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High levels of soctn-oil can cause an increase in engine wear and oil viscosity,
thus reducing oil drain intervals. The mechanisms by which soot particles are
entrained into the bulk oil are not well understood. The research reported in this
thesis addresses questions on the mechanisms of soot transfer to the lubricating oil
in light-duty desel engines with high pressure EGR systeDeposition as a

result of blowby gas passing the piston ring pack and by absorption to the oil film
on the cylinder liner via thermophoresis are soot transfer mechanisms that have
been considered in detaillhe investigations are based amalytical and
simulation studies, and results based on complementary experimental studies are

used to validatéhese.

The eperimental investigations aimed at evaluating the typical rate of
accumulation and size distribution of soot agglomerates inTbé. al samples
analysed were collected during regular services from-tighy diesel engine
vehicles. These were represéivia of vehiclesmeetingEuro 1V and V emission
regulation standarddriven under reaworld conditions. The rate of sewt-oil

was determined by thermogravimetric analysis and results showed a concentration
of approximately 1wt% of sootin-oil after 15000 km. The particle size
distribution wasdetermined using a novel technigudanoparticle Tracking
Analysis (NTA),applied for the first time to sotdden oil samples by the author
. Results showed an average particle size distribution of 150rr@spective

of oil drain interval Almost the totality of the particles were between 70 and 400
nm, with micro particles not detectéd any of the samples analysdgbr the
samples investigated in this work, the Euro standard did not influence either the
rate of soot deposition or the particles size distribution7fR WKH DXWKRUY{V
knowledge,this is the first time tharate of soot deposition and particles size
distribution from oil samples collected from vehicles of different Euro standard

driven under realorld conditions are analysed and compared.



Exhaust Gas Recirculation (EGR) is a common technique used in diesel engines
in order to reduce NOemissions. However, it has the drawback that it increases
the production of sootin this work, m@rticular attentiorhas been given to its
effects on the rate of soot deposition in oil. Bath influence on the soot
produced during the combustion process and on the saotreduced in the
combustion chamber by the EGR gas has been investigated through CFD
simulationsusing Kiva3V. Examiningthe relative importance of nesurface
transport of soot bthermophoresiso theoil film on theliner and from blowby

gases to surfaces in the ring patiowsthe former to be the dominant mechanism

of soot transferEGR incrases the rate of deposition of soot on the liregronly

by increasing net production of sptiut alsothroughthe re-cycled particles At

EGR levelshigherthan 20%the contribution of thé&ke-cycledsootbecomes the

major source for soah-oil.

The study of soot deposition wavaluated duringhe entire engine cycle,
including compressiorstroke and postExhaust Valve Openinge{/O) period

Existing deposition models found in the literature typically limit the donbain
only from the Start of Ingction (SOI) to (EVO) period3-5]. Results from this

thesis indicatethatcompression stroke and pdsYO periodcan contribute up to

30% of the total rate cfootdepositioninto oil.
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1.1 Introduction

The Particulate Matter (PM) produced by the combustion process in a diesel
engine is mainly carbon soot. Mosttbfs sootis expelled from tk cylinder with

the exhaust gadut a small proportion is transferred to the lubricating Tile
amount of particles in oil is noestrictel by any standardgutassootbuilds-upit
degrades the performance of the lubricating system, accelerating engine wear and

increasing oil viscosity and frictio@ . Sootin-oil also has an indirect effect on

CO, emissions, as adulteration of the oil worsens fuel economy. Although these
consequences are weédcognisedthereis a lack ofunderstandingn how soot
transfer takes place and what factors influence this.

This thesisaddresses the neéat a better understanding and prediction of sioet

oil deposition on lighduty diesel enginessia a combination otomputational

and analyticaltools. Specifically, the pathways from combustion system to bulk
oil have been investigated. The questions considered include how soot production
and distribution depend oengine running conditions and the mechanisms of
nearsurface movement of soot particles into the oil film by thermophoresis.
These have been addressed by evaluating the effects of engine load and speed and
Exhaust Gas RecirculatioEGR) levelson the rate of soot depositiohhe effect

of EGRon sootin-oil depositionhas been taken into account not only by studying

its influence on the soot particles proddickuring the combustion proce¢-

cycle source of soqgthut also by considering thsmot recirculated with the EGR

gas in the combustion chamber {Re&led source of sontThe twosourcesvere
considered as two independent sources so that their relative importance on

deposition could be investigated.



Soot production and distribution in the regions of interest forigwoil have been
investigateccomputationallyby employing Computational Fluid Dynamic (CFD)
code and pogbrocessing computational resuliie rate at which these particles
are transferred into oil has beestudied analytically by applyingthe
thermophoretic model proposed bglbot etal. E] Its application was exterd

to the entire engine cycle, including also periods typically considered of no
interest for deposition into oil such as compression stroke andEgbatist Valve
Opening (EVO) period.

Together with the computational and analytical works, experimental
investigations on fifteen diesel engine oil samptediected at the oil change
service intervahave been conducted@echniques to measure sontoil particle

size distribution and concentration are described and apphethe fifteen oil
samplesThe brmer is measured by using Nanopatrticle Tracking Analysis (NTA),
a novel technigue applied ftie first time by the auth to sootladen oil
samples.Particle size results froofNTA are used as input data for the soot
deposition modeVia thermophoresidiscussed itfChapter 5. The concentration of
sootin-oil is determined by using Thermogravimetric Analysis (TGA). Results
are used to provide a typicate of deposition range for lighiuty diesel engines.
The ambition is to compare this experimesttatived rate ofdeposition with
those obtained from thdepositionmodel presented in this work. This is of
particular importance as arect validation of the proposed seatoil deposition
model was not possible as tligesel engine used as model for the CFD

simulatons was not available at the time of the investigation.

1.2  Background

1.2.1 Soot Particles in Diesel Engines

Through most of the ZDcentury, diesel engines were predominantly used in
heavyduty vehicles, marine and power generation applications. Only a small
proportion of lightduty vehicles had diesel engines. Since the adoption of

technologies such as common rail fuel injection,bécharging, alongside



economic and political factors there has been a dramatic increase in the market

share of diesel vehicle ligioluty sales. In 2011, as shown|kiigure 1.1] the

market share of diesel carstime UK exceeded that of gasoline vehicles for the

first time ﬂ

D N o ©
o O O o
1 1 1

S

Light -duty vehicles market share [%]
N
o

30 -
20 -
10 +
2001 2003 2005 2007 2009 2011 2013 2015
Year
——Gasoline Diesel

Figurel.l: Percentage aharket sharéor gasoline and dieséght-duty engines

in the UK.

Diesel enginesompared to gasoline engine®duce less C£as a direct result of
lower fuel consumption due to typically higher efficiency for the same output
power. However,they produce higher amounts of N@nd PM. The legislative
definition of PM is everything that may be trapped when exlgastsare passed
through a filter As shown ir

Figure 1.2| PM can be divided intsolubleand insoluble depending on their

ability or not to evapota upon heating or to dissolve in specific solvents. The
soluble particulates can be further divided istdphates nitrates and Organic

(SOF) fractions. Typically 15 to 30 mass peregetof PM is solubl. The
insoluble fraction consists of carbonaceous material, here referred as soot, and ash.
The correct term for soot is carbonaceous material rather than carbon black or
Elemental Carbon (EC) as sometimes confuseliténature This emphasisethe

fact that although carbon is its main constituent, other elements such as hydrogen,
oxygen and nitrogen may be present in the pa With ash contributing for



approximately 1 percenh massof total PM, soot particles in diesel engines are

the larger contributors of P.

Figurel.2: Schematidor Particulate Matter compositiqad 3].

Diesel engines, compared to Port Fuel Injection (PFI) gasoline engines, are more
prone to produce soot due to the differences in the combustion process. In diesel
or Compression Ignition engines (Cl), fuel is injeciedhe combustion chamber

at the end of the compression around Top Dead Centre (TDC), finding-the in
cylinder charge at high temperature and pressure. Despite the globair figain
composition, due to the short time available for the fuel and air to mether,

the charge is heterogeneous with some regions experiencing a lack of oxygen.
The local absence of oxygen and high gas temperature and pressure cause
pyrolysis reactions which break down the fuel molecules into soot precursors.
These precursors uayo nucleation in which the first nuclei of soot are formed,
followed by surface growth and particle growth. A detailed description of the soot

formation and oxidation processes is given in Chapter 2.

In PFI gasoline enginethe fuel is mixed with air qpor to induction, leading to a

much more homogeneous fudir stoichiometric mixture which limits the
formation of fuel rich areas during the combustion process. Furthermore, the
ignition process is aided by the spark plug and therefore, temperatures and
pressures at the end of the compression stroke are not as high as in Cl engines
wherethe combustion starts via autoignition. Recently, in order to improve the
overall efficiency ofgasolinepoweredvehicles, engines with Direct Injection

(GDI) have been introduced on the market. As the injection process occurs



directly within the combusbn chamber, the time available for fuel evaporation
and mixing with the ircylinder charge is reduced. This, similarly to what happens

with diesel engines, can lead to local fueh areas promoting the formation of

soot particle.

1.2.2 Tailpipe Emission levels andSootin-Oil
The development of lighduty diesel engines is mainly driven by the emission
standards, such as the current EMioin Europe and the Tier 2 in tHénited

States of America. 1Figure 1.3|the evolution from Euro | to VI of PM and NO

emissions level is illustrated. Over the past 20 ydzesllowable leves of PM

and NQ have been reduced by over 90%. With the Euro 5b standard, a@dimit
Particle Number (PNof 6 A0" particles/km has been further introduced. As diesel
engines run with lean ato-fuel ratios, the emissions of Hydrocarbon (HC) and
Carbon MonoxidgCO) aretypically very low . It is important to highlight
thatthe emissionimits do not refer to engineut values, buto tailpipe amounts.
Moreover, as PM values refer to both the soludnel insoluble fractions, its
reductioncanbe achievedlso byonly reducingthe amount oéoluble particulate
mattervia the use of a Diesel Oxidation Catalyst (DOC), without reducing the
amount of soot. These two aspects are of importance for the ¢@timenof soot
in-oil, as this is mainly governed by the amount and distribution of soot inside the

cylinder, which can strongly differ from tailpipe values. This implies that the

trend in PM emissian over the past decades reported|FRigure 1.3( could

significantly differ from that of soeih-oil concentration This, as it will be
discussed in Chapter 3 from the TGA results, is confirmed by the similar values of
sootit-oil concentrations in diesel engineseetingEuro IV and V legislations

despite the large reduction achieved in tailpipe emissions.
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Figurel.3: Euro Stage Limits for PM and N@missiond1

Throughout Euro | to VI, two different approaches to control PM &G}
emissionshave been followed: teylinder control andaftertreatmentsystems.
The Euro | and Il standards led to the shift from mechanical to electromechanical
injection and to the introduction of the DOC aftexratment system for limiting
HC emissions and the typical diesel adoproduced by thesulphur fuel
component. M limits were therefore,obtained via reduction of the soluble
fraction. As the combustion in Cl engines is lean, the use of a-THageCatalyst
(TWC) technology for reducing NQas ingasoline engines is precluded due to
the excess of oxygen in the exist strea . The main challenge of reducing
NOy emissionghrough ircylinder control,without the use of &WC, gives rise

to thetypical tradeoff between NQand soot particle.

Euro Il engines have seen the shift from-Mirect Injection (IDI) to Direct
Injection (DI), allowing for lower fuel consumption and better mixture
preparation. They were alsocharacterisedby the introduction ofhigh
pressureelectroniccontrolled fuel injection systems, with pressures up to 1,300
bar. This allowed a better fuetomisationand airfuel mixing, reducing PM
emissions, including the soot fraction. The introduction Hifh Pressure
Common Rail (HPCR) systems alacilitates finer control and more complex

injection strategies compared to caontrolled injectors, with the possibility of



shifting from single to multiple injections. For example, pogction alloned
lowering incylinder gas peak temperature, reducingsXdmation.However, by
retardingthe end of injection the fuel spray can escape the piston bowl region,
with soot formation occurring directly on the squish region, close to the liner,

rather than in the pistobowl. This influences the inylinder soot distribution,

directly affecting the amount of soot available for deposition int¢3e8l]. Under

Euro Ill, NOy emissions were also typically controlled with cooled EGRe
downside of EGR is that it lowers the amount of oxygen available in the

combustion chamber as well as the peak gas temperature, prortatgipe

formation of soot particlegl9-21]. Furthermore, as the-cycledgasis typically

unfiltered, a fraction of exhausted soot isimEoduced in the combustion

chamber, with direct consequences on the amount of sposied into oil.

Tzamkiozis et al compared the total PM and soot emissions from Euro Il to
lIl diesel engines. They reported an increase¢hsm amount ofengineout soot
despite a decreagetotal PM value. The overall PM reduction is explained by the
reduction in the soluble fraction vine DOC system They explained thencrease

in soot emissions despite the higher fuel injection presswgasconsequencef

the use of high levels of &R . Although a search of the literature did not
identify a comparison of sodh-oil amounts between Euro Il and Il engines, the
use of EGR and po#tjection strategies, suggesipatentialincreaseof sootin-

oil amounts despite the reduction in the legislated PM values.

In order to achieve the reductions imposed by the Euro IV standard, improved fuel
injection technology with higher pressures and better metering strategies were
introduced together with systems to improve the -faiel mixing such as
turbocharging withintercooling Also, in 2005 the allowablesulphur in fuel
concentration was reduced to 10 ppm (0.001%). This resulted in a resicldr
fraction of PM in addition to bettesfficiencies of the DOGystem In order to
control NQ, emissions, a better control of the EGR system was achieved via a

Direct Current DC) motor.

The 80% reduction in PM from Euro IV to Euro V required the introduction of an
aftertreatment system able timit soot tailpipe emissions, th2iesel Particulate



Filter (DPPH. Although theuse of the DPF allowedto comply with the more
stringent regulations, it caused further potential problems from an oil
contamination point of view for two reasons. Firstly, as soot particles are trapped
in the filter, the DPF clogs increasing the exhaust backpressure, causing
increasing pumpig work, cylinder scavenging and turbocharger problems.
Secondly, to remove the accumulated PM partidgsrocess called regeneration
has to be performed, typically every 50000 km . A spontaneous
regeneration in diesel engines is made difficult by the typically high Compression
Ratio (CR) valueswhichresultin low exhaust gas temperatusgsthe DPH200-
300°C), well below the met soot oxidation temperature (above 500°C). The
common method to unblock the filter is by dynamic regeneration, where the
vehicle has to be driven at high engine loads conditions in order to increase the
exhaust gas temperature. To further increase xhaust gas temperatyréhe
injection strategy is modified allowing for late injectio. As mentioned
above late injection cancausethe soot cloud to be formed directly in the squish
region, with direct consequences on the distribution of the carbonaceous particles

leading to a detrimental effect on séwtoil.

With the introduction of Euro VI anBarticle NumberR®N) limit, an even better
combination of ircylinder and aftetreatments measures had to be achieved.
Typically, the injection pressurés raised to values up to 2,000 bar with
multimode injection strategieShe Variable Geometry Turbocharger (VGT) is
used to biter controlmomentum and direction of galsrough the turbocharger
turbine during transient operational conditicarsd through the EGR loofNOy
values 66% smaller than during Euro V can require the uséhgr a Lean NQ
Trap (LNT) ora SelectiveCatalytic Reduction (SCR) aftéreatment systenin

the SCR rea is used to produce ammonia which then reacts withtdl@roduce
water and nitroge . Theoretically, due to the high conversiefiiciency of

the NOy after treatmensystens, the engine could be calibrated towards high, NO
engineout emissions values, i.e. with less or without the use of EGR, allowing for
higher engine efficiencies and lower PM production. This, howeweyld
increasethe costs related to the afteeatment systemsndin the case of the
SCR wouldrequirefor the vehicls § R Zs@oHperiodically refill the urea tank.



The review presented in this section highlights how the emission standards that
have driven th automotive industry towards complying with the imposed tailpipe
limits, may have had a detrimental effect on the amount of soot entrained into oil.
From Euro | to Euro IV, before the introduction of the DPF systems, the
technologies for reducing PM foes on reducing the soluble fraction of PM,
with values of solid particles, sosemainingessentially unchanged over the two
decade. The introduction of the DPF aimed at reducingtthipipe values of

soot particles, rather than engioet values. Furthermore, technologies and
strategies applied to reduce Ne@missions such as EGR and multiple injections
canresultin higher levels of soen-oil.

1.2.3 Accumulation of Sootin the CrankcaseOil

Accumulation of soot in the crankcase oil is a critical factor limiting engine oil
life. Soot concentrations in odf over3 % to 4% in weightcan lead to severe
engine wear, compromising the lifetime of the engine it@. Oll filters and
antidispersant oil additives are commonly used to reduce oil degvadati
However, soot primary particle agglomerates are of the order of few hundred
nanometresn size, about an order of magnitude smaller than eommon

filter mesh size, which mals them very difficult to remove. On the other hand,
the role of antdispersant additives i® avoid further aggregation ongearticles

are already entrained ithe oil sump, rather than reducing the amount of soot

containedn the oil.

The commonmethod for eliminating the problems caused by high levels of soot

in-oil is to drain the used lubricant and refill the engine with new oil. Car
PDOQXIDFWXUHUVY UHFRPPHQGDWLRQYVY DUH EDVHG R
method, however, is not cost effiwe for the vehicle owner and also represents a
problem from an environmental point of viefor instance, aypical oil change

requires approximately Wtres of new lubricant everyl3,000 km of vehicle use.

In 2011, there were 28.5 milliodieselcars Icensed for use on the roadstire

United Kingdom. Based orthesefigures, 114 millionlitres of oil have to be

regularly replacedand disposed of as wasté the concept ofsealed for life’



enginesis to becomea reality, rates of soot transfer to oil must be reduced
substantially and a better understanding of the transfer mechanisms will aid this.

An alternative solution for limiting soeh-oil and extending the lubricant lifetime
would be to prevent the trarmp of soot from the combustion chamber to the oil
sump.However, there is a need to expand the limited knowledffgeafiatureand
factors contributing tothe transport of soot into oilThis is of paramount
importance when engine operating conditiondibcation controls technologes
andstrategies such as EGR play an important part in the amount efrsodt

1.3  Project Aim and Objectives

The aim of this project is to understand and predict the mechanisms that govern
the deposition and transport ofosgarticles from the combustion chamber to the

crankcase oil. To achieve this, the following objectives have been set out:

X To estimate theelative contribution of deposition in the piston ring pack
during blowby and in theoil film at thecylinder linervia thermophoresis
as the main transfer mechanisms of soatil. This has been achieved
with the aid of Kiva3V and analytical calculations.

X To investigate the influence of engine speed, load and [EGHson soot
in-oil deposition rates. The effeof EGR is investigated by considering
both its influence on the amount of soot formed during the cycleygle
source of soot), and on tremot re-entered in the combustion chamber
during the induction stroke (Reycled source of soot).

x To apply the sootlepositionmodel to the entire engine cycle, including
also compression stroke and p&&tO period.

X To experimentally measure the typical amount of soot and particle size
distribution from lightduty diesel vehiclesmeeting Euro IV and V
legislations.

x To validate the proposed deposition modghinstthe typical amountof

sootexperimentallyobtainedrom used lightduty dieselengine oils
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1.4  Thesis Layout

The thesis consists of seven chapters:

Chapter 2 covers a revieof soot formation and oxidation proses,factors
influencing soot production, pathways by which soot is deposited into the

lubricant, effects and characterisation of soebil .

The analysis of used engine oils from a range of ddghy diesel vehicles driven
under typical realvorld driving conditions is reported in Chapter 3. This included
measurement of the typical concentration of soot particles in oil via TGA, and
particle size distribution via NTA. TGA results are used as benchmark value for
the results obtained in the deposition mgu®posed by the author. NTA results
are used to provide typical values for particle size distribution in the deposition

modeldiscussed itChapter 5.

Results on the amount and distribution of soot available for deposition at the near
liner and pistorheal-liner corner regions can be found in Chapter 4. These two
regions are of interest for deposition in the oil film at the liner and in the piston
ring pack during blowby, respectively. The amount and distribution of soot were
calculated from a CFD modetpresentative of a lighduty diesel engineneeting

to Euro IV Iegislatio.

Chapter 5 is focused on the soot deposition mechanisms at the cylinder liner via
thermophoresis. As the CFD code did not include for a thermophoresis sub

routine, this transfer mechanism was analytically evaluated using the model
proposed by Talbot et a@ The work aimed at evaluatingpe influence of

engine parameters and EGR level on the thermophoresis deposition velocity.

The availability of soot in the regions of interest, and the stoalyparticle
deposition mechanisndiscussed in Chapters 4 anddilowedin Chapter 6the
calculdgion of the rate of soot in oil deposition from both the pathways
investigated in this workThe results obtained here, are compared thighypical
amount of sooetn-oil previously obtained with TGA. Chapter “hciudes

discussion, future wornd conclu®ns.

11



1.5 Contribution to Knowledge

This thesis contributes tithe knowledge of soot transfer rleanisms to lubricant

oils from lightduty diesel enginesAs part of the understanding of the typical
scenario of soein-oil depositionfrom light-duty diesel eniges several soet

laden oil samples representative of real world driving conditions ameaé/sed

This allowed the characterisation of several samples of different sources, which
would not have been possiblel URP ODERUDWRU\ WHVWV 7R
knowledge, this is the first time thatl drains from light-duty vehicles from
enginesmeetingEuro IV and V standards amharacterisecand comparedn

terms of soot in oitoncentratiorand agglomerates size distribution. Moreower,

is thefirst time that theNTA techniqueis usedto determinghe size distribution

of sootparticles entrained into .

Previous computational studies estimated the rate of soot deposition into bulk oil
by considering the SGEVO period and only taking into account the particles

produced during the combustion process, here reféorad Incycle sourcg3-5|.

The analysisundertaken in this research Hasen extended to the entire engine
cycle, including compression stroke and p6%tO period. Furthermore, th®le

of EGR on rates ofaumulation in oil hastudied by considering its effects on
both the Incycle source and the particles-cycled with EGR gas during the

induction stroke.

12
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2.1 Introduction

This literature isdivided into five sections, the first of which covers the main
steps of the soot formation and oxidation processes. The second isve oétie

typical combustion model used to describe the production of soot in diesel engines,
together with factors affecting the formation of sddte third section is a review

on the studies conducted on the soot transfer pathways to engine oil.lastthe

two sections the effects of seotoil with particular focus on oil viscosity and
engine wear, and the current methods to characteriseinsoibtin terms of

concentration and size distribution are discussed.

2.2 SootProduction

Soot is generally acctgl to be the insoluble fraction BarticulateMatter (PM).

In the automotive field, the formation of soot particlesDinect Injection (DI)
engines is a concedue to its impact on both environment and human h@h

Soot particlesare formed in both diesel and DI gasoline engines, but the first are
particularly prone to produce particulate material as a consequence of the
differences in fuel injection and ignition mditi@s and gas conditior@. High

gas temperature and pressure, and the presence -ofefisel pocketstypical of
diesel enginesenhance the pyrolysis of the fueid hencéhe formation of soot.

Soot particles are mainly composed of carbon, oxygen and hydrogen. Other
elements such as nitrogesylphut zinc, phosphorous, calcium, iron, siic and
chromium are also detect. Sulphurand traces of calcium, iron, silicon

and chromium can be attributed to the diesel fuel, while typical elements from the
lubricating oil additives are zinc, phosphorarsl calciu. In|Table2.1|the

typical constituents of the soot exhausted and of the soot contained in the
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lubricant oil are showf{il2]. Their composition is quite differenwith the sootin-

oil having a much higher carbon content. This is partially due to the different

oxidation process that they undertake.

Soot Constituent

Sootin-oil content [%0]

Exhaust soot content [%

Carbon 90 >50
Oxygen 4 <30
Volatile Content 6 20

Table2.1: Main constituents of soan-oil and exhaustedoot]12].

In diesel combustion, the main path for the carbon cubds is to react with the
oxygen to form combustion products such as carbon monoxide and carbon
dioxide. Despite the overall lean Air to Fuel Ratio (AFR), typically well above 18
, local fuetrich areas existiuring the early stages of the combustion process.
As a consequencsome of the carbon molecules will fail to bond with oxygen,
forming solid carbonHeywood reported a critical carbon/oxygen ratioloin

order to determine soot formati. Soot production, in simple stepsan be
divided into soot formation, responsible for the gitow terms of both mass and
number, and soabxidation which acts as a surfatrirning. Particleformation

can be furtherschematisedinto: particle nucleation, surface growth and
agglomeratio. The net amount of soproduced within the combustion
chamber is given by the competition between the soot formation and oxidation

processes.

2.2.1 Particle Nucleation/ Inception

The available fuel can undertake eithpyrolytic or oxidation reactions,
depending on the availability of oxygen. During pyrolytic reactiamsaturated
hydrocarbons, polyacetylenes and other aromatic compounds are produced,
growing thentogetherto form Poly-Aromatic Hydrocarbons (PAH. The
combination of large PAH formsvo-dimensional PAH moleculesvhich merge
togetherto form threedimensional particles. In this later stage mass is converted

from a molecular t@ particulatesystem.

14



While the process of conversion from fuel to tdimensional molecules is
widely accepted, the conversion from a moleculaa particulae system isstill

not well understoodGraham et aI proposed a method for nucleatifor low

and intermediate temperatures, typical of diesel engines. At low temperatures,
soot nuclei can be formed frothe condensatiorof the aromatic rings into a
graphitic layer structure. At temperatures above 1800 K, soot nuclei are formed
following an indrect path that involves ringreakupinto smaller hydrocarbon
fragments, which thepolymeriseto form larger unsaturated molecul&mally,

theseare responsible fahe production ooot nuclei.

Another model is that of Haynes and Wag who described nucleation as
formed from the first condensed phase material produced frompytiselisation
products ofthe fuel molecules, such as PAH. their model, the condensation
reaction of these gas specissconsidered as the most likely precursor of soot
nuclei in flames, leading to the appearanceauwtflei of d<1.5 nm with about 100

carbon atoms.

2.2.2 Surface Growth

Once the nascent soot particles are formed, their mass is increased by the
aggregationof gasphase species such as acetylene and PAH, including PAH
radicals. The surface growth involves the-gaase deposition of the hydrocarbon
intermediates onhe surfaces of the spherules developed from the nucleation
process, forming the outer shell which surrounds the inner €beetypical inner

coreouter shell structure of a diesel engine soot primary particle is shown in

Figure 2.1 That causes a significant increment of sowsscompared to the

nucleation phase, although the number of soot particles does not decrease. Unlike
the particle nucleation, surface growttcars also at lower temperatu.
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Figure2.1: Primary particle at high level of magnificatiorusingTransmission
Electron Microscopyleft-handside).Contrast enhancagsing ImageJ torew

inner coreouter shell structurefight-handside).

2.2.3 Agglomeration

Agglomerationdoes not affect the total mass of soot. The number of soot particles
is reduced while particle sizis significantly incresed This step in th soot
formation process can be divided into two ph The first occurs when sb
particles are small or youngpltisions lead particles to fuse with each other
forming a larger single spheroid particle. The second phase occurs when particles
before colliding have the time to mature and solidify. Consequently, during
collisions, particles maintain their structure danndividual characteristics,
growing simply by sticking to each other forming agglomerates with cluster
shape. This leads to the appearance of particles with eliegnshapes of

discrete sizeThe chainlike shape, suggests that agglomeration occurred via

electrostatic activit.

2.2.4 Soot Oxidation

Unlike the previous step of the sofiirmation soot oxidation does not occur only

ata specific phase, but it occutgoughoutthe entire soot formation process. It is

a heterogeneous process that takes place on the surface of soot particles at
temperatures abevi300 . During oxidation, the particle is desyedl by the
oxidising agents whichdepletethe carbon atoms accumulated on the particle
reducingthusthe mass of soot present within the combustion chaniler main
oxidation reactants are OH, O, and. @he largest contributor ®, under fuel

lean conditions an®H under fuekich conditions However it is reported that
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only 10 to 20% of the collision between OH and soot are abdaddy a carbon

atom. Other possible oxidants are® CQG, NO, N,O, and NQ.

In this thesis the soot formation and oxidatfmocesses are studied usisgmi
empirical models. Details on the models used are provided in Chapter 4, where

these are applied.

2.3 Combustion Model in Diesel Engines

In typical diesel engines, combustion strategies involve one or more pilot
injections and a maininjection. The role of the pilot injection is to promote the
combustion process of the main injection by increasingyimder gas
temperature and pressuf@mbustion after the main injection can be divided into
premixed and mixingcontrolled or diffusion flame cmbustions. The main
quantity of fuel is injected during the compression stroke close to TDC. The time
between injection and start of the comiows is the Ignition Delay (ID), in which

the fuel mixes with air before the praixed combustiorstarts During this stage
combustion iccharacterisedby high rates of heat release and short duration. The
mixing-controlled phase starts when the fuel previously mixed withisair
consumed. During this second stage, the rate of the combustion is determined by
the airfuel mixing, and as a consequenite heat release rate is slower andslast

over a longer periodf time during the expansion stroke.

The conceptual combustion model proposed by @: schematisedhn [Figure

2.2|has been widely accepted to describe the initial stages of the sootidormat

and oxidation processes. Timeodel is based on experimental resufitem a
Cummins DI diesel enginayith the Stat of Injection (SOI) occuing at 11.5°
Before Top Dead Centre (BTDC) and injection durabbapproximately 20° CA.

By 3° After Startof Injection (ASOI) the fuel spray has reached its maximum
penetration and the hot-gylinder air hasvaporisedall the fuel beyond this
location. At5° ASOI and 1000°C fuel breakdowrtommencesforming large

PAH in the leading portion of the fuel jet. During this stage more air is entrained
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within the yet enhancing oxidation reactions, with temperataresng up to
1900-2,000°C.

After 1°CA, the first small soot particles are obsereeda large portion of the
fuel spray, arising from the first part of the fuelich premixed combustion.
Continuing, at 6.5°ASOI a thin layer on the periphery of the jet is observed,
representing diffusion flame. T& delimits the fuetich premixed burn products
and thesurrounding fresh airwhich at this stagéas reached temperatures of
approximately3,000°C.

The jet continues to grow and the soot concentration increases, mainlg in th
periphery region of the jet, where mixkegntrolled burn and high temperatures
are achieved.At approximately 9°ASQIl premixed combustion ends and
combustion continues only via mixirgpntrolled. At 10°ASOI the head vortex is
well developed, containing large concentration of soot particles with larger size

compared to those in theentral region of thget formed from the premixed

combustion. The (b) part Figure 2.2|illustrates the remainder of the mixing

controlled combustion in which the soot distributioresioot change significantly,
exceptfor the increase soot concentration and size within theald vortex.

Soot oxidation is expected to occur throughout the combustion procasdy at
the jet periphery andautsidethe head vortex wherea high concentration of

oxidans, such as @and OHis observed.
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Figure2.2: Schematic of temporal sequence during early stages of DI diesel

combustio.
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2.3.1 Factors Influencing Soot Production

Soot formation, which mainly occurs within the fuel spray during the combustion
processstrongly dependson engine conditionsSoot production can be reduced

by increasing the concentration of oxygen in the regimhere soot formation
occurs. This can be achieved by either increasing the entrainment of oxygen
within the fuel jet spray or with fuddorne oxygen. More oxygen within the jet
plume will increase localdme temperature, increasing the oxidation of soot. This
results ina more completeombustion and hence less soot produesdwell as
lessunburnedHydrocarbongHC) formed. Increasing the air swirl ratio is an
effective way to increase the local -&wel mixing and therefore reducing local
fuel richness areas, i.e. soot form@. On the other handjn-cylinder
tenmperature and oxygen availability are the factors governing NOx production.
High combustion temperatures cause oxygen molecules to dissociate into
monoatomic oxygenpitiating the formation chain reactions of nitric oxi.

This is of particular concern for diesel engines as NOx emissions cannot be
removed with the use & threeway catalyst as in gasoline engines, due to the
excess of oxygen in the exhaust . Oxygenated blendsan reducesoot
emissiongn terms ofboth mass andumber as well as HC and C. Again,

the drawback is that with fuélorne oxygen an increase in NOx formation is

observe .

Another effective wayto reduce soot productiors to increase fuel injection
pressureNowadays fuel injector pressures have achieved values of 2,500 bar and
above. Higher injeatin pressure improves fuel atoti®n, reducing fuel droplets
diameter and resulting in a bettair-fuel mixture . Other techniques
followed by researchers to reduce soot formation are increasing boost pressure
and controlling mixin, optimisingpiston bowl shape, injector hole length to
diameter ratio and direction of the injection s :

High engine loadevelshavea strong influence on the amount of soot produced.
This is a direct consequence of the higher amount of fuel injected in order to
achievethe required cylinder pow. Increase in engine speedhanceshe
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overall incylinder turbulence level, which results in a betterfa&l mixing and
hence soot oxidatio‘ﬂ.

Effective ways to reduce NOx emissicareEGRtechniqueand retarding thetart
of injection.With EGR a portion of the exhaust gaseésirculated ind the inlet
manifold, displacingfresh air. However due to thelower amount of oxygen
available for the combustices well as to the reducéidme temperatureghe soot

oxidation rateis reduced, increasing the net amount of soot for@.

Similarly, retardingSOI causes an increase in soot emissions due to the reduction

in soot oxidatioras a consequencethie global lower gas temperatu.

2.4  PossibleSootPathwaysto Crankcase Oil

Soot particlesproducedduring the combustion process, dirstly formed in the
piston bowl region when the piston is near TDC. As the piston moves downwards
during the expansion stroke, the expanding squish volume is occupied by the
combusted gas previouslglinited in the bowl region. As a result, soot particles,
that closely follow the gas motion, may also reach the squish volume and the
nearwall regions of the combustion chamhberin these regionsa large
temperature gradient between the cold cylindesrland the hot combustgdses
exists. Particles present within this temperature gradient are subjected to a process
called thermophoresi§his is defined as the motion of particles due to the more
vigorous gas collisions from the hot side of the partigléch results in a net
force towards the cold sid . Particlestravelling at the thermophoretic
velocity may be entrained into the oil film at the liner and then transferred to the

crankcase oil via the scraping action of the piston rings.

Moreover, due to the pressure difference between combustion chamber and
crankcase regi@) a fraction of gas escapes the combustion chamber passing
through the piston ring pack. This mechanism is referred to astbloWwhe mass

of blow-by, which strongly depends on engine speed, engine load and piston ring
pack configuration, is approximayel-2% of the total charge ma. As soot
particles may be carriedithin blow-by gas they may be deposited into the oil
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while passing through the piston ring pack. These two pathways are well
recogniseds the only possible routes for soot entrainmentdht.

Previous computational studies osootin-oil deposition of light-duty diesel
engines concluded that deposition via thermophoresis at the cylinderslither
dominantsootpathway to oil. Deposition in the piston ring pack during blow

was accounted for over two orders of magnitude smaller compared to the main

transfer mechanisi§8-5|. In these studies, the main focus was given to the role of

injection strategiesn sootin-oil deposition The role of EGR, investigated in this
thesis, was not taken intaccount Furthermore, they limited theperiod of
investigation to the closed part of the cycle, fr&®I to EVO, neglecting
compressiorstroke and the po$tVO period

The potential role of EGR on semt-oil deposition was ivestigated
experimentally by Tokura et - in a study published in 198Experiments

were conducted on a lighiuty IDI LD20 diesel engine, at cditions of 2400

rom and 29.4 Nk. The role of EGR was investigated by considering both the soot
produced during the combustion process and that brought into the combustion
chamber by EGR. Furthermore, they investigated the contribution from both

blow-by and cylinder liner courses. Resulshown in |Figure 2.3| clearly

highlighted the role of EGR on seit-oil accumulation, and in particular, the role
of the re-cycled source of soot. They reported that fapderatehigh levels of
EGR, the contribution from thRe-cycledsource of soot was equal or above that
produced during the combustion proce&dimitation of the work waghat the
role of theRe-cycledsootwas taken into account onbetweeninduction stroke
andend of thecompression stroke. This was due toftet that the two sources of
soot were not distinguishable after the combustion generated partictes we
formedand both sources were availabletie combustion chamhebeposition
caused by blovby, due to thdRe-cycledsource of soot, was approximatel§

of the total depositiomt high levels of EGRmuch higher than that reported by

other authors who did not take into account the contributioiE®R [3-5].

Despite the engine used for the istigation notbeing representative of current

engine technologies, i.e. fuel injection pressumedirect injection piston bowl
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shape, compression rati@sults showed the neéal furtherinvestigation into the
role of EGR on soein-oil deposition.

Figure2.3: Relationship between amount of saowil and EGR rat¢51].

2.5 Effects of Sootin-Oil

The presence of sootto the lubricating oil is for the automotive industry a sub
problem if compared with the focus givenreducing soot tailpipe level$ligh

level of sootin-oil, however, can create secondary problems that are not
acceptable due to consequences on engine performances or eveonntbee
engine life itself.

The interest on the effects of santoil is further growing due to the fact that
nowadays lubricating oils are experienciagevenhigher concentration of soot
compared to former times, with reported values on helavy diesel engines of
up to 5wt% . This is a consequence of several factors, all linked to the
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necessityto reduceengine out soot emissionghe frst factor is related to the
strategies adopted in order to reduce NOx emissions: High levels of EGR cause a
sootier combustion as well as a sootiecylinder charge due to the recirculation

of the exhaust gas; retarded fuel injection timing displaces the combustion event
to laterduring the expansion stroke, lowering gas temperakiverever the soot

cloud formed during the combustion process may escape the piston bowl region
exposing the oil film on the liner to higher levels of soot amouFie. £cond

factor is that nowadays piston rings scrape more aih order to reduce oll
consumpion. This is achievetty reducing the top piston land height. Reduced
levels of oil consumptiomavealso an indirect impact on the lubricant oil stress,

as the necessity of adding fresh @l decreased,consequentlyreducing the
dilution of sootin-oil. Finally, with the introduction of turbocharged diesel
enginesin-cylinder pressuréas increasedromoting the blowy of sootladen

gas.

Among all the potential implicati@of soot enteringhte crankcase oilhe two
main consequences atlee increasan engine wear andincrease of theoil

viscosity,asdiscussedn the following sections

2.5.1 Oil Viscosity

Particle size and shape are factaffecting the influence of soein-oil on oll
viscosty. It is understood that soot agglomerates, compared to soot primary
particles acupy a larger effective volunand that the oil trapped within the pores

of the agglomerates are more rheological relevant than simply the mass or fraction
of soot in oiI@. Gopalakrishnan andukoski reportedan increase in oll
viscosity of over several hundrg@ercentfor concentrations of soot above 5% in
weight. The drastic increase was also connected to dbé agglomeration
occurring in the oil itself at such high levels of soot, referredsesondary
agglomeration If the particles will remain well dispersed evenvatry high

concentratios of soot the increase of viscosityould be drastically reducedo
only few percen}13|.

Ryasonand Hansev@ studiedthe shear rate rheometry of used oils from heavy

duty diesel engines concluding that oil viscosity iomsgly affected by soot
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concentration, especially at low temperatures. They reported a linear increase in
oil viscosity for levels of soot of up to 1% in weight. On the other hand, for levels
above 1% the viscosity startéd increasdaster.As shown ir@ similar

rises in viscosity were observed by Green e@ who used formulated oll

mixed with carbon blacktconcetrationsof up to 7wt%.

In a hydrodynamic lubricating regime, friction is approximately proportional to
the square root of the dynamic visco@. Therefore, the increase in viscosity
due to soot contaminah can havean indirect detrimental effect on fuel
consumption and exhaust emissiods. the other handx studyconducted by Liu

et al. usng a cylinderin-disc reciprocating tesindicated thatthe friction
coefficient decreased with soot. This was associatd the role of the soot

acting as a friction modifier, possibly due to the action of soot as a solid lubricant.

350
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i5?1L|2-|;|1it

Soot content [%]

Kinematic viscosity [cS]

m40°C m100°C

Figure2.4: Effect of soot content on the kinematic viscosity of an engine oil at

40°C and 100°ﬁ.
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2.5.2 Engine Wear

Engine wear igecognisedas the most critical effectaused bysootin-oil. In

Figure 2.5/engine components wear is shown as a function of @RWear is

higher in the valve train, and drastically increaseth EGR of up to 10 timefor
all the components as a consequence offidfi@er concentration of soot.

Figure2.5: Data showing relative component wear at different EGR |¢4%e

The mechanisms by which soot causes weamat yet fully understood and the

theories can be classified into three categories:

X Interference with antivear additives in the lubricant;
x Direct abrasion;

x Blockage and oil starvation.

Initial works ruled out direct abrasion agotential soeinduced vear mechanism

as it was believed that the hardness of soot particles was the same as that of
graphite, whichhas a hardnessmuch lower than steel and other engine
components. For instancene of the earliest works, conducted IEpunds

studied the interaction between soot and wear using ebfduwear test machine
Roundsconcludedhat soot particlesausewear by absorbing artvear additives

such as the Zinc DialkylDithioPhosphate (ZDDPjhis theory was later
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contradicted by Olomolehhin et - who found that once thsoot was
removed from the oil, the anttear additive performance returned to normal

levels, instead of being removed together with the particles.

Other author studying weaion the valve train, showed that soot causes
wear by removing the ZDDP film from the metal surfacesther than by
absorbing the ZDDP antvear film as proposed by Roun. Corso and
Adamo , foundthat soot interacting with ZDDP transforms the additives from
antrwearFe;O,4to pro-wearFeO.

More recent studies suggest that the dominant factor causing wear is abrasion.
This theory is reinforced by Li et . who showed that the soot particle

hardnesss higher than that of engine components sudimes crosshead, rocker

arm and top ring faceas shown ifrable 2.2| The soot collected from a diesel

engine equiped with EGR is harder than an engine without EGR. This is possibly

due to the secondary heating and oxidation process that the particles experience.

Component Vickers hardness [kgf/mfh
Soot, EGR 1302
Soot, noREGR 988
Liner 293
Cross Head 786
RockerArm 732
Top Ring Face 753

Table2.2: Vickers hardness data of different engine components and soot under
EGR, norREGR condition462].

Usinga Scanning Electron Microscope (SEM) et al. studed the grooves
formed on thecylinder liner. They supported the theory that the grooaes
caused by thesoot as theirwidth (2050 nm) was in the same range as the
primary soot particle size, and the orientation of the grewuaes parallel to the

sliding direction. They described soot wear as a thosly contactmechanism, as
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schematisedn |Figure 2.6| When the oil filmthicknessis larger than the soot

particle size, the two sliding engine components can be separated by the oil film.
However, if the oil film thicknes is less than the particle size, abrasion can occur

due to the soeametal interaction.

Figure2.6: Schematic of threbody contact mechanism causing engine r

Similar conclusions were made by Berbezier e who discovered that the
particle size plays a major role on the wear rate, with agglomerates 300 nm in
diameter producing apprarately 60% more wear than particles of diameter 20
nm. Sootin-oil characterisation conducted by the author together with La Rocca
et al. , suggested that the typical agglomeraie $s approximately 200 nm

with primary particles of 20 nm diametéfsing carbon black and base, @reen

et al. investigated the wearolume as a function of carbonaceous material
concentration. They stated that below®6 of contaminantn oil, wear is mainly

induced by metalo-metal sliding.

Starvation is the most extreme wear mechanisms caused byFsodevels of
soot above 4%Green et al.@ observeda transition from abrasive wear to
starvation, due to the contaminants blocking the inlet to the contadnsegi
Rheology is another mechanism that may cause starva#ionncrease in oll
viscosity due to high levels of soot, can increpaeping losesthrough small

channelslimiting or prevening oil flow, failing to maintain a lubricated contact,
resultingthusin high levels of Weaﬁ.
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2.6 Sootin-0Oil Characterisation

2.6.1 Concentration

Determining the concentration of santoil is of particular importance as it is one

of the main variables governinthe oil drain interval. Furthermore, as i i
strongly associatedith engine wear and viscosjtiy is a routine measurement for
such investigationsHowever, in order to produce sdaten oil samples, it is
necessary to run the engine for several hours, with direct implication in terms of

costs and time that a test deas to be used for this purpose.

As a consequence, sdatlen oil samples are oftgoroduced using soenduced
tests which dramatically increase thmates of soobuild-up into oil. For example,
common methods are th€ummins M11 EGR Standard Test Method for
evaluating oil performance of headyty diesel engine, and the Mitsubishi
4D34T4 which increase the concentration of soot up tavi®b via overfuelling
@. The twomethods refer to heawguty diesel enginesnd furthermore, they

do not providenformation aboutealworld sootin-oil concentrations.

In both standards, the concentration of doetil is measured by using
ThermoGravimetric Analysis (TGA) analysis. The TGA technique measures the
percentage irmassof sootin-oil as a function of time and temperature. It is
reported thalT GA is able to provide results with an error band of within
. Due to its simplicity and accuracy TGA has been also tsedeasurghe
concentratiorof sootby several other autho. However, none of
these works mvided information relative to concentrations of smebil from
light-duty diesel engire Uy et al. provided values of soeh-oil
concentrationfor a GDI engine drain oil from customerhieles driven under
urban and extrarban driving conditions. They reported a concentration of soot
in-oil of 0.83wt%. However, they did ngtrovide information aboutileage at
the time of the oil drainandtherefore, abouthe rate of soot deposition in oilA
correlation between soat-oil concentration and sample mileage is provided by
Lockwood et aI, and results are shown(kigure2.7| Three different test oils

were studied under emad conditions in five different tracks. Results show that
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the amounbf soot trappedn oil for a particular enginencreasdinearly with a

correlation on the order of’R0.8.

In the same work, Lockwood et @ measured the concentration of soot using
both TGA and Fourier Transform Infrared Spectroscopy (FTithniques
Although a comparison between the two techniques is not provided, FTIR is
another common technique used to measiie concentration of seot-oil. With

FTIR, the level of soot is related to the absorption of infrared light, at an
absorbance wavelength of 2,000'1: . The main drawback of this technique,
which has been successfully applied by severﬂdms on heavyduty
diesel engine oil samples, is that it requibesh the used sod&den oil and the
clean oil. In fact, the amount ebot is determined by subtracting the absorbance
wavelength of the clean oil to the wavelength of the used oil at 2,000 A
discussed in Section 3.2, the oil sampdemlysedin this work were collected
from several customer ligliuty vehicle driven under urban and extraban
driving conditions. Therefore, the clean oil was not available, and consequently,
the FTIR method could not be applied.

Figure2.7: Percentage of soat-oil concentration fronthreeheavyduty diesel
engines as a function of sample mile.
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2.6.2 Primary Particle sand Agglomerates Sizeand Shape

Soot characterisation in terms of particle size and shape provide information
regarding soot formation process, its impact on the environment, engine weatr, oil
lubrication and efficiency of particulate filters. Moreover, of more relevance for
this work, it influences the rate at which the particles are deposited into the oil

film on the liner via thermophoresis.

The most common techniques used to characterise primary particles and
agglomerates dispersed in oil samples are Transmission Electimnsbbpy
(TEM) and Dynamic Light Scattering (DLS). Recently, a novel technique,
Nanoparticle Tracking Analysis (NTA) has been applied for the first time te soot
laden oil samples by the authEI . The two works compared particle size
distribution from lightduty dieselengines obtained with NTA with those from
TEM and DLS. As discussed in Section 3.4, results from M@feedwell with

the other two common techniques.

The maincharacteristiof TEM compared to the other techniques is thatlows

the study ofthe strieture of the primary particles and the shape of the
agglomerate . However,the sample preparation for sdntoil
sample is relatively complex ased engine oil is a contaminant felectron
microscopes and leads itwstabilities under the electrdseam; a suitable sample
preparation technique has todmployed to effectively remove lubricant from the
sootparticles. Different sample preparation are described and applied in literature:
Cryogenic vitrification and imging by Cryogenic TEM havédeen used by
Kawamura et aI and Liu et aI. to visualisethe soot agglomerates and
their distribution in engine oilDespite asuccessful demonstration of this
approach, theiscosity of typically used engine oils leadddoalisedthick layers

on the TEM grid and requirespeciaised preparationequipment and expertise,
making it unsuitable for routin@nalysissuch as the analysis of fifteen oil samples
Clague et aI. employed solvenextraction followed by centrifugation to
extract soot from used engine oil and a similar technique was used by Esangbedo
et al. . A previous study conducted by the autlmr soot agglomerates

showedthat sample preparation can altparticle size and shap@. Further
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drawbacks of this technique are high running costs, analysis turnaround time and
the need for highly skilled operasor

On the other hand, measurements of nanoparticle suspensions size distribution
with DLS are fast, useriendly and straightforwar@. DLS determines particle

size by measuring their Brownian mobility in the suspension. The speed at which
the particles are moving due to Brownian motion is detected by recording the rate
at which the intensity of the scattered light fluctuates. The partidasigiven as
hydrodynamic diameteDy, definedas the diameter of a hard sphere moving at
the same average diffusion coefficient of the particle benglysed The
hydrodynamic diameteis related to the Brownian particle displacement by the
two-dimensonal Stoke Einstein equatio :

-»6

— 2.1
ue a &

& L
Where D is the diffusion coefficient, T is the temperature of the samples, tke
%ROW]PDQQTV ER&QJywdixidcodinQds the solution. Despite its
advantages, DLS has some downsides. Because the intensity of the scattered light
Is proportional to the sixth power of the particle size, the presence of large
particles canresult in the underestimation of smallagicles . This is of
concern for soot measurements as their typical diameter varies from few tens of
nanometreto several hundred nanometré&sirthermore, as all the particles are
measured simultaneouslthe DLS producegesults in terms o&verage particle
size A drawback is that DLS requires individual particle populations to differ in

size by a factor of at least 3 in orderdigcretisethem, with the consequence that
DLS could fail to detect peaks on polydispersed sas

Soot is found to be in the form of chdike or cluster shapeswith typical size of

the agglomeratebetween 150 and 500 n . Soot agglomerates may
contain up to hundreds of primary particles. Primary particles are spherical in
shape andformed of millions of carbon atomp35|, with diameter varying
between 15 and 30 n. The diameter of primaryapticles is found to

be affected by engine conditions. Mathis et found primary particles to
decrease with advanced SOlI, increased fuel injection pressure and engine load.
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On the other hand, primary particle size was founddeease when high levebf

EGR were applied. Lapuerta et justified the increase in primary particle

size with EGR due to the effeof EGR on AFRFurthermore, they found that at

high engine speed size decreased due to the reduced time available for surface
growth.

2.7 Discussion and Conclusions

Thereview presented in this chapter highlightiéit most of the studies found in
the literature on soot dispersed into crankcase oil are relative to the dffscts
these particlebaveon engine wear and oil viscositgvel. Almost the totality of
these worksapplied toheavyduty diesel engines rathdran lightduty vehicles.
Moreover,in these studiessootladen oil samples areften prepared using test
methods aiming at acceleratinggethccumulation of soeh-oil. This is due to the
high costs andamount oftime required to obtain the desired leveisoot content

in oil with nondoped engine conditions

As a resultthere is a lack of knowledge regarding the rate of soot accumulation in
oil, and on the effecthatengine conditionsiave onthe rate of accumulatiorin
SDUWLFXODU bedkndiketigeD noWtoirhatihivasbeen foundn the
literature covering the rate of soot accumulation of ligttity diesel engine

vehicles driven under realorld driving conditions.

Computational studies on lighiuty diesel engines have investigated thie of

sootin-oil deposition|3-5]. These, howevedid not considerhe effect of EGR,

which is a technique applied to reduce ,N@dely applied in current vehicles.

Due to the importance that EGR has on oil degrada@, there is the
need to investigate computationally the role of EGR on-gnoil deposition.

Tokura et al. experimentally studied the role of EGR on soeah-oil
deposition, takingnto account both then-cycle andre-cycled sources of soot.
Although the engine used in their investigatidoes not reflect the engine

specifications currently encountered on the market (the study dating1f82n

33



the work demonstrated the importance of EGR not only due to its effects on the
soot production, but also for the soot that igireulated with the EGRgas.

Finally, a current limitation of the studies found in the literature on soot particle
size distribution, is that thessncernparticles produced and collected during
laboratory tests. In particular, a potenta@rrelation between oil mileage and

particle size, as well as with Euro standawd engine vehicle is currently missing.
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3.1 Introduction

The aim of the work reported in this chaptevas to determinethe typical
concentration and size distributioh soot in useengine oil.Fifteen oil samples
from light-duty diesel engines meeting Euro IV or V regulations setting limits on
vehicle emissions wereollected fromlocal service garages in the Nottingham
area. The amples were representative of oils at the end of service intervals

collected from vehicles driven under urban and ewtkmn combined conditions.

Details of the samples are providegliable3.1| Data on soetn-oil samples from

real world driving conditionswas not available fromthe literature as soot
characterisation of lighdluty vehicles during real world conditioms limited to

the characterisation of the exhaust soot. $aen oil samples are instead
commonly produced during laboratory tests, at conditions which promote soot

deposition in order to produce high concentrated samples for engine wear analysis.

Sootin-oil concentration results are used to estintlaggypical rate of soein-oil
depositionandthe fraction of fuel in oil as soot particles. The goal isige these

results tocompare and validatihe analytical and computationalorks presented

in Chapers 4 and 5The oil sampleswere analysedvia Thermogravimetric

Analysis (TGA)technique TGA is acommonmethod used for determinirthe

massof soot asa percentagdy mass okample wt%. The technique was chosen

for its simple andeliable application7R WKH DXWKRUfV EHVW NQRZ(
first time thatsootin-oil concentrationfrom light-duty Euro IV and V diesel

engines vehiclesrepresentative of real world driving conditiorigas been
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investigated. e instument and the methodology used tbe experiments are
describedin the first part of this chapteiThe following sections presents the
results of soot concentration atide assumptions used testimate the rate of

depositionand the fraction of fuel in oil asoot

Results from theootin-oil size distributionnvestigationare used as input valsie

for the thermophoretic model discussed in Chapter 5, which is sensitive to particle
size. Nanopatrticle Tracking Analysis (NTAas been used for timeeasurements.

This novel techniqugvasapplied for the first time by the author $ootladenoil
samples A review d the NTA instrumentand the methodologyused for the
experimentsarediscussedn Section3.1 The techniquas comparedagainsttwo
traditional techniquesuch as Transmissioklectron Microscopy (TEM) and
Dynamic Light Scattering (DLS) techniques. Details on the compahiaee been
published in two article, andmain results fom thetwo articles are also
provided within this chapteit is worth mentioning thathis validation has been
carried out using one oil collected from a single cylinder versioendfiPCR
diesel engine. Afteinvestigatingthe reliability of the NTA techniquehe method

was used to obtain thsmotsize distributiorfrom the fifteen oil sarples. This was
thencomparedagainstsoot concentratioobtained duringr GA investigation,to
assess if a correlation between the exssted TR WKH DXWKRUfTV EHVW |
this is the first time that size distribution from several oil samples of diftere
emissions regulationeepresentative of real driving world conditiohas been
investigatedpermittingthusthe estimation ofthe potential influence of emission

standard®n soot agglomerate particle size.
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: Euro Engine Oil Fuel
SaErerIe [\/N?:;gﬁ Standard Capacity| mileage| Consumption [mpm m [(?I(()rzn] ['\I/Er):]]
[] L] [km] | [L/100kmi 9 9 9

1 Seat 5 16 | 11,925 38 03 | 99 | 015
Leon

2 Seat 5 19 | 15075 45 02" | 125 | 0.17
Leon

3 Seat 5 16 | 13155 38 03" | 99 | 015
Leon

4 Seat 5 2 | 13,406 51 03" | 139 | 0.16
Leon

5 Hﬁggda' 4 16 | 23386 45 100 | 119 | 0.18

g | Nissan) —, 15 | 4,013 45 200 | 129 | 0.20
Note
BMW .

7 1204 4 2 11.136 48 0.1 128 | 0.17
Volvo -

8 X 5 2.4 | 14174 5.7 0 174 | 020

9 Seat 4 2 16,896 5.7 200 | 151 | 0.
Leon

10 Seat 4 1.4 | 13,797 43 20 124 | 0.21
Ibiza

11 J";‘(g;ar 4 27 | 14526 6.8 0" 199 | 0.25

12 AT oyota 4 22 | 3320 54 0.001" | 150 | 0.17
vensys
Toyota <

13 | v 5 22 | 5805 6.0 0.004" | 149 | 0.15

14 AT oyota 4 2.2 |15933 54 200 | 158 | 0.24
vensys

15 | Jaguar 4 2 15.120 5.8 200 | 149 | 0.22
X-Type

Table3.1: Details ofthe oil samples used for t*h'EGA and NTAinvestigations.
PM, CQ and NQ obtained from NED{81]. ( = combined urban and extra

urban fuel consumptioaver NEDC ~ = with DPF).
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3.2 TGA Investigation

TGA is a thermal analysitechniquewhich measureghe concentration of soot
from the change in weight of the oil sample as a function of temperature and time.
TGA hasbeen chosefor quantifying the amount of soantrained iroil due toits
simple and reliableapplication.The method iswidely used in theetrochemical
industry for soot arlgsis . TGA is alsoindicated as standard
procedure for measuring the quantity of soot transferred into th@udig the
Cummins M11 EGR Standard Test Methfmd evaluating oil performancef
heavyduty diesel engine. The FTIR is another common technique for
determining soot content in oil samples. However, TGA is considered to be a
more accurate method for determining soot content, with an error banthof w
10% . Furthermore, the determination of the soot content with FTIR is
based on the subtraction of the clean oil spectrum to the used oil sample. Due to

the source of the samples this method could not be applied.

3.2.1 TGA Methodology

The instrument usetbr the experiments was the TGA Q500 produced by TA
InstrumentsThe instrumenhasan automated pan loadisgstem(up to 16 pans)
andis able to detect the weight by the samplevith a sensitivity of 0.1ug and

a weidhting precision of 0.01%The temperature range iambient t01,00¢°C,

with a maximum temperature ramp of°60min. The main components of the

instrument are showin|Figure3.1

An exhaust condenserasconnected to the instrument outlet in order to clean the
gasprior to beng expelledto the environmentThe pans used for the experiments
were Platinum cruciblesugable for temperature ranges from ambient,6Q°C.

These crucibles were chosen because platinum is considered as inert during the
oxidation proces. Furthermore, theidarge shape is ideal to avoid any

s
B .

stagnation volume and, hence, diffusion Iimitati
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Exhaust

Condense

Controller

Display

Autosampler

Furnace

/

Concrete
Slab

Figure3.1: Q500TGA machineusedthroughout theénvestigation

In |Figure 3.2|the purge gas system shown.The gas is supplied horizontally

allowing accurately metered purge gas flow directly across the safplartion
of the gas is further directed through therobar vertically to eliminate backflaw
The gaswith any sample effluent exit the chamber system by a side arm on the

left-handside of the furnace.
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Figure3.2: TGA details of the furnace amaitosampler systesn

The quantity of saodetermined byTGA measurementis obtained as loss of
massat a calibrated temperaturéd used sootaden engine oil sample usually
contains also a certain amount of water, coolant and fuel. To measure the amount
of sootin-oil, the sample mudirst be heated up to a temperature which allows
the removal of the high (typically coolant, watend fuel) and medm-low
(typically oil) volatility components contained in the used Diliring this stagét

is crucialthat the carbon particleo not combust opyrolyse To avoidthis, the
processwas carried outin an inert environment e.g., nitrgen A typical
temperature that allows the removal of all the volatile components is
approximately 45@C . Above this temperature the remaining samisle
composednly by the soot andish fraction of the original odnalysed Typical
examples of ash areear metad and norreactive oil additives. After the removal

of all the volatiles componentshe sample is further heated in an oxidative
environment until the complete combustion of twntent ofsoot occurs The

mass loss during this stage is considered as the mass of soot in the sample.

Typically this result is referred to as a percentegeeight of the initial sample
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weight. The mass left after the evaporation and oxidation processes is referred to
as ash.

The above process standardiseth the ASTM D596 7Test Metho, listed in

Table3.2| In the D5967 standard method, 20 mg of daden oil are loaded onto

a platinum crucible pan An initial isothermal purging time of one minute is
performedin order to removexygen tracefrom the furnace. Tésample is then
heatedin a nitrogen environment to 550°C, at a rate of 2@@0min and held
isothermally for one minuteThe gasis further heatecht a rate of 20C/min to

650°C. The gaded is then switched to oxygen and heated to 750°C at 20°C/min
to allow thecompletecombustion of the soot fraction. Soot is calculated as the
difference in mass or in mass percentage at purge gas switching point, Upper
Reference Point (URPaNnd after a stde mass residue is obtainfdm the soot

combustion, Lowr Reference Point (LRP).

Also shown inTable 3.2| is the methodology used in this work. This closely
follows the D6597 Standard Method, adéviationshave been highlighteth

Table 3.2| The first variation was the use of dry air instead of oxydperh for

safety and availability reasons. However, this only has effect on the
combustion rate and not on the amount of soadised|70|. Another difference,
due to instrument capabilitiesyas the heat ramp during step. In the method
used by the author, thigas limited to 50°C/min instead of the 100°C/raifor
the standard metho&xperiments atwo different temperature gradient C/min
and 50°C/minwere performedo determine th@otentialeffects of the heat ramp.
The mass loss profiles for the two temperature gradients are sh@

The curves clearlindicatehow the temperature rate during sg&pnly influences

therate at whichvolatiles componentsvaporateswithout affectingthe mass left
at the end of this stefpdence, the temperature gradient during Segoes not

influencethe measuremeif the massf soot
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Methodology

Step
Mg D5967 Standard Current Work
1) Select gas: Nitrogen
2) Isothermal hold for 1 min | Isothermal hold fol5 min
Temperature 3) Heat to 550°C at 100°C/mirnl Heat to 550°C a0°C/min
e 4) Isothermal at 550°C for thin
5) Heat to 650°C at 20°C/min
6) Switch purge gas to oxygerl  Switch purge gas tair
7) Heat to 750°C at 20°C/min
8) Isothermal at 750°C for 5 min
Sample pan Platinum Crucible
Sample weight 20 mg £ 2.5%

Table3.2: Comparison between theetodusedfor the TGA experimentand

the D5967 standard meth.

100
80 - _
—_ Volatiles evaporate
N faster at 5QC/min
=
£ 60 -
=)
O High and medium
2 low volatile
Q fractions of sample
S 40 -
G Massdeft after stef8
n is the same for both T
gradients
20 \I/ Soot combustion
0 T T T T T :\LI
50 150 250 350 450 550 650 750
Temperature [ €]
——5°C/min ramp ——50°C/min ramp
Figure3.3: TGA mass loss profiles for sam@ef{Table3.1] tested at two

different heat ramg(step3 from|Table3.2).
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Between 320°C and 480°C a masssla$ approximately &t%, with a slower

mass loss gradientvas observed in all the samphasalysed As TGA is a non
specific technique which only measures the mass loss as a function of temperature
and time, the nature of the compounds loss intédmgperature range could not be
directly identified. Instead, a cleahesel engineil sample of Texaco Havoline
5W-30, used as test reference wibs analysedusing the same methodology in

order to assess if a mass loss in the same temperature rangisovaksarved.

Results shown ifFigure 3.4| clearly indicate that the same mass loss is also

present in the clean oil'his allowed the author considering this as dugh&ooil

rather than due to a possible soot oxidapgrgolisationprior switching to air.
Furthermore, analysis of the clean oil confirmed that no mass loss occurred after
switching from nitrogen to air. This confirmed that the step observed on used oll

is due to the oxidation of the carbonaceous soot particles.

80 -

60 -

Sample weight [wt%o]

Same masloss as No mass losafter
observed in used swtitch to air

oil samples /

50 150 250 350 450 550 650 750
Temperature [ €]

20 -

Figure3.4: TGA mass loss profilef theclean diesel engine oil, Texaco Havoline
5W-30.
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A further variationfrom the standard method was to riease tie initial purging

time in nitrogen,Step 2 from|Table 3.2 from one to fifteerminutes This was

done in ordeto ensurean oxygerfree environment within the furnacavoiding
thus the oxidation of the soot fraction before the complete evaporafidhe
volatiles component®8redin et al. suggested an initial purging time of sixty
minutes. The author conducted testdvad different purging timesfifteen and

sixty minutesAs shown ifFigure3.5{ the mass loss profilesdicated thafifteen

minuteswasa sufficient time taestablishan oxygen free environment.
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Figure3.5: TGA mass loss profileor sample 3 difable3.1] tested at 15 minutes
(blue) and 60 minutes (red) purging times

To ensure that theample analysedvererepresentative of a homogenoussmbt
mixture within the sample container, tests at three different deep locations were
conducted, i.e. bottom, middle and top. Results indicated that the difference
betweenthe three collectiopoints was approximately 0.0&t%. This value is of
the same order of magnitu@sthe standard deviation obtained from fifeeen
samplesanalysed indicating that the samples were homogengodsstributed

and that the collecting locatios not likely tohave affected the results
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Finally, the repeatability of the measuremeras investigated btestingthe same

oil samplefive times. In

Figure 3.6

and|Figure 3.7

the five thermogram for

Sample two orl'ables.l are shown. The repeatability thughout theexperiment

wasvery high. InFigure3.7| the detail of the oxidation process indicates that the

amount of soot measured is almost identical for all fipetidons the amount of

soot as a percentage in weidbt Sample 2was 0.743 wt%, with a standard
deviation of 0.019wt%. Due to the high repeatabilityn iorder to reduce the

testing time, it was chosen to test each sample three times.