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ABSTRACT

Single-phase (neat oil) and two-phase (oil-in-wat@ulsions) lubricants are widely used in

metal forming processes, where speeds as high es2Gre reached.

Most of the previous work done on both neat oil andoil-in-water emulsions has focused
on low speed behaviour (below 5 /) @ind, as a result, the low speed behaviour oineil-
water emulsions is well understood. Under theseditions, the lubricating oil film is
composed predominantly of oil and the thicknessheffilm is similar to that for neat oil.

However, the behaviour at high speed is entirdifgiint.

No experimental film thickness and friction reswutsspeeds above 5 i} are available for
neat oil and only one study (Zhu et al., 1994) reported the film thickness behaviour of oil-
in-water emulsions above this speed whereas ntioflianeasurements at speeds above
3.5 m & have been carried out using oil-in-water emulsior@onsequently, to date, the
behaviour of neat oil and the relation of emulstomposition to film forming ability at high

rolling speeds could not be described.

This project is aimed at investigating the mechanig film formation and the film forming
and friction properties of single-phase and twogghlbricants in high speed rolling/sliding
contacts. An EHD test rig was modified to meadilne thickness and friction of oil-in-
water emulsions in very high speed, rolling/slidoanditions (up to a mean rolling speed of
20 m §). Ultrathin film interferometry was used to invigstte film thickness while infrared
temperature mapping of the contact was used tarobtaps showing the rate of heat input
into the surface, from which shear stresses amtidn could be calculated. Light induced
fluorescence was also employed using a water-solabld an oil-soluble dye to allow
visualization of the contact (at low speeds) anig Ire investigating the composition of the

entrained lubricant at these high speeds.

Results showed that, for neat oils, the major faattecting the film formed at high speed is
shear heating. For dilute emulsions at the highpseds, the film thickness and friction are
close to those obtained with pure water. More cotraéed emulsions give slightly higher
film thicknesses. A comparison of the results vathlier theoretical predictions was carried
out. Together with the fluorescence results, thiggested that high speed leads to the

entrainment of a micro-emulsion.
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CHAPTER 1

INTRODUCTION

Single-phase (neat oil) and two-phase (oil-in-waelsions) lubricants are used in metal

forming processes such as cold rolling, where spasdigh as 20 ni'sare reached.

Oil-in-water emulsions are the most widely usedikdnts in cold rolling, as they provide a
combination of cooling and lubricating properti€sese avoid severe metal-to-metal contact
by forming a separating film between the metabsamd the rolls so as to prevent scuffing,
limit wear and control friction. The film formed igenerally considered to be an
elastohydrodynamic (EHD) lubricating film, formed the entrainment of the oil phase or
emulsion at high speed or, alternatively, a mixé¢dDEboundary film where the latter is
formed by the reaction of anti-wear and extremesguee additives in the formulation with

the metal surfaces.

Oil-in-water emulsions show a complex pattern didxeour which can be described in three
stages. At low speeds, the oil-in-water emulsiamfa small pool of oil phase in the contact
inlet and the EHD film thickness has the same vaki¢hat formed by neat oil and increases
with increasing speed (Stage I). At some critigadexd (first critical speed), however, the rate
of pool formation becomes insufficient to balanbe tate at which it passes through and
around the contact and starvation ensues, causinfijmn thickness to fall quite sharply with

increasing speed (Stage Il). The film thicknesaydacer, does not fall to zero, and at a still
higher rolling speed (second critical speed), atrtstto rise again and Stage Il behaviour

ensues.

Very little experimental work has been done at dpeabove 4 ms where Stage IlI
behaviour is prevalent, therefore this behavioursigl not well understood. This is
unfortunate for metal rolling lubrication, sinceetlentrainment speeds in metal rolling are
generally greater than 5 rit and it appears that there is a marked change insén
behaviour above this speed.
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1.1 Aims and objectives

From the point of view of metal rolling it is clégimportant to understand the nature and
mechanism of lubrication that occurs at very higbesls with oil-in-water emulsions. The
main aim of this study is therefore to investigdte mechanism of film formation and the
film forming and friction properties of oil-in-wateemulsions in high speed rolling/sliding

contacts.

Due to the fact that, to date, experimental work §mgle-phase lubricants at very high
speeds is also very limited, this study first inigeges the behaviour of neat oil at very high
speeds. Once this is understood, experimental yabléained using neat oil are directly
compared to experimental values obtained usingneaNater emulsions, enabling a better

understanding of emulsions.
The objectives of this study are:

- to construct a test apparatus to measure film tieis& and friction in very high speed,
rolling/sliding conditions (up to a mean rollingesga of 20 m9)

- to study the film-forming properties of neat oildaoil-in-water emulsions at very
high rolling speeds

- to study the friction properties of neat oil andtiniwater emulsions at high rolling

speeds

- toinvestigate the composition of films formed blyin-water emulsions at high speed

and relate this to film thickness and friction m@asnents

- to investigate test conditions and characterigifosil-in-water emulsions to see how

they affect film formation at very high entrainmepieeds

- to use experimental data and observations to canaad verify existing models
which describe the mechanism of film formation dfio-water emulsions in high

rolling speed contacts

These objectives are achieved by using a numbexkpérimental techniques. An EHD test
rig was modified to measure film thickness of oHwater emulsions in very high speed,

rolling/sliding conditions (up to a mean rollingesal of 20 m %) using optical interferometry.

29



Infrared temperature mapping of the contact wad ts@btain maps showing the rate of heat
input into the surface, from which shear stresses faction were calculated. In addition,
light-induced fluorescence was used with a watérkde and an oil-soluble dye, to allow
visualization of the contact (at low speeds) anchvestigate the composition of the entrained

lubricant at these high speeds.
1.2 Application of the study to the cold rolling process

In this study, a ball and disc test rig was useditain all the experimental results presented
in this work. The cold rolling process is a complaxe therefore it is quite impossible to
replicate effects such as plastic deformation entést rig. This study was thus focused on
the inlet conditions of the process, where thereaglastic deformation (see Chapter 2.1).
The inlet region is a very important part of theqess as it determines the film thickness as
well as what is entrained into the contact. Alsn¢e the principal objective of this project is
to study the lubrication mechanism of oil-in-wagenulsions at high speeds, smooth surfaces

rather than rough ones are used in this study.

One must keep in mind that there are many factorthe rolling operation that cannot be
reproduced on an EHL rig. However, one must algweapate the main advantage of this rig,
which is the ability tovisually observend investigate what occurssidethe contact at very

high speeds, which to date has not been accomgliski@s will provide a much needed
insight into the understanding of the lubricatioeaianism of oil-in-water emulsions after
the second critical speed, which is the main objeatf this project. Thus, although the EHL
rig used in this study does not replicate the collihg principle, it is adequate to investigate
the lubrication mechanism of oil-in-water emulsiomhich are the most widely used

lubricants in cold rolling.
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1.3 Overview of thesis

In this thesisChapter 2 contains a general background on the areas ogsttéor this study.
This includes a description of the cold rolling pess together with a background of the
lubricant characteristics of neat oil, pure watad ail-in-water emulsions. The existing

theories which describe the behaviour of lubricantsigh speeds are also described.

Chapter 3 comprises all details related to testing. Thisludes a description of the
development of the high speed EHL test rig usedndutesting and all the experimental
techniques employed to investigate the behaviowirgjle-phase and two-phase lubricants.

The test parameters and characteristics of théutestants are also specified.

In Chapter 4, all the results obtained by the author are prtesehis chapter is divided into
three sections. All the film thickness results tiath neat oil and oil-in-water emulsions are
first presented. These are followed by fluorescemsilts for oil-in-water emulsions and,

finally, friction results for both neat oil and @il-water emulsions are given.

In Chapter 5, all the results presented in Chapter 4 are dsgzusThis chapter is divided into
two main sections. The film forming and frictioroperties of neat oil at high speeds are first
discussed. This is followed by the discussion ef tiechanism of film formation of oil-in-
water emulsions together with the investigatiorthef effect of some test parameters on the

film-forming behaviour of emulsions.
Chapter 6 brings together the main achievements and comeiasierived from this study.

Finally, some suggestions for future work are pné=etinChapter 7.
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CHAPTER 2

BACKGROUND

2.1 The cold rolling process

2.1.1Description of the process and the importance ofibrication

Cold rolling is a metal working process in whichtalds deformed by passing it through
rollers at a temperature below its recrystallizattemperature. The rolling process usually
involves passing the metal through a series oingktands which run at various speeds such
that reductions take place successively. This po@eoften used to decrease the thickness of
plate and sheet metal with good dimensional acgusad surface finish. Cold rolling can be

a very fast process, with rolling mills reachingegs as high as 20 m.s

Adequate lubrication is very important for the cotidling process. Rolling lubricants are

required to:

» facilitate the reduction of the strip by reducihe trolling force required for deformation
* lessen roll wear

* improve surface quality

» reduce roll and strip temperatures

» prevent rusting of the reduced strip

This is achieved by using a lubricant which avadsere metal to metal contact by forming a
separating film between the metal strip and thks 13 as to prevent scuffing, limit wear and

control friction.

The rolling process may be mainly divided into the®nes: the inlet zone, the work zone and

the outlet zone (Figure 2.1).

In the elastic inlet, the lubricant is drawn inbt@ tspaces between the workpiece and the rolls.

The strip elastically deforms and the lubricannfipressure rises rapidly until the workpiece
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yields at the inlet edge of the work zone. At th@nt, plastic deformation starts to occ
Here the rolls’ speed is highthan that of the strip. As the thickness of thigoseduces, at
certain point, the speed of the strip increasesb@edmes equal to the speed of the rolls.
point is known as the neutral po

plastic

work il tlet
\ Fone : zome
inlet  a_
FALI S

Lubricant

Figure 2.1 -Schematic diagram of the rolling process slwing the inlet zone, the work zone ar

the outlet zone (adapted from [1]

Beyond the neutral point, the speedthe strip is higher than that of the rollers and
retarding drag on the strip is accompanied by aedase in pressure. When this falls be
the yield pressure, plastic deformation ceasestamdgtrip enters the elastic outlet zone. -
zone starts défore the line joining roll centres. The fact thfa¢ outlet zone starts before f
line joining the roll centres produces a small idun in film thickness at the outlet whi:

allows the lubricant pressure to fall back to atpihesic pressur
2.1.2Regimein which cold rolling operates

The separating film formed between the strip arltén® is generally considered to be
elastohydrodynamic (EHD) lubricating film, formeg the entrainment of the lubricant
high speed, or, alternatively, a mixed EHD/ndary film where the latter is formed by t
reaction of antiwear and extreme pressure additives in the formomatvith the meta
surfacesWhether the rolling process operates in the EHmmixed regime is determined |

the film thickness of the lubrint and the roughness of the surfaces.
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2.1.2.1EHD regime

If the viscosity and/or the velocity of the lubnitanside the roll gap are sufficiently high, the
fluid film formed in the roll gap will be thickehan the height of the asperities found on the
rough surfaces. This causes a complete separditithre goll and strip surfaces by an EHD
lubricant film, with the load and shear stressesmdeompletely transmitted by this fluid
film. For the process to be considered to be wgrkmEHD regime, the mean lubricant film
thickness must be higher than three times the RMSposite roughness of the surfaces [2].

2.1.2.2Mlicro-elastohydrodynamic lubrication (micro-EHL) re gime

In this regime, the film thickness is still thickitwan the height of the asperities, however, the
asperities are high enough to affect the pressodefiam thickness at the contact. Thus, a
continuous fluid film will be present but the press and film thickness will be subject to

local fluctuations arising from the roughness & slurfaces [3].
2.1.2.3Mixed regime

If the film thickness is comparable to the surfaseghness, some asperities will touch and
carry parts of the load and cause additional skieass. In this case, the process will operate

in the mixed regime.
Mixed lubrication therefore consists of:

- a hydrodynamic part, where a fluid film is separgtthe strip and roll and the
shear stresses are determined by viscous shee inbricant; and

- a boundary part, where shear stresses are deterinynthe shape of the contact
and the chemical properties of both the lubricaut the running surfaces.

The higher the roughness and the lower the lubtricacosity and/or speed, the smaller the
hydrodynamic part will be, until eventually the ¢band shear stresses are completely carried

by the asperities (boundary lubrication).

boundar pari (shear stress

o
L
&,
s

determined by chemical propertiebéant and surface

hydrodynamic parts (fluid pressure build-up prepsent

Figure 2.2 - Mixed lubrication

34



2.1.2.4EHD vs mixed regime

The film thickness formed during the cold rollingopess must be high enough to avoid
metal to metal contact and consequent galling anffisg. However, if the film thickness is

too high, poor surface quality may result from umstoained strain deformation. Also, the
friction between the strip and rolls must be higlbwgh to draw the strip through the roll and
transmit the deformation energy from the work rabfisthe strip and yet not so high as to
cause excessive roll forces. These requiremerite manore likely that the process operates
in the mixed regime, where some areas of the rgnsumfaces are in (almost) direct contact
and some areas are entirely separated by a lubfitan Thus, it can be said that, in most
cases, cold rolling operates in the mixed regimieere rolling mills with roughness in the

range of R= 0.4 - 4um being generally used.
2.1.3Cold rolling lubricants

The lubricants used for metal rolling are usualipenal or ester oils which can be applied in

neat or in emulsion form.

Oil-in-water emulsions are the most widely usedikdnts in cold rolling, as they provide a
combination of cooling and lubricating propertighe water phase removes the excess heat
generated during the rolling process while thephise provides effective lubrication by
forming a separating film between the metal antersl These fluids typically contain 0.5 to
6 wt.% of oil dispersed as tiny droplets in watad,awhen used for cold rolling, they are

typically applied at an operating temperature of3% °C.
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Figure 2.3 - The use of oil-in-water emulsions inatd rolling. The oil-in-water emulsion is
continuously sprayed onto the steel strip and rollgproviding a combination of lubricating and

cooling properties [4].

Two very important characteristics of a lubricarg @s film forming and friction properties.
The film forming properties determine the exteniMuich the surfaces are fully separated by
a lubricant film, which strongly influences weardasurface quality of the surfaces, while
friction properties establish how much power canrbesmitted through the rollers.

As explained in Chapter 1, smooth surfaces are usethis study to investigate the
mechanisms of film formation of lubricants at higheed. All the work done in this study
therefore falls under EHD lubrication. In the @lling section, the basic principles for EHD
lubrication together with the film-forming and ftien properties of single-phase (i.e. neat oil
and pure water) and two-phase (i.e. oil-in-watewulsion) lubricants are described. Main
focus is given to the influence of high speed aséhproperties, since the latter is the main
area of interest in this study.
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2.2 Elastohydrodynamic lubrication

2.2.1Introduction

EHD lubrication occurs in lubricated counter-fornsahtacts where the two surfaces produce
a localized, very high pressure zone (typicallyol3t GPa). This high pressure causes an
elastic flattening of the contact and also raibesviscosity of the lubricant as this approaches
the contact inlet. The combination of these twoe@l results in the formation of a
hydrodynamic film which is much greater than whatwd be expected using classical
hydrodynamic analysis for rigid surfaces. Elastobggnamic analysis takes into account the
above mentioned two effects and involves a comianaif the Reynolds equation, the Hertz
equations derived from the elasticity theory and fressure-viscosity relationship of the
lubricant used [5 - 7].

Figure 2.4 shows the pressure and film profile gltime contact while Figure 2.5 shows an

interference map of the oil film thickness in dir@ point contact.

EHD film
pressure
Hertzian
pressure \
\
\
h ________
¢ hconstricnon

Inlet region High pressure ‘ Outlet region

central region

Figure 2.4 - EHD pressure and film profile of a pait contact (adapted from [8])
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Figure 2.5 - Interference mapof an EHD point contact. The central flat region isof almost
uniform thickness, h, while the side lobes are arond 0.75 h (hyin)

At the inlet, the buildip of the fluid pressure occurs and the lubricanentrained by th
moving surfaces into the central high pressure zdme pressure distribution and fi
profiles in this region are predetermined by trestd deformation of the boundaries. In fa
this region is sometimes referred to as the Hertzegion. The film returns to ambie

pressure in the outlet region.

The profile obtained in an EHD contact can be exgdi by considering the Reynol
equation viich is obeyed by the lubricant in the cont:7]:

d (h®ap\ a (h3ap dh Equation 2.1
ax(rox) a5 U ay) = 12V
As the lubricant enters the contact, the pre, p, increases and, as a result of this,

viscosity, n, increases by several orders of magnitude (seedBe2.2.12). Z—Z andg—i are

finite and decrease towards the centre of the cognéa determined by the Hertz equat

which describe the elliptical pressure distributwithin the contact (se&igure 2.)). As seen
from Equation 2.1as the viscosity of the lubricant increases emls‘ry,% must decrease to

a very low valuehence the film variation becon very small in thex-direction, resulting ir
a flat film profile inthe central region (see Figi 2.4). This also means that the film form
at the inlet determinethe film in the central regioth;, as, once the pressure increases ir

central region and the viscosity becomes very high film thicknes does not vey.

In the exit region, the lubricant must return tob@ent pressure. A very rapid drop in 1
pressure and, consequently, an even bigger drtgeiniscosity occurs, both of which bo:

the flow outwards very fast. In order to avoid éouity of flow problems, a constrictio
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occurs at the inlet. The separation decrease a&rtl of the contact, with the film thickness
reducing by about 25%h¢;,) and continuity of flow is maintained. The constibn extends
around the side of the contact, forming a ‘horseeskhaped constraint [9], as seen in Figure
2.5, with the minimum film thickneshin, usually occurring at the ‘side-lobes’. The pressu
spike seen in Figure 2.4 is associated with thestcimtion formed at the end of the contact.
The pressure spike increases with increasing speddhe constriction occupies a broader
part of the Hertzian contact region [6]. Thus,las ¢éntrainment speed increases, the shape of

the film changes.
2.2.1.1Regimes in fluid film lubrication

The above description is only valid when the ludiécl counter-formal contact operates in
true EHD conditions (i.e. both elastic deformatard an increase in viscosity with pressure
occur at the contact). There are, in fact, foursgas types of contact operating conditions as

illustrated by the chart in Figure 2.6.

i |;C.I

Viscous-
glastic
regirne

300 Viscous-

5
1w B ru;r,ﬂ
m reqime
0N
e | SOWISCOUS- P & |SowisE o s
ngid reqime —& _ e --.f’ elastic
T i reqime
03 o
10+ '
i - 1500
140, 200 |300|500 |. 41000
]
[ I
| o I | I
'l-.J IlJII Lo doieled B bokadd d o lalild Twr Khly Ll
10" w' 10° 10” 10"
ZE

=

Figure 2.6 - Chart showing the four possible typesf operating conditions for circular contacts

in full fluid film lubrication [10]. Similar charts are available for line and elliptical contacts.
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* Isoviscous-elastic
This type of lubrication occurs either when ondhadf containing surfaces has a low
elastic modulus, such as rubber or human tissyendhe case of stiffer materials,
when the lubricant has a very low pressure-visgaefficient. An example of such
a lubricant is water.

» Piezoviscous-elastic
This type of lubrication occurs in most steel/ce@oounter-formal contacts, where
true EHD behaviour is exhibited.

* Isoviscous-rigid
This operating condition is best described by tassical hydrodynamic lubrication
theory and occurs only at low contact pressuresvanglow loads.

* Piezoviscous-rigid
This type of lubrication occurs at low loads witllsdhaving a high pressure-viscosity
coefficient, or with normal loads and very inelastolids.

These charts can be easily constructed for botht @mid line contacts using a number of
equations (which are a function of the operatingdiioons) which define the boundaries
between the four operating conditions. All theatletl equations can be found in [8]. The
two dimensionless parameters used in the chartpéimnt contacts,g, and gg, give the
significance of variation in viscosity within themtact and the ratio of the pressure generated
in the film to the pressure in the underlying stdust respectively and are given by:

cww3

gv = G(—]iz Equation 2.2
w8/3 ,

9E = 3 Equation 2.3

The terms used in Equations 2.2 and 2.3 are defindibmenclature. These two parameters

therefore determine the type of operating condimowhich a contact operates.

Different regression equations which give the thess of the film formed are available for

each contact condition. In this work, two of theufdypes of contact conditions were

covered. The oil-lubricated contacts investigatethis study operate in true EHD conditions

and are piezoviscous-elastic while the water-lidted contacts are isoviscous-elastic. The
corresponding film thickness equations for eachetyd contact are given in Sections

22.211.1and2.2.2.1.2.1.
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2.2.1.Zffect of pressure and temperature on viscosity

Viscosity is a very important rheological propeaty it plays a major role in determining the
thickness of the film formed in an EHD contact. Takricant is subjected to high pressures
and different temperatures hence it is essentiahtterstand the effect of both pressure and

temperature on the viscosity of the lubricant.

The viscosity of most lubricants greatly increasd®en subjected thigh pressures The

Barus equation is usually used to describe thisvaehr:

n =n,e*? Equation 2.4
wheren, is the viscosity at atmospheric pressure ansd the pressure-viscosity coefficient.

For most lubricants (oils)y lies between 10 and 25 GPand decreases with increasing

temperature.

The viscosity of oil decreases rapidly with incieggemperature. Many equations which
describe the behaviour of lubricants with tempegataxist. One viscosity-temperature

relationship which is very accurate at low tempaeis given by Vogel:

B/(T-0)

n = Ae Equation 2.5

whereA, B andC are constants.

For the range of temperatures used in most engmeapplications, the ASTM chart is used

to describe the variation of viscosity of the lalating oils with temperature.

This chart is the basis of the standard providethbyAmerican Society of Testing Materials
(ASTM D341-722) which describes the variation ohéinatic viscosityy (=n/p,cSt),

with temperatureT (in Kelvin), by the empirical equation:
loglog(v+0.7)=B—-ClogT Equation 2.6

By plotting log log(v + 0.7) againstlogT, a straight line is obtained. Hence, if the vistyos
of the lubricant at two temperatures is known, tams B and C are found, and the viscosity

at any temperature can then be determined.
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One other relationship worth mentioning is the effef shear rate on viscosity. When the

viscosity of the lubricant is independent of theeahrate, the lubricant is referred to as
Newtonian. When the viscosity varies with sheage,rahe lubricant is non-Newtonian. In
EHD contacts, the lubricant behaves as a Newtdluahat the inlet of the contact, however,

inside the contact, the lubricant is non-Newtonian.
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2.2.2EHD film forming and friction properties of lubric ants

EHD film thickness is determined by the quantitytloé lubricant entrained into the contact
and is therefore dependent on the rheological ptiegeof the lubricant under the conditions
of the contact inlet, while EHD friction originatesthin the central region of the contact and
is determined by the rheological response of thedant to the very high pressure and shear
rate present [11]. The corresponding propertiesifogle-phase (neat oil and pure water) and
two-phase (oil-in-water emulsion) lubrication areen in this section.

2.2.2.1Single-phase lubrication
2.2.2.1.1EHD film forming and friction properties of neat oil

2.2.2.1.1.1 EHD film formation

Over the past 60 years, the thickness of the fillalaricant formed in EHL contacts has been
widely investigated and is now well understood. fRegion equations based upon numerical
analysis of fully flooded, isothermal conditionseacommonly used to estimate the film
thickness. These equations are generally exprassigims of three main non-dimensional
groups known as the spedd)( load (¥) and material §) parameters (terms are defined in

Nomenclature).

The most widely used equations to predict isothéetastohydrodynamic film thickness in
hard EHL elliptical contacts are by Dowson and Hachkr|{12,13], where the centrdl, , and

minimum, hn,in, film thickness for elliptical contacts are giveyr b
— — — , , 10.64
he iso = 2. 69U0.67GO.53W—0.067(1 —0. 613—0.75(R y/Rx) YR, Equation 2.7

— — — , , 10.64
Riin iso = 3. 63068GO49~0073(1 _ o=070(Ry/R%) YR’ Equation 2.8

Equations 2.7 and 2.8 apply to elliptical contatd are used to predict film thickness in this
study (see Chapter 4). The cold rolling process dwaw usually involves line contacts.

Equations 2.9 and 2.10 give film thickness for looaitacts.

0 ro—=ncr———0.1 )
he iso = 3. 110G, 'R, Equation 2.9

i iso = 2.65U%7G**W PR, Equation 2.10
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Equation 2.7 implies that, as long as the con&miains in the piezoviscous-elastic regime, a
plot of the logarithm of the central film thickneagainst that of speed gives a straight line,
with a slope of 0.67. This equation is used sudabgdo predict film thickness and has been

validated experimentally up to a speed of aroumd &". Very little experimental data is

available at higher speeds.
2.2.2.1.1.1.Factors affecting film thickness at high speeds

The speed parameter plays a major role in detengitiie film thickness. As the speed is
increased, more lubricant is entrained into thetaxdrand, as a result of this, a thicker film is
formed. At high entrainment speeds (usually above §'), other factors start influencing

film thickness behaviour, and film thickness valwégained experimentally start to deviate

from those predicted by Equation 2.7 [14].

Two factors which may contribute to this reduction film thickness below the values

predicted by the isothermal regression equatioast@rvation and thermal effects.
Starvation

Starvation occurs when the speed becomes so haglihié rate of formation of the pool of
lubricant in the inlet region becomes insufficidnt balance the rate at which it passes
through and around the contact. As a result of, tis film thickness falls with a further
increase in speed. The fundamental parameters \ificience the rate of replenishment of
the oil pool are surface tension effects in themitig of the contact, the base oil viscosity, the
amount of lubricant present on track, the tracktivahd the velocity [15]. Once the contact
is in the starved regime, the film thickness stadsreasing with increasing speed [Figure
2.7].

There is no straightforward way of predicting theset of starvation, as a description of
factors influencing the rate of supply of the flu@the inlet region is required and many of
these are not easy to estimate, examples beirgutface film thickness or the inlet meniscus
distance. However, if one surface is transpareptical microscopy of the inlet region
provides a simple and effective way to determirt@af contact is starved. For mildly starved
contacts, the inlet meniscus may be observed it fsbthe contact, while for heavily starved
contacts, the meniscus coincides with the Herte@ntact circle (Figure 2.7) [16].
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Central film thickness, h,

Entrainment b:pe.e.d

Figure 2.7 - Typical EHL film thickness against sped curves for the fully flooded and starved
regimes. Optical interferometry pictures depictinga fully flooded and starved contact are also

shown (inlet is on the right) [16].

The inlet meniscus distance defines whether a fidlyded or a starved condition exists in
the contact. The critical inlet meniscus, whichdisfined as the distance below which

starvation occurs, is given by the dimensionlesgejan*, where:

RA2 0.58
m"=1+3.06 [(7") HC,F] Equation 2.11

whereHc ris the dimensionless central film thickness fofyfdlooded conditions given by
h.iso/R x. A fully flooded condition exists when the inleeniscus, m >m*, and a starved

condition exists when m < m* [17].
Shear thinning

Shear thinning could also affect film thicknesshégh speeds. If the lubricant is non-
Newtonian, at high speeds and therefore high stades, the viscosity of the lubricant will

drop significantly with increasing speed, resultimg a lower film thickness than that

predicted by classical Newtonian equations sucth@®owson-Hamrock equation. At very
high shear rates, usually greater thaistQall fluids probably shear thin, however, in most
low pressure, hydrodynamic lubricated contactsashates do not exceed "1, therefore,

in such conditions, lubricants are unlikely to ghibn.
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Thermal effects

Thermal effects can also play a major role in deieing the film thickness at high speeds
since a rise in temperature in the inlet regioruces the local viscosity and leads to a lower
film thickness. The extent of the temperature iseetermined by the degree of shearing
present and on the temperature-viscosity behawabtire lubricating fluid. Thermal effects at

high speeds have been reported by several workérsq].

Thermal reduction of film thickness in elastohydmdmic lubrication may arise from inlet
shear heating, even in pure rolling. However, tifieceis further exacerbated by the presence
of sliding [9].

Thermal correction factors are commonly used toembrfor these effects. The isothermal
film thickness,hiso, is modified by a thermal reduction fact@y, to estimate the correct
value of film thicknessunder the prescribed operating conditions. Manyntlaé correction
factors are available [19-22] however, until nowgna of these has been validated
experimentally at very high speeds.

The thermal reduction factor which will be usedhis analysis is the one proposed by Gupta
et al. [22] which is given by:

1-13.2821042
Cr= &
T ™ 1+0.213(1+2.235083)064

Equation 2.12

where the loading parameter, L, is defined by:

_ _(om\ U2 -
L= (aT) A Equation 2.13
and the slide-roll ratio, S:
s=20"" Equation 2.14
Ui+U,

This correction factor is an improved version oéttldue to Wilson and Sheu [19]. It
combines Wilson and Sheu’s analysis which also rpm@ted the effect of inlet shear
heating due to sliding with the ‘load effect’ cdlated by Cheng [20]. The predicted film
thickness taking into account thermal effects isawmied by multiplying the isothermal film

thickness with the thermal reduction factiorHhiso % Cr).
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In addition to its effect on the inlet region, #ig also causes frictional dissipation
throughout the contact, which may appreciably iasecthébulk temperature of the surfaces
above ambient. This is not accounted for by intetags heating corrections but can become
significant if both high loads and sliding speeds @resent, an example being in the

lubrication of gear teeth [3].

Both thermal effects and starvation are highly dele@t on speed and both can be
experienced at high speeds. Thus, for high spepticapons such as metal forming and
high-speed bearings, which may operate at speeliglass 20 m’§ these factors must be
taken into account. Very little experimental dagaavailable for film thicknesses at speeds
above 5 m3. The only work found was by Dickenson in 1982, wkerrection factors were

still at their early stages [14].
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2.2.2.1.1.2 EHD friction

The friction of an EHD contact is the integral bétshear stress, developed in the lubricant
film over the contact area and is determined byrt@mlogical response of the lubricant to
the very high pressure and shear rate presentelfiuid film lubrication regime, traction is
due to shearing of the lubricant in the contaddifsj friction) and shearing of the lubricant

in the inlet and outlet zone (rolling friction).
Rolling friction

In pure rolling, even if there is no nominal fltstlear in the contact, a small retarding action
force is present. This traction originates in tloatact inlet, possibly due to the shearing of
the lubricant within this zone [23]. In sliding-holg contacts, rolling friction is usually

ignored, as its contribution compared to that wfisg friction is found to be slight [9].
Sliding friction

Sliding friction originates within the central regi (parallel film high pressure region) of the
contact. Upon entering the conjunction, if therexsernally applied sliding or spin between
the surfaces, the resulting friction which oppo#ieis motion is governed by the shear
properties there [9]. Traction therefore dependtherproperties of the lubricant in the centre

of the EHD contact, where very high pressures &edrsrates are experienced.

When considering sliding contacts, the mean praggef the film across the contact are
usually used to determine friction. The frictioreffacient is then given as:

_F _[tdA _ A _

n== fpda 72— Equation 2.15

==

whereT is the mean shear stress a@nid the mean contact pressure.

Another assumption that is usually made is thabhlihe friction originates from Couette
flow within this region. The mean strain rage,is then given as:

. AU

Y=1 Equation 2.16

One important aspect to keep in mind when consideEHD friction is that, whereas the
lubricant behaves as a Newtonian fluid at the iofethe contact, where the film formed in

the parallel part of the contact is determined tti®y entry viscosity), the lubricant inside the
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contact is non-Newtonian. This is because the séieess in the contact is very high. Very
high shear rates are required to produce the higingates required to slide the layers of
highly viscous lubricant layers of molecules pase @another. Once high shear rates are
reached, the lubricant starts to shear thin, aadi$cosity decreases with increased shearing.

Rheological models such as those by Johnson ¢24l.which describe the behaviour of
lubricants in EHD contact conditions have been tgexl. These describe friction as a

function of sliding as follows:

At a very small amount of sliding, the fluid is N@mian. Friction increases linearly with

increasing sliding and the shear stress is given by

T=7ny = noe""_’i—u Equation 2.17

At a significant sliding speed and strain rate,ghear stress becomes very high as a result of
the high pressure at the contact which causes igdmosity to rise. This will cause shear
thinning, and the viscosity decreases with increpshear rate. At this point there are
therefore two effects opposing each other. Theess®d shearing resulting from increased
strain rate which results from increased sliding anlower film thickness (film thickness
reduces due to shear thinning) will be opposedhieyefffect of shear thinning which lowers
the viscosity therefore reducing the shear strékss behaviour can be described by the
following equation:

Te e

. 1noePY
T =1,sinh™! (ﬂ) = 1,sinh™! (T—'“) Equation 2.18
wherert,, the Eyring stress, is a characteristic stresghath shear thinning starts to occur.

At very high shear rates (or very high pressurésy, fluid yields at the limiting shear
stressg; . EHD friction will then depend on the yield stréimgf the very high pressure non-
Newtonian film. Once the limiting shear stresseaahed, the traction coefficient becomes

the limiting traction coefficient,= t,, and remains constant with further increase ohrgij.

The limiting traction coefficient depends upon tme®lecular nature of the lubricant and
increases linearly with pressure and also decrelsearly with temperature. For most

mineral oils, the limiting traction coefficient abom temperature is between 0.05-0.07 and
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decreases to around 0.03 to 0.05 at 100°C whengdbesic ester oils have even lower
limiting traction coefficients [25].

In most cases it can be assumed that contact peesshigh enough for thin films to reach
the limiting shear stress and limiting coefficiaidtfriction. Figure 2.8 shows this behaviour
where it can be seen that the limiting shear stieseached in the EHD regime and the
friction coefficient remains constant with incraegsgsliding (and entrainment speed) and then

drops slightly due to thermal effects which lowee timiting friction coefficient.

thermal effect

\

] Elasto-
Boundary . Mixed hydrodynamic
log (Un)

Figure 2.8 - Variation of coefficient of friction with speed and viscosity [26]

2.2.2.1.1.2.1Factors affecting friction at high speed

Unlike film thickness, which depends on the entrant speed, sliding friction is dependent
on the amount of slidingAU), and to some extent is independent on the enteihgpeed.
However, at very high entrainment speeds, factatspnesent at low speed may occur.
Possible factors include shear heating and vissteleesponse [11], both of which result in a
reduction in friction.To date, no experimental work on friction behaviotineat oil at very
high entrainment speeds is available.
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Shear heating

Thermal effects can be experienced at very higtegioll ratios. At high strain rates, a
temperature rise in the film resulting from the amis of heat dissipated within the EHD
film is experienced. This reduces both the visgoaitd the limiting shear stress, resulting in

a lower friction coefficient.

Frictional dissipation throughout the contact causde bulk temperature of the surfaces to
increase above ambient. If the temperatures of bikending surfaces are known, the
temperature of the oil film can be determined usheequation given by Crook [27]:

ht|U1—-Us|

T Equation 2.19

7_101'1 = 7_1surface +

whereTs,, rqce iS the mean temperature of the two surfabés, the film thicknessr is the

average film shear streg#; — U,| is the sliding speed arig,; is the conductivity of the oil.
Viscoelastic response

At high speeds, EHD films can also exhibit viscegtabehaviour. In this case, the fluid
strain will consist of a viscous and an elastic ponent [28] where:

’ . dt*
Yo — sinht* + D, -
Te dx

Equation 2.20

where D, =% and 7, ==. G is the effective elastic shear modulus defined in

aGe Te

Nomenclature.

The viscous component (first term) behaves as thestin the previous section i.e. behaves
as non-Newtonian at low shear rates then sheas thjpidly above the Eyring stress. The
elastic term (second term) is dependent upon thexaton time of the fluid(n,/G)
compared with the transit time in the contact [ZH}is means that, if the slide-roll ratio is
low enough, and the speed is high enough (i.esitréime is low), the oil is compliant and
accommodates strain by deforming elastically ratiwn by shearing. Therefore, elastic

effects in the contact will result in a reductionshear stress and friction.

D, is called the Deborah number and is the ratidefrelaxation time of the fluid to the time
of transit of the fluid through the contact. Fowl®eborah numbers (and low speeds) the
lubricant will show purely viscous behaviour whifer high Deborah numbers, the lubricant
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will show viscoelastic effects [9D, is a function of the entrainment spekl] therefore, the
higher the entrainment speed, the more likely ifois the lubricant to show viscoelastic

behaviour, with the elastic term becoming moreificant with increasing speed.
2.2.2.1.2Film formation and friction properties of water

2.2.2.1.2.1 Film thickness

Water has a low viscosity (0.00066 Pas) and, muomgortantly, a very low pressure-
viscosity coefficient. Whereas typical mineral digve a pressure-viscosity coefficient in the
range of 10-22 GPa the value of water has been reported to be 0B& @t 50°C [29, 30].
Experimental work has shown that measured filmkiness for water is much higher than
that predicted by EHD film thickness equations sashEquation 2.7 [30]. This is because
water has such a low pressure-viscosity coeffictbat the contact acts in the isoviscous-
elastic regime rather than in the conventional @iecous-elastic regime. EHD film
thickness equations such as those given by Equatiband Equation 2.8 become applicable
only when there is a significant increase in viggoat the inlet, which is not the case for
water, therefore other equations must be used.r@dmin thickness for fluids operating in
the isoviscous-elastic regime can be predictechbyeyjuation given by Hooke [31] for point

contacts:

UnO.BR' 0.67
E047y0.13

h,=4.18 Equation 2.21

This equation has been successfully validated aoded to give very good agreement with
experimental results [30]. When predicting filmcknmess for elliptical contacts, the equation
given by Dowson and Hamrock [32] for the isoviscelastic regime is used in this study,

where:

0.64

h, = 7.320%64W—022(1 — 0.72¢ 029(Ry/Rx) "R’ Equation 2.22
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2.2.2.1.2.2 Friction

In piezoviscous-elastic EHL contacts, very highsptges and shear rates are present in
sliding EHL contacts. However, this is not theecas isoviscous-elastic conditions. This is
because the pressure-viscosity coefficient of wiatgery low, hence the increase in viscosity

due to pressure is negligible at the contact.

One common approach in predicting friction of wateto assume that only Couette shear
takes place. In this case, Equation 2.17 can be tasdetermine the shear stress, from which

the traction coefficient can then be deduced:

T Aunye®P .
-= — Equation 2.23
5 phe g

u=
Experimental results however have shown that {hisaimate approach does not accurately
predict traction coefficient and that, for isovisseelastic conditions, rolling friction is not
negligible [33]. A fuller approach is required, whehe shear stress is defined as:

Aun  hdp
hc 20x

T=4= Equation 2.24

where the first term is due to Couette flow (slglifriction) and the second, pressure

gradient-dependent term, results from Poiseuitle f{rolling friction).

Friction increases linearly with increasing slidiagd shear stress and, due to the very low
viscosity of water at the contact, is much lowearththe values obtained for oil. The
measured friction values for water reported byousiresearchers are much lower than those
obtained for oil and fall below 0.01[33].
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2.2.2.2Two-phase lubrication

2.2.2.2 1Introduction

An emulsion is a type of colloid which is definegd Becher [34] as ‘a heterogenous system,
consisting of at least one immiscible liquid intiels dispersed in another in the form of

droplets, whose diameters, in general, exceedi@.1

Oil-in-water emulsions are two—phase liquid systemisich consist of oil uniformly
dispersed in water. To disperse the oil into théewphase, an emulsifier (also referred to as
surfactant) is required. Emulsifiers contain a loydhilic moiety which attracts water and a
lipophilic moiety which attracts oil, thereby protmg the formation of a stable emulsion of
oil and water by inhibiting the close approach afeodroplet to another. The polar
(hydrophilic) part of the molecule can also carrgasitive or negative charge and therefore
emulsifiers can be classified into non-ionic, caittoand anionic surfactants. Emulsifiers with
a high Hydrophile-Lipophile Balance (HLB) numberhiah is a measure of the relative
percentage of hydrophilic to lipophilic groups imetsurfactant molecules [35], are used to
stabilize oil-in-water emulsions (number typicalnges from 8 to 18, [36]). The selection of

emulsifiers is still made on empirical basis.

The diameter of the oil droplets in an oil-in-wagenulsion typically lies between Quin and

0.1 mm. A range of droplet sizes is usually presenan emulsion. The particle size
distribution can be broad or wide, with the narmstribution being described as one where
the ratio between smallest and largest dropletisifel. The droplet size depends on many
factors including the emulsifier type (includingetiiLB number) and concentration, water
hardness, temperature and mixing time [37]. Thepldtosize increases with time due to

separation effects, the extent of which is dependerthe stability of the emulsion.

The stability of emulsions depends on many facteush as the emulsifier type and
concentration, droplet size, solubility of the oi the aqueous phase, oil type and
concentration, pH, the activity present at the aefand interfaces (which affects the
adsorption of the emulsifier) and the temperattinghach emulsification is carried out. These
factors all affect the break-down of the emulsidmcl can occur by various processes such

as sedimentation (or creaming), flocculation analescence. Measuring the variation in the
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mean droplet size as well as the % volume of thmarsged oil phase with time gives an

indication of the stability of emulsions.

The viscosity of an oil-in-water emulsion dependstte viscosities of the two phases and the
phase volume as well as other properties sucheadrtiplet size and distribution as well as

emulsifier type and concentration.

For dilute emulsions (< 5% oil), the viscosity daa calculated using the equation given by

Einstein [38] where:
n=>0+2.5¢)n, (Einstein) Equation 2.25

where 7., is the viscosity of the continuous phase ahds the concentration of the

discontinuous phase.

For more concentrated emulsions, improved relaligss which take into account the

presence of neighbouring droplets are given bye®ili39] and Eilers [40] where:

_ Nc : .
n= /i3g (Sibree)  Equation 2.26
2
n= [1 + %:‘:@ ¢ (Eilers)  Equation 2.27

All the above relationships assume that the oipbhts are rigid. This is probably a valid
assumption for oil-in-water emulsions which arerainied within the contact, where the
viscosity of the oil droplets is extremely high. Alse emulsion concentration increases

further, oil-in-water emulsions may invert to wateroil emulsions.

In this study, a commercial oil which already caméaan emulsifier (emulsifiable oil) is used
hence the same emulsifier type and concentratiomefisas the same method of preparation
were used for all oil-in-water emulsion investightd’he major focus was given to dilute
emulsions since the latter reflect the concentnatiosed in cold rolling. Dilute oil in-water
emulsions are also widely used as fire resistadtdujic fluids in high fire risk applications

such as in mining [41,42].
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2.2.2.2.2Film forming and friction properties for oil-in-wa ter emulsions

2.2.2.2.2.1 Mechanisms of film formation of oil-invater emulsions

There has been considerable research carried ostutty the elastohydrodynamic film
forming properties of oil-in-water emulsions [42}46n recent years most of this has been
based on optical interferometry, (and since 19%&ahin film interferometry), which is able
to measure film thickness directly within the caitbormed by a steel ball or roller and a
transparent flat [47-52].

Oil-in-water emulsions show a complex pattern dideour, which can be explained in three
stages as illustrated schematically in Figure 2.9.

base oil

log(film thickness)

oil-in-water

emulsion

Stage | i Stage Il Stage I

log(mean rolling speed)
Figure 2.9 - Behaviour of oil-in-water emulsions wh speed (adapted from [48])

At slow speeds, (Stage 1), a well-designed oil-atev emulsion forms a small pool of oil
phase in the contact inlet. To do this, the odgghmust preferentially wet the metal surface
and this can be controlled by appropriate choicerofilsion properties such as emulsifier
type, emulsifier concentration, base oil type and (vhich affects the stability of an
emulsion) The existence of this oil pool means that the etagtrodynamic film thickness
has the same value as that formed by neat oil meréases with increasing speed according
to the classical relationshipd U%’ whereU is the mean rolling speed. The film thickness of
oil-in-water emulsions at slow speeds can therefoee predicted using film thickness

equations such as those given by Dowson and HanfEsgkation 2.7).
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range

Figure 2.10 - Picture illustrating phase inversiorwhich occurs at the inlet of the contact in Stage
| [48]

At some critical speed however, the rate of poofation becomes insufficient to balance
the rate at which it passes through and arounccéimact. At this point, EHD starvation
ensues, and the film thickness falls, often qui@gly, with increase in speed (Stage Il) [47].
The speed at which Stage Il initiates (first catispeed) depends on the composition and

chemical properties of the emulsion.

Usually the film thickness does not fall to zerowever, and at a still higher rolling speed
(second critical speed), typically between 1 anu &%, it starts to rise again and Stage IlI
behaviour ensues [48]. This region has been velatlittle studied but it has been suggested
that, under these conditions, a mixture of oil aader [46, 48] or a dynamic concentration of
oil droplets [53] could be entrained into the cantdhe second critical speed also depends

on the composition and chemical properties of thalsion.

One important aspect which has not yet been inyestil is what is actually entrained inside
the contact beyond the second critical speed. Kedgéd of the composition of the entrained
lubricant would enable a better understanding efltibrication mechanism occurring at high
speed. Direct observations of the emulsion flowhia inlet region have been done up to a
speed of 1.5 ms[46, 48, 54] however Stage Ill was not covered wuk has yet been done

to investigate the composition of the entraineditant at high speeds.

Recently a model has been developed for EHD emmdsighich covers all three stages of
behaviour of emulsions [55]. This model howevdi dbes not fully take into account all the

emulsion characteristics (a unique factor is usethke into account the combined effects
from the emulsifier, pH value, droplet size etcil anore experimental results at high speeds
are required to validate it and ensure that theirapon used to describe the emulsions

behaviour in Stage 11l (a mixture of oil and waiteentrained) is mechanistically correct.
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2.2.2.2.2.1.Behaviour of oil-in-water emulsions at low speed

Stage |

Most of the previous work done on oil-in-water esiwoihs has focused on slow speed
behaviour and thus on Stage | as indicated in EiguB. As a result, the slow speed
behaviour of oil-in-water emulsions is now quite Iwenderstood and, based on this
understanding, guidelines for the design of eflectoil-in-water emulsions have been

produced.

At low speeds, the main lubricating mechanism &tepbut. The oil droplets are adsorbed
into the metal surface and spread to an angle whkighown as the wetting angle. A film of
oil is plated out on the surface, causing a podilotfo form in the inlet region of the counter-
formal contact. Direct observations by Nakaharalef46], Zhu et al. [48] and Yang et al.
[54] confirmed the existence of an oil-rich pool time inlet region at low speeds (phase
inversion region, Figure 2.10) for both point amtklcontacts. As long as the emulsion is
able to form a pool of oil at the inlet whose siggreater than the critical inlet meniscus, the
emulsion behaves similarly to neat oil in fully dlded conditions and the film formed is

highly dependent on the viscometric propertiehefdil phase [47].

The ability of the emulsion to wet the surface ighly dependent on the emulsifier
concentration. Extensive work has been carriedbguvarious researchers on the effect of
emulsifier concentration on the film forming propes of emulsions in Stage | [43, 44, 46,
49, 50, 52]. Nakahara et al. [46] observed thaigh lmulsifier concentration prevents the
occurrence of phase inversion in the low rollingegp region and markedly reduces the film
thickness. Using a displacement energy approackhaas first suggested by Kimura and
Okada [44], Ratoi-Salagean et al. [50] showed thatwetting properties of emulsions are
well described in terms of the critical micelle centration, cmc, of the emulsifier, which is
the concentration at which the adsorbed layer dastant is thicker than a monolayer (full
monolayer coverage is obtained at a lower concenraC,) and the surface tension of the
emulsifier solution in water levels out (see Fig@rdl). When a complete monolayer of
surfactant is present, the surface is highly hydotyic (due to the orientation of the
surfactant molecules) however, as the emulsifiereiases, a second layer of surfactant
forms. The orientation of the polar heads in theosd layer is inverted and the surface then
becomes hydrophilic. Thus, when the emulsifier emti@ation is higher than the critical
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micelle concentration, the emulsion shows poor atdity whereas, if the emulsion

concentration is lower than the critical micellencentration, the emulsion shows good
wettability and the film formed is sustained foredatively wide range of speed (typically up
to about 0.1-0.5 mY and is very close to that obtained by the cowrejng neat oil [50].
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Figure 2.11- Plots showing (a) the variation of d#olid, 6,s, and water/solid 0, contact angles
and (b) the variation of the two liquid/air surface tension, yoa Ywa With emulsifier
concentration. The location of the critical micelleconcentration as well as an illustration of the

variation in the adsorbed layer with emulsifier cortentration are also displayed (from [50]).

Ratoi-Salagean et al. [50] and Cambiella et al] 5@wed that emulsion concentration is the
key characteristic in determining the film formipgoperties of emulsion in Stage | and,
although some of them affect interfacial propersesh as contact angle and interfacial
tension, other factors, such as droplet size,ankentration, stability and emulsion viscosity
play a minor role in the film formation of emulsomat low speeds. When the emulsifier
concentration is at a constant concentration athvttie emulsion iable to form a pool by
plate-out (as is the case for this study) variaionfilm thickness are then dependent on the
ability of the emulsion tonaintainthis pool and factors such as speed, droplet stabjlity
and oil concentration play a key role in determgntine thickness of the film formed.

The size of the pool of oil is highly influenced the speed For emulsions to form films of
similar thickness as their corresponding oil, thi rof oil pool formation at the inlet must be
sufficient to replenish the oil which goes throwgid around the contact, thereby maintaining
an oil pool bigger than the critical inlet distanée the speed increases, less time is available
for the pool to form, and, as a result of this, dilgpool decreases with increasing speed. This

behaviour has been confirmed by direct observatidribe inlet by various researchers (46-
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48, 54]. As the speed increases, the pool graddeltyeases and becomes more unstable with
increasing speed [48] until it finally disappeafte speeds at which the pool size becomes
lower than the critical inlet distance fall undaage 1l, where the film thickness collapses
and decreases with increasing speed.

A high oil concentration in the emulsion increases the availability of dibplets in the
contact region, resulting in the formation of adag oil pool which can be sustained for a
wider range of speeds. This behaviour was confirmetlakahara et al. [46], who observed
that an increase in oil concentration increasesntimaber of penetration droplets which
increases the size of the oil pool. As the oil @nration increases, the speed at which the oll
pool disappears increases, and Stage | behaviausigined for higher speeds (still below
0.5m &Y.

This behaviour is generally valid for oil concetitvas of up to around 10% oil. Zhu et al.
[48] observed that, at higher oil concentratior@42oil and 40% oil), a smaller, or no pool at
all, forms, even at low speeds. It was suggestatithis behaviour could be due to reverse
flow which can ruin the oil pool formation. A diffent behaviour was also recently reported
for very low concentrations where it was obsenret bil-in-water emulsions with super-low
oil concentrations produce significantly highenfithickness than those obtained for more
concentrated emulsions. In the work by Ma et &) [&l-in-water emulsions with super-low
oil concentrations (0.003 % oil) produced a siguaifitly higher film thickness than more
concentrated emulsions (above 0.5%). This has b#éebuted to the fact that, for low
concentrations, fewer oil droplets are availabléhia inlet region to hinder the adsorption of

the separated oil phase (dynamic washing).

The effect of oil droplet size on the film formation of oil-in-water emulsions shdeen
investigated by various researchers [43, 44, 5SibGT7no general agreement on its effect on
film thickness has been reached. Nakahara et@&]l.ifdestigated line contacts by measuring
the film thickness using optical interferometry adutectly observing the behaviour of

droplets in the inlet region. Three types of dripleere identified:

- penetration droplets travel through the contacezamd provide lubrication

- reverse droplets penetrate a certain distancehetalet region and are then rejected

- stay droplets maintain a fixed distance from thgeedf the contact for extended
periods of time and then become either reversepefpation droplets
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The larger droplets in the emulsion are generadiygpration droplets while smaller ones are
reverse droplets. They also observed that the lpegetration droplets reduce in number as
the speed increases; the stay droplets locateefuitbm the contact at higher speed; and the
small reverse droplets do not vary with speed.

Most of the observations by Nakahara et al. [4G6jenearried out at very low speeds (0.005-
0.02 m &). Direct observations of the inlet region wereoatgrried out by Yang et al. [54]
and Zhu et al. [48] using both point and line (ygklliptical) contacts and covering a wider
range of speeds (up to 1.5 i).sSimilar oil droplet behaviour was observed bythbo
researchers. Yang et al. [54] confirmed the thypes of oil droplets at the inlet but noted
that, ultimately, the oil droplets that penetrdite tontact zone are those primarily attached to
the surfaces or that join the oil pool. Yang etaddo observed that, for both point and line
contacts, the size of oil pool is more sensitivéhi droplet size for smaller droplets (below
5um). When compared to line contacts, more dropletsogind point contacts as side flow.
This results in the oil pool at the inlet being usmaller in a point contact than in a line
contact under the same conditions [48, 54].

The effect of thestability of an emulsion on pool formation has been investid by Zhu et
al. [48]. The stability was varied by varying thel pHCI| was added to the lubricant) of the
emulsion. It was found that a more destabilized lsion (lower pH) forms significantly

larger and more stable oil pools, resulting inghler film thickness.
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Stage Il

The plate-out theory also describes Stage Il belawf emulsions. The decrease in film
thickness with speed which occurs in this stagebleg attributed to starvation [47]. As the
speed increases and reaches the first criticaldspbe rate of pool formation becomes
insufficient to replenish the oil which goes thrbuand around the contact and the size of the
pool of plated out oil at the inlet becomes smatlhan the critical inlet meniscus. Both Zhu et
al. [48] and Yang et al. [54] have reported thabrigool was clearly visible in this stage.

Baker et al. [47] have shown that, in Stage I, ¢éheulsions show similar behaviour to the

corresponding base oil in starved conditions. Siom equations such as those given in
Chiu’s analysis on neat oil in starved conditiof8][can then be used to describe the films
formed by emulsions at this stage. Chiu’s replenisht theory has shown good agreement

with selected results of Zhu et al. [48] (Figurg2).
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Figure 2.12- Comparison of Chiu’s replenishment moel with selected point cotacts by Zhu et

al. [48] A comparison of the dynamic concentrationwith the high speed results is also shown.

Zhu et al. [48] also suggested that the decreaghi@kness in this stage, which is also
referred to as the transition region, could also gagtly due to changes in the oil
concentration at the inlet which decreases withedpén comparison to Stage |, Stage I
behaviour has been less investigated as, in masscéhe main objective of research was to
optimize emulsion properties by maximizing the wettability of the oil droplets so that the

first critical speed is pushed to higher speeds&tade Il is avoided.
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2.2.2.2.2.1.Behaviour of oil-in-water emulsions at high speed: Stage |

Only one study [4Bhas measured the kaviour of oil-inwater emulsions above 4 r,
where Stage Ill behaviour is prevalent. The maason for this deficiency is almc
certainly that most commercial optical interferomgaéest equipment is limited to a maximi
speed of around 4 mi'ssinply because this is easier to design for and isesgmtative o
most engineering components. However, in termstaflying oi-in-water emilsions for
metal rolling, thisis unfortunate since the entrainment speeds inlmaltang are generall
greater than 5 mi'sand it appears that there is a marked change ifs@nibehaviour abov

this speed.

Zhu et al. [48showed that the filnformed by oil-in-water emulsiorester the second critici
speed increases with speed is lower than that obtainagsing neat oil bt higher than that
obtained using pure water (Figurel3). The film thickness waalso dependent on tl
emulsion composition (oil concentration) and stabi (pH). Unfortunatel, this study
employed conventional rather than t-thin film optical interferometry, which means tl
the film thicknessesould only be measured up to 50 nfilms thinner than 50 nnwere
‘estimated’ rather thameasure). Also, the study did not measure friction. Consetly, at
presentpne cannot relate ension composition and properties to film forminglépiat high

rolling speeds.

=+ Neat Oil, Lina Conteet —r— No.2 (Go=20%, oH=7.63), Ling Cantazt
—&— No3 [Cea20% pHa451) Lng Cenael —&— Nod {Co=5%, pH=762), Lina Cemact
—{— Ha5 Go=5%, pH=4.62) Line Covtacl —¢— Mo (Cos2%, pr=T &1, Lina Comact
—k— N30 [Dg=40%, pH=7.77), Lne Conlact----+ - Fue Water Pant Canact

-+ Mest Oil, Pein; Sontas; ocdees N2 [De-00%, 3H-TE9, Peirl Conlae:

N5 (Co=20%, pH=4.91), Poin! Gonjat -+ - No 3 [Zoaft, pr=7,32), Point Comact
++No.5 [Go=5%, pH=d 620 Poivt Comtact ¢ Ned [Do=2%, p-=7.51), Pont Zontact
c Mo [Co=d0%, pH=7.77), Peinl Camact- - - Fuig Watar, 2aint Contzel

B @ 4

- f f ey f — i

Point Contact Cases Line Contacl Cases

1000

Film Thickness {(nm)

b=

=3
I
T

10 =

6o 0.1 1
Holling Speed [m/s

(@)

10007

Film Thicknass (nm)
o
o~
Il

;01 0.1 i
Rolling Speed {m/s)

(b)

Figure 2.13Experimental film thickness results or (a) point and (b) line contacts obtained frorr

the only work carried out at high speeds wh oil-in-water emulsions. These values we

obtained using conventional interferometry rather tian ultra-thin interferometry [48]
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There have been two main suggestions as to howsenalmay be entrained at very high

speed (Stage IlI).
Micro-emulsion theory

Nakahara et al. [46] were the first to directly ebv® that, at relatively high speed (around
0.8 m §'), no phase inversion occurs at the inlet and dinlg oil droplets enter the EHL
region, probably without causing phase inversionggesting that a fine oil-in-water
emulsion is entrained in the contact. Zhu et &] [dgreed with this when discussing their
experimental film thickness results which coverpdesis of up to 20 m's suggesting that
the concentration at the inlet zone becomes clogleat of the bulk emulsions and a mixture
of oil and water, possibly in the form of a micnowésion, is entrained in the contact (Figure
2.14).

water

(S
© 6 56 0o o0 0.0 0 o

Figure 2.14- Picture illustrating micro-emulsion theory where, at high speeds, a mixture of oil

and water, possibly in the form of a micro-emulsionis entrained in the contact

If this were the case, effective viscosity relasibips (Equations 2.25, 2.26 and 2.27) could in
principle be used to predict film thickness usihg isoviscous-elastic film thickness equation
(Equation 2.21).

Dynamic concentration theory

The second theory which attempts to describe Sthdpehaviour of emulsions is given by
Wilson et al. [53]. The dynamic concentration thesuggests that, at high speeds, oil
droplets (which are much bigger than the film thieks) are squashed and preferentially
drawn to the contact due to the high viscosityhef oil while the water is squeezed out of the
contact. Hence, even if no extensive pool of oppriesent at the contact inlet, mainly oil is
entrained in the contact.
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Figure 2.15 Picture illustrating dynamic concentraion theory (adapted from [53])

The contact is treated as starved, and the filrokii@ss at the inversion (inlet meniscus
position), h;, is described as a function of the droplet s@;ehulk concentrationgy, inlet
concentrationg; (taken as 0.9068, which corresponds to the coratemt of a close-packed
cylinders configuration) and an arbitrary entraimtneoefficient,C, which is not defined and
can be varied:

h; = Cd% Equation 2.28

The degree of starvation is determined by the idistance hence, by varyinG, the

predicted film thickness obtained with this modah de varied.

This theory was compared to Zhu et al.’s experiaewbrk, [48], where good agreement

was achieved by choosing an entrainment coeffi@éft = 0.2.

The theory was also compared with a set of restitained using a two-disc machine [59] ,
where a different value of C (=1/30) was used stoasbtain good agreement. The fact that
the entrainment coefficient is not unique makeseity difficult to asses the validity and
accuracy of this theory by just comparing the tlgegorfilm thickness results.

Although this theory is aimed at line contactdhas been applied by the authors (Wilson et
al. [53]) to point contact results given by Zhuakt[48] (Figure 2.12), by assuming that the
entrainment coefficient, is the same as that applied to the line contkatthickness values

for the same droplet size and concentration.
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2.2.2.2.2.2 Friction properties of oil-in-water emisions

Only one work was found to have measured frictiotheee speeds which fall under all three

stages of behaviour of emulsions [51].

It has been shown that at low speeds, in Stade lfriction coefficient obtained with oil-in-
water emulsions in mixed sliding/rolling conditioissthe same as that produced by neat oil,

typically ranging from 0.02 to 0.05, depending @sé oil type and on temperature.

In stages Il and lll, EHL friction coefficient isewy low, typically less than 0.01, which may
indicate the effect of high water content, whichmach less viscous than oil. Friction also
increases with the proportion of oil present in ¢llen-water emulsion. Although speeds at
which Stage Il behaviour occurs were reached is Work, the speeds were still relatively
low and did not exceed 3.5 rit.sTo date, no experimental work on friction behaviof

emulsions at very high entrainment speeds is adaila
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Figure 2.16 - Results reported by Schmid et al. [$lon the behaviour of friction with sliding
speed for speeds below the first critical speed {@ m s') and above the second critical speed

(3.5msh
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2.3 Summary

In this chapter, a background on the cold rollimgcess was first given, detailing the
conditions present during the process, in particiia high speeds (up to 20 i) svhich can
be reached and the type of lubricants used. Theritaupce of the lubricant film-forming and
friction properties to the process was also hidtieg.

A background on the fundamentals of elastohydrodyoalubrication together with a
description of the lubricant characteristics oftn@§ pure water and oil-in-water emulsions
in EHD contacts were then given to enable a batterpretation of the results presented in
Chapter 4. Major emphasis was given on the efféttigh speed on the film-forming and
friction properties of single-phase and two-phaggritants as this reflects the operating

conditions present in cold rolling.

In single-phase lubricants, the behaviour of ndatdow speeds is very well understood and
all the theories describing the lubricant film-fong and friction properties are supported by
numerous experimental film thickness and frictiesults. At high speeds, however, factors
such as thermal effects, starvation and viscoel&gthaviour can affect the behaviour of the
lubricant. Very little experimental work is availabat speeds above 5 m, smaking it
difficult to determine the dominant factors whiclfeat the film forming and friction

properties of neat oil at high speeds.

In the case of two-phase lubricants, considerakfger@mental work which includes film
thickness and friction measurements as wells a&ctdobservations has been carried out at
low speeds, and the mechanism of film formatiomibfn-water emulsions at low speeds is
now well understood. However, from the only avd#dabxperimental work which reported
film thickness measurements at speeds above 4[#B§it seems that the mechanism of film
formation at high speeds (Stage lll) is completeifferent to that present at low speeds
(Stage I). Although theories have been suggesi®d [83], experimental data is very limited
to support their validity. No experimental frictioesults are available and only one work has
measured film thickness. More experimental reswtsch give more insight on the
behaviour and composition of the lubricant entrdirs@ high speeds are therefore much
needed to verify existing theories and ensurettitmfissumptions used in models to describe

the behaviour of oil-in-water emulsions at highexeeare mechanistically correct.
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CHAPTER 3

TEST RIG, TECHNIQUES AND PARAMETERS

This chapter covers all details related to testiglescription of how an EHL test rig was
developed to operate at high speeds and meet go@ements of the project is given first.
All the experimental techniques employed to ingag the behaviour of single-phase and
two-phase lubricants are then described and firiabytest parameters and characteristics of

the test lubricants are specified.
3.1 Development of test rig

3.1.1Introduction

This section describes the development of an Elglwtich enabled the testing of neat oil
and oil-in-water emulsions at high speeds in cdletmicsliding/rolling conditions.

Figure 3.1 shows a picture of the EHL rig which va&silable at the start of the project. The
development of the high speed rig was divided into stages, both of which are described in

the following sections.

Figure 3.1 - EHL rig at start of project
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3.1.2First stage modification of rig: set up of rig toenable it to run in its

original conditions

The available rig (Figure 3.1) was not in workingndition; therefore, the first thing which

had to be done was to set up the rig to enabderiirt correctly.

In the EHL test rig available, a 19 mm diameteelstall, which is supported on rollers, is
loaded hydraulically against a 100 mm diameterggtdisc, creating an EHD point contact.
The disc is driven by a DC servo motor which imtalrives the idle ball in nominal pure
rolling. The ball and carriage (which provides sugpporting rollers) are located in a stainless
steel bath, which is where the test lubricant isrpd during testing. The stainless steel bath
surrounding the lubricant is fitted with heatersiahhallow the control of temperature within
+ 0.5°C (Figure 3.2). During testing, the tempemsuof both the pot itself and the liquid
close to the ball surface are measured using tatnpim RTD probes. The main use of a
standard EHL rig is to measure film thickness usidtga-thin interferometry (Section

3.2.1.1) up to a maximum speed of 5T s

microscope

g sealed lid
glass disc N>
(i steel ball

s

-y
| stoppers

heater
(stand-alone

control unit)

disc drive t
(stand-alone load (stand-alone control unit)

control unit)

Figure 3.2 - Schematic showing setup of EHL rig imriginal test conditions (after first stage of

modification was completed)
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All the missing or unserviceable parts were idésdifand replaced, while all available parts
were tested and calibrated to ensure they werditumicg correctly. All the electronics of the
rig (load, speed and temperature controls) werisedvand calibrated such that the rig could
run at low speeds (Figure 3.3).
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Figure 3.3 - EHD rig after first stage of modificaton of rig was completed

Benchmark testing (i.e. film thickness measurenmentsng a reference mineral oil was
carried out to make sure the EHL rig was giving ssstent and reliable film thickness
measurements throughout the whole range of spaedstigated (Figure 3.4).

Many faults (such as software not triggering, atgmt problems with spectrometer etc.)
were diagnosed and corrected so that, at the ettdsofirst stage of modification of the rig,
the available EHL rig was capable of measuring filntkness using optical ultra-thin film
interferometry consistently and reliably up to @ep of 5 m $ . Results are shown in
Figure 3.4. The measured film thickness agreed wiehreference values provided by the
manufacturer to within 5%.

70



1000 -

L 2
o**?

E 100 ‘Q *
2 o®
0 4
£ TS ¢
(&)
£ 4
e 10 -
s #benchmark data (provided by PCS)

# other EHL rig in full working conditions

@ EHL rig used in this study (after first stage of modification)

1 T T 1
0.01 0.1 1 10

Entrainment speed ms -1

Figure 3.4 - Plot showing film thickness measuremés obtained using the EHL rig after the
first stage of modification was completed comparedo benchmark film thickness results
provided by manufacturer (PCS Instruments) and measred film thickness obtained using

another EHL rig in fully working conditions.

3.1.3Second stage modification of rig: modify rig to cter for requirements
of project

The second stage of modification of the rig involtke development of the rig to cater for

the requirements of the project. These requiremantsded:
* Measurement of very thin films (achieved in stage of the modification)
« Operation at high rolling speed (up to 20 i) s
* Allowance of control of slide-roll ratio during t&sy
» Catering for emulsions

» Investigation of lubricant composition

Measurement of friction

The following sections describe how these modiiicet were carried out, detailing how all

the requirements were catered for.
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3.1.3.10peration at high rolling speeds

The electronics of the motor controller were regtisad the gear ratio of the gears connecting
the motor to the shaft to which the glass disatisd was slightly increased to 1:1.25. With

these modifications, a maximum disc speed of 21'mvas achieved.

When tests were run at very high speeds (aboves$) nthe sealed lid available for EHL rigs

to avoid splashing of lubricants during testing nadderate speeds was ineffective and
considerable splashing of the lubricant from thé @ocurred. This depleted the lubricant
supply inside the pot and interfered with testinigew the lubricant splashed on top of the
disc or on testing equipment (especially when $phgson the objectives of cameras and
microscopes used in the various experimental teciesi employed). To prevent splashing
from obstructing testing, a ‘catcher’ ring was miactured and fitted around the pot such
that it was in very close proximity to the glassadiThe centrifugal force created by the
rotating disc in the small gap keeps the lubridearh flowing onto the glass disc, while the

ring which seals around the pot contains the spigshside the pot (see Figure 3.5).

Safety issues have also been taken into considerafi steel cover was screwed on the front
and back side of the rig. The pot was also firndyered in case any fracture of the glass disc
occurred.

microscope

glass disc Be——x

steel ball

catcherring o
ff— cmulsionin

heater —- £ MUISiON OUL

disc drive t )
. unique control system

Figure 3.5 - Schematic showing setup of modified BHrig (after second stage of modification

was completed)
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3.1.3.2Allowance of control of slide-roll ratio during testing

Originally the EHD rig was equipped with a singletor which drove the disc shaft. In turn,
the disc drove the freely supported ball.

When run at high speeds, it was found (Sectior2R22.4) that the idling ball starts slipping
and, as a result of this, an increasing degredidihg is experienced as the disc speed is
increased. A second motor which drives the ball thasefore required to ensure the ball runs

at the required speed, enabling the rig to ruromrolled rolling/sliding conditions.

A small high speed motor which is able to achiegpeed of 20,000 rpm (which corresponds
to a ball speed of around 20 rit)swas fitted on the rig. This was directly couptedhe ball
shaft (no intermediate gearing etc.). The motor masinted by means of an adaptor which

screws on to the pot, thereby avoiding any majodifications (Figure 3.6).

Figure 3.6 - Picture showing ball motor fitted on he EHL rig

Upgrade of control units to enable control of slidng/rolling conditions

Originally, the operation of the rig was controlleg a number of separate systems; these
were replaced by a single integrated program atgwsimultaneous control of all the

relevant parameters.
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When the second motor was added to the rig, tijgimed an interface with the motor driving
the disc so that a constant slide-roll ratio cdudmaintained throughout a test. The original

setup of the rig did not provide for this.

The control units were therefore upgraded suchttiet could interface with each other and

allow better control of all parameters.
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Figure 3.7 - Plot showing film thickness measuremée® obtained using the modified high speed
EHL rig compared to benchmark film thickness resuls provided by PCS Instruments and

measured film thickness obtained using another EHIlin fully working conditions
3.1.3.3Catering for emulsions

It was considered important when testing oil-in@va¢mulsions to circulate the emulsion
during testing. Circulation serves to agitate theuksion, thus limiting the tendency for it to
separate and preventing the build up of an oil pblase at the top of the chamber, which
could result in the fluid in contact with the digsot being representative of the bulk fluid.
Circulation was achieved by using a peristaltic puwvhich had a maximum flow rate of
2.3 I/min. This pumps the emulsion (which comesadidithe outlet port located at the bottom
of the pot by the influence of gravity) back thrbuipe entry port (Figure 3.5). A peristaltic
pump was chosen because, with this type of pungofltid remains inside the tubing at all
times and never comes in contact with any pumpsgeaals, diaphragms, or other moving
parts, thereby keeping the fluid uncontaminateallgtmes. The temperature of the emulsion

was kept constant within £ 1°C.
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3.1.3.4Enabling the investigation and visualization of Ilbricant

composition at contact and friction measurement

The rig described above was primarily used to mreadilm thickness by optical

interferometry. In this work, however, two othechiaiques which enabled the investigation
and visualization of the lubricant composition ke tcontact (laser induced fluorescence
(LIF), see Section 3.2.1.2) as well as friction swament (infrared (IR) temperature

mapping, see Section 3.2.1.3) were employed onghe

Carrying out all three experimental techniquestendame modified high speed EHL test rig
ensures that all the film thickness, lubricant cosifjon and friction results presented in
Chapter 4 were obtained under the same test consglitiin order to implement these
techniques on the EHL rig, some modifications weade to accommodate the additional
testing equipment required for each technique. @hesluded the addition of an adaptor to
account for variation in thickness of the discsdu@apphire discs used in the IR temperature
mapping technique are considerably thinner thergthgs discs used for interferometry), the
addition of an XY stage to enable the observatibthe whole area of contact (which is
bigger than the field of view provided by the caa)exrhen using LIF to visualize the contact
regions, and the use of stages to mount variougpmgut required for each technique used
(for example high speed camera, lenses and fif@rsLIF, IR camera for temperature
mapping technique). Figures 3.8 and 3.9 show hadbt rig was set up when employing
LIF and IR temperature mapping. Both techniquesl (altra-thin film interferometry) are

described in detail in Section 3.2.

75



Figure 3.8 — Setup of test rig when using LIF to giualize contact region and investigate film
composition

Figure 3.9 — Setup of test rig when using IR tempature mapping to investigate friction

76



3.2 Experimental techniques

In this section, all the experimental techniquepleyed in this work are described. The
three main techniques used in this study to ingasti film thickness, film composition and
friction are first described. All three techniquesre carried out using the modified EHL rig

described in Section 3.1.

A set of secondary techniques which aid in theyamalknd characterization of the lubricants
investigated are then described. These include unerment of viscosity using various
techniques, measurement of idle ball speed asasatheasurement of the oil droplet size of

the oil-in-water emulsions used.
3.2.1Main Techniques
3.2.1.1EHD film thickness measurement

3.2.1.1.1Introduction

Three methods are mainly used to measure the #sskaf films formed in EHD contacts.

These are optical techniques, electrical techniqnéesX-ray techniques [60].

When measuring film thickness of emulsions, twdhtegues have been used in the past.
Optical interferometry was used when investigapogt and line contacts [46-52] while an
X-ray transmission technique was used when usirg aw four disc machines [44, 59].
Electrical techniques such as capacitance andtarses measurements are not used when

investigating emulsions as these can be highly woin.
3.2.1.1.2Ultra-thin film interferometry

The technique used to measure single-phase anghage lubricants in this work is ultra-
thin film interferometry. This technique, which wdsveloped in the late 1980’s at Imperial
College [61], is an improved variant of the conwemal optical interferometry technique
which was first introduced in the 1960’s by Gohad a&Cameron [62-64]. Ultra-thin film

interferometry is the most widely used method oasuging lubricant film thickness in EHD

lubrication as it enables the measurement of fdmsn to 1 nm thick. [65].
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Figure 3.10 illustrates schematically the principlethis technique. A contact is formed
between a flat rotating transparent glass discaaattel ball. The glass disc is coated with a
semi-reflective layer of chromium and a silica lay@/hite light is shone into the contact
through the glass disc. Some of the light reflettsfrom the chromium layer while some
passes through the spacer layer and the lubrigamaihd is reflected from the steel ball. Due
to a path difference (which depends on the thickméghe oil film), the two reflected beams
acquire a phase difference and, when recombineg,dptically interfere, causing destructive

and constructive interference.

spectrometer

/

glass — |

semi — reflective

silica layer
chromium layer

reflective metal ball

Figure 3.10 - Schematic illustrating ultra-thin interferometry

In Figure 3.10, the angle of incidence has beemgxated for clarity, however, in the thin
film measuring setup, the angle of incidence iozdihis, together with the fact that the
refractive index of oil and glass is very similansures that the angles of incidence and

reflection are the same.
For constructive interference (angle of incidend®:=
245l + 2NgpacerRspacer + @A = N4, N =1,2,3,... Equation 3.1
For destructive interference (angle of incidend®:=
2n,hoi + 2Ngpacerspacer + @A = (N — ¥2)4, N =1,2,3,... Equation 3.2

The path difference is given §%n,; hoi + 2ngpacerNspacer), Whereny; andngyqq., are the
refractive index of the oil film and spacer layehilg h,;; andhgyqc., are the film thickness
of the oil film and the spacer layenA is the interfacial phase shift between the twonisea

which occurs due to a change of refractive indexhef mediums at either or both of the
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reflecting surfaces. The oil/steel interface praua phase shift very closertavhile for the
semi-reflecting solid/oil interface, the value bétcorrection factokyp, is typically between 0
and 0.2 [65].

The spacer layer, which is not utilized in conven#l interferometry, ensures that
interference occurs even if no oil film is pres@dt> 1 even whetn,; = 0) and is necessary
in order to measure fluid films that are thinnearth/z of wavelength of the incident light.
The thickness of the spacer layer is measured poidesting, when no oil film is present.
Each fluid film thickness is obtained by measuting combined thickness of the spacer layer
and lubricant film, then subtracting the known sgdayer thickness. The spacer layer can
vary in thickness over the disc surface thus fiickness measurements should be taken at
the same exact position on the disc where the spager thickness has been determined
(using a stationary loaded contact at the stagauh test). This is achieved by triggering
measurements so that all film thickness measuresraet taken from the same position on
the rotating disc circumference. The thicknesshef gemi-reflective chromium layer (which
is around 10 nm) is chosen so that the reflectetl teamsmitted parts of the beam are of

approximately equal intensity on recombination.

The interfered white light is then passed into acsmmeter where its constituent
wavelengths are dispersed and detected by a caifteeaspectrometer replaces the human
eye which was formerly used in conventional intenfieetry to identify and distinguish

colours which were then related to an approximaigesponding wavelength, thereby

allowing the wavelength of constructive interferena be precisely determined.

The light entering the spectrometer is restricted thin rectangular strip of the central fringe
image aligned at 90° to the direction of rolling lising a narrow grating (250m) which is

mounted on the spectrometer. The light coming fittis strip is then dispersed by the
spectrometer and observed as the output from & lalad white camera (see Figure 3.11).
The lighter regions correspond to constructiverfetence at a particular wavelength while

the darker regions correspond to destructive iaterfce.

The wavelength-dispersed image is then captureda dfyame grabber and a computer
programme averages the values within the centtei®image to produce an intensity profile
of the spectrum as a function of the wavelengthe Sbreen position at which maximum

intensity occurs is recorded, from which, usingalibcation technique, the wavelength which

79



gives maximum constructive interference at thereémégion of the contact can be obtained.

This wavelength is then used to calculate the nfikarthickness of the central oil film.

camera

microscope
\c
g

glass disc

steel ball load

A

Figure 3.11 - Setup for ultra-thin film interferometry

3.2.1.1.2.1 Calibration of spectrometer

In order to be able to convert the screen posiibwhich maximum intensity occurs into a
wavelength which gives maximum constructive intenfee, the screen position indicated by

the spectrometer must be related to a calibrateeeagth.

The calibrations are carried out using a mercurgplavhich provides light of a known
wavelength emission. During calibration, the whspeectrum can be scanned on the screen
by rotating the spectrometer grating using a mia@mm(only a portion of the spectrum fits in

the screen as this is magnified to improve resmhti

To calibrate the spectrometer against wavelength,micrometer was adjusted such that a
discrete waveband of the mercury lamp was placetthieasame screen position (screen is
divided into a 640 value array). The micrometedneg@ was recorded for each waveband and
a graph of wavelength against micrometer reading wlatained (Figure 3.12 (a)), from

which calibration constants A (slope) and B (y-inépt) were derived.

When calibrating the spectrometer against screesitipo, a single spectral line (obtained

using the mercury lamp) was used, and the variatioscreen position is noted as the
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micrometer is rotated. A graph of micrometer regdigainst cursor position was then plotted

(Figure 3.12b), from which calibration constantslbpe) was obtained.

The constants A, B and C were then inputted inéocttmputer program, enabling it to obtain
wavelength values from the intensity profiles captuon screen.
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Figure 3.12 - Spectrometer calibration (a) Plot ofvavelength versus micrometer reading from
which constants A and B were obtained (b) Plot of mrometer reading versus cursor position

on screen from which constant C was obtained.

81



3.2.1.2Visualization of contact region and investigatiornof oil composition

using Light Induced Fluorescence

In this study, a fluorescence technique was usedviestigate the three stages of behaviour
of oil-in-water emulsions. This was done by visyalbserving what phases are present at the
inlet in Stage | and Il and establishing the conipws of the entrained lubricant in Stages |,

Il and Ill at the contact using intensity measuratae

3.2.1.2.1Iintroduction

Fluorescence is a phenomenon which occurs in pemalecules known as fluorophores or
fluorescent dyes. The fluorophore is excited from® ground state to a higher energy singlet
state, which then rapidly returns to the groundestay emission of a photon [66]. This
phenomenon is illustrated in Figure 3.13 and caexXpdained in three stages [67].

53
excited
S \— higher energy
2H triplet states
S; 1.4
a T
5 absorbed
c t
- exc:i;..?_. emitted -
fluorescence triplet
light states
S phosphorescence
0
ground state

Figure 3.13 — Diagram illustrating fluorescence pheomenon [68]

Stage 1: Excitation

When a photon of energyex which is supplied by an external source such asserlis

absorbed by the fluorophore, it is excited from ¢gineund state, & to a higher vibrational

energy of or S.
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Stage 2: Excited-state lifetime

The excited state exists for a short period of titypically 10%s. During this time, the

fluorophore undergoes various changes, and a nuwibarteractions with its molecular

environment occur as these excited molecules enaitoms and fall back into lower energy
states.

The molecules at a high vibrational energyr&pidly relax to the lowest vibrational energy
level S, which is the thermally equilibrated singlet statam which fluorescence originates.
Vibrational relaxation, or internal conversion, geally occurs in 18’ s, and is complete

prior to fluorescence emission.

Not all the molecules initially excited by absogpti return to the ground statep By
fluorescent emission. Other emissions and enerysters resulting from processes such as
intersystem crossing and quenching occur [66].réysgem crossing happens when the
electron undergoes a spin conversion into a trigtigie instead of the lowest singlet excited
state, and emission from the triplet state occutk l@wer energy relative to fluorescence.
This type of emission is also known as phosphoreseegFigure 3.13). Fluorescence
guenching refers to any process which decreasedlubeescence intensity of a given
substance. Quenching processes include excitegl igattions, molecular rearrangements,

ground state complex formation and energy transfer.

The relative extent to which these processes orscigiven by the fluorescence quantum
yield, which is the ratio of the number of fluoreace photons emitted to the number of
photons absorbed.

Stage 3: Fluorescence Emission

After around 10 ns, a photon of energy, is emitted, returning the fluorophore to the
ground state & Due to energy dissipation from processes sucklasation and excited state
reactions during the excited-state lifetime, thesrgg of emission is less than that of
absorption, hence fluorescence occurs at longeelagths. The difference in energy or
wavelength represented bigvéx — hvegn) is known as the Stokes shift. This phenomenon is
essential to fluorescence techniques as, by usi@ft filters, one is able to distinguish

emission photons from excitation photons (Figude! 3.
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Stokes shift

>

:‘l/ cut-off filter

absorption

intensity

wavelength

Figure 3.14 - Diagram illustrating Stokes shift. De to energy dissipation during the excited
state lifetime, the wavelength of the emitted photois higher, therefore, using a cut-off filter,

one is able to isolate the emitted energy from thexcitation light (shaded region on diagram)

3.2.1.2.2Applications of Light Induced Fluorescence

LIF is a technique which is widely used as a vimadilon and quantitative tool in various
fields. Fluorescent dyes are extensively used asets in the biochemical, medical and
chemical fields [69] to detect and observe molexwdad in fluid dynamics to measure
velocity and related properties in fluids [70].

LIF has also been used in the tribology field agisamal tool to investigate particles and
lubricant flow [71] and as a quantitative tool teasure film thickness. Most of the films
measured fall in the micron range [72, 73] as,tfianner films, sensitivity issues arise [74],
making it difficult to accurately measure the thieks of films in the nanometre range, which
is the range in which EHL films fall. Very recBntmeasurement of film thickness in the
nanometre range was reported by Reddyhoff et &].yging Eosin as the fluorescent dye.
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The total fluorescencé,, emitted by a volume of fluid/, is given by:
F =l A1a5erCayepdV Equation 3.3

wherelg is the intensity of the light source usédger is the laser wavelength,is the dye

absorption coefficienCqyels the dye concentration apds the quantum efficiency.

Fluorescence is therefore a function of the dyeragtaristics, the dye concentration, the
exciting light intensity, and the parameter beingasured. Once a particular dye and
concentration are selected, the fluorescence deperdon these factors becomes constant
and the fluorescence emitted by a system can kg toseharacterize any other test variable
which is affected by fluorescence. A typical pargamein tribology which can be
characterized by fluorescence is film thicknesseHt oil. The test lubricant is dyed and any

change in intensity during testing can be relatea thange in film thickness.

3.2.1.2.3Application of LIF for oil-in-water emulsions in high speed EHD

contacts

LIF is a very powerful visualization tool for twdipse lubricants as, by dissolving a
fluorescent dye in just one of the phases, oneblies & distinguish between the two and

visually investigate the behaviour of each (FigBuEb).

Figure 3.15 - Image of an oil-in-water emulsion olained using LIF. The fluorophore was
dissolved in the oil phase hence bright regions dete oil droplets while dark regions denote

water.

The intensity of the fluorescent oil lubricant filoan also be used as a quantitative tool to
investigate emulsion composition as, for a givefun®, any change in intensity can be
related to a change in composition. Intensity mesaments are particularly useful at high
speeds, since image capture is only possible assfmeds due to the limitations of cameras
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(frame rates of sufficiently sensitive CCD cameraely exceed 2000 frames per second).
Thus, characterization by LIF of oil-in-water emalss at high speeds is restricted to
measurements of the average intensity and maih@sren the use of LIF to obtain intensity

measurements.

When using LIF to obtain intensity measuremewsious experimental factors have to be
taken into account. First of all, not all the irdgp emitted is captured by the camera, as is
assumed in Equation 3.3 hence, this equation camndalrectly used to obtain information
about the parameter being investigated. Anotheeissthat the intensity of the exciting light
can vary with time. The latter effect is commonlyperienced when using lasers. The
conditions at the contact could also cause effeath as reflection from the ball metal
surface, reabsorption and scattering, all of wiitfbct the measured intensity. Variations in
intensity could also arise from a slight misaligmter change in focus of the system being
used. Moreover, the intensity values obtained apeddent on the properties of the camera
used to capture the emission. Therefore, if sorttenge such as gain, aperture speed, size of
images etc, need to be modified during testing, iensity measurements will be
compromised. Thus, although one aims to keep daetgr constant throughout testing, this
may be quite difficult to achieve. In order to useensity values and correlate them to actual
composition, strict calibration, ratiometric and'malizing techniques are essential [73]. One
simple approach to avoid these issues is to userémel of the intensity measurement
obtained during testing rather than the absolutasmed values to investigate the behaviour
of the emulsion. Once the test has started, thea@maent does not change so any variation

in intensity obtained during testing can be cotezldao changes happening at the contact.
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Figure 3.16 shows a schematic diagram of the exerial setup used in this study to

investigate the behaviour of oil-in-water emulsions

high speed camera

stops 532 nm continuous laser
dichroic | 0 “J|0 \
mirror lenses
collimator excitation filter
objective
Excitation

=mmm Fluorescence

XN~

Figure 3.16 - Schematic diagram of the experimentaetup used when using LIF

The exciting light (coming from a class 3B 532 nonittnuous laser) is focused on the
contact using a series of lenses. When the |lagarieaches the fluorophores dissolved in the
lubricant at the contact, fluorescent light is eedt This is captured by a high-speed camera
(which can reach 2000 fps), from which images amgnsity values of the area being
observed can be obtained. No exciting light, whids a lower wavelength, reaches the
camera as this is filtered out by using a dichmech cuts off any wavelengths lower than

the wavelength at which maximum emission occurs [sgure 3.14).

All the lenses and filters were mounted on a sirgjége so as to keep misalignment to a
minimum. Once the laser was aligned and focusedhaltests were run without changing

any of the settings. (Note: One change that coalppan in between tests is due to the
refocusing on the contact whenever test specimenstanged. The objective lens must be

raised up to allow for test specimens and tesidaht to be replaced.)
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3.2.1.2.3.1 LIF as a visualization tool

When using LIF as a visualization tool, tests weire for a range of speeds (0.02 - 0.8 s
using the dyed test lubricant and videos of thdamregion (which included the whole area
from outside the inlet to the outlet) were takerdéos were used to investigate the behaviour
of the oil droplets in the emulsion and their dii@c of flow as they approached the contact

region (Figure 3.17).

Figure 3.17 - Typical image obtained when using LIRo visualize the inlet region. The dye was
dissolved in the oil, enabling the visualization ofhe oil being entrained in the contact and the

water (dark area) being squeezed away from the coadt.

When performing visual observations, particulaemtibn was paid to the inlet region, as this
is the region from which lubricant is entrainedtire contact. When observing the inlet
region, the camera was kept on a fixed area tolermbassessment of the variation of the

pool inlet distance without the risk of varying thieea being examined.

All of the imaging was performed using an oil-sdtublye. This was preferred to a water-
soluble dye since it allowed the oil droplets to identified without being obscured by
emission from the continuous agueous phase. Tleedreontact appears dark in the image
because the thickness of the lubricant film herevesy low, so little light is emitted

irrespective of the composition.

The speed up to which visual observations coulddsged out was limited by the frame rate
of the camera being used (2000 fps), making imaginthe contact region achievable for

speeds of up to around 0.8 th s
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3.2.1.2.3.2 LIF intensity measurements

To investigate the behaviour of emulsions at higeesls, where Stage lll behaviour is
predominant, the mean intensity of emission fromdtea of contact was measured. This was

used to provide an indication of the variation @amposition with speed.

The contact area was located at low speeds and,tbeccamera was focused on the contact
region, it was not moved as the speed was incredsedries of images were then taken for
each speed, from which the average intensity attidact was obtained. Tests were run up
to speeds of 20 ni*susing neat oil, a dilute 3% oil-in-water emulsimmd a 40% oil-in-water
emulsion. The neat oil test was done so as to hareference intensity value for neat oll
whereas a static image of the contact fully immersedyed water was used to obtain a
benchmark intensity value for pure water. All tlests were done consecutively, without
changing any camera or laser settings so as taridy reduce discrepancies in intensity
measurements due to change in the alignment op &#tu as much as possible. The set of
tests were carried out twice; once using an oilislel dye and a second time using a water-
soluble dye. This was done to enable a bettergratation of how the oil content and water

content vary in the contact as the speed is inetkas

(@) (b)

Figure 3.18 - Images obtained using the same testralitions (speed = 0.03 m™ using (a) an oil-

soluble dye and (b) a water-soluble dye.
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3.2.1.3Friction measurement

The most widely used way of measuring friction HHIEcontacts at low speeds is to measure
the tractive force at the contact using displaceffaoe or torque transducers, from which
the traction coefficient is obtained. Initiallyrain gauges were fitted to the rig to measure the
tractive force at high speeds. With this technighewever, some difficulties were
encountered in transmitting the signal at hightioteal speeds hence a convenient alternative
approach to mechanical traction measurement wakinghbis study.

An infrared temperature mapping technique was usesheasure the surface temperature,
from which friction can then be determined. Thig@ssible since almost all of the energy
dissipation (and hence temperature rise) withioling-sliding contact results directly from
the shear (and thus the friction) of the fluid filtherefore, if the surface temperature is
known, local shear stresses and friction valuesbeadetermined. In addition to determining
the average friction, this technique also provittes temperature conditions in the contact
region which are also of considerable importancéh&traction behaviour of the lubricant.
None of the other direct friction measurement témphes provide such information of the

contact.

Infrared temperature mapping was first used inlBAO0’s by Sanborn and Winer [75-77] and
was further developed in the 1990’'s [78-81] by $pikand co-workers to enable the
determination of EHD traction with an accuracy titcomparable to that obtained with

direct traction measurement techniques [82].

In this section, the infrared temperature mappchmnique is described, detailing all the
issues which had to be addressed when applyingetimique to investigate neat oil and oil-

in-water emulsions at high speeds.
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3.2.1.3.1Infrared Temperature mapping

3.2.1.3.1.1 Introduction

The procedure carried out to obtain temperaturesnaaql friction consists of three main
steps. The first step is to measure infrared eomssihile a test is being run. The
measurements are then converted into temperatsgeand finally the temperature rise is
used to calculate local shear stresses and frictibase steps are described in some detail in
the following sections.

3.2.1.3.1.1.1Measuring IR emission

An infrared (IR) camera is used to measure and thapnal emission from the steel and

sapphire surfaces in a sliding EHD contact betwaesteel ball and a sapphire disc.

The camera used for this work is sensitive to IRwaivelength from 3 to Bn (and is
therefore sensitive to emission from both oil ateescomponents) and, with the setup used
during testing (320 x 256 focal plane array comtingh the x5 objective lens), provides a
resolution of 6.@m/pixel. The Hertz contact diameter during all itggtwas around 256n

(point contact, 20N); hence 32 x 32 temperaturdinggs were taken within the contact.

In recent studies carried out [82, 83], the sagptisc used during testing consisted of three
segments, each having a different coating (seer&igul9). One sector was uncoated, the
second sector was coated with a thick layer (12D afnchromium and the remaining sector

was coated with a layer of aluminium.

Cr coating Al coating
Uncoated

sapphire disc

Figure 3.19 - Sapphire disc used during testing

Three IR emission readings were thus obtained dcoh @est carried out. With the uncoated

sector of the sapphire disc, most of the IR emissietected by the camera originates from
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the steel ball and can thus be used to determimdetmperature of the steel ball surface.
When the chromium-coated sector is in the conthet,emission measured originates from
the sapphire disc surface and thus gives a measute temperature of the disc surface.
Although most of the detected radiation origindtesn the steel ball or chromium-coated
sapphire surfaces, some is emitted from the butke@fsapphire disc. Aluminium has a very
low emissivity, thus, the aluminium-coated sectall wnly allow radiation from the bulk
sapphire disc to reach the camera and is therefeed to determine the radiation emitted
from the bulk of the sapphire disc itself.

The IR emission from the bulk of the sapphire déstaken as the IR measurement obtained
with the aluminium coating minus one tenth of thatasured with the chromium coated
sector so as to take into account the low emigsofialuminium. This is then deducted from
the measured IR emission from the chromium and steéaces for temperature calculation
so that the bulk temperature effect is eliminatedl anore accurate values for the

temperatures of the ball and disc surfaces carbtzened.

In addition to the three emissions described iis gection, a small amount of radiation
coming from the lubricant film is also detectedtbg IR camera. This was removed by using
a transmission filter which cuts off any radiatiminwavelength below 3.78n. The choice of
filter was based on previous work which showed thatnarrow bandwidth of wavelength at
which IR is emitted by the lubricant is below 3uib[77, 81, 84].
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3.2.1.3.1.1.2Conversion of IR emission to temperature maps

The emission measurements are converted to terapesatsing a calibration technique.

A set of tests are run (using neat oil) in purdingl at a series of controlled lubricant

temperatures (20-85°C). Since, in pure rollingstioinal heating is negligible, the in-contact
surface temperature is the same as the controlladmperature. Surface temperature can
therefore be directly related to surface radiationboth the steel ball and the chromium
coating. A graph of IR emission (camera countsgcted by the IR camera (corrected using
aluminium coating) against temperature is obtaifegdthe uncoated (measuring steel ball
surface temperature) and the chromium coated segohéime sapphire disc, from which two

calibration equations are obtained (Figure 3.20).

90 T chromium = 51.25In(Cr-Al) - 315.9
80

70 -

%0 - T Unconted = 41.387In(Un-Al) - 262.39
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40
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Temperature of oil at inlet °C
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@ Chromium coated disc
0 ; ; ; ; .
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No of counts from camera (Al coating subtracted)
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Figure 3.20 - Plot of temperature against IR emigsn (camera counts) detected by the IR
camera (corrected using aluminium coating) obtainedor the uncoated (measuring steel ball
surface temperature) and the chromium coated segmenof the sapphire disc. The two
calibration equations used to convert the IR emisen from the two disc segments to

temperature are displayed on the graph.

The calibration equations are used throughoueatirig to convert all measured IR emissions

into ball and disc surface temperatures.
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3.2.1.3.1.1.3Determination of shear stress maps and friction fron surface

temperature maps using moving heat source theory

The shear stress calculation technique was firstrdeed in detail in [78, 79] for 1D analysis
and in [80] for 2D analysis and is based on thaqppie that, in fluid shear, the local rate of

heat generation in a columnar volume of fluid oit @nea within the contacd, is given by:
q =tAU Equation 3.4
wherer is the mean shear stress through the film&ihds the sliding speed.

This technique assumes that this heat passesyapidlthe two bounding surfaces (Figure

3.21) by conduction such that:

qcond steel ball + 9cond sapphire disc = TAU Equation 3.5

WNhereq cong steet baur @NAGcona sapphire aisc are the rates of heat input into the steel ball and

sapphire disc surfaces respectively.

Figure 3.21 - Heat generated in a fluid element

This assumption is valid if the ratio of heat cocigal to heat convected from the lubricant is
high and is further discussed in Section 3.2.143111f the rates of heat input are known, the

shear stress can then be calculated.

The calculation 0fjgcci ban aNA Gsapphire disc IS Dased on the work of Jaeger [85], which gives
equations for the temperature rise of the surfdca body due to a moving uniform heat

input.
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The contact is treated as an array of many sepaettangular heat sources, collectively
forming the overall heat input to the moving sueiscThis is done to take into account the
fact that heat input into the solid surfaces vadeoss the contact (Jaeger’'s equations apply
for a uniform heat source). In this analysis, eal@gment consists of two temperature rise
measurements. This was necessary as otherwisaclif measurement on the temperature
map is taken to be at the centre of a separatedoe@te, the processing time would have

been excessively long.

Jaeger provides a means of calculating the inflaefcheat input to the moving surface at
one locatiorg on the temperature rise at any other point orstinface,Tj;:

8Ty = Cllqu Equation 3.6

WhereCl-’j-’ is the influence coefficient of heat input into @mea on the surface on temperature

at any other point on the surface and is given by:

Us
- 1 exp[—ﬁ{(xi—xk)"'R}] b .
i = T If £ - dx,dy, Equation 3.7

whereA is the area of the elemeng; (y;) is the location of the temperature risg, ¥) is the
location of the heat inpuR is the distance between the point of heat inputtardooint of
temperature rise and is given Hyx — x)* + (vi = ¥j)°)*”. Us is the speed of the surface
relative to the heat sourde,is the thermal conductivity of the surface mateaadys is the
thermal diffusivity of the surface material whighgiven byk,/p;o,. The thermal properties

of both the steel ball and sapphire disc are ginérable 3.1.

Thermal properties Steel ball Sapphire disc
os J/kg K 420 753

ks W/mK 30 24

ps kg/nt 7860 3985

Table 3.1- Thermal properties of steel ball and saghire disc

95




The overall (measured) temperature rise at onet [igiven by the sum of the influence of

all the heat inputs within the contact:
ATy = Y1 Cl Equation 3.8

Thus, once a matrix of calculated influence coédfits is obtained, Equation 3.8 can be used
to convert temperature maps, which give the oveeaiperature rise at each point on the

contact, into maps of heat input.

Before applying Jaeger’'s equations, the temperatise maps were smoothed three

successive times using a weighing approach to elaohent ijj).

AT +Tiyq j+Tiq j+Tij41+Tij— .
Tl']' — ( ij i+1j 181,] ij+1 ij 1) Equat'on 39

where thdour terms refer to neighbouring elements.

This was done to filter any local fluctuations metmeasured temperature caused by the

slight variation between sensors within the cansef@cal plane array.

Once the rate of heat input for each point witthie tontact is known, shear stress maps are
easily determined using Equation 3.5. Shear stmesgs can then be used to obtain the
overall friction. This is determined by integratiige shear stress, developed in the

lubricant film over the contact area and then digdoy the applied load.

The code utilized to convert the IR emissions sttear stress maps and friction was already
available [82] and was only slightly modified tkéainto account convection losses where
necessary (see Section 3.2.1.3.1.4.1).

3.2.1.3.1.2 Main assumptions in IR surface mappinigchnique

This technigue makes two main assumptions:

1. all heat generated passes rapidly by condustiorthe bounding surfaces; and
2. all heat is generated by fluid shear (nonedimgression)

The first assumption was mentioned earlier andissudsed in section 3.2.1.3.1.4As

regards the second assumption, the contributidres&ding and friction of fluid compression
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is generally negligible for sliding contacts. Theahgenerated by compression in a column of
fluid is given by [83, 86]:

q= sTh,,,-lU% Equation 3.10

where ¢ is the coefficient of thermal expansivity of thd, oI the absolute temperature
(degrees Kelvin)hy the oil film thicknessU the mean rolling speed, ang/dx is the

pressure gradient in the rolling/sliding direction.

If one examines the energy equation [7], it canshewn that the magnitude of the
compression term is much smaller than the shean. t&his has also been demonstrated
experimentally using infrared measurements takaeumnearly identical conditions as the
ones used in this study [87]. The above reasortgyjushy compressive heating was not
taken into account in this thesis.

3.2.1.3.1.3 Validation of technique

Since infrared temperature mapping determinesidricin an indirect way, it was felt
important to validate this method. This was done doynparing the calculated friction
obtained using the infrared temperature mappinignigcie to friction measurements obtained
using a more established method which measuresofridirectly by using strain gauge

systems and a torque transducer .

Figure 3.22 shows the traction values obtainedgusine infrared temperature technique
compared to direct friction measurements. Bothstesre carried out on the EHL rig (using
ball and disc setup) under the same test conditibm®ct friction measurements were
obtained by using a strain gauge system to medkargictional torque on the ball shaft of
the EHLrig. The traction software logs data from the Ibatbue and load transducers and
calculates the resulting traction coefficient. oo values obtained with the infrared

mapping technique are only shown for speeds of BZ and above as, below this speed,
the calculated friction values are noisy due toltve temperature rises involved. The strain
gauge system used in the direct friction measuremethod was limited to speeds of up to
1.5 m s, hence, comparison of the results obtained usith methods is available for

speeds between 0.21 mtsand 1.5 m &
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Figure 3.22 - Plot showing traction coefficient for neat oil obtained using the infrared
temperature technique compared to direct friction measurements obtained on the EHL rig

using a strain measurement technique
(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0.5, oil: mineral, group I)

The calculated friction results obtained using ithfeared measurement technique are very
similar to those obtained with the direct frictiomeasurement technique, showing that the
technique used in this work gives friction valudsiah are comparable to those obtained with

established direct friction measurement methods.
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3.2.1.3.1.4 Adaptation of IR technique to measureeat oil and oil-in-water

emulsions at high speeds

In order to be able to use the IR temperature nmgpg@chnique for this study, a number of
issues related to the severe test parameters §tigdjhg and entrainment speeds) and the
composition of the lubricant tested (oil and watentent) had to be addressed. These issues
are described and discussed in the following sectio

3.2.1.3.1.4.High sliding and entrainment speeds

Due to the high speeds being investigated, theofise disc with three differently coated
segments was not possible since the exposure firthe dR camera was not high enough to
record emission from all three sections successiesl the disc rotatedlhree separate

sapphire discs were used instead, one uncoated¢chooenium coated and one aluminium
coated. Each test was repeated three times sdRhamissions from the disc surface, ball

surface and bulk sapphire disc were obtained foln ésst condition investigated.

As the aluminium coating peels off very easilystbecomes severely damaged with the test
parameters used (high speeds and sliding), makimgpiossible to obtain IR measurements
in the contact area. The emission readings fromalbheninium coated sapphire disc are
therefore taken at one half Hertz diameter to ithe sf the contact. In this region, the coating
remains intact, allowing IR measurements to be nai@ the whole range of speeds

investigated.

As mentioned in Section 3.2.1.3.1.1.3, the IR temjpee mapping technique assumes that all
the heat generated passes rapidly by conductiom il bounding surfaces. For this
assumption to hold, the main mode of heat transfdrin the contact must be conduction.
Cameron [88] showed that the ratio of heat condutdeheat convected from a thin film of
lubricant is given approximately by:

Heond — klub 4B
Hconv Plub%lub Uh?

Equation 3.11

wherekyn, pup andoyy, are the thermal conductivity, density and spedigat capacity of the
lubricant respectivelyJ is the entrainment speetljs the film thickness anB is the length
of film in the convection direction. When calcutagishear stresseB,is taken as 12.6m,

which is the size of each fluid element in the aghtrea.
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Table 3.2 shows the corresponding values for alaater for the thermal properties used in
Equation 3.11.

Thermal Properties oil water
o1 J/kg K 1867 4187
Kiup W/m K 0.104 0.58
Piub kg/mv 900 1000

Table 3.2 - Thermal properties of oil and water

When running tests using oil-in-water emulsions, ¢bnduction to convection ratio is greater
than 50 for all the range of speeds investigatedcé Equation 3.5 can be used to calculate
local shear stresses. However, when running tédigga speeds using neat oil, thick films
(which can reach up touin) are formed within the contact. As can be seemfEquation
3.11, the higher the film thickneds,the lower the conduction to convection ratio. [Eah 3

shows the conduction to convection ratio for a maheil as the entrainment speed is

increased.
hnm| Ums' Hcond/H conv
364 2.2 22.0
428 3.1 114
515 4.3 5.67
597 6.0 3.04
677 8.4 1.70
757 11.8 0.98
824 16.5 0.59

Table 3.3 - Table showing film thickness and calcated conduction to convection ratio for

mineral oil at each corresponding entrainment spee@B = 12.6pm)
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The conduction to convection ratio is very low pesds above 4 m'§ This means that a
considerable amount of heat generated in the #ledent is convected to the surrounding
area in the direction of rolling/sliding rather thiaeing mostly conducted to the surfaces. The
measured IR emission is therefore just a fractioth® heat developed in the contact. To take
this condition into account, two term@,,ny i—1,; and Geonyi+1,; are added to Equation 3.5

such that:

Qtotal ij = qcond disc ij + qcond ball ij = 9conv i-1j t Geonv i+1j Equation 3.12

These additional terms represent the heat entaridgexiting the fluid element by convection

in the rolling/sliding direction (Figure 3.23).

Figure 3.23 - Heat generated by fluid element taking into accounheat transfer by
convection to and from neighbouring elements in theolling/sliding direction

The convection terms are taken as a function ofctireduction terms which are obtained
using the measured emissions of the ball and aid¢ @sing Equation 3.11, can be defined

as:

. ] il Ooi .
Aeony = 9cond Poil Poil Equation 3.13
4 B kyj;
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Hence the two convection terms in Equation 3.12bmadefined as:

Qcond ball i-1,j Poil %0il |, Ycond disc i-1,j Poil Foil

] i—1i = Equation 3.14
Qconvi 1j 4B ko + 4 B ko, q
. Qcond ball i+1j Poil O0il |, Ycond disc i+1,j Poil Toil E .

it1i = uation 3.15
qconv i+1,j 4B ko + 4 B ko, q

Thus, when converting temperature maps obtainetguseat oil, Equation 3.12 rather than

Equation 3.5 is used to calculate local shearstes

It was found that convection losses affect the shaihe calculated shear stress distribution,
however, the integral of the shear stress is lgrgeaffected (see Section 5.1.3.2). Since the
overall friction is found from the integral of thehear stress, it is independent of whether
convection has been taken into account. Another wiayooking at this is that, when

obtaining the overall friction, the contact is texhas a whole. The ratio of convection to
conduction is then calculated using a valuédhat is equal to the diameter of the contact
(256 um) rather than using the size of the fluid eleméh&s6um), as is done for shear stress
calculations. This gives a ratio of conductiorttmvection that is greater than 10 throughout

the whole range of speed investigated.
3.2.1.3.1.4.2Possible water content in entrained lubricant

When running tests with oil-in-water emulsionsisipossible that water is entrained into the
contact. This is highly likely at high speeds, whdr is believed that the entrained film
consists mainly of water (Section 5.2). Water, hosvedoes not transmit infrared radiation
therefore, if it is present at the contact, anyiataoh coming from surfaces below the

lubricant film may not be captured by the IR camera

As a result of this, the IR emission from the baliface cannot be measured by the IR
camera which is positioned above the disc. Wheesitigating oil-in-water emulsions it will

therefore be assumed that the temperature of thésbequal to that of the measured disc
surface. This is a reasonable assumption to makd¢hfo films and has been made in
previous work [81], where only the temperaturehsf ball was measured. Both disc and ball
surface temperatures will therefore be determimenhfthe IR emissions obtained using the

chromium and aluminium coated discs.
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In previous works where both the ball and discagftemperatures were measured, it was
shown that the surface temperatures differed $jidhlam each other, with the faster surface
usually being hotter than the slower surface [2]is implies that, if only the disc surface
temperature is measured when calculating the comfti of friction of oil-in-water
emulsions, the level of accuracy will be reduceavds therefore felt important to see to what
degree the use of two IR measurements (IR emissising aluminium and chromium coated
discs) rather than three measurements (IR emissisimg aluminium coated, chromium

coated and uncoated discs) would affect the cdkedilaverall friction coefficient.

Figure 3.24 shows the calculated friction for n@aineral) oil obtained using measured IR
emissions of the disc surface compared to theidncwalues calculated using the IR

emissions of both the ball and the disc surface.
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Figure 3.24 - Plot showing calculated traction coétient calculated for neat oil obtained using
measured IR emissions of the disc surface comparéalthe traction coefficient calculated using

the IR emissions of both the ball and the disc suate.
(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0.5, oil: ester A)

The calculated friction values obtained using twdaces (chromium, aluminium) are very
close to those obtained using three surfaces (adbropaluminium, steel), suggesting that the
ball and disc surfaces are at a similar temperafuris shows that, even when measuring just
the disc surface friction, the accuracy of the wlaled friction is still considerably high and

valid friction values are obtained.
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3.2.2Secondary techniques

3.2.2.1Viscosity measurement

Viscosity can be measured using a number of tedesigvhich are based on different
principles. Two of the most typical types are dapyl viscometers and rotational

viscometers.

In this study, three commercial rotational viscoengetwere used. The Stabinger viscometer
(Anton Paar, [89]) was used to measure the visgadineat oil at various temperatures, a
rheometer with a cone and plate configuration (h8tluments, [90]) was used to measure
the viscosity of oil-in-water emulsions while antral high shear viscometer (PCS

Instruments, [91]) was used to measure the visca$iheat oils at high shear to investigate

whether they shear thin at high shear rates.

The principle of viscosity measurements of all ghvescometers used in this work is based
on the measurement of the torque produced by thecant. Two surfaces (two coaxial

cylinders in the case of the Stabinger viscomenelr the ultra shear viscometer, a cone and
plate for the cone-on-plate viscometer) are seedray the fluid under test. The two surfaces
rotate at a different speed such that the fluichter® viscous drag on the slower moving
surface. A brake torque system is present in aflettviscometers. This balances the torque
applied by the moving fluid. The torque is measurgdhe system and is used together with

the geometry of the two surfaces to obtain theoggyg of the liquid under test.

A schematic of each viscometer is shown in Figl8&s (a), (b) and (c). The Stabinger
viscometer is commonly used to measure viscosityilsfas it enables quick measurement of
viscosity at a wide range of temperatures anceitgpsallows the measurement of the density,
hence, the kinematic viscosity together with thecesity index can also be obtained. The
maximum shear rate reached by this viscometer thén1§ s* range. The cone-on-plane
viscometer gives constant shear rate in the whatepte and was chosen when testing
emulsions as its setup allows the visual inspectibthe lubricant between the cone and
plate, therefore, the test emulsion could be olestbefore and after testing to ensure it was
not separating during testing. The ultra shearorseter is equipped with a high speed motor
which can reach up to 20,000 rpm and an electroetagalutch which engages the rotor for
only a very short period of time (typically 30 m$he very brief shearing interval minimizes

the shear heating in the lubricant, enabling visgaseasurements to be obtained at very
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high shear rates (up to 19"). Full details of the three commercial viscometzas be found
in [89] [90] [91].
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Figure 3.25 - Schematic of (a) Stabinger (from [89)b) cone-on-plane configuration (c) ultra
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3.2.2.2Measurement of speed of ball

Preliminary testing of neat oil was initially cad out in tractive rolling conditions; that is
with the disc driving the ball, over an entrainmepeed ranging from 0.05 rit 0 20 m &'
(see Section 5.1.2.2). Initially, it was assumeat tihe ball and disc were running in pure

rolling, however this proved to be incorrect, pautarly for speeds above 4 fl.s

A system was set up to measure the actual spetrek dfall. The steel ball was magnetized
and a magnetic sensor was fitted in close proximaitif, positioned such that the axis of the
magnetic field of the ball was not in line with #&is of rotation. This sensor detects the
periodic change in magnetic flux resulting from tbéation of the ball. The voltage induced
by the rotation was fed to an oscilloscope so that motion of the ball as seen by the
magnetic sensor could be traced on the screenfrddpgency of the approximately sinusoidal

wave was then used to calculate the rotationaldspéthe ball.
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Figure 3.26 - Setup of rig when measuring speed wafle ball

magnetised steel ball

spectrum image
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3.2.2.3Measurement of emulsion droplet size

The size and size distribution of the oil droplietsan emulsion are important characteristics.
Droplet size is used to assess the stability oethelsion and is a required parameter in one

of the theories suggested for Stage Il behavidun@mic concentration theory, [53]).

In this study, droplet size and size distributioergv measured using a laser diffraction
technique. This method is based on the fact theemparticles pass through a laser beam,
these scatter light at an angle that is inversebpgrtional to their size. Small particles
diffract light through wide angles while larger peles scatter light at narrow angles. The
equipment used in this study was a Malvern Masters2000 Particle Size Analyzer with a
data handling package. Figure 3.27 shows a scheroftihe optical system used in the

Malvern instrument [92].

large angle
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source ' H‘m -
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back scatter detectors

Figure 3.27 - Schematic of optical system of Malvarinstrument (from [92])

Particles which are located in a sample dispersioh are passed through a focused laser
beam. This illuminates the particles which in tsoatter light at an angle that is dependent
on their size. The angular intensity of the diffextlight is then measured using a number of
photosensitive silicon detectors which are poséthm a logarithmic sequence and cover an
angular range of 0.02 degrees - 135 degrees. Tpeofrscattering intensity against angle is

then processed by the data handling software whisimg a scattering model to predict the

scattering of particles, calculates the particke slistribution. This technique allows accurate
measurement of particle size over a wide size ramg@ely between 0.02 -20Qén with an

accuracy of £ 1%.
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3.3 Test conditions and lubricant characteristics

3.3.1Test conditions

In this section, all the conditions used duringtitgs are described. A number of test
parameters have been investigated in this studgehtsst conditions vary during testing. In
this chapter, the range covered for each test peens given. The specific test conditions
used for each test carried out are then given @aith plot presented in the Results chapter
(Chapter 4).

3.3.1.1Contact geometry

Although metal rolling is best represented by @ lgontact, one must keep in mind the
limitation of the test rig. To be able to use licentacts on an EHL rig, the width (in the
rolling direction) of the contact cannot be low qmared to the pixel size, otherwise
visualization (and therefore measurement) of ttggore of contact would not be possible.
However, if the width is increased so as to allalmn fthickness, friction and intensity
measurements, higher loads are required. In tbhaset might either exceed the capability of
the loading system or lead to excessive bendinthendisc/shaft assembly. In contrast, a
circular point contact is the most convenient tyfecontact to use on the EHL rig since
lower loads need to be applied to produce the presgequired and no alignment problems
will be encountered. Elliptical contacts, which danobtained by using a crowned roller, are
a compromise between line and circular contactsendds an elliptical contact represents a
line contact better, lower loads, which are witthie equipment’s limits, would be required.
Moreover, an elliptical contact avoids the diffite$ associated with the ends of line contacts
where conditions are difficult to predict and arependent on the degree of alignment
between the disc and roller. It was therefore detithat a circular point contact and an
elliptical contact would be used in this study.

A 19 mm diameter steel ball of RMS surface roughriglsnm was loaded against the disc to
create a circular contact while a tapered rolleridga an ellipticity ratio of 3.6 and RMS
surface roughness of 19 nm was loaded againstsbedalcreate an elliptical contact. A new

steel ball or roller was used for each test cammed
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3.3.1.2Temperature

Three test temperatures were used when investigatat oil: room temperature (14° C),
40°C and 100°C. When investigating oil-in-water ésimns, the test temperature was

maintained at 40°C throughout all tests carried out
3.3.1.3Load

A load of 20N was applied to each test carried iauthis study. This corresponds to a
maximum contact pressure of 0.52 GPa when usingitbelar contact and 0.22 GPa when

using the elliptical contact.
3.3.1.4Slide-roll ratio

A range of slide-roll ratios was investigated irstetudy. When measuring friction, slide-roll
ratio ranged from 0.3 to 0.8 when investigatingtr@hand was kept constant at 0.8 when
investigating oil-in-water emulsions. This ensutledt the temperature rise in the contact due
to shearing of the lubricant was high enough taléiected by the IR camera. All LIF work
was carried out in pure rolling conditions wherealsen measuring film thickness, slide-roll
ratio ranged from 0 to 1.9 when testing neat aild ftom 0 to 1.2 when investigating oil-in-

water emulsions.
3.3.1.5Lubricant Composition

Five oils were investigated in this study (see ©acB.3.2). The synthetic poly-alfa-olefin

(PAO) oail, group | and group Il mineral oils wenly tested in neat form. The two

emulsifiable ester oils were tested in both nedt@mulsion form. Various oil concentrations
were used when testing the emulsifiable estemaéimulsion form, namely: 0.5% oil, 3% oill,

20% oil and 40% oil. Most of the investigationsiw@mulsions were carried out using 3% oill
and 40% oil as this provided a clearer contrastngfdifferences in behaviour.

3.3.1.6Entrainment speed

The EHL rig used in this study enabled the ballr@@dler) and disc to be run at entrainment
speeds in the range of 0.05th® 20 m&. However, due to the various limitations
associated with the three main techniques uselisnstudy, different ranges of speed were

covered during testing.
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When using optical interferometry, the entrainmemeeds investigated ranged from
0.05m & to20m&.

When employing the LIF technique, visualizationtieg contact region was limited by the
frame rate of the camera which only allowed wefirds imaging for speeds of up to about
0.8 m &' The range of speeds investigated was thereforehmarrower, covering speeds
from 0.02m¥% to 0.8m&. When investigating film composition using integsi
measurements, frame rate was not an issue any rherge the entrainment speeds
investigated ranged from 0.02 M® 20 m &.

When using IR temperature mapping, traction coeffic values were only calculated for
speeds of 0.211 m'sand above. This is because, at lower speeds, ¢asured IR emissions
are noisy due to the low temperature rise involvigdction measurements therefore covered
the range from 0.211 m*¢o 20 m &.

3.3.1.70ther test parameters

Characteristics of fluorescent dyes used in LIF tdmique

The oil-soluble and water-soluble fluorescent dysed in this study are Nile Red and
Sulforhodamine G. Figures 3.28 and 3.29 show tlseration and emission spectra of each

dye respectively.

The concentration of dye dissolved in the oil areter was 25:M/dm? for Nile red and
40 pM/dm3for Sulforhodamine G. The concentration selectedefich dye fell in the range
where the intensity to dye concentration behavigulinear, ensuring that no quenching
occurs during testing.
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Figure 3.28 -Absorption and emission spectra of Nile Re
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Figure 3.29 -Absorption and emission spectra of Sulforhodamine
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3.3.2Lubricant characteristics and preparation

Two main types of lubricants were investigatedhis ivork: single-phase (neat oil) and two-
phase (oil-in-water emulsions). This section presall the relevant characteristics and

method of preparation for each type.

3.3.2.1Neat oll

3.3.2.1.1Viscometric properties

Four commercial oils representing different grogbsoil were investigated in neat form,
namely an emulsifiable commercial ester oil A (eecommercial ester oil containing an
emulsifier) which was also tested in emulsion foenGroup | mineral oil (which was also
used for calibration and validation of film thiclsseand friction measurement techniques), a
Group 1l mineral oil and a synthetic poly-alphafh (PAO) oil. The properties of each oil
are listed in Table 3.4.

Type of oil Mineral oll, Mineral oll, PAO Ester oil A
Group | Group 1l

1 40°c Pas 0.056900 0.019577 0.024505 0.032495

on Pas K 0.0028 0.0006 0.0010 0.0013

dTl40°c

k W/m K 0.1400 0.1400 0.145 0.1325

a GP&a' 22 15 21 16.6

Table 3.4 - Viscometric properties of oils under tst

The viscosity for each oil at 40°Gyo-c listed in Table 3.4 was obtained using the Stading

viscometer. The viscosity-temperature gradientQiC,4§—Z| o was obtained by plotting a
40°

graph of measured viscosity against temperaturedoh oil tested. An ultra shear viscometer
was also used to measure viscosity at high shéss ap to 10s™). The viscosity of all the
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oils investigated remained constant with increasingar rate, confirming that none of them

shear thin.
3.3.2.20il-in-water emulsions
3.3.2.2.1Viscometric properties

When investigating emulsions, two commercial enfialsie ester oils were used. The two
oils had a similar formulation (same emulsifier ardulsifier concentration), with the main

difference being the viscosity. The viscosity oftboils is listed in Table 3.5.

Type of oil | Emulsifiable ester oil A | Emulsifiable ster oil B

Naoec, Pas 0.032495 0.062451

Table 3.5 - Viscosity of emulsifiable oils under &

The viscosities listed in Table 3.5 were measursohguthe Stabinger viscometer and
correspond to the properties of the neat oil wiiighing testing is then added to the water to

form the oil phase in the oil-in-water emulsion.

Most of the work on oil-in-water emulsions reportiedthis study was carried out using
emulsifiable oil A with an oil concentration of 3%nd 40%. The viscosity for each oll

content was measured using a cone and plate viseparel is given in Table 3.6.

Oil concentration 3% 40 %

(using emulsifiable oil A)

Naoec,Pas 0.00061 0.00394

Table 3.6 - Viscosity of emulsifiable oils in emuisn form under test
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As can be seen in Table 3.7, the measured valgegraghe same range as the calculated
values obtained using the viscosity relationshipgem by Einstein, Sibree and Eilers
(Equations 2.25, 2.26 and 2.27).

Naoec,Pas
Oil concentration 3% 40%
(using emulsifiable oil A)
Measured 0.000610 0.003940
Einstein 0.000710 0.001320
Sibree 0.000990 0.003373
Eilers 0.001607 0.006649

Table 3.7 - Measured viscosities for 3% and 40% eih-water emulsions compared to calculated

values obtained using various viscosity relationsps
3.3.2.2.2Preparation of emulsion

Oil-in-water emulsions were prepared by first pedhreg the emulsifiable oil and distilled
water in two separate beakers to 40 °C. The wdtasg@was then added to the oil phase so as
to promote self-emulsification. The mixture of @ihd water was then blended using an
electric mixer for 25 minutes. All the emulsionsedsn this study were prepared using the

same mixer settings (same mixing speed and sanmagrbiade).
3.3.2.2.3Patrticle size and stability

All the emulsions tested had a mean droplet sizarafind 4um and were freshly prepared
just before testing. The particle size distributminthe two main emulsions investigated in
this work is shown in Figures 3.30 and 3.31. Theptét size of an emulsion mainly depends
on the emulsifier type and concentration, waterdhess, temperature and method of
emulsion preparation. The fact that all these patams were maintained constant throughout
this study is reflected by the fact that all emuts investigated had very similar droplet size.
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Figure 3.30 - Plot showing particle size distribubn of a 3% oil-in-water emulsion, mean

particle size = 4.028m
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Figure 3.31 - Plot showing particle size distribubn of a 40% oil-in-water emulsion, mean

particle size = 3.63@m

PSD measurements taken every hour showed that rdpet size of all the emulsions
investigated were stable and remained in the samgerfor over 2 hours. This confirms that
all the emulsions used in this study remained sthiylthe duration of the tests.

The stability of each emulsion was also assesseddasuring the % volume of the separated
oil phase with time. Table 3.8 shows the volumetica of the separated oil phase together
with the mean droplet size with time for two emais having an oil concentration of 3% and
40%. The separated oil phase was only visible &teours, whereas the tests run in this
study typically last for 30 minutes. This furthemdéirms that all emulsions used in this study

were stable during testing.
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Mean particle size,um

% volume of separated oill

phase
3% oll 40% oll 3% oill 40% oll
Time, hrs
0 4.029 3.637 0 0
2 4.400 4.318 0 0
6 5.433 6.678 2% 4%

Table 3.8 - Mean droplet size and volume fractiondr a 3% and a 40% oil-in-water emulsions

(ester oil A, same emulsifier and emulsifier conceration) with time
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CHAPTER 4

EXPERIMENTAL RESULTS

In this section, all the experimental results andinmobservations together with the

corresponding test parameters are presented.
All experimental results were obtained using threen experimental techniques:

» Optical Interferometry , from which film thickness for neat oil and emolss for

the whole range of speed investigated were obtained

» Light Induced Fluorescence from which visualization of the emulsion at low
speeds together with mean intensity measurementsotb neat oil and emulsions

throughout the whole range of speed investigate® wktained.

* Infrared Temperature Mapping, from which temperature maps and mean
friction for both neat oil and emulsions for thealdn range of speed investigated

were obtained

Results are therefore presented in three sectimhsheen discussed in the Discussion chapter
(Chapter 5).
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4.1 Film thickness results

4.1.1Neat ol

Figure 4.1 shows the measured and predicted filickriless versus disc velocity of the
mineral oil under test at three different tempeeduroom temperature (14 °C), 40 °C and
100 °C. The measured film thickness agrees closgly the one predicted by the Dowson-
Hamrock regression equation up to a certain spaéet, which a reduction in film thickness

compared to that predicted by Equation 2.7 is olethi

The speed at which film thickness starts to deviiam the predicted thickness varies with
temperature. The higher the viscosity of the bi& $ooner the non-linear behaviour of the oil
is experienced. The deviation in film thicknessnirdhat predicted by isothermal film

thickness equations is less pronounced at highdestyres.
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Figure 4.1 - Plot showing film thickness measuremémgainst speed for a number of tests

carried out using mineral oil at 14 °C, 40 °C and @0 °C

(Test parameters: contact: point, load: 20N, tempeature: 14°C, 40°C, 100°C, slide-roll ratio: idle bd, oil:

mineral, Group 1)
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Figure 4.2 shows optical interferometric picturdstiee contact which were taken during
testing to visually investigate whether the contaas starved. No inlet meniscus was visible

at any of the speeds investigated.

Figure 4.2 - Optical interference maps taken at (a) m s' (b) 8 m s' (c) 10 m § while a test was

run

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: idle ball, oil: mineral,

Group I)
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Figure 4.3 shows the variation of viscosity witlmfeerature. The viscosity decreases with

increasing temperature and, at high temperatugl%a 0.
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Figure 4.3 - Viscosity plot showing variation of \écosity with temperature(oil: mineral, Group 1)
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Figure 4.4 shows measured film thickness valuespemed to a set of predicted film
thickness values obtained using the isothermal texqudns, and the thermally corrected
isothermal equation hgo.Cr) for a range of slide-roll ratios. Good agreemeftthe

experimental data with the thermally corrected mted film thickness values was obtained.
As the speed increases, the experimental resule® agore with the values obtained with a

correction factor for which a higher slide-rollicatvas used.
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Figure 4.4 - Plot showing experimental results congred to predicted plots for a range of slide-
roll ratios using isothermal equation hy, and thermally corrected isothermal equation (R, .Cr)

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: idle ball, oil: mineral,
Group I)
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Figure 4.5 shows speed measurements of the idleobiined during testing. At low disc
speeds, the speed of the ball is the same as thhe daisc, however, as the disc speed
increases further, the ball speed decreases. deersll ratio is zero up to a speed of around

4.44 m § and then increases as the disc speed increasiesrfur
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Figure 4.5 - Graph showing measured ball speed fazach disc speed for which film thickness

measurements had previously been taken

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: idle ball, oil: mineral,

Group I)
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Figure 4.6 shows measured film thickness and predlicalues ts, andhiso.Cr) which were
calculated taking into account the measured spédeitheo ball. Very good agreement is
obtained between the experimental film thicknessilte and the predicted values obtained

using the thermal correction factor.
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Figure 4.6 - Graph showing experimental data and pdicted values s, and his.Cy) taking into

account the measured speed of the ball

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: idle ball, oil: mineral,

Group I)
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Figure 4.7 shows film thickness data for a seestg which were run for a range of slide-roll
ratios, compared to the predicted film thicknedsies obtained using the thermal correction
factor proposed by Gupta et al. [22]. The correctector predicts the trend fairly well, with
the extent of agreement between theory and expetiraying for different sliding/rolling

conditions.
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Figure 4.7 - Graph showing experimental data obtaied using group | mineral oil for a range of
slide-roll ratios compared to the corresponding prédicted values obtained using the thermal

correction factor proposed by Gupta et al. [22]

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0 — 1.9, base oil: rimeral,

Group I)
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Figure 4.8 shows film thickness measurements obdausing different types of oil for a

range of slide-roll ratios compared to the corresjimg predicted values obtained using the
thermal correction factor proposed by Gupta ef2it]. The same trend was observed for
each type of oil, with the extent of agreement leefmvtheory and experiment varying in

accuracy for different sliding/rolling conditions.
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Figure 4.8 - Graph showing experimental data obtaied using (a) group Il mineral oil (b) ester
oil (c) PAO for a range of slide-roll ratios compaed to the corresponding predicted values

obtained using the thermal correction factor proposd by Gupta et al. [22]

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0 — 1.9)
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Figure 4.9 shows film thickness data using growmpirieral oil for a set of tests which were
run at different slide-roll ratios, compared to fedicted film thickness values obtained
using the improved thermal correction factor. Clageeement between the experimental and
predicted values is obtained throughout the whahge of slide-roll ratios.
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Figure 4.9 - Graph showing experimental data obtaied using group | mineral oil for a range of
slide-roll ratios compared to the corresponding préicted values obtained using the improved

thermal correction factor

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0 — 1.9, base oil: rimeral,

Group I)
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Figure 4.10 shows film thickness measurements bdausing different types of oil for a
range of slide-roll ratios compared to the corresjimg predicted values obtained using the
improved thermal correction factor. Close agreenbetiveen the experimental and predicted
values is obtained throughout the whole rangeidésboll ratios.
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Figure 4.10 - Graph showing experimental data obtaed using (a) group Il mineral oil (b)
ester oil (c) PAO for a range of slide-roll ratioscompared to the corresponding predicted values

obtained using the improved thermal correction facor

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0 — 1.9)
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4.1.20Oil-in-water emulsions

Figure 4.11 shows the film thickness measurememts fpoint contact obtained using a 3%
and a 40% oil-in-water emulsion compared to thdsined for neat oil and the predicted
film thickness for water. The film thickness valudstained for both emulsions at low speeds
are very similar to those obtained for neat oib{®t 1), with the film thickness measurements
obtained with the 40% oil-in-water emulsion beiriglgly lower than those obtained with
the 3% oil-in-water emulsion. In Stage II, both ésmns become starved, with the 3% oil-in-
water emulsion becoming more heavily starved tih@n40% oil-in-water emulsion, and the
film thickness starts decreasing with increasingesb At around 1 mi’s the film thickness
for both emulsions starts to rise again with insieg speed. In Stage llI, the film thickness
obtained for the 3% oil-in-water emulsion is vemniar to that predicted for pure water
while the film thickness obtained for the 40% milwater emulsion is higher than that

predicted for water but is still much lower thaattmeasured for neat oil.
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Figure 4.11 - Plot showing film thickness measuremés obtained using a point contact for a 3%
and a 40% oil-in-water emulsion compared to film thickness measurements obtained for neat oil

and the predicted film thickness for water

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0, base oil: ester A
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Figure 4.12 shows film thickness measurements agaimrainment speed obtained using a
3% oil-in-water emulsion. During the test, film ¢khess measurements were taken as the
speed was increased to 20 ™(a), then subsequently decreased to 0.0Z ifby and then
increased again to 20 it &). The film thickness measurements are veryecioStage | and
Stage Ill, however, Stage Il is very unstable amehss to be dependent on whether the speed

was decreasing or increasing with time.
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Figure 4.12 - Plot showing film thickness measuremés using a 3% oil-in-water emulsion.
During the test, film thickness measurements wereaken as the speed was (a) increased to

20 m s' then (b) subsequently decreased to 0.02 i and then (c) increased to 20 m’s

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0, base oil: ester A
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Figure 4.13 shows the film thickness measuremantari elliptical contact obtained using a
3% and a 40% oil-in-water emulsion compared to ¢hobtained for neat oil and the
predicted film thickness for water. Just as witle ttircular contact, the three stages of

behaviour of emulsions can be clearly identifiedidoth emulsions.
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Figure 4.13 - Plot showing film thickness measurem#s obtained using an elliptical point
contact for a 3% oil and a 40% oil-in-water emulsimm compared to film thickness measurements

obtained for neat oil and the predicted film thickness for water.

(Test parameters: contact: elliptical, load: 20N, @mperature: 40°C, slide-roll ratio: 0, base oil: egr A)
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Figure 4.14 shows the effect of oil content on filmckness. At low speeds (Stage I), the film
thickness values obtained with all emulsions argy \&milar to each other and to those
obtained with neat oil. The first critical speediga for the four emulsions tested, with the

most dilute emulsion having the lowest first catispeed.

In Stage II, all the emulsions tested exhibit arstable behaviour. Two drops in film
thickness were observed in Stage I, with the seainmop being more pronounced for the

0.5% and 20% oil-in-water emulsions.

In Stage lll, the film thickness increases withreasing speed. For a given entrainment

speed, a higher film thickness is obtained withahilsion having the highest oil content.
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Figure 4.14 - Plot showing film thickness measurements and trehlines obtained using a
number of oil-in-water emulsions with different oil content (0.5% oil, 3% oil 20% oil and 40%
oil) compared to film thickness measurements obtaagd for neat oil and the predicted film

thickness for water. (Stage llb is not shown in thérend lines)

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0, base oil: ester A
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Film thickness nm

Figure 4.15 shows the effect of slide-roll ratio fdm thickness. At low speeds, the film
thickness is very similar for all the sliding cotdins tested. The first critical speed is reached
at about the same speed for all the sliding camstiested. When the emulsions are in Stage
I, the decrease in film thickness obtained whammig tests at high slide-roll ratios is not as
low as that obtained at lower slide-roll ratiostw$tage 1l behaviour being sustained for a

wider range of speed for higher slide-roll ratios.

The onset of Stage Ill behaviour occurs at a higlkeond critical speed as the slide-roll ratio

increases, with the film thickness obtained at tsgkeds being lower for higher slide-roll

ratios.
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T water (predicted)
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Figure 4.15 - Plot showing film thickness measuremés and trend lines obtained using a

3% oil-in-water emulsion for a range of slide-roll ratios (which were kept constant
throughout each test) compared to film thickness nasurements obtained for neat oil
and the predicted film thickness for water.(Trend lines highlight duration of Stage Il rather

than initiation of Stages lla and IIb)

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0-1.2, base oil: esr A)
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Figure 4.16 shows the effect of oil viscosity ommfithickness. At low speeds, the films
formed by both emulsions are very close to thosméd by the corresponding neat oils. In
Stage I, the films formed with the two emulsions anarkedly different and, in Stage llb,
the film thickness of the two emulsions start tonarge, with the film thickness of the
emulsion with the more viscous oil phase decreasittig increasing speed, while the other

emulsion continues increasing.

As the emulsions enter Stage Ill behaviour, tha tihickness obtained by both emulsions is

very similar and close to that predicted for water.
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Figure 4.16 - Plot showing film thickness measuremés obtained using two 3% oil-in-water
emulsions having a different oil viscosity (0.032&s, 0.062 Pa s), compared to film thickness
measurements obtained using the corresponding neatls and the predicted film thickness for

water

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0, base oil: ester AB)
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4.2 Light Induced Fluorescence

4.2.1Visualization of oil-in-water emulsions in EHD conacts

Figures 4.17 and 4.18 show a series of video imafebe contact area in a point and

elliptical contact obtained using LIF at low spéed3 m &).

As the 3% oil-in-water emulsion approaches thetifright hand side), the oil droplets are
preferentially drawn into the conjunction while mo$ the water is squeezed out, creating a
pool, mainly of oil, at the inlet. The region ofrtact appears to be less intense than the inlet
region while the outlet region appears to be daiky some oil droplets flowing in reverse

direction.

contact phase inversion at

cavitated region inlet

/

reverse flow oil droplets

Figure 4.17 - Snapshots of contact region in a pdirtontact obtained using LIF at 0.03 m 3§
(Stage 1) (camera gain is varied when moving alonthe contact to account for variations in

intensity along the contact) (lens objective: x10)

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0, base oil: ester A
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contact oil droplets

cavitated region phase inversion

Figure 4.18 - Snapshots of contact region in an gtical contact obtained using LIF at 0.03 m &
(Stage 1) (camera gain is varied when moving alonthe contact to account for variations in

intensity along the contact) (lens objective: x10)

(Test parameters: contact: elliptical, load: 20N, @mperature: 40°C, slide-roll ratio: 0, base oil: e®r A)
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Figure 4.19 shows video images of the whole comagibn in a (a) point and (b) elliptical
contact at 0.03 mi’s(Stage ). For both contacts, not all the oiltat inlet is drawn into the
contact; a considerable amount of it just goes raddhe contact and eventually rejoins the

emulsion as oil droplets.

(b)

Figure 4.19 - Snapshots of whole contact region & (a) point and (b) elliptical contact obtained
using LIF at 0.03 m §' (Stage I) (lens objective: x3) — Side flow can hetearly observed in the
point contact. The elliptical contact was bigger thn the field of view of the camera, however,

when looking through the microscope, the presencd side flow was verified.

(Test parameters: contact: point, elliptical, load: 20N, temperature: 40°C, slide-roll ratio: 0, basenil:

ester A)
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Figure 4.20 shows the measured pool distance tegetith the corresponding calculated
critical inlet meniscus distance (obtained usirgnad EHL theory for neat oil, Equation
2.11) for each of the speeds investigated. In Stape oil dominated pool is quite stable and
greater than the critical inlet meniscus and deggaoughly linearly with increasing speed.
As the emulsion enters Stage I, the pool becommegler than the critical inlet meniscus and

much more unstable and continues to decreaseiturtiinpletely disappears.
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Figure 4.20 - Plot showing measured pool size topet with the corresponding calculated

critical inlet meniscus (obtained using classic EHItheory for neat oil) against speed.

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0, base oil: ester A
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Figures 4.21 and 4.22 show video images of the retgon of the point and elliptical contact
respectively at a number of speeds in all the tbtages of behaviour of the 3% oil-in-water
emulsion. The oil pool in the inlet region (rightrtd side) decreases with increasing speed
until, in Stage I, it disappears. Once the poshgpears, very little is seen in the inlet region.
When the gain of the camera was considerably isetasmall droplets of approximately the
same size as that of the bulk emulsion were obdemethe contact region, with the

occasional droplet going in the contact.
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Figure 4.21 - Snapshots of the inlet region of thgoint contact at a number of speeds in all the
three stages of behaviour of the 3% oil-in-water emision. (The images in Stage Ill were taken

using a higher gain camera setting.) (lens objecev x10)

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0, base oil: ester A
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Figure 4.22 - Snapshots of the inlet region of thelliptical contact at a number of speeds in all
the three stages of behaviour of the 3% oil-in-wateemulsion. (The images in Stage Il were

taken using a higher gain camera setting.) (lens @rtive: x10)

(Test parameters: contact: elliptical, load: 20N, @mperature: 40°C, slide-roll ratio: 0, base oil: e®r A)
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Figure 4.23 shows the measured pool size of thgtiedl contact against speed. In Stage |,
the oil dominated pool is quite stable and decieasaghly linearly with increasing speed.

As the emulsion enters Stage I, the pool continaetecrease until it completely disappears.
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Figure 4.23 - Plot showing measured pool size ofdtelliptical contact against speed

(Test parameters: contact: elliptical, load: 20N, @mperature: 40°C, slide-roll ratio: 0, base oil: egr A)
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Figure 4.24 shows a video image of the inlet regiran elliptical contact at 0.08 nm.s
Three types of droplet behaviour were identifie@n@&ration droplets join the oil pool,
reverse droplets follow the water flow and arectgd (reverse droplets) while stay droplets

remain in the same place without moving.

penetration droplets

reverse droplets

stay droplets

Figure 4.24 - Snapshot of inlet region of ellipticacontact at 0.08 m &. Three types of droplets

can be clearly identified.

(Test parameters: contact: elliptical, load: 20N, @mperature: 40°C, slide-roll ratio: 0, base oil: e®r A)
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Figure 4.25 shows video images of the point contgibn obtained using a 40% oil-in-water
emulsion at 0.02 m™s An unstable pool can be identified, with wateingesqueezed out of

the contact.

Figure 4.25 - Snapshots of point contact region oained using 40% oil-in-water emulsions at
0.02 m & (Stage I) (camera gain is varied when moving alonthe contact to account for

variations in intensity along the contact) (lens ojective: x10)
(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0, base oil: ester A

Figure 4.26 shows video images of the point contagibn obtained using a 40% oil-in-water
emulsion at 0.08 m’s The oil dominated pool is not visible any mor@ Water can be seen
being squeezed out of the contact and no reahdigin between the bulk emulsion and inlet

region could be seen.

Figure 4.26 - Snapshots of point contact region oained using a 40% oil-in-water emulsion at
0.08 m § (Stage I) (camera gain is varied when moving alonthe contact to account for
variations in intensity along the contact) (lens ojective: x10)

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0, base oil: ester A
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Figure 4.27 shows video images of the ellipticaltact region obtained using a 40% oil-in-
water emulsion at 0.03 m‘sNo water could be seen being squeezed out ofdheact and

no clear distinction between the bulk emulsion eatet region could be seen.

Figure 4.27 - Snapshots of elliptical contact regioobtained using a 40% oil-in-water emulsion
at 0.03 m & (Stage |) (camera gain is varied when moving alonthe contact to account for

variations in intensity along the contact) (lens ofective: x10)

(Test parameters: contact: elliptical, load: 20N, @mperature: 40°C, slide-roll ratio: 0, base oil: egr A)
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4.2.2Mean intensity measurements

Figures 4.28 (a) and (b) show the variation innsty with film thickness using the oil-
soluble dye (dissolved in neat oil) and the watduisle dye (dissolved in pure water). The

intensity variation is negligible up to a film tkizess of about 500 nm for both dyes used.
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Figure 4.28 - Plots obtained using (a) oil-solubldye and (b) the water-soluble dye showing
intensity variation with film thickness (Note: The scale on the two graphs is very differd¢rdue to the

fact that two cameras with different resolution (8bit, 16-bit) were used.)

(Test parameters: contact: point, (a) moving (b) sitic, load: 20N, temperature: 40°C, slide-roll ratd: 0)
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Figures 4.29 (a) and (b) show the variation innety with oil concentration using the oil-

soluble and the water-soluble dye. Oil concentratias varied by using a number of oil-in-
water emulsions with different oil content. Theeimsity is sensitive, but not uniquely related
to composition. This non-linear behaviour was ogtperienced when the oil was tested in
emulsion form. When neat oil or pure water was uged the dye content was varied by
varying the dye concentration rather than the oilvater content in the emulsion, a linear

relationship was obtained (dotted line).
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Figure 4.29 - Plots obtained using (a) the oil-satle dye (dissolved in the oil phase of the
emulsion) and (b) the water-soluble dye (dissolved the water phase of the emulsion) showing

intensity variation with emulsion composition (Intensity values were obtained using 16-bit resotion

camera.)

(Test parameters: contact: point (static) load: 20\Ntemperature: 40°C, slide-roll ratio: 0)
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Figure 4.30 shows images of a dyed oil droplet atewand a water droplet in dyed oil. A
ring of very high intensity can clearly be seenuai the oil droplet. This effect is not

experienced when the dyed oil is the continuous@inather than in droplet form.

(a) (b)

Figure 4.30 - Image captured by camera showing (@ dyed oil droplet in water and (b) a water

droplet in dyed oil.

Figure 4.31 shows images of oil droplets in dyedewand dyed water droplets in oil. A very
high intensity can clearly be seen around the mpkkt (Figure 4.31 (a)). This effect is not
experienced when the dyed oil is the continuous@ligigure 4.31 (b)) rather than in droplet
form and is less pronounced than when the dyed oildroplet form (Figure 4.30 (a)).

(b)

Figure 4.31 - Image captured by camera showing (a&il droplets in dyed water and (b) dyed

water droplets in oil.
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Figure 4.32 shows the variation in intensity witih @ntent for the two dyes used during
testing. Although not unique, both dyes are serssitdo emulsion composition. These trends

were used to enable a better interpretation ofitkensity measurements obtained during
testing.
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Figure 4.32 - Plot showing variation of intensity wh oil content for the two dyes used during
testing
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Figures 4.33 and 4.34 show the intensity measureniena circular point contact, obtained
using a 3% and a 40% oil-in-water emulsion usingoassoluble and water-soluble dye,
together with the intensity benchmark values foatnal and pure water. For all the tests
carried out, a marked variation in the intensitybaoth dyes is obtained as the speed is

increased and transition from Stage | to Stagedturs.

At low speeds, the intensity values obtained fer dilute emulsion with both the oil-soluble
and water-soluble dye remain relatively constamt e intensity values obtained from the
oil-soluble dye are very close to those obtainetth weat oil. As the speed starts to increase,
the intensity measurements start to vary. The sgitgof the oil-soluble dye decreases greatly
whereas the intensity of the water-soluble dyeeases and is slightly higher than that

obtained with pure water.
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Figure 4.33 - Plot showing the intensity measuremés obtained when testing a 3% oil-in-water
emulsion using an oil-soluble and water-soluble dydogether with intensity benchmarks for

neat oil and pure water.(Intensity values were obtained using 16-bit resotion camera.)

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0, base oil: ester A
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The intensity values obtained with the concentrapullsion at low speeds are relatively
constant and the values obtained with the oil-delutye are very close to the intensity
benchmark for neat oil. The water intensity valuese higher than the benchmark intensity
value for water throughout the whole range of speedestigated.
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Figure 4.34 - Plot showing the intensity measureménobtained when testing a 40% oil-in-water
emulsion using an oil-soluble and water-soluble dydogether with intensity benchmarks for

neat oil and pure water.(Intensity values were obtained using 16-bit resotion camera.)

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0, base oil: ester A
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Figures 4.35 and 4.36 show the intensity measurtsmien an elliptical contact obtained

using a 3% and a 40% oil-in-water emulsion usingiéssoluble and water-soluble dye. The
trends look similar to those obtained with poinhtaxts. For all the tests carried out, a
marked variation in the intensity of both watertdé and oil-soluble dye is obtained as the

speed is increased and transition from Stage tageSlil occurs.
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Figure 4.35 - Plot showing the intensity measuremés obtained when testing 3% oil-in-water
emulsion using an oil-soluble and water-soluble dydogether with intensity benchmarks for

neat oil and pure water(intensity values were obtained using 16-bit resotion camera.)

(Test parameters: contact: elliptical, load: 20N, @mperature: 40°C, slide-roll ratio: 0, base oil: egr A)
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Figure 4.36 - Plot showing the intensity measuremeés obtained when testing 40% oil-in-water
emulsion using an oil-soluble and water-soluble dydogether with intensity benchmarks for

neat oil and pure water(intensity values were obtained using 16-bit resotion camera.)

(Test parameters: contact: elliptical, load: 20N, @mperature: 40°C, slide-roll ratio: 0, base oil: egr A)
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4.3 Infrared temperature and friction measurements

4.3.1Neat ol

Figures 4.37 (a), (b), (c) and (d) show an exaroplall the maps obtained with the infrared

temperature mapping technique. The inlet is afribré right of the maps and sliding is in the

direction of-y.
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a) Temperature rise map of disc surface (°C)b) Temperature rise map of ball surface (°C)
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c) Total heat flux map (Wm? d) Shear stress map (Pa)

Figure 4.37 - Maps for contact lubricated with mineal oil

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0.8, base oil: mineal,

Group |, entrainment speed: 4.34 m9)
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Figures 4.38 (a) and (b) show the heat flux aldreydontact for a low speed (0.4121) s
and a high speed (11.65 M) <alculated using the original approach (i.e. eseg all heat
generated within the contact is conducted to thanbimmg surfaces) and the modified

approach which takes convection into account.

At low speed, the calculated heat flux profilesantéd using both approaches are identical.
At high speed, the shape of the profile differs tiyos the central part of the contact, where
the highest temperatures are experienced. As theragion is approached, the heat flux

drops below zero.
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Figure 4.38 - Plot showing the calculated heat fluglong the contact at (a) 0.412 m”sand (b)
11.65 m & obtained using the original equation (Equation 3.5 and the corrected equation

(Equation 3.12) which takes into account convection

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0.8, base oil: estep)
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Figure 4.39 shows the overall friction plot obtaingsing shear stress values obtained from
the original and corrected heat flux maps for thme load and sliding conditions used to
obtain Figures 4.38 (a) and (b). The friction valaee very similar to each other throughout

the whole range of speed investigated.
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Figure 4.39 - Friction plot obtained using shear sess values obtained from the original and

corrected heat flux maps

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0.8, base oil: estep)
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Figures 4.40 and 4.41 show the maximum ball and thsperature rise for each speed
investigated using the mineral (group 1) and esikA at three slide-roll ratios. The two
lubricants show similar trends in behaviour, withe tmineral oil experiencing higher

temperatures.

As the entrainment speed increases, the surfacpetatnres start to increase. When the
entrainment speed is increased further, the maxiteunperature rise starts to decrease with

increasing speed.
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Figure 4.40 - Plots showing the maximum temperatureise for the (a) disc and (b) ball against
entrainment speed obtained using mineral oil at thee slide-roll ratios

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0.3, 0.5, 0.8, baseil:

mineral, Group 1)
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At low entrainment speeds, the surface temperatfrdse ball and disc are reasonably close
to each other, with the disc surface being slightiyter than the ball surface. As the speed
increases, the surface temperatures start to dyvength the ball surface becoming
considerably hotter than the disc surface, padityfor the higher slide-roll ratios.
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Figure 4.41 - Plots showing the maximum temperatureise for the (a) disc and (b) ball against
entrainment speed obtained using ester oil at three slide-roll  ratios
(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0.3, 0.5, 0.8, baseil:
ester A)
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Figures 4.42 and 4.43 show the traction coefficfenimineral oil and ester oil respectively,

using three slide-roll ratios. Both oils exhibitngliar trends in behaviour.

At low entrainment speeds, the traction coefficimrhains constant for all slide-roll ratios
tested. As the speed is further increased, thdidracoefficient starts to decrease with
increasing speed. The reduction in friction ing&gmat lower entrainment speeds and is more

pronounced for higher slide-roll ratios.
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Figure 4.42 - Plots showing average traction coeffent against entrainment speed obtained

using mineral oil at three slide-roll ratios

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0.3, 0.5, 0.8, baseil:

mineral, Group 1)

0.04 -
<
@ 0.03 -
‘o
©

0.02 - ‘ * ¢ o ‘
§ ‘ ‘z $S=0.3
S oo1 - g*is:os
& S=0.8
|_

O T T 1

0.1 1 10 100

Entrainment speed ms -1

Figure 4.43 - Plots showing average traction coeffent against entrainment speed obtained
using ester oil at three slide-roll ratios

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0.3, 0.5, 0.8, baseil:
ester A)
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4.3.20il-in-water emulsions

Figure 4.44 shows the measured maximum surfaceetetype rise for the 3% oil-in-water
emulsion and neat oil as the speed is increased 29 m &. The temperature rise obtained

with the dilute emulsion is significantly lower tihéhat obtained with neat oil.
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Figure 4.44 - Plot showing the measured maximum teperature rise for 3% oil-in-water

emulsion and neat oil for speeds of up to 20 ni's

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0.8, base oil: estep)
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Figure 4.45 shows the calculated friction for 3%iiwater emulsion and neat oil (at a slide-

roll ratio of 0.8) as the speed is increased ugOton §*.

In Stage I, the friction value obtained for the ®#ein-water emulsion is initially very close
to that obtained with neat oil. As the speed ighierr increased (but still in Stage 1), the
friction coefficient starts to decrease, despite diecrease in film thickness. In Stage lll, the
friction coefficient obtained with the 3% oil-in-w&ax emulsion is reasonably stable and much
lower than that obtained with neat oil, even thotigh films formed by the emulsions are

much thinner than those formed by neat oil.
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Figure 4.45 - Plot showing the mean traction coeffient (calculated from measured temperature

rise) for 3% oil-in-water emulsion and neat oil forspeeds of up to 20 m’s

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0.8, base oil: estep)
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Figure 4.46 shows the measured maximum surfaceetatype rise for the 40% oil-in-water

emulsion and neat oil (at a slide-roll ratio of)0a8 the speed is increased up to 20'mEhe

temperature rise obtained with the concentratedlsamuis significantly lower than that

obtained with neat oil.
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Figure 4.46 - Plot showing the measured maximum teperature rise for 40% oil-in-water

emulsion and neat oil for speeds of up to 20 ni's

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0.8, base oil: estep)
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Figure 4.47 shows the calculated friction for 40Bérmewater emulsion and neat oil as the

speed is increased up to 20 ™ s

Friction values are lower than those obtained weht oil from the very start of Stage Il and
continue decreasing gradually with increasing spéedStage IlIl, the friction coefficient
decreases further and is significantly lower thaat bbtained with neat oil.
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Figure 4.47 - Plot showing the mean traction coeffient (calculated from measured temperature

rise) for 40% oil-in-water emulsion and neat oil f@ speeds of up to 20 m's

(Test parameters: contact: point, load: 20N, tempeature: 40°C, slide-roll ratio: 0.8, base oil: estep)
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CHAPTER 5

DISCUSSION

5.1 Behaviour of single-phase lubricants at high speed

5.1.1Introduction

In this chapter, the behaviour of neat oil at hggeeds is investigated. Understanding the
behaviour of the single-phase lubricants at higkedp is essential before proceeding with the
investigation of two-phase lubrication. Not muclpestimental testing has been done by other
researchers in the range of speed of interest ¢speigher than 5 nmi’$ so, in this section,

film thickness measurements, friction and tempeeatnaps obtained using neat oil at high

speeds are discussed.

5.1.2Film thickness

5.1.2.1Introduction

When investigating film formation, two sets of testere carried out. In the preliminary
phase, tests were run in tractive rolling and fitmckness measurements and visual
observations were employed to better understandoét@aviour of film thickness at high

speeds by identifying which of the factors discdsse Chapter 2 (starvation, inlet shear
heating and/or sliding) are present at high spe@&ts. second sets of tests were run in
controlled sliding conditions so that the factorsiatr were previously found to be affecting

film thickness at high speeds could be investigaiegteater detail.
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5.1.2.2Preliminary Testing

5.1.2.2.1Film thickness results and observations

Figure 4.1 shows (in log vs log form) the measuaed predicted film thickness (using
Equation 2.7) versus disc velocity of the mineilliader test at three different temperatures:
room temperature (14 °C), 40 °C and 100 °C. Thesorea film thickness agrees closely
with the one predicted by the Dowson-Hamrock regjogsequation up to a certain speed,
after which a reduction in film thickness compartedthat predicted by Equation 2.7 is

obtained.

The speed at which film thickness starts to deviiam the predicted thickness varies with
temperature, suggesting that this behaviour isgtyolinked to the viscosity of the oil and
the temperature at which the test is run. The mighe viscosity of the oil, the sooner the
non-linear behaviour of the oil is experienced. Alg seems that, when testing at high

temperatures, the behaviour of the oil deviateshniegs even at high speeds.

5.1.2.2.2Identifying the dominant factor affecting film thi ckness behaviour

at high speeds

As mentioned in Chapter 2, the factors which mamtrioute to this reduction in film

thickness below the values predicted by the isathéregression equations are starvation,
shear thinning, sliding and thermal effects. Irs thection, an attempt will be made to explain
the behaviour of film thickness at high speedseimt of the factors which could be causing
this reduction in film thickness (i.e. starvatioshear thinning, sliding and/or inlet shear
heating) to try and determine which of these maiciytribute to such behaviour. This

analysis was mainly focused on the results obta@ed °C.

5.1.2.2.2.1 Starvation

The results shown in Figure 4.1 could in principle explained by starvation since the
reduction of the film thickness below the theoraticalue occurs at a lower speed for the
higher viscosities. The more viscous the oil ig mhore difficult it is for the oil to replenish

the oil pool as the speed increases. The resukgyure 4.1 agree with this. However, when
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starvation ensues, the fall in film thickness isally quite sharp. This does not appear to be

the case for the results obtained.

Optical interferometric pictures of the contact @hhiwere taken during testing to try and
visually investigate what is actually occurring the contact showed no clear signs of
starvation (Figure 4.2). A change in film shape akE® observed as the speed increased, as
previously observed in [93]No inlet meniscus was visible; therefore experitakavidence

did not suggest the presence of starvation. Furtbies, an adequate supply of lubricant was
supplied to the contact. All these factors makaighly improbable that starvation is the
dominant factor affecting the behaviour of filmdkmess at high speeds.

5.1.2.2.2.2 Shear Thinning

Shear thinning could also explain the behaviouthef oil at high speeds. If the oil is non-
Newtonian at the shear rates reached at the cotitaceffective viscosity at the inlet of the
contact will drop with increasing speed, resultimg reduction in film thickness compared to
the ones predicted by the Newtonian Dowson-Hameaglation. Tests were performed using
an ultra high shear viscometer for a range of teatpees which were calculated to be
reached at the contact inlet during testing (seet isection). The lubricant remained
Newtonian throughout; hence the possibility of expihg film thickness behaviour at high

speeds by shear thinning was ruled out.

5.1.2.2.2.3 Inlet Shear Heating

Inlet shear heating could also explain the ressiiswn in Figure 4.1. At high speeds, the
very high lubricant shear rates created at theaobmblet cause the inlet temperature to rise,
causing a drop in inlet viscosity, thereby redudithm thickness. Shear heating would also
explain why the reduction in film thickness compmhte the predicted ones was much lower

when the test was run at a temperature of 100°€HKgpire 4.1). As can be seen from Figure

4.3, at high temperaturegs;’; -0.8= %g—z also declines with increasing temperature, having

the value 5.0x 102 °Cat 40 °C but only 2.8 10% °C* at 100 °C. The consequent fractional

987 and so also declines as the

reduction in film thickness with temperature wikry aspg
temperature increases, resulting in a lower efééanlet shear on film thickness at higher

temperatures even though the temperature riseeimbbt may still be appreciable.
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The corresponding effective inlet viscosity for leaxperimental film thickness value was
calculated and, from the viscosity-temperature tiela of the lubricant, the effective
temperature at the inlet was derived. At a discedpef 19 m 8, the effective viscosity
dropped to 0.0125 Pa s, corresponding to an ietperature of 84 °C. (Note: The
entrainment speed used to calculate the inlet teatyre was obtained using the disc speed

and the measured ball speed (i.e. sliding was takeraccount).

The thermal reduction factor proposed by Guptal.ef22] was applied to the theoretical
isothermal film thickness predicted by Equation fd7the conditions present during testing.
Different values of slide-roll ratios were useddiotain a number of predicted values under

different degrees of sliding (Figure 4.4).

As can be seen in Figure 4.4, there is good agmeeofethe experimental data with the
theoretical values obtained using the isothermal thickness calculated by the Dowson-
Hamrock equation (Equation 2.7) multiplied by tleerection factor ko Ct). As the speed
increases, the experimental results seem to agme with the values obtained with a
correction factor for which a higher slide-roll imtwvas used. The above results therefore

suggest that some sliding is occurring and thatithincreasing with increasing speed.

5.1.2.2.2.4 Sliding

If sliding is experienced during testing, the emmaent speed would be lower than that for
pure rolling (which was the assumed condition a& ttontact) and additional shearing
resulting from sliding of the two surfaces would égerienced at the contact, resulting in a

further reduction in film thickness.

Speed measurements of the idle ball obtained duesting are shown in Figure 4.5. At low
disc speeds, the speed of the ball is the sameasftthe disc, confirming that there is pure
rolling motion up to a speed of about 4.4 th As the disc speed increases further, the ball
speed decreases, and the ball starts to slip. Mdersll ratio is zero (i.e. no sliding is
occurring) up to a speed of about 4.44 Tasid then increases as the disc speed increases
further (Figure 4.5).
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5.1.2.2.3Predicted film thickness taking into account slidng and inlet shear

heating

The corresponding ball speeds for each disc speecdhigh film thickness measurements
were previously taken were used to calculate tBpa@tive entrainment speed and slide-roll
ratio. This data was then used to calculate therthlecorrection factor and the isothermal
film thickness, from which the predicted film thizksses were obtainelds{ x Cy) (Figure
4.6).

As can be seen in Figure 4.6, when the actual itglotthe ball (and therefore the condition
of sliding) was taken into account and a thermatemion factor was applied, the agreement
of the experimental data with the predicted valodésained using the isothermal film
thickness equation multiplied by the thermal caroecfactor fiso x Ct (measured $)s very

close to the experimental results obtained.

Predicted values were in agreement with the expariah values within an error of 8%this

% error includes the error coming from the valuéshe speed of the ball which were

calculated from the approximate sine waves obtaioedthe CRO screen therefore the
agreement of the predicted values with the experiateones is remarkable. This close

agreement strongly suggests that the behavioureo$§ingle-phase lubricant at high speeds is

best described by the effect of inlet shear heatirte observed sliding speeds.

5.1.2.3Further testing to assess shear heating theory

In Section 5.1.2.2, it was determined that the & of the single-phase lubricant at high
speeds is best described by the effect of inletrsheating. In this section, further testing was
done to assess the accuracy of the inlet sheaingeaaeory at different sliding conditions

and for different types of oil.

5.1.2.3.1Tests run at controlled sliding conditions

In the preliminary phase, tests were run in tractiolling where it was found that the ball
starts to slip as the speed increases and, asu#t dcdsthis, the slide-roll ratio varied
throughout the test. When assessing the accuradlieothear heating theory, it was felt

important that tests were carried out using a fisigte-roll ratio throughout the test. This was
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achieved by driving the ball and disc using twoasafe motors, thereby allowing tests to be
run in pure rolling (disc speed = ball speed) amdliding conditions (disc speed ball
speed), with each condition being kept constanoutinout the whole test. Having a
controlled slide-roll ratio throughout the testn@hates the source of error coming from the
calculation of the speed of the ball, thereby aifmathe accuracy of the correction factor to

be established.

Figure 4.7 shows film thickness data for a seksts which were run for a range of slide-roll
ratios, which were kept constant throughout eadt, teompared to the predicted film
thickness values obtained using the thermal coomdactor proposed by Gupta et al.[22].
Although the correction factor predicts the trerdtly well, the extent of the agreement
between theory and experiment varies for diffesiging/rolling conditions. The correction
factor seems to overestimate the effect of highraemhent speed (experimental film
thickness values higher than the thermally corcegieedicted ones at pure rolling) and
underestimates the effect of sliding (experimeritiah thickness values lower than the
thermally corrected ones predicted at high sliding)

One possible explanation for this discrepancy & the theory (Wilson et al. [19], Cheng et
al. [20] used to derive the correction factor utsed steel surfaces while in these experiments
two different surfaces, one more conductive tham @ther, were used. Another possible
explanation is that the inlet shear correctionda¢22], which was derived semi-empirically
for a specific oil, does not explicitly take intecaunt oil properties such as heat capacity,
thermal expansivity and compressibility of the erhich can vary for different types of oil.

This is addressed further in the next section.

Although at slide-roll ratios of 0 - 1.2 the diféarce between the predicted data and the
experimental ones is significant, the agreemenhefpredicted values with the experimental
ones is very close for slide-roll ratios of 1.4 &n@. This explains why, in the preliminary
testing, the film thickess data obtained duringst tun in tractive rolling anthe predicted
data (which was corrected to account for the spéelde ball which changed during the test)
were in very close agreement since, during the &stigh disc speeds, slide-roll ratios of 1.3

and 1.5 were experienced.
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5.1.2.3.2Tests run using different types of oil

The tests run in the preliminary phase were altiedrout using mineral oil. Further tests
using different types of oil having different visoetric properties were carried out to see
whether thermal effects are always the dominartbfan high speed conditions. These tests
also establish whether the thermal correction faased in this work could be used for
different types of oil

Figures 4.8 (a) (b) and (c) show film thickness sueaments for a set of tests which were run
for a range of slide-roll ratios compared to thedicted film thickness values obtained using
the thermal correction factor proposed by Guptal.d22]. The same trend was observed for
each type of oil, confirming that thermal effecterer the dominant factor affecting film

thickness in high speed conditions.

5.1.2.3.3Improving correction factor

Now that a whole set of film thickness data foraage of slide-roll ratios are available, an
attempt was made to improve the correction factasrder to improve the agreement of the
predicted values to the experimental ones for dgpk of oil tested. This was done by
modifiying the coefficients, b, c andd of the correction factor proposed by Gupta ef2d]

for each type of oil tested:

1-13.2801.04

T = m Equation 5.1

Figure 4.9 shows a comparison between the predidédéd obtained using the improved
correction factor and the experimental data obthme the rig using a group | mineral oil at
various degrees of sliding. The improved factoregia better fit throughout the whole range
of slide-roll ratios, with an error of less than %0for entrainment speeds higher than 1’'m s

A similar fit was done for each type of oil testedsee whether this improved thermal factor
is as effective for different types of oil testlthe coefficients which give better agreement
with the experimental data (Figures 4.10 (a), (id é&c)) differ slightly for each type of oil

and are shown in Table 5.1. As suggested eartieryariations in the coefficients probably

reflect differences in the physical propertiesha individual oils.

168



Gupta et al. (original coefficients) | 0.21 | 2.2 | 0.83| 0.64
Mineral oil, Group | 012 | 28| 20 | 0.54
Mineral oil, Group IlI 012 | 25| 1.7 | 0.54
PAO 018 | 22| 1.8 0.54
Ester Oil 018 | 16| 2.2 0.44

Table 5.1 - Coefficients used for each type of oil tested to pwide best agreement wit
experimental data

5.1.2.4Summary of achievements

This section analysed the major factors which coutluence film thickness of
elastohydrodynamic contacts at very high speeddinftnary results were used to try and
explain film thickness behaviour in terms of stéima and thermal effects (sliding and inlet
shear heating). After both possible explanationstlie reduction in film thickness at high
speeds were compared with experimental data anenaimons, it was concluded that the
effect which best describes the behaviour of fimckness at very high speeds is inlet shear
heating.

The accuracy of the inlet shear heating theorydss been assessed by running experiments
at controlled sliding conditions and using differéypes of oil up to entrainment speeds of
20 m §". It was found that the thermal correction factoedicts the trend of film thickness
behaviour well for all of the oils tested, and tgreement of the predicted values with the
experimental ones is very close for certain slioleratios. The experimental data were also
used to obtain improved empirical coefficients fioe correction factor for different types of

oil.
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5.1.3Friction

5.1.3.1Introduction

IR temperature mapping was used to obtain surfacgérature maps together with shear
stress maps and overall friction at the contace Main aim of this section was to investigate
the friction properties of neat oil at high speedsch could then be directly compared to
friction results obtained using oil-in-water emaolss in Section 5.2.1 to see how they differ.

Using the IR technique described in Chapter 3rBperature maps were obtained for the ball
and disc surface at all the speeds investigated) fwhich heat flux and shear stress maps
were calculated. An example of all the maps obthingth this technique are shown in
Figures 4.37 (a), (b), (c) and (d). Figures 4.3/ alad (b) show the disc and ball surface
temperature rise. In both maps, the temperatueeimsreases rapidly to a maximum within
the contact and then falls slowly in the exit regidhe temperature of the sapphire disc
surface falls more slowly than that of the stedl. bihis is due to the fact that the thermal

diffusivity of sapphire is lower than that of st¢eée Table 3.1).

Weak interference fringes are visible on the terajpee map of the ball surface. This weak
interference occurs due to the high refractive xndethe sapphire disc (which is uncoated
during the measurement of the ball surface temperatind can be used to locate the centre
of the contact. Interference fringes are not vesitoh the temperature maps of the disc as the

chromium coating used when measuring the temperafuhe disc is completely reflective.

Using the moving heat source theory (Section 32111.3), the two temperature rise maps
were then converted into maps of heat flux (Figi&7 (c)). These were in turn used to
calculate the lubricant film shear stress map (fagu37 (d)), and, by integrating the shear
stress over the area of the contact and dividinghey applied load, the overall friction

coefficient was obtained.
5.1.3.2Effect of convection on shear stress distributiomnd friction at high
speeds

In Section 3.2.1.3.1.4.1 it was argued that, ahhsgeeds, a significant part of the heat

generated by shearing could be convected alonfiitheather than conducted to the ball and
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disc surfaces, possibly compromising one of thenmaasumptions of the technique. To take
convection into account, two additional terms whak a function of the measured surface
temperatures and the convection to conduction nagee added to the equation used to
calculate the heat flux (Equation 3.12).

Figures 4.38 (a) and (b) show the heat flux aldredontact for a low speed (0.412 ™ s
and a high speed (11.65 M) <alculated using the original equation (Equatab) and the

modified equation (Equation 3.12) which takes catie@ into account.

At low speed, the calculated heat flux profilesaited using the two equations are identical.
This is because, at low speeds, the conductionotovexction ratio is high hence the
convection terms added to Equation 3.12 are ndéigigiAt high speed, however, some
differences can be seen. The shape of the profilerel mostly in the central part of the
contact, where the highest temperatures are exyppede As the exit region is approached, the
heat flux drops slightly below zero. This could de to the fact that, at this position, the
surfaces are colder than the olil, resulting in gatige heat flux.

Since the main use of this technique in this siadg obtain the overall friction, the effect of
convection on the overall friction was assesseduriéi 4.39 shows the overall friction plot
obtained using shear stress values obtained frerorijinal and corrected heat flux maps for

the same load and sliding conditions used to olftmjares 4.38 (a) and (b).

The friction values are very similar to each otlieoughout the whole range of speed
investigated. This shows that, although conveclimses affect the shape of the calculated
shear stress distribution, the integral of the sbtass is little affected.

This can be explained as, when calculating frictitve contact is treated as a whole rather
than as an array of elements as is done when n@gpm shear stress. The ratio of
convection to conduction is calculated using a@alfB (defined in Section 3.2) that is equal
to the diameter of the contact (2p®). This gives a ratio of conduction to convectibat is

high throughout the whole range of speed investjat

Hence, at high speeds, convection losses affectshiagpe of the calculated shear stress
distribution, however, the overall friction, which the main characteristic of interest in this

section, is largely unaffected.

171



5.1.3.3Temperature maps and friction results

5.1.3.3.1Temperature maps

Temperature maps of the ball and disc surfaces wktained for a range of speeds and
sliding conditions using a group | mineral oil azwal ester oil. The maximum ball and disc
temperature rise for each speed investigated uki@gnineral and ester oil are shown in
Figures 4.40 and 4.41 respectively. The two lultieasshow similar trends in behaviour.
Higher temperatures are experienced with the mlir@taThis is because this oil is more

viscous than the ester oil, resulting in more shegaof the lubricant occurring at the contact.

As the entrainment speed (and sliding speéd), increases, the surface temperatures start to
increase. This behaviour is expected as, the hitjieesliding speed, the more shearing of the
lubricant occurs and more heat is generated witmencontact. This also explains why the
surface temperatures for a given speed dependbeoslite-roll ratio used during testing
where, the higher the slide-roll ratio, the higkiee temperature rise experienced within the

contact.

As the entrainment speed is further increased, nla@imum temperature rise starts to
decrease with increasing speed. This could beypdué to the fact that the conduction to
convection ratio is decreasing with increasing dp#leus, a decreasing portion of the heat
generated within the contact reaches the surfadtsimcreasing speed. Another possible
cause for this drop is the fact that, at high spedde to thermal effects, the oil film becomes
hotter and the viscosity drops, resulting in a Iovedear stress. The drop in surface
temperature starts to occur at a lower speed whéaigteer slide-roll ratio is used. This

suggests that this behaviour is more dependentherconditions at the contact (thermal

effects) rather than on the limitations of the teghe.

At low entrainment speeds, where the oil film imthihe surface temperatures of the ball and
disc are reasonably close to each other, with tbe surface being slightly hotter than the
ball surface. Similar behaviour was reported invimes work [82, 83]. This confirms that the
assumption made when using this technique to imgagst oil-in-water emulsion§rl,,; =
T4isc) Is valid since the film formed with emulsions gually thin (< 200 nm) throughout the

whole range of speed investigated. This is discusther in the next section.
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As the speed increases, the surface temperatuagstastdiverge, with the ball surface
becoming considerably hotter than the disc surfabes could be due to a number of factors.
As the speed increases and the film becomes thitkertemperatures of the two surfaces
become decoupled and a partition of heat occurk [d% temperature of the two surfaces
then depends on a number of factors such as théveelspeed of the two surfaces, the
thermal diffusivity of the two surfaces and the parature distribution within the film. For
both the oils investigated, the temperature oftthk surface is much hotter than that of the
disc surface from the mid-range speeds onwards iShprobably because the disc was the
faster moving surface, and, as a result of thid, lbas time to heat up. Other factors such as
shearing of the lubricant occurring predominantlpme wall or along some plane within the

now much thicker film could be contributing to this

In Section 3.2.1.3.1.4.2, it was seen that simikues were obtained when calculating the
overall traction using the disc and ball surfacengerature or just the disc surface
temperature (assumiriG,; = T4isc)- This suggests that, although the maximum tentpera

reached by the ball surface is higher than thahefdisc, the overall temperature rise within
the contact is still reasonably close to each otfigus, a higher maximum surface

temperature does not necessarily imply a higherativeiction.

Validation of the assumption:T . = T gise

Temperature maps were used to assess the validhg assumption thaly,,; = Tyis.Which

was made when investigating the ester oil in emaaléorm (Section 3.2.1.3.1.4.1).

The heat transfer from the oil film to the surfacsesan EHD contact is dependent on the
thickness of the film. When the contact is largd #re film thin, the heat stored in the film is

negligible and comes to equilibrium rapidly comphte the transit time in the contact.

The Fourier number [95] is a dimensionless numhat ¢tharacterizes heat conduction and is

given by:

(2b)
Fo = X
2u(h/,)?

Equation 5.2

wherey is the thermal diffusivity of the film and is gineby: k/pc,, b is the half contact

width of the contacty is the entrainment speed ands the film thickness.k, o andc, are
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the thermal conductivity, density and specific hegpacity of the film respectively, each of

which is given in Table 3.2 for both oil and water.

When the Fourier number is high, typically gredbem 2 for steel-oil contacts [96], the film
is thin enough not to provide a thermal barrier tretemperature of the two surfaces can be
assumed to be very similar such thigg;; = T4.. This assumption has been widely used

when investigating EHD films [81].

When the film becomes thicker and the Fourier nunbleeomes very low, the film acts as a
‘resistance’/thermal barrier to the heat generatdtie film to reach the surfaces. In this case
it is better to assume that the heat generatetiarfitm, which is assumed to shear in the

middle, reaches the two surfaces in equal amodimss, as the film becomes thicker, it is

better to assume th@t,;; = qauisc rather thamy,,; = Tyise.

Figure 5.1 shows the percentage temperature diiferdoetween the two surfaces against
Fourier number for each speed investigated usiagq#at ester oil at a slide-roll ratio of 0.8.
The test conditions are the same as those used tebtmg the ester oil in emulsion form in

Section 5.2.1.3, where the assumption That, = T, IS used.
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20 [ ¢

0 2 . : ¢ :
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% A Maximum temperature rise
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-60
0.2 2 20
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Figure 5.1 - Plot showing the percentage temperataer difference between the two surfaces

against Fourier number for each speed investigatedsing ester oil A at a slide-roll ratio of 0.8
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As the speed is increased, the film thickness asae and the Fourier number drops
significantly such that, at the highest speed itigated, the Fourier number is lower than 2.
The difference in surface temperature is within 2f@f#oFourier numbers above 10. Under
these conditions, the surface temperatures aremably close to each other hence the
assumption thaf,,; = T4 1S acceptable. As the Fourier number decreasdlefurthe
difference in film thickness increases consideraigh that, at the highest speed (and lowest
Fourier number) investigated, the temperature wmiffee exceeds 50%, making the

assumption discussed above less satisfactory.

The assumption thdt,,;; = T4sc.was only used in this study when determining therage

friction for oil-in water emulsions at a slide-roéitio of 0.8. In this case, the film thickness is
much lower than that obtained with oil (< 100 nmmotighout the whole range of speed
investigated) and the thermal diffusivity of watehich is what is thought to be entrained at
high speeds, is higher than that of giki(= 6.189x 10%m2 s*, yyawer = 1.385% 10’ m2 sb).

Thus, for a given speed, the Fourier number obthwmeen testing oil-in-water emulsions is
significantly higher than that obtained when tegtieat oil. In fact, when testing oil-in-water
emulsions, the Fourier number is above 150 througlioe range of speed investigated,

making the use of the assumption that;, = T, acceptable.

5.1.3.3.2Average traction coefficient

The average traction coefficient over the contaas$ wbtained by integrating the shear stress
over the contact area to determine the frictiocdoand then dividing by the applied load.
Figures 4.42 and 4.43 show the traction coefficfenimineral oil and ester oil respectively,
using three slide-roll ratios. Both oils exhibitngliar trends in behaviour.

At low entrainment speedthe traction coefficient remains constant for sdidle-roll ratios
tested. This shows that, for a given entrainmeaedpand film thickness, a higher shear rate
produced by a higher slide-roll ratio does not ciffine traction coefficient, hence proving
that the limiting shear stress and limiting tracticoefficient were reached. The limiting
traction coefficient of the mineral oil is highdran that of the ester oil. This reflects the

higher viscosity of mineral oil over that of theeroil.

As the speed is further increased, the frictionffament starts todecrease with increasing

speed. The reduction in friction initiates at loveatrainment speeds and is more pronounced
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for higher slide-roll ratios, even if, for a givepeed, the oil film is thinner at higher slide-roll

ratios.

The decrease in friction at high speeds can betduactors such as thermal effects and
viscoelastic response. Thermal effects result ftbe high strain rates which cause large
amounts of heat to be dissipated within the filaysing the oil film to heat up. As a result of
this, the viscosity of the oil and the limiting sinestress decrease, resulting in a lower limiting
traction coefficient. The higher the slide-roll igtthe more heat is generated, resulting in
more pronounced thermal effects. Viscoelastic ¢dface significant when the slide-roll ratio

is low enough, and the speed is high enough towallee oil to be compliant and

accommodate strain by deforming elastically ratiman by shearing. Thus, if viscoelastic
response is the dominant factor, for a given emtnent speed, the lower the slide-roll ratio,

the lower the friction.

From Figures 4.42 and 4.43 it is seen that thertasat the highest slide-roll ratio gives the
lowest traction coefficient. This suggests thatdbeninant factor affecting traction is thermal

rather than viscoelastic response.

Temperature maps were also used to calculate itipgetature of the oil using Equation 2.19.
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Figure 5.2 - Plot showing the calculated film tempature of ester oil A with speed for a range of
slide-roll ratios (S = 0.3, 0.5, 0.8)

As can be seen from Figure 5.2, the temperatutbeobil within the contact increases with
increasing speed and is higher when higher slileatios are used. The fact that reduction
in friction initiates at lower entrainment speeds liigher slide-roll ratios further proves that
thermal effects are the dominant factor and agnetftswhat was observed in Section 5.1.2,
where it was seen that the reduction in film thess from that predicted by the isothermal
eqguation initiates at a lower entrainment speedwahbigher slide-roll ratio is used. Even in

this case, thermal effects (inlet shear heatinggessfully described this behaviour.
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5.1.3.4Summary of achievements

IR temperature mapping was successfully employechéasure friction at speeds of up to
20 m §'.

When using the IR mapping technique, the effectaivection affects the shape of the
calculated shear stress distribution at high spdwngever the overall friction is largely

unaffected.

At low entrainment speeds, where the oil film imthAnd the Fourier number high, the surface
temperatures of the ball and disc are reasonabiyasi with the faster surface being slightly
hotter than the slower surface. As the film incesais thickness, the temperatures of the two
surfaces become decoupled and the maximum surémpetature of the slower moving

surface becomes hotter.

At low entrainment speeds, friction was constamtalib slide-roll ratios tested, showing that

the limiting shear stress was reached.

At high speeds, however, the friction coefficielecreased with increasing entrainment speed
and the reduction in friction initiated at lowereggpls and was more pronounced for higher
slide-roll ratios. By calculating the temperatufehe oil within the contact and observing the
trends obtained with various slide-roll ratios,was shown that this behaviour can be

attributed to thermal effects.

178



5.2 Behaviour of two-phase lubricants

5.2.1Mechanism of film formation of oil-in-water emulsions

In this section, the mechanism of film formationtwb-phase lubricants is investigated. Film
thickness measurements, fluorescence imaging aedsity measurements together with
friction values are all discussed in separate @estiln the final section, all the experimental
evidence is combined to determine the compositiaine entrained lubricant throughout the
whole range of speeds investigated. A dilute andreentrated emulsion were tested using a
point and an elliptical contact. The two emulsiexsibit different behaviour and are hence
discussed separately in most of the chapter. R&ticemphasis is given to Stage Il

behaviour which, to date, is still little understioo

5.2.1.1Film thickness

5.2.1.1.1Film thickness results

Figure 4.11 shows the film thickness measuremeiigireed using a 3% and a 40% oil-in-
water emulsion compared to those obtained for aiéand the predicted film thickness for

water.

The film thickness values obtained for both emuisiat low speeds are very similar to those
obtained for neat oil (Stage 1), with the film tkiess measurements obtained with the 40%
oil-in-water emulsion being slightly lower than #w® obtained with the 3% oil-in-water
emulsion. At a higher speed (Stage Il), both ermuaksibecome starved, with the 3% oil-in-
water emulsion becoming more heavily starved tih@n40% oil-in-water emulsion, and the
film thickness starts decreasing with increasingesp At a second critical speed of around
1 m s, the film thickness for both emulsions startsise mgain with increasing speed (Stage
ll). In Stage lll, the film thickness obtained ftire 3% oil-in-water emulsion is very similar
to that predicted for pure water. However, the filmckness obtained for the 40% oil-in-
water emulsion is higher than that predicted fotewdut is still much lower than that
measured for neat oil. This suggests that som@nail/be in the form of a mixture of oil and
water or just neat oil in starved conditions) isngeentrained at high speeds. Similar trends in

film thickness results were obtained by Zhu ef44].
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Tests were repeatable in the speed ranges faltidgruStage | and Stage Il behaviour. Stage
Il was more unstable, with film thickness valuesyirsg considerably and being dependent

on whether the speed was decreasing or increasthdime (Figure 4.12).

Similar behaviour was experienced with the elligticontact, as can be seen in Figure 4.13.

5.2.1.1.2Comparison of film thickness measurements to theetical models

Two theories which explain the behaviour of emulisiat high speeds have been suggested
[46, 53]. In this section, both are discussed andpared to the film thickness results to see

whether it can be determined which of the two tlesodescribes Stage 11l behaviour better.

Theory 1: Micro-emulsion theory

Nakahara et al. [46] were the first to suggest, tabhigh speed, a mixture of oil and water,

possibly in the form of a micro-emulsion, is emid in the contact (Figure 2.14).

Figures 5.3 (a) and (b) show the predicted filnckhess obtained using the isoviscous-elastic
equation (Equation 2.21) compared to the measuladthickness obtained for the 3% oill
and 40% oil-in-water emulsions. The effective vatpused in Equation 2.21 was calculated
using the effective viscosity relationships givenGhapter 2 (Equations 2.25, 2.26, 2.27).
When calculating the effective viscosity, the cartcation of the micro-emulsion entrained in
the contact was taken to have the same oil corateriras the bulk emulsion. The measured
viscosities of the two emulsions tested were alseduo obtain a predicted film thickness

plot.

The predicted film thickness values obtained udimg isoviscous-elastic equation agree
fairly well with the experimental values. Howevérwas assumed that the concentration of
the micro-emulsion entrained in the contact has dame oil concentration as the bulk
emulsion. To date, it is not known whether thishis case and, since the oil concentration of
the emulsions will affect the effective viscositgdahence the predicted film, until more
information on the actual composition of the emteai lubricant is obtained, it is difficult to

determine whether this theory correctly descrilbesttehaviour of emulsions in Stage |ll.
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Figure 5.3 -Plots showing experimental values for (a) 3% and (b40% oil-in-water emulsions
compared to predicted film thickness values obtairgk using a number of effective viscosit

relationships
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Theory 2: Dynamic concentration theory

Wilson et al. [53] propose a dynamic concentratdroil droplets in the inlet zone which

results in emulsion inversion (see Figure 2.15).

This theory suggests that, even if no extensive pbmil is present at the contact inlet,
mainly oil is entrained in the contact. The contectreated as starved, so that the inlet
meniscus position is described as a function ofdioplet sized, bulk concentrationgs,
inlet concentrationg; (taken as 0.9068, which corresponds to the coratgont of a close-
packed cylinders configuration) and an arbitrargapgeter,C, which is not defined and can
be varied (Equation 2.28).

The degree of starvation is determined by the idistance hence, by varying the arbitrary
parametelC, the predicted film thickness obtained with thisdal can be varied. Thus, by
choosing the ‘right’ constant, good agreement wiit@ experimental film thickness can be
achieved (see Figure 5.4). However, since this mnaltavs for some curve fitting, it is hard

to tell whether this theory really describes thedy@our of emulsions in Stage |ll.
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Figure 5.4 - Plot showing experimental values for % and 40% oil-in-water emulsions
compared to predicted film thickness values obtairg using various degrees of starvation (i.e.

various values for constant C)
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5.2.1.1.3Film thickness — essential but not enough

Film thickness measurements are very useful imgitlhe understanding of the mechanism
of film formation of emulsions, but these are nalfffisient to fully understand the

mechanisms of film formation of oil-in-water emuwlss at high speeds (Stage llI).

At low speeds, the film formed with oil-in-water afsions is very similar to that formed
with neat oil, suggesting that, in Stage | behavaemulsions, mainly oil is entrained at the
contact. In Stage Ill, a much lower film is formedth the emulsions, showing that a
different mechanism is occurring at high speedswéi@r, using just film thickness
measurements, one cannot determine whether thi$ noueer film thickness is due to a
mixture of oil and water being entrained into tloatact (micro-emulsion theory, Nakahara et
al. [46]) or to the entrainment of neat oil in st conditions (dynamic concentration theory,
Wilson et al. [53]).

Both theories available have arbitrary parametdmghvallow for some curve fitting thus,
using just film thickness measurements, it is Hartell which theory describes the Stage Il
behaviour of oil-in-water emulsions better. Diresidence about the phase composition of

the film rather than it being implied by film thickss measurements is therefore required.

In this work, this was achieved by using LIF touakze the contact at low speeds (Section
5.2.1.2.1 ) and investigate the oil and water aunémtrained in the contact over the whole
range of speeds investigated (Section 5.2.1.2.8)IRAtechnique was also used to obtain
friction measurements which can be used as anatdit of the film composition in the
contact (Section 5.2.1.3).
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5.2.1.2Visual observations and mean intensity measuremestsing LIF

In this section, LIF was used to investigate thee¢hstages of behaviour of oil-in-water
emulsions. This was done by visually observing witetses are present at the inlet in Stage |
and Il and establishing the composition of theained lubricant in Stages |, Il and Il at the

contact using intensity measurements.

Fluorescent dyes were dissolved in the oivater phases and a high-speed camera was used
to obtain images of the contact region, from whidensity values were also obtained. The
two emulsions investigated (one dilute, one comedéed) show different behaviour and are

hence discussed separately.

5.2.1.2.1Visualization of oil-in-water emulsions in EHD conacts

5.2.1.2.1.1 Introduction

The fluorescent dye used for visual observations avasolved in the oil phase hence, during
all the tests carried out in this section, brigletaa denote the presence of oil while dark areas

denote the presence of water. All the LIF resukspaiesented in Section 4.2.1.

5.2.1.2.1.2 Visualization of the contact region afilute emulsions (3% oil) at

low speed

Figures 4.17 and 4.18 show a series of video imafebe contact area in a point and
elliptical contact obtained using LIF at low speé8tage 1) (0.03 m'Y.

As the 3% oil-in-water emulsion approaches thetitdight hand side), the oil droplets are
preferentially drawn into the conjunction while mo$ the water is squeezed out, creating a
pool, mainly of oil, at the inlet. The presencelw oil-rich pool explains why the behaviour
of oil-in-water emulsions is very similar to neat when this is present and agrees with

existing theories and previous observations [47 498

The region of contact appears to be less interae ttie inlet region due to the fact that the
film inside the contact is much thinner than thath& inlet. The outlet region appears to be

dark, with some oil droplets flowing in reverseedition. This region can be interpreted as
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being similar to the cavitated region observed wheimg neat oil, however, rather than
consisting of air or vapour, which is the caseléfarication with neat oil, it consists of water,

as confirmed by images obtained with the waterideldye. The fact that the cavitated
region is filled with water probably greatly comutes to the cooling effect provided by
emulsions.The reverse flow of the oil droplets is probablysed by the pressure difference
present in the outlet region. One can also obdiatenot all the oil at the inlet is drawn into

the contact; a considerable amount of it just ggresind the contact and eventually rejoins
the emulsion as oil droplets (Figure 4.19). Thikdwour was observed in both point and
elliptical contacts. At low speeds (Stage |), theutsion behaves very similarly to how neat
oil would behave if it were sprayed on to the coftavith the water phase playing no

significant part in the formation of the film.

From the tests carried out, it is hard to determvhether there is more side flow in the point
contact rather than in the elliptical contact asphessure was not the same for the two cases.
It is believed, however, that more side flow ocaarsircular point contacts as it is easier for

the oil to go round point contacts [54].

5.2.1.2.1.2.Effect of speed on inlet region

Circular point contact

The inlet region plays a very important part immfiformation as it is the region where it is
determined what is entrained in the contact. Henmest of the visual observations were
focused on this region. In order to better asdesyariations in the inlet region with speed,
the size of the oil pool was measured and obsedxvede how the pool varies with increasing
speed. The oil pool size was taken as the distiiooethe edge of the contact to the edge of

the oil dominated area.

Figure 4.20 shows the measured pool distance tegetith the corresponding calculated
critical inlet meniscus distance (obtained usirgnad EHL theory for neat oil, Equation
2.11) for each of the speeds investigated whileiféigl.21 shows video images of the inlet
regions at a number of speeds in all the threeestafjbehaviour of the emulsion.

The oil pool is very stable and the pool distaneerdases roughly linearly with the log of

entrainment speed in Stage |. At these speedsmtesured oil pool is greater than the
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critical inlet meniscus, thus the emulsion behaseat oil in fully flooded conditions. This
explains why, in Stage |, the film thickness meaments obtained with the oil-in-water

emulsions are very similar to those obtained wehtroil.

As the speed increases further (Stage Il), the sfzthe pool continues to decrease and
becomes more unstable. This explains the drop abseguent increase in film thickness at
the beginning of Stage Il. The actual inlet menssdistance is now lower than the critical
value found from [17] and, just as for lubricatiasith neat oil, the film thickness declines
below that obtained for fully flooded conditionshd fact that the calculated critical inlet
meniscus obtained using starved EHL theory for wdatorrectly describes the conditions
(starved/fully flooded) present at the contact whesting using an oil-in-water emulsion
shows that, at low speeds (Stage | and initial pa8tage II), the emulsion behaves just like

neat oil, with the water phase playing no significpart in the formation of the film.

As the speed continues to increase, the menisstende declines further until the inlet pool
disappears. Once the pool disappears, very idtlgeen in the inlet region, implying that
mainly water is present in the inlet region. Whha gain of the camera was considerably
increased, small droplets of approximately the saipe as that of the bulk emulsion were
observed in the contact region, with the occasidnagplet going in the contact. Visualization
was limited to speeds of up to 0.8 i, sbove which the resolution becomes poor. The
speeds where the bulk emulsion was observed ahléteoccurred in the final part of Stage

Il, just before Stage 11l behaviour seems to start.

Elliptical contact

Similar behaviour was observed with the ellipticahtact, as can be seen in Figure 4.22. At
very low speeds, the pool at the inlet was larpantthat obtained with the circular contact
and exceeded the field of view of the camera, npkireasurements of the size of the inlet
pool impossible for these speeds (Figure 4.23)ll, 8om the measurements obtained from
slightly higher speeds (still in Stage 1), the tteseemed to be similar to that observed with
the point contact, where the oil pool linearly ad=ges with increasing speed and decreases

further until it completely disappears in Stage Il
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5.2.1.2.1.2.2Visualization of the emulsion flow at the inlet

When observing the flow at the inlet, the threeet/mf droplet behaviour described by
Nakahara [46] could be identified. Some dropletgeethe contact (penetration droplets),
some droplets follow the water flow and are rejddreverse droplets) while some remain in
the same place without moving (stay droplets). ditmplets which seem to get in the contact
are those which join the oil pool or are attachedhe surface. The droplets attached to the
surface follow the direction of the surfaces (ge. into the contact) whereas the small oll
droplets surrounded by water follow the flow of tlvater and are hence rejected. Reverse
droplets, which increase in number with increasipged (still in Stage 1), include most of
the oil droplets (of diameter of around 15 micransless) which do not join the poal,
whereas stay droplets are usually observed onides sf the contact. Many more reverse
droplets were observed in the elliptical contacgfe 4.24). This may be because in point
contacts it is much easier for the droplets to gmud the side, which is not possible for
elliptical contacts. Similar behaviour was obsertagdrang et al. [54].

5.2.1.2.1.3 Visualization of the contact region afoncentrated emulsions at

low speeds

When observing the 40% oil-in-water emulsion, isweary difficult to determine any trends
as done with the 3% oil-in-water emulsion. All tineages taken appear to be hazy (Figures
4.25, 4.26, 4.27) and no oil rich pool area cowdidentified at the contact for most of the
speeds observed. At very low speeds (0.02Ynavery unstable region could be identified
at the inlet, where some water could be seen mgungezed out (Figure 4.25). However, as
the speed was further increased (still in Staged)pil dominated pool could be identified
(Figure 4.26). In fact, the areas surrounding thetact all looked very similar (i.e. very little
distinction between inlet, bulk emulsion, side fl@tc). No emulsion inversion seemed to
occur, and no water could be observed being sqdemzie suggesting that a mixture of oll
and water was being entrained in the contact, ettelow speeds (Stage 1). This would
explain why the film thickness measurements obthioe the 40% oil-in-water emulsion are
lower than those obtained with neat oil and the @Bin-water emulsion, where an oil pool
was visible at the inlet. This behaviour was obsdrinboth point and elliptical contacts
(Figure 4.27). Zhu et al. [48] reported a similaahhviour with very high concentrations,

where the oil-pool dominated region was narrowemn\hard to find.
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5.2.1.2.2Investigating the composition of the film formed ly oil-in-water

emulsions in EHD contacts using mean intensity meaements

5.2.1.2.2.1 Introduction

Laser Induced Fluorescence (LIF) was used to ifgagst the composition of the entrained
lubricant in the contact for the whole range ofesfseinvestigated. All the tests run were
carried out twice; once using an oil-soluble dyd arsecond time using a water-soluble dye,
thus enabling a better interpretation of how tHeaad water content vary in the contact as

the speed is increased.

5.2.1.2.2.2 Characterization of fluorescent dyes

Effect of film thickness on intensity

Figures 4.28 (a) and (b) show the variation innsety with film thickness using the oil-

soluble and water-soluble dyes.

The intensity variation is negligible up to a fillmckness of around 500 nm, after which the
intensity increases with increasing film thickneBbis behaviour was expected as most dyes

are insensitive to film thickness in the nanomedirgge.

During testing, the film thickness of emulsions @eexceeds 200 nm, hence, one can
conclude that the intensity measurements obtainethgl testing are insensitive to film

thickness when using both the oil-soluble and watéuble dye.
Effect of emulsion composition on intensity

Figures 4.29 (a) and (b) show the variation innstty with oil concentration when using the

oil-soluble and the water-soluble dye.

The intensity does vary with emulsion composition lfoth dyes, however, intensity values

are not unique. Possible suggestions for this meat behaviour are now considered.

When the dye content was varied by changing thecdpeentration of neat oil rather than by

varying the oil content, a linear relationship vedgained. This, together with the fact that
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both dyes showed a similar non-linear behaviouggests that this behaviour is related to the

characteristics of the emulsion rather than topttogperties of the dye itself.

The fact that the peak occurs in the mid-rangeaitent seems to suggest that the emulsion
is inverting at these oil contents, with the oibph becoming the continuous phase, which is
not the case with low oil contents. The oil droplseem to cause a lensing effect (Figures
4.30, 4.31), creating a very high intensity aroune edge of the droplet. This effect was
experienced when using both dyes, although itscefi@s more pronounced with the oil-
soluble dye i.e. when the droplets rather than s$herounding phase were emitting
fluorescence. The combination of these two effeessilts in a non-linear relationship, with

each dye having a different oil content at whictkximmaum intensity is achieved.

This behaviour is not ideal as, during testing, santensity values obtained will correspond
to two emulsion compositions, which can bring amednt of uncertainty to the interpretation
of results. Nonetheless, the intensity is sensitiweemulsion composition hence any
variations during testing can be related to a cekangomposition of the emulsion being used
(Figure 4.32).

It must be mentioned that, when obtaining the tsefiod both dyes, the emulsions were tested
in a static contact. During testing, where the emounl is continually moving and being
entrained in the contact, the properties of the Isimm might be different (e.g. different
droplets size, oil not in droplet form). Therefare cannot be certain that the exact same
trend is experienced during testing at very higkesis, where a very thin film is present (e.g.
lensing effect could be more pronounced if droplee is very small, or less pronounced if
the oil is not entrained in droplet form). Nevet#dss, a change in intensity should still reflect
a change in composition which will help verify whet at high speed the entrained lubricant
is neat oil as suggested by Wilson et al. [53] onigture of oil and water, as suggested by
Zhu et al. [48].
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5.2.1.2.2.3 Investigating  film composition using na intensity

measurements

5.2.1.2.2.3.1Circular point contact

Figures 4.33 and 4.34 show the intensity measuressrabtained when testing a 3% and a
40% oil-in-water emulsion using an oil-soluble awdter-soluble dye, together with the
intensity benchmark values for neat oil and purgéewaFilm thickness measurements have

also been plotted on the graph to help locate stage of behaviour (Stages |, 1l and 1lI).

The intensity values obtained with the oil-solulsled water-soluble dyes show inverse
trends, confirming that the dyes are behaving g&e®d and are mapping the trend of the

two phases correctly.

The first observation made is that, for all thegesarried out, there is a marked variation in
the intensity of both the water-soluble and thesoiuble dye as the speed is increased and
transition from Stage | to Stage Il occurs. Thiggests that the composition of the entrained
lubricant does not remain constant in all the tlatages of behaviour of the emulsion, as the
dynamic concentration theory suggests [53].

Dilute emulsion (3% oil)

When considering the intensity values obtainedtlfi@ 3% oil-in-water emulsions (Figure
4.33) at low speeds, the intensity values from kb#h oil-soluble and water-soluble dye
remain relatively constant and the intensity valoltined from the oil-soluble dye are very
close to the benchmark intensity value for neatlbhas been shown in the previous section
that, at low speeds, a pool of oil forms at thetiasnd mainly oil is entrained into the contact.
Also, the film thickness measurements obtainedhasd speeds are very similar to those
obtained with neat oil. Hence one can confirm tlaatlow speeds, i.e. in Stage | and the
initial part of Stage Il, the composition of thetrmed lubricant is very close to 100% oil.

As the speed starts to increase and starvatioresr(8iage Il), the intensity measurements
start to vary. The intensity of the oil-soluble dyecreases greatly whereas the intensity of
the water-soluble dye increases and is slighthhdrigthan that obtained with pure water.

Using the trend obtained in Figure 4.32, one céateaehis intensity value to a composition of
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around 85-95% water. Hence, the intensity valudgainéd using both dyes strongly suggest
that the oil content drops significantly once thmuésion is in Stage lll, and that the
composition of the lubricant at high speeds is iyawater. This agrees with the film
thickness measurements obtained with optical ieterhetry, where the values are very close

to those obtained with pure water.

Concentrated emulsion (40% oil)

Even with the 40% oil-in-water emulsion (Figure4),3he intensity values at low speeds are
relatively constant and the values obtained with dii-soluble dye are very close to the
intensity benchmark for neat oil. Initially, it wahought that the composition at low speeds
was close to 100% oil, however, when the intensiéasurements from the water-soluble dye
were also considered, it was noticed that all titenisity measurements obtained during
testing were above the benchmark intensity valuaioéd for pure water. Using the trend
obtained in Figure 4.32, these values all corredgonmid-range oil content compositions.
Hence, it seems more likely that the oil contenloat speeds (Stage |) is in the mid-range
rather than close to 100% oil. This agrees with film thickness values obtained using
optical interferometry (in Stage 1), which weregslily lower than those obtained with neat
oil, as well as with the visual observations of itlet of the contact, where no oil pool could
be identified and the composition at the inlet seénto be similar to that of the bulk

composition.

The water intensity values were higher than thecberark intensity value for water
throughout the whole range of speeds investigateggesting that a mixture of oil-in-water
is entrained in all stages of behaviour of theimiWwater emulsion. Using the trends of both
dyes, it seems that the composition of the entdalobricant remains in the range of 40 —
60% oil throughout the range of speeds investigatelich is quite close to the bulk

concentration of the emulsion being investigated.

5.2.1.2.2.3.Zlliptical contact

Figures 4.35 and 4.36 show the intensity measurenudrtained when testing the 3% and the

40% oil-in-water emulsions using an elliptical cactt
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Unfortunately, intensity benchmarks for pure oitlgure water were not taken when testing
the elliptical contact. However, the trends lookitar to those obtained with the circular
point contact. Although one cannot be certain thatoil content in Stage Il is similar to that
obtained with point contacts, one can still obsehat there is a marked change in intensity
as the emulsion transits from Stage | to Stagecbhfirming that the composition of the
entrained film does not remain constant throughbeatwhole range of speeds investigated
Hence, it seems that the dynamic concentrationryhagmes not hold for the elliptical contact,
and, as in circular point contacts, the lubricaritaned consists of a mixture of oil and water

that is dependent on the entrainment speed andcbutkosition.

5.2.1.2.3LIF — achievements

Visual observations and intensity measurements w#ed to investigate the film
composition of the lubricant entrained in the thsésges of behaviour of a dilute (3%) and a

concentrated (40%) oil-in-water emulsion in point &lliptical contacts.

In a dilute (3%) oil-in-water emulsion, the lubriicey film was formed of pure oil at low
speed. At intermediate speeds, the water contetitedfilm increased and the film thickness
dropped below that obtained for pure oil. At thghast speeds, the film thickness was close
to that obtained with pure water and there was kigission intensity from the water-soluble
dye suggesting that the film was predominantly wa#sual observations showed that, as
Stage 1l is approached, a very small number ofdoilplets enter the inlet region in both
circular and elliptical contacts, making it highiplikely that the film-forming mechanism in
Stage Il involves the dynamic concentration ofanbplets in the inlet region, as suggested

by the dynamic concentration theory [53].

In a 40% oil-in-water emulsion, both water and agpeared to be present in the film
throughout the range of speeds. At the highestdspebke film was appreciably thicker than

in the dilute emulsion, suggesting that emulsifidds entrained.

All the results obtained are consistent with theaidhat, at high speeds, a mixture of oil and

water having a composition close to that of th&lauhulsion is entrained.
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5.2.1.3Friction measurements

Friction measurements of oil-in-water emulsions everainly used as a way to investigate
film composition. Friction values obtained with watare significantly lower than those
obtained with oil hence, a change in friction caméint during testing can be interpreted as a
change in film composition. Friction measuremeriteibin-water emulsions were limited to
point contacts and were carried out using a slidleratio of 0.8 so as to have an appreciable
amount of heat generated by shear which can betddtdy the IR camera, from which
temperature rise and friction values could thenchleulated. As will be seen in Section
5.2.2.3, slide-roll ratio affects the speeds atchtfstage 1l and Il initiate, thus, when friction
results are correlated to fluorescence resultsdfwiniere carried out in pure rolling), these

are discussed and compared in terms of Stage lmehmaaiher than speed.

5.2.1.3.1Dilute emulsion (3% oil)

Figures 4.44 and 4.45 show the measured maximurpeteture rise and the corresponding
calculated friction for 3% oil-in-water emulsiondaneat oil as the speed is increased up to
20 m §'. The temperature rise obtained at low speeds veag low, resulting in noisy
measurements. Friction values are therefore showspleeds between 0.21 thand 20 m's

! where 0.21 mScoincides with the start of Stage Il behaviour.

In Stage Il, the friction value obtained for the 3f#bin-water emulsion was initially very
close to that obtained with neat oil. This suggéktt, in the initial part of Stage Il, the
composition of the entrained lubricant consistsntyaof oil. This agrees with the visual
observations obtained using LIF, where, at theseds a pool of mainly oil could still be
observed at the inlet. At this stage, the emulssstill behaving as neat oil in starved

conditions, with water playing no significant partthe film formed at the contact.

As the speed is further increased (but still ing8tdl), the friction coefficient starts to
decrease, despite the decrease in film thickndsshwn theory should result in a higher or
similar (if limiting shear stress has been reacheabtion coefficient. The drop in friction
coefficient can therefore be attributed to a changsomposition of the entrained film rather
than to a change in film thickness. This drop intion occurs just before Stage Il initiates,
which coincides with the visual observations ol#dirusing LIF, where, just before the

initiation of Stage Ill, the oil pool at the inldisappears and a mixture of oil and water (in the
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form of an emulsion) is present at the inlet. Thigggests that, at these speeds, the
composition of the film is transiting from an oith film to an increasingly diluted

composition.

From the above observations and results it seeatsSttage Il exhibits two mechanisms of
film formation and may be divided into two. Stagge dccurs just after Stage I. The oil pool is
still present but is smaller than the critical tnfeeniscus, thus, starvation ensues and film
thickness decreases with increasing speed butotiasition is still close to neat oil. Stage
lIb occurs when the oil pool completely disappesrd the composition starts to transit from

an oil-rich film to a much more dilute composition.

The friction coefficient obtained with the 3% oil-water emulsion during Stage Il is
reasonably stable and much lower than that obtaidd neat oil, even though the films
formed by the emulsions are much thinner than ttiett formed by neat oil (which would in
theory produce a higher or similar traction coedint). This shows that it is highly unlikely
that the film being entrained at this stage coasisdinly of oil, as suggested by the dynamic
concentration theory [53]. The traction coefficiaat comparable to traction coefficients
obtained for pure water [33], suggesting that time éntrained at high speeds has a very high
water content. This agrees with the fluorescentensity measurements obtained with the
water-soluble dye as well as with the film thickheseasurements obtained at high speeds

which were very similar to those obtained with pweader.

Friction values obtained for the dilute emulsioerdfore agree with what was indicated by
the film thickness and fluorescence measuremetts)gdy backing the theory suggested by
Nakahara et al. [46] and Zhu et al. [48] as thetbaédescribes Stage 11l behaviour better.

5.2.1.3.2Concentrated emulsions (40 % oil)

Figures 4.46 and 4.47 show the measured maximurpeteture rise and the corresponding
calculated friction for 40% oil-in-water emulsiondaneat oil as the speed is increased up to
20 m s,

The friction values obtained for the 40% oil-in-eaemulsion in Stage Il are different to
those obtained with the 3% oil-in-water emulsiamggesting that the behaviour of the 40%
oil-in-water emulsion is different to that of théute emulsion. Unlike what is observed with

the 3% oil-in-water emulsion, friction values apg/ker than those obtained with neat oil from
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the very start of Stage Il and continue decreagmagually with increasing speed. This again
suggests that some water is present throughouwtime stage and the water content
entrained increases with increasing speed. In Stdgéhe friction coefficient decreases

further and is very similar to that obtained withet3% oil-in-water emulsion, which,

considering that the film thickness obtained witle toncentrated emulsion is considerably
higher than that obtained with the dilute emulsimist be interpreted as having a higher oil
content than the dilute emulsion. This agrees f¥ilith thickness obtained in Stage 11, where

the measured film is higher than that obtained withdilute emulsion (and water) but much
lower than that obtained with neat oil. Thus, euenhis case, it seems that the dynamic
concentration theory does not hold and a mixtureilbdnd water is being entrained at this

stage.

5.2.1.3.3Friction measurements - achievements

Friction values provided further insight in the qmusition of the entrained lubricant. These
showed that, in Stage I, a transition (in the ffipart of Stage Il for the dilute emulsion and
gradually throughout the Stage Il for the concdmttaemulsion) happens, where the
composition of the entrained film transits from migi oil to an increasingly diluted
composition until it enters Stage Ill, where frigtivalues stabilize and are much lower than
those obtained with neat oil and more similar tosth obtained with pure water. Thus,
friction values agree with what was indicated by thim thickness and fluorescence
measurements, strongly backing the theory suggdéstddakahara et al. [46] and Zhu et al.
[48] as the one that describes Stage Ill behawetter.
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5.2.1.4Combining all experimental evidence — final discuson

Three experimental techniques were used to inastithe mechanism of film formation of

oil-in-water emulsions in high speed rolling corttac

- Optical interferometry was used to measure film thickness and determine
speeds at which Stage I, Il and Il behaviour occur

- Light Induced Fluorescence (LIF)was used to visually observe the contact
area at low speeds and investigate lubricant coitigos$n the contact for the
whole range of speed investigated.

- Infrared (IR) temperature mapping was used to measure the temperature at

the contact, from which shear stresses and friatiere calculated.

Combining the results obtained using the sameigesind the same experimental conditions,
one can obtain a much better insight on the meshaniof film formation of dilute and
concentrated oil-in-water emulsions, particularly ragh speeds, as, to date, Stage Il

behaviour was still very little understood.

5.2.1.4.1Dilute emulsions

Dilute emulsions have been successfully investiyated a number of conclusions were
drawn (Figure 5.5). At low speeds (Stage 1), a pafobil forms at the inlet, its size being
greater than the critical inlet meniscus. Film kimess measurements are very close to those
obtained with neat oil in fully flooded conditiorsnd the composition of the film entrained
into the contact consists mainly of oil, with waggalying no significant part in the formation

of the film.

In Stage I, the film decreases with increasingespand the oil pool at the inlet becomes
rather unstable and continues to diminish untdoimpletely disappears. Stage Il behaviour
can be split into two. Stage Ila occurs just aésge 1. The oil pool is still present but is
smaller than the critical inlet meniscus thus stion ensues and film thickness decreases
with increasing speed but the composition is sldke to neat oil. Stage Ilb occurs when the
oil pool completely disappears and the composiitamts to transit from an oil-rich film to a
much more dilute composition. This results in thadgal drop in friction, even if the film

thickness is decreasing.
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In Stage llI, the film thickness starts to increagmin with increasing speed and becomes
very close to that obtained with water. Frictiosaatirops significantly to a value similar to
that obtained with pure water in this stage, areddbmposition of the film is very close to
pure water. Thus, when considering Stage Ill aedwo suggested theories, all experimental
results are consistent with what has been suggéstddakahara et al. [46] and Zhu et al.
[48], where a mixture of oil and water with a contration similar to that of the bulk

emulsion is entrained at this stage.

The fact that the mechanism of film formation ofutk emulsions at high speeds is now
better understood is of great practical relevarecéowa oil concentrations are typically used

for high speed applications such as cold rolling.
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Figure 5.5 - Lubrication regimes for 3% oil-in-water emulsion
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It is interesting to note that similar behavioueigperienced by other complex fluids, where,
as the speed increases, the composition of thaieetr lubricant changes. An example is
shown in Figure 5.6 [97], where film thickness meaments for a polymer solution
(consisting of base oil with added viscosity maatifiare compared to those obtained with the
corresponding base oil as the speed is increasedfilm thickness of the polymer solution
differs from that obtained with the correspondiagé oil at low speeds. The “functionalized”
polymer additive determines the film thickness bynfing an adsorbed polymer layer of
higher viscosity on the surface. However, as theedpincreases, the composition of the
lubricant film changes until the film thickness aioted at high speed is very similar to the
base oil. This is similar to what was observed wlithte emulsions where, at low speeds, the
film thickness of the emulsion differs from thattaibed with the base fluid and is
determined by the concentrated oil phase. Howea®rthe speed increases, the emulsion
undergoes a transition until the film thicknessagfeéd at high speed is very similar to that of

water.

In the case of the polymer solution, the transii®mgradual, there being no decline in film
thickness with speed, perhaps because the two gmm(polymer and base oil) have more
similar viscosities than do the oil and aqueousspblaof the emulsion. The decline in the
effective viscosity of the lubricant inlet with sgmkis correspondingly slight and hence no

actual decline of film thickness with speed (asStage Ila of the emulsion) is observed.

However, the behaviour of the polymer solutionat land high speeds is very similar to
Stage | and Stage Il behaviour of emulsions. knicplots obtained for the polymer solution
and the corresponding base oil also show similaabeur to that observed here with oil-in-
in-water emulsions, where the friction values difigf solution and base stock) at low speeds

(Stage 1) but become very similar at high speetsySIIl).
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Figure 5.6 - Plots showing variation in (a) film tlickness and (b) friction with entrainment speed

for a polymer solution compared to the correspondig base oil [97].
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5.2.1.4.2Concentrated emulsions

The film forming mechanisms of the concentrated lsion are not as straightforward to
explain as both water and oil appear to be presethie entrained film throughout the whole
range of speeds investigated. For this reason, méamsity measurements are not as clear as
when investigating dilute emulsions since the istignvalues corresponding to the mid-range

oil content are not unique.

At low speeds (Stage I), no oil pool could be idfiead and the film thickness is slightly
lower than that obtained with neat oil, suggestihgt the emulsion does not invert but
remains rather stable, and both water and oil ar@ieed into the contact. From the start of
Stage I, friction values are lower than those wigtad with neat oil and continue decreasing
gradually with increasing speed, suggesting thaihareasing amount of water is entrained
throughout this stage. In Stage lll, friction isrydow and is very similar to that obtained
with the dilute emulsion. This can be interpretextlae concentrated emulsion having a
higher oil content than the dilute emulsion considgthat the film is much thicker than that
of the latter. The film thickness obtained in Stdiges also higher than that obtained with
water but much lower than that obtained with nektsoggesting that a mixture of oil and
water must be present at the inlet. Thus, evenhis tase, it seems that the dynamic
concentration theory does not hold and a mixtureibfand water with a concentration

similar to that of the bulk emulsion is being emteal at this stage.

Although the analysis in this chapter was mainiguged on circular contacts, it was shown
that the elliptical contact used during testingibith very similar behaviour in trend, strongly
suggesting that the above conclusions apply to th&tltircular and elliptical contacts.

It is also important to keep in mind that all theperimental results obtained in this study
were obtained under controlled laboratory condgidractors such as roughness and plastic
deformation which characterize the rolling procasd could possibly affect the film formed
during the process were not present in this stitBnce, the results obtained cannot be
directly applied to the process until further invgstion of the above mentioned factors is

carried out.
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5.2.2Investigation of properties affecting behaviour of oil-in-water

emulsions

5.2.2.1Introduction

Apart from the entrainment speed, there are otlaearpeters which could affect the film
forming mechanisms of oil-in-water emulsions. Tlaggmeters which have been investigated
(up to a speed of 5 nmi*s by several researchers [43-52, 54] include erfieistype and
concentration, oil type and concentration, drogiege and the pH of the emulsion. These
works however were mainly focused on the Stagehlabeur of emulsions, which is a
different lubricating mechanism than that expereshat high speeds (Stage Ill), and their
main objective was to optimize emulsion properbgsnaximizing the wetting ability of the

oil droplets so that the first critical speed isped to higher speeds and starvation is avoided.

In this chapter, three test parameters which areleffance to cold rolling were investigated
to see how these affect all three Stages of behavad emulsions. The parameters
investigated are oil content, slide-roll ratio abdse oil viscosity. This investigation was
carried out using film thickness results and wasited to circular point contacts. Except
where oil concentration was the parameter beingstigated, the oil content of the emulsions
used during testing was kept at 3%, since thigcefl compositions used in sheet steel cold
rolling which typically range from 0.5% - 6% oil.

5.2.2.2Test Parameter 1: Oil content

Figure 4.14 shows the film thickness measuremetigireed using a number of oil-in-water
emulsions with different oil content, namely 0.5%, &% oil, 20% oil and 40% oil,
compared to film thickness measurements obtainednéat oil and the predicted film
thickness for water. All the emulsions tested eitte three stages of behaviour observed

with the 3% oil-in-water emulsion in Section 5.2.1.

Stage | — oil dominated region

At low speeds (Stage 1), the trends in film thickmebtained with all emulsions are very

similar to each other and to those obtained witht n@l. This is consistent with the
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observation that, at low speeds, the emulsions tiemavert and an oil-rich pool forms at the
inlet, with the result that the film formed is vesymilar to that obtained with neat oil and
independent on the bulk composition of the emulsinder test. The film thickness obtained
with the most concentrated emulsion (40% oil) hosvewas slightly lower than those
obtained with the other emulsions, suggesting titavery high oil concentrations, emulsion

inversion does not fully occur. This behaviour basn discussed in Section 5.2.1.2.

As the speed is further increased, the first @itgpeed is reached and Stage Il ensues. The
first critical speed varies for the four emulsidasted, with the most dilute emulsion having
the lowest first critical speed. This is expectsdthe lower the oil content of the emulsion,
the less oil available in the inlet region, resugtin a smaller oil pool than the ones obtained
with emulsions having higher oil content. The serathe oil pool, the faster the critical pool
size (meniscus) is reached, hence the sooner Btagsues. The first critical speed increases
with increasing oil content for the 0.5% oil, 3% and 20% oil-in-water emulsions however
the first critical speed of the 40% oil-in-water @sion is lower than that of the 20% oil-in-
water emulsion. Zhu et al. [48] reported simileahlviour, commenting that, even though the
bulk lubricant is sufficient, there could still l@elocal insufficient amount of oil in the inlet
region to form a stable oil pool. From the workSactions 5.2.1.2, it was seen that a clear oill
pool could be observed in the inlet region whemgishe 3% oil-in-water emulsion, but no
defined oil-rich region could be identified withetl#0% oil-in-water emulsion. The more
concentrated emulsion remains rather stable, himgi¢he pool formation at the inlet. This
explains why the first critical speed of the 40%-iniwater emulsion is lower than that

obtained with the 20% oil-in-water emulsion.
Stage Il — transition region

In Stage I, all the emulsions tested exhibit astable behaviour. The film thickness initially
increases slowly (but is significantly lower thédmat obtained with neat oil) until it reaches a

peak, then starts to decrease with increasing speed

During this stage, a second increase in film thegdenis observed as the speed is further
increased. This behaviour has been discussed tro6&c2.1 and is attributed to a change in
the composition (and hence in the film forming matkm) of the lubricant present at the
inlet and in the contact region (Stage Ilb behawiost the beginning of Stage Ilb, which is

where oil-starvation is total (and the meniscugatise is close to zero), the composition
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starts to change. Speed is increasing but thetei@egiscosity is probably decreasing so the
film thickness is quite unpredictable. The emulslmecomes more dilute as the speed is

further increased, causing the film thickness torel@se again.

The two drops in film thickness observed in Stalgaré therefore caused by two separate
mechanisms. The first drop in film thickness (whsthl consists mainly of oil) occurring in

Stage lla is due to the starved conditions caugeithd oil pool at the inlet which decreases
with increasing speed. The second drop in filmkinéss (which now consists of a mixture of
oil and water) results from a change in compositbthe emulsion in the inlet region which

becomes more dilute with increasing speed. Stiiggekems to be more pronounced for some
of the oil concentrations tested (0.5% oil, 209%,@howing that this transition zone can be

very unpredictable.

In the work carried out by Zhu et al. [48], the @ed increase in film thickness experienced
during Stage Il was not observed. This may be du¢hé fact that the film thickness
measurements reported were carried out using optitertferometry rather than ultra-thin
interferometry, hence thin films (< 50 nm) weretiemted’ rather than accurately measured.
Previous work by Ratoi-Salagean et al. [37] cardet at fairly high speeds (up to 3 i)s
reported a second rise and fall in film thicknesstha highest end of the speeds investigated.
However, her work was mainly aimed at investigat8tgge | behaviour thus this behaviour
was not addressed.

Stage Il — two-phase region

At a second critical speed, the film thickness bbee® more stable and starts to increase
steadily with increasing speed. This marks therr@gg of Stage Ill behaviour. In this stage,
both phases are being entrained into the contath, tve ratio of the two phases being
dependent on the bulk concentration of the emulbeing tested — the higher the bulk olil
content , the higher the amount of oil being entdiinto the contact. This is reflected in the
measured film thickness, where, for a given eninaint speed, the highest film thickness is

obtained with the emulsion having the highest oiitent.

For the more dilute emulsions (0.5% oil, 3% oilje tfilm obtained is very similar to that
obtained with pure water, thereby reflecting thev loil content in the bulk emulsion.
Although the film thickness obtained with the moamcentrated emulsions (20%, 40% oil) is

significantly higher than that obtained with thduté emulsions, the film formed is still
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significantly much lower than that obtained withaheil, suggesting that a considerable
amount of water is still being entrained into tlwmtact. Thus, although the composition of
the entrained lubricant in Stage Il is highly degent on the bulk concentration, it is
guestioned whether its oil content is as high as afithe bulk emulsion. One possible reason
for this is that, at high speed, the stagnatiomtp@vhich is a point in the contact region
having zero flow velocity (Figure 5.7) and whicledi between the region where there is
reverse flow (zone A), and the region where th&lfpresent is entrained through the contact
(pass-through region, zone B)), moves further afwvagn the contact [8], making it more
difficult for any particles present (in this casedroplets) to reach the point where they can
be entrained into the contact. So, even thoughoited composition at the inlet region could
be very close to the bulk composition, the oil emtof the entrained film could be
considerably lower due to a higher difficulty iretentrapment of oil droplets at high speed.

— ——
s ~
/ V‘
ll' Pressure
Distribution

Figure 5.7 - Flow pattern of an EHD contact [98]

5.2.2.3Test Parameter 2: Slide-roll ratio

Figure 4.15 shows the film thickness measuremebtsireed using a 3% oil-in-water
emulsion for a range of slide-roll ratios which wekept constant throughout each test,
compared to film thickness measurements obtainednéat oil and the predicted film

thickness for water.

At low speeds, the film thickness is very similar &ll the sliding conditions tested. This
behaviour was also observed when testing neat diffarent slide-roll ratios in Section 5.1
where, at low speeds, the film thickness obtained wery similar for all conditions tested
(Figure 4.10 (b)). Similar behaviour was expectgidce, as seen in Section 5.2.1, when
testing oil-in-water emulsions at low speeds, theloase determines the film formed at the

contact.
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As Stage Il ensues, one can see that the firgtargpeed is reached at about the same speed
for all the sliding conditions tested. For the sesin at high slide-roll ratios, it is presumed
that starvation was less severe since film thickiveas not as low as that obtained at lower
slide-roll ratios. This suggests that, when thdas@s are moving at different speeds, the oll
pool formed at the inlet, albeit smaller than thé&aal pool size, is sustained for longer. As a
result of this, when the slide-roll ratio is incsed, the degree of starvation becomes less
severe and the onset of the change in composgistower. Stage 1l is therefore sustained for
a wider range of speed, with the second criticakspbeing pushed to a significantly higher

speed.

The onset of Stage Ill behaviour occurs at a higlkeond critical speed as the slide-roll ratio
increases. One can also observe that the film ek obtained at high speeds is lower for
higher slide-roll ratios. A possible explanatiom guch behaviour is that sliding conditions
affect the streamline flow patterns in the inlegiom [8], which in turn could affect the

likelihood of entrapment and entrainment of thedodplets.

As briefly mentioned in Section 5.2.2.2, when cdesng the flow in the inlet region, one
can observe two regions (Figure 5.7). The firstaegs where there is reverse flow, and the
particles are rejected from the contact region. $&eond region is where the fluid present
(including any particles present) is entrained tigio the contact. If a particle reaches this
region, it is highly likely to be entrained intoetlcontact. Separating these two regions is the
stagnation point, which is the point where the floslocity is zero and all the fluid forces on

the particles are balanced.

In sliding conditions, the stagnation point movesvdrds the slower moving surface,
resulting in an asymmetrical flow which causes at#ght flow behaviour. Additional
frictional forces, which depend on the relative expef the particle to the moving surfaces,
are also experienced by the particle. The additifinal forces (created by Couette flow
which increases with increasing slide-roll rati@uld increase the number of particles that
remain in the reverse flow region while the ada#b frictional forces (created when
particles are moving at the mean entrainment spemayl cause the particle to slip and be
rejected by back flow [98]. Thus, the higher thdeslroll ratio, the easier the rejection of the

oil particles from the sliding-rolling contact, tésng in a thinner film forming at the contact.
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No previous work has been carried out on the efbéalide-roll ratio on the behaviour of

emulsions. However, a similar behaviour was obskmehe work carried out by Chinas et
al. [98] on colloidal solid dispersions, where thbricating mechanism is comparable to the
suggested mechanism occurring in Stage lll, adotl cases, the lubricating mechanism

involves the entrapment and entrainment of pagicie the contact.

5.2.2.4Test Parameter 3: Base oil viscosity

The final parameter to be investigated was theogisg of the oil phase in the oil-in-water
emulsion. The main reason for investigating thisapeeter was to provide more insight on
the composition of the lubricant entrained in thieole range of speed investigated. As seen
in Section 5.1.1, oil viscosity determines the khiess of the oil film formed by neat oil, thus,
by varying the viscosity of the oil phase, one mntify in which stages of behaviour of the
emulsion the oil phase plays a significant roléhia film formed at the contact.

Figure 4.17 shows the film thickness measuremehtaireed using two 3% oil-in-water
emulsions having a different oil viscosity (0.032 $2 0.062 Pa s), compared to film thickness
measurements obtained using the correspondingoiie@nd the predicted film thickness for

water.

At low speeds, the emulsions follow the trends ol with neat oil, and the emulsion with
the more viscous oil phase produces a markedlyehiiim thickness, reflecting the higher
viscosity of the oil phase in the emulsion. Thenfilformed by both emulsions are very close
to those formed by the corresponding neat oilsficoing that the oil content in the film

formed in Stage | is very high.

The films formed by the two emulsions in the tréosi region (Stage IlI) are markedly
different, showing that the oil content in the filmstill high and is appreciably contributing
to the film formed at this Stage. In Stage IIb, fitra thickness of the two emulsions starts to
converge (film thickness of emulsion with the monscous oil phase decreases with
increasing speed, while the other emulsion consinmereasing), consistent with the idea that
oil content is slowly diminishing and an increasmgount of water is being entrained into

the contact.

As the emulsions enter Stage Ill behaviour, tha tihickness obtained by both emulsions is
very similar. This shows that, at high speeds, d¢llecontent is very low, resulting in
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negligible effect on the film formed, which for hoémulsions is very close to that of pure
water. This low oil content reflects the bulk enfsconcentration, which was considerably

low (3% oil) for both emulsions.

These results hence agree with the analysis castieth Section 5.2.1, showing that, at low
speeds, the film formed consists mainly of oil adnhainly determined by the properties of
the oil phase. In Stage Il, a considerable amodnbilois still present in the film and
decreases with increasing speed once Stage libashed. At high speeds (Stage lll), the
water phase starts to play a significant role efttm formed and it is highly likely that both
phases are entrained at this stage, possibly wabnaentration similar to that of the bulk

emulsion.
5.2.2.5Summary of achievements

In this section, film thickness measurements weeluo investigate the effect of oil content,
slide-roll ratio and oil viscosity on the film foltion of emulsions, providing further insight
on the three stages of behaviour of oil-in-wateulsions.

When investigating oil content, it was found thia¢ first critical speed is dependent on it.
The oil content also determines the film formedStage Ill, where both oil and water are
entrained into the contact, with the ratio of tweo tphases being dependent on the bulk

concentration of the emulsion being tested.

When investigating slide-roll ratio, it was seeattthis parameter affects both Stage Il and
Stage lll. The higher the slide-roll ratio, thedesevere the degree of starvation in Stage I
and the longer Stage Il behaviour is sustainedjltieg in the second critical speed being

pushed to a significantly higher speed. In Stagjealhigh slide-roll ratio produces a thinner

film, possibly due to changes in the fluid flow amdadditional frictional forces experienced

by the oil droplets, which all increase the likelid of the oil droplet being rejected rather

than entrained into the contact.

Investigating the viscosity of the oil phase furtipgoved that, at low speed (Stage 1), the
properties of the oil phase (in this case viscysitgtermine the film formed since this

consists mainly of oil. In Stage IIl, however, tiscosity of the oil phase has little effect on
the film thickness, confirming that, at this stagegligible amount of oil is entrained into the

contact.
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CHAPTER 6

CONCLUSIONS

This thesis has presented a study on the lubrggtiaperties of single-phase and two-phase
lubricants for use in the rolling of steel. Thisapker presents a summary of the main
conclusions and achievements of this study.

The film forming behaviour of both single-phase &nwd-phase lubricants at high speeds has
been little studied to date. This is unfortunaterfeetal rolling processes such as cold rolling,

where speeds as high as 20 hase reached.

An EHD test rig was developed to investigate thhaveur of neat oil and oil-in-water

emulsions in a rolling/sliding contact at speedspto 20 m 3.

Three experimental techniques were used to inastithe mechanism of film formation of

single-phase and two-phase lubricants in high spalédg contact:

- Optical interferometry to measure film thickness

- Light Induced Fluorescence to visualize the condaed at low speeds and investigate
lubricant composition within the contact for thealdnrange of speed investigated

- IR temperature mapping to measure the temperatuhe aontact, from which shear

stress and friction can be calculated

6.1 Single-phase lubricants

Measurements of thimickness of the oil film in a rolling/sliding contact at epds of up to
20 m $' showed that, at high speeds, the film thicknesasis than that predicted by classical

isothermal equations.

After investigating all possible factors which oduinfluence the film thickness in
elastohydrodynamic contacts at very high speedgast concluded that the effect which best
describes the behaviour of film thickness at veghlspeeds is inlet shear heating.

When running tests using an idling ball, it wasrfduhat, at speeds higher than 4.4 tke

ball speed fell below the disc speed. Accurate oreasents of ball speed were made using a
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magnetic sensor. The film thickness was correatidigted by the inlet shear heating theory
of Gupta et al. [22] together with the measuredirsyj speed (slide-roll ratio at high speeds
ranged from 1.3 - 1.5).

When running tests in controlled sliding/rollingnetitions, the accuracy of the correction
factor by Gupta et al. was evaluated. The lattgradicularly accurate at higher slide-roll
ratios but inaccurate for pure rolling and low shabll ratios. Improved coefficients for the
correction factor were obtained for different tymésil to achieve better prediction of film

thickness at high speed.

At high speeds, thiiction of neat oil decreases with increasing speed. kgtren slide-roll

ratios, the reduction in friction initiated at lowentrainment speeds and was more
pronounced. By calculating the temperature of tthevithin the contact and observing the
trends obtained with various slide-roll ratios,was shown that this behaviour can be

attributed to thermal effects.

6.2 Two-phase lubricants

Oil-in-water emulsions exhibit three stages of et of film formation. Stage | and Il
behaviour have been widely investigated howevegestdl behaviour is still not well

understood.

The existing two theories (dynamic concentratioeotly [53] and micro-emulsion theory
[46]) which describe Stage Il behaviour were coregao the film thickness results obtained
to see whether it could be determined which ofttih@ describes Stage Il behaviour better.
Although both theories can describe film thicknessults, they both include arbitrary
parameters and so, using just film thickness measents, it still cannot be determined

which theory better describes Stage 11l behavidwilein-water emulsions.

Film thickness, oil and water content and frictmeasurements obtained using the same test
rig and the same experimental conditions were coetbito obtain a better insight on the

mechanisms of film formation of a dilute and a camtcated oil-in-water emulsion.
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In adilute (3% oil) emulsion, the lubricating film was formed entirely by oil ltw speed
(Stage 1). A pool of oil forms at the inlet, itzsibeing greater than the critical inlet meniscus.
Film thickness measurements are very close to tbhbssned with neat oil in fully flooded
conditions, and the composition of the film enteminnto the contact consists mainly of oil,

with water playing no significant part in the fortiwa of the film.

In Stage II, the film decreases with increasingesipand the oil pool at the inlet becomes
rather unstable and continues to diminish untiédmpletely disappears. Two behaviours
have been identified in this stage. In StagetHa,oil pool is still present but is smaller than
the critical inlet meniscus thus starvation ensaras film thickness decreases with increasing
speed but the composition is still close to neat $iage Ilb occurs when the oil pool
completely disappears and the composition startsatwsit from an oil-rich film to a much
more dilute composition. This results in a graddedp in friction, even though the film

thickness is decreasing.

In Stage lll, the film thickness starts to increagmin with increasing speed and becomes
very close to that obtained with water. Frictioscatrops to a value similar to that obtained

with pure water in this stage and the compositibine film is very close to pure water.

In a concentrated (40% oil) emulsion,both water and oil appear to be present in the fil
throughout the range of speeds. At the highestdspdiee film is appreciably thicker than that

obtained with the dilute emulsion, suggesting #matlsified oil is entrained.

The effect of oil content, slide-roll ratio and w@ikcosity on the film formation of emulsions

was also investigated.

Oil content affects the speed at which Stage Il ensues. Itddsermines the film formed in
Stage Ill, where both oil and water are entraingd the contact, with the ratio of the two

phases being dependent on the bulk concentratitreadmulsion being tested.

Sliding/rolling conditions affect both Stage Il and Stage Ill. The higher shde-roll ratio,
the less severe the degree of starvation in Staged the longer Stage Il behaviour is

sustained, resulting in the second critical spesddincreased.
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In Stage lll, a high slide-roll ratio produces antter film, possibly due to changes in the
fluid flow and to additional frictional forces expenced by the oil droplets, which all

increase the likelihood of the oil droplet beingeoted rather than entrained into the contact.

Theviscosity of the oil phasaletermines the film formed in Stage | since, at $peeds, this
consists mainly of oil. In Stage Ill, however, tscosity of the oil phase has little effect on
the film thickness, confirming that, at this stageegligible amount of oil is being entrained

into the contact.

All the work carried out in this study on oil-in-tes emulsions is consistent with the theory
that suggests a mixture of oil and water is enédiat the contact in Stage Il (Nakahara et al.
[46], Zhu et al. [48]).

This study enabled a better understanding of thehar@sm of film formation of emulsions,
particularly for dilute emulsions. This is of re&ce to cold rolling where low oil
concentrations are typically used. A better undeding of the mechanism will aid in the
improvement and control of the process, thus irginggits quality and efficiency. Findings
from this study can also be used in the developroémew/improved cold rolling models,

enabling a more realistic modelling of the beharioiuthe lubricant in cold rolling.

210



CHAPTER 7

SUGGESTED FUTURE WORK

In this work, major emphasis was given to the meidm of film formation of oil-in-water

emulsions. Although this is now better understoodyre work could be carried out on

emulsions in the near future.

In this study, visual observations using LIF werdyocarried out on selected test
conditions. Visual observations could be extendedhvestigate all the parameters
covered in this work. This would provide a more rth@h understanding of the

behaviour of emulsions, particularly in the traiositregion (Stage II).

Investigation of film composition and friction pregies of oil-in-water emulsions at
high speeds could be extended to line contacte¢owehether similar trends (and

therefore similar film-forming mechanisms) are alied.

Other compositional factors which affect film fortioé at high speeds could be
investigated. Suggested parameters include enarldijpe and concentration and
particle size. Nakahara et al. [46] observed thgi lemulsifier concentrations gave
no measurable film thickness at low speeds bubjgiter speeds, thicker films than
those obtained using a lower emulsifier concertnatiere observed. Ratoi-Salagean
[37] suggested that this could be due to the faat, &at high concentration (above the
critical micelle concentration) the double layer safrfactant will make the surface
hydrophilic (see Section 2.2.2.2.2.1.1), which doaid the entrainment of water or
the bulk emulsion at high speeds. Investigatiorthef suggested parameters would
help to establish compositional rules for the desaj emulsions which are able to

form thick films at high mean rolling speeds.

One major difference between the EHL test rig dredrolling mill conditions is that
the surfaces used on the EHL rig were smooth, vasena the rolling mill, rough
surfaces are used. It is suspected that roughnegbkt raffect the lubrication
mechanism of emulsions at high speeds. In rougfaseircontacts, high pressure
gradients at the asperities could provide simitarditions to those present at the inlet.
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Hence, even if the entrained lubricant has a cortiposclose to the bulk emulsion,
once it is inside the contact, some oil segregatiould occur at the asperities (just
like the oil pool which forms at the inlet at loweeds). The effect of roughness on
the lubrication mechanism of dilute emulsions iseréfiore an area worth

investigating.
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