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The study emphasises on the fundamental understanding of the tribological be-
haviour for a lubrication system. In a dynamic system (e.g. piston ring/liner contact),
the opposing sliding surfaces are separated by a layer of lubrication film, preventing
direct metal-to-metal contact. Under critical operating conditions (e.g. high applied
load), the film thickness might reduce to similar order of magnitude of the surface
roughness, leading to boundary friction. A multi-scale approach is required to bet-
ter predict the lubrication performance in a dynamic system. The first part of this
study focuses on the development of a numerical algorithm using Reynolds equation
to predict fluid film formation in a lubrication system. A rough surface contact model
using the Greenwood and Tripp assumption is applied to predict the frictional proper-
ties along a lubricated conjunction using a three types of commercially available SAE
grade lubricant namely, SAE5W40, SAE10W40 and SAE15W40. The simulated fric-
tion force is compared to the values measured using a pin-on-disc tribometer, showing
good correlation between both data sets. With acceptable level of confidence on the
mathematical model, the second part of the study attempts to simulate a tribological
properties of lubrication system considering biodiesel as the lubricant in the engine
lubrication system. As the rough surface contact parameters are considered to be con-
sistent in both case study, Reynolds solution is modified in order to considers the fluid
film formation of biodiesel with relation to their Fatty Acid Methyl Ester (FAME)
compositions. Two parameters, namely 1) average number of carbon atom (z...) and
2) average number of double bonds (nd,,.) for biodiesels are included when introducing
the effect of FAME compositions to the classical Reynolds equation. The term x has
been introduced to the modified Reynolds equation to correlate these two parameters.
The value for the term y is determined by fitting the simulated lubrication Stribeck
curve to the measured data for each of the selected biodiesels. Through this, a polyno-
mial correlation is then obtained for the term y as a function of the product of average
number of carbon atoms and average number of double bonds for the biodiesels. The
coupling of Reynolds solution and rough surface contact model give a good correlation
between measured data and predicted value in determining lubrication Stribeck curve

regime for typical lubricants and biodiesel.
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Chapter 1
Introduction

Within the next 25 years, it is expected that the global energy demand will increase
from 557 quadrillion BTU (588 EJ) in the year 2014 to 703 quadrillion BTU (742 EJ) in
the year 2040 [I]. This will give a serious impact on greenhouse gas emissions. In view
of this, the International Energy Agency (IEA) has started the 'decarbonisation’ effort
to encounter the climate changes caused by the possible increase in greenhouse gas
emission [2]. Specifically, for transportation sector, decarbonisation could be achieved
by having an improved fuel economy through decreasing frictional forces. Figure [1.1
shows that for a passenger car, one third of the fuel energy is used to overcome friction.
Figure illustrates the gasoline fuel energy distribution for an average passenger car,
showing that only 17.5% of available fuel energy is used to move the vehicle. It is
highlighted that the energy lost arising from engine and transmission frictional losses
adds up to as much as 22.3% of the total available fuel energy of a typical passenger
car. In view of this, Holmberg et al. stressed that friction reduction in passengers cars
could be achieved through tribological improvements in the engine, tires, transmission
and brakes systems [3]. Using effective methods in reducing friction, they predicted
that the drop of COs emission might sum up to 290 million tons in the short term

(5-10 years) and 960 million tons in the long term (15-25 years).
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Mechanical

Power (39.8%) ‘

Energy to move
‘ passenger car
(17.5%)

Air drag (4.1%) Air drag (4.1%)

Figure 1.1: Gasoline fuel energy distribution for a unit average passenger car[4]

Obviously, these methods still involve the usage of lubricant. It is predicted that
the global lubricant consumption in the automotive sector is around 22 million tonnes
in 2015 [5] and most of these lubricants are still mineral oil based. Another concern
of using the current crop of lubricants is also raised by Wong and Tung [6], where
lubricant-derived emissions, from synthetic additives such as Zinc dialkyldithiophos-
phate (ZDDP), could have serious impact on the exhaust-after treatment system, which
might eventually lead to emissions of toxic pollutants.

Decarbonisation in the transportation sector could also be achieved by using alter-
native fuels/lubricants to replace fossil-fuel. With respect to the impact of tribology
towards the environment, the concept of Green tribology has been introduced. Green
Tribology refers to the science and technology of the tribological aspects of ecological
balance and of environmental and biological impacts [7]. Twelve principles have been
formulated for this concept, with one of them focusing on the use of biodegradable
lubrication [§].

One type of biodegradable lubricant that could be considered is biodiesel. A
biodiesel is considered to be biodegradable [9] [10] if a minimum of 90% from it com-
position degraded within 3 weeks [11]. Having a mixture of biodiesel at 20% and 80%
diesel fuel, this blends will degraded twice faster compared to diesel itself [12]. There-
fore, with the ability to be decompose within short period, a standard biodiesel is one
of better alternative fuel or lubricant applied in the environmentally sensitive areas.

Biodiesel refers to fatty acid methyl or ethyl esters made from vegetable oils or

animal fats and has good lubrication properties. It has also been proven to be capable



of enhancing the lubrication properties of petrol-diesel fuels [I3]. It is widely accepted
as a replacement for petro-diesel fuel to be used in diesel engine. Biodiesel feedstocks
are selected base on their availabilities to be used in a diesel engine without requirement
of modification of the engine. However, tribological characterisation studies typically
focus on the use of biodiesel in the presence of ultra-low sulphur petro-diesel fuel,
with little to none emphasis on the possible application of the biodiesel as lubricant
and/or lubricant additives. Therefore, the current study intends to investigate the
frictional properties of biodiesel, derived from different feedstocks, for the whole range
of lubrication regimes. The study is hoped to be able to explore the capacity of biodiesel

as possible biodegradable alternative [14] to existing lubricants and lubricant additives.

1.1 Aim

The aim for this research is to study the lubrication properties of alternative biodegrad-
able lubricant, such as biodiesel. It is essential to understand the fundamental tribolog-
ical characteristics of such alternative biodegradable in order to determine its potential
as an effective lubricant or lubricant additive. The focus of the study will be on inves-
tigating the interfacial phenomena governing fluid film formation and determining the

underlying friction mechanisms of contacts lubricated with biodiesel.

1.2 Research aim and objectives

To achieve the aim, the study emphasises on the fundamental understanding of tri-
bological phenomena governing fluid film lubrication along opposing sliding surfaces
across the whole range of lubrication regimes, namely hydrodynamic lubrication (HL),
elastohydrodynamic lubrication (EHL), mixed lubrication (ML) and boundary lubri-
cation (BL) regimes. The study adopts an empirical approach in determining the
frictional characteristics of a lubrication system in the presence of biodiesel. The study
is divided into three phases, where the first two phases focus on the development and
the validation of mathematical tools required to fundamentally investigate frictional
properties of a typical lubrication system, while the final phase looks into the appli-

cation of the developed predictive tools to understand the tribological properties of a



biodiesel lubricated contact conjunction. Hence, the research objectives for the first

phase are:

e To develop a numerical model for Reynolds solution to predict fluid film formation

along a lubricated contact.

e To formulate a rough surface contact friction model to predict friction for a

lubricated contact along the whole range of lubrication regimes.
For the second phase, the research objectives are:

e To measure frictional properties of lubricated contact of selected SAE grade en-

gine lubricants for the whole range of lubrication regimes using a tribometer.

e To compare friction for a lubricated contact measured using a tribometer with

predicted values using the developed mathematical tools.
Finally, for the third phase, the research objectives are:

e To derive laboratory grade biodiesel from various types of vegetable oil using

transesterification process.

e To characterise frictional properties of various types of vegetable oil derived

biodiesel using a tribometer.

e To simulate and validate shear properties of biodiesel lubricated contact using

the developed mathematical tools.

1.3 Research outline
The current study is conducted based on the following outline:

e Chapter 2 reviews on the fundamentals of tribology, covering aspects lubrication
regimes and lubricant fluid film formation prediction approaches, inclusive of
Reynolds equation. The different modifications of Reynolds equation for various
tribological applications are discussed. The various lubrication regimes, namely

hydrodynamic, elastohydrodynamic, mixed and boundary lubrication regimes,

4



are discussed based on the Stribeck curve. Rough surface contact characteristics,
which influences the properties of mixed and boundary lubrication regimes are
also reviewed. In this chapter, a review is also included on alternative lubricants

and experimental approaches in characterising lubricants.

e Chapter 3 emphasises on the development of a numerical algorithm, solving for
Reynolds equation. The developed numerical method for Reynolds equation are
used to simulate for commercially available SAE grade engine lubricant. The
analysis conducted in this chapter focuses on the fluid film formation properties
of selected SAE grade engine lubricants. The chapter also discusses on the in-
tegration of the Reynolds solution with a Greenwood and Tripp rough surface
contact friction model in determining the shear properties of selected SAE grade

engine lubricants.

e Chapter 4 carries out friction testing for the selected SAE grade engine lubricants
using a tribometer. A validation is conducted for the developed mathematical
model for the selected SAE grade engine lubricants. The chapter also discusses
on the method to synthesize biodiesel from various types of vegetable oils. From
the derived laboratory grade biodiesel, the frictional characteristics are measured

using a tribometer.

e Chapter 5 applies the developed mathematical model for biodiesel lubricated con-
tact in order to determine the fluid film formation properties of such conjunction.
The Reynolds equation is modified to consider the fatty acid methyl ester com-

position of biodiesels.

e Chapter 6 concludes the findings for the study and proposes future work to extend

the current study.

1.4 Expected research deliverable

By the end of the study, it is expected that the study produces a validated math-
ematical predictive tool, which is capable of predicting fluid film formation (based

on Reynolds solution) and frictional properties across the whole range of lubrication



regimes (based on rough surface contact model) for contacts lubricated by typical lubri-
cants and biodiesel. The model will serve as a fundamental platform in order to better

understand the frictional implications when biodiesel is mixed with typical lubricants.

1.5 Summary

The chapter lays out the problem for utilising biodiesel fuel in compression ignition
engines, which affects the lubrication system in the engines. In order to understand
the underlying mechanisms affecting the lubrication system in the engines running on
petro-diesel blended with biodiesel, the chapter summarises the aim, objectives and
expected outcome from the study. The next chapter will discuss on the fluid film
formation properties of typical lubrication systems based on Reynolds equation, which
will form the basis of the development of the proposed mathematical tools for the

current study.



Chapter 2

Literature Review

2.1 Introduction

2.2 Fundamentals of Tribology

Since the last few decades, lubrication of non-conformal contacts have been one of the
significant topic of research in the field of tribology. This relates to the application of a
heavily loaded contacts in roller bearings, ball bearings, gears, and traction drives. To
understand the mechanism underlying the lubrication system, it is important to begin
with the basic contact mechanics knowledge. Contact mechanics explains the change
in shape when two solids touch each other. The contact of two elastic bodies under
non-lubricated condition can typically be described initially as a point contact or a line
contact as shown in Figure 2.1} Even with minimum load, the two surfaces will create

a finite contact area.
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Figure 2.1: Various types of contact between surfaces

The method for determining the contact pressure was first described by Hertz. The
Hertzian contact theory as shown in Table [2.2] for a line and a point contact assumes
that:

e The size of the contact area is small compared with the size of the curved bodies.
e Both contacting surfaces are smooth and frictionless.

e The deformation is elastic and can be calculated by treating each body as an

elastic half space or known as flat surface on an infinite elastic solid.

e The gap, h between the undeformed surfaces may be approximated by an expres-
sion of the form h = Az? + By? (e.g. the contact between spheres, cylinders, and

ellipsoids).
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(a) Line contact (b) Point contact

Figure 2.2: Elastic line contact and point contact between surfaces

It is to note that for a line contact problem, a cylindrical shape can be defined as
2?2 = (2R — 2)z, where z is taken to be the distance above the xy plane, while E* is

the composite or reduced Young’s Modulus of contacting planes.

Table 2.1 Relationships between variables in elastic contact [15]

Variable Line contact Point contact
Contact Pressure distribution p=po(l —x%/a®)'/? p=po(l —1?/a?)'/?
Contact half width or radius a = (4P'R/mE*)\/? a = (3WR/AE*)'/3

Max and mean contact pressure po = 4/7py = (P'E*/7R)Y?  py = 3/2p,, = (6W E*?/m3R?)'/3
Load or load/unit length P’ = 2ap,, W = map,,
Maximum shear stress 0.3pg, 0.78a * 0.31pg, 0.48a *

(*below surface on contact centre line)

However, Hertzian theory covers only dry contacts. For lubricated contact, one of
the commonly used theory to predict the tribological behaviour of sliding contact is
derived by Reynolds [I6]. This has become the foundation of hydrodynamic lubrication
theory ever since. Reynolds equation relates contact geometry, relative sliding velocity
of opposing surfaces, lubricant properties (viscosity and density) and applied normal
load with lubricant fluid film formation properties, such as contact pressure distribution
and lubricant film thickness. The contact pressure generated within the lubricant film,
which tends to push the opposing surfaces apart, balances the normal load applied on
the opposing surfaces in relative motion [15] .

Reynolds equation is divided into two main components: 1) Poiseulle flow and 2)

Couette flow. Couette flow occurs because of the relative motion between opposing



surfaces, while Poiseulle flow comes from the variation along the contact pressure
distribution within the contact. The equation is written as follow, with the terms on
the left hand side being the Poiseulle flow and the term on the right hand side being
the Couette flow:

o [ o] | 0 [k on]
Ox | 12n Ox oy [12n0y|
0 0 dph
12 {% [phtgy] + ay [phva] + W} (2.1)

where u,, is the average sliding velocity in z-direction, v,, is the average sliding vecity
in y-direction, n being the lubricant viscosity, p being the lubricant density, h being
the lubricant fluid film thickness. The x and y direction in the equation refer to the
lubricant flow direction. Coutte flow is shown to consist of a combination of wedge

(velocity dependent terms) and squeeze film. Reynolds equation assumes that:

e Lubricant film has negligible mass.

e Contact pressure is assumed to be constant across the lubricant film thickness

because the film is thin.
e No slip occurs at the boundaries.
e Lubricant flow is laminar (Low Reynolds numbers).
e Inertia and surface tension forces are negligible as compared to viscous forces.

e Shear stress and velocity gradient are only significant across the lubricant film

thickness.
e The lubricant is Newtonian (high shear rate are not present).
e Lubricant viscosity is constant across the lubricant film thickness.

e Boundary surfaces follow the designated geometry but are always at low angles

to each other.
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Reynolds stated that negative pressure along the outlet of the contact is not included
in the formulation [I6]. As a simplification, it is commonly assumed that the outlet
pressure is equivalent to the atmospheric pressure. Even though this is a simplistic
way of approaching the problem, the mass conservation along the cavitation region is
still not yet satisfied. An answer to this problem is provided by Jakobsson and Floberg
[17] together with Olsson [18], known as the JFO theory. They suggested a new set of
boundary conditions for the Reynolds equation. There are two separate regions being
introduced: (i) full film and (ii) cavitation. Reynolds equation can then be described
using the full film region. However, in the cavitation region, the film breaks down and
lubricant behaviour is predicted using the continuity of flow [19].

Ever since the introduction of Reynolds equation, there are another two related
areas of lubricant analysis that have been widely discussed on. These involve the
effect of localised elastic deformation of the two surfaces and the increase in lubricant
viscosity caused by a high contact pressure [20], which eventually led to the introduction
of elastohydrodynamic lubrication (EHL). Grubin investigated the fluid film formation
mechanism of EHL [2I] and his theory was inspired by Ertel’s preliminary results
obtained as early as 1939 [22].

The Grubin assumptions discussed on both elastic deformation and the increase in
lubricant viscosity simultaneously. These assumptions can be concluded as [21]: (1)
the shape of the elastically deformed cylindrical bodies in a heavily loaded lubricated
contact is the same as that in the corresponding dry contact and (2) the hydrodynamic
pressure approaches infinity at the inlet border of the Hertzian contact zone. After
this historical finding by Grubin [21], one-dimensional EHL problems were given much
attention in the 1950s and 1960s [20].

In 1951, Petrusevich [23], presented a tribological contact pressure distribution plot
as shown in Figure [2.3] The results demonstrated typical EHL characteristics for the
first time. This includes a nearly constant central film thickness and EHL pressure
distribution that is close to a Hertzian contact. A film constriction downstream near
the outlet and a high-pressure spike at the outlet side right before the film constriction
were also observed. This secondary pressure spike was later named as the 'Petrusevich
Spike’ [23].
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Figure 2.3: Contact pressure distribution in EHL solutions by Petrusevich [23]

In order to distinguish EHL from hydrodynamic lubrication (HL), the terms isoviscous-

elastic and piezoviscous elastic lubrication regimes are used to highlight the EHL phe-
nomena. Hamrock [24] and Esfahanian and Hamrock [25] explained that isoviscous-
rigid regime is a condition where the magnitude of the elastic deformation of the sur-
faces is insignificant towards the fluid film separating them with the maximum pressure
in the contact being too low to increase fluid viscosity significantly. In isoviscous-elastic
or also known as soft EHL, elastic deformation of the solid has a significant effects on
the thickness of the lubricant film. However, the contact pressure for such EHL type
is still quite low and insufficient to cause any substantial increment in the lubricant
viscosity.

For a piezoviscous-rigid regime, the contact pressure within the contact is usually
high enough to increase the lubricant viscosity within the conjunction significantly.
This may then be necessary to consider the pressure-viscosity characteristics of the
lubricant while assuming that the solids remain rigid. For this particular regime to
prevail, the deformation of the surfaces must remain insignificant towards the lubricant
film thickness. In a fully developed EHL, piezoviscous-elastic lubrication regime or
also known as hard EHL, appears where the elastic deformation of the solids play
a significant part in affecting the lubricant film thickness that separates them. The

contact pressure within the contact for this EHL type is typically high enough to cause
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a significant increase in lubricant viscosity by few orders of magnitude.

In order to determine the lubricant film thickness under EHL, Dowson and Hig-
ginson [26] developed a solution, called the inverse solution, to overcome difficulties
associated with slow numerical convergence observed in the early straightforward it-
erative processes for EHL problems. The inverse solution procedure appeared to be
capable of handling heavily loaded cases and getting a converged solution within a
small number of iterations [20]. A curve-fitting formula for predicting one-dimensional

line contact EHL minimum film thickness was presented by Dowson [27] as follow:

H, = hy,/R,=16G*%U~TW013 (2.2)

where the dimensionless parameters used in these formulas for a line contact are; speed
parameter = U*, load parameter = W*, materials parameter = G*, and film thick-
ness parameter = H. This classical film thickness formulation by Dowson and Hig-
ginson [28] for line contact are essential in better understanding the characteristics
of EHL contacts. Recently, solving Reynolds equation, Kushwaha and Rahnejat [29]
and Teodorescu et al. [30] studied the EHL transient contact conjunction for a one-
dimensional line contact of cam to follower. Chong et al. [19] also applied a modified
Reynolds equation considering the effect of cavitation and temperature on a lubricated
cam-tappet conjunction. Applying Reynolds equation, Malik et al. [31] investigated
the influence of lubricant film thickness and studied the effect of viscoelasticity on
the lubricant behaviour together with the contact pressure prediction along piston ec-
centricities. For a multi-speed transmission, De la Cruz et al.. [32] used a modified
one-dimensional Reynolds equation to understand the thermal EHL lubrication prop-
erties of a gear teeth pair contact. Masjedi and Khonsari [33] also developed an EHL
model for a one-dimensional line contact to investigate the traction coefficient of a

lubricated contact.

2.3 Lubrication Stribeck curve

In tribology, as mentioned above, it is essential to be able to fundamentally understand

the operating lubrication regimes of a given tribological conjunction. The literature
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reviews covered in the previous section on the use of Reynolds equation to study a
tribological conjunction tend to focus on a the lubrication regime dominant only to
the studied physical system only. This might not be sufficient to fully explore the
potential of a lubricant. In order to better understand this, the lubrication Stribeck
curve, as illustrated in Figure[2.4], represents one of the more useful approach to describe
lubrication regimes for the lubricant of interest. Lubrication regimes as described by the
lubricant Stribeck curve includes hydrodynamic lubrication (HL), elastohydrodynamic
lubrication (EHL), mixed lubrication (ML) and boundary lubrication (BL).

Dry BO“”@’X \ Mixed , Elasto-Hydrodynamic , Hydrodynamic
N\ Contact | Lubrication i Lubrication ! Lubrication \ Lubrication
\ (BL) ' (ML) | (EHL) | (HL) .
> < »ie » >
AN ' :
N

Coefficient of friction

nV/W

Figure 2.4: Lubrication Stribeck curve

To simulate the full range of lubrication regimes based on a lubrication Stribeck
curve for a tribological contact, Hu and Zhu [34] proposed a unified numerical solution.
Their numerical solution considers surface roughness of the contact profile while solving
for the Reynolds equation along fluid film lubrication regime. When lubricant fluid film
is depleted along BL regime, Reynolds equation is reduced in the unified solution to
consider only for the dry contact. Using Bair and Winer’s approach [35] in considering
non-Newtonian properties of the lubricant, Zhu and Hu further extended this unified
numerical solution to predict friction, surface temperature rise and subsurface stresses
along the contact [36]. More recently, Zhu et al. applied a similar unified numerical
solution to simulate the lubrication Stribeck curve for a lubricated counter-formal rough
surface contact [37]. Through this analysis, they found that contact ellipticity and
roughness orientation have limited influence on frictional behaviours along HL. and BL

regimes.
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Alternatively, Teodorescu et al. predicted friction generated by a cam-tappet line
contact on a valve train system, operating along EHL and ML regime, using a rough
surface contact model, which requires fluid film formation properties, such as contact
pressure distribution and lubricant film thickness to be determined separately[38]. The
lubricant film thickness separating the cam and the tappet is calculated using an em-
pirical equation derived by Dowson [39], while the contact pressure is taken to follow
Hertzian theory. Their experimentally validated friction model, which is based on
Greenwood and Tripp’s rough surface contact model [40], considers boundary asperity
interaction along opposing rough surfaces in relative motion and also viscous shearing
of entrained lubricant. They applied the Eyring limiting shear stress assumption [41]
to include non-Newtonian properties of the lubricant in their calculation.

Adopting the friction model by Teodorescu et al. [39], Chong et al. investigated
the tribological properties of a piston ring sliding along an engine cylinder liner for a
complete engine cycle [19]. They developed a numerical solution to predict fluid film
formation of the ring-liner contact based on a modified Elrod’s cavitation algorithm
[42]. The numerical model is shown to be capable of predicting friction along HL regime
at midstroke span and ML regime at dead centre motion reversals along the ring-liner
conjunction. Extending the numerical solution by Chong et al. [19], De la Cruz et
al. simulated a tribological line contact of interacting gear teeth pairs under transient
conditions for an automotive transmission system [32]. A modified energy equation
is applied to determine the thermo-EHL properties along the gear teeth pair contact.
Similar approach is also applied to study mixed thermo-EHL power loss of cam-tappet
conjunction [43].

For BL regime, Chong and De la Cruz highlighted the necessity of including an
accurate elastoplastic model of asperity interaction along the rough surface contact.
Otherwise, underestimation of real contact area along the lubricated conjunction, op-
erating within a boundary regime of lubrication, may occur [44]. Therefore, extending
the work by Chong et al. [19], they introduced an improved friction model account-
ing for elastoplastic behaviour of interacting surafce asperities along rough surfaces
for a line contact solution. Their experimentally validated model, uses Greenwood
and Tripp’s rough surface contact as the base, takes into account surface asperity pair
elastoplastic deformation. The elastoplastic asperity model follows the one derived by

Jackson and Green [45], which considers the transition of the asperity contact defor-
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mation from elastic to elastoplastic and finally fully plastic state.

2.4 Rough surface contact along mixed and bound-

ary lubrication regimes

It is observed above that Reynolds equation is solved to determine the lubricant fluid
film formation properties along line and point contact conditions. When under fluid
film lubrication, friction generated along these contacts is as a result of lubricant shear-
ing. However, when the contact undergoes ML and even BL regime, boundary inter-
actions between surface asperities will be the significant contributor towards friction
generation. For such conditions, Reynolds solution by itself is no longer sufficient in
determining frictional properties of lubricated contacts as mentioned in the last chap-
ter. Therefore, it is imperative to predict friction for a lubricated contact using a rough
surface contact model. The approach requires prior calculation of fluid film formation
properties, such as contact pressure distribution and lubricant film profile.

The topography of a rough surface consists of random deviation of the valleys and
peak. Figure 2.5 shows the nature of rough surfaces at different length scales. Figure
(a) shows the surface feature of a typical machine shaft, while Figure (b) is
the wavy features on a selected area along the shaft. The waviness might be produced
during machining as a result of vibrations of the workpiece. Zooming in further, it
can be observed that at smaller length scale, irregularities appear to exist along these
wavy surfaces. As the surface is being further magnified, these irregularities can now

be represented by surface asperity peaks and valleys as shown in Figure (d).
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Figure 2.5: Nature of surfaces

At ML regime, friction along opposing surfaces in relative motion is generated as
a result of lubricant shearing and boundary surface asperity interactions. Once the
contact enters BL regime, boundary surface asperity interactions will then become the
dominant underlying mechanism for friction. At such lubrication regimes, Reynolds
solution will no longer be capable of accurately predicting friction of tribological con-
junctions. Hence, it is imperative that a rough surface contact model be applied to
determine such boundary friction properties. This chapter will focus on the imple-
mentation of a rough surface contact model, which will be coupled with the Reynolds
solution from the previous chapter in order to ascertain the tribological properties of
a lubricated contact for the full range of lubrication regimes.

In earlier generation of rough surface contact theories, the common assumption
made takes the real contact area of two nominally flat surfaces based on plastic de-
formation of their highest asperity peaks. However, Archard pointed out that such
assumption could not be the universal rule [46]. Instead, he introduced a rough surface
contact model, where the area of contact could be proportional to the load even with
purely elastic contact. Based on Archard’s model, Greenwood and Williamson further

investigated the contact of nominally flats surfaces [47]. It was realised through Green-
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wood and Williamson’s investigation that contact deformation highly depends on the
topography of the surface, where an ‘elastic contact hardness’ exists along the con-
tact area. Through this, a criterion for distinguishing surfaces that touch elastically
from those that touch plastically was established. Greenwood and Williamson also
concluded that contact of opposing surfaces is controlled by material properties (e.g.
shear elastic modulus and hardness) and topography properties (e.g. surface density,
standard deviation of height distribution and mean radius of the asperities).

Extending the work by Greenwood and Williamson [47], Greenwood and Tripp
found that the contact of two opposing rough surfaces can be simplified to an equivalent
single rough surface model [4§]. In their study, they used the two rough surface model
as an initial study. They found that the difference between an equivalent single rough
surface and two opposing rough surfaces is simply (a) the replacement of the actual
single-contact laws by generalized laws, obtained by integrating the actual deformation
laws over all possible radial misalignments and (b) the replacement of the distribution
of asperity heights by the distribution of sums of pairs of heights.

For the rough surface contact models mentioned above, surface asperity interactions
are determined using the Hertzian theory. In a later study, Greenwood [49] focused
on understanding the possible errors, which might have been incurred when Hertzian
theory is used to calculate the contact stress and the contact area of rough surfaces.
A non-dimensional term, «, was introduced to study the effect of surface roughness
on the contact area and stress in a Hertzian contact of spherical bodies. They showed
that as long as the non-dimensional term, « is less than 0.05, Hertzian assumption for
spherical asperity deformation along rough surface contact should be able to give a
good representation of the realistic physical problem.

Surface asperity height, slope and curvature variances, similar to Greenwood and
Williamson’s rough surface contact model, are commonly used to describe the deviation
of a surface from its mean plane [50]. However, Greenwood-Williamson’s model is found
to not be applicable to all micro-contact sizes, where rough surfaces are only represented
at narrow-band rough surface and a wide-band smooth counter-surface [50]. Sayles and
Thomas observed that topography of typical engineering surfaces is not unique for a
particular surface and is often related to the length of the measured sample [51]. Such
observation is further supported by Thomas [52], where the slope and the curvature

of a surface topography exhibited strong dependence on the resolution of instrument

18



used to measure the surface roughness.

To allow for surface roughness to be characterised at any length scale, Majumdar
and Tien adopted the Weierstrass-Mandelbrot (W-M) fractal function to introduce
a simplistic method to characterise the multi scale structure of a rough surface [53].
Yan and Komvoupolos also applied a similar approach to investigate the effects of
surface topography parameters and material properties on the total deformation force
along rough surface contacts [54]. More recently, Jackson and Streator presented a
non-statistical multi-scale model of the normal contact between rough surfaces [55].
The model is capable of predicting contact area as a function of contact load. It is
shown that the model produced trends similar to that of the traditional Greenwood and
Williamson [47] and Majumdar and Bhushan (MB)[I§] rough surface contact models.
They also observed that the model seemed to not be largely affected by the sampling
resolution at the employed surface data.

The above mentioned rough surface contact models consider perfectly dry rough
surface contacts. For contact under EHL regime, Johnson et al. presented a simple
asperity contact model [56]. They applied Greenwoord and Williamson’s rough surface
contact model [47] along with Dowson and Higginson’s EHL study [2§8] in simulating
a rough surface contact under EHL. They found that the actual mean separation of
the surfaces is nearly equal to the lubricant film thickness along the smooth surfaces
under consistent operating condition. This shows that the separation, upon which
the asperity contact conditions depend on, can be determined directly from the EHL

conditions, independent of the surface roughness.

2.5 Alternative lubricants - biolubricants

The covered literature review above discussed on the fluid film formation and frictional
properties of typical lubricated conjunctions. However, typical lubricants are mostly
mineral oil based, requiring synthetic additives, which could possibly lead to emissions
of toxic pollutants if not handled properly. Hence, it is essential to embrace the Green
Tribology concept, where the use of biodegradable lubrication could prove to pivotal in
decarbonising the transportation sector. One of the possible alternatives is biodiesel.
Biodiesel is generally produced by alkaline catalyzed transesterification of vegetable

oils or animal fats with monohydric low molecular weight alcohols [57], but commer-
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cial biodiesels are mainly fatty acid methyl esters (FAME). The effect of individual
components of fatty acid methyl ester (FAME) on petro-diesel fuel lubrication prop-
erties has been investigated by Geller and Goodrum [58] using the High Frequency
Reciprocating Rig (HFRR). The study looks into lubrication property enhancements
of petro-diesel fuel when added with small concentrations of pure FAME and vegetable
oil derived FAME. From their study, they found no consistent trend relating chain
length to petro-diesel fuel lubrication property enhancement when FAMEs are added
to this fuel. However, vegetable oil derived FAME mixtures have been observed to
consistently produce better lubrication performance than their single fatty acid based
counterparts when mixed with petro-diesel fuel. It can also be surmised through the
study that vegetable oil based additives follow the same pattern as the predominant
component of FAME in each oil.

In a similar study, Goodrum and Geller observed that lubrication property en-
hancement for petro-diesel fuel can be improved by adding small concentrations of
vegetable oil derived FAME, consisting of hydroxylated and mono-unsaturated com-
ponents [59]. Nicolau et al. evaluated the relation between lubrication properties and
electrical impedance properties of a series of petro-diesel fuel samples with different
sulfur content and low sulfur diesel/biodiesel blends [60]. They characterised the fuel
samples by obtaining a linear correlation between electrical resistivity and wear scar
diameter. Hazrat et al. also investigated the lubrication performance improvements on
ultra-low sulphur petro-diesel fuel when blended with various biodiesels and vegetable
oils [61]. Their study found that biodiesel blends up to 20% with the ultra-low sulphur
petro-diesel fuel can effectively reduce both the wear of the tribo-contact surfaces as
well as the friction coefficient.

Generally, low level blending of FAME on ultra-low sulphur petro-diesel has been
observed to be capable of restoring the lubrication properties of such fuel. Knothe
and Steidley studied the lubrication properties of numerous fatty acid compounds and
compared them with hydrocarbon compounds found in petro-diesel [62]. The effects
of blending compounds found in FAME on petrodiesel lubrication properties are also
studied. Using HFRR for their friction tests, it is found that fatty acid compounds
possess better lubrication properties than hydrocarbons because of their polarity im-
parting oxygen atoms. They also noticed that lubrication properties improve with

the presence of double bonds within the fatty acid compounds. However, in their
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study, they also observed that some compounds (free fatty acids, monoacylglycerols),
typically considered as contaminants resulting from biodiesel production, could also
be responsible for lubrication property enhancements of ultra-low sulphur petro-diesel
fuel.

The tribological properties obtained in the above mentioned studies revolve around
blending of vegetable oil derived biodiesel with petro-diesel using HFRR, focusing more
on the wear scar on the lubricated surfaces. Alternatively, Maru et al. use lubrica-
tion Stribeck curves to characterise the lubrication properties of vegetable oil derived
biodiesel [63]. The characteristic curve is measured using a tribometer with a ball-on-
disc configuration. The study also included friction measurements for petro-diesel fuel
blended with biodiesel. Through this study, they found that lubrication properties are
better depicted by the Stribeck test method because of its friction response from the
point of view of energy loss from the dynamic system. The measured Stribeck curves
show that the major difference, in terms of lubrication performance, among the tested
fuels occurs along the low sliding velocity range or in the start-stop stage of moving
components. They found that the poorest lubrication performance is attained with
the neat diesel fuel and the best lubrication performance is attained with animal fat

derived biodiesel.

2.6 Application specific-modifications to Reynolds
equation

Fluid film formation for lubricated contacts is typically determined using Reynolds
equation. However, a few deficiencies have been pointed out since the inception of this
equation, requiring modifications depending on the type of application. For example,
classical Reynolds equation has been shown to not be able to account for negative
pressure in the diverging part of the contact as a result of cavitation. Cavitation
is one of the most important phenomena in thin film lubrication problems and it is
defined as the rupture of the continuous lubricant film due to the formation of air
bubbles. Two possible solutions on the outlet pressure have been proposed initially by
using atmospheric pressure [64] or cavitation pressure [65]. Unfortunately, this method

could not fullfil the cavitation region even though it is a rapid method.
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Using the Jakobsson and Floberg [I7] together with Olsson [I§], known as the
JFO theory, a modified Reynolds equation with a new set of boundary conditions is
introduced. This method has been shown to be capable of describing the Reynolds
equation in a full film region. However, in the cavitation region, the film breaks down
and lubricant behaviour is predicted using the continuity of flow. One of the more
common cavitation algorithm used in tribological investigations is proposed by Elrod
[66]. The algorithm includes the influence of two phase flow or cavity formation into

the Reynolds equation. The modified Reynolds equation can be written as follow:

o (p.h® _db B d
o (p gb’—) = 12{8—33[9%?&(%} + E(Gpch)} (2.3)

n Ox

where p. is a Non-dimensional lubricant density at p= p. and constant temperature
(-), g is switch function and defined by Elrod [66] as :

0,if 6 < 1.
g= (2.4)
1if 6>1.

This function is important to ensure consistency of the result between the cavitated
region and the uniform pressure assumption[67]. (3 is lubricant bulk modulus (Pa.s)
and @ is fractional film content-cavitation, if h <1.0.

The original Reynolds equation considers only perfectly smooth condition for the
opposing surfaces in relative motion. To consider for the effect of surface roughness
along lubricated contact, Patir and Cheng [68] modified the Reynolds equation to take
into consideration shear flow factors as a result of lubricant entrainment across surface
featureReynoldss. This method is applied to find the hydrodynamic load capacity
used in iso-viscous and compressible film. The pressure flow factors are derived and
introduced in the generalized Reynolds equation together with roughness parameter.
The average Reynolds equation is used to find the hydrodynamic load and attitude
angle, such as for a gas journal bearing in various journal speeds, rough parameters,
and surface pattern parameters. The average Reynolds equation can be written as

follow:

0 h3 op 0 o op\ 0 d(phr)
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where ®,, ®, are pressure flow factors and hr is the average gap.

Sahlin et al. [69] also described a method of homogenization technique for com-
pressible Reynolds equation for rough surfaces. They introduced a two-scale expansion,
involved in the homogenization process, to enable the local roughness scale to be treated
separately from the global geometry scale. Using this method, the flow factors could
be computed for any deterministic roughness. To compensate the surface roughness,
method derived by Patir and Cheng [6§] is used. They rewrite the Reynolds equa-
tion in terms of the averaged flow factors for control volumes and is applicable to any
roughness structure. This flow factors are computed for an arbitrary periodic two or
three-dimensional roughness, permitting the use of measured surface topographies of

real surfaces. The modified Reynolds equation can be described as:

where I' = 6*nu/f (n =dynamic viscosity, u =surface velocity in the x-direction, m/s
pressure, S=bulk modulus), ¢ is exponential expression. Based on Patir and Cheng’s
[68] approach, Rahmani et al. [70] proposed an analytical solution to study the influ-
ence of surface texturing on the friction of slider bearings. Their approach is recently
extended to predict friction along the ring/liner conjunction [71].

Recently, Bayada et al. investigated the tribological contact problem considering
both the oscillating roughness and cavitation effect [72]. In their study, they applied
the Elrod-Adams [73] approach, where cavitation region is taken to be a fluid-air mix-
ture, described based on the saturation of the fluid mixture. They proposed a modified
Reynolds equation, known as the exact Reynolds equation with cavitation. The alter-

native Reynolds equation deduced by Bayada et al. [72] is as follow:

0 h3 vh?  Qh\\ Op dh

where a=piezoviscosity coefficient, () is a flow rate.

The aforementioned modifications of the classical Reynolds equation considers typi-
cal lubricants (mostly mineral oil based) being entrained into the sliding contact. With
the advancements of technology, lubrication of sliding of contacts might no longer de-

pend purely of mineral oil based lubricants. Lubricants in the form of gas and water
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have also been widely explored. In order to determine the fluid film formation prop-
erties of such lubricants, for gas lubricated contact, Burgdorfer proposed a modified
Reynolds equation based on the concept of kinetic theory in gas film lubrication [74].
Alternatively, Fukui and Kaneko derived a modified Reynolds equation using a lin-
earised Boltzman equation, describing flow of gas lubrication using Knudsen number
[75]. A similar approach for gas lubricated contact is also applied by Hwang et al. [70],
Veijola et al. [77] and Stevanovi¢ et al.[7§]. Later, Bahukudumbi and Beskok developed
a modified slip boundary condition for steady plane Couette flow and slip-corrected
Reynolds lubrication equation for the entire Knudsen regime for gas lubricated con-
junctions [79]. The modified slip-corrected Reynolds equation as per discussed by
Bahukudumbi and Beskok are given as follow [79):

0 6Kn 3 Op | 0

where « is rarefaction correction parameter, K, is Knudsen number.

For water-lubricated journal bearing, Armentrout et al. investigated the influence
of turbulence and convective fluid inertia along this tribological conjunction [80]. They
applied two types of models Reynolds equation, computed by traditional lubrication
theory and Computational Fluid Dynamics (CFD), containing a full Navier-Stokes
solution. They found good agreement between the Reynolds solution and CFD solu-
tion as long as a turbulence model is prescribed to both approaches. Therefore, they
proposed an adjustment scheme over a range of bearing sizes, leading to a generalise

Reynolds equation as follow:

0 op 0 op 0
%{F(x,z)%} + &{F(z,z)a} = —U%G(x,z) (2.9)

where I'(z, z) represents the function of circumferential coordinate (), and the axial
coordinate (z).

From the literature review covered, it is also realised that no work has yet been
reported related to the development of mathematical tools to predict the fluid film
formation and also the frictional properties of biodiesel. Therefore, the study attempts

to simulate for a point contact lubricated with biodiesel.

24



2.7 Measurements of tribological properties

One of the most commonly used tribometer is configured for a pin-on-disc or pin-on-
plate setup. This apparatus can be used to simulate continuous or intermittent motions,
unidirectional or reciprocating movements between surfaces [81]. There are numerous
standard test methods for investigation of scuffing in lubricated tribosystems [82]. The
pin-on-disc setup involves a stagnant pin, which is loaded against a rotating disc. The
pin-on-disc tribometer quantifies friction and wear properties for dry and/or lubricated
surfaces under pure sliding [83]. As for the pin-on-plate, a pin is loaded against a plate,

sliding in a linear reciprocating form. These two configurations are shown in Figure [2.6]

Pin on disc Pin on plate

lLoad l Load

Rotational Linear reciprocating

Figure 2.6: Configuration of tribometer pin-on-disc and pin-on-plate

Alternatively, Plint Te-77 can also be used to measure frictional properties under
linear reciprocating motion. The apparatus measures the applied normal load using a
strain gauge transducer. Contact pressure and contact area at the interface are varied
with applied normal load. These parameters can be theoretically determined using
the Hertzian contact assumptions. Many researchers, including Covert et al. [84] and
Bonny et al. [85] have used this tribometer, as shown in Figure 2.7 to study the

tribological characteristics at different applied normal loads.
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Figure 2.7: Schematic outline of Plint TE 77 reciprocating pin-on-plate tribometer [85]

For studies related to extreme pressure condition, a four-ball tribosystem is com-
monly used [86l 87]. This machine consists of three stationary steel balls being pressed
by the upper ball in the presence of a lubricant to be tested at continuously increasing
load. The upper ball rotates at a constant speed in either rolling or sliding motion
(see Figure . The lower fixed balls are held in position against each other in a steel
cup by a clamping ring and locking nut. The frictional torque exerted on the three

lower balls can be measured by a calibrated arm, which is connected to the spring of

/—Ba]l chuck

a friction recording device [87, 82].

Steel ball, 12.7
mm dia

Locking ring

/— Bearing plate

Figure 2.8: Schematic diagram of the four-ball wear machine.[87]
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Mini traction machine (MTM) is another type of tribometer, meant mainly for
lubricated point contacts. The MTM is shown in Figure [2.9] The equipment comprises
a ball and a disc in contact, moved by independent axes, submerged in a reservoir
full of lubricant at a controlled temperature. Therefore, both ball and disc can rotate
independently at different rotational speeds [88] 89]. Using MTM, Morgado et al. [8§]
investigated the parameters influencing lubricant behaviour such as sliding velocity,
temperature and applied normal load for contact lubricated with mineral lubricant. On
the other hand, Pejakovic et al. [89] also used MTM to identify the friction behaviour

of ionic liquid.

Wear Track
Lubricant Film

Force Transducer

Figure 2.9: Photograph and diagram of the test zone in the MTM.[8§]

As the focus of this study is to investigate pure-sliding condition at constant sliding
velocity, pin-on-disc tribometer has been chosen. This machine also provides for better

freedom in material selection for pin and disc setup.

2.8 Summary

In this chapter, a literature review has been conducted with relation to the fundamen-
tals of Tribology, highlighting on the application of Reynolds equation to understand
lubrication fluid film formation along a lubricated conjunction. Lubrication Stribeck
curve is also discussed with respect to the different lubricant regimes, namely HL, EHL,
ML and BL. Various mathematical methods in analysing a tribolgoical conjunction
across the whole range of lubrication regimes have also been reviewed. The impor-
tance of considering alternative lubricants, such as biodiesel, has also been discussed
in this chapter, emphasising on a lack of intensive tribological fundamental knowledge

on the use of biodiesel as lubricant.
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Chapter 3

Numerical Approach for Friction

Prediction

3.1 Fluid film formation prediction based on Reynolds

Solution

In this chapter, the focus is to determine the lubricant fluid film formation properties
along tribological conjunctions using Reynolds equation. Therefore, as an initial ap-
proach to better understand lubricant fluid film formation properties, such as contact
pressure distribution and lubricant film profile, a two-dimensional Reynolds equation
is applied. Figure|3.1| shows a typical point contact tribological problem, which repre-
sents application such as a ball bearing conjunction in an engine. The two-dimensional

Reynolds equation can be expressed as follow:

ool on] | o [ op] _
Ox | 12n Ox oy |12n0y|
0 [ph(ua+up) 0 [ph(va+vp) dph
12{3:5{ > ]+ay{ 2 Ty B

where h as shown in Figure |3.1| refers to the lubricant film profile and can be expressed
as and [90]:
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h =ho+ hs(z,y) + d(z,y) (3.2)

Motion

Load applied

Inlet
pressure

Outlet
pressure

Lubricant film

P x

Figure 3.1: Point contact conjunction.

The term h; refers to the local gap at any location along the contact conjunction while
the term hg refers to the initial underformed central separation gap. The term ¢ is the
elastic deformation of the contact geometry. The elastic deformation term, §(z,y) is

given as:

_ 1 (2, y) .y
iz, y) = 5 // \/(x = ];)2 j(y = y/)Qdm dy (3.3)

where p is the pressure applied at computation location (z’,y"). The deflection at
location (z,y) is computed as a result of all the generated pressures at points (z/,y’).
When a computational grid is made with the pressure distribution, py;, this equation

can be defined as:

29



0ij = Z Z Df,’jlpk,z (3.4)
kool

where Dﬁ ’jl are the influence coefficients as given in reference [?]). It is to note that
elastic deflection will become important when the contact pressure exerted onto the
lubricant is high (typically in GPa range). During this, the viscosity and density of the
lubricant will no longer remain constant [91]. It is also in the interest of this study to
apply the Reynolds equation for the full range of fluid film lubrication regime, where
lubricant viscosity and density change with contact pressure will be essential along
the EHL lubrication regime. Hence, the lubricant viscosity-pressure relation used for

typical mineral oil based lubricant is given by Roelands [92] as :

n = noe'*?) (3.5)

where a =(In 79+9.67)[1 + p/(1.98 x 10%)]* — 1/p and z = ap/[5.1x107°](In 19+9.67)
and 7y is known as viscosity at ambient pressure. As for lubricant density variation
with contact pressure, Dowson and Higginson gives the relation for mineral oil based

lubricant as follow [2§]:

0.6 x 10~p
= 1 .
P po{ +1+1.7><10_9p} (3:6)

where pg is known as density at ambient pressure.

3.2 Discretisation of Reynolds equation

To solve for the Reynolds equation, Reynolds exit boundary condition is applied. This

boundary condition states that at exit boundary along sliding direction is:

_dp _

= =0 (3.7)

p

Using the Reynolds exit boundary condition, to ease the calculation of contact pressure
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and lubricant film thickness, the Reynolds equation is first non-dimensionalised as

follow (refer Appendiz A for complete non-dimensional properties):

O (PHPOPY a0 (PHPOPY
oX \ 7 0X/,; o

where

UgpTo R Oh/ot b
LGk — I |
EXE , Sx o F=1 (3.9)

The partial differential components in the non-dimensional Reynolds equation is

v =12

then expanded using finite difference method. The finite difference method approxi-
mates the differential operator by replacing the derivatives using differential quotients.

Hence, this gives:

O (PHPOPY 00 (PHPOP\ | |0(pHU)  OpHV)  Rip
X\ 7 0X),, oy \ m oY), 0X iy

De B C D

The adoption of the finite difference strategy on the non-dimensional Reynolds equation

can be summarised as follow:

e Central finite difference method is applied on the left hand side term or the

Poiseulle term.

e Finite difference method for the terms on the right hand side or the C'outte term
(excluding the squeeze term) is based on the weight factor, § with: 1) forward
difference method being used when 5 =0; 2) backward difference method being
used when g =1; 3) central difference method being used when g =0.5.

For this numerical scheme, it is found that backward difference method produces a

more stable numerical solution, where better numerical convergence can be achieved.
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3.3 Numerical scheme

Moving all the terms to one side of the equation gives the residual term, F; ;. This

term enables the application of modified Newton-Raphson approach, where roots of

the function can be approximated where the residual term, F' ~ 0.

1 pH?3 pH3
s = g (50), ~ (5) 1P
2AX n /Jij n /i-1j

), (), (2 )

n
pH?3 H3
()., + O Y]]
i+1,5 i
(), - (), = [(50), - (50),,.)
P = (= P,
2AY2{ n Jij-1l " 1+ n Jij n Jigels

pH? pH? pH?
S(ES ), () Jr. |
i,5+1 n Jij n Jij-1

(PHU )iv1,; — (PHU); (PHU):; — (PHU i1

(PHV)iy1; — (PHV™) (PHV™)i; — (PHV™); 1 ;
R, .
L 310

In order to implement the intended modified Newton-Raphson method, equation (A.9))

is first expanded using Taylor’s series:

— OF; oF, OF;
F,, = F;; Y AP, b AR ”AP
)] 7]+a-P7,+1] +1J 8R 1.7 a-Pz]
OF,, OF,
Y AP LI AR Err = A1
+8Pzg+1 41+ 9P, j-1+ Err=20 (3.11)

where AP;; = P;; — P;;. Assuming that the truncating error is small enough to be

neglected, equation (3.12)) can be rewritten as:
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-F; = 7ij,i71jAPifl,j + jij,iJrlePiJrl,j + 7ij,ij71APi,jfl

+7ij,ij+1APi,j+1 + jij,ijAPi,j + Err (312)
where 7Z~j7kl = gg:i . The term AP}, is calculated using
—JB] — JAAPE , — JOJAP L — J[BJAPE, |, — J)2]AP !
app, _ ZIBL= JWARL, — JOARC, — JOAR, -~ JRARTY

J[4]

The components of the Jacobian matrix are derived and given in Appendixz A. For a
given undeformed central separation gap, hy and sliding velocity, the numerical scheme
is then solved using Gauss-Seidel iterative method with the contact pressure term being

relaxed using:

n o __ n—1 n
P = P+ QAP (3.14)

Once the solution for the contact pressure is obtained, the load carried by the contact

can be calculated by integrating the contact pressure:

W = / PdX (3.15)

The flow chart summarising the numerical scheme for solving the Reynolds equation
based on the discussed iterative algorithm above is given in Figure It is to note
that the discussed iterative algorithm is programmed using C-language. The iterative
calculation can then be repeated for different operating conditions, such as sliding
velocity and applied normal load. Convergence to applied normal load can be achieved
by adjusting the undeformed central separation gap, hg. The term €2 refers to the
relaxation coefficient. For this study, it is realised that under relaxation (Q2<1) allows

for convergence of the numerical solution.
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Solving Reynolds equation
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Define the film thickness

2
X
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Calculate density
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Figure 3.2: Flow chart of Reynolds equation iterative solution

3.4 Rough surface contact model

The current study adopts the friction predictive method similar to the one proposed by

Teodorescu et al. [38], where a rough surface contact model is applied to determine the
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frictional characteristics of a lubricated contact based on the lubricant fluid film forma-
tion properties, namely the contact pressure distribution and lubricant film thickness.
The first step to simulate the tribological properties of commercially available SAE
grade lubricants across the whole range of lubrication regimes is to use a numerical
model for a two-dimensional Reynolds equation to determine the lubricant fluid film
formation properties for a lubricated point contact. Only once these properties are
determined, the frictional characteristics of such contact can be obtained using a rough
surface contact model, which will be discussed in the next chapter. The parameters
used in the simulation are provided in Table [3.1]

Table 3.1: Simulated tribological conjunction for point contact

Parameter Values Units
Curvature radius 5.0 mm
Young’s modulus (flat surface) 210.0  GPa
Poisson’s ratio (flat surface) 0.27 -
Young’s modulus (pin with spherical end cap)  110.0 GPa
Poisson’s ratio (pin with spherical end cap) 0.21 -
Applied normal load, 20 N

In the current study, friction along lubricated contact is taken to consist of viscous
shear and boundary shear components. For a lubricated contact, fluid film lubrication
plays an important role in HL. and EHL regime. However, when the contact is in ML
regime, fluid film could break down at surface asperity conjunction. In order to be able
to predict friction along various lubrication regimes, the total friction for a lubricated

rough surface contact can be described as:

outlet
Jiot = / (dfy +dfs) dAapy (3.16)

nlet

The term dA,,, refers to the apparent contact area, while the term df, refers to the
viscous friction. Viscous friction dominates when the lubricant film is thick and pure
shearing of the film occurs. However, when the lubricant film is thin, contact between
the asperities could no longer be avoided. Therefore, the term df,, which refers to
the boundary friction component, exists as a result of the interaction between surface

asperities. Boundary friction df,can be determined as follow:
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dw,
dA,

dfy = dA, |70 + & (3.17)

with dW, being the total load carried by the surface asperities and dA, being the actual
contact area. The term 7y refers to the Eyring limiting shear stress of the lubricant,
while the term k refers to the pressure coefficient for boundary shear strength of the
bounding surfaces.

In deriving the friction model, Greenwood and Williamson’s fundamental theories
of elastic contact and friction for rough surfaces are adopted. The model demonstrated
dependency of the contact on the surface topography. Further findings by Greenwood
and Tripp [48] emphasized on the fact that a two-rough surface model could have
a similar behavior with a single rough surface model (see Figure . As a result
of surface feature interactions, the actual contact area is most often smaller than the
apparent contact footprint, creating a localized high compressive stress at each asperity

pair contact.
720

/@\U@W -\(V/\\/ \)&U&UA\J@\ Smooth surface

.................................... Reference plane on

rough surface

Figure 3.3: Contact of rough surfaces.
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To include the surface roughness effect in predicting friction, the rough surface
contact model by Greenwood and Tripp is adopted. The elemental contact load carried

by the asperity, dWW, and the actual contact area, dA, are defined as:

W = oy Lm0 [T o) (3.15)
dA, = dA.,m((B0)*f2(N) (3.19)

The surface asperity interaction properties based on the equations given above are
shown to depend on the surface density of the asperity peaks, (, the equivalent asperity
curvature radius, S and the RMS surface roughness of the opposing surfaces, o. The

values for fy and f5/, are computed by Teodorescu et al. [93] and can be defined as:

18M° — 281)\* 4 17283 — 52582 4 8043\ — 5003
fo = — o (3.20)
_46)\5 + 574X* — 29583 + 0.7844% — 1.0776\ + 0.6167

forn = = (321)

where A refers to the separation parameter hgy/o.

As the contact transits from HL to EHL and then ML and BL regimes, the lubricant
film becomes thinner. Spikes [94] stressed on the importance of understanding the
rheological properties of lubricants present in such thin films. Along the EHL regime,
Habchi et al.[95] explained that shear thinning is going to give a significant impact
towards friction prediction. Shearing of such thin films will no longer be Newtonian.
To consider such properties, Larsson [96] included the effect of Eyring limiting shear
stress to model the non-Newtonian shear of the lubrication film. The Newtonian and

non-Newtonian behaviour of the lubricant can be separated by the Eyring limiting
shear stress (see Figure [3.4).
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Figure 3.4: A non-Newtonian Shear-strain curve

Using this assumption along with the rough surface contact model, Teodorescu et
al. introduced a set of mathematical equations to predict friction along a lubricated
rough surface contact [93]. When the viscous shear stress, 7 (= nU/h) is less than the
Eyring limiting shear stress 7y, Newtonian viscous shear behaviour along a lubricated

rough surface contact can be calculated as:

dfy = 7(dAgpy — dA,) (3.22)

Otherwise, when 7 is larger than or equal to 7y, the shear stress in the non-Newtonian

condition is defined as [93]:

df, =10+ yp" (3.23)

where 7 refers to the slope of the lubricant limiting shear stress pressure relation and

p* is the pressure exerted on the lubricant film and can be expressed as follow [93]:

AW —adW,
- dA,

*

(3.24)
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3.5 TaiCaan Laser Profilometer

To apply the rough surface contact model described above, the surface density of the
asperity peaks, (, the equivalent asperity curvature radius, § and the RMS surface
roughness of the opposing surfaces, o are measured using the TaiCaan Laser Pro-
filometer. The laser profilometer is used to measure the surface topography for the
test samples (pin and disc) before and after the test. The profilometer (see figure ,
measures the contact area, deformation and contact resistance in terms of the contact

force and plane displacement, all whilst the surfaces are actually in contact [97].

Tre—e——— g

Figure 3.5: Laser Profiler using TaiCaanT™machine

The test contact is mounted on a force sensor with an adjustable screw support,
such that this sub-assembly can move into contact with the fixed transparent surface.
The XYRIS 8600 CL (confocal laser), attached to the TaiCaan profilometer (see figure

, is a compact, state of the art surface profiling system that is capable of measuring
form and thickness of various surfaces. It incorporates a Charge Couple Devices(CCD)

camera for on screen viewing of the surface under investigation, helping to identify
areas or features of interest quickly and easily. Table [3.2] and [3.3]list the detail system

specification and stage range on this state of art machine.
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Table 3.2: Motion system specification

Travel Resolution Feedback Bidirectional Repeatability Max Speed
25mm  0.1pum Linear encoder 0.2 pm (over full 25mm range) 25mm/sec
0.01p m

Table 3.3: Motion stage range

Stages Selection  Resolution Travel On axis accuracy Maximum Speed
XYRIS 4000 Standard 0.1 gm 25 mm x 25 mm 1.0 pm 25 mm/s
Option 0.6 nm

Figure 3.6: XYRIS 8600 CL

The profilometer has to be warmed up for 30 minutes before it can be used. The
process is to allow the laser to drift to an equilibrium after startup. The sample is
adjusted accordingly on the XY table of the profilometer. An oval coverage surface
coupled with high resolution measurement is used for the measurements in this study.
In this experiment, grid size is set in micron size of 0.3 ym. This will ensure that the

laser will focus on an exact area and shows the asperity peaks and valley as what being
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discussed by Greenwood and Williamson theory. Once the measurement is done, the
output data will be post-processed using BODDIES™. This post processor can be
used to conduct surface analysis. The surface analysis also generates the data required
for the Green and Williamson model, such as peaks per unit area, mean peak height
above a user selected level, individual peak heights, standard deviation of peak heights,
radius of curvature for peaks.These data are to be used with the numerical simulation

covered in this study.

3.6 Rheological properties for SAE grade lubricants

Along EHL and ML regime, lubricant viscosity-pressure influence is no longer negli-
gible. For the current study, lubricant viscosity-pressure relation along the simulated
tribological conjunction is taken into consideration based on the free-volume theory
proposed by Wu et al. [98]. This method requires the lubricant viscosity-temperature
relation as an input. In order to determine the lubricant viscosity-temperature relation,
a Bohlin rotational Rheometer is used to characterise three commercially available SAE
grade lubricants . The selected lubricants are SAESW40, SAE10W40 and SAE15W40,
each representing fully synthetic, semi-synthetic and mineral oil based lubricants, re-
spectively. The lubricants are manufactured by Shell as shown in Appendix B. The
experimental tests are carried out at a temperature range of 20°C to 100°C at 10/s
shear rate and 1 Hz frequency. A Paltier cone plate with a dimension of 40 mm and
1° angle (CP 1°/40mm) was used to shear the samples. The cone plate was chosen
because it minimises the turbulence during shearing of the lubricants. Figure shows

the schematic operation of rheological test conducted for this study.
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Figure 3.7: Schematic diagram for rheometer measurements

3.7 Results and discussion

This chapter focuses on determining the lubricant fluid film formation properties, such
as contact pressure distribution and lubricant film thickness, for commercially avail-
able SAE grade lubricants. A two-dimensional Reynolds equation is solved iteratively
for a lubricated point contact problem. In order to solve for the lubricated point con-
tact problem, the selected SAE grade lubricant properties are first measured using a
rheometer. Based on the method proposed by Wu et al. [98] in determining lubri-
cant viscosity-pressure coefficient, «, the lubricant viscosity-temperature relation of
the lubricants are measured as given in Figure a). This figure illustrates relation-
ship between the dynamic viscosity of the selected lubricants with temperature. It is
shown that, as temperature increased the lubricant viscosity decrease with mineral oil
SAE15W40 dropped drastically. Meanwhile, for a fully synthetic oil,it is usually shows
enhance resistance to deteriorate when exposed to temperatures changes[99] .

For mineral oils and synthetic hydrocarbons, the lubricant viscosity-pressure coef-

ficient, a can be determined using [98]:

a = (0. + 0. 0og Mo) X M .
0.1593 4+ 0.2189 1 ! 3.25
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where log (log (1o + 0.7)) = —m/ log T + N’ with T referring to the lubricant tem-
perature. The terms m’ and N’ are taken as the slope and the interception of the
logarithmic linear relationship between lubricant dynamic viscosity and temperature.
Figure [3.8(b) illustrates the change in lubricant viscosity-pressure coefficient, o with
temperature. Using the measured lubricant viscosity-pressure coefficient, v at a given
lubricant operating temperature, the fluid film formation characteristics of the simu-
lated point contact can be computed iteratively by solving for the Reynolds equation

as discussed above.
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(a) Dynamic viscosity (b) Viscosity-pressure coefficient

Figure 3.8: Experimentally measured on rheological properties at different tempera-
tures for commercially available engine lubricants

Table 3.4: Simulated Rheological properties for commercially available SAE grade
lubricants

Parameter SAE5W40 SAE10W40 SAE15W40 units
Bulk viscosity, 19 0.068 0.098 0.1639 mPa
Bulk density, po 842.1 858.9 878.7 kg/m3
Lubricant pressure

viscosity index, z 0.4526 0.4812 0.492 -
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The lubricant operating temperature is taken to be 35°C for this specific study.
Table summarise the lubricant properties for the simulated SAE grade lubricants.
It is to note that lubricant pressure viscosity index, z is determined from the measured
lubricant viscosity-pressure coefficient, o at 35°C. Before proceeding to simulate the
lubricated point contact problem, the expected operating lubrication regime for the
selected SAE grade lubricants based on the selected lubrication regimes are predicted
using the Greenwood chart. In the chart, g is equal to W*8/3 /U*2 and the term gy is
equal to G*W*3/U*2. The terms G* (= E/ag), W* (= W/ER,L) and U* (= uny/ER,)
are non dimensional terms for modulus Young of the contact materials, applied nor-
mal load and sliding velocity, respectively. Figure|[3.9|illustrates the lubrication regime
mapping for the selected SAE grade lubricants under the simulated operating condi-
tions for a velocity range of 0.125 m/s to 4.0 m/s. It is shown that the simulated
operating conditions for all the selected SAE grade lubricants fall in the visco-elastic

regime, indicating hard EHL properties.
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Using the numerical algorithm proposed for Reynolds equation together with the
measured lubricant properties for SAE5W40, SAE10W40 and SAE15W40, Figure [3.10

shows the contact pressure distribution and lubricant film profile at sliding velocity of
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Figure 3.9: Lubrication regime mapping for simulated SAE grade lubricants based on
simulated conditions

4.0 m/s. At such sliding velocity, it can be seen that the contact pressure is in the
range of GPa and also exhibits a secondary peak. Besides this, a horse-shoe lubricant
film constriction can also be observed towards the trailing edge of the point contact, as
depicted in Figure 3.10(b). The simulated fluid film properties correlate well with the

mapped lubrication regime given in Figure |3.9, indicating viscous-elastic lubrication.
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Figure 3.10: Contact pressure distribution and lubricant film profile for simulated point
contact lubricated with selected SAE grade lubricants at sliding velocity of 4 m/s
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The Reynolds solution is then applied to further solve for the point contact lu-
bricated for the selected SAE grade lubricants at various sliding velocities as shown
in Figure [3.11], and [3.13] These figures show the central section of the contact
pressure and lubricant film profile along x-axis and y-axis. As the sliding velocity de-
creases (from location A to location C as shown in Figure , the secondary peak of
the contact pressure diminishes along the x-direction (where sliding occurs), eventually
resembling a Hertzian like characteristic. These localised behaviours are demonstrated
by all three simulated lubricants. It is to note that as pure sliding is only allowed along
the x-direction. Therefore, the pressure distributions along y-axis are expected to be

symmetrical as shown in the figures below.
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Figure 3.13: Contact pressure distribution and lubricant film profile for point contact

lubricated with SAE15W40 grade engine lubricant
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The lubricant film thickness along the pressurized region of the contact is also shown
to be at sub-micron level. This is in similar order of magnitude as the measured com-
posite surface roughness for the investigated contact (= 0.105 um), indicating possible
surface asperity interactions that could significantly increase the friction generated
along the opposing surfaces. For each lubricants, the central part of the contact have
an almost uniform thickness. Together with the diminishing of pressure peak on the
contact pressure distribution plots, the contact profile is deformed, forming a dimple
close to the trailing edge, indicating visco-elastic lubrication properties.

As mentioned earlier, a lubricated point contact under pure sliding motion is simu-
lated. Reynolds equation is used to determine the fluid film formation properties, such
as contact pressure distribution and lubricant film profile along a point contact. The
contact geometry for the Reynolds solution is taken to be perfectly smooth. Using the
contact pressure and lubricant film profile determined from the Reynolds solution, the
rough surface contact model as described above is then superimposed on the perfectly
smooth contact geometry to compute the frictional properties of the simulated point

contact, lubricated with commercially available SAE grade lubricants.

Table 3.5: Measured value of a rough surface contact parameters using Taicaan laser
profilometer

Parameter Values Units

RMS surface roughness, ¢ 0.13 pam

Product of (Bvy 0.40 -
Ratio of o/ 0.01 -
Pressure coefficient, x 0.20 -

In order to understand the behaviour of the proposed friction model, a parametric
study is conducted in this chapter. This is done to determine the sensitivity of the
parameters from the rough surface contact model in predicting friction. At sliding
velocity of 4.0 m/s (location A) for SAE 10W40 grade lubricant, Figure shows a
significant change in viscous shear based on the following assumptions used to com-
pute friction along the sliding contact. The first assumption takes only bulk viscosity
to calculate the viscous shear (see Figure [3.14f(a)). This is followed by the second

assumption where viscosity-pressure 7(p) influence is taken into account as shown in
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Figure [3.14(b). Both these assumptions consider Newtonian behaviour of the lubri-
cant. When thin film is being sheared at high velocity, the liquid could transit from
Newtonian to non-Newtonian behaviour [I00]. The non-Newtonian behaviour will re-
duce the viscous shear (see Figure [3.14|c)) due to the Eyring limiting shear stress of
the lubricant, also known as the maximum allowable shear stress (see Figure in
an EHL contact [100]. Beyond this limiting Eyring stress value, the shear stress will

saturate.
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Figure 3.14: Viscous shear calculated using various formulation
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The next step is to check the sensitivity of the non-Newtonian assumption. Ap-
plying different 7y and ~ values, the non-Newtonian viscous shear is calculated for the
lubricant as given in Table [3.6)and [3.7 It can be observed that, the effect of 7 is min-
imal when increased from 1 MPa to 4 MPa as observed in Figure On the other
hand, v seems to give a significant effect on the viscous shear (see Figure . This
shows that when pressure reaches 1 GPa, the pressure dependent v has now become a

dominant factor in affecting boundary shear of the lubricant [100].

Table 3.6: Friction value with constant v =0.08

70 Viscous friction (IN)

1 MPa 1.5741
2 MPa 1.5834
4 MPa 1.6122
120
— 1=1 Mpa
--- t=2Mpa
-+ = t=4 Mpa '
—_
< 90+
A
=}
=
Cc -
S 60
=
7]
3
© 30}
Q
4
>

L

B3 02 01 0 01 02 03
X (mm)

Figure 3.15: Viscous shear with v =0.08 MPa

Table 3.7: Friction value with constant 7p=2MPa
v Viscous friction (N)

0.05 1.0312
0.08 1.5834
0.1 1.9516
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Figure 3.16: Viscous shear with 7y =2 MPa

3.8 Summary

This chapter discussed on the lubricant fluid film formation properties for a point con-
tact lubricated with commercially available SAE grade lubricants predicted using the
develop numerical solution for Reynolds equation. The lubricant viscosity-pressure co-
efficient is determined using a free-volume theory, requiring the lubricant-temperature
relation as input. Using the measured lubricant properties, the numerical method pro-
posed in the previous chapter is adapted to solve for a lubricated point contact problem.
The simulated lubricant fluid film formation properties are compared to the lubrication
regime properties given by Greenwood chart. It is shown that the proposed numerical
model is capable of simulating lubrication properties, corresponding to the visco-elastic
lubrication properties as indicated in the Greenwood chart based on the simulated op-
erating conditions. The next chapter will look at using the simulated lubricant fluid
film formation properties computed in this chapter to predict frictional characteristics
for the selected SAE grade lubricants using a rough surface contact model.

This chapter also describes the application of a rough surface contact model based
on Greenwood and Tripp’s approach in determining the frictional characteristics of a

lubricated point contact, where the fluid film formation properties are determined using
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the Reynolds solution discussed in the previous chapter. The rough surface contact
model, using the contact pressure distribution and lubricant film profile predicted using
the Reynolds solution, is shown to be capable of predicting viscous and boundary shear
properties along the simulated tribological conjunction. The model also shows that the
simulated point contact transits from fluid film lubrication to ML and BL regimes. In
the next chapter, a set of friction tests are to be conducted in order to validate the
mathematical model in predicting frictional properties of commercially available SAE

grade lubricants.
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Chapter 4

Friction Measurements

4.1 Introduction

This chapter focuses on measuring friction forces of lubricated sliding contacts in order
to validate the mathematical model derived in the previous chapter, which has thus far
been demonstrated to be capable of predicting fluid film formation (Reynolds solution)
and frictional properties (rough surface contact) of lubricated point contact. Studies of
lubrication can be validated using several types of friction testers or tribometers. The
tribometer is useful for surface engineering and lubrication studies. It is mainly used

to understand engineering surfaces in relative motion.

4.2 Friction testing using pin-on-disc tribometer

In this chapter, friction tests are carried out for the selected SAE grade lubricants to
characterise their frictional properties under pure sliding motion at different lubrica-
tion regimes. The test is performed using a tribometer configured for a pin-on-disc
setup (see Figure . The selection of a pin-on-disc configuration is to validate the
simulated point contact lubricated with the tested SAE grade lubricants under pure

sliding motion. Table 5.1 shows basic specification of a typical Pin-on-disc tribometer.
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Table 4.1: Technical specification of a typical Pin-on-disc tribometer machine

Parameter Specifications
Load Range 0.5 kg to 20 kg
Rotational Speed 100 to 2000 rpm

Frictional Force Measurement 0 to 200 N

In this study, a wear disc, fabricated from JIS SKD-11 tool steel (75 mm diameter
and 4 mm thickness) is rotated against a stationary cast iron pin (10 mm diameter
and 32 mm length). The cast iron pin has a spherical end cap with curvature radius
of 5 mm. Both the pin and the wear disc are ground to give a composite RMS surface
roughness, o of 0.13 g m. Before running the friction test, the pin and the wear disc
are cleaned using an ultrasonic bath and then left to dry in a desiccator. This is to

remove the residuals of tooling fluids from the machining process.

(a) Pin (b) Wear disc

Figure 4.1: Pin (cast iron) and wear disc

The Ultrasonics bath (see Figure is used to clean the samples before the friction
test. This machine is set for 10 minutes at 45°C. As soon as the time ends, the samples
have to be wiped and cleaned before being kept in a desiccator. Considering the

material gets rusty easily, precaution must be taken during handling of the material.

57



Figure 4.2: Ultrasonic bath -SONICA

The experimental set-up for the friction test is shown in Figure The schematic
diagram in Figure (a) illustrates the friction test set-up, where a pin slides on a
rotating horizontal wear disc. Figure [1.4[b) shows the loading mechanism for the pin-
on-disc tribotester. Using this method, the wear disc is to be fixed on a rotating table,
having a long vertical shaft clamped with screw from the bottom surface of the rotating

plate.

Figure 4.3: Experimental setup on pin-on-disc tribometer machine
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Figure 4.4: Schematic views of pin-on-disc tribometer

The friction tests are conducted under room temperature condition. During the
test, the pin and wear disc are subjected to a constant normal load of 2 kg with wear
disc rotational speed ranging from 100 rpm to 2000 rpm. The wear track is set at 20
mm, corresponding to wear disc linear sliding velocity between 0.125 m/s and 4.0 m/s.
For the selected test conditions, the maximum Hertzian pressure for the contact is 0.96
GPa, calculated by taking the modulus of elasticity for cast iron and JIS SKD-11 tool
steel as 110 GPa and 210 GPa with Poisson’s ratio of 0.21 and 0.27, respectively. A

lubricated run-in test is conducted for each lubricant with 2 kg normal loading in order
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to flatten the initial high surface asperity peaks separated by deep valleys.

Adapting the approach by Kovalchenko et al. [101], the friction test starts at a
wear disc rotational speed of 2000 rpm and decreased in a stepwise manner after three
minutes of each speed until the minimum speed of 20 rpm is achieved. This procedure
allows for the contact to move from fluid film lubrication to ML and then finally to BL
regime. The amount for each lubricant engine oil prepared for the friction test around
1.0 liter. For the whole test duration, the tested lubricant is continuously supplied to
the pin-disk contact/wear track through a pump to ensure a fully flooded lubricated
conjunction. This is to reduce any possible chances of having lubricant starvation
that might cause a higher friction due to the lack of lubricant entrainment at higher

rotational speeds.

4.3 Friction measurements for SAE grade lubricants

In this study, the frictional characteristics of commercially available SAE grade lu-
bricants, namely, SAESW40, SAE10W40 and SAE15W40 are measured under pure
sliding motion using a pin-on-disc tribometer. The measured frictional characteristics
for these lubricants are then used to validate the simulated friction forces for a point
contact based on the mathematical model described in the previous chapter.

The friction forces measured using the pin-on-disc tribometer at different sliding ve-
locities for SAES5W40, SAE10W40 and SAE15W40 lubricants are shown in Figure 4.5]
The repetitiveness test of friction force for the selected lubricant show that the maxi-
mum standard deviation for SAE5W40 is only 0.016N, while for SAE10W40 is 0.015N
and finally for SAE15W40 represent only 0.035N among the tested sets of data. At low
sliding velocities, the measured friction force values remain fairly constant for the lu-
bricants, indicating boundary lubrication (BL) regime. Along this lubrication regime,
load carrying capacity and frictional properties are dominated by surface asperity in-
teractions, separated only by ultra-thin boundary adsorbed lubrication film. This thin
film remains as the last barrier in preventing direct metal-to-metal contact. With
increasing sliding velocity, the friction forces then drop into the ML regime, where
the combination of surface asperity interactions and fluid film shearing become the
underlying mechanism for friction contact.

The transitions from BL to ML regime for SAE5W40, SAE10W40 and SAE15W40
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occur at 0.89 m/s, 0.25 m/s and <0.125 m/s respectively. Further increment in slid-
ing velocity encourages lubricant entrainment into the contact, which increases the
separation gap between opposing sliding surfaces. This eventually leads to a signif-
icantly reduced surface asperity interaction where fluid film lubrication will prevail.
This can be seen to occur for all types of lubricant tested, SAE5W40, SAE10W40
and SAE15W40 at 1.12 m/s, 0.8 and 0.53 m/s, accordingly. The change in friction
force values observed with increasing sliding velocities implies the characteristics of a

lubrication Stribeck curve, showing the transition from BL to ML and finally to HL

regime.
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Figure 4.5: Stribeck curve of selected engine lubricant on pin-on-disc tribometer ma-
chine

4.3.1 Correlating friction measurements for SAFE grade lubri-

cants with simulation

It is to note that the parameters required for the friction prediction model, namely the

pressure coefficient, x and the slope of lubricant limiting shear stress pressure relation,
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~ are not readily available. Also, it is realised that these parameters affect the mag-
nitude of either BL and EHL friction forces. It is to note that adjusting the x term
affects the magnitude of the boundary friction. Based on the specifications provided
by the lubricant manufacturer, all of the selected SAE grade engine lubricants con-
sists of extreme-pressure additives in the form of zinc dialkyldithiphosphate (ZDDP),
which forms an effective tribofilm to reduce wear. With rubbing between the surfaces
happening under contact pressure in the range of GPa (computed using the derived
mathematical tool), it is expected that such tribofilm to be formed between the op-
posing surfaces. Therefore, it is assumed that the pressure coefficient, x is as a result
of shearing the boundary film formed by ZDDP. The value for this term is measured
using the Lateral Force Microscopy (LFM-Park XE7 from Park System ) [102] method

as shown in Figure 4.6

Laser reflection to
photo detector

| ‘ Liser

N

Liquid probe holder
Open liquid cell Sample surface

I

I
\ \‘;\ a /(mica sheet)
Meniscus—-——{”/ y ~ /:\_L\

I Test fluid

X-Y Stage

AFM probe

Figure 4.6: Lateral Force Microscopy (LFM) setup

The measurements from LFM are in voltage signal. Hence, a simplistic calibration
method proposed by Buenviaje et al. [103] is used to convert the electrical signal
to physical friction values. Adopting the method, known as the ’Blind’ calibration
approach, a lumped calibration factor, is tested on a silicon calibration sample, is

calculated using:
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Fy(v)/Fa(nN)
= 4.1
“ 0.19 (4.1)
where the denominator is the coefficient of friction for a silicon calibration sample.
The AFM probe that has been used refers to PPP-Contscr model from Park System.

This model is a contact type cantilever with backside reflects coating and it is used in

the application for lateral or friction force mode [104].
The values for corresponding to the applied normal loads are then subsequently
used to convert the friction trace-retrace signal in voltage to physical friction value

based on the following equation:

Fy(v)

) = Sy

(4.2)

The friction force against applied normal load measured using LFM for an AFM
tip sliding on the wear disc lubricated by ZDDP is as given in Figure 4.7, The term
¢ is assumed to be equivalent to the slope of the measured friction values, which is

approximated to be 0.324. The linear curve fitting of the measured friction force using

(LFM) gives an R-squared value of 0.9904.

4
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Figure 4.7: Measured friction force for wear disc surface lubricated with ZDDP using
Lateral Force Microscopy

In order to correlate the simulation data to the experimental data, the slope of
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lubricant limiting shear stress pressure relation, v is also crucial. This term affects
the magnitude of friction along fluid film lubrication regime, especially EHL and ML
regimes where non-Newtonian behaviour of the lubricants might prevail. Typically, this
value can be measured using an MTM. However, as this equipment is not available for
the current study, it is decided that the value of v is obtained by fitting the simulation
data to the measured parameters. This is similar to the approach adopted by Evans
and Johnson [I05], where they used a disc machine traction test to determine the
rheological properties of lubricants under EHL. Hence, Table summarises the y
values for each SAE grade lubricants, adjusted accordingly in order to ensure good
correlation between simulation and experimental data. It is to note that the values
obtained are within the range measured for typical mineral oil based lubricants as
reported by Morgado et al. [8F].

Table 4.2: Parametric values of simulated lubricant study for SAE grade lubricant

Type of lubricant  Lubricant limiting shear
stress pressure relation, ~y

SAE5SW40 0.0505
SAE10W40 0.0440
SAE15W40 0.0505

In this study, the surface roughness properties of the surfaces in contact are assumed
to be consistent for all test samples. Therefore, by simulating across the sliding velocity
range of the measured lubricant Stribeck curve, Figure [4.§ illustrates the predicted
Stribeck curve for the point contact lubricated by the commercially available SAE
grade lubricants. The simulated Stribeck curves shown in Figure are found to
correlate well with the measured coefficient of friction values. This indicates that the
mathematical model used in the current analysis is capable of capturing the lubrication
regime transition from EHL to ML and then finally to BL regime. From the same
figure, the viscous friction component is shown to diminish with slower sliding velocity.
The reducing viscous friction indicates a smaller lubricant film thickness, leading to
increased surface asperity interaction. As a result of this, boundary friction began
to increase, giving rise to ML regime. At even slower sliding velocity, the lubricated

point contact eventually reaches BL regime, where friction is now dominated by the
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boundary friction component.
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Figures to illustrate the viscous and boundary shear components along the
simulated point contact, lubricated with SAE5W40, SAE10W40 and SAE15W40 engine
lubricant at different sliding velocities. For the simulated point contact lubricated with
SAE5W40, it is shown that at location A, only viscous shear component exists. This
means that no boundary interaction occurs along the lubricated contact. However,
when the sliding velocity is decreased (at location B), it can be observed that boundary
shear component now exists along with viscous shear. Decrease in sliding velocity (at
location C) further increases the contribution from the boundary shear component as
a result of smaller separation along opposing surfaces, exhibiting the characteristic of

boundary lubrication regime. Similar trend is also observed for the simulated point
contact lubricated by SAE10W40 (see Figure [4.10) and SAE15W40 (see Figure [4.11)).
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Figure 4.9: Viscous and boundary shear properties for point contact lubricated with

SAE5W40 grade engine lubricant.
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Figure 4.10: Viscous and boundary shear properties for point contact lubricated with

SAE10W40 grade engine lubricant.
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Figure 4.11: Viscous and boundary shear properties for point contact lubricated with

SAE15W40 grade engine lubricant
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4.4 Biodiesel production using transesterification

process

In the current study, laboratory-grade biodiesel is synthesized using various types of
feedstocks. Generally, biodiesel can be produced from any triglycerides of vegetable
oil or animal fat origins through the transesterification process. The process requires
a simple global reaction involving the reactants of triglycerides and alcohol reacted at
sufficient temperatures with the assistance of acid, alkaline or lipase catalysts. The re-
action will produce methyl esters (biodiesel) and the co-product of crude glycerol. The
possibility of using any combinations of triglycerides and alcohols mean that biodiesel
can have a range of physical properties and chemical compositions.

In this chapter, biodiesels derived from commercially available feedstocks, such as
palm, coconut, soybean, olive, canola, and hydrogenated vegetable oil (shortening)
were selected. The fatty acid methyl ester compositions for the tested biodiesels are
given in Table [4.3] The selection of various types of feedstocks is aimed at representing
the entire saturated-unsaturated and monounsaturated-polyunsaturated FAME ranges

as illustrated in the ternary plot in Figure 4.12
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Figure 4.12: Ternary plot describing the fatty acid methyl ester composition for the
tested biodiesels

Transesterification or alcoholysis replicates the process similar to hydrolysis, which
displaces an alcohol from an ester to another type of chemical reaction [106]. There
are three general methods in deriving biodiesels: 1) transesterification, 2) pyrolysis and
3) micro-emulsification [I07]. The transesterification reaction produces biodiesel with
small amount of glycerol and free fatty acids [62]. The flow chart of biodiesel process

is shown in Figure [£.13] and the general transesterification reaction is given in Figure

414
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Figure 4.13: Flow chart of a biodiesel process

H,C --- OCOR; CH2—OH R1COOH;

| Catalyst |
HC----- OCOR; +3CH;0H ——— CH2—OH + R;COOH;

I I
H,C---- OCOR,; CH2—OH R;COOH;

Triglyceride Methanol Glycerol Methyl ester

Figure 4.14: Transesterification reaction derived from vegetable oil
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Table 4.3: Fatty acid methyl ester compositions for tested biodiesels [TI08][109]

Type of biodiesel
80 10:0 12:0 14:0 16:0 18:0 18:1 18:2 18:3

Coconut 8.3 6.0 46.7 183 9.2 2.9 6.9 1.7 0
Canola 0 0 0 0.1 3.9 3.1 60.2 21.1 11.1
Olive 0 0 0 0 11 3.6 75.3 9.5 0.6
Palm 0 0 0.9 1.3 439 4.9 39.0 9.5 0.3
Shortening 0 0 0 0.5 23.4 5.0 294 34.0 3.2
Soybean 0 0 0 0.1 10.3 4.7 225 H4.1 83

All of the biodiesels are produced using the same method, where pre-heated triglyc-
erides from vegetable oil, hydrogenated vegetable oil and duck fat are reacted with
premixed lye and methanol. The triglycerides are preheated at a fixed temperature of
55°C for an hour to ensure that all of the feedstocks are in liquid phase. A 1%wt cat-
alyst loading of potassium hydroxide (KOH) and triglyceride-to-methanol molar ratio
of 6:1 is used in the reaction to ensure minimal soap production. The reactants then
undergo the transesterification process in a reacting vessel at 55°C for a residence time
of four hours. Crude glycerol as co-product is removed and the biodiesel is washed to
remove soap and another contaminant. The process of producing biodiesel is completed
when water is completely evaporated away from the biodiesels at the high temperature
of 120°C. This process is to ensure that the biodiesel yield is at least 96.5% (m/m)
of ester content (as required by EN 14214 biodiesel standards). Upon completion of
the transesterification process, the kinematic viscosities and densities for the selected

biodiesels are measured and given in Table [4.4]
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Table 4.4: Bulk density for selected biodiesels

Type of biodiesel Density

(g/cm?)
Canola 0.8784
Coconut 0.8742
Olive 0.8779
Palm 0.8730
Shortening 0.8397
Soybean 0.8854

4.5 Friction measurements for biodiesel

In this section, frictional characteristics of biodiesel derived from vegetable oils (co-
conut, soybean, palm, olive and canola) and hydrogenated vegetable oil (shortening)
are measured under pure sliding motion using a tribometer configured for pin-on-disc
setup. A detailed analysis is conducted to interpret the friction force and the transition
points at each of the lubrication regimes experienced by the contact lubricated with
the selected biodiesels. It is to note that the same type of wear disc and pin as the ones
used for SAE grade lubricant friction testings are used for biodiesel friction testing.

The curves plotting the coefficient of friction against linear sliding velocity for the
tested biodiesels are given in Figure[d.15] The calculated standard deviation were found
to be very small and ranged from 0.00015N to 0.0041N with respect to the coefficient
of friction.

With increasing sliding velocity, it can be seen that all the tested biodiesels show a
distinct transition from BL to ML and finally to EHL regime. However, these charac-
teristic curves seem to shift horizontally along the linear sliding velocity axis, showing
a varying transition velocity (to be known as critical velocity) from EHL to ML regime
for different types of biodiesels. Through the friction test, coconut and shortening
biodiesels are observed to transit from ML to EHL regime at the lowest and highest
critical velocity, respectively. This shows that coconut biodiesel has the capability of
sustaining fluid film lubrication for a larger range of linear sliding velocities as com-

pared to the other types of biodiesels. Roegiers and Zhmud [I5] relate such behaviour
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to an increased friction modifier effect, where the protective layer, adsorbing to the
metal surfaces, functions to expand the borders of the fluid film lubrication regime to
withstand a larger operating range of sliding velocity, eventually delaying the onset of

boundary lubrication.

0.25

0.125

0.0625

Coefficient of Friction (CoF)

0.03125

00625 0.125 025 05 1 2 4
Sliding velocity (m/s)

Figure 4.15: Coefficient of friction (CoF) measured at varying sliding velocity at 20N
load for tested biodiesels compared with SAE5W40 standard lubricant

With the tested biodiesels showing different friction modifier effect (varying critical
velocities), the influence of the critical velocity values towards the frictional properties
for the tested biodiesels are investigated as shown in Figure [£.16] The friction forces
are taken as the average friction values along EHL and BL regimes respectively. For the
tested biodiesels, Figure [4.16[a) illustrates the increase in friction force along the EHL
region when the critical velocity increases before plateauing at approximately 2 m/s.
Such increase in friction with higher critical velocity is because of the reduced friction
modifier effect (see Figure , resulting in a less effective fluid film lubrication along
the EHL regime. In Figure M(b), the boundary friction is plotted against the critical
velocity for the tested biodiesels.
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76



Along the BL regime, lubrication is typically through the formation of boundary
adsorbed thin film, which provides the final barrier to inhibit direct surface-to-surface
interaction. For the selected test conditions at room temperature, coconut biodiesel,
with the lowest critical velocity value, exhibits a more effective boundary lubrication
property than the other types of tested biodiesels. Such characteristic portrayed by
coconut biodiesel is similar to those of anti-wear agent and/or extreme-pressure ad-
ditives. With escalating critical velocity, the boundary friction is observed to have
increased by 3.3%. The increased friction force along this region could potentially lead
to the rupture of the boundary-adsorbed film. This can be observed in Figure 4.15
for shortening biodiesel, where the coefficient of friction begin to increase beyond its
boundary friction value below sliding velocities of 0.5 m/s, respectively, indicating dry
contact occurrence as a result of the boundary adsorbed thin film rupturing along the
contact region under pure sliding motion.

The results thus far focus mainly on the friction forces of the tested biodiesels. To
determine the undermining factor affecting the varying friction modifier effect, Figure
.17 illustrates the influence of the FAME saturation level towards the frictional prop-
erties for each of the tested biodiesels. By using a rational function to curve fit the
average friction force along the EHL region against percentage of the total saturated
FAME content, two distinct groups of biodiesels are observed. For each of the distinct
groups, average friction force reductions can be seen with higher saturation level of
FAME composition. This is because the saturated molecules have higher tendency to
align themselves to the surface to form a more compact and effective lubrication layer
[110].

From Figure , the first group (to be known as Group I) consists of canola,
olive and soybean derived biodiesels while the second group (to be known as Group II)
consists of shortening, palm, and coconut derived biodiesels. The distinction between
the two groups can be made based on the melting temperature for each of the feedstocks
used to derive the tested biodiesels. Referring to Table the melting temperatures
for the feedstocks used to derive Group I biodiesels are observed to occur at sub-zero
temperatures while the opposite can be seen for the feedstocks used to derive Group II
biodiesels. It is to note that Group I biodiesels are derived mainly from winter crops
(canola, olive and soybean) while Group II biodiesels are derived from summer crops

(palm and coconut), and hydrogenated vegetable oil (shortening).
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Table 4.5: Melting temperature for feedstocks used to derive the tested biodiesels

Type of feedstock Melting temperature (°C)

Group 1

Canola -10
Olive -6
Soybean -16
Group 2

Coconut 25
Palm 35
Shortening 48

Following the trend lines for each of the groups (blue and red dotted lines) re-
spectively, the average friction force along the EHL regime is seen to decrease with
lower ratio of mono-unsaturated to total saturated FAME content. In Figure [1.17|(b),
similar characteristic is also being observed for the average friction force along the BL
regime, where the tested biodiesels are divided into the two similar distinct groups as
shown in Figure [£.17(a). A decreasing boundary friction is also measured when the
biodiesel composition consists of lower ratio of mono-unsaturated to total saturated
FAME content.

As pointed out earlier, the critical velocity, where the transition from ML to EHL
occurs, plays an important role in determining the friction modifier effect portrayed
by a lubricant, especially for the tested biodiesels in this study. Figure M(a) shows
the critical velocity for the tested biodiesels as the function of the saturated FAME
content. Similar to that of Figure [L.17], the biodiesels can also be divided into the
two similar distinct groups (Group I and Group II). The critical velocity values are
also observed to reduce with decreasing ratio of mono-unsaturated to total saturated
FAME content for both Group I and Group II biodiesels. This reflects on an improved
friction modifier effect when the amount of mono-unsaturation level in the biodiesel is
reduced with respect to the saturation level. Along ML regime, both the fluid film and
also the asperity pairs in contact share the load carrying capacity of the contact. In
Figure [1.1§|(b), the velocity span (where ML regime occurs) is shown to shrink with

reduced ratio of mono-unsaturated to total saturated FAME content. A smaller ML
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velocity span (e.g. coconut biodiesel) would see to an abrupt leap from ML to BL
regime, resulting in a near-sudden undesirable increase in friction. This could be as a
consequence of the fluid film having smaller load carrying capacity, which would result
in a faster and easier fluid film rupture when being sheared under high contact pressure,

leading to increased boundary interaction that imparts higher friction.
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Figure 4.18: Friction modifier properties: (a) Critical velocity and (b) Mixed lubrica-
tion velocity span of the biodiesels

From the measured frictional properties, it is to note that no trend could be found
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relating the weighted average chain length to the lubrication properties of the tested
biodiesels (each of the biodiesels in Group I and Group II has an average chain length of
18 and 17 carbon atoms, with the only exception being coconut derived biodiesel, which
has an average chain length of 13 carbon atoms), which is aligned to the suggestion
by Wadumesthrige et al. [I10]. For the analysis conducted thus far, there is also no
net evidence that could be observed in terms of the effect of polyunsaturated FAME

compositions towards the lubrication properties of the tested biodiesels.

4.5.1 Ternary plot mapping of biodiesel frictional properties

Both sets of Figures above show a relation between the fatty acid composition and
the frictional properties for each of the tested biodiesels, dividing them into Group I
and Group II. To further understand the influence of the fatty acid composition on
the biodiesel lubrication properties, Figure [4.19] maps the critical velocity and ML
velocity span on a ternary plot, indicating the fatty acid composition for each of the
tested biodiesels. Adopting a ternary plot in this study allows for the mapping of
the frictional properties with respect to the tri-axial saturated, mono-unsaturated and
poly-unsaturated FAME compositions for each of the tested biodiesels.

As an initial step to map the critical velocity and ML velocity span using a ternary
plot, two global axes, showing: 1) increasing ratio of unsaturated to saturated and
2) mono-unsaturated to poly-unsaturated FAME content, are determined from the
fatty acid composition for the selected biodiesel types. It is interesting to note that
the axis representing the increasing ratio of mono-unsaturated to poly-unsaturated
FAME content splits the biodiesel types into the two groups (Group I and Group II)
identical to the ones obtained in Figure and Figure [£.18] This shows a reasonably
good correlation between the two distinct approaches considering that the ternary plot
approach takes into account only the FAME composition of the biodiesels.

In the ternary plots given in Figure [1.19(a) and (b), the direction of the blue
(Group I) and red (Group II) dotted lines represent the decreasing ratio of the mono-
unsaturated to total saturated FAME content, calculated from the FAME composition
of the tested biodiesels, which coincidentally also indicates a trend in decreasing critical
velocity (see Figure[1.19)(a)) and ML velocity span (see Figure [4.19(b)) for the selected

biodiesels. Both these trends obtained are consistent with the observations in Figure
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and Figure [{.18 This shows further proof that the frictional properties of the
tested biodiesels are influenced by the ratio of mono-unsaturated to total saturated
FAME content, once they are categorised into the two distinct groups based on the

melting temperatures of the feedstock used to derive the respective biodiesels.
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4.6 Summary

In order to validate the point contact model lubricated by commercially available SAE
grade lubricants under pure sliding, friction tests are carried out using a tribometer
with a pin-on-disc setup. Friction forces are measured at various sliding velocities in
order to obtain the tribological characteristics of the lubricants at different lubrica-
tion regimes. Through the measured friction forces, all the tested lubricants exhibit
lubricant transition properties, similar to a lubrication Stribeck curve. Using the same
sliding velocity range, the mathematical model for a lubricated point contact as dis-
cussed in the previous chapters are used to simulate the conditions of the friction test.
It can be shown that the mathematical approach, coupling Reynolds solution in de-
termining fluid film formation and rough surface contact model in determining viscous
and/or boundary shear properties of the contact, is capable of predicting lubrication
Stribeck curves that correlate well with the measured properties.

Besides these, coupling the mathematical model and the experimental approach,
when correlating simulation to measured data, allowed for the determination of lubri-
cant non-Newtonian properties along EHL and ML regimes (i.e. the lubricant limiting
shear stress pressure relation ) and boundary lubrication properties along BL regime
(i.e. pressure coefficient, k). Such empirical approach could prove to be beneficial in
characterising the tribological properties of lubricants. With the mathematical model
in predicting fluid film formation and friction validated for contacts lubricated with
typical lubricants, the next chapter will proceed to the final phase of the study in de-
termining the frictional properties of vegetable oil derived biodiesel. This will include
the discussion on synthesizing of fatty acid methyl esters (FAME), which have great
potential to be used as lubricant and/or lubricant additives. The chapter will also
discuss on the measured frictional characteristics of the derived FAMEs.

This chapter also discussed on the frictional properties of biodiesel, derived from
various types of vegetable oil, at different lubrication regimes under pure sliding motion.
Based on the feedstocks’ melting temperatures, it is shown that the frictional properties
of the biodiesels can be divided into two distinct groups: Group I (feedstocks from
winter crops) and Group II (feedstocks from summer crops and hydrogenated vegetable
oil). For each of the groups, when the ratio of mono-unsaturated to total saturated

FAME content decreases, friction forces for both EHL and BL regimes reduce because
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of improved friction modifier effect, delaying the onset of ML and BL regimes. Among
the selected biodiesels, coconut biodiesel exhibits the better friction modifier effect with
the smallest friction force along both the EHL and BL regimes.

While these properties improve with lower ratio of mono-unsaturated to total sat-
urated FAME content, the load carrying capacity of the lubricated contact along the
ML regime reduces, increasing the rupture ability of the fluid film. It is recommended
that an ideal lubricant should have the lowest possible friction force values with the
highest possible load carrying capacity. Therefore, by coupling the friction force curves
together with the ternary plots, it could then be deduced that soybean biodiesel actu-
ally boast a more balanced set of lubrication properties, showing better potential as a
bio-lubricant /additive when compared with the other tested biodiesels.

Based on the work covered in this chapter, frictional properties of biodiesel are now
better understood. In the next chapter, using the measured frictional properties, the
current study attempts to apply the derived mathematical model, for predicting fluid
film formation and friction forces along typical lubricated contact, to simulate a point

contact lubricated by biodiesel.
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Chapter 5

Simulation of biodiesel tribological

properties

5.1 Preliminary simulation findings

This section discusses on preliminary simulated tribological findings of biodiesel using
the Reynolds solution discussed in earlier chapters. The Reynolds solution has been
used to validate for the tribological properties of SAE grade lubricant. Table refers
to the rheological properties for the selected biodiesels used in predicting contact pres-
sure distribution and lubrication film profiles. As mentioned in the previous chapter,
the wear discs and pins used for biodiesel friction testings are the same as the ones used
for SAE grade lubricants. Hence, the Greenwood and Tripp rough surface parameters
follow the one given in Table |3.5]

Table 5.1: Experimentally measured rheological properties of selected biodiesels

Type of Bulk Viscosity Density
biodiesel 17y (mPa.s) o, (kg/m?)

Coconut 3.2011 874.2
Palm 5.1459 873.0
Soybean 4.7894 885.4

Also, as shown in the earlier chapters, to simulate a lubricated contact, it is essential

to consider the viscosity-pressure and density-pressure properties of the lubricant itself,
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especially along lubrication regimes, such as EHL and ML. Unlike mineral oil-based lu-
bricants, for biodiesel, recent research conducted by Chum-in et al. [I11] and Phankosol
et al. [112] showed that biodiesel viscosity and density model for high pressure applica-
tions can be described using Gibbs energy additivity approach. The biodiesel viscosity
and density relation with pressure and temperature can be calculated from its average
carbon number (z,,.) and average number of double bonds (ndg,.) [I11]. The equa-
tion for biodiesel viscosity and density relation with pressure and temperature can be

determined as below:

In(no) = n(Natm) +p' ¥ (0.0006 — 0.000011 x 2 — 0.00022 X Ndpe

(5.1)

0.0415 + 0.0103 X zgpe + 0.054 x ndm>
+ T

n(p,) = In(patm) +p X <0.000228 — 0.0000026 X Zgpe — 0.000006 X ndpe

(5.2)

| ~0.0416 + 0.000317 Xz +0.00223 » ndm>
T

where the average number of carbon atom (z,,.) and the average number of double
bonds (ndg.) for the FAME compositions can be calculated accordingly using the
equation below. Table shows the average number of carbon atom (z.,.) and the

average number of double bonds (nd,,.) for biodiesels selected for the current study.

z:vizi
Ze = = (5.3)

Nd(ave) = ZZln (54)
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Table 5.2: Average carbon number and average number of double bond for vegetable
oil derived biodiesel [I11]

Type of biodiesels z,,, nd,.

Coconut 12.97 0.103
Palm 17.01 0.591
Soybean 17.79 1.556

To apply these viscosity and density equations to the Reynolds solution proposed in

this study, discretisation as given below for these equations are used.

PhxPli][j]—Pgtm,

Pij = € Patm x 0.000228 — 0.0000026 X zgye — 0.000006 * ndgpe
. —0.0416 + 0.000317 X zgpe + 0.00223 X ndgpe

5.5
- (55
PhxP[i][j]—Pgtm,
N, = € Patm % 0.0006 — 0.000011z — 0.00022 X ndgpe
0.0415 + 0.0103z + 0.054 X ndgye
+ (5.6)

T

Figure [5.1] shows the contact pressure distribution and lubricant film profile of
palm biodiesel and soybean biodiesel. Using the current Reynolds solution at sliding
velocity equal to 4.0 m/s, it is found that fluid film thickness is predicted to be smaller
as compared to the surface roughness of the given material (refer to Table by one
order of magnitude. Under this condition, it will lead to higher possibilities of having
surface asperity contacts between the two surfaces, thus, causing boundary friction
to appear. However, the measured coefficient of friction values for palm and soybean
biodiesel is around 0.05 (see Figure at 4.0 m/s, indicating EHL regime with
possibly little to none boundary interaction. It is to note that for coconut biodiesel,
the current set of mathematical solution failed to converge when used to simulate the

fluid film formation properties of this biodiesel.
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Figure 5.1: Contact pressure distribution and lubricant film profile for simulated point
contact lubricated with palm and soybean biodiesel at sliding velocity of 4 m/s

In view of the vast difference between the predicted and measured operating lubri-
cation regimes for palm and soybean biodiesel at 4.0 m/s, it is imperative that modifi-
cations will be required for the current set of mathematical models in better predicting
the tribological properties for biodiesel. As mentioned earlier, the wear discs and pins
used for the friction tests are taken to be the same for both SAE grade lubricants and
biodiesel. Hence, this will then leave only the fluid film formation prediction compo-
nent to be explored in improving the correlation of the simulated frictional properties
of biodiesel as compared to the measured data.
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5.2 Modified mathematical approach for biodiesel

In the current chapter, it is proposed that a simple modification to the classical
Reynolds equation be applied for biodiesel. The proposed modified Reynolds equa-

tion is written as follow:

O [ph*0p] O [ph®3p] _,, [3(phU)  O(phV) . O(ph)
Oor | n Ox oy | n oy| X ox dy ot

where the term y is a factor introduced in an attempt to correlate two important pa-

(5.7)

rameters affecting biodiesel’s lubrication properies: 1) average number of carbon atom
(Zave) and 2) average number of double bonds (nd,,.). As an initial approximation, the
term x will be adjusted accordingly in order to fit the simulation to the experimental
measurements for the selected biodiesels. From this approach, an equation for the term
x as a function of average number of carbon atom and average number of double bonds
for the biodiesels will then be derived.

The focus of this chapter is to mathematically predict the lubrication properties of
biodiesel, derived using different feedstocks. Through a detailed series of simulation,
it is expected that the modified Reynolds equation proposed in this chapter can be
described as a function of average number of carbon atoms and average number of
double bonds of the biodiesel’s FAME composition. This will require integration of
simultaneous solutions of the proposed modified Reynolds equation to define the fluid
film thickness and its contact pressure distribution along a lubricated point contact.
The output from the modified Reynolds solution will then be used to predict friction
force using a rough surface contact model based on Greenwood and Tripp model.

As an initial approximation, the simulation is executed for point contact lubricated
by biodiesels derived from coconut, palm and soybean vegetable oil. The lubrication
Stribeck curves for coconut, palm and soybean vegetable oil derived biodiesels are
simulated and given in Figure [5.2] In order to achieve good correlation between the
simulation and experimental data, the term x introduced to the modified Reynold
equation are adjusted accordingly, giving values of 365, 53 and 61 for coconut, palm
and soybean derived biodiesels, respectively. For these simulated parameters, it is
demonstrated that the mathematical model based on the modified Reynolds equation

is capable of capturing lubrication regime transition, from EHL to ML and finally BL
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regime, with decreasing sliding velocities.

Table 5.3: Predicted values for friction estimation

Type Pressure Limiting shear

of biodiesels coefficient (k) stress-pressure relation 7
Coconut 0.1254 0.045

Palm 0.1075 0.048

soybean 0.1064 0.045

By measuring the pressure coefficient of the boundary shear strength, x using the
LFM approach similar to the ones for SAE grade engine lubricants and by fitting the
simulation data to the measured frictional values for the v values, Table tabulates
the input parameters required to compute friction forces using the derived mathemat-

ical model based on the modified Reynolds equation.
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Figure 5.2: Lubrication Stribeck curve validation
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Based on the proposed modifications to the mathematical model in predicting fluid
film formation, Figure [5.3] shows the tribological properties of the simulated point
contact lubricated with biodiesels, derived from coconut, palm and soybean, at sliding
velocity of 4.0 m/s. At such sliding velocity, it can be seen that the contact pressure
is in the range of GPa, showing a Hertzian like contact pressure. The contour of the
lubricant film profiles for the simulated contacts are also included in Figure [5.3 The
contact pressure distribution and lubricant film profile along the central cross section
of x-axis and y-axis for biodiesels, derived from coconut, palm and soybean vegetable
oil, are given in Figures and [5.6], respectively. The selected location A, B and
C are annotated in Figure [5.2] representing fluid film lubrication, ML and BL regimes

respectively for each of the simulated biodiesels.
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Sliding velocity together with fluid film thickness play an important role in deter-
mining the lubrication regimes of any form of lubricants. With a smaller magnitude of
fluid film appearing, there will be a higher chance of surface asperity contacts between
the two surfaces, leading to more significant boundary friction. Referring to Figures
to[5.9 at location A (fluid film lubrication regime), it is clearly shown that viscous
shear is dominating the overall friction for all three types of biodiesels. At this point,
there are no possible asperity contact. For location B, where ML regime is expected, it
is observed that for the tested biodiesels, the predicted shear properties show a mixture
of viscous and boundary shear components. Meanwhile, at location C, the mathemat-
ical model illustrates a dominating boundary shear component for all the simulated

biodiesels, indicating BL regime as shown in Figure [5.2
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5.3 Relationship between FAME compositions and

Reynolds equation

Table 5.4: Average carbon number and average number of double bond for vegetable
oil derived biodiesel [111]
Type of biodiesels z,,, ndg.

Canola 17.92 1.364
Olive 17.78 0.961

Table 5.5: Biodiesel rheological parameters
Type of Bulk Viscosity Bulk density
biodiesel 1y (mPa.s) po, (kg/m?)

Canola 5.1716 871.1
Olive 5.5960 870.6

With good level of confidence on the ability of the proposed modified Reynolds equation
discussed above, the model is then used to simulate other types of biodiesels, derived
from canola and olive vegetable oil, with the relevant simulation input parameters
given in Tables 5.4 and [5.5] By adjusting the term x to curve fit the simulation data
with measured friction force values, the simulated lubrication Stribeck curves for these
biodiesels are given in Figure [5.10] In order to correlate the predicted friction forces
with the measured values, the x values are 26 and 32 for canola and olive biodiesel,
respectively. Through this, the parameters required to determine the frictional prop-
erties along EHL and BL regimes for these biodiesels can also be ascertained and are
given in Table 5.6, Figures to demonstrate the fluid film formation and shear
properties across the contact conjunction when lubricated with biodiesel derived from

canola and olive oil.

101



24

_
o0

Friction force(N)

\ * A
\ T
\ . +
L A
0.6 A
\
Viscous friction \
\ -
-
006250125 025 05 1 2
Velocity (m/s)

P UV T
.

O

Boundary friction

Canola ssrees
Film thickness -- =

Expriment  +

04

03

02

0.1

24

,_.
o0

Film thickness (uwm)
o
N

Friction force(N)
(3]

0

Lis s taaaptr v,
3

Olive
Film thickness == =
Experiment  +

B
&,
\

\-". +
\

\ .
Boundary friction |

v =B
v
\ 2,
\ . A
\ LI IO
\L .
A\
A
N
Viscous friction -’ \\ 4
. \ - -
N

006250125 025 05 1 2

Velocity (m/s)

Figure 5.10: Stribeck curve validation

Table 5.6: Predicted values for friction estimation

Type

of biodiesels

Pressure
coefficient (k)

Limiting shear

stress-pressure relation vy

Canola

Olive

0.1104
0.1085

0.049
0.046
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Figure 5.13: Contact pressure distribution and lubricant film profile for point contact
lubricated with olive biodiesel
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Figure 5.14: Viscous and Boundary shear properties for point contact lubricated with

olive biodiesel

In order to relate the term y to the average number of carbon atom and also

average number of double bonds of the biodiesels, Figure [5.15| plots the change in the
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term x with respect to the product of the average number of carbon atom and the
average number of double bonds for the simulated biodiesels. A polynomial curve
fitting equation as given below is obtained through this plot as an initial attempt to

correlate the modified Reynolds equation to the FAME composition of biodiesels.
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Average number of carbon atom(z,,.) X Average number of double bonds (nd,,.)
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Figure 5.15: Coefficient of x

X = 5.0636e% x (ME faeor)* — 3.5062¢ 1 x (ME fae0r)”
+8.9936 X (ME factor)® — 1.0303€* X (ME factor) + 4.8426° (5.8)

where MEfactor = Zave X ndave

5.4 Verification and validation of modified Reynolds

equation

Table 5.7:  Average carbon number and average number of double bond for vegetable
oil derived biodiesel [I11]

Type of biodiesels z,,, ndg.
Shortening 17.49 1.120
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Table 5.8: Biodiesel rheological properties
Type of  Bulk Viscosity Bulk density
biodiesel no (mPa.s) po, (kg/m?)
Shortening 4.7894 832.7

To verify and validate the modified Reynolds equation, the y value for shortening
biodiesel is computed from the polynomial equation above. The simulation input pa-
rameters for shortening biodiesel are summarised in Tables and 5.8 Applying
the same method in validating canola and oil biodiesel, the lubricant Stribeck curve
for shortening biodiesel has been simulated and exhibits good correlation between the
measured and computed data as depicted in Figure [5.16] Therefore, it is proved that
using this y value,the simulated lubrication Stribeck curve is fitted and matched the
measured data for each of the chosen biodiesels. The parameters required to determine
the frictional properties along EHL and BL regimes for shortening biodiesel can also
be deduced and are given in Table [5.9] Figures and illustrate the fluid film

formation and shear properties for shortening biodiesel.
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Figure 5.16: Stribeck curve validation
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Table 5.9: Predicted values for friction estimation

Type Pressure Limiting shear
of biodiesels coefficient (k) stress-pressure relation ~y
Shortening 0.1185 0.050
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Figure 5.18: Viscous and Boundary shear properties for point contact lubricated with
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5.5 Summary

The validation of the proposed modified Reynolds equation, relating fluid film forma-
tion of biodiesels to their FAME compositions, has been discussed in this chapter. Two
parameters, namely 1) average number of carbon atom (zg.) and 2) average number
of double bonds (nd,,.) for the biodiesels are considered when attempting to introduce
the effect of FAME compositions to the classical Reynolds equation. The term x has
been introduced to the Reynolds equation to correlate these two parameters. The value
for the term y is determined by fitting the simulated lubrication Stribeck curve to the
measured data for each of the selected biodiesels. Through this, a polynomial correla-
tion is then obtained for the term y as a function of the product of average number of
carbon atoms and average number of double bonds for the biodiesels. The next chapter
will conclude the work covered for this study and discuss on possible future work that

can be conducted to further improve on the current analysis.
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Chapter 6

Conclusion and Future work

6.1 Conclusion

The study aims to fundamentally under the tribological properties of biodiesel, to be
considered as an alternative lubricant. The emphasis of the study is on investigating the
interfacial phenomena governing fluid film formation and determining the mechanisms
underlying friction generated by contacts lubricated with biodiesel. In order to achieve
the aim, the study is divided into three (3) phases, with each phase having its own

objectives.

6.1.1 Phase 1

For phase 1 of the study, two (2) objectives have been identified. For the first objec-
tive, a numerical model for Reynolds solution to predict fluid film formation along a

lubricated contact has been developed.

e A mathematical model is derived using Reynolds equation to predict fluid film

formation.

e A lubricant viscosity-pressure coefficient is determined using a free-volume theory,

requiring the lubricant-temperature relation as input.

e The simulated lubricant fluid film formation properties are compared to the lu-

brication regime properties given by Greenwood chart as verification.
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e The proposed numerical model is shown to be capable of simulating lubrication
properties, corresponding to the visco-elastic or EHL lubrication properties as

indicated in the Greenwood chart based on the simulated operating conditions.

For the second of objective of phase 1, a rough surface contact friction model to predict
friction for a lubricated contact along the whole range of lubrication regimes has been

formulated.

e Fluid film formation properties predicted using Reynolds solution is coupled with
a rough surface contact model based on Greenwood and Tripp’s approach in

determining the frictional characteristics of a lubricated point contact.

e The predicted contact pressure distribution and lubricant film profile using Reynolds
equation are used to predict viscous and boundary shear properties along the sim-

ulated tribological conjunction.

e This model is shown to be capable of simulating the transition of fluid film

formation from ML to BL regimes.

6.1.2 Phase 2

For phase 2, two research objectives are identified. In the first objective, frictional
properties of lubricated contact of selected SAE grade engine lubricants for the whole

range of lubrication regimes has been measured using a tribometer.
e The friction tests have been carried out using a pin-on-disc tribometer setup.

e Friction forces are measured at various sliding velocities in order to obtain the
tribological characteristics of typical lubricants, such as SAE5W40, SAE10W40
and SAE15W40 at different lubrication regimes.

e All tested lubricants exhibit lubricant transition properties that replicate the

lubrication Stribeck curve.

The second objective for this phase requires that friction for a lubricated contact mea-
sured using a tribometer be compared with predicted values using the developed mathe-

matical tools.

114



e Using the same sliding velocity range, the mathematical model for a lubricated
point contact as discussed earlier are used to simulate the conditions of the friction
test.

e Along EHL and ML regimes, the lubricant limiting shear stress pressure relation
v is introduced and for boundary lubrication properties along BL regime, pressure

coefficient, x is used.

e Comparing with measured friction data, the non-Newtonian properties are de-

termined by correlating simulation with measured data.

e The results from the mathematical model, coupling Reynolds equation and rough
surface contact model, are shown to be capable of estimating the lubrication

Stribeck curves that correlate well with the measured properties.

6.1.3 Phase 3

Three research objectives are identified for the final phase of the study. For the first
objective, laboratory grade biodiesel from various types of vegetable oil have been derived

using transesterification process.

e Selected vegetable oils are coconut, canola, olive, palm, vegetable shortening and

soybean.

e The transesterification process in synthesising fatty acid methyl ester (FAME)
from the selected vegetable oil involves the use of potassium hydroxide (KOH)

as the catalyst.

e Upon completion of the transesterification process, the kinematic viscosities and

densities for the selected biodiesels are measured.

As for the second research objective, frictional properties of various types of vegetable

oil derived biodiesel have been characterised using a tribometer.

e Based on the feedstocks’ melting temperatures, it is shown that the frictional

properties of the biodiesels can be divided into two distinct groups: Group I
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(feedstocks from winter crops) and Group II (feedstocks from summer crops and

hydrogenated vegetable oil).

e For each of the groups, when the ratio of mono-unsaturated to total saturated
FAME content decreases, friction forces for both EHL and BL regimes reduce
because of improved friction modifier effect, delaying the onset of ML and BL

regimes.

e While these properties improve with lower ratio of mono-unsaturated to total
saturated FAME content, the load carrying capacity of the lubricated contact

along the ML regime reduces, increasing the rupture ability of the fluid film.

e Coconut biodiesel exhibits the better friction modifier effect with the smallest

friction force along both the EHL and BL regimes.

Finally, for the third research objective, shear properties of biodiesel lubricated con-
tact has been simulated using the developed mathematical tools and has been shown to

correlate well with measured properties.

e From the experimental observations, it is realised that frictional properties of

contact lubricated with biodiesel is influenced by their FAME compositions.

e The current study proposed a modified Reynolds equation based on two param-
eters, namely 1) average number of carbon atom (z,,.) and 2) average number of
double bonds (ndg.) for biodiesels.

e The term x is also introduced to the modified Reynolds equation to correlate

these two parameters.

e The value for the term x is shown to be able to be determined by fitting the
simulated lubrication Stribeck curve to the measured data for each of the selected

biodiesels.
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6.2 Main contribution to knowledge

e A mathematical tool has been developed to predict friction values for contacts
lubricated using typical lubricants (e.g. SAE5W40, SAE10W40 and SAE15W40)

using a free-volume theory in determining lubricant viscosity-pressure relation.

e A modified Reynolds equation, introducing the term y to correlate average num-
ber of carbon atom and average number of double bonds for biodiesels, is pro-
posed and used to predict frictional properties of biodiesel for the whole range of

lubrication regimes.

6.3 Future work

In order to promote green technology, one of the measures proposed by the Malaysian
government is to increase the amount of biodiesel added to conventional petro-diesel by
volume from 7% (B7) to 10% (B10) [113]. Investigations showed that engine lubricant
dilution will be more severe when biodiesel fuel is used since this fuel tends to concen-
trate in the lubricant [I14) [I15] because of its higher boiling point than petro-diesel
fuel [116]. It is found that post-injected petro-diesel fuel blended with 20% biodiesel
(B20) could lead to as much as 40% methyl ester accumulation on the cylinder walls
[117].

With good lubrication properties, biodiesel dilution of engine lubricant is expected
to improve the tribological performance along the piston ring-liner contact. However,
the introduction of biodiesel blended with petro-diesel fuel raised concerns from major
automotive manufacturers with regards to the possible tribological impact on the engine
lubricant when diluted by this alternative fuel. More importantly, it is also suggested
that for petro-diesel fuel blended with 10% biodiesel (B10), a dilution level beyond
50% threshold could lead to premature engine wear failure if engine lubricant is not
changed more frequently [117].

Limited work has been reported in literature on the effect of biodiesel dilution on
the lubrication properties of engine lubricants. Among those include the work by Fang
et al., who investigated the wear characteristics of the biodiesel contaminated engine
lubricant using HFRR and four ball tester [I1§]. They concluded that biodiesel can
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lead to increased engine wear. This is a result of the methyl ester molecules diluting
the engine lubricant, forming complexes with the anti-wear additives, such as zinc-
dialkyldithiphophate (ZDDP), which affects such additives from forming a protective
coating on the metal surfaces [119].

In view of the intended increased use of biodiesel in petro-diesel fuel, the essence
learnt from this study serves as a fundamental platform in order to better understand
the frictional implications when biodiesel dilutes typical lubricants. For future work,
it would be interesting to investigate and measure the effect of tribological properties
of biodiesel diluted lubricants. A modified model will be required and extended to
consider the interactions between FAME and lubricant additives such as ZDDP.
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Appendix A

Derivation of two-dimensional
Reynolds solution; point contact

problem

Finite difference method is used, where the equation is separate into two main param-
eters known as Poiseulle flow and Couette flow. Then, it is being simplified using the

Newton-raphson method as discussed in line contact problem.

) h3 0 ) r3op| 9 | ph(uatup) 9 | ph(vatup) dph
f ] o (e - i2{a [t 1 ) [l )

where A and B are subscripts denoting the top and bottom bounding bodies respec-

tively.
_ (’LLA +UB) _ (UA —i—uB)
2 ’ 2
v="Ly=_"
u(l'U uav

where U is U is the speed of entraining motion of the lubricant into the conjunction

and V is the speed of any side-leakage of lubricant out of the contact area
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A.1 Dimensionless parameter for 2D point contact:

Using Jalali et al. [64] and Chong [120] approaches, equation must first be
non-dimensionalized before being calculated using finite-difference method.The non-
dimensional parameters are shown in Table . Assuming that p # f(¢). Reynolds

equation becomes :

0 {ph?’ 811 L0 {p_hi’@} 1 {uwa@w) AphV) | Olp)] 4 )

O n Ox dy | n Oy ox Hav oy ot

Table A.1: Non-dimensional parameters

Parameters Dimensionless Relation

x(m) X X=x/b

y(m) v Y=y/a

p(kg/m?) p P =p/ po

n(N.s/m?) n n=p/ p

t(s) t =4 t / Rx

h(m) H H=hRx/b?

W(s) W W/E* R, L

p(Pa p P=p/py

u,v(m/s) U* For 1-Dimensional
U*=u,, no/E* Rx
For 2-Dimensional
Ut=u/u,,

vou(m/s) % VH*=v/vay

B(N/m?) 7 =5 R 1t

0 H?’(‘?P o (pH?®OP J(pHU O(pHV R.p
0 (pH +k2_ pHZOPN —_ ([9HY) — OGHV) | Rup g,
0X n X oY n oY i 0X iy oY i b
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Equation[A.3]is expanded base on left hand side and right hand side of the equation.
Term A and B, represent the Poiseuile flow in X and Y direction. Term C and D

corrrespond to Couette flow also in X and Y direction.
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Therefore, the simplified version of non-dimensional can be expressed as;
2 Rm_ %

By subsitution of the previous A, B, C and D into equation[A.3] the new finite difference

for 2D Reynolds can be re-write as below;
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Assume that P;; are a set of approximate solutions to h real solution P;, the

equation can be expressed as :

Fi,j = f(ﬁifl,jvﬁzﬁrl]apz]aPz]+1yng 1) =0
F,;=f(P.1,, P, Pij, Pijs1, Pj—1)) #0

By applying Taylor’s series expansion can be expressed as well :
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WhereAPM = ?i,j — Pi,j-
Assuming that the truncating error is small enough to be neglected, equation can

be re-writed as:
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where ji,k = g;;i.

To further expend the equation, the Gauss-Seidel iteration method is used where :
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The Jacobian matrix could be simplified in the equation as;
app, — ZBL = JWARL — JOAR — JBARL, —JRIARGS
’ J[4]
where the updating of the pressure is based on :
n __ pn—1 n
Py =P + QAP (A.13)

A.2 Jacobian matrix

The same method to solve Jacobian matrix for 2D problem that has been mention

earlier in appendix A can be expand as below;
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with M and N are defined as below;
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Nyl = (HU)i ;R0 + (§)i D (A.24)

Non-dimensional terms that used to define viscosity Et and density Ro are defined as

stated below;
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A.3 Mathematical derivation for surface deflection

In order to calculate the surface deflection along the lubricated point contact, the

following formula is used;

2P,
Oy = Eh S0 S Py Dy, (A.27)

where m and n incorporate within them the effect of a pressure node (i,5) on a deflection

node (k,l) and are expressed as :

= |k —i|(m = |k —i+1])
n=|[l—=jln=1l-7+1)

The deflection influence coefficient matrix , D is given as follow [];
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Appendix B

SAE grade lubricant

SAE5W40

O

Shell Helix Ultra 5W-40

Maximises performance right up to the next oil change

Technical Data Sheet

Shell Helix Ultra has been formulated with Shell’s ultimate active cleansing technology. It works harder to protect
than conventional motor oils by continuously helping to prevent dirt and sludge build-up, for better
responsiveness and improved performance, thus helping your engine to operate at its full potential right up to the

next oil change.

DESIGNED TO MEET CHALLENGES

Performance, Features & Benefits

Shell's ultimate active cleansing technology
Up to five times more effective at removing sludge from

dirty engines than a mineral oil.

Long-term oxidation stability
Up to 30% more protection than other fully synthetic

leading brands tested.

Low viscosity, rapid oil flow and low friction

Greater fuel efficiency and easier cold starting.

High shear stability
Maintains viscosity and stays in grade throughout the oil

change interval.

Specially selected synthetic base oils

Reduce oil volatility and therefore oil consumption and the
need for top-up.

* Minimises vibration and engine noise

Smoother, quieter drive.

Typical physical characteristics

Main Applications

= Suitable for fuel-injected petrol engines fitted with 'blow-by"
gas recirculation and catalytic converters operating in

extreme driving conditions.

Specifications, Approvals & Recommendations

API: SN/CF

ACEA: A3/B3, A3/B4
VW: 502.00/505.00

= MB Approval: 229.5
BMW: LL-01

= Porsche: A40

= ferrari

= Fiat: 9.55535.Z2 (Meets the requirements of)

* Renault: RN 0700/0710

= PSA: B71 2296
For a full listing of equipment approvals and
recommendations, please consult your local Shell Technical
Helpdesk, or the OEM Approvals website.

Properties Method Shell Helix Ultra 5W-40
Viscosity Grade 5W-40
Kinematic Viscosity @40°C cSt ASTM D445 74.4
Kinematic Viscosity @100°C cSt ASTM D445 13.1

density @15°C kg/l ASTM 4052 0.840

Pour Point °C ASTM D97 -39

Hths Viscosity @150°C m PaS ASTM D4741 3.68

Flash Point (Pmcc) EC ASTM D93 215

These characteristics are typical of current production. Whilst future production will conform to Shell's specification,

variations in these characteristics may occur.
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SAE10W40

O

Technical Data Sheet

Shell Helix HX7 10W-40

Cleans and Profects for Extra Responsiveness

Shell Helix HX7 has Been Formulated With Special Active Cleansing Technology. It Works Harder to Protect Than
Conventional Motor Oils by Continuously Helping to Prevent Dirt and Sludge Build-up for Betfer Responsiveness Right

up to the Next scheduled oil Change.

DESIGNED TO MEET CHALLENGES

Performance, Features & Benefits

Special Active Cleansing Technology
Up to Twice as Effective at Removing Sludge From Dirty

Engines as a Normal Mineral oil.

Enhanced Oxidation Stability
Up to 19% More Protection Than Other Leading Synthetic

Technology Products Tested.

Low Viscosity, Rapid oil Flow and low Friction

Greater Fuel Efficiency.

High Shear Stability

Maintains Viscosity and Stays in Grade Throughout the oil

Change Interval.

Specially Selected Synthetic Base Oils

Reduce oil Volatility and Therefore oil Consumption and the

Need for top-up.

Minimises Vibration and Engine Noise

Smoother, Quieter Drive.

Typical physical characteristics

Main Applications
Suitable for fuel-injection gasoline engines fittred with 'blow-by'
gas recirculation and catalytic converters. Also suitable for
turbo-charged and intercooled, direct-injection diesel engines
fitted with 'blow-by" gas recirculation without particulate filters.

Specifications, Approvals & Recommendations

* API: SN/CF

= ACEA: A3/B3, A3/B4

* Jaso: SG+

* MB Approval: 229.3

= VW: 502.00/505.00

* GM: LL-B-025

* Renault: RN 0700, RN 0710

= PSA: B71 2296

= Fiat: 9.55535-G2 (meets requirements)

For a Full Listing of Equipment Approvals and
Recommendations, Please Consult Your Local Shell Technical
Helpdesk, or the OEM Approvals Website.

Properties Method Shell Helix HX7
Viscosity Grade 10W-40

Kii ic Viscosity @40°C St ASTM D445 92.1
Kinematic Viscosity @100°C oSt ASTM D445 14.4
Densiy @15°C ka/l ASTM D4052 0.880
Flash Point (Pmec) °C ASTM D93 220

Pour Point °C ASTM D97 -39

These characteristics are typical of current production. Whilst future production will conform to Shell's specification, variations in these characteristics

may occur.




SAE15W40

W

Shell Helix HX5 15W-40

Premium multi-grade motor oil - Helps to remove sludge from dirty engines

Technical Data Sheet

Shell Helix HX5 is designed to help provide consistent engine performance. It works hard to help protect against engine

sludge and reduce wear. It is suitable for a wide variety of vehicles for everyday driving conditions.

Proud Drivers Choose Shell Helix

Performance, Features & Benefits Main Applications

+ Active cleansing fechnology

Shell Helix HX5's premium multigrade formulation helps to

Actively locks away harmful performance-robbing deposits. provide protection in everyday daily driving conditions. Shell

Active clean-up

Helix HX5 can be used for gasoline, diesel and gas engines,

Helps to remove sludge left behind by inferior oils * and it is also suitable for biodiesel and gasoline/ethanol
. Effective wear protection ' blends.
Helps to protect against wear and neutralise corrosive Specificaﬁons, Approvals & Recommendations
combustion acids. .« API SN/CF
. Resistance to oil degradation * « ACEA A3/B3

Helps to maintain protection throughout the oil-drain interval.  « To find the right Shell Helix product for your vehicles and

Can be used for gasoline, diesel and gas engines, and is also
suitable for biodiesel and gasoline/ethanol blends.

1 Based on Sequence IVA engine test carried out at an independent laboratory

http://lubematch.shell.com

technical help desks.

2 Based on a severe sludge clean-up test

Typical Physical Characteristics

Properties

SAE Viscosity Grade

Kinematic Viscosity @40°C St
Kinematic Viscosity @100°C St
Viscosity Index

MRV @-25°C cP
Density @15°C kg/m?
Flash Point “C
Pour Point °C

Method

ASTM D445
ASTM D445
ASTM D2270
ASTM D4684
ASTM D4052
ASTM D92
ASTM D97

Multi-fuel capability equipment, please consult Shell LubeMatch at:

« Advice on applications not covered here may be obtained from

your Shell or Shell Lubricants distributor representatives or

Shell Helix HX5
15W-40

106.00
14.27
137
17000
865.8
241
-45

These characteristics are fypical of current production. Whilst future production will conform to Shell's specification, variations in

these characteristics may occur.
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