives such as electro-
plating and high velocity oxy-fuel deposition exi$hese alternatives have various benefits /
drawbacks and are often coupled with differing acef finish parameters. The cylinder bore
may be integrally part of the cylinder block / dktaase or a separate ‘liner’.

10
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The use of cast iron crankcases is in decline dilee high density of this material resulting in
an increased vehicle mass. However, the curreatnaltive (aluminium alloy) has poor wear
resistance in the bore area. Hence, cast ironsliagg often inserted into the mould prior to
aluminium casting, resulting in a bimetallic (blegl) crankcase / cylinder block structure.
Alternatives for removing the requirement of cashialtogether exist, such as the application
of electroplated nickel-silicon carbide or thermsgraying to the aluminium alloy crankcase

directly.

The bore surface texture has logically developedr ovme, somewhat constrained by
production techniques capable of achieving ovegatimetric shape within a repeatable and
cost-effective process. Invariably the process usedternal honing using bonded ceramic
abrasives of differing grit size and bond strendiloning comprises a rotating and axially
translating motion within the cylinder bore coupleidh a controlled outward radial thrust of
the abrasive onto the bore. The resulting surfawehf is a combination of the number of
honing steps, ratio of rotation to reciprocatiorrogs-hatch angle), and the abrasive
morphology and bond strength. Of tribological ietr the abrasive morphology and process
equipment operating range thereby limit the avélabsulting surface finishes.

(c) Piston rings: Piston rings can be broadly subdivided into twougris; compression rings
and oil control rings. All IC engines contain atsé one compression ring with a primary
function to provide sealing between the upper awiel gas volumes (combustion chamber
and sump) and conduction of heat away to the lhoeg/ surface. It is normal to have two oil
control rings (a single element ‘scraper’ ring awhulti-element spring energised ‘oil control’
ring) — with the notable exception of 2-stroke em®gi which may have none. Scraper type oll
control rings do offer some gas sealing effect. sy, their primary purpose is to maintain a
working lubricant film on the bore surface thatdequate for piston assembly operation with

the minimum system loss (oil consumption) of luantas possible.

Generally, both ring types exert an outward forpettee cylinder bore surface. In the case of
oil control rings this outward force is similar aperating conditions as during assembly.
However, for compression rings this is not the c&senpression ring groove geometry within

the piston is designed to allow a portion of contimmsgas to pass over the top of the ring and
exert pressure horizontally on the back face ofrithg. This pressure then directly adds to the

pre-existing outward pressure — often by an ordemagnitude. It is this gas energized
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pressure which provides adequate outward forcesare ring-bore conformability and hence
combustion gas sealing. Therefore, the in-servieentgetry and resulting gas pressure’s
outward thrust are important considerations in roping the parasitic drag of the

compression ring on the cylinder bore. The facenggoy and surface treatments (coatings) of
ring elements is very important as this, as fath&srings are concerned, is fundamental in

dictating the resulting friction in the ring-borergunction.

Generally, compression and scraper rings are @aamgalar section. Compression rings (due
to high load and inevitable wear) are often coms$éd from steel and hard-faced with
treatments / coatings such as chrome or physigabwadeposited titanium nitride, as an
example. Generally, the working face is barrellethie case of compression rings, and scraper
rings usually have a tapered or stepped face lgadira sharp initial contact which rapidly
wears to give good sealing. The barrel shape afustentraining action of the lubricant into

the contact through thebnverging wedge effect

Oil control rings are often of multi-piece constiioo, featuring thin segment rails behind
which an expander (spring element) sits forcinggbgment rails onto the bore surface. The

spring expander can be altered to suit a givenagipn.

(d) Pistons: The geometry of a piston is known to influenceagdéic drag, especially the outer
surface or ‘skirt’. The skirt has a complex shagmyisaged to ideally provide close to even
wear during operation. The material, design, masstre of gravity, structural stiffness,

surface treatments, and service requirements heg factors known to alter parasitic drag.

The piston also contains the gudgeon pin bearirgcfwconnects the gudgeon pin, the piston,
and the rod to articulate relative to each othaindguthe combustion cycle) and significant
loads are transferred from the piston to the coiimgeod through this bearing. The loading

during articulation inevitably contributes towardstional losses.

The piston skirt is typically produced by CNC turgiutilising single-point diamond tooling.
The resulting surface finish is process limited (Chrning) producing ‘ridges’ which are
nominally parallel to the rings — i.e. a cross-hate not possible. Depth of finish {Ris

dictated by the requirement of a radius on thelsipgint tool of at least 0.1mm, combined
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with achieving overall roughness limits. Coatingse aften applied on the piston skirts to

assist initial scuffing as well as reducing coldstpn slap’.

1.2.4 Research focus

The above preamble states the need to reducg i€Qvehicular transport. Power-train

mechanical efficiency is identified as a worthwhaleea for attention. The piston assembly is
cited as the largest contributor to friction, andhwm this, the piston and the ring-pack
interactions with the bore surface induce significparasitic losses. A literature survey has
yielded a bias in research towards ring-bore losEesrefore, this thesis deals with the piston

skirt-bore conjunction, where a relative deartlnekstigation still pervades.

1.3 Aims and objectives
The primary aim is:
The reduction of in-cylinder friction by means gdtimising the piston skirt to cylinder bore

conjunction.

1.3.1 Objectives

Develop an analytical / numerical predictive mottelascertain tribological conditions, and
thus parasitic frictional losses. Furthermore, 8® uhe model to ascertain the effect of

influential parameters, outlined in section 1.2.3.

* Develop experimental rigs to determine actual pperformance advised by
predictions.

* Modify the developed model to ensure that it isrespntative of piston assembly
behaviour, thereby allowing confidence in its fetyredictions.

* Analyse both the numerical predictions and expenmiade measurements against
standard accepted baselines in an iterative fastoereby collating a matrix of
practical and ‘optimised’ configurations.

» Effect a reduction in the piston skirt-bore conjimc’'s parasitic losses by means of
piston skirt geometric and topographical optimmasi, thereby increasing specific
output and reducing specific IC engine fuel constiomp

» Demonstrate by experimental means the effectiveoktise proposed solution and its

robustness.
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1.3.2 Limitation in research scope

The areas for modification are restricted to th&tqei and bore surface modifications. These
modifications are envisaged to include geometryteneds of construction, coatings and

surface treatments, form, and texture.

Changes to the ring elements, lubricant properdied other assembly items are deemed

outside the scope of this thesis.

1.4 Methodology

The overall methodology is the development of ade&d numerical model to direct design
of the piston and bore surface based on triboldgicedictions and pre-existing industrial

knowledge base. Central to the methodology is faekiifrom experimental activities thereby

refining the numerical model (figure 1.9). A deyateent loop for pistons and bores results

with this combined numerical-experimental approach.

Experimental feedback

Numerical Model ‘ >
Development

Pre-existing Commercial
Knowledge Base

Experimental Validation

Resulting Optimisation

Knowledge base update

Figure 1.9 Integrated numerical-experimental apgroa

1.4.1 Numerical methodology

The numerical model is developed around mixed tbefastohydrodynamics of partially
conforming piston skirt-to-cylinder bore / linerrdact, including primary inertial dynamics of

the piston with its secondary motions within thefome of its clearance with the bore surface.
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The following parameters are seen as essential:

* The loading regime of the piston to the bore s@faed resulting relative velocity.

e« Geometry of all parts, including profiles of pistekirts as well as thermo-elastic
deformation.

» Microscopic topographical features or surface modifons such as those introduced
on the bore surface, and any coatings which mayrdsent.

* Material properties and lubricant rheology incluglthermal effects.

1.4.2 Experimental methodology

The experimental validation is conducted on a nundfeengines / designed rigs due to
technical limitations depending on the type of.t&stese are outlined below.

‘Motorised’ rig. This is a non-IC engine rig, whi¢fas high resolution for direct measurement
of piston assembly friction. This is anticipated raguired because of the relatively small
changes in IC engine torque / power that are redui be observed. A motorised engine can
offer benefits in terms of instrumentation and eateonducting tests due to its relative

simplicity, when compared with a full ‘fired’ enggn

‘Fired’ single-cylinder engine dynamometer testifighis is required to truly evaluate a
numerical model so that compromises made in theomsed stage are verified as not
fundamentally unrepresentative of actual engineviser Once complete, this enables

confident system development using predictive tepies.

‘Real-world’ engine testing. Testing in an actuahd vehicle or independently-calibrated
multi-cylinder dynamometer engine is seen as alasiun to any benefits gained. A single-
cylinder engine typically has a relatively low totatput and considered benefits may only
apply in the tested specific case.

This three stage approach to experimental testngd a balance of cost, complexity, testing

time, and resolution of results at each stage. rEigul0 shows a flowchart of undertaken

research activities reported in this thesis.
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Select suitable Bosclaiedtl of

Develop motored fired piston skirt-bore

engine dynamometer
based engine

interaction

Validate model
with experimental
data

Set-up test cell
validating engine
and equipment

Measure film
thickness to
validate model

Identify key

friction reduction

e N\ parameters

Test fabricated parts as driven by
model utilising developed single
cylinder and motored engine rigs.
Ultimate test will be external
multi-cylinder engine

= _/

Fabricate suitable
test parts

Optimised

solution for piston
skirt contact

Figure 1.10 Flowchart for planned investigation

1.5 Structure of this thesis and third party contrbutory acknowledgments
This chapter provides an overview and definitiontltoé problem being investigated. The
content of subsequent chapters is summarised bglmvijding a road map to this thesis.

Work performed in conjunction with, or by any thpdrties is also listed below.
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Chapter 2 provides a literature review of the ratdvmaterial found in literature, with
emphasis on piston-to-bore friction, as well agrmstific methods to model the piston skirt-to-

cylinder bore conjunctional behaviour both anabfticand numerically.
Chapter 3 develops the kinematics of the pistonkesdider mechanism and resulting inertial
dynamics, thereby providing the required input ésrdo a numerical model of the piston

system.

Chapter 4 develops the tribology of the pistontdkircylinder bore conjunction, utilising the

forces from chapter 3 and methods obtained froenditire.

Chapter 5 details the design and manufacture ofpooents and testing rigs. Component
materials, design, surface finishes, coatings ets. well as engine choice, engine
instrumentation, signal processing, and calibrdtion

Chapter 6 presents experimental results from fi@2dngine and motorised rig testing

Chapter 7 presents numerical results utilising mestdeveloped in chapters 3 arid 4

Chapter 8 provides an overall conclusion of findingtionalising experimental and numerical
results, achievement of aims, and potential fauritvork.

! Conceptual design of components and test rigsemtieely by the Author, however, some drafting stssice
was provided by Mr. A. Luther (Capricorn Automotivgd.) regarding CRF and ASME components.
Dynamometer installation and calibration (CRF, ¢bap.7) was performed by Mr. P. King, Dr. S. Baislknan,
Mr. M. Gore and the Author. Dynamometer installateind calibration (ASME, chapter 5.8) was perforrbgd
Mr. J. Baker and the Author.

2 Experimental testing which measured oil film thieks was performed by Mr. P. King, Dr. S. Balakrishand
personnel from the University of Sheffield as wadlthe Author. Testing of piston and liner comhores (CRF),
was performed by Mr. P. King, Dr. S. Balakrishnitr, M. Gore and the Author at Loughborough Univitsi
Testing of piston and liner combinations (ASME),swaerformed by Mr. J. Baker and the Author at Gapn
Automotive Ltd.

® Numerical modelling regarding thermo-elastic EHhdpter 7.5) was performed by Mr. B. Littlefair att
Author. ‘Cold’ (chapter 7.2), ‘Hot’ (chapter 7.3né@ surface modified (chapter 7.6) numerical anaysere
performed by Dr. S. Balakrishnan and the Authornmigrical code in all cases except chapter 7.4 wasdan

earlier work between Prof. H. Rahnejat and Dr. &aBrishnan.
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Literature review

2.1 Introduction

The following literature review is structured indwarts. The first part (2.2 onwards) presents
tribology literature with general scientific ap@hility, covering such areas as contact
mechanics and lubrication. The second part (2r8sents specific IC engine tribology as well

as experimental work found in literature.

2.2 Surface contact and lubrication: A historical rspective

Since the dawn of human civilisation man has ackedged the importance of overcoming
friction (Dowson, 1979. Friction results from the interaction of contagt surfaces, and a
reduction in its effects reduces required energytindost (1966). One of the greatest
technical advances of humans has been the inveotiailing wheels, and historical evidence
exists that the Babylonians some 5,500 years agd asimal fat to lubricate wheel axles
forming a primitive bearing. The Egyptians rubbednzal fat on logs, essentially linear
bearings, to move large stone blocks whilst coesitig the great pyramids.

Gaoet al (2003)catalogues early recorded developments in friciigstarting with Leonardo
da-Vinci (1452-1519) who measured the force reguit@ move a mass across differing
surface combinations, probably iron and wodbwson, (1979) making two important
observations: frictional force was proportional tile weight and was independent of
orientation (area of contact). These observatioagevater confirmed byAmontons (1699)
(Gao, Jet al (2003) and subsequently refined in terms of velocityejpendence from force
(amongst other parameters) 6pulomb (1781) by his seminal paperhéorie des machines

simpleswhich won him the Grand Prix from the Académie 8egences.

According toBarran (1996) and Balakrishnan (2002) Boussinesq(1885) made important
contributions to all branches of mathematical ptg/siHis contributions to the study of
turbulence were praised Wyt Venant (1864) and those on theory of elasticity hypve
(1906) Although he approached mathematics only in otdeapply it practically, he still
made important contributions. Notably, in 1880 hame upon non-analytic integrals of

hydrodynamic equationddertz (1896) found an analytical solution defining the contact
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stresses for elastic bodies in contact. For a ngmeeral case of deformation in two-
dimensional elastic half-space, the limits of im#gknown as ‘singular integral equation’
(Johnson,(1985) was developed biuskhelishvili (1963), for which he received the order

of Lenin.

2.2.1 Body contact and deflection

An approach to solve the deflection of conformimglies in contact (spherical or cylindrical)
was provided byaul and Hashemi (1981)based on the elastic two-dimensional stress field
solution developed byRipperger and Davids (1947) and expanded by uskhelishvili
(1963) An analytical solution for pressures developduk to a uniform line load along a
semi-infinite solid, was given blimoshenko andGoodier (1951) Panet al (2009)patents a
fast method to compute strain within multi-layeredlids subjected to arbitrary two-
dimensional shaped loading.

Another method to calculate the deflection of bedie conformal contacts is the finite
element approximation (sedienkiewicz and Taylor (2000), Vol. 1). The finite element
method discretises a continuum into elements @dui) forming strain relationships between
adjacent elements by the use of shape functagslow and Progen (1999)Szabo andLee
(1969)derived stiffness matrices to express elastidity plane using Galerkin’s method (see
Zienkiewicz and Taylor (2000), Vol. 1).

Zienkiewicz and Taylor (2000) (Vol. 2, pp347) further expand on the use of thatdi
element method in the solution of body contactirsgatheir inherent non-linear behaviour.
Solution of contact problems called thmpenetrability conditiohinvolves first identifying
which points on boundary will interact and the ntie® of appropriate conditions to prevent
penetration.

|€’<

Figure 2.1 A structure discretised into elements

from Zienkiewicz and Taylor (2000)
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2.2.2 The importance of lubrication in engineering

Mechanical systems often comprise of interactingspmoving relative to each other. This
relative movement, such as in the case of transmiiower, often produces high localised
stresses between members. Friction (most ofterhenférm of localised heating) results,
thereby not only reducing overall system efficietey also leading to reduced system life, or
in the extreme, catastrophic failure. Typical metbians are abrasive wear, seizure, fatigue

spalling, and pitting.

The introduction of a low shear strength fluid figcant) between mating members provides
separation of contiguous (otherwise mating) sudgmactically negating any damage to the
surfaces as well as overall increased system efitgi Forbes and Taylor (1943)
Furuhama and Sasaki (1984)and Uras and Petterson(1984) investigated the relative
engine motoring efficiencies due to lubricant rlegatal changes such as viscosity, operating

temperature as well as lubricant supply.

Graddageet al (1993)presented the conclusion that piston (skirt) degegtures and relative
lack of available lubrication at start-up had leaadhe catastrophic engine failure of a large
marine engine. Failure was ascribed to the laclkaagquate (lubricant) wedge formation
highlighting the importance of constantly availahibricant.

It is, therefore, critical wherever possible, tonimise solid-solid interaction. Lubricant films
can provide this mechanism, however their presemcgufficient thickness throughout the
operating cycle must be ensured. Most notably -staraind shut-down conditions present
challenges, and in the case of reciprocating (I@chmery the momentary cessation of

relative motion at reversal points (top and botttend centres).
Typically mineral oil, or mineral oil derivativegare employed due to low cost and adequate

performance in service conditions. Alternativesrtmeral oil are presented in table 2.1 and
Jones and Jansel2005)
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Fluid Property Typ. organic Typ. phosphate Typ. silicone Polyphenyl Mineral oil
ester ester oil ether
Max. operating 240 150 250 350 150

temp. in air (°C)

Specific gravity 1.01 1.12 1.06 1.19 0.88

Viscosity index 140 0 175 -60 0-120

Flash point (°C) 255 200 290 275 150-200
Boundary Good Good Poor Fair Good

lubrication on steel

Rubber seals Use silicone  Use butyl Use neoprene Attacks rubber Use nitrile
rubbers rubbers rubbers rubbers
Corrosion Can present Can present Non-corrosive  Non-corrosive Depends on
problems problems impurities
Particular advantage High Fire resistance High High
temperature temperature temperature
stability stability stability
Approximate cost 10 10 25 250 1

Table 2.1 Characteristic properties of some syittetbricants
(reproduced fronWilliams, J. (2005)

2.2.3 Principles of lubrication

Lubricated surfaces moving relative to each othemat infinitely parallel and discontinuities
of separation exist. Large areas of clearancenforite clearance) are typical towards the edge
of one body, however this clearance constrictstdurechanistic forces, and would ultimately
lead to body contact in the absence of lubricatlarbricant is dragged into the narrowing
conjunction during relative sliding motiorCémeron, (1981) ppl7-18). As the passage
constricts, and the volume of lubricant entering tonjunction remains nominally constant,
the fluid generates pressure to force its pathutjinothe conjunction (figure 2.2) thereby

exiting the conjunction at higher velocity.
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Figure 2.2 Lubricant entrainment in a converging ga

It is known that the early Egyptian and Babylon@wilisations used oils and fats to lubricate
moving parts Taylor (2003)). However it was not until the late @entury that a formal
scientific understanding of lubrication startédwer (1883, 1885vas commissioned in 1882
to study friction in journal bearings (primarilyilraad rolling stock), reporting his findings in
1883 and 1885. He found that lubricant leaked feohole in the shell of a journal bearing and
even more so in the case of a loaded bearing.tEfforreduce this leakage by plugging all but

failed with the realisation that the oil was som&hecoming pressurised in operation.

At a similar timePetroff (1883) was studying the variation in frictional charagdgcs in a
journal bearing with different types of oil. He edtthat journal bearing friction could be
explained as a hydrodynamic phenomenon, when asguthat the lubricant was sheared
between a coaxial shaft and a bearing. Petroffvedothe theory that each lubricant
application would benefit by selection of optimabticant viscosity and was awarded the
Lomonossoff Prize from the Imperial Russian Academeanwhile Reynolds (1886)
published an analytical model showing that lubricaan physically separate contacting bodies
in relative motion. He published his landmark warkhe Proceedings of the Royal Society.
CombiningNewton's (1687)slow viscous model withavier (1821, 1823andStokes (1845)
equations of motion for a fluid element, Reynoldasvable to mathematically describe the
phenomenon observed by Tower; when a viscous fluidrawn into a space of decreasing
height by the imposed surface velocities of theibgaelements, load carrying pressures in the

oil film would be generated.

As the lubricant in the contact experiences higbsgures, its viscosity alters significantly.

This was shown bBarus (1893)and later modified for high pressures®gelands(1966)
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Lubricant separated bodies are, however, elasti@atore. The combination of high pressure
and viscosity leads to deformation of the elastclibs further preventing body substrate
interactions, even with extremely thin lubricatns. This phenomena is sometimes referred
to as viscous-elastic behaviour; viscous alludimghie piezo-viscous action of the lubricant
and elastic, because of induced localised defoamati the contiguous solid surfaces. This

behaviour is often referred to as elastohydrodyndufirication (EHL).

The localised deformation of surfaces follows dleesHertzian theory, whilst the piezo-
viscous action of the lubricant follows the rheotad models developed bpowson and
Higginson, (1959) Rahnejat et al (2009) details the development in understanding of EHL
first by Grubin (1949) based on research work by Ertel further documehbteértel and
Grubin (1949) The absence of wear in moderate-to-high loadbddated contacts, which
had puzzled Reynolds and the scientific communitsil uhis time, was now satisfactorily

explained by the mechanism of EHL.

Numerical solutions for EHL began to emerge in1BB0’s Dowson and Higginson, (1959)
clearly demonstrating that the lubricant-filled aiehed body conjunction gave rise to higher
effective film thickness than classical calculat@roduced. Indeed, in addition to non-linear
viscosity behaviour it is now unanimously accepteat lubricant can undergo transformation
from liquid state into an amorphous staféirfer and Sanborn (1978) Alsaad et al (1978)
and the loading and unloading behaviour of the wactjon can show measurable hysteresis
(Seiciu and Pavelescu(2006). Diaconescuet al (2007) have produced AFM images of
cooled paraffin after fluid to amorphous transiti@igure 2.3) showing (black circle outlined)

20-25A diameter spherical cluster ordered moleagiaupings.

Figure 2.3 Structure of amorphous paraffin repredutomDiaconescuet al (2007)
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EHL is generally a non-formal contact phenomenahsas found in roller bearings to race
contact. In applications with pressures below timoant for traditional EHL, bulk structural
deformation (as opposed to localised deformatioay still occur. Referred to as iso-viscous
elastic or ‘soft’ EHL Hamrock (1980), this regime of viscous behaviour is a featurd@f

engine piston skirt-to-bore contact.

On the other extreme, micro-EHL is reported wheefodnation of asperity tips modifies
boundary behaviour, resulting in a higher effectagogly separation. A combination of micro-
EHL (running-in) and iso-viscous EHL are likely Wwitthe piston skirt-to-cylinder wall

conjunction thereby conflicting the pressure arstosity assumptions of the two models.

2.2.4 Measurements in lubricated contacts

Kannel et al (1965) using a thin manganin micro-transducer measuregspres in the
lubricated contact region of steel rolling distsannides and Pareti(1986) concluded that
actual pressures measured in an elastohydrodynaomntact are far higher than their
numerically predicted counterpart§afa and Gohar (1986) extended the method of
depositing a pressure transducer to study the odlgditodynamic pressure distribution of
rolling line contacts in a disc machingohns-Rahnejat (1988)and Johns-Rahnejat and
Gohar (1997) utilising similar technology measured the pointtamt pressure of a sphere

against a flat glass race.

Various methods have been successfully developade@sure and/or visualise the oil film

thickness in lubricated contacts, as outlined below

A mechanical strain gauge method developedMeyer and Wilson (1971) allowed direct

measurement in operating machinery.

An electrical resistance method. Electrical resistaapproaches zero when metal-to-metal
contact takes place and increases in the presdrateatrically insulating lubricant films (see
Ninomiya et al (1978). This method is acknowledged as somewhat untelidy absolute
film measurements, with obvious limitations withnaconductive substratesStierrington
(2010).
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The capacitance method pioneeredQrpok (1958) measured film thickness between steel
rollers. A major difficulty reported with this medt is the variation of dielectric constant with
temperature and pressure, therefore requiring redildm experimentationDyson et al,
(1965)

Laser induced fluorescence (LIF) is a method usédul optically-transparent substrates.
Fluorescence arises when the molecules in thelail dre electronically excited by a laser
light source due to photon absorption subsequeatiyning to their ground state (emitting a
photon of a specific wavelength). The timeframenaein absorption and subsequent emission
is small (in the order nano-seconds). As excitaitsoim quantum multiples, the laser source is
such that it is of lower wavelength (higher energjyan required for excitation, enabling
effective filtering of the excitation sourc&ieene, (1969)

The X-ray method relies on the fact that many ledomis are transparent to X-rays whereas the
usually metallic contacting bodies strongly abs&Hpays. This method was developed by
Sibley et al (1960) (Sibley and Austin(1962).

The use of optical interferometrydglansky (1951) allows a great insight into EHL due to the
production of three dimensional contact maps, anidsi original form utilised a coated glass
plate Kirk (1962) (Cameron and Gohar (1966) (Wedevenand Cameron (1967, 1968)
Wedevenet al (1972).

The use of ultrasound has also successfully beed. Witrasound is transmitted through one
of the bodies and reflects at the interfaces eneved. Reflection time, coupled with known
medium transmission velocity, results in measuragd distancesOwyer-Joyce et al (2003,
2004).

2.3 Internal combustion engine tribology

2.3.1 Historical development of the internal combugn engine

The earliest references to the use of a piston mmehine element concerns water pumps.
Philo of Byzantium (2nd century BC) describes thstqn pump of Ctesibius (an engineer
from Alexandria, Egypt, 3rd century BC) as a fopzemp totally submerged in watddgher
(1970). White (1979)describes the first European equivalent of a pigtamp appearing in
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the writings of Taccola (c. 1450) and Martini (&475), featuring a suction pipe thereby

improving on the basic design.

In the seventeenth century Huygens (1680) and P&p&9®0) made some foundation
experiments with pistons as a means to utilise hadtpressureUsher (1970). Galloway
(1828) discusses how in 1720 Leupold constructed the firgh pressure steam engine
“previous to this, the only use to which steam badn effectively used was in the formation
of a vacuum: true it is, that in the projects of Oaus, Branca and Savery, the elastic force of
steam was proposed to be used; but the failurdedet plans by waste of steam and other
causes, warrant our saying that the plan of Leupalitles him to the great merit of having
invented and constructed the first high pressuggne’. According toGalloway (1828) the
design of this engine was a twin cylinder arranganmeissing the elements of an articulating
connecting rod and a rotating crankshatft.

Some 50 years later Jamé@&att (1769a)filed a patent in which the matter of transmittiag
linear force to a circular motion was raised, thgréacilitating realistic mechanical work via
external combustion. Indeed such was Watt's proviless many fundamental and practical
issues were experimented on: “We drew the buckétdrave nails into the leather, both to
smooth the (cylinder) bore and presently diminieb {piston to cylinder) friction’'Watt
(1769b)

According toUsher (1970) the patents of Street (1794) and Lebon (1799k e start of
experimentation intwiable internal combustion. Significant practicabkults did not emerge
however until 1860 by ‘combining known elementsenoir produced a practical, though
inefficient, flame ignition engine. In 1862 Beau @»chas invented what in effect is
commonly referred to as the 4-stroke cycle althohghnever made a working example.
Nicolaus Otto was the first to practically realtbe 4-stroke engine — however his patent was
subsequently revoked in 18a@B€]l and Rand, (2004).

Running at slow speed, Otto’'s engines were undegpedv and therefore unsuitable for
automobile use. The high speed spark ignition engnvented by Gottlieb Daimler, and
shortly to follow the compression ignition engineRudolf Diesel in 1892, made practical

automotive transport a reality.
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Dieterichs (1916) discusses the importance of machine lubricatiorthim period midway
through production of early vehicles such as Forlledel T and Bugatti's Type 13:
“Whenever the surface of one part of machinery atiom is bearing on the surface of another,
friction is created and friction creates heat. Teat is evolved and increases with the velocity
and continued motion, and if not taken up and edrraway by lubrication, will finally
increase and accumulate to such an extent thah#ohinery will have to be stopped to allow
the metal to cool off”. “..To avoid this we havekeep the revolving parts well lubricated in
their bearings, and we have to continue doingahibng as the machinery is kept in motion”.

Robinson (1960, 1961)reviewed the development of spark ignition (SIp aompression
ignition (CI) engine pistons, stating that the @st used since the inception of the IC engine
were heavy and made of cast iron. The performagmmomy, and efficiency were developed
significantly in the last half century without aiteg the principle. Gradually the aluminium

piston replaced the cast iron design to achieviedrigpeed.

However in the early days the use of aluminium g@éston material was problematic due to
high wear and thermal distortion. It was tackled dlpying aluminium with silicon. Die
casting was found to be one of the most convenieathods for making piston from
aluminium alloy. “A closely controlled heat treatmids then applied to the die casting to
further develop the physical properties and to lecate the process of age hardening.”
Robinson (1962, 1964¢xpanded on earlier work (and that of Rothmang)®§ producing a
parametric database of piston features (gas peessaction thicknesses, diameter etc.) to

enable consistency in design strategy.

2.3.2 Numerical predictions of piston-lubricated caojunctions

Most predictive investigations of piston tribologgve been directed towards either the piston
skirt or piston top compression ring conjunctionisese analyses have been justified based on
the significant contributions made by these conjions to the overall frictional losses in an
engine. Many investigators have noted that the eesgon ring conjunction accounts for
most of the piston assembly parasitic losses, agdowsonet al (1983) Ma et al (1995a,
1995b)andMishra et al (2008, 2009) However, some claim that frictional losses du¢h®
piston skirt can be even more significahing and McMillan (2004) andCarden (2008)
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Subjectively the piston compression ring conjuncti@s received more attention in literature
with a larger volume of predictive analysis. Duetie rather large length-to-width ratio when
the ring is viewed as a curved beam, a relativiehpke one-dimensional solution to Reynolds’
equation leads to an analytical solution for pressdistribution and film thickness (for
example byD’Agostino et al, (2002).

However a one-dimensional solution for the composssing lubrication pays no regard to
side leakage of the lubricant in the circumferdndimection of the ring (which would be
unsuitable for piston skirt analysi&ith et al (2009). These approaches have even been
included in multi-body models of IC engines, foragxle byBoysal and Rahnejat (1997)
Offner and Priebsch(2000)andPereraet al (2007)

Li et al (1982) published one of the earliest papers regardingulsition of piston skirt
lubrication of a V8 spark ignition engine. Secondarotion of the piston was solved first
without taking lubricant reactions into considesati The results showed that the location of
the gudgeon pin has a critical influence on theosdary dynamics of the piston. A quasi-
static analysis was then performed for lubricanhaw&our (reaction). The piston-bore
clearance and viscosity of the lubricant were &smd to be important. The results obtained
showed that the location of the gudgeon pin hagextdinfluence upon the piston skirt-to-

cylinder liner friction.

A numerical analysis to compare hydrodynamic ludran of a conventional piston with that
of an articulated piston in a large engine was ttaélen byDursunkaya and Keribar
(1992) The articulated skirt piston design was repottedive rise to larger tilt angle of the
crown about the gudgeon pin, when compared withh tfaa conventional piston. The
articulated skirt piston was logically less infleex by the piston motion and travelled more
parallel to the liner than the rigid skirt. No comnmts were made on the possibility of impact

or contact between the component parts in theudaitied piston.

A two-part comprehensive analysis was undertakeZhoy et al (1992, 1993)to simulate
piston lubrication in an engine at severe operatoogditions. The first part of their
investigation was focussed on obtaining rigid bptston lubrication analysis and extended to
include the piston skirt distortion, including theal effect in the second part. The conclusions
derived are a reaffirmation of the importance @f plarameters given in section 2.3.4.
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Piston-bore conjunctions are subject to transibanges in many areas: forces, temperature,
deformation, relative velocity, etc. The problemymze viewed as both multi-physics and
multi-scale where combustion, inertial dynamicsudural (global) deformation, contact
mechanics, surface topography, and lubricant rlggoldl work in an integrative interactive
manner. Such transient solutions, to lesser ongreaale, have been attempted by a number
of contributors, such ddei and Xie (1993)with respect to IC valve-train a@hlakrishnan

and Rahnejat(2002)with respect to IC pistons.

Balakrishnan and Rahnejat (2002) observed that by bringing the misaligned contiguou
bodies close together, pressure generated by threcdnt is higher when there is a more
abrupt change in profile, thus leading to a highresssure at the inlet region than at the outlet
region. The tilt of the piston about the gudgeon pad inadvertently caused a smoother
profile transition and hence yielded pressure a¥elo magnitude than that of a non-tilted
profile. A repercussion of this finding is that tia reduced clearance the degree of contiguity
is enhanced, leading to a reduction in the secgndegssure peaks in addition to reduced

impact momentum, which is responsible for slappioge.

Duyar et al (2005) shows a new comprehensive piston skirt lubricatoodel has been
developed based on a mass-conserving finite volafgerithm. Piston motion and force
results obtained using this finite volume methodehdeen compared with those from an
existing finite difference method. The new modébwk the user to define the amount of oll
supplied to the skirt liner interface which allom®re accurate predictions of piston motion. It
has been demonstrated that the amount of oil sgbpdi the interface has a significant effect
on lateral motion, and tilt is qualitatively similéor the finite difference and finite volume
methods. However, the lateral and friction forcéfed between the two methods. Skirt and

liner deformations have an effect on piston secondetions, lateral, and friction forces.

The inherent cyclical reciprocating nature of thstgn-bore contact(ffner and Priebsch,
(2000) results in rhythmic mechanical losses due to tiamlerimbalance, component
deformation, structural vibration, and frictionaistes with respect to cycle position. This
means that palliations sought should also suituwying conditions. For instance, at the
reversals (top and bottom dead centres (TDC and)BDGbricant entrainment into the
contact between the piston skirt and the cylindgrthe well-established wedge effect

momentarily ceased.i( et al, (1982)andOh et al, (1987). Under these time-step conditions,
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the resulting depletion of a lubricant film leads éxcessive friction and wear. In these
locations any residual lubricant film would be et by three possible mechanisr@ohar
and Rahnejat, (2008):

e Lubricant entrapment due to local surface topogyaph
» Squeeze film action due to localised deformatiolubricant entrapment or both.

* Rapid replenishment as a function of piston vejocit

The last of these is a function of piston strokel aperating (rotational) speed, which
improves with higher performance engines. Neveetgl cessation of entraining motion of
lubricant takes place and resulting diminutionuddricating film is a strong possibility. For a
given engine configuration (implied duty cycle)etfirst two mechanisms would account for
the remedial actions that can be undertaken.

Squeeze film action is due to the convergenceuid flubricated contact surfaces under load.
This mechanism is now well understood, at leasa itheoretical manneK(shwaha and
Rahnejat (2002), Balakrishnan and Rahnejat (2002and Balakrishnan and Rahnejat
(2005). As the bodies approach the lubricant tends tgushed out of the contact area.
However, the rate of approach is usually greaten ttme viscous flow of the lubricant out of
the contact area. Consequently, with sufficienttacinload, high enough pressures are

generated in the lubricant film to maintain loadrgimg capacity.

In some cases deformation of the contiguous swsfabay occur, thus inhibiting the
interaction of surface asperities. This is paraclyl true in the non-conformal contacts in
rolling element bearings and cam-follower pairsdascribed byKushwaha and Rahnejat
(2002) However, in partially-conforming contacts such thg piston skirt-to-bore, this
phenomenon can only occur at relatively high cdntaces because of the prevailing large
contact area (compared with Hertzian contact dimessin concentrated counter-formal
contacts). Nevertheless, it is clear that transiertial dynamics of the system, as well as the
elasticity of the bodies in contact, play an impattrole, yielding a contact / impact force to
create the localised deformation (referred to asstiueeze cavelK{shwaha and Rahnejat,
(2004). The problem is the generation of such a corftace at TDC and BDC and its other

unwanted implications, such as the slapping action.
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To effect squeeze caving, the contact force needsetof sufficient magnitude in order to
cause localised elastic deformation at the postioh reversal. In practice when peak
combustion pressure occurs at or very near TDCessiee and undesirable radiated noise
from the cylinder block occurs referred to as ‘pimik. Pinking was a common problem some
four decades ago and was generally considered asdication of poor quality and

performance.

With low side forces, it is also difficult to enamge piezo-viscous action of the lubricant
thereby producing a rise in its viscosity. If thwas to occur, the lubricant would tend to act as
an incompressible amorphous solid maintaining bedyaration even at low entrainment
velocities. Another favoured outcome would be tgieeer suitable surface topography so as
to encourage lubricant entrapmeBgalakrishnan et al, (2003)and Rahnejat et al, (2006).
From a tribological viewpoint, in the absence offisient contact load, rough contacting
surfaces with piezo-viscous lubricant behaviour Mobe ideal. This is unfortunately the
opposite to popular opinioV6it et al, (1995) and also opposite to that found in actuality in
IC engines particularly at TDC (where engine operain the presence of asperity contact has
reduced the surface finish to almost ‘smooth’).

The lubrication at both TDC and BDC, and in themmediate vicinities, follows a mixed

regime of lubrication, where a very thin hydrodynafilm is interrupted by asperity contacts.
The conditions that promote this hydrodynamic fémne not favourable, not only due to the
reversal effect, but also due to the lack of aiswffit supply of lubricant ahead of the contact

(i.e. lack of fully flooded condition).

2.3.3 Experimental measurements of piston-skirt ofilm thickness

Dearlove and Cheng(1995) using a reciprocating test machine, report mimmail film
thickness (48.7cP to 157.9cP lubricant viscositieshe region of 0.5-2 microns for relatively
low speed (600rpm max), though cite previous wdrkwang a range between 0.2 and 10
microns. Major factors affecting oil film thicknease reported bBhatt et al (2009)as piston
speed, lubricant viscosity, geometric profiles, taary conditions, and surface roughness.

Liu and Tian (2005) address compression ring lubrication and conclinde necessity to
consider the circumferential variation in lubricatithickness which is strongly mitigated by
system secondary motions. A successfully implentetdel for visualising and measuring the
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lubricant thickness between piston skirt and pigiag with the cylinder bore has been the
laser-induced fluorescence (LIF) method. Early maiive work conducted b&reene(1969)
and Ting (1979) observed the oil film distribution in the lubricdteonjunction between a
perspex liner and piston. This method was succigstntended byBrown et al (1993)
measuring the oil film thickness by comparing themination intensity distribution with that
of calibrated dataHoult et al, (1988).

Dwyer-Joyce, Green, Balakrishnan, Harper, Lewis, Haell-Smith, King, Rahnejat (2006)
used a novel high speed ultrasonic method to med#nr thickness in a running engine at
realistic speeds and loads, thereby overcomingicdiffes with traditional methods.
Experimental results (presented in this thesis)smes a minimum thickness of 2 microns for
the piston skirt to cylinder liner (2-20 microngabrange reported) in a Honda CRF450R
single-cylinder engine. The experimentally-measwade correlates with a numerical model
(Balakrishnan and Rahnejat, (2002) Balakrishnan et al (2003, 2005) and uses methods
detailed inDwyer-Joyceet al (2002)andDwyer-Joyceet al (2004)

Saadet al (2007)presents an alternative approach to measurdniltfiickness by measuring

voltage drop between the bore surface and pistagsron an AVL engine travelling between
two tracks that were electrically discharge macthimato the bore surface. This method
allows full cycle movement to be measured and tspaympression ring film thickness being
a maximum at centre stroke reducing at reversattpoOil ring film thickness is constant

throughout the cycle.

Kim et al (2007)correlates gasoline IC piston skirt friction wittbricating oil film thickness
and distribution. Kim concludes that piston (skirigtion increases where film thickness is
relatively low and comprises a good portion of gh&ton skirt area (thin film area). The thin
film area is most prevalent under high engine lmachediately after combustion (during the
expansion stroke). Thin film area is also large edmately prior to combustion (end of
compression stroke). In both of these locationtopigriction is relatively high. Detail design
of the piston skirt has a strong influence on theimum piston skirt film and minimum film
areaKim et al (2007)

Hooke (1993) shows that where the direction of entrainment gearthe film thickness will

fall to zero, while in practice there will always h finite clearance between the surfaces. This
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minimum clearance depends upon the rate of charigentwainment velocity and limit
expressions for the film thicknesses in the fogimes of lubrication were developdddoke
(1993). Similarly Sato et al (2004) also found that the greatest oil film thicknessswa
measured near mid-stroke, and the oil film appetrieher near top and bottom dead centre.

Type AV300~
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Type AVI00  Type AV3I0L  TypeAV302  Type AV3I04  Type AVI06
Figure 2.4 Increasing skirt-to-bore contact arealftfering skirt types during the expansion
cycle Kim et al (2009)

Kim et al (2007)carried out a study on the effect of lubricatinigfibm thickness distribution

on a gasoline engine piston skirt friction. Dynarmmteraction between the lubricating oll,
cylinder bore, and piston strongly influences fantbehaviour of the piston. A single-cylinder
engine was equipped with a floating liner, whictaldied real time friction measurements,
directly linking the prevailing oil film thicknesw® friction performance of the piston. It was
noted that viscous friction was proportional to #lieling velocity in a contact conjunction.
This proportionality was reported as due to aspddirect surface) interactions. Therefore,
under mixed and boundary regimes of lubricatioatitsh does not follow the sliding velocity

variation.
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A visualization measuring device was also prepdmgd&im et al (2007) for measuring the

film thickness using a UV light source and a flsment mixed oil (using dye particles). A
high-speed video camera coupled with an opticaraniwas used to capture the oil film
shape/thickness. The piston friction and the cpording film thickness were plotted for the
induction, compression, power, and exhaust stro&spectively. The effect of engine load,

skirt width, and skirt ovality on the film thicknesind piston friction were also outlined.

It was concluded that the piston friction increasmsards the top dead centre (TDC) at the
end of compression stroke, where film thickness feamd to reduce significantly. Clearly,
this is the area where mixed and boundary reginfidaboication are expected. The piston
friction during the expansion stroke increaseshasproportion of real contact area occupied
by a thin oil film increases (figure 2.4). The thon film area also increases with increasing
engine load. This can be due to a better definedgeeshape or in some cases due to small
localised deflection of the liner surface, giviniger to an elastohydrodynamic regime of
lubrication. It was also remarked that piston dedigatures strongly influence observed oll

film thickness formation.

Kim et al (2009) furthers this work presenting very detailed higleed photography of
lubricant flow during engine operation between f{histon and an optically transparent
(sapphire) cylinder liner. Further, this work isndoicted within a floating liner environment
allowing in-cycle frictional measurements of thetpn and ring elements to be makan et

al (2009) concluded several key factors in reducing pistkint griction and slap; notably
lubricant flow should be stable without starving ttentral portion of the piston skirt. Various
piston skirt designs are proposed coupled withtiveaperformance. Various piston skirt
iterations featured localised ‘pockets’ or lubricegservoirs (refer fig. 2.4), Overdim et al
(2009) observed a thinning of lubricant film with incréag speed except in the case of a
shallow ‘pocketed’ skirt design (fig. 2.4, type AW and that generally the greatest
contributor to friction is the thrust portion ofetltycle while experiencing combustion load
(Mansouri and Wong (2004) Nakayamaet al (1997).

Goenka and Meernik (1992) stated that within reasonable limits skirt lubtica is not
necessarily improved with increasing clearance, atftht a mixed-lubrication
elastohydrodynamic approach is required (for eiffectautomobile piston skirt-liner

performance). Progression with this approach isnsag satisfying high reliability and
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durability as well as low noise and lowest possitrietion. Oh et al (1987) describe the
behaviour of the piston skirt as follows: The preesdeformation of the piston gives the skirt
a ‘barrel’ shape which enables the piston skirtctory loads during both upward and
downward strokes by creating a converging weddaoth directionsGraddage et al (1993)
states that generated lubricant pressures at edymosits (top and bottom dead centre) can be

significant.

Teraguchi et al (2001) conducted novel experimentation with a separateetb (piped) oil
feed direct to the piston skirt central area by mseaf an internal skirt feed on a diesel engine.
FMEP reductions in excess of the baseline and daldicant versions (Mo resulted,
thereby validating the semi-starvation of the pisskirt central portion during operation. It
was verified that the supply of a small amount bf(6mL/min) to the piston skirt reduces
about 50% of the block vibration caused by theogpisilap motion in idling operation, and
about 20% of the piston friction loss in full loageration. Furthermore it was verified that

this method did not significantly increase oil comgtion.

Nakayama K., et al (1997)observed a reduction in piston skirt area didneatessarily reduce

friction (stating metallic contact area increasinglowever, pin offset towards anti-thrust
reduces FMEP in the order of 8Rarker et al. (1989) report that reduced skirt area does
reduce piston system frictioRuddy and Hildyard (1991)show such a development, the ‘X-
piston’ (AE Piston ProductsRicheiro et al. (1995) further expands on the X-piston as
providing increased specific performance (reduaed €¢onsumption) in the order of 1.5% is

cited due to improved hydrodynamic lubrication (fig 2.5).
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Figure 2.5 AE ‘X-Piston’ and resulting reductionfirel consumption
(Richiero et al., (1995)
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2.3.4 Piston slap and dynamics

The secondary motion of the piston (its coupledailout the axis of the gudgeon pin and
lateral oscillations within the confine of its ctaace with the cylinder) is the main source of
contact / impact force and moment. Note that themgmy motion of the piston is along the

axis of the cylinder. The contact / impact forces generated by the inertia of the system and

the combustion gas force.

Piston slap is comprised of clearance, side thogshponent impact, vibration, and excitation
(Cho, Ahn and Kim (2002). In-cylinder measurements of piston secondaryionofor a

large displacement engine are reporte@bgddageet al (1993)

Knoll andPeeken (1982)ktudied the hydrodynamic lubrication of pistonrkin a motored
engine and identified the following parameters t® important parameters influencing

secondary dynamics:

* The in-cylinder gas and body inertial forces.

* The piston-to-bore clearance.

» Centre-line off-set of the gudgeon pin offset.

* The hydrodynamic friction acting on the piston skind the gudgeon pin.

« The elastic deformation during impact of the piston

To study structure-borne noise due to piston stap 4-stroke, 4-cylinder engin@ffner and
Priebsch (2000) built an elasto-multi-body model to simulate at@istraversing in a cylinder
bore. Extensive finite element analysis was cotetlto obtain frequency response from the
impact of piston against cylinder bore. Althouglstanalysis was relatively comprehensive,
lubrication was not solved for a full cycle of tpeston. It was assumed that hydrodynamic
reaction action was not significant in all othespions except at TDC (top-dead-centre) and

BDC (bottom-dead-centre) in order to minimise cotagian time.

It is common for the components to be considergid when numerically modelled.i( et al
(1998) Yang and Keith Jr. (1996). However,Cho, Ahn and Kim (2002) utilise a spring
damper for the piston-to-bore clearance. Of nogectbarance quoted is high (0.05mm radial)

and there is no account for thermal expansion.
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Dursunkaya and Keribar (1992)andKeribar and Dursunkaya (1992)present a multi-body
solution to piston secondary dynamics (again rigiody), but introduce conventional
lubrication analysis of both the skirt and pistdn pore detailing the resulting angular and
translated positions of the pistafweiri et al (2001)present a complete non-linear analytical
model for a single-cylinder engine, thereby selfigrating many required (often assumed)
boundary conditions.iu et al (1998)conclude that for a conventional rigid analysistqm
skirt profile, engine speed, pin offset, and radidarance are critical factors effecting
secondary motion although this drastically redweits small clearances.

Kurbet and Malagi (2007)state the synthesis of the technical contribuitioanalyzing piston
and piston ring motion shows that there is lesssiclmmnation given to the effect of piston
secondary motion namely piston tilt, which has @fqund effect on the ring dynamics, which
in turn is directly linked to the oil consumptiondafrictional losses.

Goenka and Meernik (1992) elaborate on the relative merits of rigid and mtheelastic
methods stating that, provided the piston and Ianee a relatively tight fit, rigid analysis
should not be used for predicting piston motieichardson (2000)concludes that in-cylinder
temperature increases measured friction by 0-20#wpeoed to motored testing, having a

significant effect on local lubricant viscosity aaldo reducing secondary motion.

Mansouri and Wong (2004)investigate the effects of piston design paramsetersecondary
piston motion and skirt liner friction by means afmixed-mode lubrication model utilising
impact and resolved forces and structural (pisefprmation. Importantly, the initial as-
manufactured piston topography (ovality and tapeipcluded. However, liner deformation
and thermal deformation are not included for baities. Conclusions reached are as follows:

* Within limits designed cold clearance has a 20%afbn piston-skirt friction. Oil film
thickness has a significant impact on skirt frintioss due to a reduction in boundary
contact friction, as opposed to relatively constayatrodynamic friction.

* Increasing surface waviness radius (radius of c¢ureafrom piston skirt top to skirt
bottom — in this case a ‘flatter’ profile) of thesfpn reduces normal contact force and
increases normal hydrodynamic force when increas@mbnsequence of
conformability).

» Surface finish sensitivity is small compared to inags.
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 Skirt stiffness reduces friction in a similar fasfhi to increased curvature
(conformability), again primarily due to reducedundary-contact friction.

Overall,Mansouri and Wong (2004)state the most significant factor in skirt fricticontains
only one dimensionless parameter and is directipnaroportional to waviness

(conformability) and inversely proportional the biin thickness.

Nakayama et al. (1997) studied the effect of piston motion on skirt fiect for a gasoline
engine. The effect of pin offset on the frictiorrde is also determined under this study, as
well as the relative frictional contributions to evall friction from different points in the

engine cycle.

Nakayamaet al. (2000)observed the friction reduction in piston movemame to the offset
positioning of the crankshaft axis with respectthie cylinder axis. It also gave better fuel
economy by experimenting with a single-cylinder iaeg The piston friction was measured
using the floating liner method. The film thicknesgas measured using laser induced
fluorescence (LIF) technique in the piston skigaarColil type gap sensors were deployed for
measuring piston motion. Introduced crankshaftatféhanged piston slap motion. Hence, the

condition of piston skirt contact changed theretbgcied the friction characteristics overall.

Similar to the findings ofNakayama et al (1997) Ragot and Rebbert (2007) observed
(analytical) variations in friction (FMEP) due tbanges in crank offset from the central plane.
Initially starting at Omm, 6 and 12mm offsets warnwestigated. In conclusion, FMEP
reduction was noted for part-throttle conditionglifig / light duty). However, as load and
speed increased the zero offset case gave theegre&duction (though not in motored

engines).

2.3.5 Use of finite element analysis

Knoll and Peeken(1982) calculated piston skirt deflections using thetéreélement method.
Oh et al (1987)referred to the piston design (i.e. the pistopgen and lower end relief radii
and ovality) as key factors in reducing frictiortwseen the piston skirt and the cylinder liner.
Using the finite element package ‘Nastran’ to cotapstructural and thermal deformation,

simulation was conducted for a motored engine.
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Oh et al (1987)declared that in order to achieve realistic presssand lubricant films in the
contact the profile of the piston has to be mode#lecurately. A comparative study between
two different piston skirt designs indicated theportance of skirt axial profile in reducing

friction.

Goenkaand Meenik (1992)conducted a sensitivity analysis to study thetibitbetween the

cylinder bore and piston skirt of a motored engising an in-house computer code
developed by General Motors), and by varying tleamnce space, the gudgeon pin position
and the mass of the piston. Two separate analyses eonducted; one assuming the piston
skirt was elastic and the other rigid. Again, aitéinelement code was used to solve the
deformation of the piston skirt (in the case of éhastic piston skirt), assuming the cylinder

bore to be rigid.

This study showed the effect of friction behavieuthin the contact by varying each of the
above parameters in isolation. By comparing thelte®btained from the numerical analysis
with the experimental data, the authors concluded & rigid analysis showed a greater
deviation from the experimentally measured frictidghan that obtained from the

elastohydrodynamic analysis.

Abbeset al (2004)developed a thermo-mechanical model for a dingetction diesel engine
piston, citing this as an important start point &or elastohydrodynamic model. In this work
the cylinder bore deformation is not included. Hegare the high significance of thermal
contribution (steady state approximation) over dcitrtal deformation is noted. Work in
producing a transient thermal model is reportedDunaevsky and Vick (2004) thereby
extending previous workDunaevsky and Kudish(1988) for industrial compressors, though
no reference to IC engines was made and thesaanamgfects appear absent from IC engine

numerical tribological analysis.

Examples of methods employed to experimentally mr@asomponent temperatures can be
found from Rohrle (1994) Furuhama et al (1984) (piston temperature profiling, rpm vs.
number of rings)Hamzehei and Rashidi(2006) andKumar et al (2004) Keribar et al
(1993) in developing a proprietary piston-to-cylindabtiogical model state the importance
of elastic bodies (vs. rigid) to accurately compsiert friction, and the consideration of

operating geometrical changes due to temperatoeenial expansion).

39



Chapter 2: Literature review

Oh et al (1987) produces an EHL model regarding piston skirt conclusion thegtate that
the exact operating shape of the piston skirt ady loe determined by combined thermal and
EHL analysis of the piston containing the barredh (of the piston), and that the friction and
lubrication characteristics are very sensitive igign skirt detail geometryZhu et al (1993)
provides foundation work on the analysis of pistekirts, with particular attention to
deformation. The use of steady state thermal aisalgsjustified (for piston skirts) and
deformation considers both the piston and the dglirbore. Initial piston shape and thermal

effects are considered and presented as impodargdlistic results.

Mitchell et al (1995) discuss the use of the finite element analysishotetto reduce the
overall lead time for new piston desighditchell et al (1995)presents certain guidelines in
piston development and an example of piston skidyiinder bore contact pressure, (figure

2.6) as below.

» Structural features have to be checked using thenechanical finite element analysis
and life analysis.
» Behavioural features have to be checked using wsramalysis techniques involving

engine thermodynamics, kinematics and tribology.

Figure 2.6 Piston skirt-bore contact pressure fidibchell et al. (1995)

Work using the finite element method regarding rtedrprofiling of the piston assembly was
performed byChoi et al. (1993) Choi et al (1993)analyzed thermal conduction in the piston

ring of a gasoline engine using the boundary elémaegthod in three dimensions. Engine
40



Chapter 2: Literature review

performance simulations were made to obtain thentdary conditions of in-cylinder gas

temperature and heat transfer coefficients.

The variation of piston temperature at each pomthe piston with respect to engine speed
was plotted. The temperature distribution at eaatt pf the piston surface was measured
using an L-link mechanism and was compared with rdégult obtained by the boundary
element method. The maximum temperature of themistown surface occurred at the centre
region of the crown and temperature decreasedrlinezdially away from the piston centre.
The location of the inlet port, exhaust port, arghrk plug affected the temperature

distribution of the piston crown.

Measures exist to liquid-cool piston crowns by nseah integral oil filled gallery features
(Bing et al. US patent 5947065). These measures reduce crompetatures. However, they
are only suitable for cast pistons. A method tooiporate gallery cooling within non-cast
pistons is as pdfowell-Smith, UK patent (pending) 0821761.4.

2.3.6 Cylinder finish and wear

Cylinder bore wear and remedial methods are sulieatnany opinions and qualitative
approaches Becker and Ludema (1999). Indeed, as a bore manufactur€apricorn
Automotive Ltd (2008) cites (modifications to the cylinder bore topodrgp'it is as a
restless subject for continuous subjective altenally clients’.Tian et al (1996) investigated
film thickness with regards to conjugating body gbness for multi-grade lubricants.
Generally a reduction in cylinder bore roughnessreteses lubricant transport to the upper
bore region and vice-versa. Logically this is sasrbenefitting one region to the detriment of
another in the case of constant roughness borecgyriand likely produces the cyclical
investigations in bore surfac€gpricorn Automotive Ltd (2008)).

Becker and Ludema (1999)make a distinction between initial wear comparecdylinder
average life wear due to the formation of new coamals on the mating componeniopf

et al (1998) details a hydrodynamic solution for the compreassimg-to-bore surface with
consideration for cavitation as well as elasticspta asperity deformation as per the
Greenwood —Williamson modeKnopf et al (1998) shows that through alterations to the
honing angle a good compromise between oil transgpat hydrodynamic build-up was found.
Further bore surfaces with asymmetrical amplitugmsty distribution and transversely
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orientated topography provided a decisive perfogeanmprovement.Tomanik and
Ferrarese (2006) utilise ‘slide honing’ — a form of extreme platehaning, itself reducing

overall friction compared to traditional plateawningy.

Xiaoming et al (2004)develop a model predicting EHL for the compressiag-to-cylinder
bore conjunction whilst considering bore elliptycand surface roughness all in a multi-axis
fashion. Of note, the surface finish of both thmgrdace and the bore are identical and the level
of ellipticity (radial) is only 1 micronMishra, Balakrishnan and Rahnejat (2008)increase
the level of investigation in the compression rbge conjunction, concluding that forces
developed (which are far higher than the pistomtdkdre conjunction) are insufficient by
themselves to lead to local (micro) deformatiorsignificant lubricant viscosity increase, and
a piezo-viscous regime as opposed to EHL dominates.

Logically reductions in lubricant viscosity (to thenefit of skirt viscous shear) as well as
thermal effects will further detriment this (comgsen ring) conjunctionMishra, Rahnejat
and King (2009)further expand this investigation confirming thexed and boundary nature
of the transient rheological behaviour at strokesrsals and lubricant ‘reservoirs’ by means of
surface modification would encourage piezo-viscbhelaviour whilst guarding against undue

thixotropic behaviour.

2.3.7 Piston and cylinder friction

Robinson (1959) classified the basic design and function of theomotive engine piston
rings. The piston ring can be classified eithea @®mpression ring or an oil control ring. The
compression ring’s main purpose is that of effitiegaling of the combustion chamber, so that
maximum possible effort is transferred from theanging gases to the crankshaft. The cross-
section of the compression ring was always desigiseectangular in cross-section. For high-
speed applications and performance the ring isgdedi to be thinner and thinner with the
equivalent strength and rigidity. A narrower ringpyides more efficient and quicker seal on
the peripheral face. An internally-stepped compoessing provides better oil control
(through twisting) due to forming an angle to tlylirder wall as it rides over the oil film on
the upstroke, yet a scraping action on the cylindat during down stroke (where it becomes

parallel).
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Sagawaet al. (1990) pointed-out that the axial movement of compressiogs in high-speed
engines tends to be unstable due to inter-landspresand inertia force. Hence top ring
floatation gives poor sealing function and encoasaglow-by. To stabilize piston ring axial
movement the most effective method is to reducg weright or axial width. The durability of
the narrow axial width piston ring is improved bging steel material. Due to the reduced
axial width of the piston ring there is a reductiarfriction and overall mas§.hring (1992)
predicts piston rings (especially oil rings) anstpn body (skirt) as the greatest contributors to
in-cylinder friction (with the exception of windagd very high speed). Successful friction

reduction from oil ring modifications is detailegl bomanik and Ferrarese (2006)

Toshihide et al (1993) coated piston and valvetrain components with diffg radioactive
isotopes analysing the sump oil after running. Asial revealed the highest proportion of
removed material originated from the piston systénerefore implying a higher relative
contribution to engine friction. It is unclear hdahese results would compare to direct doping
of substrate materials (i.e. valvetrain componemts relatively harder than piston cylinder
components, and therefore one would expect a gpafisame hardness to wear quicker on a

valvetrain component than on a piston system compn

Nakayamaet al (1997)studied the effect of piston motion on piston tskiction in a gasoline
engine. The study’s aim was to reduce the largéribaion of piston skirt friction observed
during the power stroke. The analysis predicted rémilting piston skirt wear in various
piston skirt shapes and correlated the predictiwitls actual friction measurements. Piston
skirt friction is highest near mid-stroke just aftmmbustion, and skirt frictional contribution

towards total cylinder friction is of the order 3q%ng McMillan (2004).

Uras and Patterson(1983)observed that throughout the engine cycle thédridorces were
primarily in the mixed or boundary region. Undertoring and firing conditions the friction
force was a maximum at TDC (compression stroke .eimdjests with no compression the
friction was higher when the piston was ascendiffys asymmetry is consistent with the
scraper profile of the second compression ring.

Several methods exist to measure reciprocatingylineer friction Kurbet and Malagi
(2007) falling into three distinct groups: IMEP experimal results, laboratory slider type
mechanism and, arguably more representative, thtaggmically challenging modified engine

measurements.
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Laboratory slider mechanisms invariably involvepditsing or piston element within a split
cylinder bore reciprocating at relatively low spgeahd estimated normal ford@darlove and
Cheng (1995) Ting (1993) Akalin and Newaz (1998), yet produce accurate resolved
friction from relatively simple instrumentation. Min work has been performed in Japan
(Furuhama and Sasaki, (1983)and by General MotorsGpenka and Meernik (1992),

utilising the floating liner method, which recordsal piston ring and skirt friction.

Furuhama et al (1982) concludes that although the effects of load ansl g@ssure were
evident, their effect was small compared to othetibnal losses. This was due to the short
working duration of the gas pressure and thatubéing surfaces temperature increased under
high load. Furuhama also assumed that the pistoergeed a large frictional force after
combustion due to the effect of the piston slap uls@ and, immediately after this, the
resolved combustion thrust onto the cylinder wall.

Goenkaet al (1992)further developed a numerical model to paramdlyiewvaluate differing
engine configurations for frictional losses as wedl piston-to-bore frictionTaylor et al
(1994) used laser induced fluorescence to verify numerpa&dictions of bore friction
showing the strong influence on shear thinnifiguf et al (1996). Along with shear thinning,
the use of a starved, thermo-viscous model proviglead correlation. However, lubricant
degradation was not included though considered itapbfor future work.Sui and Ariga
(1993) similarly develop such a model, but concentratehmneffects of surface topology of
the rings verifying with a laboratory moving linapparatus. The effects of component wear
(in-situ re-profiling) results in reduced fricticend a deceleration of component wear to a
limiting value, and initial values of roughness aflodm for the ring-pack, skirt, and bore
dramatically alter the speed this limiting positisireached and its relative conditioraglor
(1998).

General trends show that friction is linearly prammal to the maximum frictional force

found in the mid-strokeStanley et al (1999) and with certain modifications (geometric)
compression rings could be made to operate alrmistly in the hydrodynamic range, with
the exception of dead centres where frictional faceft increases from a minima of 0.03 to
0.14 Cho, Choi and Bae (2000Q)
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However, the same was not the case for oil ringehvbperated in mixed mode for the entire
stroke and developed higher overall friction thea tompression ringCho, Choi and Bae

(2002) This observation is further supported with acimusmission experiments conducted
on diesel engines byouglaset al (2006) where strong asperity interaction between the oil

ring and cylinder bore was measured.

Kurbet and Malagi (2007)reviewed frictional losses on both piston skirtl aimngs, opening
with the necessity for a thorough understandinghef lubrication condition at piston-ring-
cylinder bore surface. Furthermore, the complegftyhe system requires a three-dimensional
finite element approach including more engine congods than the traditional four decades’

worth of primary and secondary piston motion metiogy.

Shayler et al (2008)investigated both ring tangential load and skidfifes effects on friction.
Skirt profile optimisation was undertaken and culated in approaching a 20% reduction in
FMEP. Increasing piston diametric clearance tddhgest designed manufacturing limit (max
production clearance) produced improvements betvamd 10%. Further increasing this
clearance resulted in a 5-10% improvement reldtvieaseline and this could be extended by
much larger clearances at higher engine speedsuciedpiston skirt roughness (1.29Ra,
5.75Rz) produced a 4% reduction and a projection ificreased benefits at lower oll

viscosities.

Wakabashi et al (2009) utilised a floating liner device to investigatelioger break-in for
differing ring pack typesYoshidaet al (1987, 1990) This provides incremental updates and
developments to thEuruhama et al (1983)floating liner (fig 2.7), overcoming gas pressure
influence on the liner upper surface, and invesitigacylinder surface preparation (single and
plateau honing). The oil ring is stated as opegaiinthe mixed lubrication area and physical
vapour deposition (PVD) coatings on the compressings reduce friction, thereby producing
an overall reduced FMEP. FMEP was reduced in tlse cd plateau honing, reaching a low
point vs. single honing after one hour of operatiBlowever, this increased (inferred) to a
similar level (of friction) as single honed aftextended running. Presented surface finishes
pre and post engine test show a similar finistbfath single honed and plateau honed after 30-

60hrs of testing.
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Figure 2.7 ‘Floating liner’ courtesy afoshidaet al (1990)

2.3.8 Coatings, surface treatments and lubricant atitives

Malaczynski et al (1996) showed that for any piston / bore material couplesurvive the
engine environment the materials must be evaluttedheir cold scuff resistance. “Given
enough time, scuffing will always occur under dmynditions, even for the conventional
combination of an aluminium piston coupled withastdron liner”.

For vehicle mass considerations, vehicle enginestcoction has trended towards light alloy
construction. This has seen a general reductiothénsectional stiffness in the bore area.
Likewise, increased engine rotational speed (dueotensizing) has seen reduced mass and
effective sectional stiffness in the piston assgmBlluminium (alloys) possesses a lower
stiffness than for example cast iron and althougs increases contact conformability, it is
inherently a poor choice for a bearing surfad&afg and Tung 1999.
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“Examination of the worn surfaces suggested thaitbar between Al / Al is dominated by an
oxidative wear mode. Adhesion between aluminium aodinium caused scuffing to occur
immediately after loading. In order to prevent Ml/from scuffing when used as piston / bore
materials, without cast iron liners one of the ahiom parts has to be treated either by a
surface coating or by ion implantation, which woeliflectively change the surface physical

and chemical characteristics through surface aipyi

Donnet and Erdemir (2004) reviewed the almost explosive use of surface rireats and
coatings since the 1980’s covering soft coatingsnéllar solids, halides, sulphates and
polymers such as PTFE and DLC) and hard coatireybi@tes, nitrides, borides) produced by
diverse processes such as PVD, CVD, etc. resuhisglid lubricant films, duplex, multiplex
and nano-structured forms. In combination with ‘efmsurface engineering such as micro-
texturing, these coatings offer higher tribologipatformance than conventional uncoated and

/ or traditionally-textured surfaces.

Mistry (2008) investigated the lubricated performance of DLGtows with a range of
lubricants. Mistry (2008) reported that with an optimal lubricant the lubted friction
coefficient of steel is 0.07 whereas as WC-DLC sualbs is 0.05.Shen (1997) explores
emerging coatings and surface treatments for cossyme rings, stating the requirement to
provide low friction in a poorly lubricated envinment. Nickel composite coatings (NCC),
plasma spray (predominantly molybdenum containirag)d PVD / multilayer PVD were
amongst those investigated. LikewRehrle (1994)discussed coating options for pistons and

piston skirts in general.

Prasseet al. (1967) discussed recently specified piston ring materitdse coatings, and
designs, (including straight face rectangular cagagion rings, taper face piston rings, straight
face torsion rings, taper face torsion rings, serapompression rings, reverse torsion
compression rings and barrel face piston ringsg d@dnstituent face material of piston rings
such as hard chromium, molybdenum, etc. are disduseoadly for wear rate and motoring
friction vs. engine speed. Future developmentsisibp ring face coatings are also discussed
and suggested to include treatments / coatings asichanium carbide nickel, boron carbide

nickel, mica-nickel, silicon carbide nickel and qouosite electrolytic coatings.
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(Prasse et al. (1968) States multiphase hard molybdenum-containing npdaapplied
materials are reliable in heavy duty engines. Taeyrelatively unsusceptible to failure such
as temporary periods of engine overheating, vanatin bore finish, and high-load operating
conditions. Oxide growth in molybdenum coatings slo®t occur at piston ring operating
temperatures of heavy duty diesel engines. Impropating may have low tensile and bond
strength, leading to premature failure. The greennfanufactured — i.e. not ‘run-in’) engine
friction could be reduced through the use of a gitapmpregnated top compression ring. For
a given load output reduced ring friction reduce®Nemissions. Metallic oil could also

improve piston ring performancerasseet al (1981).

Prasad and Zabinski (1993) detail the potential of tungsten disulphide @W3&s it has a
friction coefficient as low as 0.04, though conce@mospheric interactions (moisture) can
increase this fourfold.Vadiraj and Kamaraj (2009) further investigate WS and
molybdenum disulphide on a plasma-nitrided spheatojglaphite (SG) iron substrate, stating
with reference to IC in-cylinder application ‘a gtepotential exists to reduce friction

especially during initial life’.

Surface modifications / texturing have become apartant approach in the reduction of
friction. The developments in this field are relaty recent and follow from a fundamental
understanding of the mechanisms of fluid film lgltion. Clearly, the hydrodynamic wedge
effect which encourages entrainment of lubricarttvben two contiguous surfaces must also

play a similar role between asperities of surfaxesmalbearings

Theoretical work ofSalama (1952)s considered as the fore-running contribution.stielied
the effect of what one may consider as macro-roeghrirom a machining process on the
performance of parallel thrust bearings. He shotied with sufficient supply of lubricant, a
resulting hydrodynamic micro-wedge would improvietfon. This was an interesting finding,
noting that surface roughening can improve frictiba supply of lubricant into these micro-
wedges can be assured. Prior to such investigatlmsnteraction of surfaces (seen in the
context of dry surfaces) itself the root of fricti@efinition, was seen to exhibit increased

friction with increased roughness.

The realisation that normally occurring, as mantufised surface topography could lead to

enhanced lubrication meant that deliberate texguoihsurfaces could be of potential benefit.
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An early study was carried out Byamilton et al (1966), who investigated the effect of
artificially created asperities by means of phdiching. They proposed an approximate
theoretical analysis of the load support mechansoduced by the asperity/cavities. The
study of micro-asperity lubrication was continuatet byAnno et al (1968) They proposed
a theory for load support in the parallel surfagka rotary shaft face-seal. One of the parallel
surfaces contained cylindrical (protruding) micapearities and it was assumed that a tilt

mechanism (of the asperity tip) occurred to en&ddd support.

In another study byAnno et al (1969)the effect of leakage from seals with modifiedfaces
was added. They concluded that tiegative featuregcavities) are also capable of producing
comparable load support to tpesitive featuregprotrusions). Load support with almost nil
leakage could be achieved by negative asperities.

Surface texturing offers improved load carrying a@fy and reduced frictionAfino et al
(1969). Furthermore side leakage can also be reducedthEse reasons, surface texturing
has made in-roads for conjunctions which are lgrgeibject to mixed or even boundary
regimes of lubrication. These occur at reversahisosuch as those experienced by the piston
skirt and piston rings to cylinder bore during I@yae reciprocation. The use of this approach
has become progressively important in dealing Wwabndary lubrication, a regime previously

improved solely by lubricant rheology (boundaryricants) and surface coatings.

Since the initial work with photo-etching, many meds for surface modification / texturing
were gradually developed. These included indematinoss-hatch honing and laser surface
texturing (LST).Etsion (2005) provides a good review of surface texturing depelents.
With emerging understanding of squeeze film effastanother mechanism of fluid film
lubrication, mainly in the 1970s and 80s, the riblat micro-cavities play as reservoirs of

lubricant is also exploited in the so-callegigative features

Detailed numerical analysis bigahmani et al (2007) and byBalakrishnan et al (2005)
showed that because of lubricant retention, riegative featuresperform better than the
positive features Experimental analysis performed hlsson et al (2003) presented

frictional reductions in steel strips after miceodturing with negative features.
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Within the IC engine, the cylinder bores are inably finish processed by means of cross-
hatch honing resulting in a characteristic surfiesg¢ure of inherently negative surface features
(Wong et al, 2009. This process also corrects geometrical errdraightness, roundness etc.)
and combined with relatively low cycle times is réfere the process of choice in finish
preparation of IC cylinder bore¥/ong et al (2006)showed that cross-hatched angle plays an
important role and alterations to this angle predwutffering frictional losses and oll
consumption. Where piston to bore contact occutsjdant flows into the conjunction from a

meniscus ahead of the contact.

Depending on the contact condition and surfaceufeat (including cross hatch angle)
lubricant tends to skirt around the areas of higtsgure caused by discontinuity in contact
profile. This is noted bYyalakrishnan et al (2003, 2005)where pressure raisers occur at the
leading and trailing edges of the contact. Theggfaith grooves it is important to follow
patterns that encourage the lubricant flow into toatact proper. Process limitations are
inherent with honing, and alternative (additionaipcessing methods facilitate more extreme

negative feature pocketing.

Rahmani et al (2007) evaluated the optimum configuration of introdugadtro-texturing
(rectangular, triangular etc.) with respect to parahrust bearingskligermann et al (2004)
presented theoretical benefits of micro-texturihg tworking face of compression rings.
Parameters including pattern depth, pattern diameted aspect ratio are presented with
resulting friction for a relatively simple linearray of dimples.Ronen and Etsion (2001)
used a reciprocating slider to correlate minimuittibn as a simple ratio of etch pore depth

over diameter, thereby showing stability and fdotreduction over a surprisingly wide band.

Subsequent workRyk, Kligerman and Etsion (2002) using actual piston ring samples
found up to 40% reduction in friction for severarsation with etching performed on ring
segment faces. Quoted laser pattern parametersandisaneter of 100 microns with an etch
depth of 10 microns for each dimple, with an areasity of 20%. Excessive etch depth is
reported as (may become) detrimental in excessOofmirons depth although no depth

correlation is given.

Ryk et al (2005) developed partial ring face etching as opposeéulieface with friction

reduction some 60% compared to a fully etched ver&rgen et al (2008)used linear etched
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pockets on the cylinder bore wall in two versioasupper reversal point only and b) entire
bore area though with reduced density in mid tadmotstroke. Oil consumption by means of a
sulphur tracing technique was used to compare sgaitraditional plateau honed surface. Oil
consumption was slightly lower than the traditiopiteau surface, especially in the condition
where etching was in the upper portion or8jayler et al (2008)reports a 10% reduction in

FMEP by the use of laser-pocketed cylinder bores.

Balakrishnan et al (2002, 2003, 2005)leveloped a numerical technique to predict orhfil
thickness within an IC engine between the top ramgl piston skirt-to-bore conjunctions.
Introduced pits at reversal points and increased skughness are shown to increase
minimum olil film thickness thereby reducing friatioln chapter 6 the numerical analysis from
Balakrishnan et al (2002, 2003, 2005)s used to advise laser etched patterns which are
subsequently tested on some cylinder liners.

Lubricant additives such as molybdenum dithiocari@n{MoDTC), according t&lidewell
and Korcek (1998) during reciprocator testing consistently prodimeer friction except in
the case of persistent starvation. During persistgarvation the frictional values recorded
tend to those of the unmodified lubricant not comitey MoDTC. Kurbet and Malagi (2007)
details a four or five-fold increase in piston oger friction for a cold start (20°C) vs. hot
running condition (100°C), and result sensitivibythis must be considered when determining

the contributing ring friction.

Rao et al (1997) presents a testing methodology for frictional cangon of piston skirt
coatings, comparing four types of solid film lulaits. Observations regarding the oleophobic
nature of PTFE (a common piston skirt coating) al as tungsten disulphide are made verses
the oleophillic nature of molybdenum disulphide ®p(see alsdGagawaet al, (1991) as
well as the tendency for oleophillic coatings tompote oil film formation. A clear benefit in
low-speed friction is made for the four tested /¢ low engine speeds and loads (3-4%),

which decreases with increasing engine speed.
Shankara et al (2008) adds zirconia and graphite additions to Mofeporting frictional

benefits and also the behaviour of moisture (emwvirental) which is shown to improve

friction as well during reciprocating scratch tests
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Piston assembly dynamics

3.1 Overview

To predict piston skirt-to-bore friction it is nessary to ascertain the regime of lubrication as
noted in the previous chapters. To determine thegiling tribological conditions a prediction
of film thickness is required at any instant oféini\ny film thickness depends on the nominal
clearance, global thermo-elastic deformation ofdbetiguous surfaces, and further localised
deformation when a film of lubricant is pressurisedhe gap. The procedure to determine any

prevailing film thickness is described in detaikimapter 4.

To determine the global thermo-elastic and localt@ct deformations it is necessary to know
the undeformed geometry of the contiguous matindgasas, the applied load (generated
contact pressures), kinematic conditions, and teatpes. These conditions are determined by
the piston primary and secondary motions, governgdcombustion loading and inertial

dynamics as well as by the forces and moments gwteat the contacts made by the piston
skirt with the cylinder bore / liner at the thrustd anti-thrust sides. Therefore, an integrated
study of dynamics, combustion loading, thermo-&adtformation, and elastohydrodynamics
is required. Such an analysis spans physical ictieres across a broad scale from micro-scale
to large displacement inertial dynami€erera et al (2007, 2010ermed such an analysis as

multi-physics, multi-scale analysis

This chapter is devoted to the derivation of eaquregiof motion of the piston relative to the
cylinder bore, which is considered to be stationditye primary motion of the piston is its
translational motion with respect to the cylindBnis motion is considered to be kinematic, as
also noted by other research workers suchBakakrishnan (2002) Balakrishnan and
Rahnejat (2005) Offner and Priebsch (2000)and Gohar and Rahnejat (2008) However,
the geometry of the piston-connecting rod-crank asider mechanism causes inertial forces
which comprise spectral contributions at multippgengine speed. Additionally, the repetitive
combustion process is also composed of combustindamental frequency and its multiples.
This depends on the 2 or 4-stroke nature of thebestion process and is referred to as
combustion signatureTherefore, the induced inertial forces causedthyy slider-crank
mechanism contain contributions at various fregies¢hose of the combustion process and

those of inherent system imbalances. These induneztlal effects are termeengine order
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vibrations They affect the system kinematics as well, whietermine the speed of entraining
motion of the lubricant into the piston skirt-toliegler conjunctions.

Rahnejat (1998) provides a comprehensive analysis of engine oxdlerations and the
resulting kinematics. There is also secondary pisignamics. This includes side-to-side
lateral motion of the piston as well as its to-dradtilting motion, both within the confines of
piston-to-bore clearance. Of course, this clearamedfected by thermal distortion of both the
piston and the bore, as well as the localised d&tion of the surfaces due to the generated
lubricant pressures. The secondary dynamics amapyi motion kinematics are linked

through the lubricant film formation and the copesding generated contact pressures.

In this chapter traditional kinematic equations dexeloped for the crank slider mechanism
on a relative position basis leading to accelenatibthe bodies. In combination with cylinder

(pressure) forces, this ultimately derives the magudynamic forces on the bodies.

3.2 Piston kinematics

The traditional mechanism employed in IC engindbléscrank slider type. Two basic versions
are used; one is where the piston centre of ratagmains nominally in line with the crank
rotation centroid (zero offset type) and the secwearsion is where there is a lateral offset

(offset type). Note that the offset is possibleoime of two directions. The general and offset
types are shown in figures 3.1 and 3.2:
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Figure 3.1 Piston assembly mechanism (zero offset)
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Figure 3.2 Piston assembly mechanism (offset)

The following dimensionless parameters are develope

(3.1)

(3.2)
r

In the simple mechanism case in figure 3.1 equdigryields a zero value.
For a constant angular velocity:

dé
w=— 3.3
v (3.3)

Note that this assumption is made for ease of septative derivations here. In fact, as noted
in section 3.1, the angular velocity of the engioenprises multiples of the nominal velocity
w, known as engine order vibrations. Depending ennlimber of cylinders in an engine and

the flexibility of crankshaft the significant engirorders (multiples of the nominal engine
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speed) varyRahnejat (1998) provides an analytical approach to determine tpeificant
engine order multiples in crankshaft speed andopishotion according to the number of

cylinders, the ratid\ , and flexibility of the crankshatft.

3.2.1 Calculation of piston vertical position

Considering the top dead centre (TDC) positionh&sdrigin, the piston translates from the
TDC position during the crankshaft rotation reaghenmaximum displacement from TDC, a
position referred to as the bottom dead centre (BDE€fore ultimately returning back to the
starting point (TDC). These two positions are akferred to as reversal points in tribological
parlance, because the entraining motion of theidabt into the contact changes direction

(inlet boundary reversal).
This also means that at these locations momentayation of entrainment takes place. This

condition can lead to starvation of the contact argteater chance of boundary interactions.

From the general case in figure 3.2:

X, =4/(r 1) =C,? = (r cosg + | cosp) (3.4)

p

Substituting equations (3.1) and (3.2) into thevabequation yields:

X, = r[\/(1+1//\)2 -2 - (cos@+%cos¢)} (3.5)

Considering both positive and negative offsetsiangle OAP in figure 3.2:

C
sin¢=/\sin6?i|—p$:/\(sin6?i(//) (3.6)
And clearly:

cosp=\/1- N(sin@ + )2 (3.7)

Binomial power series expansion of equation (3i&ldg:
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2 4 6
cosqozl—%(sinﬁit//)z —%(sineiz//)“ —i\—e(sineiz//f _ 3.8)

The pistons displacement can now be expressed as:

(3.9)

« =t A, + A cosd + A,cos20 + A, cosal + A,costa +...
P | +(B,sing + B,sin38 + B,sin56...)

where the primary (cosine) harmonic coefficients ar

A =y A+ N)? -y? —i+(1/\ + 342 ps +...)+

64 256

+%(/\z//) (/1\ + 2/\ +:31—i31/\3 +...j+%(/\w) (/1\ +%3/\+ j+
=1

1
—(3/\+i/\3 R j §/\34112[1+§/\2+..j 15/\540 (3.10)
4 16 512 8 4 32

(i/@ Ny N ) +£/\5¢/4 +

64 256 128

= i/\5 +o |+
512
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Further harmonic (sine) coefficients corresponth®presence of pin offset:

R ) = A (v

BszéA3w(1+i—l:;’A2+...j+%A5 St (3.11)
3 s
= —Ny+.....
8= 0

The pin offset direction is as shown in figure J@sitive when it is in the opposite direction
as to the tangential motion of the crank pin at TeC. In the zero offset case (figure 3.1),

(¢ =0. The following simplification occurs from equat®(B3.8-3.11):
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N N N
cosp=1-—(sind)* - —(sind)* - —(sind)’... 3.12
=1~ (sin6)’ = (sind)" ~ T (sind) (3.1
yp:r[Ab+Alcose+A200526+A4005449+A300366+...] (3.13)
A):1+(1/\+3/\3+i/\5+...)
4 64 256
A=-1
1 1 ., 15 ¢
= =AN+=N+—N+.. 3.14
A (4 16~ 512 ) (3.14)
:i/\3+i/\5+
64 256

Y-
A= (512/\ +j

Typically values ofA are less than 0.3. In this case the accuracylgsignoring terms

aboveA, cos2d accounts for less than 0.5% error. This simpliégeation (3.13) to:
A
x, O r[(l— cosd) + Z(1— 00529)} (3.15)
3.2.2 Calculation of piston velocity
From equation (3.15), piston velocity is obtained a
. . A
X =V :—:——Dra)(sme+—sm 29} (3.16)
dt 2

The piston velocity is zero for multiples nfradians. These are at reversals; at the TDC and
BDC. The maximum velocity is found by different@ti to give the turning point (3.17) and

substituted in equation (3.16), leading to expressfor mean piston speed:

% - ra(COSH‘F/\COSZH): rQ{COSH+/\(2CO§H—1)]=O (317)
_ / 2
6, max = cos‘ll—:L+ 4:;\+ 8 } (3.18)
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Chapter 3: Piston assembly dynamics

2n _ Sn
Vo, =2 — =— 3.19
Pm 50 3 (3.19)
Note that the instantaneous sliding spegdis used to obtain the speed of entraining motion

of the lubricant into the piston skirt-bore / lirsnjunction. This is discussed in chapter 4 and
is the average speed of the contiguous solids mact, with the cylinder bore / liner being

. X
stationary, thusi = ?"

3.2.3 Calculation of piston acceleration

This is required to calculate the inertial forcebatance due to the piston motion. Piston

acceleration can be expressed as follows:

X =a, =—L=—P "= P=yrof—2F (3.20)

Substituting equation (3.9) into equation (3.20J aerforming differentiation yields:

— (Alco§€+4AZ c932+ 18, cc-)sal+ ). (3.21)
+(B,sind+ 9B, sinF+ 2B, sinB+ ).

Disregarding terms abové4A, cos26 (as in equation (3.15)) due to their minimal iefhce,

then:

a, Ora’(cosd + A cos26) (3.22)

where in generak = a, = g, , the suffixg representing the gudgeon pin.

Therefore the inertial forces for the piston andggon pin are:

f, =m,xandf;, = m % (3.23)
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Chapter 3: Piston assembly dynamics

Appendix Al provides supporting calculations foe tinertial contribution of the connecting
rod and validation of these calculations by the afsSISC Adams (MSC Software Inc.) multi-

body simulation software.

3.3 Theoretical analysis

A theoretical analysis and subsequent numericaltisol requires a combined solution for
dynamics of the piston-connecting rod-crank suliesys together with tribological
interactions between the piston and the cylindsgrliat the thrust and anti-thrust sides. This
combined analysis is referred to as tribo-dynanatspiston-cylinder interactions and is
detailed in referenceBalakrishnan and Rahnejat(2002)andBalakrishnan, Howell-Smith,
Rahnejat and Dowson (2003)

The piston assembly comprises of three degrees.tr@nelational motion of the piston (its
primary motion in the direction) is kinematic. The other two degreesreeflom are in the

direction (infinitesimal lateral motions of the ma) and Sdirection (tilting motion of the

piston). These two degrees of freedom are refetoeds its secondary motions and are
governed by the forces and moments from the lutatcaonjunctions with the thrust and anti-
thrust sides. These are described in chapter 4.

3.3.1 Dynamics of piston axial, lateral, and titlig motions

The inertial dynamics of the piston is composeditsf primary and secondary motions
dependent on the instantaneous kinetic balancgingrirom the applied gas force, inertial

forces, and the contact forces with the thrustamdthrust sides.

Figure 3.3 is a free-body diagram of forces invdlwe the dynamics of the piston-connecting

rod-crank system. The three degrees of freedominalieated in the figure. The effective

combustion gas forcefg is applied in an eccentric position with respectite gudgeon pin
centre Cp, and the centre of gravity of the piston assenmblglso away from the pin centre,

indicated byC, .
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Forces acting on the piston Geometry of piston in

secondary motion

Figure 3.3 Free-body diagram of forces on the pisto

The force and moment equations are obtainedXas ¢ al, (1998) Balakrishnan and
Rahnejat, (2005) andGohar and Rahnejat (2008):

fz = fip + fig + fr2 - frl_ fconSin¢ (324)

fo=f,+f,+f,—f_,cosp (3.25)

m, = fy(a-B+( {x G) (3.26)
_(fgpxcp)+mc+ mfﬂ.+ mrz |

The inertial forces and moment caused by the sewgnohotion of the pistonXje et al,

(1998) can be expressed as:

o =mp['é; +%('¢—'g)) (3.27)
Y =mg['e +§('%—'¢)] (3.28)
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Chapter 3: Piston assembly dynamics
m =—"(&-7%) (3.29)

where, referring to figure 3.3, using geometri@atienships, the tilt of pistongand the
lateral motion g, expressions for the pistons top edge, and bottom edges, Ilateral

displacement are formulated :

e=g+ah (3.30)
&=6-(p-358 (3.31)

Equations (3.24) and (3.25) can be used for elitimgahe connecting rod forcé, , and thus

con?

the contact force becomes:

fz = fip + fig + fr2 - fr1 (3 32)
—tango( foot Togt fg) '

The various force components in the vertical dicgctan be lumped together to simplify the

above equation set and yield the following expaEssi

mg+mg, + m,=-mn- It)( & B’ (3.33)
fs = fip + fig + fr2 - frl (334)
where:
m, =( fyx Cg)—( fopX Cp), and f, =tanqo(fgp+ fogt fg) (3.35)

Now substituting for the inertial forces and momeémb equations of motion (3.27) and

(3.28), the system dynamics can be representedniatiax form as:
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Chapter 3: Piston assembly dynamics

mg(l—ij+ mp(l—ﬂj mgi+ mp£ ”
P P B ] plI |:Q:| :|: fr1+ frz + fs :| (336)
p

Ip—p+mp(a—b)(1—%] m,(a-b)—--=2 S LM ¥ Mo * My
|

It is clear that a solution to this set of equasioaquires the evaluation of contact forces and

momentsf, , f,,,m,, andm, , . These are discussed in chapter 4. The methodlatien for

the dynamics equations of motion (3.36) is by timedr acceleration methodN¢éwmark
(1962) Rahnejat (1984) obtaining values of the unknowns in each smalb &if time At (of

the order of a few micro-seconds). The unknowns @randg. The step-by-step linear

acceleration method then obtains, through integmatvalues ofé andg and subsequently

g andg.

The linear acceleration method is now well esthblis thus there is no need to detail the
approach here (sedewmark (1962) Rahnejat (1984). Once the values ofe andg are
obtained in each step of tim&t, then the secondary motions of the piston in #endf

directions are found from equations (3.30) and1(B.Zhese movements alter the gap between
the piston and the cylinder-bore surfaces at thesthand anti-thrust sides, and are used in the

tribological evaluations in the elastic film shapesquation (4.5), chapter 4.
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Chapter 4

Tribology of the piston skirt conjunction

4.1 The skirt-to-bore contact

Goenka and Meernik(1992)analysed piston skirt friction with correspondigposed piston
floating liner tests concluding that a rigid anadysf piston skirts may not always yield
representative results. AccordingDayar et al (2005) skirt and liner deformations have an
effect on secondary (piston) motions, lateral, iradion forces.Kim et al (2009)further use
the floating liner method to investigate the fioctal characteristics of differing skirt profiles.

In their work the contribution to friction from diéring parts of the 4-stroke cycle are given

and reproduced here in figure 4.1.

CIy.Fressure_[MPa]

Friction Force [N]

360 180 0 180 360

Crank Ai;lg le [deg.]

2000rprn-S006Pa

Figure 4.1 Friction force at 2000rpm for differisgirt combinations
(reproduced fronkKim et al, 2009

The friction force in the expansion stroke is slads the highest of the four strokes (induction,
compression, expansion, and exhaust). Skirt fmetidorce increases with increasing load and
generally with engine speed, but to a lesser exgkitt profile must consider lubricant flow
(Kim et al, 2009, as certain optimisations (contact pressure typg&)lt in excessive lubricant

flow away from the contacting area.
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Chapter 4: Tribology of piston skirt conjunction

4.2 Contact geometry

To solve equation 3.36 at any instant of time treds and moments on the right-hand side of
the equation need to be evaluated. For piston s&irtacts the major and minor thrust should
be taken into account. Clearly the contact condgiare worst in most instances on the major
thrust side due to the higher loads. However, dompleteness both contacts have been

included in the current analysis.

The solution involves the treatment of contacthwiite major or minor thrust sides to include
in each case the profile of the piston skirt. Tlmtact of the piston skirt-to-cylinder is
categorised as a partially-conforming contact. Thesans that the contact dimensions are not
negligible compared with the principal radii of ¢act of contiguous solids, as is for ball and

rolling-element bearings or a cam-follower pair.

Nor are the contacting radii of solids close enotglcause a fully-conforming contact as in
the case of a journal bearing. Partial conformascgue to the fact that one member has a

concave radius in its radial plane. Then in figdr2the principal radiusk,,, for the bore is

considered as negative, whilst that for the pisstart, R . mating with it is positive

y(s)

(convex). The effective radius in this plane isréfere:

1_ 1 1
Rlye RZ)($ RZS’b

(4.1)

The effective radius is, therefore, larger tharhizbe radii of mating bodies and is referred to

as the increased radius.

Referring to figure 4.2, in general the principadlii of the contacting bodies in they plane

are quite large. It is customary to assume anitefiradius for the bore, thuR, , — . It is

x(b)

also usual in the first instance to assume a pécapoofile for the piston skirt, at least

Z2

theoretically, to obtain an idea of contact geometihis parabolic profile will bex =
X(9

within a specified skirt circumferential domain. éfhthe effective radius in thex plane

becomes that of the skirR, .= R, ,.
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ZX (piston )

g X0 XU D

zy (piston)

Figure 4.2 Coordinates used for piston to boreyaisl

4.3 Contact conjunction

It can now be noted that a large footprint arealteswhose dimensions are comparable with
the principal radii of both the solids the skirtdatihe bore. This means that use of Hertzian
theory is not permissible. This is an importantnpdd note, since for the piston rings often a
line contact solution is attempted as an initialgsis, noting that a ring’s face-width is much
smaller than its unwrapped length, hence a shatthwbearing type analysis may be
employed, for which analytical solutions exi&afhnejat (1984, 1985) Sasakiet al (1962)
and D’Agostino et al (2002). Such an approach is not permitted for the pistart

conjunction.

With the absence of an analytical solution a nucagrpproach for the solution of Reynolds’

eqguation is required. The most general form of Ré&si equation is:

Q[P Op), 3 (pPOD)_ 1 D 00
GX( n GX}-ay( n oy 12 u,y ax(ph)"'VAvay(ph)"'at(pw (4.2)

It is usual, and in fact justifiable, to assume smle-leakage of lubricant into the
circumferential direction (i.ev,,=0), denoted here by thg coordinate, if the contact is
viewed as unwrapped. Note that tteeordinate represents the direction of pistonirgjdits
primary motion). Therefore the lubricant is enteaninto the contact in an opposite sense to

piston sliding with an entrainment velocity
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Chapter 4: Tribology of piston skirt conjunction

Uy =%(Ub+ U)=—-—== (4.3)

Where:u, =0
Pressure builds up in tlzedirection.

Hence, Reynolds’ equation simplifies to:

3 3
ofphiop|, dfphap :6(x3(ph)+23(ph)j (4.4)
ox{ n ox) oyl n 9y dX ot

The ultimate term on the right-hand side of theatigm is the squeeze-film effect term. Three
reasons give rise to squeeze film effect. Firsthgondary motion of the piston (laterally in the

z direction, or tilting, indicated byS see figure 3.3, chapter 3) within the confine tSf i

nominal clearance, can cause squeeze and sepatiaon

One can refer to this as rigid body squeeze. Ségoady deformation of the contiguous
surfaces due to generated pressures can alsodesgliéeze or separation, which is usually
termed as elastic squeeze effect. Finally, as pleed of sliding alters the thickness of the

entrained film into the contact domain also changesating a squeeze or separation effect.

4.4 Elastic film shape

In general one can represent the film shape as:

h=h+stanf+o+A (4.5)

where h, + stang is the rigid gap andy =c+ e

(Note film thickness is in the z direction, filmgfile is along the x axis)

If one takes the rather simple parabolic pistont gkhapter 4.2) profile described above then:

x+y

2 sze 2 Rzye

where: /¢ andw are skirts length and width respectively (figur2)4

2 2

S=

X=O_>i£2 andy=0 - £W, (4.6)
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Chapter 4: Tribology of piston skirt conjunction

In equation (4.5)Jdis the localised deformation of the skirt at anifion (x, y)due to the

generated lubricant pressunesif such a condition were to occur then elastobggnamic

lubrication is deemed to have occurred if the s#yoof the lubricant also alters with the
same pressures (piezo-viscous behaviour). If therlaondition is not met, then the regime of
lubrication is termed as iso-viscous elastic (npueformation without significant changes in

lubricant viscosity due to the generated contagsguires).

Note that elastohydrodynamic lubrication (EHL) regs both a change in viscosity with
pressure as well as localised contact deformatimm,piezo-viscous elastic behaviour
(Balakrishnan and Rahnejat (2002) Mei and Xie, (1993)andKnoll and Peeken (1982).
Previous studies of the piston-skirt conjunctionenahown few instances of EHL. However,
at the peak combustion pressure with cylinder $iradrfairly low elastic modulus, incidence of
iso-viscous elastic condition has been noted, f@ngle byBalakrishnan and Rahnejat
(2005)andMei and Xie (1993)

4.5 Contact deformation
Localised deflection is obtained by the solution tbke generalised elasticity integral,
sometimes referred to as the potential equatiorguse of its similar mathematical form to the

electrical potential functiondohar and Rahnejat (2008):

[(y— W)+ (x- %)2}% E

for a rectangular contact area 8é,2b, the influence coefficientsBalakrishnan, Howell-

? k')[ pk,|d)€dy|. _ 2 R,l D* (47)
-a-b

Smith, Rahnejat and Dowson (2003)are found as:
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Chapter 4: Tribology of piston skirt conjunction

In fact, the contact footprint resulting from twesamed parabolic profiles as indicated by

equation (4.6) withR >> R tends a rectangular strip. In reality, the axialfie of the skirt

is not parabolic at all. A typical profile is showmfigure 4.3. For quite a long time the main
(side or radial) profile has been based on a cubeain. It also comprises relief radii or
chamfers at either extremities of the skirt (sgere 4.3). These act as hydrodynamic wedges,
encouraging the entrainment of the lubricant il ¢ontact. They also reduce the edge stress
discontinuity which is more commonly associatedchvaharp-edge rollers, causing a pressure
spike, which inhibits the flow of lubricant intoghcontact domain. This is the reason why

roller bearings are furnished with dub-off or croeatge radii.

—
e

W ——

R

zY (piston)

\

ZX (piston )

Figure 4.3 Piston profiles (exaggerated diagrancahy)

For the analysis of the actual piston skirt, thal nghysical profile 6= f(x y)) is either

known or can be measured accurately (e.g. using-ardinate measuring machine) and
imported into equation (4.5), instead of the th&oa parabolic profile used here to simply

demonstrate the mathematical procedure.

The difference between roller-raceway contacts tad of piston skirt contact is that the
former has a very narrow rectangular or dog-borepshBecause of the small area of the
contact, pressures generated are very high (adrter of GPa for any moderate to high load).

The concentrated nature of the contact means hiealbtalised deflection at any point in the

footprint area(i,j) is as the cumulative result of all the pressueeneints as in equation (4.7).
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The partially-conforming contact of the piston sko-cylinder bore comprises a relatively

large area, thus the generated pressures areyusuak orders of magnitude smaller (in MPa)
compared with concentrated (e.g. counter-formatfacs. Thus the deflection at any position
is dependent almost entirely (in excess of 95%j)henpressure element acting directly above
it (column method approach¥sohar and Rahnejat(2008)andRahnejat (2000)explain that

in such cases the burden of computation reducesisantly. It should be observed that more

than 90% of computation time in EHL contacts is thuthe evaluation of the contact elasticity
potential integral.

Using the column method approach is a simplificatédthe triaxial state of stress-strain (refer

figure 4.3a for co-ordinates), given as:
{0} =[D]{¢} (4.8)

T,
where:{ g} —{0’ 0, 0,7 T T Z} is the stress tensor,

xx?

{¢} :{gxx,gw,gzz,yxy,yyz,y Z}T is the vector of direct and shear strains [albﬂi is the influence

coefficient matrix:

1Y, Y, 0 0 0o |
vi, 1Y, 0 0 0
[p]= =2 Ao ew 1—2uO 0 O
A+v)d-2v) 0 0 0 /2(1_U) 0 0
0 0 0 0 1_2%(1—1/) 0
00 ° ° T 2u-0)
(4.9)

Note that one can make the substituti(in;L in the above relationships. The influence

2(1+0)
coefficient matrix above applies for the case ahpeessible elastic solids, whetez 0.5. In

contact mechanics problems the contact pressutrédison is considered a{sp| = within

O-ZZ
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the contact regionp=0 and 0,<0 (compressive). Thus only the element (3,3) of the

influence coefficient matrix is of interest. Hence:

_ _  EQ@-v)
p - _O-ZZ - ¥4
1+0)1- )

(4.10)
If the thickness of the shell in this case therlioe piston skirt is considered to ke and
deflection at any location due to the applied conpaiessure as o, then the deviatoric strain

&,, through the thickness of the shell is obtained as:

oy

(4.11)

Replacing this relationship into equation (4.10yjelds Rahnejat, (2000):

5o A-2)(Arv)

iev) (4.12)

This equation applied at every location in the gmstskirt-liner conjunction, instead of

equation 4.7, reduces the computation burden byrsiderable amount. The underlying
assumption has been shown to hold valid for costatich are termed as soft EHL, where the
generated pressures are relatively low (in the roadeMPa) or when at least one of the

contiguous surfaces is of a material of low elastadulus/sectional stiffness.

Rahnejat (2000) introduces this approach for the case of overlaythin-shell journal
bearings, where the pressures do not exceed ségnsabf MPa. Dowson in chapter 14 of the
book by Gohar and Rahnejat (2008) suggests the use of the column method for the
determination of local deformation of articular tdage with a modulus of elasticity of 25
MPa. Balakrishnan (2002) shows that the generated lubricant pressureserpigton-skirt

conjunction fall into this category.

Therefore, equations 4.2, 4.5 and 4.10 can be tsadlve the soft EHL or hydrodynamic
conjunction of the piston skirt to cylinder borénker contact, if no global deformation of the

bore or the piston are considered, either due tmefit (A=0) or thermal distortion
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Chapter 4: Tribology of piston skirt conjunction

(isothermal analysis). This has been the appraachast of the reported literature, such as in
Mie and Xie (1993) and Balakrishnan and Rahnejat (2005) among others. These three

equations present 3 unknowng h ando as the lubricant rheological statgandp are

functions of pressure in an isothermal solution.

I
I T
T —» ‘zx
zy
|V tXZ
¥
tyz: ‘___T--
¥
O, 4----- : - Gy
1 | '
v I ‘ny txy X
) >
Oy -~ x
-+ -

Figure 4.3a Sign conventions for stresses witrsolal volume

4.6 Lubricant rheological state

For micro-scale tribology the important lubricambperties which should be considered are its
dynamic viscosity and density. These are regardethe bulk properties of the lubricant
which alter with pressure and temperature in passagugh the contact conjunction. Near
the solid surface the behaviour of the lubricanti@es from that in the bulk lubricant film. At
the micro-scale, where a continuum is assumed aydrnodynamic and elastohydrodynamic

conjunctions, the lubricant density variation iswased to be the same as that in the bulk.

This is not the case in lightly-loaded contactvefy smooth surfaces with diminishing gaps.
Therefore, in nano-scale, such as contact of lahticmolecules with tips of surface
topography and at light load, packing order of icdmt molecules would be different, where
clearly quite small shares of the contact load yappl the micro-scale analysis used in HD or
EHD one would ignore such effects, and assume sdemsity distribution through the
lubricant film and the same dynamic viscosity. Tisiglso the approach used here, as well as
in the works of others in EHD contact conjunctiohpiston skirt Balakrishnan, (2002)
Balakrishnan and Rahnejat (2005) Mie and Xie, (1993) Offner and Priebsch, (2000).
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The pressures are relatively low in the skirt canfion, thus both the density and viscosity of
the lubricant hardly change. However, for the psgof generality of the numerical analysis,

they are both included in the current study.

For lubricant density thBowson and Higginson(1959)equation is used:

1+2.3p
0=p 413
°(1+1.7pj ( )

Lubricant density only increases appreciably aspifessure becomes a few hundred MPa or
above. Therefore it generally plays an importatd m concentrated counter-formal contacts
such as ball and rolling element bearing to racas)-follower pairs, and gears under medium
to high loads. Then the lubricant molecules padjetioer very closely, such that there is
hardly any rate of change of a volume of lubricaiith respect to applied pressure. The
pressure at which this occurs is known as the isichtion pressureHamrock, (1994). The
lubricant is then regarded to be an amorphous $iolcdmpressible).

By far the most important lubricant rheological graeter is its viscosity. Under isothermal
condition there are two choices to represent ite @nto use Barus LavBérus, (1893). The
other is the more recent Roelands equatRoe{ands (1966). The former was used almost
exclusively from its inception up to the early efaEHL analysis (1950s and 1960s). With
investigation of higher loaded conjunctions, patacly concentrated counter-formal contacts,
it gradually became clear that Barus law yieldelies for piezo-viscous lubricant behaviour
several orders of magnitude greater than its valoder ambient pressure (iso-viscous
behaviour). This in turn leads to unexpectedly kéicpredicted films, which for given

conditions suggest much higher load carrying capaican that encountered in practice.

Gohar and Rahnejat (2008) show that Barus law is only suitable for pressumesstly
encountered in conforming and light-to-moderatelgeed counter-forming contacts. It is

suggested by them that Barus law is suitable wreasonably high pressures (a few hundred

MPa) with the ratio% not exceeding 2 orders of magnitude are found. eans that for

0
higher pressures Roelands equati®odlands (1966) is a more suitable option returning

more sensible values.
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The Barus law (1893) is:
n=ne" (4.14)

Roelands (1966) equation is:

l—(:L+p/cp)Z
n=n, (”—J (4.15)
7,

Where for most mineral and synthetic engine oils:

C,= 1962x10°N/m?

M. = 631x10°Ns/m?

Z = The pressure-viscosity index, which is relatechi pressure-viscosity coefficient

in the Barus law as:

7 = ac, (4.16)
(¢nn,=tmy,) '

4.7 Contact loads and moments
The contacts and moments acting on the thrust atidhaust sides of a piston skirt as the
result of conjunctions with cylinder bore / linarcbe obtained after the pressure distributions

in these contacts are determined.

Thus if p(x y)O p, and p, are the pressure distributions on the thrust anstlarust sides

then the lubricant reactions in these conjunctemesobtained as:

fo= [[o.(x Ydxdy f,= [[ p(x ¥ dxdy (4.17)

The moments are obtained as:

M, =r, IIFldxdy andM, =r, ”dexdy (4.18)
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where F, andF, are the viscous friction on the thrust and antushrsides respectively.
r, andr, are the centres of pressures at these conjuncfldns.is because viscous friction

for any element of pressupawith the local filmh is:

hop Au
=——Fp— 4.19
20x Th (4.19)
where the first term is usually very small compangith the latter.
Now with the applied forces obtained the equatwinsotion (equation 3.36) in chapter 3 can
be solved.

4.8 Method of solution

The solutions provided in this thesis are instugti not definitive, because certain
assumptions are made. These assumptions includelitheing:

* An isothermal solution is first considered. Thisamg that the predicted lubricant film will

be thicker than that encountered in practice.

» Since temperature rise in the conjunction is disregd there is no need to include friction,

which is the source of heat generation in the ainta

» The temperature of contacting surfaces is not deduin the ‘cold profile’ models.
However, later-on in some simulated cases the thvalastic distortion of the bore / liner

due to thermal flux is predicted by finite elemantlysis, givem(x, y) in equation (4.5).

This is carried-out to show changes in the gendrptessure distribution (refer chapter

7.5) utilising boundary conditions, loads and lahnt properties given in Appendix 5..

* The predicted films under isothermal conditions éndeen found to be of sufficient
thickness to promote fluid film lubrication, thusett surface interactions are ignored. In
practice, with bore distortion and thermal effechixed regime of lubrication is expected
in the transition from the compression to the posgteske. In some analyses the viscosity
of the lubricant has been adjusted according t@tteeage local temperature of the surface
(i.e. the piston). This is regarded as effectivecosity, using Vogel's equatiorvVdgel

(1921):
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/7, = -1.845+ (Mj where®, = 6,+273 (4.20)

©, - 203

Moment loading as in equation (4.18) is found tosb®all compared with the effect of

direct contact forces, and is thus neglected.

The predictions are confined to the power strokd amainly in the vicinity of the
maximum combustion pressure (10°*15 crank angle past TDC, expansion stroke).
Another assumption concerns the usdref/nolds (1886) or Swift-Steiber(Swift 1932),

(Stieber 1933)contact exit boundary condition. This boundarydiban is given as:
dp
=—=0atx= 4.21
P= i X, (4.21)

wherex is the direction of sliding of the piston relatitethe bore. This condition means
that a film of lubricant entrained (drawn) into tbentact and pressurised flows towards
the contact exit as the pressure gradient in retiusemewhere within the vicinity of the

contact exit the generated pressures reach amtmedition, denoted bg = 0. This point

is referred to as the film rupture position;=0 at (x:xe). Thereafter sub-ambient

pressures are encountered in practice.

This region behind the exit boundary is the cawataregion, where flow dynamics is of
two phase nature; lubricant and a liberated gasepfram the lubricant. A film of fluid is
ideally formed behind this region by a processiloh freformation, due to the lubricant
surface tension properties. However Reynolds’ egnatoes not deal with lubricant film
reformation. The problem with the Swift-Steibertedxoundary condition (1933) is that it
is based on film rupture at atmospheric pressuarecdlity gasses dissolved in the lubricant
are liberated at pressures, not necessarily atearnialue. In most engines suction effect
is also present in the crank case, particularlyndusuction and exhaust strokes. In race
engines, in fact, 0.5 atmosphere of suction effechaintained at all times, which has an
advantage of extra cylinder net pressure. All thesiat to the rather idealistic nature of

the Swift-Steiber boundary condition.

The numerical analysis further assumes a fullydbb inlet. This condition is certainly

not met at the dead centres, where the inlet distato the top of the skirt in the case of
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piston at the TDC and that to the edge of bottoch+gthief profile with the piston at the
BDC are insufficient to provide a necessary inleniscus. Thus starvation is quite likely
at the dead centres. However, the extent of siarvatepends on the volume of lubricant
ahead of contact which would be variable, and diffi to quantify. A scientific study
should not be based on aag hocassumption vis-a-vis the extent of inlet meniscus.
fully-flooded inlet boundary is, therefore, assumedll the analyses. Since one of the
main aims of this research has been comparativiiestwf various liner / piston surface
topography a solid base-line is to assume the saletecondition for all the analyses.

The following calculation procedure is followed gbre 4.4 shows a representative flow
chart):

Step 1:It is convenient to start the simulation proceisa &cation in the piston cycle where
pure entraining motion (i.e. insignificant squedden action) may be assumed. This is

because no prior lubricant film history would beadable at the onset of a simulation study.

K _ k1
Therefore squeeze film actioﬁ%t =(h h )/At cannot be evaluated.

A convenient position would be at piston mid-sp&@hus for the initial time step=At, the
squeeze film term in Reynolds’ equation is ignorBlae speed of entraining motion is given at
any time by equation (4.3). The sliding velocity thie pistonx is a function of piston-
connecting rod-crank kinematics, hence a functibangine order harmonicgv (Rahnejat,
(1998). Balakrishnan (2002)states the following:

X=rsinat—W, cos(2— 1 +W,_, sinizd (4.22)

This is obtained in terms of the various enginesorgsponse characteristics of the engine, in

this case up to and including th8 &gine order, where:

i=1- 4and¥, = f(r,I,C,)(seeBalakrishnan (2002)

Note thatW, is a function of various powers of the rat)x‘{ according to the chosen Binomial

expansion of equation (3.7) in chapter 3. The prym@xial) motion of the piston is
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considered to be kinematic. When the piston slidugdocity at any instant of time is
determined then the speed of entraining motiomefiibricant is obtained as:

1.

=X.

2

Step 2 The next step is to determine the film shape; ti@sg the gap between the piston

skirt and the cylinder liner. Equation (4.5) is dide find h(x, y). In the simple case described

above a parabolic shape was assumed to explairalcalation procedure. However, the
piston skirt profile is not parabolic in either(axial direction of entraining motion) gr(the

circumferential direction of any side-leakage dirigant).

The profile,s, comprises a ‘central’ portion which may be appraaied by a parabola under
idealised conditions with a large radius in thdirection and as a circular profile or parabola
of a radius similar to that of the bore in théirection. The profile in the axial direction has
relief radii at its extremities in order to guargamst edge stress concentrations developing.
This is described above. The key point is thatrdag piston skirt profile is often idealised in
literature to that often represented by a parabolather such mathematical function (for a

typical as manufactured skirt profile refer chafed2 figs. 5.15 and 5.16 as well as fig. 4.3).
Therefore it is measured zﬁ{x, y)and imported into equation (4.5). This was the agph

undertaken byBalakrishnan (2002) Balakrishnan et al (2003, 2005) and Balakrishnan
and Rahnejat (2002, 2005)

However the profile used in all these analyses thasof a ‘cold’ skirt; one that is nant situ
under real engine running conditions. In the curseark both ‘cold’ and ‘hot’ piston skirt

profiles are used in different analyses. In theyaitial time step the gapgy =c+e. Of
course this value changes as the values oélters; this being a function & and e, (see

chapter 3, figure 3.3).

Step 3: Once at any instant of time (location of pistong film shape is known, then the

pressure distribution is obtained by solution ofiR#ds’ equation 4.4. This means that for the
very initial time step where pure entraining motisrassumed, the ultimate term on the right-
hand side of Reynolds’ equation is ignored. Inghbsequent time steps a previous value for
the film thickness is known, thus all the termgha form of Reynolds’ equation 4.4 are taken
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into account. Furthermore, in the initial time stép the very first iteration the pressure

distribution is not knowmpriori.

This is the case in all numerical analyses, whepeeasure distribution may be assumed, and
which converges to an expected distribution upanaisa suitable iteration process (described
below). It is usual to assume a Hertzian pressistelolition or set the pressures to zero at the
onset of simulation. The former is usual in theecaSconcentrated contacts under medium to
high loads Jalali-Vahid et al, (2001). In the conforming or partially-conforming contsc

such as piston-skirt to the cylinder liner a Hemzpressure profile is not appropriate, and in

general an initial null-pressure distribution isnmappropriate.

Because of such initial assumptions the first tstep of simulation in a transient analysis is
usually much longer than any subsequent steps. tEwé has no residual effect upon the
analysis as a whole, since tribological problemaumerical approach are not affected by the

initial values, owing to the iteration process.

Step 4:Prior to the solution of Reynolds’ equation, thealogical state of the lubricant in the
contact at any locatiorxfy) is required. For an isothermal analysis equatibt8 and 4.15 are
used. With a null-pressure distribution these valaee considered to be those which would
cause under ambient pressure in the very initmhtion of the first time step. For a thermal

analysis the lubricant viscosity should be adjustedemperature.

In this thesis the contact temperature is takebetdhat of the liner surface, which has been
obtained through a thermo-elastic finite elemeratlyss (described in sections 4.7 and 4.8). A
more detailed analysis would use the energy equdtBmhar and Rahnejat (2008) to

obtain the temperature rise of the lubricant in tomtact. This approach however would
increase the computation burden significantly andat attempted in this thesis. Thus only the

Vogel (1921)equation 4.20 is used to adjust for the variatibuiscosity with temperature.

Step 5:The same procedural considerations also applyeaakculation of contact deflection
5(x, y), using either equation 4.7 or 4.12. As noted apforerelatively low contact pressures
equation 4.7 yields values that are only 5% difier® those from equation 4.12, but with

considerably reduced computation tim&alakrishnan (2002) also found the same. Thus

equation 4.7 is used throughout this work.
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As far as the global deformatidnis concerned this is included in the ‘real’ prefibf the
skirt, s as used in equation 4.5. The ‘real’ profile is ¢daged as then-situ shape of the
piston skirt in the bore. As already mentioned aldt profile refers to the piston shape as
manufactured and assumed fitted in the bore witlyaumerated heat in a fired engine. This
profile can be predicted by finite element analysishermo-elastic finite element analysis, on
the other hand, provides the ‘hot’ profile of thestpn with thermal and structural

deformations. These are described in section 4.8.

Step 6: At each step of time corresponding to a particplasition of the piston, with known
speed of entraining motion and an initial film sedpne based on a converged value from the
previous time step) an iterative procedure is fedd. The fact that the initial values in a new
step of time arise from those of the previous tstep means that only very small time steps
are permitted. This is in line with the very basfsdynamics analysis as initially established

by Newton for changes in evanescent quantitiesarcalculus of variationdNewton, (1687).

The iterative procedure as shown in the flow cha&rtfigure 4.4 comprises two nested
computation loops. These are:

The computation loops:

The outer loop is the ‘dynamics loop’ where theaopns of motion (equation 3.36), chapter

3) are solved. It is clear that to solve for th&nown variablesé andg the contact forces
f, andf , should be evaluated first. These contact forces the integrated pressure

distributions acting on the piston on the thrusi anti-thrust sides respectively. These are the

converged or final outcomes from an inner or thédiogy loop’.

The tribology loop comprises the steps 1-5 desdrinbove in an iterative process with
simultaneous solution of equations 4.4, 4.5, 4.134nd 4.14, with the addition of equation
(4.20) in the case of a thermal solution. The tteeaprocess continues until the following

pressure convergence criterion is satisfied:

n, n

<

k k-1
pl,j - p,j
K

P

<0.1 (4.23)

i=1]

1]

79



Chapter 4: Tribology of piston skirt conjunction

where(nx, ny)is the finite difference mesh density anckpresents the iteration index within a

time step. If the criterion is not satisfied them @nder-relaxation relaxation factdr<1 is

used to update the new pressures:
P = Ry +EBP, (4.24)

The iteration process is repeated by calculating malues of 5, thenh and so on. The

numerical procedure used is the saméadali-vahid et al (1999)andBalakrishnan (2002)

If the convergence criterion is satisfied then dipma4.17 is used to findf, andf ,. The

computation process for the current time step thmteeds to the outer ‘dynamics loop’
where the equations of motion (3.36) are solvedguthe linear acceleration method. This is
described in detail iNewmark (1962)and was used in contact problemsRahnejat (1984,

1985) The outer loop is satisfied when:

2l 1)l
‘ﬁ X100<1 and %~ %_|x100<1 (4.25)

& &

wheregj is the iteration counter in the time step

80



Chapter 4: Tribology of piston skirt conjunction

Input geometry, rheology and material
properties

I

Input operating parameters

l

Determine in situ contact profile: thermo-
elastic

Calculate contact deflection and determine
elastic film shape

< Solve Reynolds Equation >

Lzl Relax film
Pressure

< Calculate effective lubricant rheology >

Convergence for
pressure

No

Yes

< Calculate contacts loads and moments>

< Solve equations of motion >

Convergence for
dynamics

No

< Next crank angle / time step >

Figure 4.4 Flowchart of numerical procedure
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4.9 Calculation of thermo-elastic deformation

In the elastic film shape equation 4.4, comprises of the global deflection of piston and
cylinder liner / bore as the result of thermo-atasiehaviour of the piston. Specifically the
piston skirtin situ within the bore. This deformation is not often taketo account in many
lubrication studies of the piston skirt-bore comtion. Whilst with older engines heavier
pistons initially constructed from cast iron hadrtskwith appreciable thickness, in more
modern vehicles there has been a tendency to recluo@onent weight to enable higher
rotational speeds. Thus modern pistons invariabiyetthin walls and are made of aluminium.
Pistons with such attributes abound in motorsppplieations, with many having very short

skirt lengths and in some cases they can weigittlesds a few tenths of one kilogramme.

The global thermo-elastic deformation is differemthe localised contact deformation, which
arises from lubricant pressures generated in th@unotional gap. This localised deformation
iIs considered to be as the result of small straam@logous to the Hertzian deflection in
concentrated counter-formal contacts. However, escribed in section 4.2, the contact
between the piston skirt and the bore is partiabpforming with relatively low generated

pressures when compared with those in concentrateshter-formal Hertzian contacts.

Therefore the column method approach was adoptsddtion 4.4 to calculaté (x, y) for use

in equation 4.5. The global deformatidr(x, y) is due to larger strains which are obtained

using the finite element method.

4.9.1 A brief history of the finite element method

During the 1940’s Hrennikoff and Courant developéterent domain discretisation methods,
resulting in sub-domains commonly referred to asneints Clough and Wilson (1999).

Courant’s method divided a domain into triangulaip-segions utilising %' order differential

equations. The use of these equations allowed pipdication of previous mathematical
methods in this area (e.g. Rayleigh and Galerkit)that juncture computational available
power was rather minimal, although in the late 19%0Id war civil engineering requirements
such as dam reinforcements provided an impetustifer development of finite element

analysis.

In 1964 NASA reviewed the emerging multi-departnaérstructural tools, developing and
concluding a requirement for a central NASA StrualtiAnalysis (NASTRAN) tool. By the
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mid 1970’s a mathematical frameworgt{ang and Fix, (1973) existed, as well as many

spin-off software routines to enable complex protddo be benchmarked and solved.

4.9.2 An overview of the finite element method

Finite element analysis is a computational techamigiptaining approximate solutions to
engineering boundary value or field problems (égce and thermal effects on a structure)
(Hutton, (2004). In essence, a boundary value problem is oneevbiee or more dependent
variables must satisfy a differential equation gwdrere within a known domain of
independent variables. Further specific boundaryndimns must also be satisfied
(Zienkiewicz and Taylor, (2000). Boundary conditions are imposed values enconass
the field domain. The field is typically a closedognetric representation of the problem to be

solved (e.g. a piston).

A volume domain of known material / physical prdjgs can be approximately represented as
a collection of interconnected points within it. pigally the interconnected points show a
finite volume similarity, analogous to a macro-¢ayne structure. These sub-structures are
often referred to as elements. Topological sintyagenerally exists between elements for a

given field. In its simplest form, a single fielénable (I)(x, Y, z) is required to be determined

at all points throughout such a fieltton, (2004).

A set of governing (differential) equations exishoecting all the field points throughout the
computation domain in a form suitable to satisfy tonstrained boundary conditions. In many
engineering problems the domain is often complekath shape and boundary conditions /
assumptions. This makes an exact solution praigtinabchievable. However, with the advent
of available computational resources a very clgggaimation is, however, possible subject

to the imposed conditions.

Many forms of finite elements exist (both in geonoatl form; triangular, quadrilateral, etc.
and in assumed constitutive stress-strain relatidtigwever, typically they all have specific
points, referred to as nodes, where the field bégiss to be explicitly calculated. The simplest
type of solid element is a tetrahedron with 4 nodesie on each vertex. This type of element
is referred to as ‘linear’ or *lorder’ and can be visualised as a flat facetedhetron with 4
nodes. A ‘parabolic’ or % order variation introduces mid nodes, totalling ridiles (figure
4.5).
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Typically, connectivity between elements involvdsred nodal positions (external nodes)
except for nodal points within elemental volumedicl have no connectivity. Boundary
nodes lie on the approximate outer surface of tberetised body and as such usually have no
inter-element connectivity except for contact asely

X

Linear solid element Parabolic solid element

Figure 4.5 Types of tetrahedral element

At any other point within an elemental volume aati@inship is constructed between the
elemental nodal independent variables (unknownteats) and known functions between the
requested positions (this is referred to as caisté relationship). Typically the form of these
interpolation functions are polynomial in form, e to satisfy nodal criteria, and are

referred to as shape functions.

From a computational stand-point a useful measunewfeproblem complexity is the number
of degrees of freedom. Generally this is the prodfithe total number of nodes multiplied by
the number of values in the field variable. A tyidisplacement analysis would, therefore,

have 3 degrees of freedom per elemenfx,y,z)) and perhaps 100,000 elements. Due to

connectivity of elements (shared nodes) the totahlver of nodes in the lump component
analysis (as opposed to slender bodies) is sigmifig smaller than the product of element

quantity and nodes per element.

Solution quality is an important consideration initt element analysis. Due to topological
connectivity between nodes, the field variable soiuensures that adjacent elements must
have a common solution at their shared nodes. Heryediscontinuity often occurs inter-
element, often as a result of poor element shapmamtequate shape function. The first
derivative of displacement (strain) allows fieldsabntinuities to be observed, thereby
allowing either manual or software assisted autamamedial attention. Element type (e.g.

tetrahedral, hexahedral etc) and higher order pohyal derivatives are well researched
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against exact solutions. Choice of element typeafgiven problem is of prime importance in
minimising solution error as noted Byang et al (2004)or Abbey (2004)(Figure 4.6):

* Never use linear tetrahedron elements. They ardaacstiff.

* Quadratic tetrahedral elements are generally vecyrate and can always be used.

« Linear hexahedral elements are sensible with régpea corner angle. One should be
careful to avoid large angles in stress concepinategions. Extra shape functions or
enhanced strain formulations should be employetéoding dominated problems.

* Quadratic hexahedral elements are very robustdoaputationally expensive.

* For thin-walled structures the limit element edgé¢hickness ratio to use tetrahedral

elements is about 2000.

A £ 10V e

Figure 4.6 General element recommendations (dfaamng et al, (2004)

The discretisation of a boundary volume with finiElements invariably involves
approximation, which leads to certain degree ofraVesolution inaccuracy. Exact solutions
presented byRoark and Young (1988) and Timoshenko and Woinowsky-Krieger (1964)

are compared with finite element approximations\gthe software package (CosmosWorks,
Solidworks Corporation Inc.), which is used in tkiesis. The results of such a comparison
were presented yoissat and Nicolag2007) where 100 of 143 standard test cases stipulated
by AFNOR (Association Francaise de NORmalisatiorgnEh Standardization Association)
showed typically a 1% error or less.

4.9.3 General applied methodology

Three general stages are involved with a finitenelet problem; pre-processing, solution, and

post-processing. Pre-processing involves the follgw

» Definition of the geometric computational domain.
* Model meshing: Definition of element type, geoneproperties (overall size, geometric
limits / tolerances, local density / refinementediag for mesh alignment / mesh

efficiency) and the connectivity between the eleteen
85



Chapter 4: Tribology of piston skirt conjunction

* Inclusion of material properties for the elememgsnerally monolithic).
* Apply / define boundary conditions (physical coastts).

* Apply / define loadings such as forces, presseraperature to nodal boundary positions.

The solution is generally a software automated gatace. The governing algebraic equations
are ordered into matrix form and the primary fighttiables are calculated. Back substitution
is used to arrive at solutions for derived varialdach as elemental stresses, heat flow, etc. A
checking procedure for pre-processing is oftenegresl as are various convergence checks
for the matrix solution. Solution methods are vagbcribed in detail bRRaghu (2009)

Post-processing, in essence, translates the cothpeselts into useable formats for their
interpretation. Typical operations include colowmded plots for stress, thermal profile, and
factor of safety (contours). Animated and deforntisplacement plots are also normal,

allowing insight into structural behaviour, suchvasious cases demonstrated in this thesis.

4.9.4 Contact analysis

Contact analysis here refers to the calculatioglatbal deformation of a pair of elastic solids
due to large thermo-elastic strains encounteredhasresult of their interactions. This
determines th@-situ conformance of the two surfaces, before localiseftedtion within the

gap occupied by a film of lubricant is obtaineddascribed in the previous sections.

Several methods exist to compute these large staitact strains between the bodies. The
simplest form creates direct nodal links with auiegment for a ‘mapped’ mesh. A mapped
mesh is one where the contacting bodies have nmatetddes in the direction of contact. The
equation between nodes is sensitive to displaceotbiet than normal to the surfaces, which
can lead to inaccuracies. Surface-to-surface ctsmtae more general and can accommodate
some misalignment as shown in figure 4.7. Generally of plane mismatch should be
avoided, if a high degree of accuracy is requifidds, of course, is a key requirement for the
subsequent hydrodynamic / elastohydrodynamic aisafs outlined previously. A thorough
detailing of this subject is provided Byriggers (2002)with extension to include the ‘Mortar’
method. The Mortar methodB¢lgacemet al, (1998) allows non-matching sub-domain

meshes to maintain solution accuracy by meansrefudly chosen Lagrange multipliers.
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Contact

Elemants
Contactor
Body

Contact
Sub-Surface

Contact .
Surface

z Target Node

Target Sub-surface

Target Body

Figure 4.7 Contact elements

In the case of piston skirt-to-bore contact relathody motions due to applied loads and
resulting deflections result in a non-matching megypical skirt-to-bore radial clearance is
40um, accompanied by a typical vertical displacemantdmpressioning effect) 20-30 times
the clearance in magnitude (figure 4.8). Thus, whematched mesh of typically 2mm in
length with node to node contacts is used, theltregucontacts will be totally misaligned.

Therefore, palliative measures such as the Mortgthad are required.

NOTE ANGULARITY OF
CONTACTS BETWEEN
BODIES

BODY A BODY B BODY A

BODY B
il

Bodies feature ‘mapped mesh’ prior to applied lo&dative movement causes gross

misalignment between nodal points with potentiaturacy in solution

Figure 4.8 Contact skewing due to relative displaest of bodies
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Figure 4.9 provides a step-by-step flowchart oivitets to solve a thermo-structural analysis

of the piston to bore contact. Further details réigg computational methods appear in

Appendix 3.
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Figure 4.9 FE Flowchart determining thermo-struaitgiobal deformation
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Chapter 5

Development of test rigs and components

5.1 Introduction

This thesis presents a combined numerical and empetal investigation of the piston skirt-

cylinder liner tribological conjunction. This chaptdeals with the test rigs / the engines used
in this study as well as the components designddraanufactured. A suitable test engine was
used with appropriate modifications to its standaxisting components. This chapter outlines
the development of test-beds; the appropriate coes as well as the instrumentation and

test regime employed.

5.2 Test engine choice

The experimentation is restricted to the in-cylincegion of engines. It was decided to use a
commercially existing engine as opposed to devatpmine from the outset. This decision

brought benefits in terms of a sensible way ofaeiplg parts within acceptable times and cost.
However, the choice of a base engine had to satesfiain criteria. These are listed in table

5.1.

Relatively low  To enable highest development-to-cost ratio a sigglinder engine was sought. Use of
complexity multiple cylinders would require multiple test iteras well as instrumentation*.

Current market Single-cylinder vehicle engines are typically gasofuelled. The highest developed units
technology in terms of specific output are motorcycle-based.

Representative The following constraints also applied, namely ltova developed technology to be easily
base parameters transferred:

Gasoline fuel, 4-stroke, normally aspirated spgrition
86 < bore size (mm) < 106
9,000rpm minimum continuous operation ability

Power to be less than 100kW and operating at fess10,000rpm to be suitable for
available dynamometer installation

Engine The following constraints applied for ease of regdimodification / testing:. Separate
architecture  barrel assembly (as opposed to bore surface incagmbwithin crank-case). Water-cooled
with fully integrated electrical system

Table 5.1 Criteria for engine selection

*Also measurement sensitivity was an importantésadith single-cylinder engines, the share of iivichl losses
are different from those of multi-cylinder engin@$ie usual dominant frictional losses from thegisassembly
in the case of latter is not the same for the sioglinders, where journal bearing (big-end andhkshaft) losses

are significant. High-performance motocross mota@bengines employ rolling element bearings with a
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considerably smaller share of losses comparedthitipiston system, thus higher measurement seatsitould
be achieved. Furthermore, making modifications imleo to access a cylinder barrel arrangement for

measurement of lubricant film thickness is of imtpace as described later.

The most ideal match to the above was off-road rogbobe engine applications. Several
manufacturers are active in this arena, arguablyddcand Yamaha with the greatest market
share. Yamaha engines for this class are, howeaypigally 5 valve per cylinder units,

whereas Honda employs 4 valves per cylinder.

The motorcycle power unit chosen was the Honda GRR4CRF'. The basic parameters and
performance are listed in table 5.2 and a cut-ao¥dlge engine is shown in figure 5.1.

Engine type Water cooled 4-stroke, 4-valve singlénder
Engine displacement 449cnt
Bore & Stroke 96mm x 62.1mm
Compression ratio 11.5:1
Max quoted power [specific power] 41kW@89,000th[81.31kW/dnd]
Max quoted torque [specific torque] 49.8Nm@7,000hj@0.80Nm/dni]

Table 5.2 Engine characteristics CRfoida Motor Co. (2002)

Ni-SiC electroplated

Figure 5.1 Cutaway of CRF450R engine Figures 5.2 CRF450R cylinder barrel
(Honda Motor Co. (2002)
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5.3 Component development CRF450R

5.3.1 Cylinder bore / bore surface

The CRF engine as supplied features a cast cylinldek constructed from nominally eutectic
aluminium-silicon alloy (LM25/A356). This unit isegicted in figures 5.1 and 5.2 and
provides a technical solution to the following:

* Low mass solution due to low density material (ahiom alloy)

* Rigid construction providing bore stability andriséer of cylinder head to crank-case
loads

* High thermal conductivity provides efficient thermsansfer from the combustion
chamber to the internally cast water jacket.

* Internally cast oil transfer passages thereby miging external lines (pipe-work)
maximises service reliability and controls oil tesmgture.

The bore surface is furnished with a nickel-sili@arbide electrolytic coating nominally 6-8%
ceramic content. This is a surface treatment progigherformance benefits over traditional
cast iron and untreated aluminiurfufatani et al, (1994). Nickel-silicon-carbide bore

coatings are relatively thin; some 50 times thinth@n a typically-used cast iron liner, which

minimises mass as well as maximising thermal cotndtic

To enable different bore surfaces to be tested durao replaceable liner unit was designed
and manufactured (Figs 5.3 and 5.4). This satiséitdhe above listed criteria (with the
exception of mass), and allowed good economicerimg of parts produced

Figure 5.3 Replaceable liner Figure 5.4 Replacelaide carrier
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The replacement liner carrier was machined fromught (not cast) alloy AA6082 (HE30-
TF) (table 5.3) and incorporated nitrile ‘O’ rintgsprevent coolant ingress into the crank-case.
Alloy AA6082 is a commonly available heat-treatablaminium alloy which is also suitable
for fusion welding. This allowed a fairly simplenér (figure 5.5) to be manufactured in

batches so as to ensure dimensional stability acalssequent tests.

Existing top and bottom gaskets were retained asthme Original Equipment Manufacture
(OEM) unit. Of key importance was the minimisatioh cylinder bore distortion due to
thermal and structural loads. Employment of a srmllinder test engine with a relatively
thick wall liner is an approach to minimise thidgassenet al (2001), (Abe and Suzuki

(1995). In addition, and different to the OEM componetiie replacement liner wall

thickness is circumferentially consistent for tlestyproportion of its surface area.

Elemental Analysis alloy AA6082 - Data courtesy @ddcEngineered Products Inc.
Si Fe Cu Mn Mg Cr Zn Ti Other  Others Bal
Min wt. % 0.7 0 0 04 06 0.04 0 0 0 0 Al
Max wt. % 1.3 05 01 1.0 12 015 02 01 0.05 50.1 Al

Table 5.3 % by weight composition replacement wiateket

Elemental Analysis alloy AA2618

Si Fe Cu Mg Ni Zn Ti Other  Others Bal
Min wt. % 01 0.9 1.9 1.3 0.9 0 0.04 0 0 Al
Maxwt.% 025 1.3 2.7 1.8 1.2 0.1 0.1 0.05 0.15 A
Elemental Analysis alloy AA4988
Si Fe Cu Mn Mg Cr Zn Ti Other  Others Bal
Min wt. % 10.5 0 3.3 0 0.4 0.05 0 0 0 0 Al
Max wt. % 11.8 05 4.0 0.1 0.7 02 005 0.1 0.05 150. Al
Elemental Analysis Meehanite 350 / EN-1561-GJL-88B35 - Data courtesy United Cast Bar Ltd
C Si Mn S P Note Others Bal
Minwt.% 29 18 04 0 0  Microstructure 0 Fe
limits apply

Max wt. % 365 29 0.7 0.1 0.3 Residual Fe
Elemental Analysis MW450 / 20MnV6 / BS4360 GR 35N 10294-1

C Si Mn \/ P S Other Others Bal
Min wt. % 0.16 0.1 1.3 0.08 0 0.02 Fe
Max wt. % 0.22 035 16 0.15 0.03 0.04 Fe

Table 5.4 % by weight composition for manufactug®iF liners
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Figure 5.5 Detail design for replacement ‘wet’ oger liners
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Replacement CRF liners were made from differenssate materials. Two aluminium alloys
were used, firstly a 4XXX series alloy AA4988 passiag a similar composition to the OEM
barrel and secondly alloy AA2618 (see table 5.4 domposition), a common automotive
(motorsport) liner material. Both of these alummialloy components were Ni-SiC coated by
default whereas the final liner material type, Magte GA350 cast iron was not. The

following material and surface treatment liner typeere manufactured (fig. 5.5):

Material of construction (table 5.4):
* AA2618 aluminium alloy
* AA4988 aluminium alloy
* Meehanite GA350 cast iron
*  MW450 low alloy carbon steel

Surface treatments:

* A nickel based electrolytic cylinder bore coatingamafactured by Capricorn
Automotive Ltd. containing co-deposited siliconlmde (Ni-SiC).

* The vapour deposition of a carbon and hydrogenaoingy thin film coating referred
to as ‘diamond like carbon’ (DLC). Diamond like ban is a hard coating
(withstanding loads of 3GPayakabe et al (2008) coating with a low 0.1-0.2
coefficient of friction.

DLC-3.0 GPa —o

Figure 5.6 Bore surface coatings

Totten and MacKenie (2003) state that the use of Ni-SiC bore coatings wazldged by
Mahle GmbH under the trade name Nikasil and has ss#ensive and successful use for
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cylinder coatings since the 1970s. Since this tadditional work has shown the benefit of
increased phosphorous levelshifmori et al (1977), leading to precipitation hardening after

thermal treatment. The optimal bath for Ni-P-Si@npmsite plating is as follows:

Ni(SO;NH2)24H,0 (Nickel Sulfamate): 500 g

NiCl,H,0 (Nickel chloride): 15 gt
HsBO, (Boric acid): 45 gt
HsP Oy (Hypophosphite): 0.1-4.279!
C;H,OsNSNaHO  (Sodium saccharin): 379
SiCo1-4.5m) (Silicon carbide): 80-150 gl

Operating conditiondghimori et al) are quoted as pH4; 20 Adm54-60°C

Bore surface finish:

Cylinder bores are invariably finished by the piscef honing. The honing process involves
a rotating and reciprocating expanding mandrel aitinasive tool inserts placed inside the
cylinders nominally, though not constrained to egler centre-line. As the tool expands during
operation, pressure is generated against the lbof@ce and a ploughing type action removes
material from the cylinder bore until it reache® trequired size. The process of honing,
although providing exceptional geometric form, doesastrain the surface finish resulting in

the following characteristics:

« Abrasives suitable for stock removal within reasd@acommercial limits produce
characteristic roughness profiles typical off ®ody abrasive wear. Abrasive
morphology leads to local roughness variation \lisad as varying ‘track width’

* The reciprocating motion produces a helical ovedayoughness referred to as ‘cross
hatch’ (figure 5.7b). Variation of strokes per mi@yS) to mandrel revolutions per
minute (R) as well as certain abrasive parametg)salters this within limits of
mandrel acceleration for a given bore diametergig bore length (L). The resulting
cross hatch angle (CHA) is given bunnen (1993) as CHA= 2tan‘1(—(L|;':)F:Sj

where F is the ‘stone’ parameter (50-100) and liniaensions are in mm.
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« Some amount of unwanted material folding / smeaandg embedding may occur
which requires care in processing and subsequeainiclg operations as means of
prevention Lenhof and Robotg (1997)

* Multiple honing steps are common, utilising diffetre@brasive grades thereby leading
to one core profile laid over another profile (Usuwvith finer grade abrasive). This is

often referred to as ‘plateau honing’ and is coeied the norm with cast iron bores

Surface finishes vary by application as a meaneptimising in-cylinder performance and
longevity (enhof and Robotg (1997). Developed finishes are given in table 5.5 agcglfy

measured with a skid type profilometer measuriagig deviation along the x axis.

Type / Surface parameter

Inc angle (horz)
Notes: As per 1ISO4288:'96, 4mm evaluation lengtthv@aussian filter

Table 5.5 Developed bore surface finishes

Where R is the centre-line average of the measured praéilgiven by the equation:

R, :%gﬁdx (5.1)

Where R is the average minimum valley excursion (v, -zjnaximum peak excursion (p, +z)
of a profile as given by the equation:

R = P+t P, P+ P+ Ps+V, YV, HV+V, Y

z . (5.2)

The parameters \RRy, R, M1 and M, are a means of height characterisation using the

linear material ratio curve as per ISO13565-2:'96par figure 5.7a.
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b

A, Peak material volume
A 7 Area Uaiﬂy ratio

Ry Core roughness depth
Ry Reduced peak height
R4« Reduced valley depth
M, Peak material ratio
M,; Valley material ratio

Abbott curve
R Fitted line
R.ﬁ <
0% \I 100%
M 40%
M

Material ratio in %

Figure 5.7a Roughness parameters reprinted Ereinof and Robota (1997)

Figure 5.7b Definition of cross-hatch angle (CHA)

The Ry and Ry parameters are of key interest with regards tteplahoning. Plateau honing
is in essence the reduction ofxomewhat similar to the in service reduction gf By the
mechanism of wear. By producing a surface with cedupeak height in the manufacturing
process, initial asperity interaction is reducecthpared to a non-plateau surface. The plateau
surface more closely represents a mid-life (wojrpimoduct without the inevitable increase in
running clearances (due to asperity tip interactiaear).

Ohlssonet al (2003)compare the relative merits of 2D (skid type) acef measurement to 3D
(contact / non-contact) measurements, with the afmsolating the primary parameter
influencing friction. Varying surfaces were analgsad 3D analysis of surfaces was shown to
be better than 2D analysis with regards to weaeszssent. However, with regards to
frictional performance, introduced oil trapping eeirs within the steel strips that produced
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best lubricated performance were poorly represewidd existing amplitude, spatial, hybrid,
and functional parameters. The surface finish afgalu processed parts were compared (figs
5.8 and 5.9) to a standard non-plateau bore sutfsicg) a Zygo Newview 5000 non-contact
surface analysis machine, with the resulting serfaerameters defined as follows:

Sy: Root-Mean-Square Deviation of the Surface. Thia dispersion parameter defined as the

root mean square value of the surface departuthgwvthe sampling area.

S, = \/j L(Z (x, y))*dxdy (5.3)

S,. a parameter defined as the average value oftibelite heights of the five highest peaks

and the depths of the five deepest pits or valeilsin the sampling area.

25:| PeakHeighd + 25:|\/alleyDeph51
— 1 1

S,
5

(5.4)

Ss Skewness of Topography Height Distribution. Thisiseasure of asymmetry of surface

deviations about the mean plane.

S, = Si [[(z(x y)P dxdy (5.5)

This parameter can effectively be used to desctitee shape of the topography height
distribution. For a Gaussian surface which haymansetrical shape for the surface height
distribution the skewness is zero. For an asymmelistribution of surface heights the

skewness may be negative if the distribution hésnger tail at the lower side of the mean
plane, or positive if the distribution has a lontgal at the upper side of the mean plane. This
parameter can give some indication of the existent¢spiky’ features. Plateau honed surfaces

are characterised as having an Ssk value whicbsiiye.

Sw: Kurtosis of Topography Height Distribution. This @ measure of the peakedness or
sharpness of the surface height distribution.
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1 .
Su=g [[(Z(xy))* dxdy (5.6)

This parameter characterizes the spread of theénthdigtribution. A Gaussian surface has a
kurtosis value of 3. A centrally-distributed swdahas a kurtosis value larger than 3, whereas
the kurtosis of a well spread distribution is smiathan 3. By a combination of the skewness
and the kurtosis, it may be possible to identifyfaces which have a relatively flat top and
deep valleys. Plateau honed surfaces are chassxteas having a.$<3.

‘Plateau’ finish ‘Standard’ finish

Auplitude Parameters Auplitude Parameters
Sa = 0.63505 pm Sa = 1.7347 pm
Sq = 0.85801 pn Sq = 2.1211 pm
Sp = 4.5551 pm Sp = 6.687 mm
Sv = 4.9026 pm Sv = 7.537 ym
St = 9.4577 pn st = 14.224 pm
Ssk = -0.1024 Ssk = 0.11434
Sku = 6.0111 Sku = Z2.56l2
Sz = 8.8267 mm Sz = 8.5162 pm

Figure 5.8 ‘Plateau’ finish Figure 5.9 ‘Standandigh

In the non-plateau case (fig 5.9)« 8 negative and,gis greater than 3. The plateau case (fig
5.8) contrasts this with a positivgc@nd &, less than 3.
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5.3.2 Piston sub-assembly

To enable piston skirt variations to be tested@&M CRF piston was deemed as unsuitable
for modification. The existing part was fully maaafured and certain modifications required
alterations to design within the order of manufeetu

As per the interchangeable liner (section 5.3.¥)nailar approach resulted in a ‘base’ part
suitable for tribological modification with derivealterations. The piston was designed to be
of similar mass to the OEM part thereby negating meguirement to rebalance the rotating
assembly. The replacement part was further constlato be a direct fit with the existing
OEM connecting-rod as well as featuring a highetda of safety than implied by a 30hr
rebuild requirement{onda Motor Co., (2002).

The chosen material was AA2618 (table 5.4), a IpgHermance alloy used for automotive
and aerospace applicatiorisu¢ et al, (2002). Automotive pistons undergo cyclical loading
due to intermittent combustion pressure and inddé&ds which at the top dead centre position
are in opposite directions. As these forces ardiftdring magnitudes the regime of operation
is therefore cyclical fatigue. Due to aluminiumogh generally not having a fatigue limit it is,
therefore, required to ensure any proposed pigamthin the (elevated temperature) fatigue

envelope (figure 5.10) for a given cyclical life.

Figure 5.10 Fatigue data, AA2618 courtesy of Capnutomotive Ltd.

100



Chapter 5: Development of test rigs and components

A new higher endurance gudgeon pin was also desifmresimilar reasons to above. The
OEM part is a commercial grade low alloy chromesktnd this was replaced with a VAR
(vacuum arc re-melted) ‘GKHW’ nitriding steel prashd by Aubert and Duval, France. Post

nitriding parts were DLC coated to increase smadl leearing reliability.

Elemental Analysis GKHW (AIR 33CrMoV12-9) steel afa courtesy Aubert et Duval (France)
C Cr Mo \Y Bal
Nom. wt. % 0.3 3.0 1.0 0.2 Fe

Table 5.6 Developed gudgeon-pin material

A fatigue limit of 950MPa is stipulated with thisaterial based on previous experience
(Capricorn Automotive Ltd). To ensure reliabilityoth the proposed piston and pin were
analysed for fatigue failure by means of assesewwrall thermo-structural stress utilising

inertial forces developed in chapter 3 combinedwitcylinder gas pressure. Iterative design
ensued to ensure that the components satisfiegtargldatigue limits based on localised

temperature field generated. Figure 5.13 detailalaBmodel assembly subjected to such loads,
with resulting Von-Mises stress results. Secon@dasessments of pin bore bearing limits and
ring-pack circumferential vertical displacementsrevalso conducted, resulting in the bulk

designs presented in figures 5.11 and 5.12. Spscfaocessing such as surface peening,
equiaxial forging, flow-deburring and, micro-finisly were also employed on the produced

parts to increase reliability.

Detail design such as that required where assemilalyng occurs is performed iteratively
based on look up-tables. A key design aspect isdhthe piston outside diameter both in
terms of clearance size within the bore, topogm@ptim (referred to as barrel and elliptical
forms) (Ejakov (2003) surface finish, and applied coatings.
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Figures 5.11 Replacement piston showing part vandable
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Figure 5.12 High endurance gudgeon pin
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Figure 5.13 Structural analysis of piston assembly

Piston skirt clearance within the cylinder bore
The cold clearance of the piston within the boreakulated numerically as a function of the

following parametergHowell-Smith (2002):

Peotoer = F(D,P,S,E) (5.7)
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Where Roipcy is the diametrical cold clearance, D is the nomaase size, P is the power per
cylinder, S is measure of the relative skirt seffa (type of skirt construction), and E is the
differential expansion between bore and piston. differential expansion and bore size are

the most important terms:

Peotoe. = f(D,E) (5.8)

As thermal expansion is itself a function of lindangth, and so as to maintain a consistent
running clearance when operational for a given iagfbn type and method of construction,
cold clearance is proportional to bore size (fighrg4, data courtesy Capricorn Automotive
Ltd.):

Peotoet = kD (5.9)

Where Kk is an application / construction constant

The piston maximum radial size is given by:

(D B PCOLDCL) (5.10)
2
0.13
0.12
€ 0.11 -
E
8 0.10 ~
c
@
s 0.09
o
o
s 0.08
)
o 0.07 | Aluminium block, AA2618 piston-bore cold clearance
—— Castiron block, AA2618 piston-bore cold clearance
006 T T T T T 1
o o o o o o o
© N~ [c0) (@] o — N
- - —

Bore size (mm)

Figure 5.14 Piston to bore clearance for a givesliegttion

Once the piston maximum radial size has been dktime side or ‘barrel’ profile is described
as a radial reduction from this initial maximum ices Ejakov (2003) Similar to eqn. 5.7 the

required reduction is composed of several parasetdrere notably S and E varies, due to a
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varying temperature field and changing sectionfregs of the skirt. This was computed
parametrically with results as per figure 5.16 ffee@ computing eqn. 5.9 with a differing
constant based on relative position (and therafelaive sectional stiffness and temperature)
within the skirt region.

The land regions above the piston skirt are contpudienilarly (Howell-Smith (2002)
However the S parameter is removed and replacel avitarget gap (clearance) for gas
dynamics reasons. The headland (region above th®pression ring) is subject to large
approximately linear temperature variation, heriee radial drop in this region approaches a
fixed angle (0.5-2°) away from the targeted opersl clearance. The computed side profile
radial drop vs. height coordinates are intercoretebly means of a cubic spline. With a cubic
spline, the ¥ order derivative is of far smoother variation,réi® minimising inertial effects
on the machine tool producing the required foirakisawa (1998).

With a cubic spline expressing a radius for thégpisoutside diameter from the top of the

piston to the skirt end along the skirt centre 4R it is possible to section the piston at any
vertical position with a now-existing point on thatside edge at the 0° position. On this or a
number of similar sections the ‘elliptical profils' now seen as a further series of radial drops

from the pre-existing 0° position (figure 5.15):

Radial profile
‘Elliptical’ profiles P

Figure 5.15 Radial and elliptical construction aftpn outside form

The elliptical profile is often a simple mathematiellipse thereby requiring only 1 parameter,
an elliptical drop(s) (d &), to express the OD form at any given verticalifpms. The
elliptical drop is equivalent ta-b wherea is the major and is the minor axis of the chosen
ellipse. Both tabular (spline) and equation deifamis (ellipse, etc. see table 5.7) are used to
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describe the elliptical profile. It is therefore gsible, within reason, to define almost any

required shape with a combination of radial angh&dial profiles.

Simple ellipse:
1—c05249j

Fnin = r.maj - (le
Double ellipse:
o =g = Kd#j . (dﬁﬂ

Triple ellipse:

_ 1-cos26 1-cos6d
rmin - rmaj - dl + d2
2 2

Table 5.7 Equation based elliptic piston OD forms

The developed replacement P1084 piston (Figure) 5ehtures a spline side profile (the major
profile, 0° / 180°) and a variable though simplépét cross-section. The lands although
tapered are nominally round. Within the oil grooegion ellipticity is introduced, reaching a
constant magnitude for the major proportion of skt area. The minor profile is defined as
the side profile top to bottom when sectioned althregpin axis (90° / 270°) (figure 5.16).

Figure 5.16 Major and minor axis radial drops (P0)08
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Piston turned finish

Piston skirts produced by single point turninfaKisawa, (1998) (figure 5.17), remove
material in a helical fashion as typically found mmned parts. The roughness in the axial
direction is a function of the tool and feed-rateedl. Typical tool geometries produce
truncated radii on the surface where the degreguoication depends on the tool tip nose
radius and feed-rate. Figure 5.18 details an imgwssandard skirt finish, as well as Capricorn

Automotive Ltd developed reverse ‘saw-tooth’ staddand smooth version skirt finishes.

Derivative parts based on the baseline P1084 pagreown in figures 5.11 and 5.17.

Figure 5.17 P1084 Selection of manufactured deviegtarts

RO.50 .,

L

||—|| 0.189
. 4 TO 4

|

Industry standard Developed reverse ‘saw tooth’ dlgped ‘smooth’

Figure 5.18 Industry standard and developed skigHes

Piston skirt coating

Two types of piston coating were adopted for tgstirhe first was fluoropolymer-based, with
the trade name Xylan 1010, produced by Whitforétda Ltd. This coating is sprayed using
air atomisation producing a 12-20um thick coatiagd features a high concentration of
particulate PTFE. The second coating was ‘diamdwddarbon’ (DLC). DLC was applied all
over the piston, although initial testing showed@toating of pin bores to be unsuccessful
(suffering de-lamination due to low relative modubkubstrate). DLC coating was provided by

Eltro (GB) Ltd. by a plasma assisted chemical vameposition process. Coating thickness
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was < 4um and, due to an approximate 70% sp3 steuthe resulting coating is extremely
hard (10-40GPa). The coated part is shown in fiut& (RHS)

Piston rings and compatibility

Piston rings in engines have three main functidosseal the working chamber from the
crankcase, to assist in the flow of heat from pisto cylinder wall, and to control oil
consumption. To achieve efficient sealing a gobavith both the cylinder wall and the top or
bottom of the piston ring groove are required. Tawhal fit is achieved by the inherent spring
force of the ring together with the pressure of warking medium acting from behind the
ring. The axial position of the ring within its gree is determined by the gas pressure and the
inertia and friction forces, and can alternate leetvthe top and bottom of the groove (figure
5.19).

The ring is forced against the cylinder wall undesontact pressuge, which depends on the

ring dimensions, free gap of the ring and the masloif elasticity of the material used. A ring
can be given a constant or a variable contact presthe latter being a function of the angle
and often used to reduce ring flutter. The measenenof p is extremely difficult and in

practice it is therefore calculated from the TarigérForce (F,). The Tangential Force is the

force which when applied tangentially to the enfithe ring is sufficient to close the ring to

the specified closed gap.

For the case wherp is constant (e.g. ring compressed inside a flextehsion tape), the

following expression can be derived for the bendmagmentM :

dM = phr?sin(a - ¢)da
M = phr?(1+cosg)

Or in terms of tangential force:F
M =F, r(1+cosg)

_2Ft

== (5.11)
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a, = radial wall thickness
h, = axial width
d, = nominal diameter
p = contact pressure
F; = tangential force

p=const.

Constant and variable contact pressure

Constassyme and tangential force

Figure 5.19 Piston ring terminology reprinted fr@uetze (1995)

Compression ring contact pressure due to inhesargidn only lies generally between 0.12

and 0.25 N/mmz2 for rings conforming to relevant D®O standards. However the actual

pressure between ring and cylinder wall is manyesigreater due to gas pressue®dtze
(1995). To ensure ring to bore compatibility the OEMgsnwere subjected to SEM analysis.
The compression ring nominally 0.94mm thick x 3.1lmadial wall was confirmed as

constructed from high chromium steel with a nitddeorking face (Table 5.8).

Element.  App
Conc. Corrn.
CrK 13.26 1.1534
Fe K 47.44  0.9642
Totals

Intensity Weight% Weight% Atomic%

Sigma
18.94 0.84 20.06
81.06 0.84 79.94

100.00

Table 5.8 SEM analysis of OEM compression ring wagkace
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The oil ring is of three-piece construction with assembly thickness of 1.93mm
(compressed) and radial wall of 2.2mm. The oil egaper rails are 0.4mm thick each with a
1.9mm radial wall and are chrome nitride face-cdats determined from SEM analysis
(Table 5.9):

Element. App Intensity Weight% Weight% Atomic%

Conc.  Corrn. Sigma
N K 3.19 0.4597 11.09 2.12 29.08
O K 3.77 1.1841 5.09 1.46 11.69
CrK 50.46  0.9623 83.82 2.38 59.23
Totals 100.00

Table 5.9 SEM analysis of OEM oil rail working face

5.4 Development of etching processes and componembdification

Localised etching was performed on the replacer@&tf piston, CRF barrel and third party
testing partners bore components. The piston ejcwias produced by laser processing and
was restricted to the skirt region only (5.4.1)eTimer etching was restricted to the top dead
centre (ring pack position) and was produced byerlab.4.2) as well as mechanical
indentation (5.4.3).

5.4.1 Piston skirt etching

Increased valley depth (roughness) is a methodntprdve lubrication performance as
discussed in Chapter 2. Localised track-wise refmn@famaterial was investigated, and

components prepared by means of laser processthgudrsequent finishing operations.

Processing was conducted utilising a machine with details as per figure 5.20.
Laser parameters (table 5.10) were optimised g0 asoduce depth of etch, thereby
producing an approximately parabolic track sectén width post-polishing.

Polishing was required post processing due to eglebbise material adhering to the region
around the track periphery. Figure 5.21 details#isailting sections pre and post polishing.

Machine: Rofin EasyMark/F20
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Manufacturer: Rofin-Sinar GmbH
Technology:

Output power:

Field size:

Focal distance:

Beam steering:

Figure 5.20 Laser used for piston skirt etching

Etch section prior to polishing Etch section post polishing

Figure 5.21 Section through skirt etching pre aost polishing

Processing parameter Value to achieve tracks
as per figure 5.21
Current
Frequency
Processing speed
Track width
Pulse width

Table 5.10 Skirt laser processing parameters

Three skirt etchings (patterns) were produced W% coverage on both skirts. All patterns
were nominally at track separation howetrer angle between tracks varied in a
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conventional cross-hatch format. The produced petéhad included angles (from the
horizontal) of 30°, 90°, and 150° (Type 30, Typea®@ Type 150) (figure 5.22).

Images of the resulting patterns complete withasrg@fmeasurement visual plots are given in
figures 5.22 and 5.23. Table 5.11 presents resauddce parameters for type 30 travelling in
a North-South direction as would be the directiberrainment, though caution is advised in
interpretation due to inherent limitations with gdimg method<Ohlssonet al (2003).

Type 30 etching Type 90 etching Type 150 etching

Figure 5.22 Skirt etching after polishing and n@mect surface plot

Figure 5.23 Type 30 etching trace in direction mf@nment
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Calculated parameters from profile shown in figure5.23 by mean of the first 5 sampling lengths using
micro-roughness filter with ratio of 2.5um ref 19450_027/029

Ra Arithmetic Mean Deviation of the roughness jeof

Rqg Root-Mean-Square (RMS) Deviation of the rougisrarofile

Rp Maximum Peak Height of the roughness profile

Rv Maximum Valley Depth of the roughness profile

Rz Maximum Height of the roughness profile

RSm Mean Width of the roughness profile elements
Roughness Parameters, Gaussian filter 8@

Ra Arithmetic Mean Deviation of the roughness jeof

Rqg Root-Mean-Square (RMS) Deviation of the rougisrarofile

Rp Maximum Peak Height of the roughness profile

Rv Maximum Valley Depth of the roughness profile

Rt Total Height of the roughness profile

Rsk Skewness of the profile

Rku Kurtoisis of the roughness profile

Rz Maximum Height of the roughness profile

Table 5.11 Calculated roughness parameters (TalyGtdg)
5.4.2 Bore surface etching using a laser method

To increase roughness in the cylinder bore in ardgion’ fashion conventional honing was
found to be not suitable. Honing was, however, ireguto produce the overall geometric
shape and bulk surface finish. Local material remham the size range below 0.3mm is
difficult using conventional chip cutting (millinghethods. A Nd:YAG laser source (Control
Laser Corporation) of c/w power was used ( ) in combination with

galvanometer-driven heads and required optics.

The laser beam exiting the source is galvanometa@nipnlated (beam steering) passing
through a focal length. A rotaaple equipped with a Parker Digiplan (Parker
Hannifin Corp.) attached to an Alpha Motion S.A.ad®x. Rotational movements are
provided in 4° increments. This allowed full flefity in terms of required geometry in the

0.05-0.2mm width range and depths up to 0.4mm.€rahl2 details the specification of the

laser source utilised.

Laser type:

Wavelength:

Output power:

Laser cooling:

Q-switched frequency range
Beam divergence

Lamp lifetime

Table 5.12 Laser specification for bore surfacéiety
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A silica dielectric mirror with protective gold ciirgg is placed at 45° to the bore centre-line
allowing processing to take place normal to theetmurface. Chapters 6 and 7 detail positive
performance results indicating that TDC increasmaghness by means of tessellated semi-
circular features (figure 5.24) will reduce aspenitteraction.

4 ) 4 4
Unwrapped bore surface showing processing at TDC Detail of etch geometry
region

Figure 5.24 Etch pattern and region of applicat®RF

Figure 5.25 shows a processed part (post finalng)nand a typical section through the
processed part. The cross-section shows that #ee &ching has extended past the nickel

silicon-carbide coating by a factor 5 into thREliner substrate.

Etch processing at TDC region Detail of etch geaoynet

Figure 5.25 Processed etching, CRF

Testing results with the CRF produced positive ltss{chapter 6) Klowell-Smith (2006),
however increased testing utilising other enginefigorations revealed variable results in
terms of performance. Investigations found that edrately prior to service non-CRF engines
featured depth variability of processing due taumher of reasons:
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» Variability of etch depth over batch quantitiestguaially due to beam focusing issues
/ in cycle optics degradation.

» Variable stock removal during post processing hgniwas occurring. In-crankcase
final stage honing is a common process on manynesgwhere the cylinder head
clamp load is shown to produce bore deformationctwvhinay lead to unwelcome
effects such as blow-by and oil consumption. Innkcase honing can modify the
internal bore centre-line by means of uneven ragt@k removal. The CRF liner had
no such constraints due to final stage honing bemglucted outside of the engine
crankcase.

For these reasons an alternative method of loce¢ baughening was sought, which was
processed on the finished bore utilising appliegspure to control etch feature depth.

5.4.3 Impression modification of the cylinder boresurface

An alternative method to introduce localised rouggmwas direct mechanical impression with
diamond indenters. was used eethod of ensuring consistent depth of feature.
Two variations of indenter were used (type A angety). Indenting was performed on a
Matsuura MC-800 VG2 machining centre equipped witfiasnac J300 control and Kitagawa
TT182BE-01 #'/ 5" axis unit. The indenter was placed in a fabricated holder presenting
the working tip normal to the working face of ther® surface. The fabricated tool holder was
introduced using a , thereby limiting applied force.

A CNC programme positioned the tool initially cexttwithin the bore and then rotated and
vertically positioned the working tip. The tool wdsven into the bore surface overshooting
slightly to ensure penetration (excessive penetmatpositional inaccuracy, and bore shape
deviation was compensated-for by the ). Indenter type ‘A’ was a standard

Vickers pyramid diamond and the tessellated paftam is shown in figure 5.26.
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a2
h
d1
1?
W
Type ‘A’ indenter geometry Type ‘A’ plan sketch of imprint
(Vickers diamond pyramid) (dimensions in microns)

Figure 5.26 Type ‘A’ indentation

Indentation depth was dictated by intender geomftrya target impression width of 150
microns as 30 microns approximately. Numerical ywsial directed further increased depth
hence an indenter with a 90° inclusive cone wasleyed (type ‘B’). The resulting type A

and type B patterns as produced on the bore suafacghown in figure 5.27.

Figure 5.27 Resulting bore surface indentationp€TA, LHS, Type B, RHS)

The type A and type B patterns were applied sityildor full rotational coverage and for a
depth corresponding to 1mm either side of the tog stationary point at top dead centre. A
finished etched component (type A) is detailedigure 5.28. Further detail is given as per
Howell-Smith (2006)
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a8 |

Figure 5.28 Etched and run component (type A). Wr(bHS) details magnified view (RHS)

5.5 Development / instrumentation for film thicknes measurement

To ascertain the validity of numerical findings athod to measure film thickness was sought.
The ultrasonic method (chapter 2.2.4) utilises ez@eélectric sensorD{vyer-Joyce et al
(2002) Dwyer-Joyceet al (2004).

The ultrasonic sensor was located such that itseascident with the piston skirt whilst the

piston traversed the top dead centre as showmyimefi5.29. This is at the instant of reversal
with momentary cessation of entraining motion, thejgresenting one of the most undesired
tribological conditions. The sensor was tuned spnate at 10MHz centre frequency, which

for planar operation correlates to a piezoelestsor thickness of 0.2mm.

Figure 5.29 Piezoelectric sensor bonded to lingerosurface
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The sensor was bonded to the exterior wall of ither lusing strain gauge adhesive (M-Bond
610 — Vishay Intertechnology Inc.) which has a laegn application stability up to 230°C.
M-Bond 610 is also low in viscosity and capableghie-lines down to 0.005mm, free of
creep, hysteresis, and linearity problems. Themeanas 7mm in diameter with ‘wrap-around’
electrodes (i.e. the top face has a bonded elextrathilst the bottom face electrode is

wrapped over to the top face).

Two wires were then soldered directly to thesetsbeles on the top face. The wires were fed
out of the replacement liner housing to an ultraspulser-receiver (UPR). The piezoelectric
material of the sensor is an atomically-structucegstal such that it is not symmetric, and
therefore exhibits a polarity. Applying an electfield causes the material to deform.
Application of stress causes a potential differeaceoss the crystal. The application of a
voltage pulse therefore causes deformation anctiest the propagation of an elastic wave (in

this case longitudinally oriented) into the lineaterial.

The sensor was pulsed with a rapid-rise narrow toluraand high voltage ‘top-hat’ signal
approximately half the wavelength of the intendeefjfiency (5.6MHz). The signal pulse
results in a 5 kHz ultrasonic pulse which is geteztdby the piezoelectric crystal. When the
ultrasonic pulse emanating from the crystal reatchediner inner face some of the energy is
reflected backwards. When no part of the pistoadgmcent to the sensor and there is a gas
mixture present the poor acoustic coupling of tiherland gas means that virtually all the

energy is reflected back to the sensor (very létiergy can be transmitted through gas).

However, when the piston skirt is present in theéhpa the ultrasonic waves a sandwiched
layer is set-up, where a film of oil is positioneétween the piston skirt and the liner.
Acoustically this is a better coupled system witingicantly more energy impinging onto the
piston. The stiffness of the contact, and corredpwty its ability to transmit ultrasound
through the contact, is dependent upon the thickredsthe fluid film. The thinner the
sandwiched oil film the stiffer the contact.

Measurement of oil film thickness in the contadbysmeans of measuring and correlating the

reflected ultrasonic energy. System calibratiopasformed by means of measuring returned
energy when the piston is not present and mininfal ¢ondition exists (e.g. bottom dead
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centre) (figure 5.30). By comparing the measuretbgowith the captured pulse in the

frequency domain the reflection coefficient carchiulated (figure 5.31).

With the method developed bBiattersall (1973) further developed bypwyer-Joyce et al
(2004) it is possible to derive a relationship betwegftection and the film thickness.

160
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Example pulses for different film 1370 p S
thicknesses with a steel-oil-air J =3
interface. Shell T68 was lubricant & 1%
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Figure 5.30 Example pulse from steel-oil-air indeds
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Figure 5.31 Example pulse from steel-oil-air indeds (FFT)

A schematic of the apparatus used to measure indeyl film thickness is shown in figure
5.32. The ultrasonic pulse generator (UPR) emésettitation pulses as well as receiving and
amplifying the reflected pulses. In this manner trtensducer acts as both an emitter and
receiver (i.e. pulse-echo mode). The reflectedaigvas digitised on a storage oscilloscope
and passed-on to a PC for processing.
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Figure 5.32 Schematic of the ultrasonic pulsing maogiving apparatus

A LeCroy LT342 oscilloscope was used to digitise aapture the received signal. In order to
capture the waveforms at a high rate the onboamtonewas divided-up into a number of
segments. At each trigger event the selected podidhe waveform is written to a segment.
The trigger was provided from the UPR, where a aigmas sent to the oscilloscope at the
same time as a pulse was sent to the sensor. Veogsgnal from the pulser is written to the
segmented memory. The onboard memory of the oscdlze was limited to 250k points per
channel. Thus the number of data points in eacimergdetermines the nhumber of segments
which are possible to capture. During testing thenber of points per segment was set at
1000, resulting in 250 pulses acquired per capiycee.

The sensor was pulsed off with its natural freqyefeguivalent to 5.6 MHz rather than 10
MHz) to produce as short a pulse as possible. Assalt the maximum pulsing rate was
limited to 5 kHz. However, if a higher frequencynser was used a pulsing rate of up to 10
kHz could be achieved. The oscilloscope has thakihyy to capture up to 200 kHz. Full
details are of the procedure is givenyyer-Joyce, Green, Balakrishnan, Harper, Lewis,
Howell-Smith, King, Rahnejat, (2006)

5.6 Development of a floating liner

A floating liner was designed and manufactured towathe end of the research (refer
Appendix 4). However, due to the lateness of tlesetbpment, actual research using this
equipment will take place under EPSRC programme ESICOPAEDIC (EP/G012334/1).
The floating liner was designed to measure in-cg@ifriction directly thereby verifying
numerical predictions within this thesis. Verificat of numerical predictions for oil film
thickness has however occurred by means of ultrassensor measurement as detailed in

chapter 5.5.

120



Chapter 5: Development of test rigs and components

5.7 CRF Engine installation, instrumentation, and ést procedure
The aforementioned CRF450R engine performance walsiaed by utilisation of a transient

dynamometer cell at Loughborough University (figGra3).

Figure 5.33 Test cell with CRF engine mounted amatding removed

5.7.1 Test cell installation:

The CRF engine was mounted on vibration isolatiadspon top of a box section frame. The

frame was analysed for modal response similarabdhatailed in chapter 5.8.6.

A coupling was manufactured between a 250kW Ric&8000/3345 taskmaster transient AC
dynamometer (figure 5.33) drive unit and a gearthoxe sprocket on the CRF. The coupling
comprised an aluminium centre shaft with Fenner®k&nv.) couplings at either end (see

arrow figure 5.33).

Provision was made for 12V electrical supply andate throttle control for the CRF. Engine
cooling was by means of connection to the existielyj cooling system with added pumping
and thermostatic control (with data logging outpuj custom exhaust system was
manufactured by Janspeed UK with an 80L internphcay, venting vertically upwards into a
pre-existing extraction facility. Emergency stopdasir monitoring were also facilitated to

comply with safety regulations in force.
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The CRF power was transmitted throudh gear within its internal gearbox. The compact
layout of the CRF and the fact its potential maximrotational speed was higher than the
dynamometer made direct crank coupling unfeasiBtenary reduction to the gearbox was
2.739:1 with subsequent shaft reduction of 1.4Qterall the engine rotational speed was

reduced by 4.02633:1 with apparent resisting tofquetimes higher than actual.

5.7.2 Test cell instrumentation:

Fuel was supplied from an in-cell 5L tank with atteenal 12V pump. Fuel flow-rate was
monitored by an AVL gravimetric flow-meter (figuBe35). A fuel chiller unit downstream of

the flow meter provided the CRF with constant terapge fuel.

The Ricardo dynamometer was used to pre-acquirmemgerformance data after calibration
(figure 5.34). Data stored within the S3000 cont&als then transferred and combined with
additional data streams from specific sensorslathately recorded by a National Instruments
PXI data logger (figure A4.5).
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Figure 5.34 S3000 dynamometer performance curve
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Dynamometer control Gravimetric flow-meter Envircemtal display

Figure 5.35 Instrumentation used for CRF testing

The additional National instruments PXI recordedsses comprised of:

* Crank angle by means of a high speed rotary endéidere 5.35). This encoder also
provided a ‘top dead centre’ pulse — triggeringcytinder pressure data acquisition.
The encoder was manufactured by Leine and Linde(&eden), part number 632,
providing 3600 pulses per revolution output utilgsioptical technology.

» Combustion pressure was measured, although natglagtual component testing, by
means of an in-cylinder spark-plug replacement typie Manufactured by Kistler AG
this sensor utilises a piezo-electric quartz ctysgahnology and charge amplifier
combination (figures 5.35 and A4.5) to provide dtage output. The sensor was
delivered pre-calibrated. Recorded in-cylinder poes (10 cycle average) is given in
figure (5.37).

» Cell temperature, pressure, and humidity were cagtby an Airflow Developments
Ltd. DB2 digital barometer. The DB2 (figure 5.3®afured RS-232C output, which
supplied a further input stream into the PXI datggler.

Data streams incoming to the National Instrumendk Uit were sampled at the frequencies
given in table 5.13.
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Sensor Sample
Cylinder Pressure 1 sample / us
Crank angle 1 sample / us
Coolant temperature 1 sample / 10 sec
Cell temperature 1 sample / min
Cell pressure 1 sample / min
Cell humidity 1 sample / min
Throttle position (triggered as required speeddimined)
Power output (kW and hp) (triggered as requireckdpe obtained)
Torque (triggered as required speed is obtained)

Table 5.13 Recorded data streams (PXI)

In addition to the above data logging the followingriables were manually observed to
ensure the CRF was operating within safe limitsFGfater jacket temperature, air-to-fuel
ratio with respect to stoichiometric (AFR), and aukt gas temperature (EGT).

Water jacket temperature was visually observedngue that at no time a temperature of
120°C would be exceeded. It also provided a purtgy retart and a parameter for testing to

begin (80°C minimum).

Air-fuel ratio was monitored visually by means of ynoJet Wide Band Commander
(Dynojet Research Inc., USA). This sensor comprigeBosch GmbH LSU4 wide band
residual oxygen (Lambda) sensor and a digital disffigure 5.36). The sensor is mounted
onto the exhaust pipe near the cylinder head exleitsand allows the sensor tip to penetrate

into the exhaust gas stream.

LSU4 sensor aI'Sensor installed DynoJet display

Figure 5.36 Lambda sensor installation
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Bosch (2007) states that for Sl engines using gasoline fugb&tsometric ratio of 14.7:1 of
air-to-fuel by mass is the ideal for wide open ttieorunning, though generally not achievable
due to incomplete combustion. The excess air fac(bambda) is expressed as:
) = Macuar (5.12)

alrrequired
For intake manifold fuel delivery increasing theamt of fuel, thereby making the mixture
slightly rich, has the benefit of reducing inletactje temperature and thereby increasing
charge (air) density. ldeal Lambda ratio varies &orgiven engine type and operating
conditions. However, for maximum power 0.85. < 0.95 is quotedBosch (2007) pp 625).
This corresponds to an air-fuel ratio (AFR) ranfjel@.5 < AF < 13.2. The CRF was found in
operation to be within this range, and readingmftbis sensor were primarily used to ensure
fuel supply consistency. A change to this woulddéate operating changes outside of the in-

cylinder modifications, thereby leading to incomsig results comparisons.

An Inconel 600 sheathed K type thermocouple wasriad into the exhaust system to record
exhaust gas temperatures with a Digitron 2029TktEde Instruments Ltd.) hand held digital
thermometer. Exhaust gas temperature analysis ibyntathod was for indication only and
maintained below 900°C. Temperature, pressure,hanadity data was used to compensate
recorded power as per SAE J1349 JUN9O correctictorfgequation 5.13). Error is quoted as

less than 0.2% for -10°C > ¥ 50°C not including instrumentation error.

05
+
Dynamometer correction factocf = 118({[?0}(1-‘:29273] }— 018 (5.13)
d

where: P, = the pressure of the dry air, (mb) ahd= ambient temperature, (°C)

Examples of resulting correction factors are giwetable 5.14:

TC P X (Xloz) Psat I:)v I:)d P cf
19.04 998 0.5038 22.03 11.10 986.90 0.0118 0.9921
19.08 1000 0.5025 22.08 11.10 988.90 0.0119 0.9898
19.11 1001 0.5010 22.12 11.08 989.92 0.0119 0.9887
19.13 999 0.4997 22.15 11.07 987.93 0.0119 0.9911

Table 5.14 Typical spread-sheet output to calcudateection factor
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The pressure of dry aif, ) required for equation 5.13 is derived as follows:

75Ty — 2048625

P, =6.1078010 T« %% (5.14)
P, = Xx Py (5.15)
P,=P-P, (5.16)
where:

P, = the saturation vapour pressure of water, (mbar)

T« = ambient temperature (K)

X = the relative humidity

P, = vapour pressure of water vapour (mbar)

jv)

= absolute measured pressure (mbar)
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Figure 5.37 10 cycle average recorded CRF in-cgliquiessure
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5.7.3 CRF test procedure

All testing was conducted using same grade lubti€Gastrol Magnatec ACEA A3/B4, API
SL/CF of viscosity recommended by the manufact(tékV-40). BP unleaded fuel to BS EN
228:2004 was used for all tests. Testing followdzhsic A-B-A-B method (table 5.15), where
test A was the control set up and test B was a fieddiest. For ‘B’ tests, where the cylinder
liner was changed, new rings and pistons were dsad'A’ tests the exact same components
were used through to end of life, thereby redu@ngrall test time through a reduction of

‘bedding-in’ time.

Control ‘A’ Test ‘B’ (new component) Test
(1st and 3rd builds) (2nd and 4th builds)
N/A Components prepared, inspected, and data redord
Engine rebuilt with new oil.
Start engine, run to 4000rpm checking status. Start engine, run to 4000rpm checking status.
Progressively increase load over a 10 min. pegod t Progressively increase load over a 10 min. peod t
50% WOT maximum. 50% WOT maximum.
Check water temperature reaches and maintainsCheck water temperature reaches and maintains 80°C
80°C. over an additional 30 min. of ‘bedding in’. Noté al
Further bedding-in not required unless other engine Sensor streams for value as deviation may indicate
component / overhaul has been conducted. fault / imminent failure.

In the case of new liner (liner testing) or ring
replacement double the shown times

Engine oil drained and replaced. Engine oil draiaed replaced.

Engine started by dynamometer. Proceed to 4000rdemgine started by dynamometer. Proceed to 4000rpm
and 50% WOT till water temperature reaches 80°C.and 50% WOT till water temperature reaches 80°C.

WOT ‘stepped’ power tests recording data previousl/OT ‘stepped’ power tests recording data previously
detailed at 4500, 5000, 5500, 6000, 6500, 7000, detailed at 4500, 5000, 5500, 6000, 6500, 7000,
7500, 8000, 8500 and 9000rpm load sites. Testing 8500, 8000, 8500 and 9000rpm load sites. Testing is
ascending and each data recording step is of aboutascending and each data recording step is of about

10s duration. 10s duration.

One power test results in uncorrected raw torqi@ daDne power test results in uncorrected raw torqt@ da
for each of the rpm intervals listed. Once stepped for each of the rpm intervals listed. Once stepped
acquisition run is complete return to 4000rpm and acquisition run is complete return to 4000rpm and

repeat for a total of 4 times. repeat for a total of 4 times.

Inspect recorded data for consistency (e.g. 10s Inspect recorded data for consistency (e.g. 10s
sample average pull 1 @ 5000rpm vs. 10s sample sample average pull 1 @ 5000rpm vs. 10s sample
average pulls 2, 3, 4 @ 5000rpm) — if results are  average pulls 2, 3, 4 @ 5000rpm) — if results are
inconsistent repeat until consistent sets achieved inconsistent repeat until consistent sets achieved

(discarding 1st set, 2nd set etc). (discarding 1st set, 2nd set etc).

Replace spark plug with Kistler unit and perform  Replace spark plug with Kistler unit and perform
one-off test as above recording data. Re-replatte wione-off test as above recording data. Re-replatie wi
standard plug. This data is not part of performance standard plug. This data is not part of performance

data listed above. data listed above.
N.B. (oil from this control test can be re-usedagd Engine oil drained and sample collected. Component
oil) surface measurements in same physical location.

Table 5.15 CRF test procedure
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Corrected performance data for the four data rsnaveraged at each load site. Subsequent
tests with same components were similarly averagtdn their own data sets. This produces
corrected output curves for Test A run 1, Test B ity Test A run 2, and Test B run 2 (4
curves in total). If a significant difference beewetype A or type B performance curves is

noted testing continues until stability is reached.

5.8 Development of motored engine tester

5.8.1 Discussion

Experimental testing with the CRF indicated sevehalrtcomings. A primary instrumentation
concern was the inherent vibration from a singliadgr 4-stroke. Furthermore changes in
engine friction yielded only small changes in shafitput (due to the relatively small
contribution of in-cylinder mechanical to other arg losses). An assessment of overall
measurement sensitivity versus a not insignifice®fro reduction in piston-bore friction (of
which total in-cylinder friction is 5-10% of shafutput), would produce an indicated torque
increase of only 0.5-1.0% (figure 5.38). Concerrssted that small in-cylinder frictional
reductions would not be adequately resolved. A fasility with reduced vibration and

increased output resolution was therefore sought.

7.50% 6.75%

Typical In-cylinder Typical In-cylinder
losses vs. output losses vs. output
prior to 10% loss with a 10% loss

reduction reduction
100% 100.75%

Figure 5.38 lllustration of fired engine frictionaduction resolution
5.8.2 Motored engine concept

Capital cost precluded the use of a full-scale noylinder instrumented engine. However,
from a tribological point it was necessary to emstimat representative relative velocity,
lubricant rheology, applied forces, and ring gasspures were representative of a real engine
SO0 as to ensure the prevailing regime of lubricatisas maintained. Laboratory type
reciprocating machines were assessed e.g. Plin¥ TBRoenix Tribology Ltd.) as having

insufficient load capability and speed range. Femrtore, laboratory slider machines do not
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produce similar bulk deformation due to gas presstiverefore not producing the same skirt-
bore conformability results. On this basis a gasgurised design was formulated, working on
an air-spring principle (figure 5.39) based aroward existing IC engine architecture. An
existing engine would provide the required surfaecity and inertial forces as well as a
proven base design. Gas pressure acting on topeopiston, if correctly configured, can
replicate an in-cylinder IC engine pressures amdetiore produce representative piston-bore
and ring-to-bore forces. Driven by an electric mptthe predominant losses would be
mechanical and almost directly indicated by reduirgulit torque requirement for a given

rotational speed.

Py
—»

Figure 5.39 Air spring principal for pressure gextiem

The configuration of such a driven engine in teohsylinder number, orientation, and crank
phasing produces free forces and moments. A camatfigun which minimised these as much
as possible was preferred. Free forces and moraprttsthe 3 order are given in table 5.16:

Cylinder arrangement Sorder free 2™ order free 1% order free 2" order free

forces forces moments moments

3 cylinders in line, 3 throws 0 0 V3-F;a V3-Fra

4 cylinders in line, 4 throws 0 ‘B, 0 0

4 cylinders flat ‘boxer’, 4 throws 0 0 0 ‘b

5 cylinders in line, 5 throws 0 0 0.489a 4.98F,a

6 cylinders in line, 6 throws 0 0 0 0

6 cylinders V 90°, 3 throws 0 0 V3-F -a V6-Fra

6 cylinders flat ‘boxer’, 6 throws 0 0 0 0

6 cylinders V 60°, 6 throws 0 0 ‘B-al2 3F,al2

8 cylinders, V 90°, 4 throws, ‘X-plane’ 0 0 V10F-a? 0

12 cylinders V 60°, 6 throws 0 0 0 0

Table 5.16 Free forces and momegiiesch 2007)
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5.8.3 Choice of base motored engine

From table 5.16 the configurations with zefbahd 29 order free forces and moments are in-
line 6-cylinder, flat boxer 6-cylinder, and 60° ()112-cylinder. Utilisation of one of these

configurations in effect leaves only combustion @&amce to be considered for low vibration
operation. Due to the relatively long length oflime 6 cylinder and V12 engines bore spacing
is generally close to the bore size, leaving mitispace for alterations and instrumentation.

For this reason a flat-6 cylinder engine was ch@sea base part.

A flat-6 engine manufactured by Porsche AG was ehatue to its relative simplicity in air-
cooled form (no water cooling). The exact model wa$992 911 (964) Carrera RS engine
type M64/03 as per table 5.17:

Engine Designation M64/03
Layout / type 6 cylinder ‘Boxer’, normally aspirdte
Displacement 3600ctn
Bore [turbo] 100mm [100mm]
Stroke 76.4mm
Rod length 127mm
Bore spacing 118mm
Compression ratio 11.3:1
Max engine power 191kwW (EC 80/1269)
Max torque [turbo] 325Nm (EC 80/1269) [520Nm]
Max engine speed 6720rpm
Cooling Air / oil cooled
Lubrication Dry sump with piston cooling jets
Crankshaft Forged, 8 main bearings
Block construction Vertically split light alloy cn&-case

with individual cylinder barrels

Table 5.17 Motored engine details

The M64 engine is ‘over-square’, as is often typwéh flat IC engine applications. The
standard bore / stroke ratio was 1.309 and it vessded to reduce bore / stroke to be more
representative of mass-market gasoline automotigees (typically ‘square’). A reduction in

bore size would also reduce overall crank loadsmwell.

The M64 crankshaft features 6 individual journadéd in the case of pseudo-2-stroke

operation (chapter 5.8.2 ‘air spring’) journal shetiess is approximately twice that of a 4-
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stroke with similar piston force. The same crankshs also used within the M64/50
turbocharged engine, providing an indication ofrjah strength based on engine torque (table
5.17):

2(T,,D,° <T, D, (5.16a)
1
232
D, <| TP (5.16b)
2(T,,

WhereT,, and T, are the peak quoted torques for the normally asgdrand turbocharged

versions respectivelyD, and D, are the turbocharged bore size and new bore size

respectively. This effectively limits the bore siwe89mm or less. A bore size of 86mm was
chosen, resulting in a bore / stroke ratio of 1.12tly, the use of a flat-6 configuration does
allow cylinder de-coupling to provide flat-4 andatf2 configurations, the latter enabling

transient torque to be investigated.

5.8.4 Development of representative in-cylinder pssure and side force

Figure 5.37 provides a reference cylinder pressiirthe working medium within the air-
spring motored engine ‘ASME’ (5.8.2) is assumedb® an ideal gas and isothermal in
operation, then the in-cylinder pressig, is simply calculated by the rearranged ideal gas

law:

P
PCYL =__IN_
[VCYL j
V|N

The ASME was configured to produce representativeylinder pressure and side force by

whereP)y is the pressure at BDC where the cylinder volusnéy.

means of introducing pressurised air at the BDC randifying the operational compression
ratio to suit. Figures 5.40 and 5.41 depict theyhnrder pressure and the resulting side force
Fn due to gas pressure alone for the ASME comparddtive CRF. The ASME configuration
in figures 5.40 and 5.41 isRyy of 10.0barg with a compression ratio of 9.5:1]lf@ated by
the introduction of compressed air at BDC and ptalsinodification of cylinder head volume

/ piston compression height respectively. Modifmatof these two parameters allows for a

reasonable correlation of in-cylinder combustiorssures for the expansion portion of the
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cycle, not only for the CRF case but also for athdihe reduction o,y logically provides

reduced in-cylinder pressure and side force, aligvpart-throttle performance evaluation.
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Figure 5.40 In-cylinder pressure CRF vs. ASME
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Figure 5.41 Side force due to gas pressure CRASSIE

From figure 5.40 it can clearly be seen that thé&kSs operating in the 2-stroke mode (360°

periodicity), whilst reasonably representing the -CBombustion pressure curve just after
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combustion. The pressures in other areas of thie @re generally higher and symmetrical
around TDC. Overall the ASME has a higher averade force per cylinder, 2447.0N vs.
1236.1N (1.98:1).

With 6 cylinders compared with a single-cylindelg(eCRF), the total side force is some 11.88

(~12) times higher than in the single-cylinder case

5.8.5 Calculation of crank-shaft torque due to gapressure

For satisfactory operation it is necessary to eaalthe impact on crankshaft torque due to gas

pressure (figure 5.40). From chapter 3.2 the fotake f, decomposes intd,,, along the rod

axis andf, towards the cylinder wall (skirt direction).

¢ oo L (5.17)

f, = f, tang (5.18)

The force transmitted by the connecting rbg, decomposes at the big end articulation point

into tangential ) and radial Egr) components as:

Fo=f,sin@+q) = f, SN0 "¢ (5.19)
cCosy Fr
Resulting in torqueT): T =rF; (5.20)

Fr

From figure 5.42 the inclusion of an additional\irder pairs (6 cylinders vs. 2 cylinders)
reduces peak torque. However, the level of attéemua such that three distinct torque swings
of circa £1kNm. In consideration of this, it wascadked to retain the M64 flywheel to aid

smooth operation.
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Figure 5.42 Contribution to crank torque due to g&ssure

5.8.6 Development of an air-spring motored engine

From the original M64/03 engine only the engineesashell bearings, crankshaft, and bolting

hardware were retained. Table 5.16 shows no ffeand 29 order forces and moments due to
inertia. However figure 5.42 depicts a strong fogcifrequency o% Hz. Maximum

operational rpm (table 5.17) is 6720rpm, equatm@ tforcing frequency of 336Hz. A stable
platform (mounting base) (figures 5.43, 5.44 itevias required and modal analysis was
undertaken with a resulting first resonant freqyefignoring rigid body modes) of 20%

higher than 336Hz.

Mode No. Frequency @) Frequency (Hz) Period (s)

1 0 0 1.000000033e+032
2 0 0 1.000000033e+032
3 0.001149782096 0.0001829935063 5464.674805
4 0.005670078099 0.0009024209576 1108.130249
5 0.008422283456 0.001340448041 746.0192261
6 0.009673342109 0.001539560268 649.5361328
7 2546.661133 405.3136902 0.00246722484
8 2956.908936 470.6066589 0.002124916762

Figure 5.43 ASME base frame and modal analysidteesu
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Machine mounts (Fabreeka, VSC2-15-C-S-M10) withriacal frequency range of 23-28Hz
(460-560rpm equivalent) were attached to the frampeto allow the engine assembly to be
attached (figure 5.44 item A).

Figure 5.44 ASME test rig key components

The M64 crank-cases featured integral flow shutt@ffsix piston oil cooling jets during low-
speed running. This was not required and, therafemsoved, as was the in-sump scavenge
pump. Modifications to the casing lubrication citcproduced a relatively simple system
(figure 5.45).

Sump
Thermo-
statically
controlled

( Pump power

supply separate to
engine. Supply
feeds controlled
temperature and

pressure lubricant
to crank mains,
big end journals,
piston spray jets

\_and head cooling /

Figure 5.45 ASME test rig lubrication system scheodiagram
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An external temperature-controlled sump tank gyaféteds a 0.75kW 3-phase gear pump
(Tuthill Corp., USA model 1012). A gear pump wa®sbn as these are recognised as having
low delivery pulsation and minimal variation in uohe delivery per revolution over a wide

range of fluid viscosityBolegoh (2001).

The gear pump (figure 5.44 item C) features a priesernal pressure relief set at 7barg with a
rated delivery of 14.55Imih at 3.45barg. A full-flow 50 micron screen oil éitis placed
downstream of the pump ahead of a pressure-reduelng with an over-pressure return back
to the external sump. Controlled pressure and testyre lubricant is delivered to the M64
crankcase main oil gallery, with secondary feedscfdinder head cooling (figures 5.45, 5.44
item D).

Lubricant entering the crankcase main gallery ptesilubrication to the crankshaft main
bearings, and by means of internal crank oil passhifings, ultimately the big end journals.

Both of these bearings are of the plain shell type.

Lubricant also exits through 6 piston cooling jR€J) These orifices are arranged so as to
direct lubricant onto the upper portion of the pist connecting rod assembly (figure 5.45). In
operation lubricant drains into the lower portidntlte crankcase and is returned, along with

the cooling stream provided to the cylinder heaédsk to the external sump.

The sump oil is temperature-controlled through stermal loop, with indirect heat exchange

within a Regoplas chiller unit (figure 5.46).

Supplier Regoplas, Switzerland
Model RC2E30/z

Cooling capacity 28.0kw

Refrigerant R407C

Efficiency (COP) 51

Compressor power 5.5kW

Fan flow rate 15500Mhr

Pump flow rate @3barg 80Imin

Operating voltage 400V/50Hz

Power consumption <11.9kW

Figure 5.46 Specification of sump cooling system

The pressurised air requirement detailed in sed&i8m requires controlled air pressure of up

to 10barg to be entered into the cylinder at theCRinsition. Shop air was below this pressure
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and measured to vary between 5.4 and 7.3barg. Magf the available air was however
high, allowing the use of an air amplifier as opgub$o a dedicated high pressure compressor
installation. An SMC VBA4100 booster regulator wasecified, as the air amplifier uses an
existing air supply to produce compressed air attoptwice supply pressure (SMC
Corporation, Japan). The air preparation circugdus shown in figure 5.47 (LHS), detailing
the use of a high pressure storage chamber andanday lower pressure pre-delivery

chamber (cascade system).

1001 Air
receiver
(collector)

Precision

PRV 0-10 Timed

cylinder fill

Over-pressure
valve

At BDC cylinder pressure
equalises with fill pressure

1001 Air

Shop air e (fill valvc_e open). Valv¢_e
IN lfi - . closes during compression.
ampher EellEs) Cylinder In case of over-pressure at
with PRV 10barg

TDC venting occurs. Gas

set to
expands to repeat cycle

11barg

]

Figure 5.47 ASME pneumatic supply and in-cylindentcol schematic

The method to provide in-cylinder compressed albyyisneans of timed delivery at the BDC.

Referring to figure 5.47 compressed air with colfgtbpressure is introduced by means of a
‘timed cylinder fill' control valve. A rotary metlibof operation was chosen, where a hollow
rotating shaft (one per bank of 3 cylinders, supgabron rolling element bearings) was

maintained at the operating pressure required. dhlibre length of each shaft 3 holes were
drilled at 120° phase separation in a linear pasitorresponding to the individual cylinder

centre position. These shafts rotated within spigciabricated cylinder heads with through

holes in the cylinder centre position. As each tshathtes there is only one position (BDC)

where the hole in the cylinder head is in line vitik through hole in the hollow shaft (figure

5.48).

Over-pressurisation and protection from in-cylintldsricant ingression was made by means
of an air-over-air pressure relief system (figureg7, 5.49). This system provided a
mechanism to de-pressurise each cylinder to atneogpht start up, as well as providing a
safe route to vent excess gas pressure (e.g. PRivejeor guard against lubricant ingression

(extended running / ring failure).
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Valve ‘open’ at BDC Valve ‘closed’ Valve ‘closedt aDC

Figure 5.48 Rotary valve operation

—= =

Figure 5.49 Over-pressurisation valve and cyliftesad cut-away

From figure 5.49 the over-pressurisation valve ypidally in position ‘A’, effectively
restricting gas exchange between the working charbbw and atmosphere. The upper
portion of the valve is pressurised with gas aspuee R and has a surface area ratio, when
compared with the lower plunger, in excess of th@gression ratio. This effectively ensures
the valve remains closed in normal operation. ‘Btails the case of over-pressurisation,
providing a fluid exit stream to atmosphere. Thelaeement cylinder head was constructed
from AAG6082-T6 (Table 5.18), featuring internal pneatic and oil cooling lines. Valve
components were manufactured from C86700 mangabesgze due to recommended
suitability ASM Handbook (1992)Vol. 2, 1992, p. 370) for valve applications andsely

matched thermal expansion.
Drive power requirements were simply estimated ans of base engine frictional losses

due to the piston assembly (section 5.8.1, 5-10%e&haft output power). Engine power was

measured by means of a dynamometer (figure 5.50rtesy of Ninemeister Ltd.) to be
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approximately 279Hp (208.1kW). Using the mid-to-ap.5-10% estimation for piston

assembly frictional losses, an electric drive afl131kW was required

Elemental Analysis alloy AA6082
Si Fe Cu Mn Mg Cr Zn Ti Other  Others Bal
Min wt. % 0.7 - - 04 0.6 - - - 0 0 Al
Max wt. % 13 05 01 1.0 12 025 02 01 0.05 50.1 Al
Elemental Analysis alloy C86700 (Manganese Bronze)

Cu Al Pb Mn Ni Sn - - - - Bal
Min wt. % 550 1.0 0.5 1.0 - - - - - - Zn
Maxwt. %  60.0 3.0 15 3.5 1.0 15 - - - - Zn
Selected properties AA6082 Selected propertiesrG86
C.T.E., 20-200°C 24um/m C.T.E., 20-200°C 19um/m
Elastic modulus 70GPa (tension) Elastic modulus 5GRa (tension)
Tensile strength 310MPa (T6) Tensile strength 5B&NMO1)
Yield Strength 260MPa (T6, 0.2%) Yield Strength 5RPa (M01, 0.2%)

Table 5.18 Material properties, ASME cylinder heads

Power Curve =

Kenn V Hauen (964 engine).003 - TTME11K 186270mis 4G35% - AirP:1015.0mBar AirT:10.1°C
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An 18.5kW Parker (Parker Hannifin, USA) 690+ ineertirive unit was paired with an ABB
Ltd. (Switzerland) 18.5kW 2-pole electric motor iasfigure 5.44. To ensure stable driven
speed the encoder feedback was provided from #etriel motor to the drive unit, providing

closed loop operation (Figure 5.44 item E).

Native speed of the ABB motor was 2950rpm. Duéhtodffective 2-stoke operation frictional
up-scaling estimated in section 5.8.4 was a rdtib.98, which dictated two gear ratios to be
accommodated. From figure 5.50 a 2:1 upscale imomspgeed would result in a crankshaft
speed close to the actual engine peak power sp8e@rom vs. 6100rpm). A 1:1 drive would
result in a maximum crank-shaft speed of 2950rpith the reduction in speed compensating

for the frictional up-scaling €21..98).

Figure 5.44 item F details the belt drive arrangeimemployed. Torque from the base-
mounted motor is transferred through an Eriks 30wide 8mm pitch toothed belt. Differing
combinations of pulley diameters and belt lengtl@ntained belt centre-centre length whilst
providing the two required maximum speeds of openatSpeeds between start up and the
maximum speeds (2950rpm and 5900rpm) were by mehrmgperational controls on the

Parker inverter drive unit.

Compression ratio and bore size changes necessitaedevelopment of replacement in-
cylinder components. Methods detailed in chapte3sls.3.2 were utilised again. However,
several additional changes were made. The congectws were replaced with ones
constructed from AISI 4330V. (Carrillo IndustrigSA). The original finned aluminium cast

alloy barrels were substituted for forged AA261&lfle 5.4) units with 102mm nominal bore
size, with secondary liners of 102mm outside di@mahd 86mm nominal internal bore size
inserted inside. Piston clearances were reducedadiie semi-isothermal mode of operation.

The resulting components are shown in figure 56 F, RHS).
Calibration of in-cylinder pressure was by meanarofn-cylinder pressure transducer detailed

in section 5.7.2. Access for the Kistler pressua@dducer is through 3 ports in the cylinder
head (figure 5.44 item G).
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6.1 Oil film thickness results

Chapter 6

Experimental results

Oil film thickness was measured (fig 6.1) as dethiin chapter 5 for the CR450F engine.

Further details are as p&wyer-Joyce, Green, Balakrishnan, Harper, Lewis, Hwell-
Smith, King, Rahnejat, (2006)
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Figure 6.1 in-cylinder film thickness measuremdn8Q0rpm)

6.2 Cylinder bore experimental results

0.00025

As already mentioned in chapters 2 and 5, coatimtaxturing of contacting surfaces can

improve the tribological performance of a conjuasti Additionally, material of construction

also plays an important role influencing the auadagap for film formation to occur.

As described later in chapter 7, both the pistaoh the liner are subject to thermo-mechanical

distortion. Furthermore, surface finish of the egmbus surfaces is an important factor in the
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prevailing regime of lubrication, and dependenttbe material of construction, the use of
coatings, and surface modifications. To ascertagnefffect of these parameters, engine testing
with different liner and piston derivatives was arndken as part of a benchmarking exercise.

Such an exercise was focused on:

» Surface finish
« Bore (liner) material of construction.
* Bore surface (coating)

» Localised etching / surface roughening

A baseline standard liner (L2017-LINER-C) made wteetic aluminium alloy grade AA4988
(table 5.4) was used. This liner and all testedvd@ves were cross-hatch honed as described
in chapter 5.3.1. The surface roughness of thelihadaer is 0.2-0.3um R Two other liners

with different materials of construction were bemanked against this standard liner.

The first variation was a 1CB15B cast iron lineRQIL7-LINER-G) which was plateau honed
to nominal 0.3-0.4um RCast iron was used because it is the traditiorakrial for cylinder

liners and therefore also produces a logical corsparfor results reported in literature. Figure
5.14 shows that in the cold condition a cast irimerl typically features a larger running
clearance than an aluminium liner. However duehto lbow thermal expansion of cast iron,
thinner conjunctions often result when the engimeoperating at high temperature. High-
temperature operation further affects the lubricastosity and therefore the film thickness

within the conjunctions.

The second liner variation, L2017-LINER-A (figurebbwas constructed from a low silicon,

aluminium-copper alloy AA2618 (table 5.4). This fpheing surface coated on the working
bore surface with electrolytic Ni-SiC (chapter %)3.and then subsequently honed with a
resulting surface finish of 0.2-0.3um Ra.

The derivative parts along with the baseline weerdiwere all tested on the CRF single
cylinder engine (chapter 5). Component performanas assessed by means of measuring
dynamometer resisting torque for a given test rpms measured torque was converted into
uncorrected power (chapter 5.7.2) and ultimatelyrembed power after atmospheric

compensation. Baseline testing was conducted atb#ginning and interspersed with
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component derivative tests as per table 5.15. Enwative results were divided by those of
the baseline for each rpm load site resulting peecentage gain or loss comparison (equation
6.1).

Percentage power diﬁerential{ioom} (6.1)
rpm

baseline

The percentage performance deviation for differemet liners constructed from differing

materials is given in figure 6.2.
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Figure 6.2 AA2618 and cast iron liner types vselias wet liner

It can be seen from figure 6.2 that the cast iiaarlperforms consistently worse than the
baseline liner, whilst the opposite is generallyetfor the AA2618 aluminium alloy variant.
Aluminium and its alloys typically have far highégrermal conductivity and expansion than
ferrous materials including cast irons. Therefone @onclusion that can be drawn from this
result is that generated conjunctional heat is gotatl through the cylinder wall more readily
in the aluminium cases, hence reducing the temperaif the fluid film on the cylinder
surface. Furthermore, due to increased thermal resxpa in the aluminium alloy cases,
average separation between conjunctional bodiegases (increased gap). In combination

these phenomena result in a thicker, higher visg@itn between the piston and cylinder liner
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wall. Generally thicker, higher viscosity films lawncreased load carrying capacity and a

reduced likelihood of asperity interaction.

Surface interactions do still take place in thequsskirt — cylinder bore conjunction. For
much of the expansion (power) stroke, particulatijnigh combustion pressures and during
reversals, one would expect mixed or boundary regiof lubrication. It is also often the case
that a coherent meniscus is not attained to supipdy conjunction. Therefore, to limit
component wear, hard wear-resistant coatings dem efsed. In preparation for hard surface

coating, smoother substrate surfaces are oftenresju

Smoother surfaces generally assist required clgamiacesses and prevent the hard coating
cracking due to residual stress. Hard coatingsh(withigher modulus than the substrate
material) retain the sub-surface stress field,ebgiprotecting the substrate from their (crack)
inward propagation. A major drawback with high &@amodulus coatings is a greatly reduced
tendency to locally deform within the conjunctigdhus minimising the occurrence of EHL.
Nevertheless, for the piston skirt, the global kbudeformation accounts for the main gap
generating mechanism (chapter 7.5).

Tests were conducted with differing internal boaatings. The results are benchmarked
against the aforementioned baseline liner as iptaeious tests. Note that the baseline liner is
Ni-SiC coated (figure 5.6). The other tested lib2017-LINER-B was Diamond-Like Carbon

(DLC) coated with a coating thickness of approxehalum, and surface roughness of Ra of
0.04-0.06um (chapter 5.3.1). This is a much smaeahegace than the baseline liner. Figure
6.3 shows the relative performance of this smodtl [Boated component vs. the baseline Ni-
SIiC part. Note that the DLC coated liner produagferior power than the baseline liner

irrespective of its enhanced surface finish fordowengine speeds. The performance of the

two liners merges at higher engine speeds.

The relatively poor performance of the DLC-treatedhponent can be explained as being due
to lower retained lubricant (due to the smoothefages) within the conjunction. At, or close
to, the stroke reversal positions a boundary regimkibrication is expected with asperity
interaction, as previously discussed. An increasadhesive friction occurs due to the large
guantity of low amplitude, broad asperities foumdsimooth surfaces such as the smooth,

DLC-coated bore surface. It should be noted thatDhC-coated liner is only honed prior to
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the coating process, not post-coating. This createsry fine cross-hatched structure with
quite shallow grooves and therefore relatively lolricant-carrying capacity (refer table 5.5
parameter R). Process limitations in DLC deposition require tise of such a fine finish and,
due to high deposited hardness, effectively preveoist-process honing. Therefore, Ni-SiC

without these surface finish limitations perfornettbr, as one would expect.

DLC does however have a reduced possibility of fsayfin operation. This can provide
additional benefits, though the main reason foroshg it is the protection of substrate
material at high pressures. Such applications ane qprevalent in cam-tappet contact at high

speed and high load than in the piston skirt — lborgunction.

Percentage Power Gain

—e— Baseline wet liner (CRF450R)
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—=— Reduced surface finish, DLC coated liner (CRF450R)
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Figure 6.3 A DLC coated liner vs. baseline wetdine

These results are consistent with the expectatiah some degree of surface roughening
introduces lubricant reservoirs and leads to theronivedge effect (see chapter 2). To
investigate this, a series of liners were textuesdl benchmarked against the baseline

component.

Figure 6.4 shows the relative performance of lih2017-LINER-D constructed from the
same 4988 alloy as the standard (baseline) linemith a surface finish 1/5th that of the
baseline part (0.04-0.06 vs. 0.2-0.3um Ra). Alsdutted in the figure is the same smooth
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finished liner, but with laser surface texturing si®wn in figure 5.25. The location of the
texturing is such that the compression ring workiage is coincident upon the etched bore
surface at and just below the TDC position. Thesoaag for the choice of etched feature
geometry / form is provided later in this chapter.

From figure 6.4 one can observe that improvingaaeffinish by a factor of 5 on the Ra value
results in improved power output. A power increafd-2% for engine speeds in excess of
7000rpm results and somewhat less, though stilitipesdown to 6000rpm. At even lower
rom speeds the performance of the liner with impdsurface roughness (no etching)
deteriorates in comparison to the rougher basélwee. The interpretation here is that thinner
films are generated at lower speeds and when maxed boundary regimes of lubrication
occur (for instance at or in the vicinity of theveesals) where there is increased adhesion for
smoother surfaces. This surface interaction isrémuced at higher speeds of entraining

motion.

In contrast, when laser surface texturing is emgdiothe improvement is mostly noted at the
lower engine speeds, with up to 4% improvementowgr at 5000rpm relative to the baseline
liner. Thereafter, the percentage improvement in poweraesl to the extent that at speeds in
excess of 6500rpm the non-textured liner with samiurface finish shows better output
power. This suggests that whilst the laser-etclred\gs retain lubricant their presence may
also lead to increased viscous friction, where xaess supply of lubricant entrains into the
ring pack and the skirt conjunctions after revergalthicker film can also affect sealing
performance of the ring elements, resulting in lospower as well as blow-by. In fact field
experience using the same texturing form on engopesating at higher speeds, such as in
NASCAR, (usually in excess of 9000rpm) indicatedréased oil loss at high speedCR
(2008).

Therefore, whilst surface texturing has been fotmdid lubrication and reduce friction in an
assortment of conjunctions (see chapter 2), texbptanisation in terms of form (dimples,
grooves, indentations, etc), size (feature deptlght, shape, pattern, etc) and distribution are
important. Furthermore the control and repeatabdit processing these textures is also of
importance as this can pose some problems as destus section 5.4.2Rahmani et al
(2010)discuss various features and the optimisationgs®ic
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Figure 6.4 Effects of improved surface roughnesklaser texturing

Figure 6.5 is the inlet part of the isobar chadweh in figure 7.5 (chapter 7). The pattern of
lubricant flow into the conjunction is shown by thaarrows on the figure. It can be seen that
the horizontal arrows ahead of the conjunction (LH&v outwards and around the island of
high pressure where the piston skirt relief ragiosymences. The discontinuous nature of the
skirt profile causes a pressure spike. The curvexha on the top and bottom of the figure are
drawn for visualisation purposes to clarify the m@letrend of lubricant flow. Thus only a
small portion of flow actually enters the contaobger as shown in the figure. The remainder
of flow is directed outward and around the contdtte flow in the contact also avoids the
other pressure spike at the outlet (see figure &53hown byBalakrishnan, Howell-Smith
andRahnejat (2005) Hence, corresponding thin films occur in the arebpressure spikes as

well as in the contact proper.

In chapter 7 a case of diamond-turned piston skstsanalysed, showing significant
improvement in the retained film of lubricant inetlcontact. This surface modification
encourages greater inward-bound flow of lubricahto approaches were undertaken to
encourage this behaviour, due to modificationshefdylinder bore surface. One was to create
dimples through physical indentation to retain sereoir of lubricant as well as encourage
micro-wedge effect. The other method employed wasttoduce curved laser etchings at the

top dead centre in order to inhibit the flow ofliglnt outwards from the contact region.
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The results of analysis reported IBalakrishnan, Howell-Smith and Rahnejat (2005)
indicated significant improvements in lubricantrfilthickness for the compression ring to
cylinder liner conjunction for the laser patternfigure 5.25 (chapter 5). The pattern lends
itself to laser ablation where beam steering islabke (chapter 5.4.2). The consecutive rows
of inward and outward curved features inhibit outivlubricant flow during reversal of the
ring as well as encouraging micro-wedge effectguié 6.6(a) shows a model of the ablated
texture shown in figure 5.25. Note that the testlufeatures are introduced in the area where

maximum pressure isobars are predicted to occuxifmen gas pressure behind the ring).

The resulting pressure isobars at the inlet todbmgunction, analogous to figure 6.5, are
shown in figure 6.6(b). The texture pattern carséen to act like a multitude of micro-wedges
directing lubricant into the conjunction rather thi skirting around the leading edge of the
contact. Furthermore, wherever a feature exisessarvoir of lubricant is maintained. These
predictions were seen as favourable and advised &éddation at appropriate locations at the

TDC and in its vicinity. The improvements in poweve already been discussed in figure 6.4.
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The above engine tests were with the baseline yigtder liner. Some tests were also carried
out with thedry OEM standard Honda mono-cylinder (figure 5.2). Tisisa eutectic Al-Si
casting with an integral cooling jacket and a nahsurface finish of 0.2-0.3um,RFigure
6.7 shows results for this mono-cylinder in comgami with the standard baseline wet liner

(previously described), as well as a wet liner vinithented textures.

This textured surface was limited to the upper Budace so that the top ring would be in
contact at and around TDC. The type discussedhasethe Vickers type (fig. 5.28) and the
development of this component and the required gasing is detailed in chapter 5. It is
interesting to note that the mono-cylinder Honaeedishowed improvement against the wet
standard liner across almost all engine speedsedxtge 5500rpm. This would indicate either
a lower running clearance in the case of the wer lat the reversal points, particularly at or in
the vicinity of the TDC, or otherwise a thickemfilgiving greater viscous friction throughout

the cycle.

An explanation is found when the indented OEM mbtaxk liner is compared with the

standard OEM (non-indented) mono-block liner. Thessults are shown side-by-side in
figure 6.7. It is shown that the indented liner lmaproved power for all speeds relative to the
otherwise identical standard baseline wet line2Q17-LINER-C). This, therefore, indicates
two significant findings. Firstly, that the standawet liner performs worse than the mono-
cylinder Honda barrel because of reduced clearaBeeondly, that this reduced clearance

causes increased boundary friction at the TDC salgrosition.

A major find of the experimentation, advised by ruital analysis (see chapter 7), is that
most of the power losses are due to boundary drictit the TDC position and during the
expansion (power) stroke down to regions wherefiitgent speed of entraining motion and
conjunctional force are experienced. It is alsenairthy that the wet barrel arrangement will
be subject to greater thermo-mechanical distotian a solid mono-block. Hence, surface
modifications performed on the OEM mono-block woatduably benefit the wet liner barrel

arrangement more.

Significantly, improved power is noted for the inded liner relative to the baseline variant
across all tested engine speeds from 5000rpm t0rpAO(figure 6.7). InterestinglRahmani
et al (2010) in bench-marking of various texture types, prestichat conical textured patterns

show the highest load carrying capacity and theskiviriction. The tests here also indicate the
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same. The indentations not only act as reservéihgboicant, but also induce a micro-wedge

effect.

Figure 6.7 Comparison between bore construction@salised indentation

It is more usual to introduce surface modificatmmto the cylinder bore as opposed to the
piston skirt. The bore surface is typically statgtative to the engine, whereas the piston
assembly is continually translating along the adinaxis. For a given rotational speed, and
translating point on the piston assembly, entramnspeed on the bore surface coincident
with the piston assembly point will be constanteidiore, the regime of lubrication will be
consistent at this position, allowingrgeted application of any surface modification. For
example, texturing may be introduced at the TDC BB&C positions to reduce the effect of
boundary interactions due to unfavourable kinemetieditions inhibiting the formation of a
coherent lubricant film. Furthermore, at other lomas in the piston cycle where speed of
sliding is sufficient to entrain a film of lubricamto the conjunctions no modification may be
necessary to enhance the formation of a film, ag las a good supply of lubricant can be
assured. In fact any dimples, indentations, andtieavat locations where hydrodynamic
conditions already prevail may result in leakagéubficant. Aside from the now fairly usual
cross-hatch honing, the introduction of surfaceguerg onto cylinder liners requires time
intensive and fairly expensive processes suchses kblation, where the depth of grooves or
features remains a control issue as discussedptehs.
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6.3 Experimental results for differing piston confgurations

Surface modifications can alternatively be conddicie the piston skirt itself. There may be a
variety of reasons for this e.g. capital cost aipment and smaller processing area thereby
reducing cycle time (cost). Furthermore, the piss&int surface is naturally more suited to
laser processing due to its convex surface. Theessing of the internal bore surface
(concave) requires internal beam steering equipmgctt as specialist optics not required for

external convex piston skirt processing.

A further reason for piston skirt processing is doecylinder bore thermal and mechanical
distortion. Component distortion can modify the jomational gap such that it is not
necessarily at its minimum in the vicinity of theversal points. These distortions are often
due to structural design of the cylinder liner gnsiton, e.g. local stiffening, localised ‘hot
spots’, or shrink-fit insertion. These ‘additionalistortions can modify the position of the
minimum resulting gap such that it is some distaas&y from the originally considered
minima (TDC). In such circumstances the percetaegetedmodification at the TDC position
on the liner surface would not suffice. Hence a benof variously-textured piston skirts were

tested against a nominally plateau-worn and emleddender liner.

Additionally the piston skirt can be coated muchrenceadily than the cylinder liner with
many types of coating materials. Example procegsdsposit hard wear-resistant coatings are
PVD (physical vapour deposition) or PECVD (Plasmbaaced chemical vapour deposition
at room temperature) resulting in DLC with fairlpgoth topography.

Due to their smoother topography some surface mg&tare an alternative way of reducing
friction and inhibiting wear. DLC coatings are ani&y of carbon chains in an amorphous
structure, comprising of primarily $fitrigonal) or sp (tetrahedral) bonds. The hydrogenated
PECVD DLC coating used in this thesis has a vew doefficient of friction, typically 0.01-
0.2 depending on its exact structure. Furthermitve hydrogenated DLC with diamond-like
structure, a-C:H, has quite a low surface enerdychvfurther reduces the chance of adhesion
with a counter-faceMan et al (2004). The surface energy of DLC coatings depends en th
contacting fluid used. Measurements have genefladign made for the contact angle of

different types of DLC with water.
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Gohar and Rahnejat (2008) give the value of 60°, whilst a value between 577° is often
quoted by many researchei&@f et al (2008) Tagawaet al (2004). These contact angles are
relatively large, making the untreated DLC coatingther hydrophobic. In fad€iuru and
Alakoski (2004) suggest that untreated DLC coatings are essgntigirophobic as well as
oleophobic. For exampldao et al (2008) give the contact angle of ethylene glycol
hydrogenated witlhintreatedhydrogenated DLC as 52.5°.

A typical DLC coating has a relatively soft’sgructure top surface and a thicker inner harder
layer of sp structure. The upper layer can form a transfen fithich reduces the surface
energy and thus adhesion, whilst the lower layewvides hardness. During sliding contact
temperature increases. As DLC is oleophobic anctasily wetted with high sliding velocity /
shear this transfer film is worn / sheared away fiadion increases. This can be seen in
figure 6.8 as declining performance of a DLC coaiistion (P1084-K, fig. 5.11) vs. a standard
baseline AA2618 alloy piston (P1084-A, fig. 5.11).

During testing the DLC coated piston consistentiger-performed compared to the standard
piston due to its oleophobicity and smoother s@wf&urface retaining pockets of lubricant are
greatly reduced because of these factors. The férarigm is more likely to form in
concentrated high stress contacts as found in eppet or rolling element bearings. Both of
these contacts are with thinner film and a mixegime of lubrication, where application of
DLC has been reported to be benefididgornik et al (2008)note that a thin transfer film is
formed by DLC. This is very beneficial in the boang regime of lubrication. However, they
noted that such films are not usually evident unelastohydrodynamic or hydrodynamic
regimes of lubrication. With the piston-skirt-torBosurface predominantly operating in a
hydrodynamic regime this poor performance is thweefo be expected and in agreement with

literature.

Another tested coating was tungsten disulphide;.\WW&s, possesses low friction and a typical
coating thickness of 0.5-1um. Coefficients of foot as low as 0.03 have been reported,
making this coating suitable for space applicationthe absence of any liquid lubricant. WS
is oleophobic with a thin lamellar structure whiclibits molecules of lubricant residing on
its surface. The weak sulphur - sulphur bonds ntiakdamellar structure rather like stacks of
easily floating plates, which have practically neear strength, thus reducing friction. This
makes W$ one of the lowest friction materials known to scie. With thin lubricating films

containing extreme pressure (EP) sulphur-basediaeli tungsten reacts with the sulphur
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forming thin tribo-chemical films as reported Bpdgornik et al (2006) This film acts as a
thin boundary lubricant and similar to the DLC cadmve it is not observed with thicker
hydrodynamic conjunctions. Tungsten disulphidenidact super-hydrophobic. On contact
with water a contact angle in excess of 120° resilbte as the contact angle increases the
free surface energy is reduced, thus the likelihobdiscous friction. As in the DLC skirt
coated case, a lack of a tribo-chemical layer srdigpletion at higher shear rates (engine
speed) deteriorates the performance of the W&ted piston skirt. This is also observed and
presented in figure 6.8.

Figure 6.8 also includes the test results for topi$eaturing spray-coated skirts (figure 5.17,
3 component from the LHS). The coating used wasgdeséd Xylan 1010 (refer chapter
5.3.2) applied at a thickness of 12-20um creatiangy P1084-B (fig. 5.15). This coating too is
also oleophobic, hydrophobic (producing a contamgle of 126° with water, measured by
Critchlow et al (2006), and with a low free surface energy of 9nfl{far less than that of
DLC, between 30-50 mJAnas measured bao et al (2008)

Xylan coatings are primarily used as release cgatin resin transfer mouldings due in part to
their oleophobic propertie€ritchlow et al (2006) refer to this class of fluoro-polymer and
metal-PTFE coatings as abhesive, this being a tesed initially byZisman (1962)as an

antithesis of adhesion. Xylan 1010 has a propsgretamposition containing a high proportion
of polytetrafluoroethylene (PTFE) within a bindeatmx. Some Xylan grades also contain
molybdenum disulphide and other low friction drtlicants. The active ingredient within the
1010 grade however is only PTFE. In practice Xyimmoutinely used in the development
phase of a new piston, where the in-service runolegrances (and therefore required cold
clearance) are not known. Wear patterns createitheénrelatively soft and easily abraded

Xylan-coated skirts gives an indication of the attperating clearances.

From figure 6.8 it can be seen that overall theaXiytoated piston performs better than the
other oleophobic coatings; W&nd DLC. However, due to its soft nature it wequste
rapidly. There is an indication that at higher sabé shear a low shear strength film of PTFE
forms over the surface such that some power ga@n tve baseline piston is noted. The same
characteristic is often noted of M@ he solid Xylan coating has began to act as gnpetic
additive within the lubricant proper. However, thisston eventually tends to an uncoated

surface and emerging clearances can lead to exeeasikloss and blow-by.
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5 —e— Baseline uncoated piston (CRF450R) —=— Xylan coated piston (CRF450R)
4 —a— DLC coated piston (CRF450R) Anodised piston (CRF450R)
3 —a— WS2 coated piston (CRF450R)
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Figure 6.8 The effect of various piston coatingarface treatments

Figure 6.8 also includes the results of CRF entgséng with an anodised aluminium piston.
The piston was hard-anodised by immersing it intzath of cold (circa 8°C) sulphuric acid.
Initially a low voltage is applied (due to the highnductivity of the metallic piston surface)
thereby controlling the current per unit area af tomponent. The exposed surface rapidly
oxidises increasing the surface hardness from appetely 100-150VPN to 350-500VPN. As
the process progresses the potential differengaiéapvoltage) is increased so as to maintain

the optimal current with increasing internal resiste.

The much harder anodised surface is dramaticalfyanwed in terms of scratch resistance and
corrosion resistance. However, one problem withdasiiog is an increased surface roughness.
This roughness increase can exceed double thateotimtreated aluminium substrate. For
round bores honing of the anodised surface is aftelertakenNlistry et al (2010).

The results for the anodised piston show hardlyiarprovement compared with the baseline
piston for lower engine speeds, with quickly deteaiing performance at speeds exceeding
6500rpm. Increased NVH was noted with this pisparticularly at higher engine speeds.

The surface-coated piston skirts previously disedsasre hydrophobic, unlike the anodised
surface which has a contact angle with water otiredo30° (as measured Bplanca and
Hladnik (2000)) and are therefore hydrophilic. The anodised serfa also rough (0.5-1um

Ra), thereby facilitating lubricant retention withihe valleys of its topography. When an
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insufficient film thickness occurs friction is ireased relative to the baseline piston due to the
rougher surface. Significant wear was noted oncthnter-face area on the liner compared
with the baseline piston. This wear can be expthing the plasticity index¥ (Greenwood

and Wiliamson (1966) from equation 6.2.

' %
(E'Y o
w_(ﬁj@ 6.2)

where:

(Ej is the effective contact modulus over the hardiésise anodised surface.

o). .
(—J is a measure of average asperity slope.
;

o is the surface roughness;(Randr is average asperity tip radius.

The anodised surface has an effective contact medover the hardness of the anodised

surface some one quarter that of the baseline alumialloy piston € being unaffected by
the anodising process). The asperity slope is athby a somewhat smaller ratio. Hence, a
lower plasticity index means that more of a prora@ehploughing action (frictional increase)
on the softer counter-face occurs. This increasetidn is dependent on the relative sliding
speed of the surfaces as shown Gphar and Rahnejat (2008) This explains the

progressively decreasing performance of the andgisgon relative to the baseline piston.

As for the cylinder bore surface through honingsialso possible to introduce cross-hatched
texture features into the piston skirts. Such ohiked grooves can again aid retention of
lubricant in the contact, similar to the laser-etttieatures described above. Key parameters
of cross-hatched surfaces include the cross-hangte a(figure 5.7b), groove depth, and
spacing. Reasonable process control over each esfetlparameters exists. Clearly these
parameters play a role in the load-carrying cagaid film formation, and therefore one can
strive to find an optimal solution. There have badew such attempts to predict the effect of
cross-hatched honing angle.

One of the first attempts was reportedMichail and Barber (1995) solving the Reynolds
equation in its average flow form, proposedHatir and Cheng (1978) They represented the
honed surface by a combination of cosine termss ihanalogous to a cross-hatched, honed
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surface with removed peaks at the edges of thevgspahus forming a plateau. These plateau
surfaces are non-Gaussian and a better representedis provided bppenceret al (2010)

in a semi-deterministic manner, based on an avegageve width and cross-hatch angle.
Spenceeet al showed that for their investigation a maximum filmckness is achieved with a
honing angle of 35 Their findings agree well with those Mlichail and Barber (1995) who
noted that a thicker film is obtained with shallovwening angles near the dead centres. At the
TDC and BDC positions there is a tendency towarasixed regime of lubrication. Away
from the TDC and BDC positions the beneficial effa@as seen as marginal, as a coherent
thick hydrodynamic film was predicted. Based ondbeve findings a number of engine tests
were carried out with three cross-hatched pistaramts. These cross-hatch angles werg 30
90°, and 150 (figure 5.22). Prior to cross-hatching the basesh of these parts was far
smoother than the compared-against baseline pfst@pter 5.4.1). To allow the influence of
base finish vs. added cross-hatching to be undetsto' piston with smooth finish but no

cross-hatching was also tested.
Figure 6.9 shows the test results of these fouegyfithree-off cross-hatched and one-off
smooth) of piston compared against the baselin@#20component. Of note, the piston with

the produties maximum power gain over the standard parts Thi

result is in line with the predictions of the afiorentioned research workers.

Figure 6.9: Benchmarking of pistons with differéoining angle
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Figure 5.22 shows diamond-shaped (rhomboid) plateeeated by the cross-hatching process.
Each diamond shape plateau is due to the intramtuadf overlapping grooves onto the
surface. The angle of these grooves is dependeatoss-hatch process parameters where the
shallow included angle produces grooves more odhalgto the entrainment flow (i.e. RFE30
is more orthogonal to flow than RSFE150). Due is thrdered groove orientation the shallow
cross-hatchings act very similarly to the laseatdd features discussed earlier. Conversely,
steeper cross-hatch angles divert the flow awasn ftbe rhomboidal plateaus. This is the
reason for relatively poorer performance of RSFE1&fen compared with the baseline
untreatedpiston, as the grooves are almost along the drectf lubricant entrainment thus

leaving the rhomboidal plateaus somewhat parched.

Finally one should note that lubricant temperatpl@ys a critical role in the lubricants’
interaction with conjunctional surfaces. In the abaoests carried-out on the CRF engine no
specific control of lubricant temperature is pobsiihe CRF engine features a self-contained
internal lubrication system. The lubricant is irditly cooled by heat transfer to the water
cooling circuit or external atmosphere by meansarfduction through the predominantly
aluminium engine structure. Heat transfer coeffitsewould be unlikely to increase in value
proportional to engine output (fixed section thiekses etc.) and therefore, in the case of a
nominally constant water circuit (sink) temperafwi temperature (source) varies depending

on engine load.

The ASME engine test rig described in chapter Soksacontrol of bulk oil temperature
without any appreciable thermo-elastic distortidntlee cylinder. This allows the study of
lubricant effect at different temperature, with thgpothesis that control of lubricant
temperature in the bulk can have a significantotfigoon viscous frictional power losses.
These losses dominate in the hydrodynamic regimabwifcation which prevails for most of
the piston cycle, even during the power strokeufgg.10 shows results for identical pistons

where bulk oil temperature was controlled duringaas rotational speed testing.

From figure 6.10 it can be seen that the higheteamiperature with lower effective viscosity
(the standard case) performs better than all dédstéed temperatures. This is a rather expected
result. However, it shows the reasons behind thes dor use of lower viscosity lubricants in
engines. The same may not be the case for highlyeld concentrated contacts such as the

cam-tappet pair. Herein lies the conundrum.
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Figure 6.10 ASME: Baseline part (STD) vs. oil temgbere
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Chapter 7

Numerical results

7.1 Preamble

This chapter provides simulation studies of trilgidal conditions predicted using the methods
outlined in chapter 4. The analyses reported @ndiure often correspond to ‘cold’ piston skirt
profiles, such as those reportedlbyet al (1983) Knoll and Peeken (1982)Oh et al (1987)
Balakrishnan, Howell-Smith, Rahnejat, and Dowson,Z003) Balakrishnan and Rahnejat
(2002) andRahnejat, Balakrishnan, King, and Howell-Smith, (2@6). In some of these
analyses isothermal contact conditions are assumleereas some others have adjusted the

lubricant viscosity according to measured or assbooatact temperatures.

In practice and under fired engine conditions kb contiguous surfaces (i.e. cylinder liner
and the piston skirt) are subject to thermo-elagigtortion as described in chapter 4. Some
analyses, notably bpffner and Priebsch (2000)and McClure (2007), have taken the
distorted shapes into account. The former usegefiglement analysis to incorporate global
elastic distortion, whilst the latter includes thermal effect as well. Although the numbers of
studies including thermo-elastic effects are sntladly do show that the ‘hot’ skirt conjunction
renders a contact footprint shape which is quissidiilar to that generally used in most (cold /

rigid body) tribological studies.

The skirt-to-bore contact ‘footprint’ shape, aswhan chapter 4 figure 4.9, in fact points to a
much smaller contact area than that of the enkiire @igures 7.1 & 7.2). This means that the
skirt-to-bore contact is of differing conformabylithan that assumed in the case of ‘cold’ skirt
profiles. Nevertheless the predictions made with‘told’ skirt analysis, in some cases, agree
quite well with the measured film thickness usingasonic sensors as reported Dwyer-
Joyce, Green, Balakrishnan, Harper, Lewis, Howell-8ith, King, Rahnejat (2006) and
Gohar and Rahnejat (2008) Note that these studies have used motorised enests.

This chapter presents a series of simulation studieboth ‘cold’ and ‘hot’ piston skirt
conjunctions and combines these with the experiatdimdings of chapter 6 to make some
key conclusions. In all cases the analyses incladgistment to the lubricant dynamic

viscosity with pressure and temperature (i.e. $eaf effective viscosity).
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Figure 7.1 Localised piston skirt contact Figur2 [focalised bore thrust wear

These analyses are purely hydrodynamic / elastoldymiamic studies (i.e. a fluid film regime
of lubrication is assumed). In reality some of firedictions yield lubricant film thickness
which are insufficient to guard against direct aoe interactions, although an asperity

interaction model is not included.

7.2 EHL of ‘cold’ skirt profile

There are a number of prime positions of intenestny tribo-dynamic analysis of piston skirt
or ring pack to cylinder liner contact. Two suclspions are the reversals at the TDC and the
BDC positions. At these reversal positions the prgn mechanism of film formation
(entraining motion) ceases resulting in film dejplet The positions of the inlet menisci are
fortunately relatively close to the contact propeereby providing an immediate lubricant
reservoir once relative motion reoccurs. From theservoirs, lubricant is entrained into the
contact depending on the direction of motion. Tdason takes place 4 times in each cycle of

a 4-stroke engine (twice per crank revolution).

The main mechanism of lubrication at TDC and BDGitans is the squeeze film effect. This
is any film of lubricant which may be entrappedhe contact in a formedimple (an elastic
locally deformed cavity on the contiguous surfacasjetained between the asperity pairs of
the contiguous surfaces. The first mentioned mdshanplays an important role in
reciprocating rolling element bearing applicatiolms in cam-tappet contacts whilst
transitioning from the cam flank to the cam nosgiae (wvind-up) and returning back to the
flank wind-down(Kushwaha and Rahnejat, (2004)

However, unlike the aforementioned concentratechtmtforming contacts in the valve train,

the piston-bore contact presents a large area difala conforming contact resulting in
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generated pressures which are considerably lowete(is of MPa) and thus insufficient to
cause any significant localised deformation. Thenefany mechanism of squeeze is by rigid
body approach, and hence there is a low chancduaf film retention. Thus lubricant
entrapment is the only potential mechanism durimgfainces of reversal or low speed of
entraining motion. Hence, as far as lubricationdscerned, suitably rough surfaces can act as
sources of lubricant retention. However, any erngaisperity interactions also act equally well
as the main contribution to friction, both by adkesfriction as well as ploughing
(deformation) friction Gohar and Rahnejat, (2008). These contradictory effects have been a
source of empirical action in practice for manyrgedherefore, for these positions (i.e. TDC
and BDC), an asperity model would be essential m$xad regime of lubrication is expected
at best. Hence this thesis does not concentratthese positions, but at the positions of
maximum combustion pressure / maximum horizonti $orce where the speed of entraining
motion is still quite low. This combination ofterccunts for the worst tribological outcome,

especially when thermo-elastic effects are included

The cylinder bore / liner surface topography isetdty developed depending on the

application type. Very generally it is smoother fagh-speed race vehicles (<umhRa) than
the niche OEM (0.2xkmRa), and coarser still for the OEM (0.,881Ra). This trend is driven

by the relatively short life of race engines codpleith the use of low viscosity lubricants
(reduced viscous drag), where some wear at revpasals (and ensuing asperity friction) is
accepted and offset by reduced viscous drag. High-palliative actions are, however,
required to ensure even limited acceptable sempmEzation ranging from high cost surface
coatings through to extreme geometric tolerances.

Ideally bore roughness would be variable with resge the entraining speed. This is,
however, difficult to achieve whilst maintaininghet parameters such as geometric form and
manufacturing efficiency. Bore roughening to inseaeliability in service is practically well
known, with evidence of this even in the early steangines (if not much earlier), and
certainly before the fundamental understandingsrgeaefrom the works of ower (1883and
1885)andReynolds (1886) It seems that the engineers had appreciated,saloyointuition,
that there is less chance of a lubricant film akrsals and some may be entrapped between

rough surface topography.

A further position of interest is where the maximaombustion pressure and maximum side

force occur. The piston instantaneous positionresmonding to the peak combustion
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pressure, occurs shortly after TDC due to the fhat combustion is not an instantaneous
process. For net work to result this does not syimoadly coincide with the position of

highest efficiency with a crank-slider mechanisnigh¢st efficiency in case of instantaneous
combustion would be at TDC (0°). In practice, 12-i3a typical crank angle after top dead
centre for this to occur (Figures 7.23 & A1.5). Psale force is dictated by the combustion
process and the geometric arrangement of the @ladde mechanism. Figures 7.23 and A1.12
show this occurs shortly after the peak combustient. Although the side force is increasing
from the point of combustion the sliding velocisyalso rapidly increasing. Therefore, from a
tribological consideration, a combination of higiadl and relatively low speed of entraining
motion usually accounts for some of the most setréyelogical conditions prevailing around

the peak combustion time.

This is particularly true if elastohydrodynamic ditron is not achieved. For this to occur, as
originally proposed byGrubin (1949) and now generally predicted and observed, the
contiguous solids should undergo some local defaomaand the lubricant viscous action
should also take plac8alakrishnan, Howell-Smith, Rahnejat, and Dowson, Z003) noted
that in the piston skirt conjunction the genergisessures were only sufficient to cause elastic
deformation at the maximum combustion pressuréénctase of a race engine, which is also
investigated in this thesis (Honda CRF 450). Howerne appreciable piezo-viscous action of
the lubricant was noted throughout the engine cy@alakrishnan, Howell-Smith,
Rahnejat, (2005)andRahnejat, Balakrishnan, King and Howell-Smith (2006).

All these analyses were for a ‘cold’ skirt profileThe cylinder bore was assumed to be a
perfect right circular cylinder and the piston pieofas shown in figure 7.3. Of note are the
relief radii at the top and bottom of the pistoiirtska feature used to create a hydrodynamic
wedge in order to entrain a film of lubricant infee contact. Although these are common
features of all modern pistons, minimal detailedadiogical studies have been reported as to

what constitutes an optimum piston skirt reliefivad

It is clear that a sharper inlet wedge results imgher pressure gradient (increased Poiseuille
flow). This would suit higher speeds of entrainingption, usually encountered in high-
performance engines. However, large relief radin eso result in thicker films that can
extend further towards the exit and breach anyregssealing effect, as in the case of
compression rings. Large relief radii can alsobitithe formation of an inlet meniscus where
the lubricant should be able to wet both of thetigmous solids and cling / adhere to them by
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forming a bridge. Figure 7.3 shows the relief raied in the case of the piston skirts used in
this thesis (In this and the accompanying figur@sindicates the skirt lower edge on the skirt
centreline). These radii have been used by Capridatomotive, based on many years of in-
field and engine testing experience, for maximuhabdity and performance.

T T T T T
401 .
-
20 -
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0 1 | 1 —t 1
oY 0.005 0.01 0.015 0.02 0.025 0.03

Figure 7.3 The undeformed CRF ‘cold’ piston skkiah profile

(courtesy of Capricorn Automotive Ltd)

The analysis for a ‘cold’ skirt was carried out Bglakrishnan and the authdglakrishnan

et al, (2003 2005) andRahnejat et al, (2006). Here some of the salient points of the results
reported in the above mentioned work and the upitherireasons for those are highlighted.
Detailed description of this earlier work is regaltin Balakrishnan, Howell-Smith,
Rahnejat and Dowson (2003)

The very initial numerical analysis was motivatgdtbe early investigations of Perfect Bore
Ltd. (now Capricorn Automotive Ltd) regarding inased piston skirt roughness. The aim of
the investigation was to ascertain any improvemantsng from designed roughness in the

form of an increased lubricant film thickness. ilmelwith other numerical models at the time,
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the ‘cold’ piston skirt profile was used as wellas assumption of a perfectly round cylinder
liner. The chosen case examples were a contempérhargngine Balakrishnan, Howell-
Smith and Rahnejat (2005) and for the case of previously detailed (ChafemHonda
CRF450R. The skirt profile given in figure 7.3 cesponds to this Honda case. A nominal
piston-bore / liner clearance of 47um (radial) wasd for the analysis, and contact load of
3220N was obtained at the instant of maximum comndmugpressure of 9.03MPa (Figure
5.37).

Figure 7.4 shows the predicted pressure distributo a standard piston skirt against a cross-
hatched and honed Ni-SiC coated cylinder liner.eNbit the CRF piston system considered
here is the modified wet-liner barrel (Chapter Bsigned and developed by the author to
modify the standard Honda CRF piston-bore configoina In this figure the direction of
entraining motion is from right to left as the pistis sliding downwards on the power stroke
(left to right). There are two pressure spikeshim pressure distribution; one at the inlet wedge
and the other at the outlet, prior to the diverggayp created by the relief radius at the top of
the piston skirt.
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Figure 7.4 Hydrodynamic pressure distribution atRrf11°)
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These pressure spikes may be conceived as edgg diseontinuities, where an abrupt change
in the profile causes a corresponding sharp risthéngenerated pressurdalakrishnan,
Howell-Smith, Rahnejat and Dowson (2003)andGohar and Rahnejat (2008)present the
generated pressure distribution in isobaric formslamswvn in figure 7.5. The figure key refers to
regions of pressure as indicated in MPa. This shamvelongated contact footprint deviating
from a rectangular shape. It somewhat resemblesgabdne or dumbbell shape contact
footprint, more commonly encountered as the 90&teak footprint shape of a roller indenting
a semi-infinite elastic half-spacevi¢stofi, (1981), Mostofi and Gohar, (1983),and
Kushwaha, Rahnejat and Gohar, (2002)

Similar footprints are also noted for cam-tappattaot Kushwaha and Rahnejat, (2002)

However the similarity between these finite concated line contacts and the current
footprint ends in shape only. Whilst finite linentacts have a relatively large aspect ratio
(much longer than the width of contact, the lakteing the direction of entraining motion), the
footprint shape here has a much lower aspect aatibthe direction of entraining motion is

along the length of the contact (axial directiorired piston skirt).
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Figure 7.5 Cold skit isobaric pressures (Pmax, 11°)
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In all tribological conjunctions, including that dfe piston skirt, any pressure spike inhibits
the flow of the lubricant into the contact. Mosttbé lubricant flows around the contact, like
in nature where water takes the path of leasttesie as noted bohar and Rahnejat
(2008)

The corresponding predicted oil film thickness comtfor the pressure isobars of figure 7.5 is
shown in figure 7.6. The piston skirt for this caseeferred to as that standard OEMwhich

is considered to bemooth(i.e. with no surface roughening modification).eTactual surface
roughness (Ra) for this type of skirt was meastioede nominally in the range 0.1-0.3um.
The contour levels in the figure are in micrometodslubricant film thickness. A more
detailed picture emerges by a cut through the eemitthe contact in the axial direction, as

shown in figure 7.7.
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Figure 7.6 Qil film thickness contour for caseip 7.5
(afterBalakrishnan, Howell-Smith, Rahnejat and Dowson(2003)
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The thinnest films actually occur in the areas esponding to the generated pressure spikes.
These are along the flat portion of the pistontskiral profile, immediately before the change
in profile introduced by the relief radii. The filmhape indicates local deformation of the
piston skirt which is reminiscent of an elastohytimmamic regime of lubrication, except that

lubricant viscosity hardly alters, given maximunegsures of the order of 29MPa.

It is clear that for typical engine oils of presswiscosity coefficientr = 10® Pa, ap=0.029,
an almost iso-viscous condition results. Using Bardaw (4.14), for examplen =™,
nlLho. Hence no piezo-viscous action of the lubricantosed. Therefore, aBalakrishnan,
Howell-Smith, Rahnejat and Dowson (2003have also noted, the contact condition may be

regarded as iso-viscous elastic. Some refer to soietiitions asoftEHL.
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1.75F . | -
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V' 0,002 0004 0006 0.008 0.01 0012 0014 0016 0018 0.02
Along axial direction (m)

Figure 7.7 Centre line (90°) lubricant film thiclgsefrom fig. 7.6

From figure 7.7 and where the RMS surface roughoé#ise counter-faces isgms=0.56um,

then the Stribeck oil film parameter i% =1.6/0.56= 2.8t, which indicates full fluid

RMS

film lubrication, potentially under elastohydrodynia conditions. Similar analysis carried out
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in different locations other than at reversal poigiteld similar results. However, these are
mostly under a hydrodynamic regime of lubricatidhese results do not support the in-field
observations, where wear scars are evident not anthe dead centres, but often at other
locations (Figure 7.2).

It is clear that a salient practical feature isinctuded in the above analysis. This is the global
thermo-elastic deformation of the piston. The dista of the piston under operating
temperatures changes its shape and thus the fatotontact area that it would make with the
cylinder bore / liner. This deformation also depewod the construction of the cylinder barrel
and the way it is restrained. Therefore it is intgot to predict the shape of the contact
footprint prior to any tribological assessment. Ghebalin situ shape of the contacting solids
would tend to change significantly from the casdha ‘cold’ skirt analysed thus far. Their
thermal expansion would reduce the clearance gdpam result in better conformance of the
counter-faces. Chapter 5 and Figure 6.1 detail redtexperimental work performed on the
CRF engine to measure olil film thickness. A goodealation resulted between predicted and
measured values, thereby somewhat verifying theenigal approach employed. For further
details refer taDwyer-Joyce, Green, Balakrishnan, Harper, Lewis, Hwell-Smith, King,
Rahnejat, 2006)

7.3 EHL of ‘hot’ thermally deformed piston skirt conjunction

When the effect of thermal expansion of the pistentaken into account the contact
conformity is enhanced and a larger contact footf@iea is expected. To obtain this deformed
shape of the piston skit situit is necessary to compute both global thermalilugas well

as the localised deformation due to generated ochpnal pressures (Chapter 4).

The local deformed profile of the piston skirt afteermal analysis is referred to as the ‘hot’
skirt profile. This is imported into a subsequerdLEanalysis as the initial profile which

determines the gap at a particular location inglston cycle (i.e. at a given crank-angle).
Therefore, it may be regarded as the initial cociiom which is subjected to further localised
analysis to obtain the pressure distribution (fil@eynolds’s equation) and the corresponding

lubricant film thickness.
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Figure 7.8 Skirt profile after ‘hot’ thermal analygPmax)

After the thermal analysis has been performed tbforthed piston skirt for the same
conditions (position and load) as that for the &akirt is shown in figure 7.8. In this instance
the thermal expansion of the bore / liner is assltoealso yield a right circular cylindrical
profile. The three-dimensional lubricated contaoesgure distribution resulting from this

condition is shown in figure 7.9. There are twoevadrthy points.

Firstly, a better degree of contact conformity iserved (a larger contact area), which is best
noted by comparing the high pressure regions oistbigaric pressure plots of figures 7.10 and
7.5. Note that at maximum combustion pressure tsi@ip adheres to the thrust side. In the

case of the former (‘hot’ skirt) nearly00 of the circumferential profile constitutes the tamt

footprint, whilst this is only50" in the case of the ‘cold’ skirt (compare fig. Wih fig. 7.4).

Secondly, with improved conformity the generatedspures including the pressure spikes at
the inlet and outlet positions have reduced, wiiehalds improved tribological conditions.
However, this initial analysis lacks the importaoint of not taking the barrel constraints into
consideration. This affects the distortion of tireet and hence the proper contact footprint

shape. This is remedied by a detailed thermo-el&&A forin situ conditions.
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7.4 Thermo-elastic distortion

The modified Honda CRF barrel described in chafter not unconstrained. It is held within
the block by means of a transition fit and nitfdérings (figs 5.3 & 5.4). The outside of the
liner is subject to differing thermal parametersaigv jacket, etc.) and the horizontal surfaces
are subject to cylinder clamping loadsus its thermo-elastic deformation does not yeeld

right circular cylindrical shape as assumed inghevious case in Section 7.3.

The method of thermo-elastic finite element analysidescribed in chapter 4. Here, examples
of piston skirt and liner global deformation areeagi for the various key angular positions.
More in-depth results are provided in Appendix BeTconjunctional footprint results from
piston skirt and liner conformance reachedsitu when subject to calculated forces and
thermal influences. Calculation of piston and littegrmal and structural deformation is based
on their initial undeformed geometry, material prdpes, loading (chapter 3), and an initial

gap (real world clearance, figuratively shown gufie 7.11).

7.4.1 Procedure for evaluation of thermo-structuraldeformation

During operation, the IC piston is subjected tohbibiermal and structural loads. Tribological
analysis critically requires the correct curvatarel separation for the contiguous bodies to be
considered, as well as the reaction forces angpeed of entraining motion of the lubricant
(chapter 3 & 4). The form of the piston and, t@sskr extent, the cylinder bore are non-trivial
as manufactured and as discussed in chapter Garaniirther influenced by the presence of
thermal gradients throughout the components. Theadiveffect of thermal influence in this
case is that of drastically reducing the ‘as-mactufi@@d cold’ clearance. This reduction in cold
clearance logically affects the tip and translaBgssumptions made earlier.

To calculate lubricant reaction acting upon thégpiskirt the following steps are required:
1. Calculation of correct part clearances due to tlaeffects (thermal analysis).
2. Calculation of relevant forces (chapter 3) which gmon the piston exerting a contact
load onto the cylinder bore.
3. Calculation of piston and liner structural deforioatbased on thermally deformed
geometry and material properties, resulting inratial conjunction lubricant ‘gap’ and

the overall liner reaction force.
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. Calculation of lubricant reaction based on the theta sliding velocity of the

contiguous solids in contact and the lubricant kg utilising representative starting

geometry (1-3) shown diagrammatically in figurelzZ.1

O

No forces applied
T=20°C

No forces applied
T=operating

Forces applied

\

Resulting

T=operating

profiles

Figure 7.11 Diagrammatic representation of skifodaation

Part
Piston

Liner

Gudgeon pin

Connecting rod

7.4.2 Calculation of thermal distortion

Reference
P1084-06
L2017-07
PN3035-01
OEM

For steps 1 through 4 a developed part detailedhapter 5 was used with defeaturing as per

the accepted norm for FEM@Ebley et al, (1998). The exact component references are:

Differential temperature within the IC cylinder lde differential growth of the components
Bosch(2007)andAbbeset al (2004) Figure 7.12 shows a thermal profile for a 53K\epark

ignition engine with 7.3MPa peak cylinder pressared figure 7.13 shows the resulting
differential expansion for a diesel piston.
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Figure 7.12 Temperature gradient withina  Figure 7.13 Piston thrust axis thermal
spark ignition pistonBosch, (2007) deformation Abbeset al, (2004)

Analysis of the thermal expansion of the pistonthe bore at the instantaneous operating
temperature is based on the residual hardnesdatmreof components against a known part
history (annealing time). This yields the averag@perature at a given point, which is then
used as a positional temperature target for thdytee calculation (interpolation of

unmeasured areas and calculation of thermal sgesgkstrains).

Abbes et al (2004)presents a largely convective approach to in-dginthermal analysis of
components, listing suitable bulk convective transfoefficients as noted in table 7.1. Bulk

temperatures are given as the average cylindeteggserature throughout its cycle.

h;=310W/nfK h,=490W/nfK hs=240W/nfK
h,=490W/nfK hs=350W/nfK he=90W/nfK
h,=1880W/niK hg=320W/nfK hy=200W/nfK
h.;=800W/nfK hy:=700W/nfK hy,=200W/nfK
hys=50W/nfK hy,=320W/nfK hys=2500W/niK
hye=50W/nfK h,7=50W/nfK

Table 7.1 Mean heat transfer coefficients usedasel piston analysis
(Abbeset al, (2004)

Table 7.1 shows a range of heat transfer coeffisieanging from 50 to 2500W/AK. By
means of altering the regional bulk temperaturenfmastion chamber, piston under-crown,
water jacket, etc.) this results in a close fitte measured data, and by extrapolation to the

physically unmeasured areas. Appendix 5.4 detagsriethods used to calculate physical part
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running temperatures. In accordance with Newttawss of cooling this method involves two
unknowns in steady state approximation a) bulk emaipires and b) the relevant heat transfer
coefficients (HTC). As HTC’s vary widely and are affect a composite of heat flow
phenomena Goulson and Richardson, (1999) the chosen method is to fix the bulk
temperatures at an experimentally averaged valderadify the starting transfer coefficients
until the resulting analytical temperature agredh the temperature values from the hardness

measurements.

The finite element method was used on a suitablfedtired half model due to one axis of
symmetry. The correct outer ‘barrel’ and ‘ellipticeorms were applied to the piston and the
maximum diameter was set as 95.911mm. The resuhigrgnal distribution and displacement

are given in figures 7.14 and 7.15.

Actual heat transfer coefficients and fixed bougd@mperature values utilised to produce
figs 7.14, 7.15, 7.18 and 7.19 are detailed in Apipe5.1.

Temp (Celsius) URES (mim)
0272
0231
LoDa:n
0210
_ 0180
. 0463
0149
L0129
B 008
0.03&
0067

0047

0026

Figure 7.14 P1084 Predicted temperature Figure 7.15 P1084 Thermal displacement

For the cylinder liner service temperature is tgflic below that resolvable by annealed
hardness correlatioiKumar et al (2004) report that the internal surface temperature farofi
decreases from 155 at the cylinder top to 110 at its base. Research conducted at Capricorn
Automotive Ltd (fig 7.16), cross-referenced by (fig. 7.17), yields a general trend
for wet aluminium liners in 4-stroke high perforncanengines of 25°C above the mean
coolant temperature in the working contact areath&f piston skirt. For this work the
experimental coolant temperature was set aE9%he resulting temperature distribution and
thermal displacement of the L2017 liners are givefigures 7.18 and 7.19.

175



Chapter 7: Numerical results

Delta T (C)
20 25 30 35 40 45 50 55

=
i
L]

*

% distance from liner top

Delta T vs. liner height
(‘wet' aluminium alloy liner)

Figure 7.16 ‘Wet’ liner surface temperature Figure 7.17 ‘Wet’ liner surface temperature
differential profile
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Figure 7.18 Thermal distribution in liner  Figure 7.19 Resulting thermal displacement
x.y,2)

126

123

1

18

116

Figure 7.22 shows side by side the absolute thedimplacement of the piston and the liner as

well as structural effects discussed below.

7.4.3 Calculation of thermo-structural distortion

Differential temperature within the IC cylinder cbmed with varying loads results in a
complex multi-physics load set. A quasi-static thestructural (QSTS) FEA model is
constructed containing the cylinder bore, the pistand a representative gudgeon pin /
connecting-rod small end. Loads from chapter 3ifjeer and expanded in appendix 1) are
then applied and suitable contacts are made betweencontiguous bodies. Boundary

constraints (appendix 5) are so chosen in orddedst influence the results and achieve
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correlation to the actual engine parts, requirimg tise of an artificial cylinder head. Figures
7.20 and 7.21 show the model developed for QST§sisa

Figure 7.20 shows the constraints used in the Q&Taéysis. A half-model is used with a
symmetrical constraint on all the cut body faces.idealised cylinder head is used to join this
to the cylinder liner, whose inner surface is sotgd to the same thermal loading as the piston
crown. This allows the upper portion of the cylindieer to expand due to any temperature
rise in the radial direction, whilst it ensurestthle top liner surface remains nominally

horizontal as in a typical gasket sealed cylindsadito-liner interface.

LLLL Ly

Figure 7.20 QSTS constraints Figure 7.21 QSTS loads

A force is applied to the upper surface of the lided head to represent the cylinder head bolt
torque loads and a vertical hole in the centrénefitiealised head ensures global restraining of
the liner assembly. The lower flange on the linexgside diameter is constrained vertically,
as is the lower face of the idealised gudgeon-pimnhecting rod small end. The piston is only
constrained by the symmetrical cut face and costimined between the idealised gudgeon
pin and the liner’s internal surface. Therefore, piston is able to tip and translate towards the
cylinder bore, as well as deform due to pin bendirigs constrained system remains common
for all the load cases considered in this thesis.
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Figure 7.21 displays the forces applied to therabe (refer to Appendix 5 for exact values).
Thermal deformation (fig. 7.22) is calculated filsy a subroutine, and the forces and
pressures are then applied. Figure 4.9 providéswechart for the steps required to calculate
deformed piston and liner profiles at any instantime (crank-angle position). Appendix 3

provides additional details and the resulting confaotprints’.

Centreline component displacement (CRF)
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Figure 7.22 CRF skirt and bore distortion

From figure 7.23 several key crank angular pos#tiaith high resulting contact pressure can
be noted. These are in line witm et al (2009) noting their occurrence over a large portion
of the thrust part of the cycle. Combustion startmediately prior to the top dead centre in
the power stroke. However, the in-cylinder pressdmes not reach a maximum until 11°
crank-angle (figure 7.24a) after the top dead eemtlthough the vertical force is a maximum,
overall side force is not a maximum due to thetietly low connecting rod obliquity. In fact

the actual side force continues to increase, (maxinat 26° ATDC) though it maintains a

similar footprint (figure 7.24c).
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The peak side force occurs at 26° after top deattegfigure 7.24c). After this position side

and combustion forces begin to or are in declinewvéer, due to the geometric behaviour of

the cylinder structure, contact pressures actuallyease. This is due to the relative lack of

conformability in the liner central portion, wheee stiffening rib is present in the case

investigated here. Figure 7.24d details this pheamamand figures 7.1 and 7.2 show actual

physical examples of this (high position pistonriskiear and mid-span wear on the cylinder

bore (fig. 7.24e)). This finding, although in praet realised, is somewhat absent as an

observation in literature.
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Figure 7.23 CRF analysis parameters vs. rpm.
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Figure 7.24e Relative footprint position of pisteithin liner

7.5 Thermo-elastic EHL

Chapter 4 and sections above describe the methemtitagyenerate deformed piston skirt and

deformed geometries and operating conditions.

cylinder wall geometry. The resulting geometry isedto the combined effects of system
forces, as well as thermal and differential thereféécts. Chapter 4.8 details the numerical

solution procedure used to calculate lubricant treagressure and film thickness for these

Figure 7.25 provides lubricant pressure distributior the CRF P1084 piston to L2017 liner

for the initial starting conditions dictated by amgular position of I8ATDC (approx midway
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between peak combustion pressure and peak side)fofbe lubricant properties used are

given in Appendix 5.
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Figure 7.26a Film thicknesgrfh) contour (hot constraint skirt)
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Figure 7.26b Lubricant mass flow vector plot (hohstraint skirt)

Figure 7.26a shows the resulting film thicknessteors in micrometres and figure 7.26b
figuratively displays lubricant mass flow. Althougficker than those previously reported for
other cases, excluding those of thermo-structimalkj distortion, it can be seen that the film
thickness minima occur in a similar position totthgported by structural contact calculation
alone (fig. 7.24b).

Figure 7.27a superimposes the resulting film thédenfrom figure 7.26a over the actual run
piston skirt (CRF with an assumed ‘smooth’ skifthe regions of minimum film can be seen
to clearly translate to regions of actual wear thuthereby validating the predictive methods

used in this thesis.

Figure 7.27b provides a cut through the centrat ghkane of figure 7.26a. It can be seen that
oil film thickness reduces from the skirt lower edtpwards a point below the oil ring
position. Likewise, skirt structural stiffness alismreases from the open edge to the oil ring

position.

Both localised deformation due to lubricant reatfmessure and reaction pressure reaches a
maximum mid-span along the skirt similarly, thougfslightly differing positions; most likely

due to the bottom-top variation in skirt stiffness.
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Figure 7.27a Film thickness prediction overlay antlial run part
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7.6 Surface modification

The analysis carried-out here and in fact repoeledwhere ©Qh et al (1987) Balakrishnan,
Howell-Smith, Rahnejat, and Dowson(2003), Balakrishnan, Howell-Smith, Rahnejat,
(2005) and Offner and Priebsch (2000) show that in parts of the engine cycle fairly thin
films of the order of a couple micrometres are mted. With thermo-elastic deformation of
the piston and increased conformity these thinditian alter. The situation is also exacerbated
at the reversals, with cessation of entraining amotirherefore, as already shown in this thesis,
gradual wear of the surfaces can result with adagaate film of lubricant. This situation is
not uniquely applicable to the piston skirt conjum, but to a host of tribological
conjunctions at low speeds of entraining motion arslifficient pressures to induce piezo-
viscous behaviour of the lubricant. This is patacly true of conforming or partially-
conforming surfaces. They include various jourredrings and even hip joint arthroplasty. Of
note, component wear has been noted by the aushartisne-dependent phenomena. This is
generally reported in automotive engineering asaking-in’, often resulting in rapid initial
wear, thereby intimately modifying the contiguousfaces. Once this initial wear has taken
place a relatively long period of stability ensus®reby requiring careful timeline (part life)
analysis to be conducted before concluding geometrisurface suitability / degradation

mechanisms.

A number of solutions have been used to either avgprthe load-carrying capacity of such
contacts (increase the film thickness) or redueectiance of ensuing wear where a sufficient
lubricant film thickness cannot be assured. Onat&wl is to introduce surface modifications.
These include a number of distributed surface feattypes Rahmani et al, (2007).
Rahmani et al (2007) provide a review of various distributed surfacatéee forms. They

classify these into two overall categoripssitiveor negativesurface features.

Positive surface features are those that standdpsbthe contact surface. The most common
of these used bEtsion (2010)are hemispherical dimpleEtsion and Sher (2009)advocate
the use of dimples, noting that such modified ssg$ahave shown improvements of the order
of 3-4% in power output (attributed to reducedtfoi). Positive features improve lubricant
film formation by a combination of lubricant retemt through formation of menisci and

creation of micro-wedges.
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Rahmani et al (2010) refer to features that are cut into a contactindase as a negative
feature. Negative features are typically eithehett; usually by laser, or are as the result of
micro-indentation. The authors show through nunagr@nalysis that distributed conical
negative features lead to highest load carryingaciéyy thus resulting in thicker lubricant
films and consequently lower friction. Lubricantnfi formation with negative features is
through micro-wedge effect as well as lubricanémébn in the form of reservoirs / pockets of
oil. Micro-indentation, although tried in this thessee chapters 5 & 6), can be a long
fabrication process with difficulties in repeatalyiland control of depth of indentation, as well

as plastic deformation of edges of the indentatreqsiring a further honing operation.

Laser etching is a far quicker process and, in ¢oation with subsequent honing, results in a
reasonably commercially economic method. Accuratdrol of the laser beam is required to
create the required grooves on a concave surfagegeylinder liner) at a controlled depth.

Issues with depth control and generated fume / wpliaktter are the main drawbacks.

This problem is reduced considerably when laseatall is carried out on convex surfaces
such as on the piston skirt rather than on ther'§neoncave surface. However, surface
‘roughening’ is not necessary at all piston to bbtaer contact positions. This is desired
where mixed or boundary regimes of lubrication expected such as at the dead centres.
Therefore introduction of laser-etched or turneatdees on the piston may lead to oil loss in
parts of the piston cycle where a sufficient filinwbricant already exists, such as at mid-span
and at high sliding speeds. This problem may alsw&ibwed as an evolutionary one due to
progressive industry reduction in crank case laicviscosity, where such issues become

prevalent unless remedial actions are undertaken.

Nevertheless, problems of additional cost and slghloss are not viewed in the motorsport
industry as critical as they might be regarded by OEM market. Hence in this thesis
negative features introduced by laser-etching dngipal indentation have been used on the
liner surface and for the piston skirt, laser aighand single point turning (Chapter 6). The
numerical analysis is carried-out for the casehaf single point turned piston skirts and is

computationally very time and memory intensive

Rahnejat, Balakrishnan, King, and Howell-Smith (2006) report on a case where curved

shaped cavities (negative features) were cut hecstrface of the liner (see chapter 6). These
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appear in a pattern at the TDC position (figure55&hd Howell-Smith, 2006) In an

alternative approach, features resembling an alsesttooth sinusoidal profile were turned
onto the surface of a piston skirt, utilising a sply shaped polycrystalline diamond insert
(figures 7.28 and 5.18) by the author after nuna¢pecedictions carried out alakrishnan,

Howell-Smith and Rahnejat (2005) predicted potential significant improvement in the
conjunctional oil film thickness. The saw-tooth urat of the modification pattern is as the
result of sharp edges of the grooves cut by sipgiat turning. Alternative methods are

detailed in chapter 5, including physical roughgnot the liner surface by indentation and
laser milling of piston skirts.

s (um)

100

0\|10

0.005 0.01 0.015 0.02 0.025 0.03
X (m)

Figure 7.28 Modified skirt surface featuring arrantuced sinusoidal waveform

This ‘skirt roughened by turning’ variation was bs&d at the same position within the 4-
stroke cycle as the previous macro-rigid skirt sge®minally smooth ‘cold’ (chapter 7.2) and
nominally smooth ‘hot’ (chapter 7.3)). This var@tiwas analysed as isothermal ‘cold’ and
due to analysing at the same crank angle, the cokitaematics and forces remain unaltered
as per the previous smooth ‘cold’ skirt case.
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Figures 7.29 and 7.30 show the generated presssibations. They detail the overall
hydrodynamic pressure profile, rather similar i to that for the case of the nominally
smooth ‘cold’ skirt in figure 7.4 except that tle¥dest pressure spike occurs at the exit side of
the contact (the right-hand spike in the figureheTmagnitude of the pressure spike at the
leading edge of the contact has reduced from thiagure 7.4 (see figure 7.31 for orientation).

It can be seen that the overall mid-span pressasdrtreased, though exit pressure has also
increased to a higher level than shown in figuré. The reduction in inlet pressure is
consistent with the increased film thickness inltveer to mid-skirt regions (figure 7.31). The
exit side however shows a large length of film kniess reduction, thereby resulting in high

exit pressures.

With this case the introduced surface featuresgat angles to the direction of entrainment
produce a characteristic fluctuation in both thesgure profile and, to a lesser extent, film
thickness. The overall hydrodynamic pressure proll superimposed by small amplitude
pressure fluctuations (referred to as pressure ugitions). These perturbations,
superimposed on the hydrodynamic / elastohydrodyngmressure distribution, are termed
micro-hydrodynamic / micro-elastohydrodynamics.
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Figure 7.29 Lubricant reaction pressure vs. pasitio piston skirt
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Figure 7.32 Comparison of predicted film thicknesse

Figure 7.32 shows a side-by-side comparison optbdicted film thickness between the ‘cold
smooth’ (LHS) and ‘cold rough’ (RHS) skirt profile¥he images are rotated to represent in

cylinder orientation and the differences in minimtilm thickness (~2um versus ~5um) is

clearly observed.

In conclusion, the combined numerical predictionmsd eexperimental results show the
importance of constrained global thermo-elastiodeation of both the piston and the liner.
These play an important role in piston skirt trimpt which should not be ignored via use of
isothermal analysis. Good agreement is found betwhe experimental findings and the
numerical predictions throughout the thesis. The&ans that further improvements in piston
skirt design, geometry, surface topography, anacgiral constraints should be motivated by
in-depth numerical analysis. Although quite timesaming this approach would significantly
reduce the rathead hoc trial-and-error basis of piston detail design whishcurrently
prevalent in the industry.
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Overall conclusion & suggestions for future work

8.1 Overall conclusions

Most traditional tribological solutions of the st skirt-cylinder bore conjunction, may be
regarded as of the ‘cold’ skirt type. In realitytie isothermal solutions are a simplification as
thein situ shape of the piston at any instant of time is gogé@rby its thermo-elastic global
deformation. This thermo-elastic global deformatatso affects the shape of the liner thereby
modifying the contact area or ‘footprint’ betweemettwo bodies. This footprint is also
affected by any localised stiffening of the pistaiich causes a gradient in the skirt stiffness.
The analyses presented in this thesis take intoumtcsuch effects, leading to a true contact

profile and the corresponding footprint.

The piston skirt-to-cylinder conjunction is gengralonsidered as partially conforming. This

conformance is greatly influenced by thermo-elagtituences on the bodies, as already
noted. This also creates an opportunity to intredocalised structural stiffness alterations, to
modify the contact area, which would directly bénéfiction. Reduced stiffness regions

within the footprint area would yield large defliects, thus enhanced film thickness (gap).
However such modifications must not be to the dwedrit of other areas with symptoms such
as stress concentrations and insufficient crowrpsup Therefore, the work reported here
shows how piston skirt design can be extended toeae the aims of reducing friction

through improved skirt compliance. Note that getegtgressures are usually insufficient to
encourage piezo-viscous action of the lubricanistmaintenance of the iso-viscous elastic

regime of lubrication would be the aim.

Contrary to the common belief in practice, smoostgn skirts are not wholly the optimal
solution. Indeed it has been shown that ‘roughfagies with appropriate roughness amplitude
can enhance the load carrying capacity of the ctnféhus for a given contact load, rough
surfaces would exhibit higher lubricant film thidss and thus reduced friction. The proviso
for this is to ensure that the right shape and dsimns are adhered to for rough profiles. This
calls for the approach discussed in this thesisndéeworthy point is that unintended
consequences for surface modification must be atéy such as oil loss and blow-by.

This thesis has incorporated a variety of methadshgineering the conjunctional surfaces,

including use of various coatings, cross hatching plateau honing, diamond turning and
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laser etching, as well as indentation of surfaaksf which have been linked to the numerical
predictions and fundamental tribological knowledg@&is reduces the trial-and-error based
developments. A point of caution is that the nucwrianalysis itself can be a long and
arduous process. Therefore, an intimate mix of exyntation / measurement and numerical

predictions is ideal; an approach which is highigghin this thesis.

8.2 Achievement of aims

The following were the main objectives of this @®d and a brief record of achievement of

the same:

* Develop experimental rigs to determine actual pperformance advised by

predictions.

This has been achieved by devising and developingotored engine test rig and a fired
engine test-bed. These are described in detalhanbbdy of this thesis. Additionally, fired

engine tests were conducted By arties.

* Develop realistic thermo-elastic, thermo-elastobggnamic numerical codes /
procedures and undertake simulation studies. Tkhseld direct a programme of
experimentation. Both the numerical predictionsl axperimental measurements
against standard accepted baselines should beedt@ui in an iterative fashion,
thereby collating a matrix of practical and ‘opts®d’ configurations. Some of these

configurations will be tested.

A combined thermo-elastic global deformation praged using FEA and thermo-
elastohydrodynamic finite difference method is usedarry out realistic analysis, of what is
termed as the ‘hot’ skirt conjunction. Additionallgothermal ‘cold’ skirt conjunction analysis
has been carried-out with and without certain s@rfenodifications. The former analysis is
elastohydrodynamic, whilst the latter includes gmessure perturbations induced by surface

modification features pertaining to micro-elastofogynamic analysis.

» Effect a reduction in the piston skirt-bore conjimc’'s parasitic losses by means of
piston skirt geometric and topographical optimmasi, thereby increasing specific
output and reducing specific IC engine fuel constiompfor in situ geometry.

191



Chapter 8: Conclusion

Various piston skirt profiles, pertaining to ‘coldskirt, unconstrained ‘hot’ skirt and

constrained ‘hot’ skirt due to structural stiffegjrare reported in the thesis.

* Demonstrate by experimental means the effectiveoketi®e proposed solution and its

robustness.

Experimental work carried out on motored and fiexgines have confirmed numerical
predictions with remarkable agreement in film timeks prediction and measurement using an

ultrasonic sensor for the ‘cold’ skirt condition.

8.3 Contributions to knowledge

The approach in the analysis of the piston skinjwaction, referred to as ‘hot’ is new, unlike
the ‘cold’ isothermal elastohydrodynamic analysimpéoyed by most authors such as
Balakrishnan and Rahnejat (2005) Balakrishnan, Howell-Smith and Rahnejat (2005)
Dowson et al (1983) andKnoll and Peeken (1982) among others. This approach is only
reported byMcClure (2007). This thesis provides a methodology for the quativie design
of the piston skirt-cylinder wall through combingermo-structural and lubrication analysis.

Micro-elastohydrodynamic analysis is reported reesgreviously reported Balakrishnan,
Howell-Smith and Rahnejat (2005) for an isothermal nominally ‘smooth cold’ skirt
elastohydrodynamic analysis. The results agree nieghly well with the measured film
thickness using an ultrasonic sengbwyer-Joyce, Green, Balakrishnan, Harper, Lewis,
Howell-Smith, King, Rahnejat, 2006.

Various laser etched, indented, or diamond turnethse modified liners, cross hatched and
honed, were tested under fired engine conditiorss they were bench-marked against the
standard OEM liner. Gains in power of the ordeR % are reported. This work is cited by
the leading researchers in the field suck&son and Sher (2009) and Etsion (2010)

8.4 Critical assessment and suggestions for futureork.

Combining micro-elastohydrodynamic analysis wittharmo-elastically deformed skirt and
liner is the ultimate goal of analysis. This iselik to pose problems in computation times and

long-duration model development. Whilst thermo-lagdrodynamics is a generic
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methodology thermo-elastic global deformation waddghend on piston construction. It is this

latter issue which contributes to protracted mdmlglding times.

In terms of both experimentation and analysis, sthslurface feature optimisation is a key
issue for enhanced load carrying capacity and estificction, the drawback may be oil loss
and blow-by at high speeds and under flooded cimmgit Controlled experiments would still

be required to ascertain / establish exact feagemmetry and distribution, as well as their

location on the cylinder liner or piston.

This thesis has treated surface coating as semitenfsolids of fairly high elastic modulus.
The implication is that the pressures generatednamly due to the lubricant and global
deformation of contiguous surfaces. This may notHeecase if footprint areas are reduced
significantly and coating thickness is small enough cause small localised elastic

deformation. Under such conditions increased presstan lead to exfoliation of coatings.

This thesis presents results for the position okimam combustion pressure whereas
problems at the reversal points (lack of entrainmgtion) have also been highlighted. The
analysis at these locations should also extend rlukyihie detailed work reported by
Balakrishnan, Howell-Smith, Rahnejat and Dowsor(2003)
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Appendix 1

Side force validation

Al.1 Methodology

The equations of motion developed in chapter 3 weasdified to include the inertial effects of
the connecting-rod (Al1.2) and simplified with redgmto nil pin offset as per the piston cases
analysed. Solid model geometry of the components waported into the multi-body
dynamics programme ‘ADAMS’ (Al.3) and the resultifayces were compared with those
from the numerical calculations (Chapter 3 and AlThese verified forces were then used

for the numerical calculations presented in chapter

Al.2 Connecting rod dynamics

To calculate effective side force at any instartinme, yet including the inertial contribution of

the connecting-rod, the following assumptions aselen

e The piston, cylinder, con-rod and crankshaft arengetely rigid. i.e. no elastic
deformations take place.

» The piston is a perfect fit in the cylinder bore. ithe piston cannot move sideways or
rotate about the gudgeon pin axis. It can only emweng the cylinder axis.

* There is no friction between the piston and theéndgdr, at the gudgeon pin or at the
big-end bearing.

* The resultant combustion gas force acts alongheder axis.

* The cylinder axis intersects the gudgeon pin angthe crankshaft axis.

* The gravitational forces on the piston and con-icgl their weights) are negligible
compared with the gas and inertia forces.

* The crankshatft rotates at a constant speagrafdians/second.

Figure Al.1 shows, in idealised form, the crank naemism of a typical single-cylinder engine
with zero pin offset. The crankshaft axis is attli® gudgeon pin axis is at P, the big-end axis
is at C and the con-rod centre of gravity is at@C (=r) represents the crank throw and CP

(=1) the con-rod.
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CG =lg Yyp = vertical deflection of P
GP =Ip Xg = horizontal deflection of G
w= angular rotation of G yy = vertical deflection of G

From the geometry of Figure Al.1 the following tedaships can be derived:

sin(g) =|1.sin(e) (Al.1a)

cos@) =,/1- ,r—j sin”(6) (Al.1b)

Figure Al.1 Kinematics of crank-slider mechanism
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Differentiating equation (Al.1a) with respect tmé gives:
cosqo.q'ozlL cosf.o

Now, 8 = w= a constant. Therefore,

. r cosfd
w:a) :a)——

—. (Al.2a)
| cosp

After differentiating again w.r.t. time and substibhg equation (Al.2a) as appropriate,

) wfsinw—aﬁ.ﬁ sin@
o= ' (A1.2b)
cosp

Now the upward (positive) vertical displacemenPads:
y, =r.(cos8 —1)+I(cosp-1)

Differentiating this equation twice w.r.t. time asdbstituting equation (Al.2a) as appropriate

gives:

2 H H _ 42
g, = @’ r (sind sing- cosf cosp) - | (A1.3)
cosy

The positive horizontal deflection of G is:
Xy =1, sing

g

Differentiating this equation twice w.r.t. time asdbstituting equation (Al.2a) as appropriate

gives:
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o ro, .
Xy ——Ip.l—.a) Sin@ (Al1.4)

Similarly, the positive vertical deflection of G is
Yy = r(cosd -1) +1, (cosp-1)

Differentiating this equation twice w.r.t. time asdbstituting equation (Al.2a) as appropriate

gives:

2

w .(Ig Ir sin@.sing—-r cosd cosgoj =l oy

y, = - (A1.5)

£

Al.2.1 Component forces

Py
g1 11
/
/ \
] Yp
] G, &— x,
FS /7
- O 1 fm
/
7
/ F
/ py

Figure Al.2 Resolved force diagram on piston
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Figure Al1.3 Resolved force diagram on the conngatixal

Each of the crank components must be in horizcamal vertical force equilibrium, and in
moment equilibrium. For the piston (Figure Al.2) e not need to consider moment
equilibrium because the piston is not free to et@bout the gudgeon pin axis and the little
end, being frictionless, cannot impose any torgnemthe piston. Therefore, although in
practice the effective point of action of the cgén reaction forcd-s will vary in order to
satisfy the requirements of moment equilibrium, ae here only concerned with its

magnitude. Thus, for horizontal force equilibriuffrtioe piston:
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where,M, = mass of the piston assembly including rings aumbgon pin

Now X, = 0 (No horizontal motion of piston permitted), thene:

Fs=Fpx (A1.6)

For vertical equilibrium of the piston:

M p¥p = pr - P

where,P; = combustion gas force acting on piston crown.

Therefore,

Fo =P +M,.Y, (AL.7)

Considering now the horizontal force equilibriunmtloé con-rod (see Figure Al1.3):

M, %, = F,, +F,, (A1.8)

where,M, = mass of the con-rod assembly

The vertical force equilibrium of the con-rod gives

M.y, =F,-F, (A1.9)
The moment equilibrium of the con-rod gives:
|,.¢=F,l, cosp+F, | sing-F_ L cosp+F 1| sing (A1.10)

where,Ir = moment of inertia of the con-rod about an axisulgh G.
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These equations are most easily solved by arrarigerg in matrix formViz:

1 0 0 0 F., P, +M_.y,
0 1 0 1 Foo| | M, %,
-1 0 1 0 [|Fy| | M.y,
|, sing |, cosp |, sing -I, cosp|| F, 7
Thus,
1 0 0 0 | )
Foy | | =sing I, —lgsing 1 P +M,.y,
Fo|_| cosp | lcosp Icosp|| M. X (A11)
Fe, 1 0 | 0O I M.y, '
F sing 1, lgsing -1 &
"2 | cosp | lcosp |cosp] "
This gives:
i I [, .sin .
prstzs'_w,(Pf+Mp.'yp)+—g.Mr. gt ¢.|v|r.yg— 1 )
cosy I | cosp | cosp
(A.12)

Al1.3 Validation of side force

ADAMS (MSC Software Corporation) is multi-body sitation software used to study the
behaviour of systems consisting of rigid bodiesargding large displacement. It can be used
to predict characteristics of a new design, to uata& the performances of an existing design,

or to investigate extreme operating conditionshds an open-ended architecture that allows

Appendix 1

users to create extensions using data set featncesxternal subroutinesIDI , (1994).

A model consists of part geometry and mass pragsertieference frame definitions, body
types, body compliance description, topological amdlytical constraints, and externally
applied forces. The spatial generalised co-ordgatmsist of three Cartesian coordinates for
each part’s centre of mass with respect to theayladference frame and three Euler angles

defining the orientation of the central principaka of inertia of each part relative to mutually

perpendicular, inertially fixed axesiDIl (1994)

217



Appendix 1

The first step in modelling is to define refererfcemes, co-ordinate systems, and system
units. Then each part in the system model shoulddfened with its mass and inertial
properties, the centre of mass location, and pasitipn and orientation with respect to a fixed
global frame of reference (GRF). The program alldwsse parts to be inertially fixed or
moving. The parts (their mass or inertial propsitiased to construct the single-cylinder

piston model is described shown in table Al1.1

After defining all parts with appropriate propestigne required motions and constraints will be
introduced between the parts to simulate requivedtfonal behaviour of real systems being
modelled. The standard joints (constraints) in AD@Nhclude revolute, planar, cylindrical

etc., which reduce the number of DOF of the systdaw the model is restricted to move in a
way which complies with the introduced constraiatel imposed motions, according to the
kinematic relations needed. Physical componentseomechanical system are modelled using
idealised ADAMS parts which can be either rigid tesd flexible bodies, or particles. The

holonomic constraints used to connect the indiMichats (to each other and ground) are

presented in table Al1.2.

Markers are orthogonal triads of unit vectors whiohrk points of interest on a part. The
markers are necessary in order to define jointsgf centre of mass, inertia, etc. Markers can
also be used when the displacement of a certaatitocof a part with respect to other points
in the model is of interest. This is done by plgciwo markers on the appropriate locations

and requesting the desired information.

Joints can be defined between two parts referrealstd part and J part by specifying their
names, location, and orientation, or by specifyimgrkers on the two parts. ADAMS permits
description of the components of the system in sepfrgraphic primitives and icons which are
used to track the motion of the system visuallye Graphic representation of the models

described are presented in figure Al.4.

Al.2 Single-cylinder model

A single-cylinder internal combustion engine mutiy model, developed in this thesis,
using ADAMS (see figure Al.4) comprises an assenddlynertial elements; piston, pin,
connecting rod, crankshaft and flywheel. The as$gmibparts has been achieved by the use

of holonomic constraint function®Dl1 (1994).
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Combustion, gas force

—-——

Resistive torque

Figure A1.4 ADAMS single-cylinder engine assembly

All the rigid body inertial properties of the pafteass and mass moments of inertia) are given
in table Al.1. The joints and other constrainingneénts in the multi-body dynamic model are
given in table Al1.2. The table indicates the nunddezonstraints imposed by each holonomic
constraint in the assembly of the model. Due topiduial interference of the piston within the

bore the piston is constrained to reciprocate watisiddeward motion.

Part name Mass (Kg) Ixx (Kgmm2) lyy (Kgmm2) Izz (Kgnm2)
Piston 0.285 320.452 186.342 181.171
Pin 0.063 11.485 11.485 3.784
Con-rod 0.265 536.284 493.0 56.225
Crank 3.883 5884.292 5444.771 6847.001
Flywheel 0.531 415.259 605.593 415.267

Table Al.1 Parts in the multi-body single-cylinéegine model

|_Part J_Part Constraint type DOF removed
Piston Ground Translational 5
Piston Pin Fixed 6
Piston Connecting-rod Spherical 3
Connecting-rod Crank Cylindrical 4
Crank Ground Revolute 5
Flywheel Crank Fixed 6

Table Al1.2 Constraints imposed in the multi-bodyge-cylinder engine model
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There is no significant motion between the pistam @and the piston. Therefore they are
connected with a fixed joint. The gas pressuregiggad by the process of the combustion are
applied to the piston crown as a single componentef The force is calculated by
multiplying the instantaneous combustion pressduthk thie crown surface. The measured gas
force is a discrete function and Akima fitting mathis used to make it a continuous function.
The load torque on the engine due to the tyresraad resistance is represented by an

externally applied single component torque as giwdfigure 1.1.

Al.4 Operating conditions and results

Gas loading from figure 5.37 (CRF) was used andieghio act on the piston crown. The
crank rotational speed was 7,500rpm. A constand koaque of 77Nm was applied at the
crank. Figures A1.5-A1-12 present results from gimulation compared to those calculated

from equations developed in Chapter 3 and Appehdix
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Figure A1.5 Combustion force on piston crown
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Gudgeon-pin contributory torque

A2.1 Introduction

The forces applied to the piston-connecting rodesysare translated through the gudgeon pin
and associated bearings. These connections argatigngoorly understood L{gier and
Ragot, (2006) resulting in a frictional torqueDirsunkaya and Keribar, (1992) Zweiri et

al, (2001). McClure (2007)proposes the use of Petroff's equation to caleutlais torque.

A2.2 Calculation of gudgeon pin torque
From figure Al.1, the velocity of the gudgeon pmj is:

qb: W\ cosg
cosp

The resulting revolutions / secon (s:

cosf
27TCoSp

n=aw\ A2.1

If a half-pin is considered fixed within the haletion con-rod, and the pin to piston pin bore
is considered a hydrodynamic bearing with no rew fof lubricant in the axial direction, the
shearing stress due to rotation is given by:

V _ 2/Run
s C

A2.2

Where the radius of the pin & the radial clearance of the pin in the pin bare the length
of the pin bearing on the borelisthe pin / con-rod instantaneous angular speedas/s, and
the surface velocity i¥ (27Rn). The lubricant is assumed to be Newtonian inalbietur and
the velocity gradient is constant through the thess of the film.

The force required to shear the film is given by:

F=7A
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Where A is the pin-pin bore contact are2r#RL ). The friction torque is as follows:
T, =FR= (rA)R=(2—‘W‘"27ﬂLjR=M A2.3
c c

A small radial load\(V) is applied to the bearing resulting in the loa@d pnit projected area

(P) such thatP = % The friction torque is given by:

T, = fWR= f (2RLP)R = 2R*fLP A2.4

Wheref is the friction coefficient and\W is the friction force. Rearranging A2.3 and A2.4

results in Petroff's equation:

orfa2

To evaluate frictional torque for the CRF case, Si#d=10W-40 lubricant is assumed to be at
120°C (average within the conjunction) with an dbtoviscosity of 0.005Pa.s. From Chapter
4 the thermal expansion and elevated operatingeaeatyre of both the gudgeon pin and bore
results in an operating radial clearance of 0.021¢Arix10°m). Loads are provided as per

Appendix 1 and projected area as per Chapter 18€813.2. The bearing area term (2RL) is

modified to be the actual bearing area (removaixadl and radial oil slots etc).

Results from this approach vyield very low frictiamoefficients (~0.0001) indicating its

unsuitability for this application.

Fox (2005) provides a detailed breakdown of baseline frialormontributions utilising
simulation software produced by Ricardo PLC (tabk1l). Suhara et al (1997) instrument
the connecting rod small end within a running eagiaporting a large variation in friction
coefficient ranging from a maximum before TDC of.0® reducing to ~0.007 at peak
combustion. Through the expansion phase there isnamease to 0.035 approximately
increasing further towards the end of the exhatnsks to 0.08 approximately. This data was
provided for 2500rpm and full load.
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Interface Baseline friction coefficient Simulation program used Friction model

Cam-follower 0.005 VALDYN Simple

Cam-cam bearing 0.02 VALDYN Simple

Rocker arm—rocker support 0.02 VALDYN Simple

Pushrod socket—pushrod 0.05 VALDYN Simple

Rocker tip—valve bridge 0.05 VALDYN Simple

Piston skirt—cylinder liner 0.08 PISDYN Detailed hydrodynamic and boundary lubrication
Piston rings—cylinder liner 0.12 RINGPAK Detailed hydrodynamic and boundary lubrication
Piston pin—piston 0.08 PISDYN Detailed hydrodynamic and boundary lubrication
Connecting rod small end 0.12 ORBIT Detailed hydrodynamic and boundary lubrication
Connecting rod large end 0.12 ORBIT Detailed hydrodynamic and boundary lubrication
Crankshaft main bearing 0.12 ORBIT Detailed hydrodynamic and boundary lubrication

A correlation betweerrox (2005)and Suhara et al (1997) shows that the baseline value

Table A2.1 Friction coefficients as per Fox (2005)

quoted byFox (2005)is applicable for the majority of the piston 4ei cycle. However the

friction coefficient drops markedly around the camstion event.
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Figure A2.1 Pin bore friction measurements

(Suharaet al, (1997)

Figure A2.2 correlates data from figure A2.1 witarik angle with the inclusion of a truncated
series Kistry , (2008) where a maximum coefficient of 0.05 (DLC). Figuk2.3 shows the

resulting torque in the CRF application for bothusmtoated and coated pin.

Of note, the very low frictional coefficient presed bySuhara et al (1997)results in a very

reduced torque at the combustion event. Degradatidrearing performance during service
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would lead to a rapid increase in bearing torque léely result in failure. Generally the

magnitude of the torque is considered low relativehe skirt thrust forces.
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9 4
/ﬁ 1=
0
008+ &
=
(5]
8
0o+ 2
=)
0.0 1 =
©
c
—o05 | ©
<
S
0.04{y »n
0.03 1,
0.02
0.01
T \OOO T T T T T T T T T T T T T 1
o o o o o o o (@] o o o o o o o o o
[c0} (o2} (o2} [<¢} N~ (o] Lo N — o (2] o] N~ (]
— ' - N o™ <t Te] © M~ [ee] (e} (o2} o - N
! - — —
Crank angle (degrees)
Figure A2.2 Connecting-rod small end friction coaénts
10 ~
g ——small end torque steel pin (Suhara et al coefficients)
s ——small end estimated torque DLC pin (Suhara et al base coefficients)
@]
E 6
£
()
3
g5 4
©
c
(5]
3 2 -
S
n

360 -
1080 -
1260 -

Crank angle (degrees)

Figure A2.3 Connecting-rod small end resulting terq
228



Appendix 3

FE contact ‘footprints’

A range of CRF crank angles were investigated,espwnding to the domain after top dead
centre when side force reaches 50% of maximum @teand again decays to 50% (106°).
Figure A3.2 details the resulting skirt contactgstge with all other bodies save the piston
visually suppressed. Figure A3.1 provides a summeggrding the peak contact pressure (no

lubricant) with other relevant parameters.

CRF Piston contact pressure, speed and skirt force vs. RPM
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26° 79°

N /
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SN
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Max contact pressure (MPa), Piston speed (m/s), Ski
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Figure A3.1 Piston to bore contact results
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Calculation time for the preceding results is digant. Details of hardware, software and time

per angular solution are given in table A3.1 agdife A3.3.

Software vendor Solidworks™ Corporation

Software Solidworks™ Professional 2009 SP4.0x64
Operating system Windows™ XP64

Hardware vendor Dell™ Corporation

Hardware Precision T7500

Architecture 2 off Intel W5590 4 core 45nm scale processors

3.33GHz. 24Gb DDR3 ECC SDRAM 1333MHz
nVidia Quadro FX 4800 graphics hardware

Thermal Analysis Analysis type Thermal (steady-state)
Element type (primary size) 10 noded tetrahedral (5mm)
Element constraints (adaptive) 2mm mesh at contacts (no)
Jacobian check points per element 29
Number of elements (nodes, DOF) 23820 (37155, 109126)
Structural Analysis Analysis type Large displacement
Element type (primary size) 10 noded tetrahedral (5mm)
Element constraints (adaptive) 2mm mesh at contacts (yes)
Jacobian check points per element 29
(pass 1) Number of elements (nodes, DOF) 81513 (115944, 343247)
(pass 2) Number of elements (nodes, DOF) 42024 (65628, 194141)
(pass 3) Number of elements (nodes, DOF) 51888 (80553, 237763)
Solution time Total per angle (hours) 3.6 hours (see figure 2)

Table A3.1 Computational requirements for one cramdle

Solution time per crank angle

{ {

@ pre-load 1

0O pre-load 3
O pre-load 4
W pre-load 5

O 100% load

Activity

Thermal ]

0 20 40 60 80 100 120
Minutes

Figure A3.3 Typical solution time per crank angledstigated
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Development of CRF floating liner

A4.1 Design and development
The development of a floating liner presented savengineering challenges — compounded
by the restriction of operating within the given ERninimal mass / minimal packaging

architecture. Key challenges were:

* Adequate resolution of differential vertical for@ston-to-bore friction).

* Consideration towards manufacturing methods, caimesl materials, and the
retention of existing Ni-SiC bore coating.

» Decoupling of cylinder head clamp load transfetinabugh cylinder bore structure.

* Removal of crevice area gas pressurisation ongpernsurface of the cylinder bore.

» Lateral constraint of bore without inferring excessnslational friction from
assembly’s temperature through to the operatingésature.

* Adequate access for assembly and disassembly.

Force transducers were chosen to measure the edsofinder bore frictional force. Due to
limited space availability the smallest sensor caroally available was sought. Kistler
Holding AG part number 9131B pancake sensor wasctal with specifications given in
figure A4.1.

Type Measuring Range| Owerload | Sensitivity Rigidity Type D d H Weight
F [kM] R [kN] [pCiN] kM pm] [mirm] [mm] [rmm] {without cable)
91308... 0.3 35 =35 =10 m [g]
9131E... 0..25 3 . 1L w07 F30B... B0 27 3.0 1
#131E...* 7.0 - 3,0 1
E,_ - L he - Linearity {praloaded) WSSO =+1,0
'5':# BB —3.3 Hystersis (preloadad) %S0 =1,0
Response threshold M <0,
¥ - 3 - Oiperating temperature range s -3 .. 120
[ —|- T Preloading fore {rRoommendad) Fy
[} Yoom “I‘I"I Cirect cannection ™ %.FS 50
H{ @ o5 Shunit made %/FS ~20
. Protection rating *' EM&0E2S | IPES
19 3 “

Figure A4.1 Kistler 9131B Force transducer speatfan
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To ensure planar stability the minimum number ofsees required was 3 units. However, 6
units were utilised so as to remove the stiffnegkiénce of a necessary coupling of the
cylinder liner to the water jacket. The transducessre arranged in pairs (figure A4.2)
nominally at 120° separation.

Figure A4.2 Kistler 9131B transducer ‘pairing’ witthassembly

From figure A4.2 it can be seen that downward feeggsters an increased output in the lower
pair (B) sensor, and a similar (post-calibratioafluction in the upper pair (T) sensor. In a
single transducer set-up the stiffness ratio ofdlaenped structure to the transducer must be
considered with the effect of reducing result regoh. In the paired configuration the force is

more accurately computed using equation (A4.1).

AF - [AFIT +AFg | AFy +OF,  OF, + AF?,B) (Aa1)

2 2 2

The diameter of the available sensor, minimum renended liner wall thickness, and engine
architecture constraints excluded the use of adt@stic modulus light alloy cylinder liner.
Furthermore, sensor bending limitations and stezsgentrations due to the concentrated
loads excluded the use of an aluminium alloy. 20M@n{¥able 5.4) low alloy steel was
therefore chosen, due to its long successful usglinder liner applications when coated with
Ni-SiC bore coating (Capricorn Automotive).
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Due to differential temperature in operation, asalste need to control clearance between
cylinder liner and housing, and minimise inducaegsges into the OEM aluminium structure,
the choice of housing material was restricted taenes with a coefficient of thermal
expansion between 16 and 18ppm/K, and yield stresiginificantly higher than the original
CRF barrel. Austenitic stainless steel grade 3@i4fsal these criteria (table A4.1), with the

added benefit of minimal corrosion in an aqueousrenment.

Property OEM Barrel body Floating liner barrel body
Material Aluminium (casting) alloy A356 Austenititainless Steel 304
Hardness Rockwell B 55 82
uUTsS 234min (260 typ.) 621MPa
YS 165min (195 typ.) 290MPa
Modulus of elasticity 72.4 193GPa
Poisson’s ratio 0.33 0.24
CTE, linear 0-100C 21.4E-6 mf@ 16.9E-6 m/ifiC
Thermal conductivity, 100C 151W/mK 16.2W/mK*

Table A4.1 Physical and mechanical properties astoction

Modal analysis of the steel liner was performedheck for forcing frequency issues due to
engine operation. Maximum test engine speed wa308m (158Hz) and liner design work
targeted to be significantly above this value. Twwdel configurations were used:
unconstrained and constrained on 6 points equadnidpe force transducer pick-up points.
Figure A4.3 details the meshed solid used (LHS)ounstrained configuration mode 7
response (centre) and constrained mode 1 respBi$8)( Table A4.2 details output results

from modal analysis.

Figure A4.3 Modal analysis of ‘floating liner’
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Unconstrained configuration results Constrained configuration results
Mode No.  Frequency(Hertz) Mode No. Frequency(Hertz)

1 0 1 1599

2 0 2 1622.3
3 0 3 2856.2
4 0 4 3097.4
5 0 5 4117.6
6 0 6 4487.4
7 1166 7 4539.9
8 1181.8 8 4895.5
9 1383.2 9 5021.7
10 1388.3 10 5127

Table A4.2 Modal analysis tabulated results

To prevent spurious readings in service from thandgr head clamping load and unload due
to gas pressure a labyrinth seal is employed. alasvs the de-coupling of the required seal
clamping load from the actual liner, thereby allogi quasi-unconstrained vertical
displacement. Figure A4.4 shows the top constra@dnV6 alloy steel seal ring (green
component, vertically constrained), which is an rbaeging precision fit over the same
material floating liner. The ID intrusion of thd@} steel seal ring required a ‘stepped’ piston

crown (figure A4.4).

Figure A4.4 Upper detail of floating liner assembly

The seal ring lip was analysed for deformation urghes pressure and manufacturing limits,
resulting in a designed radial gap oju@ Very small volumes of pressurised combustion gas
progress through this channel. However, in thisdhgre is an expansion volume directly
above the upper surface of the liner, which is @drib the atmosphere. Sealing against any
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coolant ingression into both the engine upper awei compartments from the barrel water
jacket is provided by means of 70+ shore Nitrilbber (Buna N) ‘O’ rings. Typical modulus
of elasticity for Nitrile rubber is 0.01-0.02GPatlwia minimum elongation of 200% (ldeMat,
Delft University of Technology). The low elastic cdhdus ensures minimum vertical traction

yet, due to installed radial compression, provigiesd sealing performance.

‘Stick slip’ and corrosion protection between theet, top seal ring, and water jacket is
reduced by coating the 20MnV6 components with Aje® 450F (Poeton Industries Ltd.,
UK), a composite electrode-less nickel coating ammg PTFE. Applied at 6¢8n per
surface with high consistency 450F provides lowtilon (<0.13), reduced surface galling, and
wear resistance ten times that of unplated stesdt(f Industries Ltd,loyd, (2008).

The floating liner assembly consists of 6 transdsiegranged in pairs to measure in-cylinder
vertical friction. These are connected to 2-offtlkas ICAM Industrial charge amplifiers, part
number 5073A311 (figure A4.5). Each charge amplitias three inputs, with one unit
amplifying the top three pressure transducers hadther amplifying the bottom three. The
gain of each channel can be adjusted independerttiyn software (LabView). The input to
the charge amplifier is charge measured in coulowilis the amplified output in volts. The
gain is adjusted with 2 settings; the sensitivitlyichh adjusts the conversion of coulombs to
‘units’, and the range which converts these ‘units'volts. The full-scale deflection of the
output is 10V. Current sensitivity was set to 4pC/Mmillion ‘units’) and the range is
2500MU/10V. Combining these the total gain of thepéfier is 1000pC per volt, with a
maximum input of 10,000pC providing an output o%/10

Downstream of the charge amplifiers was a Natidnatruments BNC-2110 patch panel,
further connected to a National Instruments (NI)I48X33 high-speed analogue-to-digital
module, enclosed within a NI PXI-1031 chassis doitig an acquisition-control computer.
Calibration was conducted outside of the engindn wlie floating liner assembly complete
with force transducers and 5073A charge amplif@snected. Calibrated masses were used
and the output signal was calibrated for zero paimdt gain by means of the RS-232 interface
present on each amplifier for each of the transdu@gure A4.6).

National Instruments ‘LabVIEW’ (abbreviated ‘LV’sicommonly used for data acquisition,

instrument control, and industrial automation omaaiety of platforms including Microsoft
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Windows, UNIX, Linux, and the Mac OS. LabVIEW veisi8.5 (released 2007) was used for
capturing, manipulating, and storing transducepout The programming language used in
LabVIEW, named ‘G, is a data flow programming laage. Execution is determined by the
structure of a graphical block diagram (the LV-smurcode) on which the programmer
connects different function-nodes by drawing cotines. The block diagram produced for
data capture and export is shown in figure A4.d e resulting operator window is shown
in figure A4.8.

f
B e 5073A
® P— Charge [
= Amiplifier
@8 I National National
&3 4 Instruments |—|  Instruments
5 L ] BNC-2110 PCMCIA DAQ card
= L | Kistler 5073A |
* Charge —
Amplifier LabView on laptop

Transducer output Signal receid by Patch panel Data Acquisition computer
from CRF charge amplifiers

Figure A4.5 Flowchart and physical components usethta acquisition

Figure A4.6 Calibration of floating liner and chargmplifier set-up
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Input parameters and boundary conditions

A5.1 QSTS Thermal boundary conditions

Table A5.1 details the convection coefficients prised surface temperatures and boundary
conditions applied to the CRF QSTS model. All scefanot detailed in table A5.1 may be

considered perfectly insulating (OWA ™).

Description Type/Values
Underside of piston not including Convection
pin bore surface. Skirts and crown 430K (157°C)

not included 2500Wn2K L

Ring pack of pistons including ring Convection
grooves. Does not include skirts, 430K (157°C)
crown, pin bore, 8 land and 2000Wn2K L

underside

Piston skirts and"3land only Convection
430K (157°C)

4500WnvK™*

Piston top surface (crown) only Convection
900K (627°C)

1600WniK ™

Liner internal surfaces at nominally Convection
bore diameter 500K (227°C)
1000WniK ™
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Liner OD lower engagement 395K (122°C)
diameter Prescribed temperature

Liner OD mid section (water Prescribed temperature
jacket) 389K (116°C)

Liner OD upper section (above Prescribed temperature

water jacket) 403K (130°C)
Liner internal section Prescribed temperature
corresponding to liner top face not 418K (145°C)

engaged by gasket

Thermal bonding of gudgeon pin N/A
outer surface to piston pin bore
surface

(perfect conductor)

Table A5.1 Thermal boundary constraints for QST&l\ais
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A5.2 QSTS Structural analysis loads

Applied forces are given in table A5.2. These loads presented for the discrete cases
presented in Appendix 3 and applied to positiomthér detailed in table A5.3.

Degrees after TDC Cylinder pressure Half side force (N) Vertical acceleration

(Nm-2) (ms-2)

9 8.923E+06 -1.354E+03 2.429E+04
10 9.007E+06 -1.519E+03 2.417E+04
11 9.035E+06 -1.677E+03 2.404E+04
13 8.957E+06 -1.962E+03 2.375E+04
14 8.866E+06 -2.088E+03 2.359E+04
15 8.755E+06 -2.206E+03 2.342E+04
17 8.486E+06 -2.414E+03 2.304E+04
18 8.310E+06 -2.497E+03 2.283E+04
20 7.884E+06 -2.616E+03 2.238E+04
26 6.567E+06 -2.770E+03 2.079E+04
36 4.576E+06 -2.551E+03 1.738E+04
46 3.205E+06 -2.189E+03 1.323E+04
51 2.721E+06 -2.033E+03 1.098E+04
56 2.324E+06 -1.894E+03 8.648E+03
66 1.761E+06 -1.707E+03 3.954E+03
69 1.640E+06 -1.675E+03 2.574E+03
71 1.569E+06 -1.658E+03 1.670E+03
73 1.496E+06 -1.636E+03 7.811E+02
76 1.392E+06 -1.602E+03 -5.193E+02
77 1.363E+06 -1.595E+03 -9.428E+02
79 1.316E+06 -1.590E+03 -1.774E+03
81 1.267E+06 -1.579E+03 -2.581E+03
83 1.216E+06 -1.563E+03 -3.363E+03
84 1.190E+06 -1.553E+03 -3.744E+03
85 1.165E+06 -1.544E+03 -4.119E+03
86 1.143E+06 -1.537E+03 -4.486E+03
91 1.056E+06 -1.515E+03 -6.214E+03
106 8.376E+05 -1.374E+03 -1.022E+04

Table A5.2 QSTS analysis applied loads

Side force (table A5.2) is applied to flat face whoForce
transfers through rod/pin into piston

Cylinder pressure (table A5.2) is applied to pistoown,
headland and first ring groove surfaces. Pressuatso
applied to the cylinder bore between top of thesiface
and the position where the top ring is locatedafgiven
crank angle

Table A5.3 QSTS analysis applied loads
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A5.3 Lubricant properties QSTS thermo-elastic analgis

Chapter 7.5 detailed analytical work based on tlestructurally deformed input geometry.
The chosen lubricant for analysis work was as tsrdard fill Honda CRF (ref chapter 5.7.3)
manufactured by BP Castrol and used for CRF engesting. The primary lubricant

parameter of interest was viscosity and advice swagyht from the lubricant manufacturer
(Brett, (2009)) providing an absolute viscosity of 5¢cSt considgrengine type and operating
conditions (water and oil temperature etc.). Talte4 provides technical details of the BP

Castrol lubricant.

[Test [Method(s) [unit [Typical

[Density @ 15C, Relative |[ASTM D4052 [ [0.875

Appearance Visual Clear & bright amber
liquid

Viscosity, Kinematic ~ |[ASTM D445 mmz/s 14.5

100C

[Viscosity, Kinematic 40C || ASTM D445 [mmz/s [100

|Viscosity Index [AsTM D2270 [ [149

Viscosity, CCS -25C ASTM D5293 cP 7000 max

(10W)

[Flash Point, PMCC [AsTM D93 [-c [194

[ash, Sulphated [asTM Da74 [o6 wt [1

[Total Bass Number, TBN/[ASTM D2896 [mg KOHIg 8

Table A5.4 Lubricant properties

A5.4 Calculation of part operating temperatures

To verify the numerical thermal model, FEA predicteemperatures were compared with
those inferred by experimental retained hardnesssarement. Structural aluminium alloys
generally suffer reduction of mechanical propertiescluding hardness, with elevated
temperature exposufeiu et al, 2008) This reduction in hardness depends on severtriac

notably: exposure temperature, exposure time, atoyposition and condition. Figure A5.1
details typical time vs. temperature annealing do4000 series alloy AA4032-T6 with an
initial hardness of 117Hb.

From the resulting softening curves (figure ASififlicative exposure temperature for a given
hardness (constant exposure time) can be congdr(fagere A5.3) by means of interpolation.
For example, from figure A5.3, a component withGahs run time measuring 65Hb hardness
would indicate a running temperature of 250°C. FgW\5.2 shows actual component
hardness measurements to determine running teraperand thereby validate chosen heat

transfer coefficients (chapter 7.4.2).
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Figure A5.1 Retained hardness at temperature (8offeurves), AA4032-T6

Figure A5.2 Hardness measurements on piston aifexing
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Figure A5.3 Retained hardness vs. temperature, 824
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