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Synopsis

The anphiphilic qualities of plantils that emerge from their fatty acid makeup
lead to improved lubricity.To produce diesel that is friendlier to the
environment requires severe hydrotreating, unfortunately the same process
also reduces the lubricity of the fuel. Adding petroleum based lubricity additives
to the fuelmay improve diesel lubricity but also present the challenge of being
environmentally unfriendly or expensive. Plant oils such as castor oil, moringa
oil and cand oil offer a green and relatively inexpensive approach to lubricating
hydrotreated diesel fuels. This work reports on lubricity tests carried out on
diesel fuel treated with castor oil, moringa oil and canola oil as lubricity
enhancers to investigate lutmating abilities of the resulting mixtures. The high
frequency reciprocating rig (HFRR) which is generally accepted as a universal test
apparatus for determining the lubricity of diesel fuels was used. The diesel fuel

was treated with these plant oils up a concentration of 1 % (w/w).

The friction coefficient (COF)and the amount of wear that occred was
measured andhe wear scar surfacaverealso evaluatedrFactors that influence

wear werealsotaken into consideration.

The following findings were nda from this study:



1 Castor oil, moringa oil and canola eén function as diesel lubricity
enhances. Increase in plant oil concentration in diesel stimulated a stable
film formation and improved the trib@haracteristics of the fuel.

1 A concentration ofless than 1 %w/w) of any of the three plant oils
investigatedn diesel(i.e. castor oil, moringa oil or canola @us enough
to cause the wear scar diameter (WSD) of the fuel to redppeexiably.
As reference, the wear scar diameter (WSD) of theaated diesel fuel
after HFRR tests was 89ih. However, at 1 % (w/w) of each plant oil in
the diesel fuel, the observed reduction in WSD was 22fnZcastor oil),
339.06em (moringa oil), and 281.8m (canola oil).

9 Castor oil has comparately better lubricationn dieselthan moringa oll
and camwla oilowing toits hydroxyl functional group that increases both
the viscosity and polarity of the o\ concentrationof less han0.2 %
(w/w) of castor oilin dieselwas enough to bring the WS the fuel down
to below the maximum allowable limit o460 um as specified in 1SO
12156

9 Viscosities of castor oil, moringa oil and canol@aiea significant effect
on performance as a lubricignhances.

1 Friction coefficientfor diesel treated with castor oil, moringa oil and
canola oil increases with ricreasing temperature because at high
temperatures, the lubricant fim formed by fatty acids tendt be less
stable and breaks down more easilAs expected, ncrease in
temperaturealsocauses an increase wear, forall threemixtures.

1 Lubricating Aility of moringa oil is much loweompared to castooil and
canola oil Mild to severe abrasive wearas observed for diesel treated

with moringa oil



1 Moisture in the atmosphere affects the repeatability of the friction and
wear tests. This occutecauseof the formation ofan oxide layepn the
metal surface that involves water. Upon keeping a close humidity range
of 50 % 55 % in the test chamber an improvement in repeatabdityhe

test resultswas observed.

Keywordsplant oil, biodegradabilitydiesel fuel, lubricityenhancer
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1. Introduction

In this chaptera discussion ofmportant theories describing the problem
associated wh severely hydrotreated fuels areliscussed in brief.The
objectives of this research and the methodology used in achieving these
objectives are also discussedelsubsequent chapter (chapter #)scusses
relevant literatureconcerning friction, war and lubricationDiesel properties,
international diesel specifications and aneoview of additive technology are
also presented in chapter 2. Chapter 3 discussesribthods that were used to
explore the underlying principles of how boundary films are adsorbed, reacted,
and desorbed as an effect of the concentration, temperature and load. The
materials and equipment used in this investigation are also listed andsgied.

In chapter 4all experimental results are presented and discussed. The
experimental and modelling results together bring an understanding to the
behaviour of castor oil, moringa oil and canola oil in reducing w&aapter 5
concludeswith derived uinderstandingsased on results from the experimental

work and makes recommendations for further research and studies.
1.1 Background

Dieselfuel sourced from crude oihas goodinherent lubricity. Tis is due to
aromatic, unsaturatedand polar oxygenatedompounds that are naturally
presentin thefeedstock(Agarwakt al, 2013) To reducaair pollution due to the
presence of SPin exhaust fumes and the consequential acid rain having
devastating effect on the ecosystem, stringent requirements have beémpu

place to limit the amount of sulphur in fuel&s a result, aring dieseproduction



hydratreating is carried outo removesulphur (Eigure 1.). Hydrotreating for
sulphur removal is called hydrodesulphurizati@tolten & Emats, 2016. In
this process the feedstock is deaerated and mixed with hydrogeieated in
a fired heater (318C-427 °Q, and then chrged under pressure (up toughly
6 900kP3g through a fixeebed catalytic reactar

REACTOR HIGH PRESSURE STRIPPER
SEPARATOR
Hydrogen

make-up Hydrogen recycle 'f."‘ el gas

F 3 e

r

» Off gas
H25 &

Light fuel gases

Unstabilize d
light distillate

Stripping
column

Fad E a
. Y
Liguid-Gas

Fired heater Separator Desulfurized product

-

Fixed-bed
catalytic reactor

Figurel.l: Schematic oflistillate hydrotreatingStolten & Emonts, 2016

In the fixedbed catalytic reactor, the reacin that takes placeremoves
environmentally hazardous elements suchsagphur and nitrogen compounds

in the feedstoclby converting theseantaminantsto HS and NE The products

from the reaction leave the reactor and are cooled to a low temperature before

entering a liquid/gas separator.

The hydrogersrich gas from the higipressure separation is recycled to combine

with the feedstock, andhe low-pressure gas stream rich in$lis sent to a gas

treating unit where ES is removed. The purified gas is then appropriate to use

asa fuel inrefinery furnaces. The liquid stream is the product from hydrotreating

and is normally sent to a strippingplumn for removal of k6 as an offgas

together withother undesirable componeni&igure 1.).



Catalytic hydrotreating is necessary in diesel productidre reasons are that
the process can remove about 90 d impuritiessuchas sulphurnitrogen and
oxygenfrom liquid petoleum fractions. These impurities can have a negative
impacton the catalysused for hydrotreating. The contaminantainalsoaffect

the quality of the finished produategatively(Stolten & Emonts, 2016

Most importantly hydrotreating isused to ensure that the fuel produced
complies with current environmental legislation on pollutiohhe sulphur
contentin fuels is of primary concern as sulphur is considered a major pollutant
The first European emissiostandard for dieseissued in 199tipulated a
maximum sulphur content of 200 ppm, and this was also applied in several
parts of the worldincluding South AfricaNonethelessin striving to produce
environmentally saféuels the new regulation (Eur6) stipulate slphur should

not be found n excess of 10 ppr(Hultemaet al, 2019: §. South Africa still
maintainsa maximum sulphur content of0sppm but even this looks likely to

change in the near futur€ESANS 342, 2016)

1.2 Problem statement

The chdlenge associated with diesel productias to produce diesethat is
friendlier to the environmentand thisrequires severehydrotreating(Stolten &
Emonts, 2016 The hydrotreating is aimed at remaog sulphur from the crude
oil, but unfortunately the pocess also removdshemically convertghe polar
compounds and unsaturated compounds that give lubricity to the furRelar
compound and unsaturated compoundare lubricity enhances naturally
found in diesel. Their removal leads to loss of lubricityp@or lubricity in the
final diesel producfAgarwakt al, 2013 Knothe & Steidley, 200%ePera2000.

3



Using diesefuel that has poor lubricity may causevere wearon machine
parts, increased diesa&lonsumpion, increasecemissionsandpossibledamage

to fuelinjector pumys of compression ignitioenginesAgarwalet al, 2013.

In seeking to remedy the problem of lubricity deficiency in diesel fatty
hydrodesulphurisationdifferent techniques can be undertakeone of which is
adding lubricity enhancersto the fuel (Agarwalet al, 2013. Most fuel
manufacturgs use various lubricity additives to increaseel lubricity to
acceptable levelafter hydrodesulphurisationbut thoseadditivesalso present
a possible problem of beingnvironmentallyunfriendly or expensivéAgarwal

et al, 2013)
1.3. Objectives

Plant oilshave unique characteristics thaan enhance the lubricity behaviour
of diesel Theyare environmentally friendlpand possess unique characteristics
that can substitutevarious addives in use todaylin this studythe objectives

were to:

1 Determine contributionghat castor oil, moringa oil and canola c#én
make to the lubricity of diesel fuel.

1 Determine concentrations ofastor oil, moringa oil and canola ailwhich
appreciablelubricity is reachedvith dieselwith respect tointernational

lubricity standards



1.4. Method, scope andhlitations

TheHFRR tribometaras used as a bench test falkthe friction and wear tests.
The viscosities of castor oil, moringa oil and candlavere determined using
the Anton Paar SVM 3000/G&abinger viscometeiThe diesefuel usedin this
research workvasobtainedfrom a crude oilsourced refineryIt containedno
fuel additives The certificate of analysis for the fuel is presentedthe

Experimental section of thigport.

Plant ois sufferdefectsas potential lubricants because of oxidatewed thermal
instability. This is due to the presenceurfsaturated fatty acids in the aifhich
leads to significantly higher reactivifBongfaet al, 2015) Consequentlythe
plant oilk originally containedminute quantities ofantioxidantssuch as rutin
beta-sitosteroland moringinefor stability. Theplant oilswere used aseceived
from the supplier The product specification for the oils apeesented inthe

Experimentakection of thigeport.




2. Literature

Inthis section a discussion ahportant literature concerning friction, @ar and
lubrication is givenA short overview of the different r@ges of lubrication is
given together with diesel properties and production. International diesel
specifications are alspresented,and the chapter ends with an overview of

additive technology.

Pant oilspossess unique advantages compared to other lubricating fluids (Guo
et al, 2016).The work done byArgawalet al (2013)suggested that addition of
free fatty acids found in plant oils to low lubricitjeselfuel at additive levels
enhancefuel lubricity. What is moreGuoet al (2016) mentions thathe good
lubrication propertyof plant oils is determined by the basic structusé its
molecules and chemical components. ldht oil molecules can form an
adsorption film on a metallic suréa; the fatty acid component of plaoils can

react with such metal surface to forammonofim of metallic soap. This formed
monofilm can infllence antifriction and antiwear behaviourthroughout the

various regimes of lubricatiof@Guoet al, 2016)
2.1. Regimes of lubrication

During the first industrial revation, lubricants became increasingly impamt

in ball and journal bearingéStachowiak, 2017)The ability to reduce both
friction and wear has been the two most significant elements in increasing
component efficiency and life spaigure 2.1is known as the Stribeck e. It

shows the effect of load, flurscosity, and speed on friction coeffici€p). The



4 regimes of lubricatiorfl-hydrodynamic 2-elastohydrodynamic3-mixed and

4-boundary) are shown irHgure 2.1 and explained in the nexsection.

Boundary (4)

k- .
~——

0.2 ===~

_______
.......
.
—~——
~a

-------- ~Hydrodynamic (1)
01F T

Elastohydrodynamic (2)

nu
w
Figure2.1: Stribeck curve showing the four lubricating regimes (Stachowiak &

Batchelor, 2006: 185 and Zhang et al, 2016).

The parameter on the horizontakis of the Stribeck curv&igure 2.} is termed
the Hersey numbe(Zhanget al, 2016) The Hersey number is a key parameter

which is derived as theproduct of fluid viscosity(-) and speed(u) over the
applied loadW).

2.1.1. Hydrodynamic lubrication

Hydrodynamic lubrication is defined as the lubrication mechanism achieved
when a viscous film of sufficient thickness is compressed between two surfaces
and the hydrodynamic pressure gamated is sufficient to prevent the surfaces
from touching Stachowiak &Batchelor 2006: 104).This is represented as
region(1) inFigure 2.1The imperfections of theolidsurfaces are the cause of
friction for the vast majorig of surfaces encountered in nature and used in

industry. The aim of hydrodynamic lubrication is to apply a suitable lubricant to



the contact zone between rubbing solids and form a thin liquid filims film
prevents the surfaces from direct contact, remugfriction and, as a result, wear

(Stachowiak &atchelor 2006: 104).

The mechanism of hydrodynamic lubticea can be explained witkigure 2.2
Gonsider a tilted block that moves in the longitudinal direction from rest @ver
surface that is covered with a liquid film of thicknés&hown inFigure 2.2)
Because the block is tilted with respect to the surface, as the block or gear moves
over the surface it traps the liquid between the gap or entsatine liquid film.

This liquid must pass into a narrowing gap and be squeezed between the contact
surfaces to create enough (hydrodynajnpressure to sustain the logdrakeri

& Sreenivas, 1996).

L “* .
P "4
w fw
(a) (b)
Y,
P.
-
h '-h,‘
(c)

Figure 2.2 Rectangular block sliding to the right undgfferent conditions
demonstrating hydrodynamic lubrication (Arakeri & Sreenivas, 1996)

If the block is positioned as igure 2.2dhe force required to cause motion at
a constant speed should be equal to the frictional forcels the resultant
force in the direction of motion will be zerad. 'O "O "Q. That force is

given byEquation 2.1Arakeri &Sreenivas, 1996).
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0 o 2.1)

* is thefriction coefficientand w is the weight of he block. If to improve on
lubrication of the blockn Figure 2.2a liquid film is introduced so that the setup
takes the form ofFigure 2.2b The force now required to cause motian a

constant speed igiven byEquation 2.{Arakeri &Sreenivas, 1996). Note that

this force must also equal the frictional force (i@ ) to achieveconstant

speed.

0 — 2.2)

— is the dynamic viscosity of the fluid,is thecontactarea h is the liquid film
thicknessand u is the entrainmentspeed.Note that the required force™Q in
Figure 2.2kfor constantmotion is now a function of entrainmemspeed ), but
even if the fluid flows at a low speed such that the force required to cause
constantmotion inFigure 2.2ldecreasesignificantlythe reduction infrictional
force is still pointless because tfiaid cannot support the weight of the block
The liquidwill flow out of the sides under the weighit. is not enough fothe
frictional force to decreasbut equally important is the fact that the fluid shall

be able to support the weight of the blocBoth conditions are realised when
the blocktilts forward as it movesHigure 2.2k

Two key principles are important for hydrodynamic lubrication if the images in
Figure 2.2are comparedTheyare the motion that is required to entrain the

liquid or sweep it along and the dragging of the liquid into a narrowing gap or a
constriction. Because if either component is missing the liquid will not be able

to suwpport the load. Consequentlyn hydrodynamidubricationit is important



for the contactsto be of convergent shapé allow the liquid film to be
entrained. This creates a pressure that is sufficient to support the laeakéri
& Sreenivas, 1996).

The conditons under which hydrodynamic lubrication occur are summarized
below Arakeri &Sreenivas, 1996).

i The first conditionis that the Reynolds numbebe small, i.e.,
when” Q71— p.Here,” is the density of the fluid in the gap. A low
Reynolds numér indicatesthat viscous forces are important and afree
reason why the fluid drags and the subsequent pressure builgh. The
two surfaces should have sufficient relative velocity so that a lubricating
film capable of carrying the load can be formed.

1 Thesecond condition is that there be an angle of the narrowing passage

(angle of tiltas shownn Figure 2.2k and itbe small.

2.1.2. Elastohydrodynamic lubrication

Elastohydrodynamic lubrication is a type of fifiidh lubrication in whichthe
hydrodynamic film generation mechanism is facilitated by surface elastic
deformation and lubricant viscosity incresss as a result of high pressure
(Bhushan 2013: 409. This is represented as region (2Fgure 2.1When he
contact pressure increases and the sliding speed decreteuid is ndonger
entrained as effectively and the film thiokss reduces to the same ordas the
roughness or surface distortions of the contacting bodies, so that it can no

longer be asumed that the surfaces are smodiBhushan, 2013: 402)

10



The higher the pressure on the fluid, the more its viscosity increlbseause
the molecules are forced togethand the more difficult it becomes to extrude
the liquid. Moreover, lecause of the sigficant rise in fluid viscosity, the
possibility for asperities to deform each other elastically through the film
without touching becomes higher. Thiauses an increase in the contacea,

while preventing wea(Bhushan, 2013: 46Z08)

2.1.3. Mixed Lbricatbn

The mixed lubrication regime is the intermediate zone between the boundary
lubrication regime and the elastohydrodynamic lubrication regime. In this
regime, the applied load is partly carried by the interacting asperities and the
remaining part by theldiid film (Bhushan, 2013: 40Fegion (3)of the Stribeck
curve representshte mixed lubrication regimé=(qure 2.).

In this regime surface roughness significantly afféles performance of the
contact(Bhushan2013: 403. It israrefor sliding systems to operate exclusively
in the boundary lubrication regime, unless the sliding velocity and the fluid
viscosity areextremely low Most practical systems operate in the mixed
lubrication regime where the load is carried by bothubdary films and

hydrodynamicallygenerated pressureBhushan 2013: 403.

2.1.4. Boundaryubrication

Boundary lubrication is lubrication by a liquid lubricant under conditions where
the solid surfaces are so close together that appreciable contact between
opposng asperities is possibleF(gure 2.3 (Bhushan, 2013403). This is

11



represented as region (4h Figure 2.1 The friction and wear in boundary
lubrication are determined predominantly by interaction bew®vethe solids and

between the solids and the liquidhushan, 2013: 403

Area of contact between microasperities: A i

Lubricating oil

Figure 2.3Friction surface contadietween two solid bodiegHironaka, 1984)

This lubrication behaviour is observed when thecusity of the lubricant
becomeslow and film thikness very thinload isextremely highand sliding

speed $ extremely low(Bhushan, 2013: 403)his thin layer of lubrication
becomes he | ast | ine of defence in which
interaction with the solid surface controfgction and wear In other words, in
boundary lubrication, because the thicknéssf the oil film between the friction
surfaces is less than their surface roughngssetallic contact occurs ovehé

entire surface, causing weas shown irFigure 2.3

In the boundary lubrication regime viscosity plays a minor role against wear. This
is because when thibad becomes extremely higlhé viscosity oftie fluid is
insufficient to sustain a film between the slidiagrfacesBoundary lulsication
regime is considered the regime that controls component Ker this reason,

the HFRR instrument operates undeoundary lubrication conditions (worst
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case scenaridp examine the lubricity capabilities of diesel fuels (ISO 12156)

On a more naroscopic level a cross sectionFafiure 2.3s shown irFigure 2.4

Metal 1 Lubricant
film

Contact between
metals

Figure 2.4Friction surface contact model (B) (Hironaka, 1984)

Aschematic of two sliding surfaces solid [1] and solid [2] undernfgpeperating
conditions for load and sliding speedshown inFigure 2.5 Fordifferent types

of wear such asxidative wear to occur it would involvateractions between
solid [1]or solid [2] and lubricant [3] or atmospheré][ Usually the oxide layers
that form on the surface serve as a protective film to reduce friction and wear.
On the contrary adhesive and abrasive wear occurs betweersdhd [1] and

solid [2] alone.

[4] Atmosphere: Gas (oxygen, etc.)

Load /Water, cjontaminants, etc.
I

Motion

[3] Lubricants:
Lubricating oils
Additives

i
[
[
|
|
|
i
i
i
[
[
[
|

Lo / ___________________ _

Wear mechanism

Figure 2.5Wear under boundary lubrication (Hiroka, 1984)
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Plant ois consisof fatty acids which are composed of two partsad, and a
head. The tail consist longhydrocarbon chains and the heagolar groups
that are acidic. The polar end of the fatty acid is what ads@ingsically or
chemicaly onto friction surfaces to form lubrid¢ag films that prevent metal

metal contact and reduce friction and we@Quinchiaet al, 2014)

Longchainfatty acics such as stearic acids (C18), oleic acids (C18) and ricinoleic
acids (C18) can be found in plamls and are typical lubricitgnhances. Plant
oils that contain high percentages of saturated fatty acids such as stearic acids
are set to be good additives for lubricity in diesel. This is because shasated
fatty acidscanalign themselves in aompact formation to form strongefilms

that can withstand loa@Patelet al, 2016.

On the contrary polyunsaturated fatty acids such as linolenic and linole& hav
many double bondpresentthat createbends in thé& structure. Consequently,
the moleculesare unable to align themselves in a compact manner to create

strong lubricating filméike the saturagd fatty acid{Mosarofet al, 2016)
2.2. Surface layer characterization

No solid surfaceno matter how smooth in appearangces completely even. All
solid surfaces contaimrregularities of various magnitudd8hushan, 2013: 9)
Most surfaces used for tribological tests are prepared by mechanical techniques
and they contain defects resulting frofracture, heating, plastic deformation,

and contamination (Bhghan, 2013: 9). Even surfaces that were formed by

cleavage are rarely defect free. Tribological surfaces that are mechanically

14



abraded and machined to give a smooth finish are still extremely rough on

atomic scale.

The nature of a surface, describing ithshand valleys or irregularitieis termed
topography and the hills or rough projections on the surface are termed
asperities. Besides these asperities present on the surface, the surface on its
own may contain contaminant layers of atomic dimensions3(km) thick
(Bhushan, 2013: 10). These contaminants come abeaause okxposure to

air. The surrounding atmosphere (air) may contain gases, water vapour or even
hydrocarbons that may adsorb onto the surface to form thin films (Bhushan,
2013: 10).

Fricion and wear are affected by the presence of these surface films. Adsorbed
films on the surfacehave a major impact on surface interactions, even if they
are only a fraction of a monolayerhese thin monolayers influence the tribo
characteristics of thewsface such afiction coefficientand resistance to wear,

erosion, oxidation, and corrosion.

Figure 2.6shows details of solid surfaces from a tribological perspective,
indicating surface texture and typical surface lay@tge sibsequent sectiomvill

go through the details of the various surface layers.
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Surface texture

'

____— Physisorbed layer (0.3-3 nm)
Chemisorbed layer (0.3 nm)
Chemically reacted layer (10-100 nm)

_—— Heavily deformed layer (1-10 um)

__—— Lightly deformed layer (10-100 um)

Base material

Figure2.6. Solid surface details, surface texture (vertical axis magnified) and
typical surfacdayers (Bhushan, 2013: 10)

2.2.1. Deformed layer

The surface layerrpperties of a méal can differ distinctly from the rest of the
material because of thdorming processes that were used to prepare the
surface The microstructure, and defects of a solid often vary as a function of
depth into the material or spatially across the mate(Bhushan, 2013: 11The

way a material is prepared speaks a lot. For instance, on surfaces that have
undergone machine processes such as grinding, polishing etc. the surface layers
are plastically deformed with or without a temperature gradient and become
highly strained. This strained layer is termed the deformed layer (Bhushan, 2013:
11).

2.2.2. Chemically reacted layer

As its name suggests, a chemically reacted layer ot®aguse of reaction
taking place on the surface. This layer forbecause ofexposureto a gas
mostly air (Bhushan, 2013: 1Narious factors influence how this layer forms

and its depth on the surfacdepends on factorsuch as temperature, surface
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reactivity, atmospheric conditions and how long the surface was exposed
(Stachowiak &atchelor, 2006 370-371)

2.2.3. Physisorbed layer

Physisorptions the physical bonding of liquid or gaslecules to thesurfaceof
asolidthat a liquidor gascomes into contact with. This occurs duenteak Van
der Waals forces and results in the formatioradhin film on the surface of the

solid called a physisorbed layer (Bhushan, 2013: 12).

In any solid structuredhe majority of the atoms that make up the solid are
surrounded on all sides by other aton@n the other hand, @ms on thesurface

of the sold are not fully bound.They are exposed to the environmefthese
surface atoms are reactive due to Van der Waals interactions, causing them to
attract liquids, vapours, and gases to corremt their atomic force imbalance
(Stachowiak &Batchelor, 2006:370-373) When adsorption happens, the
attracted molecules fill infte pores on the solid's surfacéhe most common
components of adorbate layers arewater vapour molecules oxygen, or
hydrocarbons from the atmosphere that are concentrated and physically

adsorbed onto thesurface of the metalBhushan, 2013: 12).

Figure 2.7shows a schematic of physisorption on the surface of a metal. The
molecule depicted is a diatomic molecule bonding itself to the surfaeesh
like will occurfor oxygen. Both oxygen atona$ the diatomic molecule will bad

to the already contanmated surface in this situatiofBhushan, 2013t1).
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2.2.4. Chemisorbed layer

A chemical reaction occurs between the surface and the adsorbate in
chemisorption. At the adsorbesurface new chemical bonds are formedhe
bonds formed are stronger than the weak Van der Waals forces holding a
physisorbed layer in place as such it is more difficult to remove a chemisorbed
layer(Figure 2.Y (Bhushan, 2013t2).

Physisorption

Chemisorption

Chemisorption with reorganization

Chemical reaction

O Metal atom
® Adsorbate atom

Figure2.7: Physisorption, chemisorption, and a chemical reactiondagcted
in schematic diagram@hushan, 2013:11).

The chemisorbed layer is however limited to a monolagéremisorption stops
as soon athe surface is filled with a layer. ¢ this point any successive layer

Is formed either byhysisorption or chemical reactigidhushan, 2013: 12).
2.3. Molecular science of lubifg additives

A lubricity additive is an organic material that is added to minimize friction and

wear between surfacem direct contact, thereby lowering the heatoduced
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when the surfaces movéschaschke, 2014: 22&ubricityadditivesenhancers
perform key roles thatontribute to a better and ef@ient functioning ohighly

processedliesel fuels Examples are

1 Conrolling friction- this is one of the primamolesof lubricityenhancers
Reducing friction and preventing seizure are essential in most applications
(Minami, 2A7). Generallylubricantto-surfacefriction is much smaller
than surfacesurfacefriction for a system with ndubrication. If friction is
reduced in a system a primary bene#t ieduction in heat generation
(Minami, 2017).

1 Reducing wear reducingwear is anotherole of lubricity enhancerm
fuel. This is achieveoly keeping the surfacea motion apart.In the case
of plant oilsthis is achieved whethe polar heads of the fatty acids adsorb
onto the metal surface whereas the hydrocarbon tail extemds to

separate the sliding surfaces.

2.3.1. Tribochemical reactions

Tribo-chemical reactions ref to the chemistry that takes place between
lubricants and the sliding surfaces under lubricated conditidmisami, 2017)
This chemistry involves the conversion of moleculestters under specified
operating conditions and reactions that would occodependently under the

temperatures and pressures in the contact (Minami, 2017).

All chemical reactions generally need energy to occur. A chemical reaction may
specifically be defined as rearrangement of atoms within or betwaelecules

and is accompaniedvith breaking and making of chemical bon#®o{zet al,
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2015: 16). In tribo-chemical reactions ethanical energy is convertetb
chemical energy (Minami, 2017igure 2.8summarizes the potential driving

forces (energy sourcesrfehemical reactios) for tribo-chemical processes

exo-electrons Orientation Elevated
(electrochemical 5 of molecules 4 pressure
6 reactions) (entropy factor) (entropy factor)
et T T— 5 . e "“‘3\_ R
I
Friction heat Mascent surface Shearing
1 (enthalpy factor) 2 (catalysis of metal) {mechanical
3 bond dissociation)
m_.\\ H{::}m_. " o~ '”'"':'.
e Frpcdrocarnan Cuy, o ® - CATDON radical
. functional group Mc: ekl wth d-cabital Rervizedt irom Rgure: 136 et 10

Figure2.8: Possible sources of energy for chemical reactioniseribo-contact
(Minami, 2017).

For the initiation of tribechemical reactions, six differemriving forces are
consideredMinami, 17).FromFigure 2.8ach of the possible driving forces

numbered 1 to 6 generally comes about as follows (Minami, 2017):

1. Friction heat majority of chemical reactions that occur in triobemistry
are initiated because of highemperature. Heat provides energy for
molecules to move or collide with each other for a reaction to start. It is
estimated that sliding surfaces can reach temperatures as high a¥2250
- 450°C (Minami, 2017).
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2. Nascent surfaces a nascent surface is a fs8 or new surface which is
exposed because of wear taking place on the solid surface. This nascent
surface can become a chemically active site for reactions.

3.  Shearing- shearing can cause dissociation of chemical bonds due to
mechanical action (Minami, 2@). Radicals can be formed from these
dissociations and this can initiate a chemical reaction.

4, Elevated pressure when pressure igxtremely higHubricant molecules
are pressed together. Since what is needed for a reaction to start is
collision between mlecules and correct orientation of molecules
chances are a reaction is likely to start when pressure is increased.

5. Orientation of molecules even if molecules collide but not in the correct
orientation no reaction will take place. The functional grougsthe
molecules need to collid| the right orientation for a reactioto occur.

6. Excelectrons — Sliding surfaces have the potential to release exo
electrons. These electrons have insufficient energy to facilitate chemical
reactions, but they can creatadical intermediates that can be used in

subsequent chemical reaction®linami, 2017).

2.3.1.1. Oxidation of plant oils

The oxidative degradation of organic compounds that occurs spontaneously
under aerobic conditions without the use of reagents, catalysts, ismdjforces

Is known as autoxidatioMinami, 2017). Plant oils typically exhibit relatively
poor oxidative stability, and therefore it is important to examine thgpact of

oxidation onthe performanceof the three plant oilaslubricity enhances.
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Thelevel of saturation of the fatty acids in aplantoil is one of the key facter

in determining its oxidative stalji. Fatty acids with high numbgof double
bonds (e.g. linolenic and linoleic acids) or triple bonds lack stability against
oxygen. Thigs becausethe triple bond represents a region of highenter-
atomic electron density. The inteatomic electron desity for triple bonds is
higher than that for double bond&, whose electron densitys likewise higher
than single bond. In other words, nore electrons can be found in the vicinity
where the double/triple bond is located compared to the vicinity where a single
bond is located. Therefore, a double bond is more likely to be attacked by an
electronseeking species because it has many electemaslable (high electron
density) compared to a single bond. A triple bond is worse than a double bond
because it has a higher electron dendityan a double bond Consequently,
electrons binding multiple bonded atonesg. double/triple bondsare more
vulnerable to attack by electroseeking speciesuch as electrophiles (radicals)
(Kotzet al, 2015 126)

Radicals are problematic, because they have an unpaired vaédecteon,and
these unpaired electrons make radicals highly reactive and therefore loliasta
(Klein, 2017: 43@38). Consequently, multiple bonded atorasy. double/triple
bondsare lessstable againsoxidative attack than single bonded atonisgure
2.9 shows a step by step process of how the autoxidation of unseddriatty

acids occurs in plant oils.
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o Initiation Initiator — Free Radicals (R*)

« Propagation R*+0, » ROO*

ROO* —» ROOH + R*
« Autocatalysis ROOH — RO* + HO*
« Termination R*+ R - R-R

ROO* + R* — ROOR

Figure 2.9Simplified model of the autoxidation of fatty ams found in plant
oils (Ahmecket al, 20169.

The initiation step is the creating of a free radical (R-) froef#tty acids in the
plant oil It happensvhen a hydrogen atom is removed from the fatty acid and

turns it into a radicalAhmedet al, 2019.

The formed radical reacts with oxygen to produce a peroxy radical (RD@-).
peroxy radical that is formed also removes a hydrogen atom from anothigr fat
acid molecule and the reaction star&dl over again i(e. propagationstage
repeaty. During the propagation steps, hydroperoxide molecules (ROOH) are
formed that may brek down intoalkoxy (RO-) and hyaky radicals plus water.
This is known as thautocatalysis stagéAhmedet al, 2019.

The oxidation process ends when two free radicals combine to form a non
radical product. The rate of oxidation increases in relation to the degree of
unsaturation. Fattyacids such as linolenic acid dmnd to oxdise 25 times

faster than oleic acid anavice as fast as linoleic agislinami, 2017).
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2.4. Friction

Friction is resistance to motio(Bhushan, 2013199) Frictional force can be
useful or detrimental, depending on the perspective upon whiok oonsiders

it. Friction is required in some applications, such as vehicle brakes and clutches,
and frictional powetransfer (such as belt driveahd so isnaximized Bhushan,

2013: 199)In systems that have sliding or rolling machine phdseverfriction

causes welawhich deteriorates materials.

Inter-surface adhesion, surface roughness, surface deformation, and surface
contamination all cotribute to friction. As a result ofhe difficulty of these
interactions, calculating friction from first principles is impreal, necessitating

the use of analytical method®if theory formulation and studyRothbart &
Brown, 2006: 7.6)Eigure 2.1&hows a schematic of a body experiencing friction

as it slides on a surface.

If Lis the normal reactio of the body sliding on the surface, which is equivalent
to the weight W) of the block. The frictional force required to initiate or
maintain motion can be described Byuation 2.(Bhushan, 2013:200):

QO (2.1)

where* is the friction coefficient. can be’ or‘ depending on whether the

object is stationary or moving.
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Figure2.10: Schematic illustrations of (a) a body sliding on a surface with a free
body diagram, and (b) a bodylling on a horizontadurface;Lis the normal load

(force) and is the frictional force (Bhushan, 2013: 200).

2.4.1. Laws of friction

There are two fundamental laws @iction that generally holdrue for several
experimental conditionsRothbart & Brown2006: 7.2).According toRothbart
and Brown(2006) these fundamental laws of friction correlate well with actual

tests performed on clean and lubricated contadtbey are

1. Frictional force is directly proportional to the normal force between the
sliding surfaces but is indepenuteof the load.
2. Frictional force between the two sliding surfaces is independent of the

apparent area of contact.
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Bhushar(2013)proposed that in the case of two metallic surfaces sliding against
each other, pressure build up occurs at individual contacts which brings
about local welding. Furthermore, the contacts that are formed experience high
shear forces because of the slidingtoa of the two surfaces (Bhusha2013:
207-209). Because of theroximity of the surface asperities, adhesion occurs,
which leads to plastic deformation on a miesocale. Generally, plastic
deformation is the major type of deformation that occurs between two metallic

surfaces in contact, consequently hifgiction, and wear result.

2.4.1.1. Adhesion

If two metal surfaces are pladdn contact, they do not really touch over the
entire apparent area of contact. Generally, they are supported by the
irregularities (asperi@s) that are on the surfaces. Consequentiyntact takes
place at the tips of these asperitiaadas a result fiction and wear originate at

these points.

As the surfaces are compressed, the asperities deform in elastic and plastic
modes, expanding the contact area between the two surfaces until the contact
area is largenough to accommodate the logB8hushan, 201307208).As the

load increases the plastically deformarka propagates upwards to the surface
until the whole contact area is plasticaligformed andthe average contact
pressure is roun@boutthree times the yield strength of the materjah most
cases If an asperity radius dof p mis assumed, a load of less thammN is

sufficient to cause plastic deformati (Stachowiak & Batchelor, 20@68).
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In Figure 2.11a schematic showing how contact occurs between two metal
surfaes is presented. To obtain the real area of contgg}, it will entail adding
up all the contact areas on the surface. Consequently, the real area is only a

fraction of the apparent areé®s) (Bhushan, 2013: 20Z08).

L
] 1 z Direction of
Asperity contact motion
Rupture @)
L
| .
o
L
f t

(b)

Figure 211: Schematic of (a) twoough surfaces in a sliding contact and (b) a
corresponding free body diagram (Bhushan, 2013: 207).

For a drycontact,the frictional force is dehed according td=quation 2.3as

(Bhushan, 2013: 208):

Q ot (2.3

and for a contact with a partial liquid filgquation 2.3 (Bhushan, 2013: 208)

ot p oot (2.4)

and Eqgquation 2.%

T — (2.9
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where _a and _| are the average shear strengths of the dry contact and of the
lubricant film, respectively is the fraction of the unlubricated aredis the
dynamic (absolute) viscosity of the lubricanis the relative sliding speednd

his the liqud film thickness A contribution to friction due to adhesion is always
present at an interface. The existence of a lubricating film may result in the
formation of adhesive bridges in boundary lubricated conditions and viscous
effects may become significgnh some cases even dominating the overall force
of friction. Hence, controlling friction and wear in the boundary lubrication
regime is importantTwo main strategies existieducing boundary friction and

wear; lubricant additives and surface coatir{Bsiushan, 2013: 208)

Lubricant additivesuch as plant oilsandeter excessive friction and enhance
fuel lubricity using fatty acid moleculeBhese fatty acid molecules contain polar
head groups and nepolar tail groups Friction reduction is achievealy the
adsorptionof vertically oriented, single monolayers of these fatty acids on each

surface, which separates the sliding surfaces (Agaetall 2013).

2.5. Wear

Wear is the steady removal or deformation of material fromidseurfaces that
causes damagander conditions of load ancelative motion(Bhushan, 2013:
315) Wear mainly occurs as a progressive loss of material resulting from the
mechanical interaction of the sliding surfaces under the influence of load
(Bhushan, 2013: 315Wear is most likelyo occur inthe boundary lubrication
regime, where metametal contact is possiblén majority of the casesusface
interactions at aspenés leado wear.As the two surfaces slide over each other

the materil on the contacting surfacedssplaced sohat properties of the solid
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body, at least at or near the surface, are altered, but little or radanal islost.

As sliding between the two surfaces continues material may be removed from
one surface anthaybetransferedto the mating surface or may éak loose as

a wear particle (Bhushan, 201315. For a lubricateccontact, the wear is
controlled by the lubricating film and therefore the wear behaviour as a function
of time approaches a steady state or a constant value. From a tribological
perspectie it is better to avoid wear than high frictiokligh friction does not

necessarily meathat high wear rates will be experiencé8hushan, 2013: 315)

The different variations of wear are discussed in the subsequent sections.

2.5.1. Variations of wear

2.5.1.1. Adhesivevear

The mode of wear that often has the most detrimental effect on sliding or
oscillating metals in contact &lhesive wearAdhesive wear is a severe form of
wear that has a high rate of wear and a high, unstable friction coefficient
(Bhushan, 2013: &). As solid surfaces slide over each oth#rey make
intimate contact over a number of small junctions. These junctions continue to
form and split during sliding, and a wear particle is formed if a junction does not

break along the original interfag@hushan, 2013: 316)

Adhesive wear is undesirable for the following reas@tachowiak &8atchelor,
2006: 553)

1 The loss of material would inevitably cause the mechanism's output to

deteriorate.
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1 Large wear particles may form in tighfitting sliding partscausing the

mechanism to seizprematurely

Adhesive wear is particularly common in metals, whichlarp its practical
importance. In metalsadhesive wear is caused by lubricantidaes on sliding
surfaces. fiis is lecausethis type ofwear is associad with thebreakdown in
the lubricants fundamentatole of providing some forrf separaton between
the sliding surfacegBhushan, 2013: 316Figure 2.12shows an image of

adhesive wear in metals.

Figure 212: Adhesive weahas wornthe surface of the A6i alloy Note the

formation of wear particleg¢Stachowiak & Batchelor, 2006: 568)

The best way to control adhesive wear is by the introduction of a lubricant or a

reaction film.
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2.5.1.2. Corrosive wear

Corrosive wear is a form ofaterial deterioration that involves both corrosion
and wear mechanisms. When sliding takes place in a corrosive sdtiing,
happens. Theas orliquid in the corrosive setting reacts chemically with the
surface that has been exposed as a result of theirng) process. The most
corrosive medium in the air is oxygen. As a result, chemical wear in the air is
commonly referred to as oxidative weaBhushan, 2013: 359Figure 2.13

shows a photograph of corrosive wear in metals

Figure 213: SEM micrograph of 52100 quenched and tempered roller bearing

after corrosive wea(Bhushan, 2013: 360)

When a surface corrodes, the corrosion products usually remain on the surface,
slowing down further corrosion. However, if continuous slidoggurs, the
sliding motion eliminates surface deposits that would otherwise protect again
further corrosion, causing corrosiéo occur more quicklyBhushan, 2013: 359).

Corrosive wear is generaltyaracterised by a reduction in friction coefficient.
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2.5.1.3. Abrasive wear

Abrasive wear ccurs whenever a material is loaded to or eidver a harder
material or a material of equal hardneds. abrasive wear the hardough
surface usually produces grooves on the softer material after sliding (Bhushan,
2013: 338). Abrasive wearin metals usually happens by one of three
mechanisms:cutting, wedge formation andloughing Figure 2.14shows

abrasive wear in metals.

oy i |/
Plowed groove

1 ;‘HAsperiw
\ $

Plowing
——> Asperity

Wedge

Wedge lormation

[[——— Asperity
~ Ribbon-shaped
curly chip

Cutting

Figure 214: Schematics of abrasive wear processes because of plastic

deformation by three deformation modes (Bhushan, 2013: 331).

Asperities of the harder material can cut the softer material, removing shavings
or chips from the surfacéke the process of machining. Sliding of the harder
asperities can also cause grooveshia softer material although no material is

removed from the surface. This is called ploughing and is characterised by
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material being displaced to the sides of the groof&sushan, 2013: 329) may
also be caused by thifbdody wear, which is caused lyoke abrasive particles
rolling between two soft sliding surfaces or particles embedotedne of the

opposing surfacetStachowiak &atchelor, 2006: 501).

Since abrasive wear occurs when the abrading layer is rougher and harder than
the abraded surfacet can be avoided byhe introduction of a lubricant. At
minimum, a good lubricant should be able to keep the surface asperities on both
surfacesapart. Therefore, for any lubricated contact, if abrasive wear still occurs
it gererally is an indication ofrainadequatdubricant, irrespective of thevear

scar size

2.5.1.4. Fatigue wear

When a material is exposed to cyclic loading, such as metal wheels on tracks or
a ball bearing in a machine, surfaleg¢igue wear occurs, causing progressanel
localized structurablamage(Bhushan, 2013: 342Fatiguewear occuis when
surface and subsurface cyclic shear stresses or strains in the softer material of
an articulation exceed the fatigue limit for that material. A simpler way to put it
isif the applied load is higher timathe fatigue strength of the materiétigue is

likely to occur Fatigue wear causes extremeaptic deformation in most cases

(Bhushan, 2013: 34345) Figure 2.15hows an image of fatigue wear.
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Figure 215. Subsurface fatige wear occurring ora 52100ball bearing race
(Bhushan, 2013: 344).

2.6. Diesel fuel lubricity model

A model that estimates # lubricity behaviour of diesdteated with lubricity
addtives was proposed by FogQ07. In the model it is proposethat the
pattern followed forwear scar diameter reductioan the HFRR for diesel fuel
lubricity is an inverse sigoidal curve. The model puts forwatdat anti-wear
additives solubilized in dsel fuel adsorbed as a film onetal surfacesThe
adsorption may either bé&y chemisorption or physisorption and occurs at the
polarend of the additive moleculesigure 2.16epresents the inverse sigmoidal

curve proposed by Fox.

According to the model, for low concentrations of the lubricity additare
incomplete coverage of film forms on the metal surface. This formed film is not
compact and broad enough to support the load and sustainraatr action.

This is marked as region | émure 2.161n this region little reduodbn in wear
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occurs because the primary role of the lubricant in being able to keep the sliding

surfaces apart is not realized.

| /1

HFRR
Wear scar
diameter

I/ 1]

Lubricity additive concentration mg/|
Figure 2.16 HFRR wear scar diameter reduction against lubricity additive
concentration Fox, 200Y.

When the concentration ofhe additive is further increased to region Il an
improvement in wear reduction occurs. A coherent btill incomplete, additive
film forms on the metal surfaces. Thacomplete additive film partially
separates the slidingetal surfaces because of thdightly higherfuel additive
concentration and therefore itan support antiwear actionbetter than in
region | (Fox, 2007) Consequentlyslightly reducing the overall wear scar
diameter. If additive concentation is even increased further to region |IIl,
enoudh additive will be available ithe diesel sahat the polar heads of the
moleculesare able to dsorb fully onto the metal surface t@rm a complete
film. Hence the curvdattensin region Ill.This complete film canow support
anti-wear actionmore (Fox, 2007) There is a possibility that a multilayer of
additive film may formupon continual addition of additivebut neither the

friction nor the wear will be highly affected by the formation of a multilayer.
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2.7. Wear scar corrections

When the dieselbricity test was first developed on the HFRR, it was dseul

that at 60°C, better fuel differentiation was obiaed than at 25C It was found

to have arisen because of variations in relative humiditye effect of humidity

on wear tests was reducedhen the amount of fuel to be measured was
increased from 1 to 2 mL. Under moist conditions, a better correlation was
obtained Discrimination was found tde poor in extremely dry conditions
(Davenport,1996).

The 1SO standarcbnsideredhe effect of humidity on lubrication after a series

of tests were conducted. The tests investigated the effects of relative humidity

on lubrication by testing 24 differen
(=2. 7 k®ambied tir tednperature. From the rewjlof the 24 fuels

tested, 22 of them had a larger wear scar at 85 % RH than at 60 % RH. The
remaining 2 had a slightly smaller wear scar at 85 % RH than at 60 % RH
(Davenport,1996).

Following this, a Round robin testing cycle ranging from 0.8 kPa tdP2®as
performed on 12fuels with low sulphur content to determine the impacf
relative humidity on lubricationDavenport,1996. The following were the

results:

1 2/12 fuels, including the high lubricity reference, showed no response.
1 10/12 fuels showd increasedmean wear scar diametgMWSD with

increasing water vapour pressure.
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1 For the 12 fuels analyzed, the average differenddlWSDper change in
water vapour pressure was ¢On/kPa.

1 The response of the high lubricity reference was nearly flat/(a).

As a result, ISO adopted a correction of 60 m/kPa, and 1.4 kPa was chosen as the
standard (Lagenhoven, 2014). The humidity correction factor is specified as
60m/kPa (HCF) his is shown iEquation 2.@ndstipulated inlISO12156.Based

on the deviation from the standard water vapour pressure of RPA, his

equation provides a linear modification of the wear staangenhoven, 2014).

The range for alloable water vapour pressures faguation 2.6vas changed

from 0.8- 2.2 kPa to 0.8 2 kPa. This range is shownHmure 3.2 Thewater
vapour pressure of 1.4 kPa was selectedthe standard becaudhis is the
midpoint of the new proposed allowable range of water vapouessure
(Davenport,1996).

P8 O OYOPmE 0wl (2.6)

WS1.4represents the corrected wear scar diametdtWSDis the mean wear
scar diameter and AVP is the average water vapour pressure of the test. Test

results will only be valid if laboratgiconditions are within the specified range.

According tdSO 12156, for unknown diesel fuels the HCF value should be set to
60. Consequently, an HCF value of 60 was used in all the experimental tests in

this study.
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2.8. Diesel production

Diesel is one of theroducts commonly produced from crude oil. Crude
petroleum is an unrefined petroleum commodity made up of hydrocarbon
deposits and other organianaterials that occurs naturall(Reedijk &
Poeppelmeier 2013 529. It is subjectedo refining by continuousfractional
distillation to produce useful different fractionsThe different fractions, thus
obtained contain hydrocarbons of different chain lengtiitie diesel fraction
comprises of hydrocarbon chains-G: in length with a boiling range of 25C

- 350 °C (Reedijk & Poeppelmeje2013 526. Figure 2.17shows fractional

distillation of crude oil.

COOL
(25° C) =) (Jases
(e.g. propane)
\ boil at <40° C
flow of liquid
liquid j»_»l LL
E-—» naphtha
60 -100° C
bubbles of —__| 0
gas T dd \EL
| E_—b kerosene
valve —__ | ™ ) 175-325°C
liquid j»_?_»[ LLL
tray E_—b diesel oil
ray 250 - 350° C
s
C_—b lubricating oil
flow of gas — 300-370°C
crude__IZI_ _/ ——— = fuel oil

oil P 370-600°C
/ _\I\quwd
furnace
liquid = residue

Figure2.17: Refining of crude o{ladapted from Jechura, 2018)
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Diesel fuel has a lot of specifications that are quite oppositpdtyol (gasoline).
Due to the fact that diesel fuel is used in compressgmtion engines, it is
important that it autcignites However, in petroit is critical to prevent fuel
auto-ignition so that sparkgnition can be properly timg for optimal enge
efficiency(Reedijk & PoeppelmeigR013 529. The quality of the diesel fued |
imperative for many internal engine components including fuel pumps and
injectorsespecially imperforming its role as both fuel and lubricamVhen the
lubricity of thefuel is not to a satisfactory level excessive wear and metal
damage occurs leading to shortened service life of the endiherefore,the

role of additive packages in final fuel formulation is just as important as the
properties of the base fuel his idoecausdhese additivesare crucal for engine

protection (Reedijk & Poeppelmeie2013 529.

2.8.1. International diesel specifications

Theguidelines that ar@isedin Europe and several parts of the woftd diesel
fuel are theEuropean fuel specificationsral the specifications associat&dth
the five categories specifien the Worldwide fuel charter (WWFC). Of the two
the Euopean fuel specification iegislated,while the WWFC establishes a
generic collection of guideline regqements to assist refims, motor
manufacturersand policymakers in reaching a consensus oniplesiuture fuel
specifications.The most recent editiorof the WWFCor dieselpublished in
October 2019s given infable 2.1(Hultemaet al, 2019 1).

Eulopean emission standards regulatetrol and diesel fuel separatelin 1992,
the first European emissions standards weradopted, and the rules were

nowhere nea® s rigorous as they are todayver the years, the regulations have
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become fricter and the imits lowered.Table 2.howsthe BRiro standardsfor

dieselfrom past to present

Table2.1: Specifications for diesel fuel from the WWHRRultemaet al, 2019:
53-61).

Category Category Category Category Category

Specification 1 5 3 4 5
Viscosity at 40C 2.04.5 2040 2040 2.04.0 2.0
(cSt)

Flashpoint{C), min 55 55 55 55 55
Lubricity at 66GC 460 460 460 400 400
(um), max

T95 distillation point 370 355 340 340 340
(°C), max.

Total aromatics - 25 15 15 15
(mass %), max.

Polycyclic aromatics - 5 2 2 2
(mass %), max.

Sulphur (mgkg), 2000 300 50 10 10
max.

Cetane number, min 48 51 53 55 55
Cetane index, min 45 48 50 52 52
Density at 15C 820860 820850 820840 820-840 820
(kg/nr)
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Table2.2 Euro emissionstandard for dieseldel (Hultemaet al, 2019: 753)

Euro Date Sulphur  CO NOX PM HC+NOXx PN
Standard limit (g/km) (g/km) (g/km) (g/km)
(PPM)
Eurol July 1992 2000 2.72 - 0.14 0.97 -
Euro2 Jan1996 500 1.0 - 0.08 0.7 -

Euro3 Jan 2000 350 0.64 0.50 0.05 0.56 -

Euro4  Jan 2005 50 0.50 0.25 0.025 0.30 -
Euro5  Sep 2009 10 0.50 0.180 0.005 0.23 6.0x16!

Euro6  Sep 2015 10 0.50 0.08 0.005 0.17 6.0x10¢

FromTable 2.2Euro 6 is a substantial improvement over Euro 5 in terms @f NO
limits. The specification for NOmit decreases from 0.18 g/km to 0.08 g/km, a
reduction of 56 %. The requirement for the Ninit was first introduced in Euro

3 at 0.5 g/km, and by Euro 6 a reduction of about 84 % is realised. This has major
implications for control technologies, because for the first time emission control
had to be incorporated after treatment for NOThe same principle applies to
the particle mass (PM) and particle number (PN) standdriisits on particle
mass emissions for diedselel havebeen significantly decreaseince the Euro

1 standards werdirst introduced. Currently,the Euro 6 particle mass limits
reflect a 96 % reduction from the Euro 1 linfiis diesel fuel The Euro 6 particle
mass limits are now so low that measarent precision and sensitivity are a
challengeand thishas led to themplementation of PNimits that are eaier to

measure (Hultemat al, 2019: 7.

Sulphur content is another major environmental pollutant that is addressed in
the European emissionatdards. The current sulphur content specified in Euro

6 is 10 ppm. However according to the South African national standards
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automotive fuels (SANS 342016) a sulphur content of 50 ppm is still

acceptable on the fuel market. These increasing reaginse on the sulphur

content in diesel fuel requires extreme hydrotreating techniques that severely

affects the diesel

in maintaining the functionality of the diesel as a lubricant.

s lubricity.

The

The WWFQas set higher standards for aromatic material, T95 boiling point,

lubricity at 60°C, and cetane specifications. The more rigorous WWFC guidelines

are primarily motivated by pollution reduction and environmental effects, and

they may well signiguture legislative directiongHultemaet al, 2019: 51)The

WWEFC guidelines for diesale established for five different ¢agories of fuel

quality (Table 2.3.

Table 2.3 Gategoriesof fuel defined by the sixthdition of Worldwide fud
charter Hultemaet al, 2019 51).

Category Description

1 Markets with little or minimum criteria for pollutiol
regulation. The majority of the requirements are based
basic vehicle/engine performance criteria.

2 Markets with strict pollution contrts or other requirements
such as Euro 2 or US Tier 1 fuel.

3 Markets with advanced pollution control or other deman
necessitated by technology in the ye2000, such as Euro
and Eurdd.

4 Markets with more stringent pollution control standards, st
as Euro 4 and US EPA Tier 2 fuel, would require sophisti
after-treatment technologies to meet potential needs.

5 Markets with advanced emission control and fuel efficie

standards, such as those that require US 2017 light duty
economy, US heg duty fuel economy, and so on.
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2.8.2. Diesel properties

2.8.2.1. Cetane number

Thisis a measure omow wel diesel fuel ignites. A standafdirect injection)
diesel engine is easier tstart the higler the cetane numbers. The cetane
number alsandicates the percetage (by volume) of cetane {dexadecane) in
a combustible mixture (containing cetane andméthylnapthalene) with

ignition characteristics simildo the diesel fuel under teg¢Schaschke, 2014: 51

2.8.2.2. Flashpoint

The flashpoint of any liquid is the lowdsimperature at which it will produce
sufficient vapour to form a flammable mixture in dfrthere is an ignition source
present, a lower flashpoint temperature makes it easier to ignite thd=air.any
given material the higher the flashpoint the safeiis to handle the material
(Janesk Chaineaux2013.

2.8.2.3. Aromatic content

If a molecule has at least one benzenggriit is classified as aroma(iiJPAC,
2016). As a result, aromatics can be categorized as a wide range of molecules
with widely differentfuel properties.Consequently, fuel specificationsuch as

the WWFC, distinguish between complete aromatics and polynuclear aromatics

(aromatics with three or more benzene rings).

The flame temperature during combustion is determined by the total aromatic

content, with a higher aromatic content resulting in higher NOx emissions. The
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total aromatic content of diesel fuel is also related todensity, so there is a
relationship between particulatemissions and aromatic conteffultemaet

al, 2019: 77. Furthermore, high aromatic content generally yields poor fuel
quality, giving a low cetane nurmabto the diesel (Hultemat al, 2019: 78.
Nonetheless, the presencef aromatic compoundsalso contribute to the

lubricity of the fuel.

2.8.2.4. Sulphur content

Over theyears this fuel specification in diesel has changed the most. A sharp
drop from 500ppm to 10ppm is observed in the current Euro 6 specification.
This is mostly due to the raised concern and awareness abougr8iSsions,
particularly S@ emissions. Studs show that the harmful effect of S@n
vegetation extends beyond acid rain, which earheside sulphur emissions a

contentious political problenfSurawsket al, 2017).

The presence of sulphur in automotive fuels triggers an increase in the release
of other harmful compounds to the atmosphere. Sulphur content in the exhaust

system of diesel engines reduces catalytic conversion capability, resulting in
increased emissions of nitrous oxides (NOx), carbon monoxide (CO),

hydrocarbons, and volatile organiorapounds (VOCs) (Surawskial, 2017).

2.8.2.5. Lubricity

lubricity Iis a measure of t hdSchasceke,’ s
2014: 226)For the majority of diesel fuel injector pumgsibricity is essential,

since these pumps are reliant @he fuel to lubricate their movingparts. The
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formation of a lubricating filnby the fuelbetween the sliding solid surfaces
prevents the metal components from wednadequate lubricityin dieselcan

result in excessive pump wear or possiigichinefailure.

Prior to desulpurization diesel fuel possesses lubricity whishinherent.
Unfortunately, after desulphurization this natural lubricity is lost. The natural
lubricity of dieselis not a functiorof sulphurin the fuel Instead,it is due to the
presenceof trace levels of polar substances such as oxygen, nitrogen, aromatics,
and olefinics in diesel fuel prior to desulphurizatidimese compoundsreated
protective layers on the metalusfaces as a natural lubricafiHultemaet al,

2019: 86) To resolvdubricity deficiency in highly processed fueisxpensive
lubricity enhancersuch as plant oilsan be used instead of changing thel

refining proces$Guoet al, 2016)

2.8.2.6. Oxidative stability

Oxidative stability refers to the susceptibilifthe deselfuel to oxidation. It is
a property that describes howhe constituent compounds react with oxygen
The rate of oxidation is accelerated by high temperatuseater, and acids.
Oxidation generally leads to an increase indhe e s e Viscdsity and dessits
of varnish and sludg@otzet al, 2015: 126)

2.8.2.7. Cloud point

The temperdure at which paraffira natural componentin diesel fuel, begito
form cloudy wax crystalgs termed the cloud point temperaturédehaghani &

Rahimi, 2018).
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2.8.2.8. Pour point

The tempeature at which the paraffin in the fuel crystallizes to the point that
the fuel gels up and becomes resistant to flow is known as the pour point.
(Dehaghani& Rahimi, 2018).

2.9. Additive technology

Additives are chemical compounds a&ddto lubricating oils tgorovide the
finished productspecificqualities(Schaschke, 2014:.6§ome additives give the
lubricant new and useful properties, while others improve existing properties
and slow down the rate at which undesirable changes occur in the material

throughou its servicdife (Minami, 2017.

Although there is no rigoraidefinition as to the quantity of a substance that
constitute an additive, as opposed to a blending component, it is generally
accepted that an additive is something addat less than 1 %wv/w). As a result

of this low concentrationthe physial properties of the fuel, suchs densky,

viscosity, and volatility should not changjgnificantly(Minami, 2017.

Over the yearsadvancement in design and manufacture of engines have been
realizedand oil additives have been identified that solves a variety of engine
related problemssuch as excessive wear and/or frictiétlant ois have unique

characteristics that lubricate surfaces to reduce waad/or friction.
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2.9.1. Plant o adubricity enhancers

Plant oik are derived from plant sourcesThe main constituent igiglyceride
molecules(shown inFigure 2.1% Triglyceride molecules afermed by single
molecule glyceride and thremolecule straighichain fatty acid that are
connectedto the glycerine moleculéhrough an ester bond. Although mineral
oil-basedadditives arealso used as lubrity additivesin fuels several plant oils
have unique characteristics thatakes thenperform well as lubricitgnhances

in variouspetroleumbasedproducts (Quinchiaet al, 2014. Cetain plant oils
possess goodubricity, good anticorrosion, better viscosigtemperature
characteristics, and low evaporation loss in industrial applicatiorgh&unore,
plant oik are eco-friendly andrenewabletherefore can substitutesyntheticand

mineraloil-basedadditives in many applications.

Fatty acid residue

/J\/\A/\/\/\/\/\

o Fatty acid residue
(o]
O—JJ\/\/\/\/\/\/\/\

o) Fatty acid residue

Figure 2.18Triglyceride sucture (Klein, 2017: 1193

In the triglyceride structuref fatty acids the chain length is typically between
14 ard 22 carbon atoms, with vanrs degrees of unsaturated bondghe level

of sauration in the fatty acid chaiwf the triglyceride molecule is key to the
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behaviour of the plant oil as a lubricignhancer If the fatty acid chains are
saturated (only singlbonds), the oil attains a good oxidatistability, but cold

flow properties of the oil become poor. If the fatty acid chains of the oil are
polyunsaturated (contains many double or triple bonds) the oxidative stability is
adversely affected while coldifiv properties become better. On the other hand,

if the fatty acid chains are monounsaturated (contains only one unsaturated
bond in the structure) the properties of the oil lie between the two extremes.
Quinchiaet al(2014) stated that some of the physidgroperties of the plant oils
such as viscosity d@x can be correlatedith the fatty acid composition in the

oil which in turn can be utilized to develop models to predict these physical
properties.According to Quinchiahe pour point and cloud poirdf the oils are
influenced by the amount of saturatedjonounsaturatedor polyunsturated
fatty acids presenand not by their chain lengthsTherefore, a low amount of
saturated fatty acidsvith a good combinatiof monounsaturated fatty acids
and polyunsaturated fatty acidsfavours low pour point and cloud point
temperatures Figure 2.19shows the molecular structuseof different fatty
acids found invarious plant oils. Plant oils generally containdifferent

percentages ofhese fatty acidsI(able 2.3.
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Figure2.19 Molecular structure of fatty ads in plant oils Rustan& Drevon,
2005)

Of the threeoils under study(i.e. castor, moringa and canola otggastor oil is
unique. It contains 90.8%46 ofa specific monounsaturated fatty acid known as
ricinoleic acid. The molecular structure of ricinoleic acid contains a hydroxyl
group (i.e. ar-OH groupyvhich makes castor aihore polar than the otheplant

oils investigatedPatelet al, 2016) The trglyceride molecular structure of castor

oil isalsoshown inFigure 2.20
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Figure 2.20Molecular structure of castor oih6adauskast al, 1997).

In the subsequent secti@a brief concept about castor oil, canola oil and
moringa oil is discussedComparisorbetween the three plant oilgn terms of

their physical properties as well as their composis@done and discussed
2.9.1.1. Castor oil

Castor isone of the world's oldest cropshowever, itjust makes a small
contribution of about0.15 % toplant oils produced in the world (Patet al,
2016). The oil produced from this cragof importance to the global specialty
chemical industry because it is a major commercial source of a hydroxylated

fatty acid (Pateét al, 2016)

Castor oil is a viscous fluid with a pale yellowish colour. The castor beans
cultivated for their seedsHigure 2.2). The oil is obtained by pressing the seeds
of the castor oil plant. In SoutAfrica,the plant is majorlycultivated in the

Western Capelhe oil was selected for this research work because castor oil has
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excellent lubrication and a high viscosity which is desirable in automotive
lubrication (Patekt al, 2016)Table 2.Xdetails the fysical properties of castor

oil.

Figure 2.21Castor bean and seedsaurent, 201D

Castor oil's distinct structure providesmarkable proprties, making it suitable

for various industrial appli¢ens. It has a high content of ricinoleic adidgure
2.20. The—OH group in the ricinoleic acid structure makes castor oil a natural
polyol. An organic compound with several hyakt groups is known as a polyol
Ricinoleic acid has two hydroxyl grouphis gives theil some oxilative stability

and a relatively high shelf life compared to other oils by preventing peroxide

formation (Patekt al, 2016).

The —-OH group in ricinoleic acid structure alpoovides a functional group
position for a wide range of chemical reactions, tsuas halogenation,
dehydration, alkoylation, esterification and sul@tion. Consequently, this
unique furctionality increases the utilisatioof castor oil in many industrial

applications such as lubricants manufacturing and paint production.
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2.9.1.2. Caola oil

Canola oil is a plant oil extracted from a rapeseed variety altw erucic fatty
acid content Naturally cultivated rapesed oil contains 43 % erucic acid
However,erucic fattyacid is harmful fohnumanconsumption For that reason,
the amountof erucic acidn rapeseed oiis significantly reduced to 2 % or less

to produce canola o{Herbst, 2015)

As per international regulated standard the official definition for canola is
(Herbst, 2015)

“Seeds of the genus Brassica (Brassica napus, Baasgia or Brassica juncea)
from which the oil shall contain less than 2 % erucic acid in its fatty acid profile
and the solid component shall contain less than 30 micromoles of any one or any
mixture of 3butenyl glucosinolate, pentenyl glucosinolate, -Bydroxy3
butenyl glucosinolate, andydroxy 4-pentenyl glucosinolate per gram of air

dry, oiHree solid.

The fatty acid composition of the oil can be genetically regulated, and this has
been used to create products that aspecifically formulatedor use example

in food praduction or lubricant manufacturingCanola oil was selected for this
research work because it is popular in Europe for making biodiesel (Herbst,
2015). Its popularity necessitates research into its performance as a lubricity
enhancer.Figure 2.2Zhows an image of canola seeds used to produce canola

oil.
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The density of the oil is influenced by the fatty acid constituents.
Monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA)
have a lover dersity than saturated fatty aciddderbst, 2015)High saturated
fatty acid content in the oil causes sedimentation at low temperatijrsrbst,
2015) The existence of unsaturated C=C bond¢he molecular structure of
plant oilsis responsible fotheir mediocre oxidative stability when compartxd
synthetic additives. Particularlyyhen there is presence of polyunsaturated

compounds such as linoleic and linolenic acids in the oll.

2.9.1.3. Moringa oil

Moringa oleifera is #&ast-growing, droughtresistant plantof the Moringaceae
family. It is native to the sub-Himalayan regionsMoringa oil is rich in
monounsaturated fatty acids compared to other centional plant oils

(Mosarofet al, 201§. Its fatty acidprofile is primarily olee acid {able 2.3.

The level of polyunsaturated fatty acids such as linoleidiantenicin the oil is
insignificant (<1 %), therefore it possesses a substantial resistance to oxidative

degradation fo a plant oil (Mosarofet al, 2016) The oil was selected for this
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research studypecauset has good lubricity and grows in amglounds. These
grounds are not suitable for food cultivation. Hence, moringa oil does not take

up lands used for food cultiviain (Mosarofet al, 2016).

Figure 2.2%hows an image of moringa seeds.

Figure 2.23Moringa seeds (Kajal, 2019)

The compsition of plant oilss vitalto their fundionality as lubricityenhances.

It primarily determinestheir tribological behaviouras lubricants Table 2.4
presents typicafatty acidcomposition of castor 4imoringa oil and canola oil.
The valies presented in the table are mean valaesl those in pamsthesis are
ranges reported i the literature. Looking atthe table high contents of
polyunsaturated fatty acidéPUFA)such as lin@lic acid and linolenic acid are
present incanola oil and this igsually a sign of low oxidation resistance in the
oil. High amounts of oleic and agig acid is ideal in terms of improving oxidative
stability because they are monasaturated fatty acidMUFA)(Mosarofet al,
2016) High amounts of palmitic and stearic acids indicate poor cold flow
properties but good oxidative resistance sinceghfatty acids are saturated
(SFA)
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Table 2.4 Plant oil composition SFA— saturated fatty acid, MUFA
monounsaturated fatty acid & PUFApolyunsaturated fatty acidMosarofet
al, 2016 Herbst, 2015Patelet al, 2016).

Fatty acid Type Castor oil Moringa al Canola oll
Palmitic acid (%) SFA 0.72 6.65 4.3
0-1.3 (5.40-9.07) (3.6—4.75)
Stearig(%) SFA 0.64 6.09 1.8
(0.5-1.2) (2.68-6.15) (1.43—2.59)
Arachidid%) SFA - 3.98 0.6
(2.14-4.08 (0.5-0.99)
Behenid%) SFA - 5.85 0.5
(4.57-7.10 (0.3-0.6)
Oleic acid%) MUFA 2.01 73.85 61.6
(0-5.5) (67.79 79.50 (57.5-64.5)
Gadoleic acid (%) MUFA - 1.99 -
(0-2.64)
Erucic acid (%) MUFA - - 0.11
(0-0.2)
Vaccenic (%) MUFA - - 4.99
(1.5-3.5)
Ricinoleic acid (%) MUFA 90.85 - -
(84.2-94)
Eicosanoids (%) PUFA - - 1.7
(1.12-1.9)
Linoleic acid (%) PUFA 4.73 0.99 18.6
(4.3-7.3) (0-1.29 (16.32—22.67)
Linolenic acid (%) PUFA 0.97 - 9.1
(0-1.0) (7.54-11.47)
FA(%) 1.36 22.6 7.3
(1-2.5) (17.24—-23.79) (6.3—7.65)
MUFA(%) 92.8 75.84 62.49
(85-95) (71.70-80.70) (61.9-64.1)
PUFA(%) 5.7 1.0 29.4
(2-7) (0.41-2.20) (28.7-31.3)

Values are mean valuesd those in parenthesis are rangesported in the

literature.
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2.9.2. Physical propertiesf plant oils

In this section the effects of the physical properties of castor oil, moringa oil and
canola oil on lubrication performance are analysed and discussed. The
discussion covers molelaw structures of fatty acidsviscosityinfluence,
viscosity index andensity,among othes. It was important to determine these
propertiesto be able to design the friction and wear testing experiments that

were conducted on the HFRR.

2.9.2.1.Molecular structure of fatty acids

Plantoils canexertlubricating and wear resistingffectsbetween two frictional
surfacesOn the metal surfaceffective mokcules irplant oilsundergophysical
and chemical adsorption and thesuccessfullyform lubricating oil filmthat
inhibits wear. These characteristics are linked to the adsorptiveperty and
reactivity of the molecules, as well as the characteristics of the formulated oil

film, which also is ass@ted to the molecular structur@ebnathet al, 2014).

The majorcomponent ofplant oils is a triglyceride formed by singlenolecule
glyeeride and threemolecule straightchain fatty aals. The fatty acids occupy
approximately90 % of the triglyceride structure and connects to glycerine
molecules through an estdéond FEigure 2.18 Thechain length ofatty acicsin
plant oils is usually between 14 arg&® carbon atoms witlvarying degrees of
unsaturated bondsFor saturated fatty acids, the carbon fdty acid chain
length is longethan 16,the number of carbons in the molecular structure does
not influence theriction performance. However, if the fatty acid is unsaturated,

the ad®rption film cannot be compadbecause of thepresence of alouble
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bond. That is, the molecules are unable to align themselves in straight line
formation on the metal surface becauseetdouble bond creates a bend in the
molecular structure. Therefore, the molecular hesion of fatty acids is
important. Consequentlythe lubrication performance of the figt acids with
more carbon atoms is better than that of figt acids with feweicarbonatoms

(Debnathet al, 2014).

Castor oil is a kind of plant oil that has a number of distinct properties. Ricinoleic
acid glyceride is the most imptant ingredient of castor oifFigure 2.2\ The
ricinoleic acid glyceride consite about 90.85 % of castor oil. The remaining
9.15 % are oleic, linoleic acid glyceride, stearic acid glyceride, as welivas| a
quantity of other fatty acidsMost plant oils including castor, moringa and
canola oil have aCOOH functional group artbderefore arepolar. The unique
feature in castor oil ithat a secondunctional group i.e. arfOH grougs located

on the 12th carbon atom of the ricinoleic acils a result, the polarity of castor
oil is stronger than moringa and canola @hd the al exhibits a prominent
metal adsorptive property and superior lubrication performantee -COOH
groupis more polar than theOH group because of the presence of two oxygen
atoms. The—-OH is polar due to its hydrogen bonding capabilities and the
presenceof one oxygen atom in the molecu{Elein, 2017: 41, 905910)

Therefore, the molecalr structure of the fatty acids in plant oils playkey role
in its peformance as a lubricitgnhancer Another parameter greatly influenced

by molecular structuresiviscosity and viscosity indexes (VI}ioe oil.
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2.9.2.2.Viscosity

The internal friction of a fluid substance is measured by gisgowhich is a
fluidity index (Schaschke, 2014: 403jluidity is a significant factor affecting
lubrication efficiencyand higher viscosities typically result in higher oil film
strength.Generally, anncrease in carbon chain length increases both viscosity
and viscosity indexCastor oil had the highest viscosity of all the plaitg tested

at room temperature The dynamic viscosity of castooil reached 657.9%P

under room temperature.

The lubrication performance afastor oil, moringa oil and canola akreases
as dynamic viscosity increases. When the dynamic viscosity of the plant oil is
extremely low the lubricating filmthat formsis thin. On the contrary, when
dynamic viscosity of the plant oil becomes exceedingly hitgw nearly
stagnates, and the lubricating performance becomes poor. During the sliding
motion on the HFRR, variations in temperature are egpeed which alters

viscosity of the plant oll.

Figure 2.24shows the relationship between dynamic viscosity witlsing
temperature for diesel, castor oil, moringa oil and canola e dynamic
viscosities were measured usitge Anton Paar SVM 3000/G3abinger
viscometer at atmospheric pressure (Anton Paar, 2011: 14) according to ASTM

D7042.

Figure 2.24shows that the dynamic viscosity of the diesel and the plant oils
decrease with increase in temgaure. The reason behind thissult is because

fluid viscosity is a comprehensive representation of the gravitational force and
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momentum transfer between molecul€®/elty et al, 2014: 8387). The average
speed of the random wtion of the fluid moleculedecrease when temperature

decreases.
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Figure 2.24Relationship between dynamic viscosity and temperature for diesel,

castor oil, moringa oil and canola (Buoet al, 2016)

This is because high temperature/heat gives energy to the molecules so when
temperature is low, the molecules lack energy to moxs. the temperature
rises, the distance between molecules increases as well, so the molecules now
have more energy to travel apart, and the acting force between them decreases.

Consequentlyyiscosity iseducedas seen irfcigure 2.24Welty et al, 2014: 84.

Another observationto note from the figure is thatvhen the temperature is
low, the viscosity changes quickly, while when the temperature is high, the
viscosity changes sldyv This means that plant oils have stronger viscesity

temperature properties at higher temperaturebhis will be an advantage when
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they areblended with the diesel fuel. This isdause it is undesirable in a diesel

engine for fuel viscosity to changeaanuch with a small drop in temperature

Furthermore,Fgure 2.24 shows thatthe viscosity of castoribis significantly
higher than diesel and the other plant oilsThis belviour will affectits

performance as duel lubricity enhancer

2.9.2.3.Viscosity index (VI)

The viscosity index indicates how viscosity is affected by temperature, as was
discussed fronfrigure 2.24It characterizes the viscositgmperature behaviour
of lubricating oilsThe lowetthe VI, the more temperature fluctuations influence

ViSCosity.

The criterigor assessing the best lubricity enhancegenerallyhe least viscous
oil which still forces the two moving surfaces apart to achighad bearing”
conditions.Many lubricantapplications demand that the lubricant work under
a variety of conditionsParticularly in diesel engines where tdeseltreated
with these plant oils will be needed to reduce friction between engine
components when the engine is started from very lowmpeeratures to

temperatures as high as 20C or wheeverthe engine is running

In that case, the best lubricity enhandrould have the highest VI because that

oil will remain stable and not vary much in viscosity over a wide temperature
range. The ASTMstandard for calculating VI is ASTM D2270 and it requires
measurement of the oi |°CandXO0G €heatoni ¢ Vv i

PaarSVM 3000/G2 Stabingerseometer was used to measure the kinematic
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viscosities of the three plant oils 40°C andl00°C. T h e  MHe thsee phaht
oilswerethen calculatedaccording t)ASTM D2270T he results are tabulated in

Table2.5.

Table 25: Properties of castor oil, moringa oil and canolaabiatmospheric
pressure.Theselaboratory results wee obtained using théAnton PaarSVM

3000/G2 Stabinger viscomet@guoet al, 2016, Quinchiat al, 2014.

Plant oil " (cSt) " (cSt)100 Density " at VI
40°C °C 40°C
(g/cn)
Castor oll 244.88 18.91 0.9459 86
Moringa oil 44.76 9.18 0.8974 193
Canola oll 35.49 8.15 0.9040 215

Canola oil has théighest VI vale of 215 indicating it iseast affected by

temperature changes.

2.9.2.4.Density

The densities ofliesel, castor oil, moringa oil and canolawilere examined
next using theAnton PaaiSVM 3000/G2 Stabingelseomeer. From the plot in
Figure 2.25the observed trend is densityecreases with temperature. This
because atemperatureincreases sadoesthe kinetic energy of the molecules.
The higher the temperature the more kinetic energy will be available to the
molecules and the faster they will be moving apart (Kattal, 2015: 13). As the
molecules move apart because of the kinetic energy the fluid becomes less

dense. That is, the molecules move apart so that they are no more densely
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populated but spaced out (i.e. occupying a larger volume). This causes the fluid

density todecrease at high temperatures.
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Figure 2.25Relationship between density and temperature for diesel, castor aill,
moringa oil and canola oilheselaboratory results wee obtained using the
Anton PaalSVM 3000/G2 Stabinger viscometer.
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Table 2.@etailsthe physical properties of castorlomoringa oil and canola oil.

Table 2.6 Physical properties of castor oil, moringa oil and canola oil (Ratel
al, 2016 and Mosaroét al, 2016, Herbst2015).

Physical properties Castoroll Moringa oil Canola oil
Appearance Pale yellow Pale yellow Yellow
Viscosity 40C (cP) 231.63 40.17 32.08
Viscosity 100C (cP) 17.12 7.88 7.04
Flash point9C) 145 260 323
Boiling point(°C) 313 220 205
Pour point(°C) 2.7 4 -15
Melting point(°C) -210-5 20.5 -10
Cloud point {C) -5 5 -13
Specific heatkJ/kg/K) 0.089 1.520t0 2.516  1.9101.916
Refractive index 1.480 1.451.46 1.4651.467
Thermalconductivity 4,727 0.19 0.1790.188
(W/m-°C)
lodine value (mg/Ag) 82-90 66.8369.45 121
Exreme pressure (Kg) 60 42 45
Smoke point9C) 204.5 204.3204.7 220230
Saponification number 177-185 166.19167.81 182193
Peroxide value (meqg/kg) 5 2.60 4
Free fatty acids (%) 0.8 6.678 0.15
Acid value (mg KOH/qg) 1-1.6 0.012 0.071
pH value 6.10 5.935.99 5.5

To summarize;zastor oil, moringa oil and canola oil were chosen as the lubricity

enhancers for this study because these oils possess good lubrication properties.
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Canola oil is popular in Europe for making biodiesel (Herbst, 2015). Castar oil ha
excellent lubrication and high viscosity which is desirable in automotive
lubrication (Patelet al, 2016). Moringa oil on the other hand has a high
percentage of unsaturated fatty acids and grows in arid (very dry) grounds
(Mosarofet al, 2016).

Literature suggestthese oilscan act as lubricity enhancers in diesel fuel, due to
strong interactions with lubricated surfaces. The oils show potential to function
well either in the boundary lubrication regime or in the hydrodynamic
lubrication regime becausef long fatty acid chains and the presence of polar
groups in the structure of the oils. The nature of the polar group enables either
a physisorbed or chemisorbed layer to form on the surface depending on
conditions such as temperature and pressure. lHengisorbed layer forms more
deterrence to high friction and wear will result. Diesel fuel treated with castor
oil, moringa oil or canola oil as lubricity enhancing additives have potential to
form stronger boundary films that reduces friction and wear. E2R07)
proposes that the wear reduction in the diesel fuel follows the inverse sigmoidal
curve. Castor oil, moringa oil and canola oil can be used to replace petroleum
based oils because theyossess good lubricating properties aate more
environmentaly friendly. Despite the benefits of using these plant oils they also
have severe disadvantages such as Ibwrial and oxidative stabilityThe
experimental work in thenext chapter explores methodologies used in
investigating thee effects and techniquessed to analyze theitribological

properties
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3. Experimentaiork

In this section the methods that were used to explore the underlying principles
of how boundary films are adsorbegkacted,and desorbed as an effect dig
concentration temperature and dad are discussed The materials and

equipmentused in this investigation ai@solisted and discussed.

The HFRIRests conducted in this study examined the effects of temperature,
load and concentration of castor oil, moringa oil and canola oil on diesel
lubrication.Diesel fuel was trated with various quantitiesf castor oil, moringa

oil and canola oil to improve fuel lubricifihe followingplant oilconcentrations
were selected fothe investigation: 0 %, 0.1 %, 0.2 %, @4nd 1% (w/w). The
test method followedwasISO 121561(able 3.2& Table 3.

TheHFRRest conditionsinvestigatingtemperature and load effectsnly had
temperatureor load beingvariedin their respective test¢refer to Table 3. The
plant oil concentrationselected for these test was 0.5 % (w/w). This
concentration was selected based on the results obtained from the trial runs. It
was observed that at a concentration of 0.5 % (w/w) enough of each plant oi
had been added as lubricity enhancing additive to the fuel that concentration

should not influence the experiments done for temperature or load effects.

The HFRR has a limit b20°Cfor temperature andl kgmassfor load. For this
reason, the quantityof applied loads selected for investigadi the effects of
loadon diesel lubricationvere 200g=2 N, 400 g4 N, 600 g=6 N and 800 ¢

8 N (assuming gravitational acceleration is 9.8 gn/& summary of the

experimental work isletailed inTable 3
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Table 3 Summary of experimental work.

Parameter Effect of Effect of Effect of load
concentration  temperature

Duration (min) 75 75 75

Frequency (Hz) 50 50 50

Stroke lengthjfm) 1 000 1 000 1 000

Load (g) 200 200 200, 400, 600 & 80

Temperature C) 60 40, 60, 80 & 10C 60

Concentration (% 0,0.1,0.2,0.4 0.5 05

(wiw)) &1

3.1. Apparatus

The equipment used in this studye discussed below
3.1.1. High frequency reciprocating rig (HFRR)

The HFRR is a reciprocating tribometer that was developed to test the lubricity
of diesel fuelsThe friction and wear tests prmed in ths investigation were
carried out on the HFRRhe instrument can be programmed to accommodate
the application of the diesel fuel being tested and can be operated at different

temperatures.

The HFRRribometer includes an upper specimen holgea lower speitnen
holder thatalso serves as the lubricant reservaiheating block to maintain the
necessary lubricant temperature, electromagneticvibrator, and force
transducer to measuréhe friction force.The instrument also gemates a film
percentagedata. The film percentagedata is a function of the electrical

resistance across the batliskcontact interface.
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After each test runhie generated wear scar on the ball is used as a measure of
the fuel ' s | Almodelcohthel HFER irmsstoumént dsa this
investigation is presenteth Figure3.1 and its operating limits are detailed in

Table 3.1

225 mm
9in

k
12in

Figure 3.1HFRR tribometefPCS instrumest 2005)

In this study the test method used was ISO 12156ure 3.2shows the
laboratory air conditions for ISO 12158though Figure 3.2 does not appear in
the recent issues of ISO 12196 situations where the HFRR is enclosed in an
environmental chamber, the temperature and humidityside the chamber
must meet the specification ifigure 3.2for the test to be valid. Table 3.2

summarizes the remaining test conditions and specimen properties.
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Table 3.1Limits of operatiorfor the HFRR instrumerfPCS instrumest 2005)

Parameter Value
Frequency 10-200 Hz
Stroke length 20em-2.0mm
Temperature Ambient to 50°C
Load 0.1-1.0 kg with supplied weigh
Maximum frictional force 10N
Y
100
90
3
80
70
"‘-‘u.{%
60 % “'“-4444/%
50
2
40 B
20 AR e
1
10
0 -
17 19 21 23 25 27 X
Key

X air temperature, °C

Y relative humidity, %

1 unacceptable range of conditions — too dry

2 acceptable range of conditions

3 unacceptable range of conditions — too moist

Figure 3.2 aboratory air conditions (ISQ156)

ISO 1215@rovides only a single parameter which is used to assess the lubricity
of the fuel. The test methodkquires that the diesel fuglroduce a vear scar of

no greater than 46Qum. TheEuropen specifications for dieseEN 590also
stipulatesa maximumwear scar diameteof 460 um.However, the WWFC is
more stringent and recommends the use of the HFR&R, av400 pm maximum

limit (Hultemaet al, 2019: 59).
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Table 3.2Summary ofSO 12156tandardtest method(ISO 12156, 20}8

Parameter Value
Fluid volume 2+0.2mL
Stroke length 1+0.02mm
Frequency 501 Hz
Laboratory air Refer toFigure 3.2
Fluid temperature 60+2°C
Test mass 200+1g
Test duration 75+0.1min
Reservoir surface area 600+ 100mm?
Ball Top specimen)
Material Grade 28 (ANSI B3.12) of AISREOO steel
Hardness Rockwel | har dne §866 “
Surface finish (Ra) Ra< 005y m
Diameter 6 mm
Test disk (bottom specimen)
Material AISI E52100 steel
Hardness Vi cker s HVEIr dfiealseldln L
210
Surface finish Turned,lapped,and polished tdRa< 002 m
Diameter 10 mm
Repeatability at 60C 63y m
Reproducibilityat 60°C 102y m

3.1.1.1. WAL.4correction

The HFRR instrument used in this investigation was enclosed in an
environmentalchamber, meaning théaumidity and temperatureinside the
chamber couldbe controlled according té&igure 3.2 TheWSL.4 correctionin
ISO 12156considershumidity effect on tests and corrects the WSOo a

69



standardized water vapour pressure of kBa.Reasons why this correction is

applied and why 1.4Pa was selectkas a standare discusseth Section 2.7

Other lubricity evaluating methods for diesplace different specifications on
laboratory conditionsFor exampleASTM D607%vhich is the American test
standard for evaluating lubricity of dielsfuels stipulatdhumidity mustonly be
gredaer than 30% and theMWSDwill be sufficient to characterize the lubricity
of the diesel without any correction eeed as iHSO 12156ASTMD6079also

makes no mention of ambient temperature conditions.

Occasionally, it happens thatdiesd fuel passeshe ISO 12156r ASTM D6079

test but the diesel enginestill fails because ofnadequate lubricity in the fuel.
Uponinspection ofthe wear scar surface# was found thaffriction andwear
testscontain more informationabow f | ui d’' s Irtiediharicandbé i ng |
obtained fromthe wear scardiameter alone Olah et al (2005) developed a

visual rating systm that aids in characterizing lubricatipgrformance This is

termed the complementary ratingGR system Based on the appearance of

wear scars a sixgraded visual rating is established, and laboratory tests
obtained from baHon-disk friction and wear tests are compared to these
reference wear scars, and a CR value is givenure 3.3epicts thewear scars

that will be used as a reference.
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Famtlymable parallel lines: 3 Well defined wom area: 4

Heavily wom area: 5 No lubrication: 6

Figure 3.3 A visual rating method to assist in HFRR results evaluatiéh €Ol
al, 2005).

3.1.2. Ultrasonic cleaner

The ultrasonic cleaning instrument used in this work was thd@P&ltrasonic
cleaner. It was used to clean tegpecimens before and after experiments at
atmospheric conditions (2% and 101.32kPa).Table 3.3hows the operating

limits for the P$10 ultrasonic cleaner.
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Table 3.3:Limits of operation forthe P&40 ultrasonic cleanefUltrasonic

cleaners2017).

Parameter Value
Timer 1-30 min
Heating power 400 W
Ultrasonic power 240 W

Tank capacity 10L
Operating frequency 40 kHz

3.1.3. Viscometer

TheAnton PaarSVM 3000/GZX5tabinger viscometewas used in this study to
measure the iscosities of the diesel fuetastor oil, moringa oil and canola oil
at atmospheric pressuré he instrument performs the measurements according
to ASTM D7042ZI'he viscometer can operate at temperatures ranging fré

°C to 108C(Anton Paar, 2011: 1433).

3.1.4. Relative humidity control

According tahe work done by Langenhov€R014) humidity and atmospheric
water content influence the repeatability of the frictionand wear tests.
Thereforeto ensure good repeatability from the experiments and miiatiects
of moisture on friction in this studyn inhouse built humidity control system
was usedMoreover, it was equally important to keethe laboraory conditions
compliant tolSO 12156pecification Eigure 3.%.
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The relatve humidity(RH)in the environmental chamber was kept between 50
- 55 % throughout this studyA schematic diagem and working principle of the
in-house built humidity control setup mesented inAppendix A

3.1.5.0pticalmicroscope

The Zeiss Axiocspe Al microscope was used to measure the wear scar
diameters from the HFRR test it hasthree objectve magnificationsof
different strengthg5x, 10x and 20xYhe magnification strength used for taking
the wear scar photograghon the test ball was 10x and the magnification

strength used to take the wear track photographs on the disks was 5x.

3.2.Materialsand chemicals

The seel balls and discs used in these tribologicaldestre obtained from PCS
Instruments(London, Englad). The specifications for the balls and discs are
provided inTable 3.2Both chemicals and solvents were dsexactly as they

were received

The fuel used in this research work wagreated diesel(i.e. contains no fuel
additives) and three plant oils that servesalubricity enhancing additive$he
certificate of analysis (CoA) of the diesklel as received from the supplies
presented infable 3.4The sulphur contenin this diesel is 38 ppm. Tlheelwas

soucedfrom the refineryandas a precautionvasfiltered upon arrival

Castor oil, moringa oil and canolaw#re purchased from commercial suppliers.

All the plant oils were commercial grade oils and were usgtiout being
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purified further (refer to Table 3.5for product specification)Acetone (HPLC
grade, 99.7 %), ethanol (95 %), and hexane (HPLC grade, 99.9 %) were purchased
from Merck Chemicals (Pty) Ltd, South Africa.

Table 3.4 Certificateof analysis othe dieselfuel (without any fuel additives)

Lower Upper

Test Units Result limit limit Test method
Acid Number mgKOH/g 0.06 0.25 D974
Appearance (Haze) 1 2 D4176

Ash % m/m <0.010 0.01 D482
Cetane No 55.0 45.0 ASTM 613
Cetane Index 52 48 D976

CFPP °C -4 3 IP309

Cloud Pt °C -3 D2500
Colour 1.5 2.5 D1500
Conductivity Ps/IM @ 20C 173 100 D2624
Copper Corrosion 1 1 D130
Density @ 20C kg/L 0.8483 0.80 D4052

90 % Rec °C 346.9 362.0 ASTM D86
Fame % vol 0.010 0.05 ENI 4078
Filter_BIk_Tedency 1.00 2.52 IP 387
Flash PMCC °C 102.0 62 ASTM D93 MET
Oxidative Stability mg/100 mL  1.20 2 D2274
RCR, 10 % res % 0.01 0.30 D4530
Strong Acid Numbe mgKOH/g NIL NIL NIL D974
Sulphur ppm 38 40.00 ASTM D5453
Total Contaminatior Mg/kg 10.5 12.0 IP440
Number

Viscosity @ 40C cSt 3.825 2.200 5.300 D445
Water, KF ppm 32 250 D6304
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Castor oil, moringa oil and canola oil were chosen as the lubricity enhancers for
this study because these oils possess good lubrication properties. Canola oil is
popular in Europe for making biodiesel (Herbst, 2015). Its popularity
necessitates research into its performance as a lubricity enhancer. Castor oil has
high viscosity which is desirable in automotive lubrication (Pettell, 2016).
Moringa oil on the otlkr hand has a high percentage of unsaturated fatty acids
and grows in arid (very dry) grounds. These grounds are not suitable for food
cultivation. Hence, moringa oil does not take up lands used for food cultivation

(Mosarofet al, 2016).

Table 3.5Produd specification for plant oils

Plant oil Castor oll Moringa oil Canola oll
Appearance Yellow Golden Yellow Light yellow
Appearance (Form) Liquid Liquid Liquid
Extraction method Expeller pressed,
unrefined

Infrared Spectrum Conforms to Conbrms to

structure structure
Refractive index at 20C 1.475-1.481 - 1.471-1.475
Free fatty acid <0.10 %
Peroxide (ppm) <10 ppm
Miscellaneous assay Pass

(Fatty acid composition

Arsenic (As) < 3 ppm

Cadmium (Cd) < 1 ppm

Mercury (Hg) < 1 ppm

Lead (Pb) < 10 pp!

Optical rotation (C=5 4.0-6.0 degrees -

%, Ethanol)

Specific gravity at 2% 0.90-0.92

Primary constituent Ricinoleic acid Oleic acid (73.85 Oleic acid (61.6
(90.85 %) %) %)
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3.3. Experimental method
3.3.1. Filtering proas(ASTMD6217)

As a precaution the diesel fuel was filtered upon arrival from the suppliér.
materialsthat will come in cotact with the diesefuel were rinsed thoroughly
with heptane and then air driedfwo 0.8micrometer nylon membraneilters

wereplaced in an oven at 110 °C fdd @into eliminate unwanted moisture.

After 30 minthe nylon nmembranefilters were removed from the oven, weighed
individually andheir massrecorded Both filters were then placed on theesh
with the heaviest one on fo, as to distinguish between thenA funnelwas
fitted with the mesh and two bolts were used to tighten the setiipe setup
was held in place by @damp.1 L of dieselwas meaured and poured intdhe
funnel. The entire setup was now placed on a Buchrlaskf which was
connected to a vacuum puni{ghown inFigure 3.3 The pump was switched on

for the filtering process to begin.

Vacuum Tubing

File clamp jaws and

’ handle where wire

W0 ] - attaches to bare metal
\ ™\

_______
T
0

Laboratory
Ground
(Typical)

\

>,
To Vacuum Ne===y \
Pump i

Vacuum
Tubing

~~~~~~

Safety Flask Receiving Flask

Figure 3.4Schematic of filtration system (ASTM D6217)
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After filtration was complete the Buchner flas wasdisconnected,and the
filtered diesel was poured into clean glass storage containers. The Buchner flask
was again reconnected tthe entire setupso thatthe funnelcould be rinsed

with heptane.Rinsing was done with the vacuum punogransferthe heptane

from the funnel into the Buchner flask.After rinsing, the setup was
disassembledand the nylon filter ppers were dried in the oven for 1Bin at
110°Cto remove heptane. The filter papers were now stored in the desiccator
for 30 min before weigling. The new mass of the filter paperswere then

recorded.

3.3.2. Cleaning of test specimen

Thedisks and balls were placed in a clean beaker and covered twitlene for

a minimum of8 h before the test. Using clean forceps, the specimegsews,

and dl hardware that came into contact with the test fluid was transferred into
a glass beaker with toluene and ultrasonically stirred I6r min All the
hardware and specimens were transferred to a beaker filled with acetone and
ultrasonically stirredor another 10 min. The specimens werelow-dried, and

the testwasstarted immediately.

3.3.3. HFRR test procedure

After the holders and specimens were cleaned and dry the disk was placed in
the reservoir and fastened with screws. Care was taken to ensureiskengs
screwed tight to prevent movement during the test. The ball was also inserted
into the upper specimen holder and was tightened. The top specimen holder

containing the ball was now placed under a microscope to examine that no
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scratches or scars wemn the area of the ball surface that will be used for the
test. The reservoir was then attached to the HFRR instrument and tightened, the
same was done for the top specimen holder. Following this, the corresponding
weight was loaded onto the bar of the ppr specimen holder. 2 mL sample of
diesel fuel was poured into the reservoir and the temperatyprobe was

inserted. After thisthe HFRR program was started.

The test proceeds and stops automatically at the end of the set test period. The
specimen holdes wae then removed, washed clean, and used to measurerwea

scars after the instrument hacboled.

Usingthe HFRP@rogramon the device,the valueswere entered manuallyin

the savedtest data following the wear track calculation.Three (3) repeat runs
on a fresh sample of the same test fuskre carried out together wittireshly
cleanedball anddiskspecimensMore repeat runs were conducted if there was
a suspicion of error or sample contaminatidxverage and standard deviation
calculations were donausing test averages produced under identical test

conditions, and the results were recorded and used in further research.

3.3.4. Wear scar measurement

The upper ball specimen was placed under the ZEISS Axio Scope Al microscope.
Using the 10x magnificaticio focus the image, the horizontal (X) and vertical

(Y) wear scar diameters was measured with the ruler.

Following this, the X and Y measurements for wear scars were manually inserted

into the HFRR program on the computer. Under the comments section the
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complementary rating by Olaht al. (Figure 3.3 was inputted. The WS1.4 was
then calculated by the HFRR program.

3.3.5. Calculating averages and standard deviations

Every experimentvas repeated at least three times and each repdrtrend in

the resultssection (i.e.Chapter 4) represents the average data from three
experiments.The averages were calculated from the friction coefficient values
obtained every secondn the HFRR instrumenEor wear scar sizes average
was taken between the three repeat experiments and this average was
considered a true representation of the result under the given test conditions.
The average standard deviation for friction coeéfitiand wear scar siagere
calculated in tlke same manner. The graphs displaying standard deviations for

friction coefficient are presented in Appendsx

In summary the experimental design comprising of friction and wear tests
carried out on the HRR was aimed at establishing how well castommaliinga

oil and canola oil perform as lubricity enhancers in diesel fuel under variations
in concentration, temperature and load. The design was based on observations
after the physical properties otastor oil, moringa oil and canola aiere
determined & well as results from the trial runs. Tihext chapter brings to light

findings on how these oils contribute thesel lubricity
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4. Results and discussion

In this section of the workll experimentalesults are presented and discussed.
The experimentband modelling results together bring an understanding to the

behaviour of castor oil, moringa oil and canolaimiteducing wear.

According to the certificate of analysis obtained from the supplier the diesel fuel
used in this invesgiation wasrefined and contained no fuel additives prior to

the experimens. Friction and weatests performed on theHFRR fountreated

diesel fuel showed a case of severe wear on the metal surface. The diesel fuel
had extremely poorlubricity from the test resultgFigure 4.1 The wear scar
diameter wasextremely high (i.e. 89{m). This is about twice the acceptable
wear scar diameter of 4 adtreateddieseliuell SO

needsa lubricityenhancer

Figure 4.A: Wear sca photograph foruntreated diesel(WS1.4= 897 pum
MWSD= 896 um).

The relative humidity for allests conducted was between 505 % and the
ambient temperature was between 1923 °C. Careful attention was paid to

keep the laboratory conditions withithe ISO 12156angeshownin Figure 3.2
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4.1. Effect of plant oil concentration on lubrication

In this section the effect of plant oil concentration on diesel fuel is presented
and discussed. The discussion covers friction woefit, effects of wear and
diesel lubricity models. The HFRR test conditions were gtrfe® 12156 and are

detailed inTable 3 Concentrations of castor oil, moringa oil and canolanoil

diesel selected for investigation were@]1, 0.2, 0.4 and 1 % (w/w).

4.1.1. Friction coefficient

Figure 4.Z2hows the friction coefficient fountreated diesel (i.e. 0 % (w/w) of
plant oil). The three experimental runs are shown. The average standard
deviation betweenthe three runs ranged from 0 to 0.02etails provided in
Appendix B From the curve the friction coefficient is significantly high and

increases over time.

0,7
c
O
o
©
c
Q
O
©
o
@)
0,1 Run 2
—Run 3
0 ‘

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Time (sec)
Figure 4.2Friction coefficient fountreateddiesel.
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The HFRR formscantact that operates in boundary lubrication conditions with
extensive initial soligolid contact. This behaviour oftreateddiesel where the
friction coefficient suddenly rises in the first minutes of the test signifies a
change in regime from hydrgdamic to boundary lubrication. At 2 300 s there
Is a sudden rise in friction coefficient causing the friction coefficient curve to
increase strongly. The sudden rise in COF is caused by the breakdown of the
lubricant film formed by theaintreateddiesel (ie. there is film failure). The film
failure allows direct asperity (sotgblid) contact to occur, this explains why the
COF keeps a@neasing strongly afterwards ifigure 4.2 The wear scars obtained
for untreated diesel shown inFigure 4.1Bis consistent with the friction
coefficient results. The high wear famtreated diesel inFigure 4.1Bmost
probably acurred after 2 308. At the end of the test runhe wear scar

diametersf or t he three runs were extremely

Run1:MWSD= 8 96 Run2MWSD 891y m, Run3MWSD= 809 3 .
WS14& 897 u  WSL&e 893 | WS1.4& 890

Figure 41B: Wear scar photos afintreateddiesel for the three runsCRis 6 in
each case.

Figure 4.3 Figure 4.5shows the friction coefficient for diesel treated with 0.1,
0.2, 0.4 ad 1 % (w/w) of castor oil, moringa oil and canolafedure 4.6is a
plot of the average friction coefficient aes of the three expemental runs

shown in Figure 4.3 Figure 4.5t the given concentration. The averages were
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calculated from the friction coefficient values obtained every second between
the three rins. The average standard deviation for COF betwten three

experimental runs ranged from 0O to 0.01.
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Figure 4.3friction coefficient for dieseireated with different concentrations of castor oil.
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Figure 4.4friction coefficient for dieseireated with different concentrations of manga oil.
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Figure 4.5friction coefficient for dieseireated with different concentrations of canola oil.
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Figure 4.6average COF over the three runs for diesshted with castor, moringa and canola oils.
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The friction coefficient fodifferent concentrations of castor oil, moringa oil and
canola oiin diesel unde200 g or 2 N load is shownkigure 4.6As can be seen
from the curves, the friction coefficient of the diesel fuel significantly decreased
with the addition ofcastor oil, moringa oil and canola oil labricity enhances
(compare results irigure 4.6with untreateddiesel inFigure 4.%. The decrease

in the friction coefficient of diesel contairg the plant oils can be attributed to
the formation of an adsorption film and/or reaction film by the oils on the sliding

surfaces.

It is worth mentioning that the average friction coefficienturftreateddiesel is
0.421, and at 0.2 % (w/w) it decreadeyl63.35 % for castor, 58.19 % for moringa
and 59.45 % for canotal. Additionally, diesel treatedith castor oil showed an
excellent and stable friction coefficient compared to the other plant dilss
observation is in agreement with the work dong Ruinchiaet al (2014) on
castor oil as a potential vegetable-bihsed lubricantLooking atrigure 4.Ghe
COF curves for castor aillas the lowest among the plant oils investigated.
Moringa and canola oil can only form an agsan layer with the-COOH group

in the fatty acid, whereas castor oil has-&H group in addition to theCOOH

group, thus enabling it to form stronger boundary films.

Figure 4.6further reveals that the friction coefficient dezased as the
concentration of the lubricity enhancers increased. This suggests that sufficient
molecules were now present in the diesel fuel that could migrate to the contact
area and adhere to the steel surface to form a lubricating film that separhées t
sliding contacts. However, it is postulated that too much of the plant oil in the

diesel will have a detrimental effect on performance because this will alter the
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chemical and physical nature of the fi®inami, 2017. Nonetheless, the type

of effect and the concentration at which this happens was not investigated.

4.1.2. Diesel lubricity model

The variation of wear scar diameter witloncentrations of castor oil, moringa

oil and canola oiin the diesel fel under 200 g load is shown fingure 4.7For
each concentrationthe wear scar diameter was calculated by finding the
average of three wear scar diameters obtained from three identical runs. The
average standard deviation was fith (details provided ilAppendix B Results

for 0.2 % (w/w) concentration is atkarily chosen and provided iippendix C

200 =, IS0 12156
800 |\~

| N b X ——Diesel-castor
700 \ \ Diesel-moringg

600 L \ »—Diesel-canola

A 500 \ \
7)) \ \
= 400 \
300 \
200
100

0

o o1 02 03 04 05 06 07 08 09 1
Plant oil concentration (% (w/w))

Figure4.7: HFRR wear scar diameter reductions against diesated with

castor oil, moringa oil and canola.dil'es conditions: ISO 12152018
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Castor oil, moringa oil and canola oil can improve the-aetr property of
diesel fuel and castor oil is the best at the same concentration. The reason for
this is the presence of the hydroxyl group attached to th& tarmon of the
ricinoleic fatty acidAgarwalet al(2013) makes a similar observation in his work
on tribological behaviour of diesel fuels and the effect of améiar additives.
According to Agarwadt al (2013) thehydroxylated fatty acid in ricinoleic acid
(C18:1, OH) increases lubricity in diesel fuel more effectively than its non
hydroxylated counterpart, oleic acid (C18:1), which is the most common fatty

acid in moringa and canola oil.

Fox (2007) put forwarda general inverse sigmoidal model to explaime
relationship between HFRR wear scar diameter reduction and fieicity

additive concentrationgFigure 2.1% InFigure 4.4 egi on “ 1 1> fr om
I's indicated by theéeldabhetthkei maRegiandd c b a
S I T o f Figurh € 7indudes & d€ight gradient, as this is more realistic

for physical dat a. However, region
shows that even the ghtest amount of plant oil in diesel does cause a wear

scar reduction.

Dieselmoringa oil met the 460um criterion (i.e. ISO 12156) at a lower
concentration thandiesetcanola oil according t&igure 4.74see green dashed
line). Dieselcastor oil was better with a 46Qm at only 0.13 % (w/w). At a
concentration of only 0.2 % (w/w) the percentage reduction in the wear scar
diameter was observed to be 69.72 %. This shows that castor oil has
comparatively better lubrication than mamga and canola oil in diesel.

Nonetheless, at a concentratiaf 1% (w/w)moringa oil, canola oil and castor
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oil in diesel the wear scar diameters appreciably reduced percentage wear

reduction of 62.2 %, 68.58 % and 75.34 % was observed at 1 % (w/w)

Figure 4.8shows the wear scar images at variaacentrations of castor oil,
moringa oil and canola oih diesel. For each plant oil oxidative wear was
observed but at different concentrations. Castor oil and moringa oil only
exhibited oxidative wear at high concentrations i.e. 1 % (w/w) (indicated by
white arrows). Canola oil on the other hand exhibited oxidative wear even from
0.1 % (w/w) (i.e. at low concentrations). Most likely because of high levels of
polyunsaturation incanola oil This observation is in agreement with the work
done by Farahmandfar and Ramezanizadeh (2017) on oxidative stability of
canola oilsIn their work they suggest that the oxidation of canolaisdaused

by polyunsaturationand can be retarded byhe introduction of antioxidants

such aBBarium bove(BBE)Farahmandfar & Ramezanizadeh, 2017)

Moringa oil showed signs of high abrasive wear at low concentrations and this
effect was also persistent at even higher concentrations. This suggests poor
performance as a lubricity enhancer irrespective of how small the wear scar size

IS.
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0.1 % (w/w) castoMWSD=

625.5um, WS1.4= 615um, CR=3

271.5um, WS1.4= 277um, CR2
e

0.2 % (w/w) castoMWSD=

0.1% (W/W) morlngaMWSDz 723
pm, WS1.4= 732,CR= 5

0.4 % (w/w) castoMWSD=
251pm, WS1.4= 264um, CR2

0.2 % (w/w) moringayIWSD= 601
um, WSL.4= 597 CR= 4

0.1 % (w/w) canola MWSD =
859.5um, WS1.4= 864,CR=4

1 % (w/w) castorMWSD= 204
um W814: 214um CR2

0.4 % (w/w) moringaMWSD=| 1
342.5um, WS1.4= 355,CR=4

% (W/w) moringa, MWSD =
318.5um, WS1.4= 327,CR=3

0.2 % (w/w) canola MWSD =
780.5um WSl 4= 781,CR=4

0.4 % (w/w) canolaiWSD= 363
um, WS1.4= 371,CR=3

1 % (ww) canola,MWSD= 254.5
pm, WS1.4= 267,CR= 3

Figure4.8: Wear scar photographs of diesel treated with different concentrations of plant oils
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4.2 Effect of temperature on luization

The effects of temperature on the tribcharacteristics of diesdlel treated
with 0.5 %(w/w) of castor oil, moringa oil and canotal are analysed and
discussed. The discussion covers effectdrimtion coefficientand wear.Test

conditions ae detailed inTable 3
4.2.1. Friction coefficient

Figure4.9—Figure 4.1khowthe CORor diesel treaed with 0.5 %w/w) castor
oil, moringaoil and canolaoil, respectively. The results are obtained from the
HFRR tests done 40°C, 6(°C, 8C°C and 100C.

Figure 4.14s a plot of the average C@EBlues of the three repeatins shown
in Figire 4.9 — Figure4.11 at the given temperature. The averages were
calculated from the COF values obtaimsgrysecond between the threeepeat
runs. The average standard deviation for COF between the thigeriexental

runs ranged fron® to 0.01
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Figure 4.9friction coefficientfor dieseltreated with 0.5 %(w/w) castor oil at different temperatures.
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Figure4.10: friction coefficientfor dieseltreated with 0.5 %w/w) moringa oil at different temperatures
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Figure4.11: friction coefficientfor dieseltreated with 0.5 %(w/w) canola oil at different temperatures
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Figure 4.15hows theaveragefriction coefficient ofdieseltreated with castor

oil, moringa oil and canola oAt 40°C diesetreated with castoroil and canola

oil had the lowest friction coefficient (0.138) with constant and stable
behaviour over time. In contrast ECor dieseimoringa oilattained a higher
steadystate boundary frictiorat the onsetbut dropped to a lowesteadystate
friction after 2500 s This behaviour is indicative of the fortiean of a more
stable/completesurface film, promoted by tribochemical processes due to the
slidingaction. Theplant oil moleculesfor moringawere able tomigrate to the
contact area and adhere to the steel surfaces to form a more stablgffiereby

decreasing the friction coefficieras is seen from the results

At 60°C and 80C each of thelant oik in diesel showed a more constant COF
behaviour with time, a fact that suggests good lubrication. Usually, if the COF
fluctuates frequently over time iis a sign of bad lubrication. The friction
coefficients obtained at 60C and 8(°C are higher than at 48C and those
obtained at 100°C are even higher than the preceding temperatures. This stems
from the fact thatplant oils suffer from a major drawb&as lubricants in terms

of their thermal stability(Bongfaet al, 2015. The monolayer lubricating film
formed from the polar heads and hydrocarbon tails of the fatty acids found in
plant oils deteriorates with heat. The effect worsens as temperatureeases.

This is because the fatty acid bonds break and become unstable, exposing the
steel surfaces talirect metal- metal contact during the sliding action thereby

increasing the COF.

The observed trend of increasing COF as temperature increases meets

expectation if one considers the Stribeck curve closely. An increase in
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temperature causes a decrease in oil viscosityure 2.2). Load and speed are
kept constant, as a result the Hersey number reduces in magnitude. In the
boundary lubrication regime wherein the HFRR operates a decreasing Hersey

number implies a rise in COF as can be seen from the results.

Another important observation iRigure 4.1%s dieseicastor oil mixture showed
the lowest valuesor friction coefficientover the tested temperature range. The
wear scars obtained by HFRR (to be discussed in the next section) are consistent
with the friction coefficient results seen herwiith diesetcastor oil mixture
having thelowest wear scar dimeters ofthe three oils on averageThe
differences in performance observed at high temperatures, in both friction and
wear reflect the strength of the boundary films formed by the oils on the
surface.This observation is in agreement with the work ddayeGuocet al (2016)

on the evaluation of lubrication performance of mixtures of castor oil and other
plant oils on a higllemperature nickel based alloy. Geb al explains how at
high temperatures the performance of various plant oils is dependent on the

strength of the formed boundary film.

The lubricating film formed by canola and moringa oil as lubraityances in
diesel are relatively weaker and thus less able to withstand sliding action at
higher temperatures. It is most probable that the lubriogt films formed by
plant oils having many polyunsatted fatty acidsare weak and unstable over
time and therefore less effectivAgarwalet al, 2013) Castor oil in diesel
appears to forma much stronger film, because of its higher viscosity and
polarity. The polarity creates atrong affinity to the metal abne end of the
molecule(i.e. the polar end) and allows then-polar hydrocarborpart to act

as atail projecting into the fuel The polar enaddanform extra hydrogen bonds
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from the hydroxyl groupattached to the ricinoleic fatty aci§Agarwalet al,
2013) These results show that the frictionaioperties of castor oil, moringa oil
and canola oilare largely determinedy the composition of the oil. In this
circumstance, the results obtained inethbboundary lubrication regime show a
beneficial influence of the hydroxyl group of the ricinoleic acid in the lubrication
process, achieving lower and more stalftection coefficientfor castor oil.
Moringa and canola oil slwed lower performances as lubity enhances

because of higher levels of unsaturation in the oils.

4.2.2. Wear mechanism

Figure 4.1%hows the effect of temperature on wear scar size for digselted
with castor oil, moringa oil and canola.d#or each termperaturethe MWSD was
calculated byperformingat leastthree identicatests and finding the average of
the three wear scar diameters’he average standard deviation was 2

(details provided ilAppendix B

450
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= //
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200 Diesel-moringa
150 —Diesel-canola

40 50 60 70 80 90 100
Temperature fC)

Figure 4.13 Effed¢ of temperature on wear fodieseltreated with 0.5 %(w/w)
castor oil, moringa oil and canola.oil
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FromFEigure 4.13vear scar diameters for diesegeated with moringa oil, canola

oil and castor oil increase with increasing tesngture. This observed trend
occurs because at high temperatures the formed lubricant film that is supposed
to inhibit metatmetal contact deterates with increased temperaturés the
temperature increases the viscosity of the oils decreases therefar éatty acid
molecules are less able to form a thermally stable film thus exposing the metal

surfaces to direct asperity contact.

Figure 4.14shows wear scar photographs dieseltreated with 0.5 %(w/w)
castor oil under varyigtemperature conditions. The complementary rating (CR)

for each wear scar is also indicated.

T=40°C,CR= 2, MWSD= 187.5um T=60°C,CR= 3,MWSD= 267um

T=80°C,CR=4,MWSD= 299um T=100°C,CR= 4,MWSD= 337um

Figure 4.14Efect of temperature on MWSD falieseltreatedwith 0.5 %(w/w)

castor oil. Sliding direction is along the vertical axis.
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The results obtained for castor oil in the boundary lubrication regime show a
beneficial influence of the hydroxyl group (i-©H) ofthe ricinoleic fatty acid in

the lubrication process such that no sevabrasion marks are observed in
Figure 4.14Even at the elevated temperature of 1890 theMWSDis still below

the 460um set by ISO 12156a&tor oil perfsamed better as a lubricitgnhancer

than moringa oil.

The wear scar photographs for dedgnoringa mixture are shown iRigure 4.15

T=40°C,CR-3,MWSD= 304.5um T=60°C,CR-4,MWSD= 342um

A
o

T=80°C,CR=5,MWPD=420um T=100°C,CR=5MWSD= 425um
Figure4.15 Effect of temperature oMWSDfor dieseltreated with 0.5 %
(w/w) moringa oil. Sliding directiois along the vertical axis

In Figure 4.15abrasive wear is dominant. Altligh little abrasion lines are
observed at 40C, 4 elevated temperatures, such &9°C, 8C°C and 100C the
abrasion lines become distinct parallel groves shovaegereabrasive wear.

This makes a negative remark on the lubrication ability of mormig&lthough
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the wear scar sizes for diesmloringa oil may be below 460m that speaks little
compared to the type of wear mechanism seen in the wear photographs. This is
because the wear scar diameter merely
betweenthe ball and disk. If there are signs of severe grooves of abrasion lines
inside the weatr, it generalindicatessigns of bad lubrication irrespective of the

wear scar sizeThis means a smaller wear scar size is not the only important
criteria for assesng lubricant performancethe appearanceof the wear scar
alsomatters. This observation is in agreement with the work doneJighet al

(2005)on micro and nano analysis of wear scar surfa@e® discussion on

Figure 3.3 ACRof 5 suggests a heavily worn surface area and poor lubrication.

For diesekanola oil mixture the wear scar photographs with varying

temperature conditions are shown ifgure 4.16

T=40°C,CR3,MWSD= 240um T= 60°C,CR-4MWSD= 289.5um

T=80°C,CR-4,MWSD= 305um T= 100°C,CR-4,MWSD= 295um
Figure 4.16Effect of varying temperature conditions on dieked| treatedwith
0.5 %(w/w) canola oil (showing oxidative wear). Sliding direction is along the
vertical axis.
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Oxidative wear is more dominant in diesedated with canola oil fom the wear

scar photographs iRigure 4.160xidation occurs in thenixture because of high
levels of polyunsaturation in the oil. The oil contairss22% polynsaturated

fatty acids (i.e. 18.6 % linoleic containing 2 double bonds, 9.1 % linolenic
containing 3 duble bonds & eicosanoids)dble 2.4. At elevated temperatures
oxygen reacts with the double bonds to form peroxd@&hese oxide films on

the metal surfaces cause the oxidative wear during the sliding action, as seen in
the figure. The wear effect worsens when temperature is increased. The oxide
films prevent the formation of a metallic bond between the sliding sw$ac

resulting in fine wear debris and low wear rates (Bhushan, 2013386%

To summarize on wear, the observed effect of increasing temperature on diesel

treated with castor oil, moringa oil and canola wi&s increase in wear.

4.3 Effect of load otubrication

The effects of load on the triboharacterstics of diesereated with 0.5 %w/w)
castor oil, moringa oil and canadd arediscussed in this section. The tribometer

used was the HFRR.

The configration on the HFRR is shown ligure 4.17 The applied load
comprises of the test masses that are suspended on a suspension string hanging
freely over the arms of the upper specimen holder. The contact load is a force
exerted on the ball that pushes the ball against thekdis shown in the figure.

The HFRR has a limit of 1 kg for load. For this reason, the quantity of applied
loads selected for investigating the effects of load were 28@ ¢\, 400 g=4 N,
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600 g=6 N and 800 g 8 N (assuming gravitational acceleration is 9.83n/s

Test conditions are detailed iable 3

Contact load

1

L

pension string

Ball on disk

Figure 4.17Image of theHFRR configuration and schematic view of the ball on
disk corfiguration (PCS instrumegtEngland).

When the selected loads are applied, the largest asperities make contact. If the
load is increased, more asperities would make contact, and the contact areas of

the plastically deformed asperitiesill increase

4.3.1. Friction coefficient

Figure 4.19- Figure 4.21shows thefriction coefficientfor dieseltreated with
0.5 % (w/w) castor, moringa and canolail, respectively. The results are
obtained from the HFRR tests done at 2 N, 4 N, 6 N ahdilied load. In ezn
case the three experimental runs are shown at the given.lé&glre 4.24s a
plot of the averagdriction coefficientvalues of the three experimental runs

shown in Figre 4.19 — Figure 4.21 at the given load. The averages ree
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calculated from the COF valuelstained everysecond between the three runs
The average standard deviation for COF betwgwnthree experimental runs

ranged from O to 0.02.

Beforehand, it is important to discuss the factors that generally influémcigon
coefficientbehaviourregardingload. The fatty acids found in plant oils have
hydrophilic heads that are polar by nature (Klein, 2017: 1200 strong
polarity of fatty acids that exist in plant oils contribute to the formation of a
mono-molecula layer through the attraction of the carboxyl groupg(-COOH)

to the metallic surface¢Klein, 2017:1193199) This monemolecular layer is
expected to beone which still forces the two slidingurfaces apart to achieve
“fluid bearing"conditions.Batari et al, (2017)found that for most plant oils the
composition of fatty acids in the oil is one of the determining factors for its COF
behaviour.According to Bahast al, (2017) for sveralplant oils investigated it
was found that thefriction coeffigent increases with increase itevel of
unsaturation of fatty acidé.e. double bonds). This indicates that a high content
of unsaturated fatty acids in the plant oil denotes a hfghtion coefficient
Conversely, a high content of saturated fatty &cid the plant oil denotes low
friction coefficient A similar research done by Kunadral, (2019) showed that
stearic acidd highlysaturatedfatty acid) exhibitdower friction coefficient than
oleic and linoleic acid (unsaturatéalty acids).The reaon for this behaviouin
plant oils is explained ifigure 4.18 Saturated fatty acids @ntain no double
bonds in their chemical structure. They are only single bonds with Ioteans;
therefore, the molecules can easily aligihemselves in a straight chain
formation. This means they can form an orderly stacking on the metal surface
to form a protective layer which can withstand high logsmaret al, 2019)

Unsaturated fatty acids on the other hand have double bonds that yced
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bends in their chemical structure, as a result fail to form an orderly stacking on

the metalsurface Figure 4.18h

(a) Ball (movable) Ball (movable) (b)

AT VIS AT A

Saturated fatty acids

(linear-chain) Unsaturated fatty acids

(bent chains)

T T X E

Disk (stationary) Disk (stationary)

Figure 4.18(a)Orderly stacking of saturated fattyids results irbetter support
for high loads. (b) Disorderly stacking of unsaturated fattid@aesults in

inadequate support fohigh load (Bahariet al, 2017)

Therefore, under high loads, saturated fatty acids have a higher tendency to
withstand load because of tirecompact nature as opposed to unsaturated fatty
acids. This suggests that fgant oils, in terms of withstanding load, saturation
level isespecially important Although when it comes to withstanding high

temperature it may not necessarily be the cgBahariet al, 2017)
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Figure 4.19friction coefficientfor dieseltreated with 0.5 %(w/w) castor oil at different loads.
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Figure 4.20friction coefficientfor dieseltreated with 0.5 %(w/w) moringa oil at different loads
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Figure 4.21friction coefficientfor dieseltreated with 0.5 %(w/w) canola oil at different loads
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Figure 4.22average COF over the three runs for digsshted with castoroil, moringaoil and canola oil
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Figure 4.2howsthe averagefriction coefficient ofdieseltreated with castor

oil, moringa oil and canola offrom the results, except at 2 N load diesahola

oil mixture practically had higher friction coefficient than dieselringa oil for

the reasons mentined earlier Figure 4.18 At 2 N Diesetanola oil only
performed better than diesemoringa oil because of the formation of a
physisorbed layer at lower loads. At higher loads, due to presence of
polyunsaturation(i.e. highly bet fatty acid chains)dieselcanola oil begun to
show poor lubrication with higher friction coefficient than diessbringa oil.
Canola oil naturally contains 29.4 % polyunsaturated fatty acids whereas
moringa oil contains only 1 %4dble 2.3. Thereforethe double bonds found in
linoleic and linolenic fatty acidse. highly bent chainsih canola oil contribute

to the increment of the friction coefficient due to oxidation and irregularities in

the stacking of the physisorbedyler at high loads.

The results irkigure 4.2Zurther reveas that dieselcastor oil mixture showed
the lowest values foffriction coefficientover the tested loadange This is
because unlike moringa and canola oils which contamily a—COOH group,
castor oil has an extra functional group (@H group) that works in its favour
as a lubricityenhancer The-COOH andOH group found in castor oil enhances
lubricity because of the ionic interactions of the lubricating moleculgl the
metal surface to form hydrogen bonding and this correlates with the fact that
Debye orientation forces are considerably stronger than those based on dipole
(Van der Wagalwalet 3l 2013 n plans oils different functional
groups ca be arranged in the order of lubricity &SOOH >0H >COOCkt> -
C=0 >CGO-C Agarwalet al, 2013) -COOH andOH are most effective because
of hydrogen bonding.
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Futhermore, an observed trend oRigure 4.24sthat COF genetly increases

as load increased. This meets expectation if one considerdribek curve An
increase in load while maintaining a constant speed and temperature reduces
the magnitude of the Hersey number. In the boundary lubrication regime
wherein the HFRR operates, a decreasing Hersey number implies a rise in COF

as can be seen from the results.

4.3.2. Wear mechanism

Figure 4.23hows the effect of load on wear scar size for digssdted with
castor oil, moringa oil and caraobil For eachoad,the MWSD was calculated
by finding the average of three wear scar diameters obtained from three

identical runs.Theaverage standard deviation wa® fim (details provided in

Appendix B
500
450
400
B 350 —
= 300 // ///
250
——Diesel-castor
200 Diesel-moringg
150 ——Diesel-canola
2 3 4 5 6 7 8
Load (N)

Figure 4.23Effect of load on WSHHor dieseltreated with 0.5 %(w/w) castor oll,
moringa oil and canola oil
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As was foreseeablayear for diesel treated with castor oil, moringa oil and
canola oilincreased as load increaseéidure 4.2% The reasn for this s
because higher loads increatiee contact pressurdetween the ball and disk.
The increment of localized pressure causes temperature to increase thereby
reducing the surface energy and this leads to the breakdown of the physisorbed

layer fomed by the fatty acid molecules.

Figure 4.24shows wear scar photographs of diesedated with 0.5 %(w/w)

castor oil under varying load conditions.

L=2 N,CR=3,MWSD=273um L=4 NCR4,MWSD= 340.6um
,f'qfr o -

L=6N,CR4,MWSD=346.1um L=8 NCR4,MWSD=429.13um

Figure 4.24 Effect of load on mean wear scar diameter for diessdted with

0.5 %(w/w) castor oil. Sliding direction is along the vertical axis.

There are mild abrasion lines observed in the n&zar photographs. Howey,

the abrasion lines araint compared to those observed for moringa and canola
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oil (to be shown later). This indicates castor oil performed better as a lubricity
enhancer fodieselfuel compared to the other oils. The wear schameters are
well below the 46Qum set by ISO 12156. This good performance refldut
strength of the boundary film foned by castor oil as a lubricity enhanc@éhe
strong film formed by the oil is most probably assisted by its higisrosity
(Figure 2.2) higher polarity and low levels of polyunsaturation.

Figure 4.25hows wear scar photographs of diesedated with 0.5 %(w/w)
moringa oil under varying load conditions. Abrasive wear is ona® a@gminant

as was the case in temperatuedfect on dieseimoringa oil inFigure 4.15This
signifies poor lubrication. Ifrigure 4.25the mild abrasion lines at 2 N load
became distinct parallel groveshowing severe abrasive wear at higher loads
such as 4N, 6N and 8N

L=2 NCR4,MWSD= 365um  L=4 NCR5MWSD= 421.5um

R b
L=6 NCR5, SD=440.5um L= 8 N,CR5,MWSD= 528um
Figure 4.25 Effect of load on mean wear scar diamefier dieseltreated with
0.5 %(w/w) moringa oil. Sliding direction is along the vertical axis.
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As can be seen the wear effect worsens as load increases. At 8 N load the wear
scar diameter surpasses the 4 set by ISO 12156. This suggests there were
seweral asperity contacts during the sliding action. It is highly likely that adhesive
wear led to the abrasive wear seen in the figuviast lubricant failures isliding

metal contacts result fronadhesivewear becauséhis relates to a breakdown

in the lulricant's basic function of providing some degree of separation between
the sliding surface¢$Bhushan, 2013: 316A1 t hough t he WSD’ s

460um a CR of 5 suggests poor lubrication because of many heavily worn areas.

Figure4.26 shows wear scar photographs of diesedated with 0.5 %(w/w)
canola oil under varying load conditions. Abrasive wear and oxidative wear are

both present in the wear photographs.

L=2 NCR4,MWSD= 225.6um L=4 NCR4,MWSD= 320um

? o
L=6 NCR5MWSD= 315.5um L=8 NCR5 MWSD= 366.5um

Figure 4.26Effect of load on mean wear scar diameter for dig¢ssted with
0.5 %(w/w) canola oil. Sliding direction is along the vertical axis.
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The lubricating film formed by the fatgcids in canola oil contain high levels of
polyunsaturation (i.e. 29.4 %) and is therefore unstable due to oxidation and
irregularities in the stacking at higher loads. At low loads such as 2 N, oxidative
wear was dominant with almost no abrasion linelewever,as load increased

the fatty acids also failed to form an orderly stacking of lubricating film between
the sliding surfaces due to significant polyunsaturati@ae. bent fatty acid
chains because of double bond$his caused abrasive wear to ocbacause of

more direct asperity contact, (see wear scars for 6 N and 8 N load).

It is noteworthy that, the oxidation of the polyunsaturated fatty acids causes
oxide films to form on the metal surface which causesdRidative wear. iese
oxide films als prevent the formation of metallic bonds between the sliding
metal surfaces, resulting in fine wear debris and low wear rates (Bhushan, 2013:
359-360).This nears thatthe oxide layer in itsekictsas a lubricating film which
reduces the intensity of theabrasive wear.Canola oil contains 29.4 %
polyunsaturated fatty acids, moringd &i% and castor oil 5.7 %eele 2.4. This
explains why the intensity of the abrasive wear in digsaiola oil is lower than
diesetmoringa oil. h dieselcanola oil the presence of these oxide films that

form on the metal surfackéecause of polyunsaturatioaffect lubrication.
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5. Conclusionand recommendations

Diesel fuel wasnixed withcastoroil, moringa oil and canola did examine the
performance of these plant oilasfuel lubricityenhances. Results fountreated
diesel was adopted as a common benchmark for comparison purpd$es.
effects of temperature on diesel mixed with theggant oils was also examined
at a temperature range of 4C—-120°C. The same was done for load at a range
of 2 N— 8 N. The physical properties of the fuel and the oils were also

determined

To conclude from the resultgalized castoroil, moringa oil and canola ahn
function as lubricity enhanceffsr diesd fuel. Mixing these oils with diesel can
effectively reduce both friction and wear. Althoughhese oils have
disadvantagedike oxidative and thermastability, theycan be improvedvith
addition of other specific additivesThe key/significant outcomerdm this
research works it highlighs a green approach to fuel lubrication. If we are to
limit pollution from lubricants and hydraulic fluids based on mineral oils then
these environmentally friendly and renewablglant oils are potential

substitutes fompetroleumbased oils.
5.1. Physical properties

Given the results from the experimental tests the following conclusions were

made:

118



5.1.1. Molecular structure

The results obtained demonstrate that the frictional properties of diffefgdant

oils are largely determinedby the chemical composition and molecular
structure. In this sense, the results obtained in the boundary lubrication regime
show a beneficial influence of the hydroxyl group of the ricinoleic acid in the
lubrication process, achieving more stable lubiiegtconditions for castor oil in
diesel. This hydroxyl functional group is responsible for the intermolecular
interactions favouring the high viscosity of castor oil and gives the polar

character to the oil.

5.1.2. Viscosity

1. Dynamic viscosity of castor oinoringa oil, canola oé&nd diesel fuel
decrease with increase in temperature.

2. Viscosity ofplant ois have a significant effect on their performance as
lubricity enhances. Higher viscosity played an active role the
lubrication process As a resultcastor oil which possesses a higher
viscosity attained a superior lubrication performance compared to the

other plant oils in this study.

5.1.3. Viscosity index (VI)

1. In terms of viscosity index, the observed trend is as follows:
canola oil >moringa oil eastor oil. Canola oil has the highest viscosity
index among the three plant oils and consequently possesses the best

viscositytemperature relation.
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2. To ensure better viscosHgmperature performance ofcastor oil,
moringa oil and canola olith diesel i is essential to operate at higher
temperatures. Because under low temperatures the drop in fluid viscosity
Is steep and fast whereas at high temperatures the viscosity change is

moderate.
5.1.4. Density

1. In terms of density the observed trend is as foowastor oil>canola oil>

moringa oil.
5.2. Effect of temperature on lubrication

Given the results from the experimental tests the following conclusions were

made:

5.2.1.Friction coefficient

1. At low temperatures, the dieselplant oil mixtures have low COF.
However,as temperature increases the fricti@oefficient increases. This
Is because at higretperature, the lubricant filnformed by fatty acids
tends to be less stable and breaks down more easily.

2. In terms of temperature the trend fdiriction coeffigent for diesetplant

oil mixture is as follows: canola oil>moringa oil>castor oil.
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5.2.2. Weamechanism

1. Canola oil is most affected by temperature with an increase in oxidative
wear as temperature increases.

2. Increase in temperature generally causes iasein wear.

3. In terms of temperature the trend for wear scar diameter for the diesel
plant oil mixture on average is as follows: moringa oil>canola oil> castor

oil.

5.3. Effect of load on lubrication

Given the results from the experimental tests the follog/ conclusions were

made:

5.3.1.Friction coefficient

1. With increase in the load thiiction coefficientand wear scar diameters
for diesel treated with castor oil, moringa oil and canola génerally
increase. Most affected are planils with high corgnts of unsaturated
fatty acids.

2. In terms of loadthe trend for friction coefficientfor dieselplant oll

mixture is as follows: canola oil>moringa oil>castor oil.

5.3.2. Weamechanism

1. Wear scar diameter of the diesplant oil mixture increased with inease

in load.
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2. In terms of load the trend for wear scar diameter for diegknt oll
mixture on average is as follows: canola oil>moringa oil>castor oil.
3. Moringa oil showed signs of severe abrasive wear, which suggests poor

performance as a diesel lubriginhancer
5.4. Effect ofplant oilconcentration on lubrication

Given the results from the experimental tests the following conclusions were

made

5.4.1.Friction coefficient

1. Castoroil, moringa oil and canola aibnfunction as lubricityenhances
for diesel. Mixiig theseplant oils with diesekan effectively reduce both
the friction coefficient and the wear of the tribocontact surfaces.
Nonethelessplantoils suffer from major drawbacks such as oxidative and
thermal stability, but these propertiesano be improvedvith addition of
other specific additives

2. Friction coefficient for dieselplant oil mixtures decreases as
concentration ofplant oilincreases.

3. In comparison to moringa oil and canola oil, castor oil has stronger
boundary filmforming propeties. The oil performs well in boundary
friction and has strong antvear properties. Castor oil's improved
lubricity is due to its hydroxyl functional group, which increases the
viscosity and polarity of the oiln terms of concentration the trend for
friction coefficient for diesetplant oil mixture is as follows: canola

oil>moringa oil>castor oil.
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5.4.2.Wear mechanism

Among the three plant oils investigated moringa oil appears léBsient as a
lubricityenhancelbecause despite the wear scar diaraet being below 460 pm
the wear scar images shosigns of severe grooves of abrasion lines for all
different working conditions investigated. Castor oil on the other hand
performed best of the three plant oils. The trend for lubricity enhancing ability

for the three plant oils is as follows: castor oil>canola oil>moringa oil.

From thee results the following recommendations are made for further

researchand study

The HFRR has a maximum load capacity of 1 000 g (i.e. 10 N) therefore research
work on load dfects could only be done up to 10 N. For this reasonsit i
recommended that researanto lubrication performancef castor oil, moringa

oil and canola o#s lubricity enhancers for diesahder extreme load conditions

be carried out.
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Appendk A- Humidity control

FigureAl shows the mechanism of the humidifier in controllthg humidity
inside the environmental chambeaf the HFRRIn the setup ompressed air
flows through the particle trap and moisture trap wherein a particulate filter
sepaatesmoisture and/or particles from the compressed air. This enstiras

the compressed air that enters the dry and wet columns are clean. The wet
column contains distilled water and the dry column, inert silica granules at 120
- 160kPa.

i 1 L
Tribometer Dry
test chamber column Wet
column

Pre-aeration
test tube

Air supply l:H:l > T T
Particle trap and

moisture trap

Figure A: Humidity control setup (Langenhoven, 2014)

To supplyconditioned air to the HFRR environmenthamber the compressed
air isbubbled Depending on whether moist air or dry air was needed in the
environmental chambethe wet column and/odry column was redated using

a control knob attahed to the rear of each columithis allows moist air or dry

air to flow into the environmental chamber.
Appendix B Standard deviation@rror bars)

The standard deviation for the graphs in the results section are shown.
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Appendix @ Wear scars at 0.2 % (w/pant oilin diesel
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Run 1, castor oilMWSD= 271.5 um,
CR=2

WS1.4= 277um,

Run 2, castor oiMWSD= 267um,
WS1.4= 277um, CR = 2

Run 3, castor oilMWSD = 273 pm,
WS1.4= 258 um, CR =2

X

Run 1 moringa oil,LMWSD= 601 pum,
WS1.4= 597um, CR=5

Run 2, moringa oilMWSD= 593

um, WS1.4= 603um, CR=5

Run 1, canola oilMWSD = 709 um,
WS1.4= 735um, CR=5

Run 3, moringa oilMWSD= 609.5um,
WS1.4= 625um, CR= 4

Run 2, canola oillMWSD= 780.5

Run 3, canola oilMWSD = 766 um,

pum, WS1.4= 781um, CR=4

WS1.4= 780um, CR =5
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