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Abstract

Emissions from combustion processdfect air quality, environment and human health, raising
concernsespecially in urbaareas due tdhe extended use of iernal Combustion Engines (ICE).
Despite the progress itransitioning to cleaner and alternative forms of mobility, eetpctric
mobility, it is unlikely that the world will become independent ofthignergy density liquid fuels

in the foreseeablduture. This motivates the research community, industry and policy makers to
keep investing in optimizing the designI@fEs towards more eezfficient modes of operation

that can comply with stringent pollion control restrictions. For an improved engidesign it is
required to elucidate the mechanisms that govern the formation of emissions and to yield ignition
related information, e.g. heat release. Chemical kinetic models are developed for these mirpose
and they constitute an integral part of theoretical and practical combustion research. In this
context, the presentThesis deals withhe analysisdevelopment and optimization of chemical
kinetic models describing the oxidation process of fuel surragaferacticatransportation fuels

for ICEapplications, by utilizingoth computational and experimental tools. The stifdguses on
further developing and adapting a well validated@ detailed chemical kinetic model to the
currently trending fuel paltte dictated by current engine advancements and novelties, including
the investigation of:(a) oxygenated hydrocarbsenconsidered as possible bfaels and
oxygenated additives in conventional transportation fugls) important intermediates of
combustion that are, or lead to the formation of regulatéd.g. benzene, as a precursor to soot)
and unregulated (e.g. acetaldehyde, as a VOC representatillejants and(c) larger paraffinic

and aromatic species that are considered as fuel surrogateponents In detail, the chemical
kinetics of acetic acid, ethanol and acetaldehyde are accessed utitiovg experimental
speciation data from rich ethylene flameghe study is the first to investigate the behavior ef C
oxygenates from different families uadsimilar premixed flame conditions. Emphasis is given on
the role of >gspecies on the overall mechanism behaviora similar manner the sumechanism
describing the consumption routes of benzene is reassessed and validatedlechanism
generator algathm is updated and used to generate afmexane oxidation model and is applied

to two different base mechanisms. The effect of the base chemistry on the generation process of
higher alkane mechanisms is shown, highlighting the impact of the presence of lower alkanes and

alkenes like butane and butane on the model generation.
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Besides he study of computational methods and the application of computations tools for the
analysis and development of chemical kinetics mechanism, an experimental campaign to obtain
data for mechanism validation was also carried out in the frame of this TiNesidy acquired
Ignition Delay Time (IDT) data of Toluene Reference FUeK)i(@. mixtures of nheptane and
toluene, have been obtained covering a wide regime in terms of pressure, temperature,
equivalence and blending ratioBocus is given on increagirthe toluene content, covering a
respective gap in the literaturel'he obtained measurements allowed (a) the assessment of the
impact of toluene on the reactivity ontmeptane and (b) the optimization of a state of the art TRF
model. They also provide tlground for physical evaluation, allowing for significant observations

regarding the blending behavior, the importance of the equivalence ratio etc.

Overall the thesis demonstrates the importance of lower hydrocarbon chemistry on the modeling
process of pactical fuels, delivers two mechanisms for such fuels and respective validation

targets.
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Prologue

The scientific effort presented herevas completedwithin the framework ofthe Marie-
SklodowskeCurie fundedproject ECCEMATE (Experimentalnd Computational Tools for
Combustion Optimization in Marine and Automotive Engines). The overall aim of the project was
to achieveimproved operation and reduced emissions framtomotive and maritimeengines.
Several research groups as well as induspéatners were involved, epimerizing the work into
several tasks.

In this context, lhe presentThesisdeals with the chemistry of chemical compounds used either
as additives to actual fuels or as representatives of fuelsaamd atcontributing tothe research

of chemical kinetic modeling.

The research has been completed withitirmaeframe of threeyearsandthe results presented

have been obtained in three differemtsearch laboratories.

Most of the work was carried out dhe laboratory ofHeterogeneos Mixtures andCombustion
Systemsof the NTUA (NTUA.HMG8)der the supervision of Prof. Dr. Maria Founti. This includes
preliminary computations, planning of the thesis and of the modeling/experimental campaigns
etc. but alsahe modeling of @oxygenatedspeciesdescribed inChapter 3 and the investigation

of benzene (EHs) chemistrydescribed imthapter 4.

Chapter 6 describes the experimental investigation of toluedegptane mixtures in a High
Pressure Shock Tube (HPST) and a Rapid Compression Machine (RCM). This work took place during
a four months stay in the combustion group of the chemistry departmanthe National
University of Ireland in Galway (NUIG) under the supervision of Prof. Dr. Henry Curran. The
collaboration with Colin Banyon, fellow PhD student at NUIG was critical for the completion of
the study.

The development of the-hexane model desibed in chapteb has beerrealized during a four
months stay at Loge AB in Cottbus Germany. For the sake of theatdghanism generator
algorithmwas further developed and enhanced along withworker Martin Hilbig and Dr. Lars

Seidel was utilizedjnder the supervision and guidance of Prof. Dr. Fabian Mauss.
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Chapter 1The need for cleanetransport- thesis context and scope

1.1The impact of human activity on the environmertThe role ofmobility

Rising energy demand

Ever since the industrial revolution, the continuous technological advancements have allowed for
economic growth, rising livingtandards and have created new habits, comforts and needs. In
order to fulfill the latter, the demand for energy has been constantly rising. To put the energy
consumption in perspective, compared to preindustrial times primary energy supply has risen by
more than a factoof 11 (Krausmanret al. 2009)while future scenarios for the period 202040
predict cumulative energy demand growth tnore than30% (IEA,2017)

Primary energy consumption on a global scale is heavily (more than 81%) based on fossil sources.
This has currently two negative effects in the spotlight of political and environmentatiage)

energy insecurity, arising from a competition over depleting, geographically unevenly distributed,
natural resources and reenHouse Gas emissions(GHG). GH@®missionsrefer to gaseous
constituents of the atmospherwith the property to trap tlke heat; having therefore &lobal
Warming Potential (GWP) Anthropogenic GHG emissioase to a large extend a byproduct of

fossil combustion. Unsurprisingly, given the economic evolution of the past 200 years energy

demand, GHGs and temperature are heavily coupled.

By the end of 2010 concentration of GHG had increased by 40% comparesirdystrial levels
(IPCC), 200while global average surface temperature has roughly increas@BB$C from 1880

to 2012(IPCC 2013Yhis human interference with the carbon cycle has causedmute climate
change(IPCC, 2014; Oreskes, 20043 a response, following a precautionary pple there is
global consensus towards emissions reduction and a political target to try to keep temperature
rise bellow 1.5 QUNFCCC, 20155ubsequently, glicy makers engagm initiatives such as
includingclimate change mitigation in th&ustainable Development GodiSDGs), set by the
United Nations as compass for future polici€s a regional scale the European Union has set the
following targets by the year 202@0%reductionin greenhouse gas emissions compared with

1990, 20% of total energy consumption from renewable energy, 20% increase in energy efficiency.
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The transport seatr

These emission reduction targets can be propagated to different economic sectors of which
transport is a focal point. Arguably, since it accounts for 29% of the global total primary energy
consumption and is heavily (more than 92%) based on oil predUeA 2015). Due to itsssil

fuel dependence, the transport sector is GHG emission intensive. Its direct emissions have more

than quadrupled since the 70as seen inFigure 1.1.

g Total Direct
o and Indirect 7.1
“, (Total Direct 7.0)
8 P8 Indirect Emissions from Electricity |
+2.11%
& 7 M Road -
a Rail
S
a B Pipeline etc.
E s I HFC & Indirect N,O
g [ intemational Aviation Total Direct and Indirect 4.9
< I Domestic Aviation (IctalDEece7)
5 B International & Coastal Shipping

I Domestic Waterbome

Total Direct and Indirect 2.9
(Total Direct 2.8)

[-100%

0

1970 1975 1980 1985 199 7 1995 2000 2005 2010
Figurel.1 Direct GHG emissions of the transport sector (shown here by transport mode) rose 250% from 2.8 Gt CO2eq
worldwide in 1970 to 7.0 Gt CO2eq in 2010 (IEA, 2012, JRC/PBL, 2013)

Nowadayghe transport sectoaccounts for14% of global GHG emissiaiiBCC, 2014yainly due

to road applications (72% share of energy consumption and GHG emissions within the sector) (IEA
2015). Particularly passenger cars hold the gresitereof fuel consumptionas shown irFigure

1.2, which explains the subsequent targets for emission reduction and fuel optimization. For
instance in the EU for new passenger cars there is a 27% emission reduction target by 2020

compared to 2015.
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Figurel.2 Final energy consumption of fuels by transport-sabtors in 2009 for freight and passengers, with heat
losses at around two thirds of total fuel energy giving an average caonezfficiency of fuel to kinetic energy of
around 32 %. Note: Width of lines depicts total energy flows (IEApR012

Aside GHGs, transport related emissions includkatile organic compound§VOCs)nitrogen
oxides(NOx), sulphur dioxide (20 carbon monoxide (CObJack carbon, and neabsorbing
aerosols, that are significant contributors to local pollution inventories with potentially large
regional impactglPCC, 20147 he marine sectos relatively cleaner compared to road and mail
terms of transportation per kilogram materigdimset al. 2014) yet its emissions are mainly (>
70%) deposited within 40Km of land with succeeding negative effects. E.ig.estimated that in
2020 maritime transport will be responsible for more than 50% of sulphur religaE&) coastal

areas which has a high potential foridiication (Eyringet al. 2010; Vianat al.2014)

Frameworkfor emission control

In order b minimize the adverse environmental and human health effects of siadardous
emissionsthe regulators have historically set legal requirements with near surface focus applying
for road air and maritime activities in port§limilsina and Dul®009). The EU sets maximum
permissible levels for vehicle emissions such as Carbon Monoxide, Hydrocarbo#detdane
Hydrocarbons, Nitrogen Oxides antm@spheric Particulate MatterQuantitative limits on the
permissible amount of pollutants, over specific timeframes have been gbeinorresponding
standards. These are defined in a series of evolving Directives signifying different quality tiers. The
so called "Eurd" limits wereset in 1993 while from September 2015 all new cars have to meet
the Euro 6 standar(EC, 2017)Similar standards are found around the globe e.thé&US, Japan

and China while harmonization across countries and regions is also underway e.g. Ausiralia ha

harmonized its vehicle design rules according to the Euro standards. At a global level, for the
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marine sector the International Maritime Organization (IMO) through its Convention of
Prevention of Pollution from Ship&dthbridge 1991%ets limits for SOand NOx globally and
applies even stricter regulations within designated emission control areas (ECAs). The European
Commission has adopted the IMi®Pevention measures for instance via the EU sulphur Directive
33/2012 (EC, 2012; IMO, 2017pespite the ongoing regulatory efforts the need for further
limitations and future emission reductions becomes urgent, due to the projected growth in the
transport sector driven b continuous rise in the population and the urbanization in emerging
econonies and developing countridEEA, 2016; UNCTAD, 201&jicatively, acording to IPCC
transport GHG emissions could increase at a faster rate than emissions from the other energy
end-use sectorgSimset al. 2014) To reduce the emissionsiside the need for aggressive and
sustained mitigation policies there is a simultaneous né®dengine technology optimization
since pollutant emission levels greatlgpmend on it.Corresponding efforts in the sector have
demonstraed a more than 50 % reduction potential of fuel consumption and GHG emissions for
all transport applicationgHeywoodet al. 2015) Yet again, there is a substantial potential for
further improvements To achieve these, research is needecklation to existing and novel fuels

(e.g. biofuels) and the way tlgdehave in new engine configuratiorisis particularly relevant to

look intoInternal Combustion Engines (IGHEicethey dominate the transport sector
1.2Redesign ointernal combustion enginesand fuelbehavior

ICEs hold share of more than 98% of the total fleet of vehicles worldwide, according to the latest

report of the International Energy Agency (IEA 2017b) and will most probably continue to do so

despite the pogress in electricahobility. Although developed in T0OSy G dzNB X L/ 9 Q& LINRA Y
operation remains the same. Combustion transforms the chemical energy of a hydrocarbon fuel

into thermal energy, which leads to the reciprocation of a piston causing the rotation of a

crankshatft.

For achieving cleaner and morefficient ICEs there is a shift towards alternativenon
conventional operatingmodes at novel regimes embracing new concepts such as low
temperature combustion (LTC). LTC can be characterized by high miscibility of fuel and air,
controlled heat releaseates and low temperatures, deviating from the conventional modes
where high temperatures, heat losses and sooty combustion is dominating. The LTC approach
finds practical application in concepts such as Homogeneous Charge Compression Ignition (HCCI),

Premxed Charge Compression Ignition (PCCI), Reactivity Controlled Compression Ignition (RCCI)

4
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and stratified charge compression ignitioBGQI The operating principle of these engines is
beyond the scope of the presenh@sis, ad the reader is referred tthe work ofReitz (2013jor
a complete overviewHowever the point ilear: suchengine redesigns setew combustion
conditions thus the fuels behavior needs to be understood and simulatedder these

Consequentlya first challenge is to identifgppropriate surrogates.
Surrogatedor conventional and novel fuels

Liquid commercial fuels are firtaned products of the distillation process of crude oil and they
consist of a large number of hydrocarbons from different families. The amount of compounds
found in a fuel constitutes any research upon thesenpoundsa vely complicated issugith
tremendous computational and experimental cost. This impdke need for the development

of an adequate surrogate fuel thatibwsimplify the campaign, matching the physical properties
such as lower heating value, stoichiometricta fuel ratio, pollutants, etc. The aim is to lessen
the fuel components, ideally to one representative for each chemical family, paraffins, olefins,
aromatics etc. (Pera and Knop 2012). Indicativbly distribution of actual fuel§representative

to gasoline and diesetp chemical familiess shown inFigure 1.3 while the structure of these

families is shown ifigurel.4.
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Figurel.3. Approximate ranges of paraffins, naphthenes, aromatics and olefins in commercial U.S. gasoline, Relative
amounts of various chemical classes in diesel fuel and possible compounds to represent the chemical classes in diesel
surrogatefuel.
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Figurel.4 Indicative types of chemical classes

These compounds are then blended to create the fuel, which is tegtathstmeetingthe design
properties. A compason with the target fuel i€arried out in experiments and alterations are

held in case of large discrepancies. Surrogate fuels are very important in the combustion research
because they provide standardized fuels making experiments reproducible in different locations
(Pitz and Mudér 2011).

New engines require new fuelating criteria

For the new engine conceptsincethe combustion conditions are differerte criteria for rating
fuels regarding different properties need to be revisited. This is evident in the caROMNf
(Reseech Octane Number) and the MON (Motor Octane Number) v&lused so far to rate
enginefuels for theirquality to resist ignitionThe values are obtained using a Cooperative Fuel
Research (CFR) engine, run at certain conditions until engine knock ddwoeitsvo values differ

by the rotations per minute applied in each test, thus RfONesponds to lower rpm and milder
use of the engine, whil®ON corresponds to more aggressive drivifi@r gasolinethese two
experiments are repeated with the use of afdof primary reference fueldrimary Reference
Fuels (PRF) refers to isotane and rheptane, compounds which exhibit 100 and O octane rating
values respectively and are used for benchmarking. Thus, a eordpeith an octane number of
90 reproduces thesame knocing behaviowith a blend of 90% isoctane and 10%-heptane.

For dieselthe fuels used for reference are hexadecane (cetane) and isocetane, hence also the
name cetaneThe utilization of Fheptane and isactane as Primary Reference Fuels bbshed

them as the two main compounds used also as fuel surrogates.

6
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Coming back to the new engine concepts that involve LTC, it is clear that the RON/MON values
cannot be used as criteria for the quality of the fuels tested since they were used assnetric
combustion at different conditions. This called for the need of a new metric that could quantify
the quality of a fuel to autdgnite at the conditions of interes. y G KA & O2y iSEGZ
sensitivity, a value defined as the difference betweea RON and the MON was found to be
more descriptive of the fuels actual behavipittal et al.2010). The added value of this property

was that it could describe the fuels performance throughout the whole temperature regime and
not only in the regimes ohterest for gasoline and diesel applications. In order to match this
value, a chemical species from another family, e.g. toluene the simplest methylated aromatic
species was also included in the blend of the surrogates, creating tballeal Toluene Refence

Fuels (TRF).

Bio-fuels ¢ Oxygenated Hydrocarbons

Aside setting new quality criteria for assessing conventional fuels in the new combustion
conditions, there is also the need to understand the performance of novel fuels such aasiofu
Biofuels aresolid,liquid or gaseous fuels that are produced by anaerobic digestituy biological
processes like agriculturand uilized in combustion processasd they are substitutes to fossil

derived fuels

Throughout the yeardio-source deriveduels beloming to certain chemical fari@shave been

very well studied and used in a variety of applications. Alcohols are one such case due to their
oxygen content, which allows them to burn cleaner producing less hydrocarbon emissions, as well
as less carbon momale and oxides of nitrogen (Guerrietial. 1995, Tayloet al. 1996, Kim and

Dale 2005, lodicet al. 2016). Ethanol for instance, has a hydroxyl group and an ethyl group,
bonded to a carbon atom and can thus promote the combustion process when blemitied
gasolineEthanol also haa higher heat of vaporization, reducing the Temperature of combustion
and also the formatiomf NO.. In addition to that, the fact that they exhibit higher octaraging

than commercial gasolinallows the operation of the mgine at higher compression ratios
achieving improved efficiency. Alcohols thoughdo not come without challenges. hé&r
combustion has proven to trigger the production of aldehydes (Stetnpl. 1996) that are
controlled as harmful. Other practical issudso occur regarding the use of alcohols in vehicles.
Methanol for instance, when used in ICE exhibits only a small formation of polyaromatic

hydrocarbons (PAH) (Guerriei al. 1995), its low dengsy and calorific value howeveequire
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large amounts antherefore large fuel tanks (Agarwal 2007). It is also toxic and its miscibility with

water creates a very significant hazard.

There is currently a larggrowth of biofuel consumptionwhich is expected to continue in the
future dueto environmental and socioeconomic issuBgfuels respond to the conceragarding
the depletion ofcrude oilsources (Sheehagt al. 1998)given itsincreasing demandhey also
respond to a more imperative conceminany countriegor energy securitgiven the absence of
fossil fuel reserves (Agarwal 2007herefore there is still need fobiofuel research and

developmentto make best use of their benefits and to minimize their drawbacks.
1.3 Gombustion research and the role ohemical kinetis

Cortemporary @mbustion research includes a large spectrum of scientific areas that range from
guantum chemistry calculationgn engine relevant hydrocarbon specitsin situ diagnostic
measurement®n enginesthusinvolving large experimental devicess well as very demanding
computational softwareThe joint exploitation of both numerical and experimené@plications

is the single wayowards innovations that will enable and achieve improved performance of
combustion processes. Utilization of the largaaunt of knowledge gained throughe years of
researchallowed for the further development of prediction tools that can nguide and orient
future investigations assisting the es¢hool trial and error approach. In many cases, these tools,
provideinsight into certain processes without the need for the conductioexqferimens that

arean expens/e and time consuming task

Chemical kinetic models constitute one such predictive toot,only utilized by academics and

the industry for research anousiness decisions but also from governments and organizations for
public policy decisions. The restriction of halogenated hydrocarkan®rtho-dichlorobenzene
(ODCB) and 1,2 #richlorobenzene (TCIBz) for instance, decided with the Montreal Protocbl a
established on fundamental knowledge of the ozone layer, was based on a kinetic modeling study
by Halligudit al. (2002) These modelgprovide insight into theprevailingreaction pattwaysand

the intermediate species formedgrior reaching the end pragcts When coupled with
computational fluid dynamics they can be a promising tool for engine optimization as they allow

the exploration of fuel variability on pollutant formation in a facile scientific manner.

Numerous free radicals, isomers, and spewigl structural complexity are involved in an equally

large amount of reactions constituting their study a very demanding task. Properties and

8
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characteristics of the fuels, such as the heat release rate, theiigatbon, the burning velocity

etc. are stongly linked to specific elementary reactions. Therefore, in order to build a model that
reproduces these general characteristics, one needs to accurately define reactions at a
microscopic level. Each elementary reaction is defined by rate coefficiemts) are temperature

and pressure dependent. What adds to this complexity is the fact that these reactions are strongly
dependent on the thermodynamic and transport (when simulating a n@nhgystem) properties

of the respective species that also need ® defined. The overall intricacy of a chemical model
requires a great amount of computational power, thud@comes apparenthat models have
grown in size,numbers ofreactions and specieand in parallelwith the development of
computers. Various solverthat deal withthe calculationof the respective governing equations

of each procesgxist today allowing forreducedcomputational time A detailed description of
these equations ibeyond the scope of the psent hesis and can be found &.g. Chemially
Reacting Flow: Theory and Pract{seeet al. 2003)

1.4 Scope of the Tesis

The scope of tis Thesidsis to investigate the combustion @iractical fuels or fuel components
under conditiongrelated tonovelengine applications, includirgurrogatesfor commercial fuels
and biofuels. Contrary to a tailor made approach of detailed chemical kinetic model develdapmen
that is largely based on theining of rate constants for particular reactions in the context of
optimizing practical fuel surrogate meahisms, the emphasis of the present Thesis is goren
the investigation and the understanding of tiedfect of the lower hydrocarbasichemistry(Ct
C6)on the effectiveness of the overall detailed kinetic modelling approach for the investigation

of the canbustion in advanced engines operating under novel conditions.

The approach followed includes the comparative utilization of chemical kimeithanisms
includingthe inrhouse developed &% NTUA.HMCS mechanism, whickuigher developed and
enhancedin the frame of this workas well as other published mechanisms of varying size and
complexity,and the critical evaluation of their performancé&he evaluation of the computational
work issupportedby utilization of literature experimental data or own acquired data from a
dedicated experimental campaign on laboratory scale fundamental devices and ideal reactors.
Common submechanisms for fuels and other important chemical routee adopted and

incorporated into these mechanisms. Reaction path analysis and sensitivity analysis are used as
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algorithmic tools to provide insight into the combustiprocesses as a whole, and to identify the

key species and reactions which are crucial for the differentaeism performance.

The G-G NTUA.HMCS mechanism is further developedthvéa adoption of chemical kinetic
models from the literature, either in their original state or after modifications and also the
finalization and update of an automated mechanisemgration algorithmThe effect of the base

chemistry on the mechanism development process of the generator is assessed.

The fuels considered in this Thesis correspond to fuels that are currently trending in the
transportation fuel palette either as surgates or as oxygenated additives, setting the study in
the overall picture of engineelated-fuel chemistry optimization. These include &xygenated
additivesi.e. acetic acid, ethanol. Acetaldehyde;-Gtraight chain alkanes and aromatios. n-

hexare, nheptane and toluene.

Specific parts investigated and novelty

Starting with the oxidation of oxygenated hydrocarbons as fuels, two mechanism&iithe
NTUA.HMC8&nd UCL) are utilized for the study of the effect of ethanol, acetaldehyde and acetic
acid as additives rich ethylene flames, paying particulaitention on the pollutant formation
processes. Their ability to accurately describe the formation of arensgecies such as benzene
and toluene is assessed by utilizing novel speciation measurement$fitames. This is the first

study where g€oxygenates are evaluated for their ability to reduce aromatics.

As afollow, up of this study benzene oxidatiom@mistry of the irhouse developed mechanism
is being revalidated to tackle discrepancy issues. To do so, literature speciation data from various

benzene flames are utilized.

The next step is to study the chemical kinetics of fuel surrogates and stadiginesi.e. the
kinetics of Rhexane oxidation. The respective chemistry is generated by updating and developing
an automated mechanism generator algorithm that is appiedwo different base mechanisms

(the generator develops the-hexane models channeling all the species to the lower hydrocarbon
chemistryi.e. base chemistry), highlighting how, & and G species influence the performance
and the channeling of the species. Both mechanisms are validagdsaglame speed IDTs and
speciation data from reactors. The generation of an oxidation mechanism using different base

chemistries is investigated for the first time.

10
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The study is further enhanced with the experimental investigation of a |&ggpeciesi.e.

toluene. The development of novel engines that operate under the Low Temperature Combustion
(LTC) approach necessitates the determination of new surrogates that will be able to emulate
actual fuel behavior under these novel conditions. This introdutcduene into the surrogate

LI f SGGST ONBIFGAY3 Ffaz | 3L AY GKS NBaLISOGAGS
and sooty behavior. The uncertainties in the chemistry of this single methylated aromatic species
are tackled experimentbl by increasing its reactivity after mixing it with the very reactive n
heptane. The blending behavior of the two has been assessed experimentally behind reflected
shock waves ia High Pressure Shock Tube (HPST) and a Rapid Compression Machine (RCM). IDT
measurements of high toluene content in the low temperatwegime have never been
conductedbefore. Within the framework of this investigation a close collaboration with the
National University of Galway (NUIG) and the Lawrence Livermore National INib (s

established, achieving improvements in the respective Toluene Reference Fuel (TRF) mechanism.

A schematic that describes the hydrocarbons investigated in the present Thesis and its relation to

the overall context is given the diagram below.

Development of chemical kinetic models
for the combustion of Chapter 2
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Chapter 2¢ Chemical kinetic modelg; Development and validation

2.1 Chapter2 Summary

The previous chapter prested the context in which this Hesis is incorporated. Chapter 2
attempts to present in a clear and simple way some basic concepts related to the task of
developing chemical kinetic models, in order tgkn the contribution of this Aesis to the
respectve field. Initially, a brief reference to the reaction rate and its origin is made. The types of
chemical kinetic models, as well as the methods used to develop these are mentioned. The
mechanism, whose further development and improvement is realizechbyrost partof the

work carried out in the context of thighesis, is presented. The modifications made to the
mechanism are briefly mentioned, while reference is made to the experimental facilities and the
corresponding values/properties used as validattargets for the development process. Finally,
references is made to the available solvers of the equations describing the various combustion

processes

2.2 Reaction rate

Although superficially theverallcombustion process of a fuel can be expressed by the following
sole reaction:
Fuel Air=CQ+ HO

this does not reveal the real events of the process , since it does not provide any insight regarding
the intermediate species formed, the reactions thatdl to these species or the respective
timescales. In order to achieve improved engine efficiency and reduced emissions, one has to

obtain this knowledge and this is provided by chemical kinetic models.

Chemical kinetics is the researféld that deals vith chemical reactions and the rates at which
these take placeSuch modelare utilized in a large spectrum of applications and cover therefore

a very broad regime in terms of temperature, pressure, concentration etc.

If we consider the simplest reactioim which one molecule A forms one molecule B, & uni
molecular reaction, since it involves only one reactant, then the rate constant at which A is

consumedor B is formed can be expressed as:

13
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Where [A] gives the ratio between the mier of moles of A and the volumeyN. This rate is
the cornerstone of the science of kinetics and can vary with temperature and pressure. Initially,
the temperature dependency of the rate constant was observed by Arrhefli889 and

expressed in the fadwing form:
T 0NwOTY"Y
Where E expresses the activation energy (kJoule/mol) of the reacti®Rns the universal gas

constant,and A is the m-exponential factor. This equation however, can only express reaction

rates that pose a linear caglation with temperature and was therefore later modified to:
T 0IY NWwROTY'Y
n is now used to account for the ndimearity.

These three parameters A, &d n are the ones that kinetic modelers need to define in order to
determine the rate constant for a reactioDetailed information on the fundamentals of chemical
kinetics can be found in respective textboekg:'The foundations of chemical kinetiasf Benson
(1960)or "Chemical Kinetics and Transpdoy Jordan (1979)

Thenumber of reactions involved in a chemical process constitute the assembly of a complete
chemical kinetic modead very challenging taskmodeler mustdefine a model thatapturesthe
essential chemistry while maintaining a manageable size that enables fast simulatgnsgaf
de Vijver et. al 2014). In other words, although detailed models contain more information and can
be denoted as more accurate, in many cases compact madelsieeded for simplicityand

efficiency Based on this, one can divide models into the following categories:

Detailed chemical kinetic model$he mechanism containslarge number of chemical species

and reactions, spanning from shdited radicals toslowly formed pollutants. Usually these
mechanisms consist of thousands of species and reactions. A recently publishedgnbigetlal.
(2016)for a ternary gasoline surrogate consisting elfieptane, iseoctane and toluene (TRF)
includes 1251 speciemd 5705 reactionsAnotherwell citedmodelby Faravellet al. (2012)for

the pyrolysis, oxidation andombustion of hydrocarbons including also oxygenated fuels and a

model for NOxconsists 08484 species and 19341 reactions.

14
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Skeletal mechanismsThe &eletal mechanism resembles the detailed mechanism in that it

consists only of elementary steps. A skeletal mechanism is developed by applying a reduction
method on a detailed mechanism. Reduction methods are approaches in which certain reactions
and speas are excluded from the mechanism after sensitiviged analysesSkeletal
mechanisms can be optimized in terms of the parameters of the reaction rate conshards.
recent studyby Zheng andW.(2015) a skeletal mechanism for a TRF fuel with nitriddex
formation, consisting of 80 species and 184 reactions was (ttiliting a detailed one with 536
species and 3000 reactionSignificantly shorter compared to the TRF mechanism referenced in
the detailed models. This mechanism includes the reduceehsethanisms of toluene and those

of TRFs, as well as certain reactions from the NGnmsathanism that reflect the effect of NO on

the TRF.

Reduced mechanismB such mechanisms species and reactions that have minor contribution to

the investigated phenomna are removed, creating a skeletal mechanism. Usually, a reduced
mechanism comes out from further reduction of a skeletal mechanism: the skeletal mechanism is
subjected to other methods of reduction, usually tireeale related. Some of these approaches

are theintrinsiclow-dimensional manifolds (ILDM), the quaseadystate-assumption (QSSA) or

the computational singular perturbation (CSP). The QSSA assumption was utilized in a study
aiming at the formation of a reducedmeptane mechanisnby Hughest al. (2009) The initial
mechanism comprised of 810 species and 2411 reactions, the skeletal one of 218 and 810
respectively, and the reduced after QSSA of 117 and 511.

Uncertainties and the need for improvement

Although chemical kinetics have gained a dftattention, the ongoing changes in emission

regulationas well as engine development and progress, have altered the status of the available

fuel palette creating dack of knowledgand uncertainties in the respective model&aoet al.

2016). Ethanoluse in engines for instance has been proved to form increased formaldehyde and
acetaldehyde Roulopouloset al. 2001) which are characterized/considered/proved to be

carcinogenic (Feroat al. 1991). In the same contex¢mbracing new operating approachas

the LTCdictated theestablishment ohew benchmarking criteriasuch as fuel sensitivitgple to

characterize the behavior of the fuels under these new operating conditamusthus, the

consideration of tolene as a primary reference fuéespite is role as one of the compounds

dza SR F2NJ SYdzA F Ay 3 | Oldzt f Fdz§f LINRBLISNIASAS G2f dz
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2.3 Development of a chemical kinetic model

The process of developing a chemical kinetic model is very congulieatd citing John Simmie

Hnnoo AG Aa F+ aofl Ol FNIéY az2alt 2F GKS Y2RSta |
rules of thumb and are built on previous models. Traditionally, detailed kinetic models are
developed by hand in a time consuming process where all relesfagtties and reactions are

included into the schemeBeginning with the simplest species and reactions and sequentially

adding new ones in order of increasing complexity until every species is channeled to others and

there are no dead ends. After each stedpe new reactions are tested and validated by

comparison against experimental data, while attention is given to avoid duplicate nomenclature,

chemistry or thermodynamic parameters between reactions and species (e.g. [Roale3012).

This type of modahg requires not only deep knowledge of the underlying chemistry but also the

respective experience since it can prove to be a tedious, gmrane procedure (Gaet al.,2016).

Manual Generation of mechanisms

According to Frenklacét al. (1992), the process of modeling involves: a) creating a model that
consists of a complete set of elementary reactions, b) assigning values to the respective rate
constants, c) finding literature experimental data that can be used for validation, djngtiliz
numerical solvers to simulate the literature data and to highlight the most significant reactions of
the model, e) finding experiments that are sensitive to a certain part of the mechanism and give

the opportunity for optimizationA graphical descrifmn of the process is found Figure2.1.
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Figure2.1: Graphical description of model development
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Automated Generation of mechanisms

The modeling of an actual fuel such as gasoline, woypically require a model for a ternary
surrogate fuel consisting of-lmeptane, iseoctane and toluene, i.e. three lardeydrocarbons
containing seven and eight camb@toms in their molecular structure. It can be assumed that
building a model for these fuels from scratch would require a lot of effort since as observed by Lu
et al. (2009) and islepicted inFigure2.2 the number of reactions increases linearly with the
number of species in the model, while the model size, increazpenentially with the number

of heavy atoms in the reactant molecule.
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Figure2.2: Model sizes: number of reactions as a function of the number of species for gas phase kinetic models of
pyrolysis, oxidation, and combustion processes. The secopdaison the right hand sides thenumber of heavy
(nonhydrogen) atoms in the reactant molecule(s). Source: (Van de Vijver et. al 2014)

These large numbers make clear how difficult and time consuming the modelingsprota
surrogate fuel can be.r@e the basic elementary reactions atefined, the incorporation of new
species demands only the definition of the primary elementary st€pi&s modularity is a great

advantage of kinetic models.
Classification of reaction classes implemented in mechanism generators

A classification of thesglementary steps has been made by Ranzail.(1995) and is given shortly

here:

1. Decomposition and isomerization of alkyl radicdls R

2. O, H-abstraction to form H@and conjugate olefins

17
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Direct and reverse faddition to Rto form peroxy radicals ROO
Internal isomerization between RO&@nd hydroperoxyalkyl radical OOH
Decomposition ofQOOH radicals to form olefins

Decomposition ofQOOH radicals to form HGnd conjugate olefins
ecomposition of QOOH radicals to form heterocomponents and OH

Direct and reverse £addition on"QOOH to form hydroperoxyalkyl peroxy radic@©QOOH

© © N o 0o~

Decomposition ofOOQOOH radicals to form keydroperoxides

Another similar classification of reactions is giveRigure 2.3as reported byBattin-Leclerc et al.
(2000).
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Figure2.3 Simplified scheme for the primary mechanism oxidation of alkanes (Bagtiferc et al. (2000))
Taking advantage of the previous classifications of model developrasnwell as the raise in
computational power, the opportunity is given to create simplified numerically assisted

approaches that accelerate the process of modelling i.e. automated reaction generators. Such

1 Reaction class 3 is the main difference between low and high temperature kinetics, while the reduced formation
of peroxy radicals (ROPis the main reason for the Negative Temperature Coefficient (NTC) behavior of alkanes. NTC
is called the decrease of the overall reaction rate with increaséngperature it is typical of alkanes and can be
observed in theespective Ignition Delay Time (IDT) data plots.
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algorithms have been developed and publishedrianyauthors.Some well citedrelevant works

are listed in table 2.1.

Table2.1 List of available mechanism generators

Name Year Developer Reference
RAIN 19871991 | Technische Universitat Miinchen Bauer and Fontain 1987,
Fontain and Reitsam 1991
KING 1992 University of Calabria Di Maio and Lignola 1992
NETGEN 1994 University of Delaware Broadbeltet al. 1994
MAMOX 19942001 | Politecnico di Milano Ranzet al. 1994, 2001
REACTION 19952004 | JohanneXepler University Blurock 1995, 2004a,b
CASB 1997 Mari State University Porolloet al. 1997
RMG 19972013 | MIT Susnowet al. 1997,
Greenet al. 20012013
EXGAS 2000 University of Nancy Warth et al. 2000,
Battin-Leclercet al. 2000
MECHGEN 2002 Hungarian Academy of Sciences Nemethet al. 2002
COGMEN 2003 University of Utah Ratkiewicz and Truong 200
CNRS/Genesy| 2012 Ghent University Vandewieleet al. 2012
RING 2012 University of Minnesota Rangarajaret al.2012
KUCRS 2012 University ofTokyo Miyoshi 2012
RNG 2013 Institute of Chemical Technology, Prag| Karabeet al.2013

A comprehensive general description that is followed by most of these generators in four steps is

given by Tomlirt al. (1997):

1. The molecular structure of each species should be stored in a clear and unambiguous way
allowing the generator to manipulate these species in reactions. This interpretation of the
species must ensure uniqueness so that reactions will not be erroneouggtezp

2. The algorithm receives as input only one or two chemical species and must be encoded with
expert chemical knowledge that will include all the possible combinations of reactions
between the initial and the intermediate reacting species involved clmas should not be
repeated.

3. The estimation of kinetic and thermodynamic parameters either from a database or with an
appropriate method. The coefficients of some of the involved reactions might be known from
previous work and stored in a database. Hoesg it is very likely that reaction parameters will
need to be defined by empirical prediction rules and by analogy with other similar

hydrocarbons of different size. In the same way, thermodynamic properties will either be
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taken from a database or need tbe calculated based on the molecular structure and

NBaLISOGADSS YSiK2zRas adOK a GKS . SyazyQa | RRAG
4. After the involved reactions have been defined by the generator, they have to be limited to

ones that are important. Thus, a certain metric&eded to define which of these reactions

will be excluded.

The above steps are carried out iteratively until the initial species are channeled through to the

final products.These algorithms can be used to accurately generate models, they should not

however be treated as black boxes that can deliver with just the hit of a bif¥an de Vijver et.

al 2014). To use these algorithms one must be familiar with the underlying chemistry as well as to
be able to accurately feed into the algorithm the structuré tbe species and define the

termination criteria that restrict the size of the mechanism.
2.4 Description of the model improved and validated in the curreiiesis

The majority of the modeling work in the presefitesis aims at further enhancing the house
developedG-G.NTUAHMCSinetic modeltowardscurrently trending hydrocarbon fueknd to

validate it against various experimental data from-faiale configurationévourliotakis2012)

The irhouse developed mechanism (tli&-G.NTUA.HMC8echanism) for the combustion of
small and mediunsized hydrocarbons (up to and includings@ecies), hasden used as a starting
point. The mechanism has been extensively validated against experimental speciation data from
counterflow and premixed flanw laminar flame speeds, shock tubes, ignition delay times, as well
as from perfectly stirred and plug flow reactors, all under a wide range of temperatures,
pressures, and stoichiometries and for a variety @f&fuels; the mechanism has been shown to
accurately eproduce methaneich oxidation (Vourliotakist al.2008),and pyrolysis (Keramiotis

et al. 2012 methane, biogas, methanol, and ethanol refing (Vourliotakiset al. 2009),
premixed flames of CHGH,, GHs (Gazkt al.2013), premixed flameof G¢C oxygenated species
(aldehydes and alcohols: &M CHOH, GHsOH, CECHO) (Vourliotakist al. 2015), as well as
benzene combustion in premixed flames and ideal reactors (Vourliotdkds. 2011). TheG-
G.NTUA.HMCB8echanism consists of 145expes and 764 reversible elementary reactions and
can be found in its previous version before tfAisesis, as a supplementary material in the

publication of Vourliotakist al. (2015).
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In the framework of the currenffhesisthe chemistry ofselectedhydrocarbons was further
validated and reassessed. The overall aim of Thesiswas to adjust the model to the new
operating conditions dictated by new engines and novel fuels. This included the investigation of
oxygenated hydrocarbons such as ethanaHOH), acetaldehyde (GEHO) and acetic acid
(CHCOOH), species that can be denoted asfbéts or intermediates and products of bioel
combustion. Furthermore, the modified operational regimes alter the chemical pathways of
pollutants and intermediategnd these need to be revisited. In this regard the chemistry of
benzene (6Hs), known as a very significant soot precursor, was thoroughly investigated. These
modifications, updates and enhancements included the utilization of reaction rates from the
literature, chosen after respective sensitivity analyses etc. Concluding the work related tg the C
G mechanism, a reaction mechanism for a medium cladikanei.e. n-hexane was developed, in

the framework of expanding the model towards surrogates and primefgrence fuels, making

use of a reaction mechanism generator. The resulting model was compared to experimental data

from the iterature.

Parts of the mechanism that have been investigated within the preséhesis

The utilization of ethanol has provéo be beneficial for use in ICE due to its soot and emissions
reduction potential (Sarathet al. 2014). Previous studies have shown that ethanlehded
gasoline leads to improved engine performance while reducing emissions of CO and unburned
hydrocarbongAgarwal 200Y. This is justified by the higher oxygen content due to the Hydroxyl
group presence. In Diesel engines the addition of ethanol leads to reducedi¥gions whereas

NO, emissionsappeared to increase (Giakoungisal. 2013). Despite the beffigial properties of
ethanol, one of its known products are aldehydes (Stwenhpl. 1996), recognized as harmful to
human health.Additional investigations on engine operation have proved that a significant
amount of the exhaust gases are acids, mainltia@eid (Zervast al. 2001) Chapter 3 of the
current Thesis investigated these three oxygenated species as dopants in low pressure premixed
rich ethylene flames. Emphasis is given on the paths that govern the formation of intermediate

species such deetene (CEHCO) hat lead to heavier cyclic hydrocarbons such as benzene.

Aromatics and polycyclic aromatics (PAH) are found as intermediates and products in combustion
processes. They are also identified as precursors to the formation of soot (Narayamastel.
2010, Wanget al. 2011, Jiet al. 2012). In addition to that, aromatics are found in significant

amounts in commercial fuels like gasoline, diesel etc. The simplest species of these aromatics,
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benzene is very often used as a representative ofhiesmical family. In depth knowledge of its
kinetics provides a solid ground for the further modeling and prediction of heavier aromatic
species. Chapter 4 of this work utilizes a wide range of literature experimental data on the
oxidation of benzene in der to elucidate the paths that lead to its consumption and the further
buildup of heavier species. The impact of stoichiometry on the formation of important benzene
products such as the phenyl radicakHg}, the phenoxy radical §850) and phenol (¢EOH is

investigated.

While a lot of attention has been given to smaller important intermediate hydrocarbons as well
as larger hydrocarbons that are considered to be fuel representatives, a few studies have focused
on medium size compounds (Simmie 2003hdXane for instance, has been used in some studies

as aviation fuel surrogate due to its high vapor pressure and if not for a late study on its isomers
by Zhanget al. (2015) the next work investigating its oxidation would date back to 1995 by Curran
et al.(1995). Despite the lack of relative studies, enough experimental data exist in the literature
to allow for the validation of a new motlein Chapter 5 of the presenh@&sis these data are
utilized in order to validate two newly generatechexane modelsising different initial kinetic
mechanisms as base mechanism. Both resulting schemes reproduce really well the experiments
from the literature. Focus of the study is to highlight the importance of the base chemistry on the

performance of these generated roeanisms.

2.5 Experimental devices Utilization and a&quirementof experimental datafor

validation

Chemical kinetic models are developed and used to simulate combustion processes giving an
accurate prediction of the event. This saves not only timeatst regurces. The developmewof

an accurate model includes also its validation against real measurements taken in laboratory scale
fundamental devices. A variety of these devitese been developed in order to isolate and
measure certain properties wibut the complexity of a real life combustion application process

A list with theexperimental data utilized within the preseiihesis and the respectivdevices can

be found inTable 2.2Similarly, several types of burner configurations exist emulatngbustion
properties of real applications such as engines, combustors or turbines, allowing researchers to

sample the exhaust gases and monitor their composition
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Table2.2: List of experimental configuratis and respective quantities utilized asidation targets in the current

Thesis

Configuration Quantities
Explosion bomb Laminar Flame SpeedBurning Velocity
Shock Tube Ignition Delay Time, Speciation Data, Element
Rapid Compression Massine Reaction Kinetics
Jet (Perfectly) Stirred Reactor Speciation Data
Plug Flow Reactor (Laminar/Turbulent) Speciation Data, Elementary Reaction Kinetic
Low pressure combustion chamber Speciation Data

Among these devices, Shock Tubes (ST) and Rapid Compression Machines (RCM) are used in order
to quantify the propensity of a fuel to ignite. In other words, they are used to measure the Ignition
Delay Time (IDT) of a fudl.full description of their opeition is given in chapter @hese devices

are used n the framework of the presenthEsis to elucidate the combustion kinetics of toluene

and rtheptane.

Toluene the simplest methylated aromatic is blended witheptane as a state of the art fuel
surrogai S G KF G OFy YI (i OKee flaka§rapf 12t 10us enduldty its bahavigrA G &
at low temperatures.To tackle toluen@ low reactivity, rheptare a well-studied and very
reactivefuel has been blended as a radical initiatnrorder to promotereactivity. This allowed

the measurement of avel ignition delay time (IData of TRFat low temperatures and igh
concentrations of tolueneThe data measurements were completedtie National University of
Galwayutilizing theHigh Pressure Shock TuhéPST) and the Rapid Compression Machine (RCM).
The two complement each other; the HPST is used for high temperature measurements and can
measure times lower than 10ms, while the RCM for lower temperature measurements and can
measure times longer than 3m&he study includes measurements at varying pressures,
equivalences ratios, as well as mixture composition. In the framework of the study the widely
known nheptane model of NUI Galway and the toluene model of the Lawrence Livermore

National Lab are furttr developed and validated.
2.6 Computational toolsg Available algorithms for computations

Indicative mechanism sizes have been mentioned in section 2.1. The amount of species and
reactions requires a solver that will be able to run the mechanism forpiimposes of each

application. A number of such algorithms are available: Flamem&isch2017), OpenSMOKE
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(Cuociet al. 2015), Cantera (Goodwaet al.2003), CHEMKIN2013, LOGEresearqd015,2017)
etc. CHEMKIMINd LOGEresearéhe used within theframework of this Mesis.

Table 2.2listed several laboratory experimental configurations tteae commonly used to
provide information abouimportantcombustionparameters These configurationsay differ(in
geometry, dimensions etc.) from one laboragaio another and can be operated under a wide
variety of initial conditions such as temperaty pressure, equivalence ratidhe solvers useid
order to reproduce these experiments as simulatioreed to take thee parameters(device
characteristics, catitions etc.)into consideration, to create the respective environment and

solve the continuity equation and the energy and species conservation equations.

GComputations includingsensitivity and reaction path analysis,chapter 3, 4 and 6ave been
performed using the CHEMKIN2013) A comprehensive deription about the methodology
followed byusingCHEMKIN in order to solve each environmieas$ been given in (Vourliotakis

2012). Computations in chapter 5 have been performed usdGEresearq2017)
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Chapter 3¢G oxygenated specieas additives in ethylene flames

3.1 Chapter 3 Summary

The present chapter investigates the chemical kinetics of three oxygenated species of different
fuel classesi.e. alcohols, aldelides and acidsThe incorporation of a sdimechanism for acetic

acid into theG-G.NTUA.HMCS and additional modifications to the lower part of the chemistry
are described. An additional literature model that has been previously validated against C
oxygerated species is also utilized in order to investigate the effect of lower hydrocarbon
chemistry on mechanism performance. The two models are compared in terms of their ability to

capture the benzene formation chemistry.

For this purpose, novel experimentdta from lowpressure rich ethylene flamese utilized In
particular, speciation measurements from five rich ethylene flames, three of which doped with
ethanol, acetaldehyde and acetic acid respectively are utilized. The C/O ratio of the three
oxygenaed flames and the one neat ethylene flame is held constant to make the flames
comparable, since they have different oxygen content. The other flame is used for benchmarking
reasons and only few of the respective measurements are shown ifiitesis. Reaabn path
analysis and sensitivity analysis is carried out highlighting the parts of the chemistry responsible
for intermediate species formation and allowing for the reassessment of the mechanism.
Comparison of the concentrations of species between flanmesvs an increased formation of
benzene in the acetic acid flame in reference to the neat ethylene flame, while the other two
oxygenates pose reduced formation. TGeG.NTUA.HMCS fails to capture this trend, a finding
that is attributed to the ketene sulmechanism largely involved in acetic acid consumption. The
respective part in theG-G.NTUA.HMCS fails to channel thgs@ecies accordingly, thus the

overall G production is higher than the respective consumption, leading to higher hydrocarbons.
3.2Background

Small oxygenated hydrocarbons are increasingly used as fuels or fuel additives in the
transportation sector. As reported by SuaiBertoaet al. (2017) and Battireclercet al. (2011),
ethanol is the major biofuel used in spadaition (Slengines in the EU while fuééxible vehicles

can operate on gasolinethanol blends with up to 85% ethanol content. Ethanol exhibits a high
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octane number, allowing operation of Sl engines at higher compression ratios and prohibit engine
knock.lt is paricularly attractive as an alternative fuel due to its emissions reduction potential.
Sarathyet al. (2014) and Agarwal (200fAave demonstrated that ethandilended gasoline leads

to improved engine performance while reducing CO and unburned hydrocarlmoissiens; this

is a result of hydroxyl group presence. SimilaBigkoumiset al. (2013) and Rakopoulat al.
(2010)reported that the addition of ethanol, as well as higher alcohols, in diesel engines leads to
reduced PM emissions whereas NOx emissiappeaed to increase slightly Naturally,
formaldehyde and acetaldehyde emissions increase substantially. Nonetheless, the addition of
alcohols in commercial fuels also poses several drawbacks, primarily associated with engine cold

start due to the higheheat of vaporizatiorfe.g. Gautam and Martin 2000)

Along with the investigationf ethanol attention shouldbe giveralsoto acetaldehydeand acetic
acid. The firsts a crucial intermediatef both ethanol and conventional fuels ingine operation
under lean conditios and a recognizetxic pollutant Acids on the other hand, can be found in
the exhaust gases of engines up to 25% according to Zenhals(2001, 2004) with acetic and

proprionic acid having the highest concentration.

The potentialuse of liquid biofuels (neat or blended with conventional fuels) in combustion
devices requires a thorough understanding of their fundamental combustion properties. The
increased oxygen content and lower energy density can result in overall leaner coombusti
compared with conventional hydrocarbon fuels under similar conditions and will also seriously
affect their emission characteristics: soot and PM reductions are expected, coupled with possible
increases in oxygenated intermediates and NOx. An accurastifjeation, both experimental

and numerical, of the combustion chemistry can only be performed in-cosiirolled
fundamental experimental configurations that closely resemble the operating conditions of
practical combustion devices without complicatioftem, for example, complex turbulenge
chemistry interactions. Such configurations include shock tubes and rapid compression machines
for ignition time delay measurements, combustion bombs and oppdlesd diffusion flames for
laminar flame speed determitians, and jetstirred and flow reactors and premixed flames for
species measurements. Laminar premixed flames are particularly valuable since they closely

resemble the flowchemistry interactions characterizing practical combustion devices.

There is a vat literature on the combustion chemistry of small oxygenated hydrocarbons,

particularly ethanal A god overview of alcohol combustion was given ®grathyet al. (2014).
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Acetaldehyde has been less studied in fundamental devices with the Ignition Dakagtlidy of
Mevelet al.(2018) and the laminar burning velocities study of Christereteh. (2015) being the
most recent onesThere is also a growing body of literature on acetic acid combustion chemistry
including data obtained in shock tub@dackieand Doolan (1984EIwardanyet al. (2015),plug

flow reactors Salooja (1966)and premixed laminar flameChristensen and Konnov (2016),

Leplat and Vandooren (2012))

There is significantly more limited research on the oxidation of oxygenated blends wit
conventional hydrocarbons. Blends with ethylene are particularly attractive since ethylene is a
key intermediate in hydrocarbon oxidation as well as a very reactive fuel with a high PAH and soot
precursor tendencyFrenklach 2002)Ethanol addition to dtylene flames has been recently
studied in detaiby Gerasimoset al. (2012a,b) and Yakimoet al. (2012).Yakimowet al. (2012)
measured product species in a premixed laminar ethylene flame at low pressure, also accounting
for the addition of ethanol. Results showed a reduction of both major soot precursors, such as
GHs; and GHs, as well as other intermediate species. Furthedsts have been focusing on the
addition of alcohols like ethanol and methanol, in low pressure, laminar premixed flames of higher
hydrocarbons, suchsanheptane/toluene mixtures measured by X al. (2013) The results
showed minor changes on fuel conspition pathways, but significantly reduced the formation of
intermediate aromatic hydrocarbons, thus lowering soot emissions. However, there are no
detailed studies on the addition of other oxygenated molecules, such as aldehydes and acids, in

hydrocarbon fames.

3.3Experimental setup

Theexperimentautilized as validation targets within the present chaptere been conducted by
Leplat (2011)n the facilities of thdJniversité Catholique de LouvaldCl. Detailed description

of the exgrimental setup igiven by Detillewet al. (2009, 2011pand only a brief description is
provided herein. The experimental setup consists glaa chromatographer (G€pupled to a
combustion chamber (seEigure3.1). A cooled brass, sintered plate, flat flame burner @h®
diameter lies in the low pressure combustion chamipéames A and B were stabilized ardiBar
whereas measurements in Flame C gvarade at 7%nbar. This was due to the fact th#te latter

flame was stabilized too far from the burner at®bar and subsequently had a tendency to blow

off. Simulations at 50 mbar for the respective flame showed only small changes in the species

profiles of interest. The change in the pressure led mostly to a shifting of the species profiles
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further from the burner exit. Aconical quartz probe allowed sampling from the flame. The
sampling position was controlled by moving the burner, thus altering thiugce between the

burner and the sampling probe.

Manometer
Flame

Flat flame Quartz
burner nozzle
_ \ F

Valve 1 Valve 2 o
=<

Piston

Gas
feeding ]

s —{min

Gas Chromatography

W B

[i

Valve 3

To Primary Pump
To vacuum Pump

Valve 4

Sampling loop
Figure3.1 Experimental setup of low pressure flat flame burtheplat 2011)

An accurately controlled amount of the sampled gases was trappeccyirader before being
compressed by a piston. The compressed gases were introduced into the GC, where separation
was achieved by using a Molsieve 54, (& and CO) and a PORAPLOT Q (other hydrocarbons)
column provided by Varian Inc. The detection and subsequent quantification was achieved by
both a Thermal Conductivity Detector (TCD) and a Flame lonization Detector (FID), previously
calibrated by the procede described in an earlier work (Detillewet al. 2009) Flame
temperatures were measured using Pt/PtRh10% coated thermocouples ohi®.ldiameter,

placed in front of the sampling probe, at a distance of@3mm. Temperature measurements

were correctedfor radiation losses by the electrical compensation method. The standard
deviation of temperature measurements is estimated to be B0 The temperature
measurements were utilized in order to perform the numerical computations, so that the heat
losses to e burner are explicitly taken into account. Moreover, any uncertainties regarding
transport properties and thermal conductivity are eliminatethe experimental temperature
profiles for the three oxygenated flames are shownFigure3.2 The measured maximum
temperatures are between 1750 and 18R0n all investigated flames, however differences up to

300K can be found in the reaction zone, with FeaAfeaturing the highest value.
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Figure3.2 Measured temperature profiles for all flames measured in the present work.

The composition of the irestigated flames is listed ifiable 3.11n all oxygenated flames, the
initial ethylene, as well as the initiakygenated additive molar concentration, have been held
constant at a value of 0.25 and 0.08 respectively. The oxygen content is held constant in the
acetaldehyde and the ethanol flanbeit is decreased in the acetic acid flame in order to maintain
the C/O ratio constant, based on the findirgfDias and Vandooref201]) previous studiethat
showed a linear correlation between the C/O ratio and the formation of intermediate
hydrocarborspecies and soot precursors such as benzene, toluene etc. In particular, it was shown
that hydrocarbon quantities in rich flames are mainly governed by the C/O ratio instead of the
equivalence ratio when oxygenated additives are doped into the fuel mixtéypparently, the
diluent (Ar) content rises for balance. Concentration profiles for the following species have been
measured for all three flamed# (molecular hydrogen), £(molecular oxygen), CO (carbon
monoxide), C&(carbon dioxide), ¥D (water), eH,+GH, (acetylene + ethylene), GKinethane),

GHs (ethane), GHs (propene), @Hs, CHCCH(allene), CHCGEpropyne), CECHO (acetaldehyde),
CHCOOH (acetic acid), ;HEOH (ethanol), £l (vinylacetylene), &b, CH;, GHs
(cyclopentadiene), 4Bl (benzene), &1s (toluene).

Table3.1 Detailed conditions of investigated flames

Flame Mole fraction flol\\:lvafzaste c/o Pressure
GHs | GHsOH | CHCHO| CHCOOH| O, | Ar | (g/cm?s) (mbar)

A |025| 0.08 - ~ |0.40] 027]28351¢ |0.75] 2.475] 50

B 025 - 0.08 ~ [040] 027 | 282217 | 0.75]| 2.375] 50

C |025 - - 0.08 |0.36] 031295416 |0.75| 2.527| 75

D 030 - - - 0.40| 0.30 | 2.746 1% | 0.75| 2.250| 50

E |033 - ] - 0.40| 0.27 | 2.716 16 | 0.82| 2.475| 50
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3.4Numerical approach

Sudies on acetic acid are scaricethe literature and only a few models exist, tlagestof which

is the one of Christensen and Konnov (2016) validated against laminar burning velocities.-The sub
model incorporated into the-G.NTUAHMCS mechanistmas been developed by Leplt al.

(2012).

All computations have beemerformed using CHEMKINhe experimentally determined
temperature profiles have been imposed to calculations, so that the heat losses to the burner are
explicitlytaken into account. The muldomponent diffusion model was mostly used, and grid
adaptation parameters have been chosen so asemsure high grid resolution and grfid
independent solutions.

Reaction path analysis was extensively utilized in order to isizatthe controlling elementary
steps andthe combustion pathways of the three oxygenated additives among ethylene.
Deviations from neat ethylene oxidation and additional activated reaction paths are located,
discussed and reassess@dirts of the mechasm are identified for further improvement, based

on critical evaluation of the experimental data and the available specific rate constants.
3.5Moadifications to the mechanism Acetic acid submodel description

The acetic acid sdimechanismincorporated b the NTUA mechanismas developed by Leplat
and Vandooren (2012Y he authors were the first after a number of studies, to investigate acetic
acid consumption routes as a fuel. Their study was based on previous investigations byeFervas
al. (2001) BattirLeclercet al. (2007) and Gasnot eal. (2005). The first of these studies
investigated the formation of acids in flames with propane-astane and tolune/isebctane
mixtures as fuelsZervaset al.(2001)identifiedthe addition of hydroxy{OH) tospecies containing

the carbonyl functional groupof atomic oxygen (O) to species containing the alcohol group and
of Hydrogen atom (H) to GEIOO as the main paths leading to the formation of acetic dtiis.
study was the initiating point for B#n-Leclercet al. (2007) who used ta propane flame
measurementsn order to elaborate a mechanism both for the formation and the consumption
of acetic acid. The modeling results howevailed to capture the values measured by Zergas

al. (2005). Folowing Gasnott al.(2005) suggested that H abstraction reactions from the methyl
group as well as thermal decomposition reactiomsre the dominant routes of acetic acid

consumption. Leplat and Vandooren (201#)ized the paths mentioned by the previsstudies
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and validated them against novel experimental data from low pressure flames, finally developing
the model that idisted inTable 3.2.

Table3.2 Acetic acid Mechanism incorporated in theGENTUA.HMCS mechanigstaveloped by Leplat and
Vandooren (2012)Units are crfy s, J/mole)

Reactions A n Ea Reference

CHCO + OH = GEOOH 1E+14 0 0.00E+00 | Gasnotet al.(2005)
CHCOOH = GH CQ 7.08E+13 | 0O 3.12E+05 | Gasnotet al. (2005)
CHCOOH = GBO+ HO 4.47E+14 | O 3.34E+05 | Gasnotet al.(2005)

CHCO+ M =Chki+ CQ+ M 8.70E+15 | O 6.02E+04 | Gasnotet al.(2005)
CHCOOH + H = @EBOOH +#1 8.40E+07 | 2 3.22E+04 | Gasnotet al. (2005)
CHCOOH + O = gEDOH + OH 5.01E+13 | O 3.29E+04 | Gasnotet al.(2005)
CHCOOH + OH = &HOOH + 1D 1.29E+10 | 1.1 | 7.59E+03 | Leplat and Vandooren (2012)
CHCOOH + H&- CHCOOH + @ 5.61E+12 | O 8.13E+04 | Leplat and Vandooren (2012)
CHCOOH + G CHCOOH + GH 6.60E+11 | O 1.16E+04 | Leplat and Vandooren (2012)
CHCOOH + £= CHCOOH + HO 1.26E+13 | O 2.05E+05 | Leplat and Vandooren (2012)
CHCOOH =80 + OH 4.00E+13 | O 1.22E+05 | Battin-Leclercet al. (2007)
CHCOOH + OH =6 + HO 2.40E+11 | O -1.67E+03 | Battin-Leclercet al.(2007)
CHRCOOH+H=GQEQ +H 5.55E23 0.6 | -1.87E+04 | Battin-Leclercet al.(2007)
CHCOOH+ O =eE2 +OH 1.46E03 4.7 | 7.23E+03 | Battin-Leclercet al.(2007)
CHCOOH + G CHCQ+ CH 6.11E+00 | 3.5 | 3.23E+04 | Leplat and Vandooren (2012)
CHCOOH + HG- CHCQ + B0 250E+12 | O 1.0E+05 Battin-Leclercet al. (2007)

Along with the reactions listed ifable 3.2certain modifications to existing rates in the
mechanism were madim the context of this Thesia order to optimize itgperformance These
modifications resulted after sensitivity and reaction path analyses for relative species formation.
Initially, the rate coefficients for the third bodyficiency reaction ofethyl radical recombirtéon
(R28), leading to ethane were updated to thees reported by Wanet al.(2003) in their methyl

methyl recombination investigation.
2CH(+M)<=>gHs(+M) (R28)

The adopted reaction rate accelerates the respective path #ds €hroughout the whole
temperature regime, with a more pronounced effect in the regime between 300 and 800K. The
reaction of methyl radical with vinyl radical forming propene (R34) was also updated to the one

reported by Laskiet al. (2000) in their flow eactor study of 1,8Butadiene oxidation. The initial

31



Zisis Malliotakis PhD Thesihapter3

path was in the reverse direction while the updated rate inhibits the formationsk €awusing a

small drop in the respective profiles.
GHs+CH(+M)<=>EHs(+M) (R34)

Finally, the reaction rate for ppane unimolecular decomposition (R40) yielding methyl and
ethyne was updated with the one proposed by Oeschlaegat.(2005) in their shock tube study.
The updated rate accelerates the formation of propane yielding better agreement with the

measured prdile.
GHg(+M)<=>Ck+GHs(+M) (R40)
3.6 Model performance

3.6.1Primary fuel destruction paths and major products

The oxidation pathways of ethylene have already been studiedymerous previous works, e.g
Diaset al.(2011),Bhargaveet al.(1988), Lindstedt and Skevis (2000), Xu and Konnov (20#2)
will therefore, not be discussed in full detail hefehe species £, and GH, co-eluted and a
chromatographic separation was inadequate to quantify these separdsice there are no
direct GH, measurements in the present datasdtigure3.3 presents a comparison between
computed and measured fuel decay profiles of a previously published rich ethylenetfjabias

et al.(2011) where good agreemeri$ achieved.

In all flames, ethylene is mainly consumed (75% of total ethylene destruatidhé tvinyl radical
by hydrogen abstraction (reactions R1 and R2 at a relative ratio/8:@nall amount of fuel is

converted to the oxygenated-@xoethyl (CLCHO) via reaction R3.

GHi+H<=>gHs+H (RD)
GHs+OH<=>EH+H0 (R2)
GHs+O<=>CCHO+H (R3)

! Note: The reaction rates and the respective numbers mentioned in each chapter do not correspond to the numbering

of the mechanism, they are only used for reference issues within each chapter. The nyctisenges from chapter to

chapter.
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Figure3.3 Comparison between experimental data (Symbols) and computational results (lines) for the reactant species
in the rich @H; flame of Dias et al. (2011)

The G-G.HMCS.NTUA mechanisnsi®wn to accurately reproduce major species profiles across

the flame domain, as it is depicted kigure3.4- Figure3.6for Flames A, B, C and D respectively.
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Figure3.4 Comparison between experimental data (symbols), and computational results (lines) for major species in
Flames AD
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Vinyl radical is almost equally consumed to acetylene angCB8, through H abstraction
reactions (R4, R5) anekactions with Q respectively (R6). Recent studies have shown the
importance of the competition among the unimolecular decomposition and the reaction with O
for key combustion intermediates such ag#and HCO (Vourliotakes al. (2015), Matsuget al.
(2014) Metcalfeet al. (2013)) Analysis of the mechanisim the present flames, confirmed the
competitive nature of R5 and R6. As expected, the unimolecular decomposition of vinyl radical is
the main acetylene formation path (R5). Hydrogen abstracti@ttiens, occurring after attack

by hydrogen atoms (R4), also contribute to the acetylene formation with a share of 30%.
Acetylene is thewonsumedo the ketyl radical (HCCO), which in turn is consumed to CO and CO
terminating the combustion process. Foation of CHCHO is due to £attack on GHs;, while
reaction R3 only contributes up to 15%. The destruction eCEID is realized via its isomerization

reaction to the acetyl radical (GEO) and its decomposition to ketene angdatia ratio 3:2.

GHs+H<=>GH+H (R4)
GHs(+M)<=> gH,+H(+M) (R5)
GHs;+Q<=> CLHCHO+O (R6)
GH+O<=>HCO+CB (R7)
CHCHO<=>GBO (R8)
CHCHO <=>GBO+H (R9)

The next step would be to examine the fate of each dopdihie submechanism for #hanol
oxidation has been assembled and extensively validated by Vourliotakis (2012) and will not be
succumbed to any modifications the present work. Reaction path analysiows that ¢hanol

is consumed through H abstraction (R10) to thkydroxyethyl radial (CHCHOH)anNd through

its unimolecular decomposition reaction to etbyle and water (R11). A secopdith is activated

a bit farther downstream in the flame domaimhe first path dominates over the latter with a
branching ratio of 2:INote also that direct destruction of ethanol to the other twgHgO isomers

( -hydroxyethyl and ethoxy radicals) constitutes only a minor part of its destruction rate.

GHsOH+H<=>CGBHOH+H (R10)

GHsOH (+M)<=>El+HO(+M) (R11)
The ahydroxyethylradical is transformed to acetaldehyde (R&2d vinyl alcohol (R13 equal
rates whilem flame A, about 35% of acetaldehyde breaks to methyl and formyl radical (Ri4)
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the rest is consumed to-8xoethyl and acetyl radical through hydrogen abstm@ctreactions
(R15R16).

CHCHOH+@=>CHCHO+H® (R12)

CHCHOH<=>GBHOH+H (R13)
CHCHO(+M)<=>GHHCO(+M)  (R14)
CHCHO+H<=>GEHO+hl (R15)
CHCHO+H<=>GEO+H (R16)

On the other hand, when acetaldehyde is a fuel component, it is primarily consuntieel @H;O
isomers by reactions with hydrogen and hydroxyl radicals {R1%. Once formed, bothl&O
isomers are destructed following the paths described earlier. The branching ratio of reactions
(R15) and (R16) between acetyl radical arak@ethyl is ahost 1, as discussed also by Frenklach

et al. (2002).

Acetaldehyde is a major intermediate product of ethanol oxidation and has therefore been
studied within the framework of constructing the ethanol saiodel by Vourliotakis (2012Jhe

description thatfollows is the result of a reaction path analysis and aims at providing insight into

its oxidation.
CHCHO+C=>CHCO+CH (R17)
CHCHO+OH<=>@EHO+LD (R18)
CHCHO+OH<=>@ED+HO (R19)

Acetaldehyde levels in the acetic acid flame are of the order qfB0, significantly lower than
the case of ethanol (see discussion lat&éhe observed trend is followed bye G-G.NTUA.HMCS

mechanism.

Early in the flame, the consumption of acetiécdestarts with H abstraction from the methyl group
(R20R21). ConsecutivelyfCHCOOH formsketene and hydroxyl radical through -scission

reaction (R22)The rest of ketene comes from the unimolecular decomposition eCEID.

CHCOOH+OH<=>@EDOH+D  (RD)
CHCOOH+H<=>@EDOH+H (R2)
CHCOOH<=>GHEO+OH (R2)

Ketene is then consumed to the methyl radicalIR&nd the ketenyl radical (RR, after being

attacked by a hydrogen atom. The branching ratio of the two reactions is 3:2. Ketene levels in
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Flame Gire substantially higher than the corresponding levels in Flames A and B due to the acetic
acid decomposition path. However, ketenyl radical levels are almost equal in all three flames. This
is attributed to the fact that ketenyl fast attains steady statdues which are independent of its
formation kinetics. Leplat and Vandooren (2012) have shown that once formed, ketene will most
likely follow two decomposition paths. Either the formation of;@Her reactions with H atoms
(R23) or the formation of keteyl. The authors showed that increasing the equivalence ratio
increases the importance of reaction (R23), due to the increased availability of H atoms, causing
thus an increase in the Gfdrmation. This was observed in the reaction path analysis cartiéd o
showing that 30% of ketene formed €hh the current study the equivalence ratio is significantly
higher than that of Leplat and Vandooren (2012) justifying that 60% of ketene is consumed to
form CH.Despite this augmented reaction path, the formatimimethyl radical in the acetic acid

flame remains at lower levels compared to the other flames where methyl is formed directly from

acetaldehyde.
CHCO+H<=>GHCO (RB)
CHCO+H<=>HCCO+H (R24)
CHO+H=HCO+H (R25)
GHsOH+H<=>CGBHOH+H (R26)
CHCHO+Hd=>CHCO+H (R27)

Figure3.5shows a graphical interpretation of the reaction path analysis in all flames highlighting

the consumption route for edcof the mentioned dopants and the main fuel (ethylene) as well.

A comparison between computational results and measured values forzhrd0 profiles is

given inFigure3.6. In all flames the measured values pose significant scattering, raising concerns
regarding experimental issues in the current measurements and respective uncertainties. The
mechanism performance is poor, however due to thegetflations in the species profile, these

were neglected as validation targets.
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paths are representativior all flames.
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Figure3.6 Comparison between experimental data (symbhasyd computational results (lines) fos &hd HO

3.6.2 Key intermediate species chemistry

As depicted irFigure3.7 the mechanismpredictsvery well the experimental data of ethane in

both doped and neat flamedHowever, he acetaldehyde levels anender-predicted. Ethane

formation occurs almost exclusiyetlue to the methyl radical recombination in all flames. This is

an important step in the ethylene chemistry, providing a path for-lesetive methyl radicals to

produce ethane. Ethane will then decompose via H abstraction reactions to highly reatijve et
radicals, accelerating this way the fuel decomposition. In Flame B, the one doped with

acetaldehyde, a higher peak of ethane is observed. Reaction path analysis showed no additional

path activated in this flame, thus the higher peak is justified bypresence of more methyl

radicals due to the decomposition chemistry of acetaldehyde (R14).
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Farther downstream in the carbon path, methane (déigure3.8) formation is due toeactions
of methyl radical with vinyl (R30In every flame theresian additional contribution of about 10%
by the decomposition of each dopant in the total methane formation (R33). In Flames A and
B the Chklconcentration peak isvell captured, whereas in Flan&it is slightly undepredicted.
Postflame methane legls are generally oveasredicted. This can be attributed to uncertainties in
the temperature profile leading to an erroneous partial equilibration of the/CH: system as

well as to the absence of a mechanism for heavier hydrocarbons.

GHs+ CH<=>GH+ CH (R30)
GHsOH+Chk=> GHOH+CH (R31)
CHCHO+Ci¢=> CHCO+CH (R32)
CHCOOH<=>GHCQ (R33)

Propene and propane are depicted Figure 3.9. The propene formation route is thabof
recombination between vinyl and methyl radicals (R3#accouns for approximately 90% of
propene formation in flame A, with similar figures beindiddor the other flames. Ethylene and
singlet methylene radical react to additionally contribute to propene formation wihall share
(R35).

GHs+CH(+M)<=>gHs(+M) (R34)

CH(S)+@Hi<=>GHs (R35)
Propene is destructed via H abstraction reactigR86R39). The branching ratio between the
channels leading to the allyl radical and to ethylene is of the order of 4:1. Formation of the other

two GHsisomers, namely the-land 2methylvinyl radical, is also realized through H atom attack

on propene.
GHe +H<=>aGHst+H (R36)
GHs +H<=>@H,+CH (R37)
GaHe +H<=>(1GHs+H (R38)
GaHe +H<=>(2Hs+H (R39)
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Figure3.9 Comparison between experimental data (symbols), and computational results (linegjs{d&Hs

It can be seen that propene levels are decreased by the addition of the oxygenated dopants by a
factor of 2050% depending on the dopant. Reaction path asialghowed that in Flames A and B

R34 strongly dominates over R35 with a ratio of 1:8, while in Flames C and D the difference

between the two routes is reduced to just 1:2.

Regarding propandslame C poses very good agreement between simulation and exg#am
profiles. In the rest of the flames the mechaniamder-predict the measured values. Propane is
formed solely through the path of ethyl and methyl radical recombination (R40). As described in
the previous paragraph the acetic acid flame poses loatsr of CElproduction justifying also

the lower concentration of propane. The underediction of the propane levels in the cases of

flames A and B could be related to issues regarding the pressure dependent third body species

efficiency of the mechanisna the respective pressure.

GoHe(+M)<=>Ck+GHs(+M) (R40)
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3.6.3Secondary paths in ethylenexygenated blends

In all flames &GHs is produced from @%Hs and is channelled mainly to the formation o Its
contribution to the formation of acetylenes however, only minor compared to other species.

Concentration measurements afGH,along with its isomer {i3H, are shown irFigure3.10.
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Figure3.10 Comparison between experimental data (symbols), and computational results (linesgHoraEH.

Figure 3.11 presents mechanism performance against measuredspecies, butadiyne and
vinylacetylee. Vinylacetylene is formely addition of a vinyl radical to acetylene. TGe
G.NTUA.HMC8echanism is shown to ow@redict GH, levels by a factor of,2vhile it under
predicts the GH, data.
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Figure3.11 Comparison between experimental data (symbols), and computational results (lin€g)faHs

Figure 3.12 depicts the measured and simulatedHs profiles in all flames. Comparison

between the experimental values among the flames shows that the addition of
R 2 S a ¥ Buladidner @GH§. GSimulaiel S

2EeaSyl SR

aLISOASa

profiles agree with the experimental ones posing only a smadrprediction in the non

T2 NI

oxygenated flame (flame D). Reaction path analysis showed common formation paths in

all flames, with the major one being the recombination of vinyl radical. The discrepancy
in flame D could be related to an erroneous distribat@f the vinyl radical throughout all

flames, that is however more profound in the case of the neat flame due to the higher

concentration coming from the excessive amount of ethylene in the fuel mixture.
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Figure3.12 Comparison between experimental data (symbols), and computational results (linegjsfor C

The Gchemistry is largely initiated by Ciadical species addition reactions to either diacetylene

or vinylacetylene. For example, the second majomfation path for cyclopentadiene which is the

dominant G species in all three flamas triplet methylene addition to vinylacetylene (R41). The

major formation route is that of hydrogen addition to cyclopentadienyl (R42). Decompaosition is

governed by hydrogen abstraction reaction that leads to cyclopentadienyl formation, giving this

way alooping character to the two species relation (R44). Computgtdl IEvels are shown in
Figure3.13for all flames The predicted profiles with théG-G.NTUA.HMC®echanisnmare below

the measured €&Hs data.
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Figure3.13 Comparison between experimental data (symbols), and computational results (linegjsfor C

CiHs+ CH(T)<=>eGHs (R41)
GHs+H<=>aGHs (R42)
GHs+pGHi<=> eGHs+H (R43)
Cc-GHetH<=>gH+H (R44)

3.6.4Benzene formation and molecular growth paths

Benzene formation in hydrocarbon flames has received much attention in the literatgre

(Zhanget al. 2009), and several reactigpaths have been considered. These include, addition

reactions of ¢species with vinyl radicdGHs) or acetylend GHy) and recombination reactions

of propargyl radica(GHs) yielding benzene or fulvene. The latter then isomerizes partially to

benzene.Benzene formation in all flames considered here is governed by the reaction of

vinylacetylene with thevinyl radical.
CiHa+GHa<=>GHe+ H (R45)
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Inspection of theaneasured benzene concentration, depictedrigure3.14, revealghe beneficial
character of ethanol addition on the reduction of benzene levels. This is in agreement with
previous studies of ethylene ethanol flames that exhibited reduced benlexmts, justified by

the reduced formation of vinyl radicals. The main channel supplying vinyl is the one of ethylene
with hydroxyl radicalOH) and is now inhibited by reactions of ethanol that bind the OH for
themselves. The same effect is observed ia #tetaldehyde flame and can be justified by the

same reason, e.g. reduced vinyl radical formation.

In the acetic acid flam@~igure3.14) benzene levels are increasgabout20% compared to Flame
D ( =2.25)and 6680% compared to Flames A andABhough one would expect thanylradical
productionin Flame Qo be increased, this is not justified by the mechani€&ne reasonable
explanation is that the ketene suiechanism fails to channel the ketene consumption to vinyl
radical, or that vinyl radical is rapidly consumed to produt¢t therefore also its oveprediction.
The respective profiles for all flames are depictefFigure3.14. Flame E.( =2.475) exhibits the
highest benzene concentration, thus the increase in Flame=%2(525) could not be justified as

a simple matter of equivalence ratio.

Comparson of the masured profiles against the mechanism shows thatrtfechanism under
predicts benzene levelsRegarding its destruction, benzene follows the typical hydrogen
abstraction reactions with OH, H and Gi$ well as unimolecular decomposition thaadl to

phenyl radical at a ratio of 4:hs described by Gerasimeval. (2012).

Computations with literature mechanism

In order to further investigatéhe G-G.NTUA.HMCS mechanism inability to capture the benzene
profiles a literature mechanism tyeplat and Vandooren (201Rygely developed andalidated
againstthe consideredethanol, acetaldehyde and acetic acid flanmes been utilized for further
computations The agreemenof this mechanism igmproved as can be seen iRigure3.14
capturing the tendencyf acetic acid to form increasedenzene.Analysis of the mechanism
showed that this feature of acetic adslrelated to the lower hydrocarbon chemigtrin fact, the
acetic acid decomposition is mostly channeled to ketenex@Chl The ketene suhechanism
channels the fuel decomposition to othes §pecies instead of lower hydrocarbons CH and
HCCO, as was shown for theGENTUA.HMCS and can kees inFigure3.5. This results in an
overall rate of production of &pecies being higher than the respective species consumption. In

other words, the carbon path is movadwards higher species. To resoltgs issue a possible
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tuning of the ketene mechanismof G-G.NTUA.HMCS was attempted, dirag however to no

improvements. This is justified by the fact that the two schemes have different thermodynamic

data for the respective species and thus also difféfesats of formation, affecting the branching

ratios. Therefore, even with the ketene sulbechanism of UCL, the-G.NTUA.HMCS failed to

reproduce the observed trend.
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2.0x10" ! 1 1 L L . A
= CH, = CH, " CH
UCL Mechanism UCL Mechanism || UCL Mechanism
1.6x10" 1 ——C,-C, NTUAHMCS, ——C,-C,.NTUA HMCSY ——C,-C_.NTUA HMCS
5 ' .
b 1.2x10" 4 E ] J \
© / .
T / \
% 8.0x10° 4 - . .-
= " = e
L
4.0x10° 4
=
.
LI
0.0 - n . - |
' T T T T T T —T T T T T T
0.0 05 10 15 20 25 05 10 1.5 2.0 00 05 10 15 20 25
Distance from burner (cm) Bistance from burner (cm) Distance from bumer (cm)
Flame D Flame E
2.0x10" T T T T T T
= CH " CH,
UCL Mechanism - UCL Mechanism ]
1.6x10" 4 ——C-C,.NTUA HMCS | ——C,-C,.NTUA.HMCS ]
”u ]
c /
-
£ 12¢10' E [ ==
o /
o 1
o ) /m
@ 8.0x107 /
o -
s 7 . - i-.
4.0x10” A - -
Car s
‘- S 1
0.0 ‘ ngunls
T T T T T T
0.0 05 10 15 20 25 05 1.0 15 20 25

Distance from bumer (cm) Distance from burner (cm)

Figure3.14 Experimental and compational profiles of benzene in all flames

Finally, mechanism performance against toluene data is showrFigure 3.15 where
computations brackethe experiments. Toluene, ixclusivelyformed through recombination
reactions between phenyl and methyl radical (R46) and breaks directly to a benzyl radieal and
hydrogen atom (R47

(R46)

(R47)

GHg<=> @Hs+CH
GHs<=> GH+H
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Figure3.15 Comparison between experimental data (symbols), and computational results (lineg)sfor C

3.7 Major findings

To summarize, this chapter described the incorporation of a mechaistine consumption and
formation of acetic acid into the: €& NTUAHMCSand theevaluationof the propensity othree
oxygenated fuelgo promote or inhibit the formation of benzene and other hydrocarbons of
interest Additional modifications were made to improve the agreement for smaller species like
propane (GHg) and ethane (£4%). A literature mechanisnthat adopts the same acetic igc
mechanismwas utilized in order to further investigateow the lower parts of the mechanisms

affect their performance.

Overall the computational results wereatisfying. The mechanisamder-predicted the benzene
(GHe) profiles, while reaction path aalysis showed that the formation of benzene is not governed
by the typical route of propargyl radical recombinationsH&GHs) but by reactions of
vinylacetylene (&4) and vinyl radical ¢B). Investigation of thditerature mechanism showed
that these discrepancies can be attributed tihe G-GNTUAHMCS ketene parthat fails to

channel its consumption to the formation of dicals.

Additionally, @etaldehydegormation in the ethanol flame is significantly enhanced justifying the
concern regardingts utilization as a fuel dopanh practical applicationsgiven the lack in the

respective technology for aldehyddter-treatment
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Chapter 4¢ A comparative study of bnzene oxidationn flames

4.1 Chapter 4 Summary

The present chapter investigates the chemical kinetics of benzene, the simplest and most
common representative of aromatics, a chemical family that holds a large fraction of commercial
fuel composition. Aimis to identify the routes that govern benzene consumption and the
conditions that promote the buildip of larger aromatic specieghe performance of the
mechanism upon varying conditions is evaluated utilizing twelve premixed laminar low pressure
flames of benzene. The flames haven been obtained from the literature and include concentration
measurements for a variety of species imihg also radicals. Reaction path analysis and

sensitivity analysis were performed in order to elucidate the reaction routes of interest.

This work highlighted th@nportance of the antagonistic nature of thghenyl and the phenoxy
radical Oxygenation ophenyl leading to penoxy radicails the major decomposition path in the
lean flames due to the excess of oxygen. bhid-up of heavier species such as naphthalene is
mainly attributed to recombination reactions of cyclopentadienyl raditzaloured irrich flames
Comparison of the mechanism against the experimental data yields satisfying agreement. Over
predictions of phenol are observed with the initial amanism, however channelinrgactionsof

phenyl radical with oxygeto G species improves the agement.
4.2 Background

Incomplete combustion leads both to reduced efficiency and emissions of pollutants, such as
oxygenated and aromatic species. Considering also the extension of the available fuel palette to
include oxygenated hydrocarbons as possitib-fuels, as well as the operation of engines in low
temperature approaches, the complexity of mapping these emissions increases. Many of these
species are currently unregulated but the implementation of future regulations will also rely on
an accuratedescription of their combustion chemistry (Boet al. 2009). In addition to that,
aromatic species are found in large amounts in actual fuels @fiali2002, W.J. Pitet al.2011).

In many cases they are blended into the fuel in order either to epédineir antiknocking quality

or to prevent fuel leakage from aircraft fuel systemsetJal. 2012). Benzene is the simplest

aromatic species and has been used as the indicative species for molecular growth and eventual
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soot formation Narayanaswamy etla2010, C. Ji et al. 20l hese, constitute its study of great

importance.

After the pioneering workof Brezinsky(1986) on benzene oxidation in a plug flow reactor
numemus studies have been conductesmphasizing on benzene and related aromatics
oxidation. These studies include measurements in reactors, shock tubes, as well as speciation
measurements from low pressure flames, while a variety of kinetic models is availalatil&d
literature review onthesestudieshas been reatied by Vourliotakist al. (2011) listing available
mechanisms and experimental data. In the most recent work (arg. 2014) six laminar
premixed benzene/ oxygen/ argon flames with equivalence ratio spanning from 0.75 to 2.0 were
measured at 307orr. The study supplied a large dataset of speciation measurements including
radicals and large aromatics. Additional modelling work was conducted utilizing these novel data.
The significant role of phenyl radical and cyclopentadienyl as precursors for laegérspuildup

was identified by the authordDespite the large bulk of experimental data, and the variety of
chemical models, uncertainties still exist in the pathways that describe the oxidation of benzene.
In this context, twelveexperimentaldatasds of low pressure laminar premixed flames from the
literature are utilized in order to further validate and reassess a detailed kinetic mechanism for

benzene oxidationThe conditions of the investigated flames are listed in Table 4.1.

Table4.1 Conditions of investigated benzene flames

Flame| v C/IO | Prom | Xuel Xo2 Xar | Viemris) | M(mgicm2s) Reference

A 0.70 | 0.31| 33.75| 3.000 | 29.00 | 68.00 2931 Detilleux and Vandoorer
(2009)

B 0.75 | 0.30| 30.00| 5.910| 59.09| 35.00  36.10 Yang et al. (2015)

C 1.00 | 0.45 33.75| 3.000 | 20.00 | 77.00 2.984 Detilleux and Vandoorer
(2009)

D 1.00 | 0.40| 30.00| 7.640| 57.36 | 35.00 | 36.10 Yang et al. (2015)

E 1.25 | 0.50 30.00 9.270 55.73 | 35.00 36.10 Yang et al. (2015)

F 1.50 | 0.60| 30.00 | 10.84| 54.16 | 35.00| 36.10 Yang et al. (2015)

G 1.75 | 0.70| 30.00 | 12.32| 52.68 | 35.00 | 36.10 Yang et al. (2015)

H 1.78 | 0.70 | 30.00 | 9.500 40.50 50.00 2.100 Yang et al. (2007)

I 1.80 | 0.72 | 20.03| 13.50  56.50  30.00 50.00 Bittner and Howard (1981

J 2.00 | 0.82| 33.75| 12.00 | 44.00 | 44.00 3.102 Detilleux and Vandoorer
(2009)

K 2.00 | 0.80| 37.50| 11.80| 44.20 | 44.00 | 35.00 Defoeux et al. (2005)

L 2.00 | 0.80| 30.00| 13.68| 51.32 | 35.00 | 36.10 Yang et al. (2015)
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4.3Benzene Chemistrg Comparison against experiments

The major benzene consumption routes as they have been obtained for flames E{(#h2g15)

and H(Yanget al. 2007) are depicted ifigure4.1 Tte figure describes the consumption of the

fuel to smaller species until it reaches the end products. Different colors are used, the black refers
to flame E that hs a lower stoichiometric ratid,.25 and the gray tahe richerflame Hwith a
stoichiometrc ratio of 1.78.Although most of the qualitative features are similar there are
significant quantitative differences particularly at the early stages of the flame development. In
both flames benzene oxidation leads to the phenyl and phenoxy/phenol pathsranching ratio

of 70:30. As the flames geither the phenoxy path becongrogressively more dominant. The

fate of the phenoxy radical is also interesting. In Flame E it forms phenol and decomposes to the
cyclopentadienyl radical at almost equal ratés Flame H the phenol path is unimportant and all

phenoxy is channeled to the €hain.

CeHs * T * GHsO
0.7 (0.30) 0.10(0.25 0,60
022
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eCeHa | o.ciH,0, 078
1.00 [mo 0,40 (0.40 o
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Figure4.1 Major reaction carbon paths for Flames E (numbers in black) and H (numbers in parentheses)
Flamestoichiometry also affects thesBs/CsHs equilibration In Flame E most of the former is

recycled to the latter through hydrogen abstraction reactions but in the more radefidient

richer Flame H the loop is broken and cyclopentadiene feeds promptihet® and G chains.

Changes in carbon pathways are reflected in major and key intermediate profiles shbigaria
4.2-Figured.4for selected flames. The performancetioé mechanism is generakyceptable and

the evolution of species profiles with stoichiometry is accurately captured.

51



Zisis Malliotakis PhD ThesisChapterd

07 T T T T T
) === Flame B Cco
* — — -Flame D
064 o ----FlameE b
% —-— Flame F
@ e Flame G
054 Flame L i

o
S
1

Mole fraction
o
w

0.0 0?5 1?0 1T5 2f0 25 3.0
Distance from burner (cm)

Figure4.2 Comparison of experimental (symbols) and simulated (lines) CO profile
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Figure4.4 Comparison of experimental (symbols) and simulated (linegpiGfiles

Observation oFigure4.3and Figure4.4 shows that the mechanism is able to capture really well

the formation d intermediate species, related to lower parts of the chemistey G and G.
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However,as can be spotted in all flames, the prediction of the species profile in theflpost

zone is significantly higher than the one measured. This effect is more proeduas the
equivalence ratiancreases (Flame-&L).Theinability of the model to adequately predict the
consumpton of these intermediate species has been observed albemzene datsimulations

with other mechanisms (Yarmg al. 2015 Detilleuxet a. 2009).Sincethis is a common feature of
many models ands more pronounced as stoichiometrincreases, it could be related with the
possible absence of a soot model that would consume these species for the buildup of heavier

ones.

A rate of productionanalysis was performed in order to highlight the underlyihgmistry of
acetylene formatiorsince it is one major species related to benzene cheméfgnget al. 1997)
Figure4.5 shows the results of the rate of production analyfeisflame G (=1.795 andflame L

(- =2.00).All paths derease significantly witlincreasing equivalence ratidn both cases the
formation is dominant, justifying the owgrediction in the post flame zone. An increased
Wi 2 2 LIA y 3 sxpetidsys plsodbsénfed by reactions:

CH+@h=cGH+H (R1)
GHO = G+ CO  (R2)

This reveals the need for further work on parts of thekkemistry.

2.0x10°

—— CHO<=>CH, ¥CO
—— CHO <=>CO+ CH

5 4 2 2
. —— CH_+O <=>HCCO+H
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Figure4.5 Rate of production for acetylenet) Dotted lines correspond to flan@ ¢ I' m YpStrpight lines
correspond to flame . ' H ®n N0

The mechanism also successfully captures the evolution of naphthaleels les function of

stoichiometry, as shown iRigure4.7. This indicates that the balancing between oxidation and
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molecular growth pths is accurately represented, however comparingrémults of each flame
individually shows that the mechanism ggiificantly undespredicts naphthalene formation.
Reaction path analysis showed that its formation can be attributed mostlyg@ecombinaton

of cyclopentadieny{GHs) radicals. In this regardertain alterations to the respective pathave
been made. Gyclopentadienyl isformed through hydrogen abstraction reactions from
cyclopentadiene, aftecollisionwith OH, H@ and Q. However, other mechanisms includa
additional third body species reactionThe incorporation of this path in the present scheme
showed arenhancel formation of GHs speciesReaction rate values from different groups were

used Robinsoret al. 2011, Blanquaret al. 2009, Leplatet al. 2012, yielding better profiles for

naphthalene.
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Figure4.6 Comparison of experimental (symbols) and simulated (lines) of Napthalene profileditisiegt rates for
reaction (R1jor flame G

Figure4.6 shows the agreement between the experimental datal dne simulations in the cas
where the additional path of (R& adopted in theG-G.NTUAHMCSThe rate of Robinsost al.
(2011) qualifies as the better choice, however further analysis of the results showed a by a factor
of two increase in thecyclopentadiene (§k) profiles, leading to a severe owvprediction.

Addition ofthe respective path in the mechanism was therefoegected.
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Figure4.7 Comparison of experimental (symbols) and simulated (lines) of Napthalene profiles

4.3.1Phenyl, Phenol and Phenoxy chemistry

Reactions of phenyl radical ¢f6) with molecular oxygen@,) play a significant role in the
formation of soot. Their chemistry has been explicitly studied by Tokmetkal(2005).

At high temperatures phenyl has been reported to be either oxidized leading to phesle® C
radical, or to undergo reactions withGH. species leading to aromatics. These two routes are
controlling the fate of the formation of soot. In the first case, phenoxy will then break forming
cyclopentadienyl (§k). The oxidation of phenyl includes also other minor routes that form the

ortho and para benzoquinones-GHiO,/ p-GHO,).

At low temperaturesthe most prominent reaction is the one forming phenylperoxy radical
(GHs0O,), while additional paths involving the direct formation of cyclopentadienyl or pyranyl
(GHsO) have also been ported by potential energy surface calculation studigysFadderet al.
(2000).

This part of the chemistry is themost serious drawback of the mechanismd can be observed
by the severe oveprediction of phenol levels. Vourliotaket al. (2011) haveinvoked four

possible paths for these retons:

GHs+ O A GHO+O (RA)
GHs+ QA 0-GHiO, + H (R
GHs+ QA GHs+CQ (R§
GHs+ 02A GHsO + CO R?

For reactions R4 and R%e model in its current state adopts the rate values from the work of

Franket al. (1994), measured experimentally behind reflected shocks, while the reaction path
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leading to the parajuinone (pGHsO,), proposed by Franét al. (1994) has been neglecteth
the case were the reaction route§Bnd R are included in the schem#he phenyl radical (k)
is mostly directed to £species, improving the agreement between the simulated and the

measured phenol profiles. The improvement can be observed by comparison of the gray

(updated) and the black (previous) linedHigure4.8.
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Figure4.8 Comparison of experimental (points) and simulated (ling9aH and €Hs species data in Flamegd), L
(b)and D (c)Grey lines correspd to the revised mechanism
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Despite the beneficial character of channeling these reactionsstsp€cies with a branching
ration of (7:1), the opposite is observed in the lean flamgseen in figure 4.8(dhus no certain
conclusions can be drawn and changes to the mechanism are adopted. A recent theoretical
work containing potential energy surface calculations by (Taealkd. 2012) has identified the
need for the theoretical calculation of a direct formation path faH{ assisting in a more

accurate determination of the branching ratio of theHerQ; reaction.

4.3.2 Bfect of dilution

The walth of flame datasets available in the literatureake it possible to quantify experimental
uncertainties and assess their influence on modellifigure 4.9 Figure 4.10 compare
temperature andspecies data from the virtually identical Flames J aqdHly differing slightly

in the temperature profiles. This however is insufficient to explain the (more than a factor of 2)
differences in key intermediate species profiles (suchsblg) @epicted n Figure4.10. This can be

a measure of measurement uncertainty, but complicates modelling efforts.
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Figure4.9 Measured temperature profiles (stars) and comparison of experimental (dots) and simulated §lifaes) C
species data
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Figure4.10 Comparison of experimental (points) and simulated (lingld) <pecies data.
The effects of varying dilution levels candrealyzedy examining Flames C and D which vary in
a2YS NBI Ol bpeoled K a ¢ GNB N NARMNBBRF 2 NI (1 KS

proceed.This is common in dissociation aretombination reactionsThird body reactions are

the levels of Ar dilutionL y

dependent on the species available in the system (sdiativelyTable 4.2, thus changing the
dilution canaffectthe availability of species and the rates of these reactions. In addition, using
dilution changes the overall heat capacity of the mixture. Tasults in significant temperature
differences and the rates of fuel (and oxygen) decay. Major species are also affected (at a ratio
close to the dilution ratio) since their levels are mainly corgiby pressure dependent reactions

with rates largely determined by diluent levels. On the other haatable intermediates are not

seriously affected.

Table4.2 Reactions and respective third body species values
Reaction Moleculesinvolved in reactions

O:+H+M=HB+M H.0/20.00/ G/2.50/ CO/2.00/ C@5.00/ H/3.00/
HO,+M=0H+O0OH+M H.0/12.00/ CO/1.90/ C&13.80/ Hx/2.50/
H+H+M=HM H.0/0.00/ H/0.00/ CQ/0.00/

Figured4.11shows that flame D that has almost twice the amount of Argon as diluent (77% vs 35%)
has a significantly higin temperature profile compared to flame C. This causes the fuel
consumption to be much slower. Reasonably there is a large increase itofi€@ntration, as

shown inFigure4.12increasing alsahe availability othird body species.
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4.4 Major findings

Possible moifications to the G chemistry have been investigated in order ttackle the
discrepancies spotted in the part describing benzene consumption and formation of;the C
G.NTUA.HMCS he investigation reveatl some interesting findingeegarding the channeling of
phenyli.e. if reactions of phenyl with oxygen leading tgclopentadiene £ and GHsO are

included in the mechanism, the phenol profiles in the rich flames are satisfyingly capiumeds
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justified by the reduced formation of the orthoquinone-GH:O;) and phenoxy due to the
additional paths that are dready oxygenated and can easily form greater amounts of phenol.
Despite theimproved agreemenbbserved in the phenol profileshe modifications seem to
influence the mechanisms performance in the lean flamgsinst other species concentratigns
thus the need for further investigation is identifiedhe mechanisms inability to capture the post
flame profiles of €and G speciese.g.methyl radical and acetylenis also identified. The same
effect was observed for calculations using literature mechasiamd can be explained by the

absence of a soot model that would accelerate the species consumption.
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Chapter 5¢ An-hexane mechanismviaa Reaction Mechanisrsenerator

5.1 Chapter 5 Summary

The present chapter investigates the chemical kineticsloéxane oxidation. Niexane is a large
straight chain alkane, commonly used as a fuel surrogate for aviation and engine applications. A
reaction mechanism generats utilized to generate a samodel for its oxidation utilizing both

the G-G.NTUA.HMCS and an additiongl@literature mechanismcalled BTU (developed at the
Brandenburg University of Technology) mechanisnibase chemistry. The present investigatio
aims at: a) Assessing the effect of lower hydrocarbon chemistry on larger mechanism
performance b) Further developing and updating a reaction mechanism generator with the latest
reaction classes reported in the literature@®veloping a mechanism forhexane oxidation and
incorporation into the €¢G.NTUA.HMCB8) Validating the performance of the two mechanisms
againstexperimental literature data from High Pressure Shock Tube (HPST), Rapid Compression
Machine (RCM), Jet Stirred Reactor (JSR) and flaloeities, while sensitivity and reaction path

analysis highlight the paths of the lower chemistry that affect the oxidation process.

For the purpose of the study a literature review on previously reported reaction classes that
describe the oxidation of graffins was carried outupdating the respective values in the
algorithm databaseThe generation stepwere performed systematically trackitige differences

between the mechanisms.

It is shown that despite the common steps followed during the genematibe existence of
different species irthe two basemechanisns, e.g.butane (GHio) andbutene (GHs) in the BTU
mechanism affected the channeling of theecondary fuethemistry. This was more profound

during the implementation of uainolecular decompsition reactions.

Overall, both mechanisms yield satisfying agreement, especially against the flame velocities and
the IDT measurements. Both however, fail to capture the negative temperature coefficient (NTC)

of the fuel, spotted in the JSR measurements.
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5.2 Background of Reaction Mechanism Generators and scope of the work

Research upon commercial fuels and their kinetics has been given a lot of attention aiming at
increased efficiency of the respective applications and yielding a large bulk of lgheties.
These models are a combined effort relying on atomic calculations, empirical models and
validation against experimental data. Among these studies, many have focused on the
establishment of specific rate rules for reaction classes, offering iéefground for an automated
procedure that could generate parts of mechanisms or complete mechanisms on its own. Such
mechanism generators targeted at combustion chemistry modeling have been developed and can
be found in the literature (Chevaliet al. 1992, Ranzet al. 1995, Warthet al.2000, Van Geerat

al. 2006, Hilbiget al.2011). A comprehensive overview about the "best practices, recent advances
and future challenges in mechanism generation" can be found in the respective study of Van de
Vijveretal. (2015).

In the present worka mechanism generator is utilized in order to develop drexane kinetic
scheme with two different base mechanisms. The mechanism generator takes into account the

base chemistry and the existing species creating a ntbdeis channeled to these species.

The current investigation lies within the framerk of further enhancing the 8G.NTUA.HMCS
mechanism. The & (including poly aromatic hydrocarbons (PAH) build apchanism,
developed by the Chair of Thermodynamics and Thermal Process Engineering at the Brandenburg
University of Technology (BTU) serves as alternative base chemistry, generating an additional n
hexane schemehiat is used for the comparison. This mechanism wageldped by fellow

researchers that have participated in this study.

The pirpose of this work iswofold: to further develop the generation algorithm by updating
reaction classes implemented atalassess the differences that arise from using a differaseb
chemistry highlighting thughe importance of lower hydrocarbon species chemistry regarding
the oxidation of fuels. The two resulting mechanisms are compared against experimentaf data
n-hexane oxidationfrom the literature, for ignition delay time¢IDT), flame velocities, and

speciation data from a jet stirred reactor (JSR).
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5.3 Generation process

The present paragraph describes how the "essential elements of an automatic kinetic model
generation code" (Van de Vijvet al. 2015, Broadbeltet al. 2005) are implemented in the
mechanism geerator used. The software &ble to generate kinetic reaction mechanisms for the

decomposition and oxidation of different lengthatkane and ralkene fuels in the gas phase.

5.3.1 Molecules

Molecules are repremnted as undirected mathematical graphs with node and edge labels. The
node labels depict an atom of the species and the edge labels specify the multiplicity of the bond
between two atoms/atom nodes using natural numbers. These species structures ard store

the document database Couch@8ouchDB)Species present in the base chemistry are flagged
as such. Uniqueness is ensured using the general graph isomorphism algorithm (NAUR&g
1981).Multiple forms of resonance structures of species are stomgmhsately in the database.
When exporting a mechanism, these species are lumped into one resostatmbzed
representative. This only concerns certain alkenyl and diene radical isomers. More details on the
he lumpgng methodology can be found is the safolowed bySeidelet al. (2017) This cacerns

certain alkenyl radicals aridiene radical isomers

Thermodynamic and molecular properties are stored externally as they angroducedby the
generator Instead a file is generatecénd used as inpufor the molecular and thermodynamic
properties estimatopublished alongside with the RMG of Gataal. (2015)-that is based on the
group additivity method that in turn callsMOPAC (Mop3gc This is only applied to newly
generakd species structuresot yet present in the provided base chemistry. Molecular and
thermodynamic properties of the base chemistrg amot altered, to maintain theriginal model

consistency and performance.

Reactions are represented as lists of links to product axduet species dagnents combined
with kinetic parameters a®\rrhenius coefficients and are similarly stored in the database.

Reactions belonging to the provided base chemistry do not need to be entered into the database.
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5.3.2ReactionFamilies

Reaction classes and corpemding kinetic parameters are chosen from the literature,
implemented using the advanced and purely functional programming lamgtégskelland
applied using CouchDB's MapReduce mechanism. CouchDB automatically wueptieaction

class implementedo all specieslt then checks that the given species is not part of the base
chemistry thatthe functional groups of the species match the reaction class' requirements and
that it does not produce duplicate reactions from this spediethese conditions are satisfied for
each speciests structure is transformed anthe respectivereaction is generated(with the
corresponding Arrhenius coefficients). When new species are added to the database the

mechanism applies all reaction classeshe new species.

In the framework of the current investigatid@® reaction classesere selectedased on rules of

the work of Ahmeckt al. (2007), Mehl et al2011), Pelucchi et al.2015 and others including
low-temperature kineticsTable 5.1 anddble 5.2provide an overview of the diffent reaction
classesmplemented in the mechanism generator and applied in this study. A detailed overview
of each class with the used Arrhenius parameteavided in the appendix. Rates fdasses 1

to 25 arevery similar to those initially sugged by Curraret al. (1998. The rate parameters
applied in those classes can differ from theygestion given by Curran. In many cases, the rates
suggested by Ahmest al.(2007) for class 1 to 2based on publisedrates from different source

are adopted Table 5.Jand 5.2 thereforcite the work from Ahmed et a(2007)and the original
sources. Several classes9)7have been updated with suggests of more recent publications
(Mehlet al.2008, Schenkt al.2013. Classes 26 to 28scribe the decomposition of typical low
temperature chemistry intermediates. Neither in the work of Cureaal. (1998 nor in the work

of Ahmed et al(2007)was a rule based parameterization developed. The rate rules suggested
from Westbrooket al. (1984) and Pelucclet al. (2015) werecompiledalong with the rest of the

studies cited.
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A/A. Description Source

1 Unimolecular fuel decomposition L2

2 H-Abstraction from the fuel via H, OH, O,sCHQ, CHO, Q, GHs, GHs, CHO,, RQ | 123456788,
10,11,12,13

3 Alkyl radical decomposition 1,13.10

4 Alkyl radical + @not implemented) !

5 Alkyl radical isomerization 113

6 Abstraction reactions from olefin by radicals same as Class 2 1.23:456,7.89,
10,11,12,13

7 Addition of radical species wlefin 14,15

8 Alkenyl radical decomposition 14

9 Olefin decomposition 1214

10 Addition of alkyl radicals to O2 11326

11 Alkyl radicals + alkylperoxy radicals L,17,18

12 Isomerization of alkylperoxy radicals L13

13 Alkylperoxy radicals HO2 L7

14 Alkylperoxy radicals + H202 11319

15 Alkylperoxy radicals + CH302 L1

16 Alkylperoxy radicals + Alkylperoxy radicals 1,13

17 RO2H =Ro + OH 113,20

18 Alkoxy radical decomposition L17

19 Cyclic ether formation QOOH=QO+0OH 1,13

20 QOOH = Olefin + HO2 113,22

21 QOOH = olefin + carbonyl + OH 113,23

22 Addition of O2 to QOOH 113,16

23 Isomerization of 02QOOH and formation of ketohydroperoxide and OH L13

24 Decomposition of ketohydroperoxide to form oxygenated radépacies and OH | - 13

25 Cyclic ether (QO) reactions with OH and HO2 113

26 Aldehyde unimolecular decompaosition 21

27 Aldehyde radical decomposition 21 various

28 Ketone radical decomposition 24

29 Ketene decomposition various 21

5.3.3 ModelGeneration

The model generation is a sesmtomatic, iterative process. The fuel molecule is considered the

seed molecule for a mechanism and therefore the generation process starts with reactions which

produce fuel radicals (classes 1 andE}ery reactin can be reviewetbefore its insertion into

the reaction mechanism. To aid this process, species structures are presented through a web

interface. If newly added reactions contain new species structures, they are addeceto th

1 Ahmedet al.2007, Tsand989,2 Tsanget al. 1988,3Westbrooket al. 19844 Tsang 19885 Droege and Tully 1986, 6 Michaekl. 1983,

7Edelson and Allara 198tBaldwinet al. 1976,°Walker 197510Allara and Shaw 1988.Sundaram and Froment 1978,
12Walker 198913Curranet al. 1998,14Mehl et al. 2008,15Schenlket al. 2013
2% Benson 19887 Curranet al.200218Keifferet al. 1988,1° Tsang and Hampson 1988Baulchet al. 1994,21 Pelucchi
et al.2015,22 Chen and Bozzelli 2008,Pollard 197724Westbrooket al.2009
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database and the reactiodlasses are r@pplied. The process is repeated. This is the case for
instance with Class 3 (alkyl radical decomposition) that is implemented and reviewed after Classes
1 and 2, but also after Class 5 (alkyl radical isomerization). Furthermore most of thatgen

reactions are specified as equilibrium reactions (notable exceptions are Class 3 and 5).

The termination criterion are the species of the provided base chemistry, meaning that the
process ends when all generated species are channeled to the otteshidse chemistry. In other
words, no reaction rule produces any reaction for species of the base chemistry. Base chemistry
refers to the chemistry of smaller speci@s the present cas€i-G and G-G) which cannot be
described by reaction classes @nsimilarities are observed only for species lartean Gs.
Furthermoreelementary reactions are often well known and can be found in datab@$ksT,
Baulchet al. 1992, Baulclet al. 1994, Baulcket al.2005) No reaction rule produces reactions for
species structures which are part of the provided base chemistry, but base chemistry species can

be products of generated reactions.
5.4 Description of additional base chemistry

The mechanism used together with the G.NTUA.HMCS as an alternative base chemistry in the
framework of the present comparative assessment was the one developed by the chair of
thermodynamics at BTU (Brandenburg University of Technology), last published by Moshammer
et al. (2015). The reaction seme is a hierarchical model initially based on the model from
Hoyermanret al.(2004) and updated for the modelling of butane isonmtgy©Rwalckt al.(2011),

the butene isomerdy Schenlet al. (2013)and fulvene by Nawdiyadt al. (2015) This reaction
schenme was also used in the past hase chemistry fothe development ofa rule based n
heptane chemistrnpy Seidekt al. (2015). The reaction scheme is composed of 201 species and

1231 reactions.

Although the two base chemistries utilized have a simrdauge of carbons Ci.es@nd G, they

have different validation ranges, as can be obtained by the previous description. The BTU
mechanism has been mostly validated againstlkanes and £ G alkenes, while the NTUA has
been studied for €oxygenated and {alkynes. In both the BTU and the NTUA mechanisms,

benzene oxidation has been investigated, however as a product and as a fuel respectively.
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5.5 Differences between the two generated-hexane schemes

The first reaction class applied byetimechanism generator is the umiolecular decomposition

of the fuel that produces six reactions. Given that these reactions include only the fuel on the
reactants side they are common for every mechanism. As already described the BTU base
mechanism has kan previously validated against butane and butene isomers, thus it includes the
butyl radical (GH,-R1) that is among the products of this reaction class. The same reactions are
reported by the most updated-hexane scheme by Zhameg al. (2015), with diferences in the

rate coefficients.

The second reaction class includes H abstraction reactions from the fuel and leads to the
formation of three hexyl radical isomers. These abstractions occur after reactions with radicals
such as methyl, ethyl, hydroperoedCHO; etc. The latter is not present in th&-G.NTUA.HMCS

mechanism, therefore no reactions with it are generated. The respective reactions in the BTU

mechanism lead to the formation of a new species@H.

Next is reaction class 3 that describesyhlkadical decomposition. Among others, the
decomposition of the butyl radical {&-R1), generated from the first class in th@-
G.NTUA.HMCSis generated now. This leads to three additional reactions in Ghe
G.NTUA.HMCS

Reasonably after the employant of alkyl radical isomerization reactions (reaction class 5) two
additional reactions for £-R1 are generated in th&-G.NTUA.HMCScheme leading to a new
butyl radical isomer, £5-R2.

Reaction class 3 is applied once more in order to provideuwopgon paths for these new alkyl
radical isomers, leading to new product species e.g. the olefin isomegT and ¢Hs-D2. These

reactions (involving 4k isomers, GHg isomers) are not generated in the BTU scheme.

As next comes the implementation abstraction reactions from olefins by radicals (Class 6). In
continuation to the previous situation, the generator produces reactions for the newly introduced
olefins, leading to the formation of three differenii radicals among which two are lumped as

resonantly stabilized. The BTU mechanism includes also reactions with CH

Class 7 generates addition reactions of radical species to olefins with the respective additional
reactions being generated in th@-G.NTUA.HMCS
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After application of reactionlass 8 for the alkenyl radical umiolecular decomposition, three
additional reactions for £, consumption are generated in th&-G.NTUA.HMC&echanism.
The alkenyl radicals are channeled to various other species, ranging frmrCCand thus the
mechanism looks up in the base chemistry to generate the paths.J4&. NTUA.HMCB8ase

chemistry includes species

1-GHs, offering an additional path fors8:,-D2R5 and £h1-D2R5. The 486-D1R3 is already
included in the BTU scheme. In t6eG.NTUA.HMCSE3 pentadiene (§Hs-D1D3) is newly formed
from GHe-D1R4.

Olefin decomposition class (class 9) in @G&s.NTUA.HMCSchemegenerates four reactions for
the butane isomers that give only products already existing in the base mechanism. A

decomposition route for €-D1D3 is also generated.

Reaction classes 8 and 9 are once more applied in order to make sure that olefinkemgd al
radicals produced by the previous classes are also consumed. No differences between the two
mechanisms occur during these steps. No differences were observed either after calling reaction
classes 10,11,13 and 14,16,17,19,20,22,23,24,25,28,29. Reeletss 15 cannot be applied in the
G-G.NTUA.HMCB®iechanism since G&: is not included in its base chemistry.

Class 21 generates reactions for the thermal decomposition of alkylperoxy radicals that derive
after application of reaction classes 11 and TRe same reactions are generated in both schemes
with the only difference being that propanal ;(6CHO/GH:O-Al) is already in theG-
G.NTUA.HMC#®echanism.

Following, reaction class 26 generates four additional reactions for the decomposition ahatop

in the BTU scheme.
Respectively, three new species e.g-:01-A1R1, €HsO1-A1R2, €Hs0:-A1R3 are formed.

The G-G.NTUA.HMC®ase mechanism includes only one of these three isomers namely
GH,CHO.

Decomposition reactions for these three isomers agagrated by reaction class 27.

Overall, the generation process adds 117 species and 556 reactions @-GNTUA.HMCS

mechanism, and 108 and 539 respectively to the BTU scheme. As seen in the above discussion,
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these differences in numbers are mosthylated to the absence of.G.e. butane and butene
chemistry from theG-G.NTUA.HMC®&echanism.

5.6 Mechanism Performance against literature experimental data

The generated kinetic schemes were validated against a variety of experimental data from lab
scale configurations, including ignition delay time measurements from High Pressure Shock Tube
(HPST) and Rapid Compression Machine (RCM), speciation data from Jet Stirred Reactor (JSR) and
flame speeds measured in a bomb. The variety of the experimeatal found in the literature

offers the ability to rate the performance of the mechanism in many aspects. The respective
studies and the experimental conditions against which validation has performed are listed

in Table 5.2.

Table5.2 Literature experimental data used for validation

. Apparatus/
Source Pressure Temperature Phi Measured Value
Zhanget al. (2015) 15atm 627-1365K 1.0/2.0 HPST/RCM
Zhanget al. (2015) 32atm 800-1365K 1.0 HPST
Zhanget al. (2015) 10atm 530-1160K 0.5/1.0/2.0 JSR
Davis and Law (1998) | latm 298K 0.751.7 Flame Speed Data
Coronelet al. (2013)
Coronelet al. (2013) 0.5bar 353K 0.751.7 Flame Speed Data
Jiet al.(2010) latm 353K 0.751.7 Flame Speedata
/ Kelleyet al. (2011)
Kelleyet al.(2011) 2/5/10atm 353K 0.751.7 Flame Speed Data

5.6.1 Comparative assessment

All computationave been pgormed using LOGEresearch 1.Comparison between simulated

and measured ignition delay time data yields an overall satisfying agreement as can be seen in
Figure5.1 The data inclde measurements at stoichiometric conditions at 15 and 32 atm, while
another set of measurements exists at 15atm with phi=2.0. In all three cases the behavior of the
two models is similarThe BTU mechanism owvpredicts the IDT throughout the whole
temperature regime. On the other hand, th@-G.NTUA.HMCS$redicts shorter IDTs at higher
temperatures, but moving towards intermediate temperatures and more specifically to the
regime where rhexane poses its paraffinic Negative Temperature Coefficient (NeF@yior, it

over-predicts the measurementéow temperature measurementsom the Rapid Compression
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Machine (RCM) exisnly in the stoichiometric 15 atm case, where the agreement of both models
is very satisfying.

In general, the mechanisms perform differently in the high temperature regime, while they almost
coincide at lower temperatures. This can be attributed to the fact that the low temperature

chemistry employed by the mechanism generator (Clas32)@lid notpose any differences.

Phi1.0 - 15 atm Phi2.0 - 15 atm Phi1.0-32atm

T - T T
Black !\nes NTUA Black lines NTUA Black lines NTUA
Greylines BTU Grey lines BTU Grey lines BTU
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Closed Symboles HPST data
Open Symbols RCM data

.
= Zhang ef a/ (2015) | > = Zhang ef al. (2015) 10" = Zhang ef al. (2015) ]

=)
L

14 15 16 08 10 12 14 16 08 08 10 11 12 13 14

: ;
08 08 10 1112 13
1000fT(K) 1000/T7 1000/T(KY

Figure5.1 Mechanism performance against experimental IDT data

Following, flame speed measurements from the literature are utilized in order to validate the
performance of the genaited schemes. Thresults can be seen Figure5.2 - Figure5.4. The
agreement isatisfying given that no targeted modeling has been done in order to fit those data.
Both mechanisms reproduce the experiments weitjure5.2 shows good performance of both
mechanisms in the lean regimand an ovetprediction ofthe experimentally measured values at
stoichiometries highethan 1.3. InFigure5.3the flame speed for a higher temperature (353K) for

a variety of pressures (2, 5, 10 atm) isdepicted The generated scheme 6f-G.NTUA.HMCB

in agreement with tle values meaged from Kelleyet al. (2011) in the rich regime and with the
values measured by from &i al. (2010) in the lean regime. The opposite behavior is shown by
the BTU scheme. For all the higher pressure cases depidtiglire5.3the BTU mechanism poses
an excellent agreement, while thes-G.NTUA.HMCSmodel slightly woer-predicts the

measurements.
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Figure5.2Mechanism performance against experimental flame speed data at P=1atm, T=298K
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Figureb.3 Mechanism performance against experimental flame speed data at T=353K for variaiggses
Measurements at a lower pressi(50kPa) can be seenkigure5.4. The agreement is satisfying
for all equivalence ratios. Some scattering Isserved in the experimental data at higher
equivalence ratio values. Overall the behavior is common in all cases, namelgi-the

G.NTUA.HMCSeems to be fastr compared to the BTU scheme.
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Figure5.4 Mechanism performance against experimental flame speed data at P=0.5bar, T=298K

Comparison against JSR data shows agreement for the major species but discrepancies at smaller
C2 hydrocarbons. The main problem can be observed in the models inability tiarecdipe
magnitude of the NTC throughout all species measured. Both mechanisms are able to capture
well the fuel consumption for all three equivalence ratascan be observed Figure5.5. The

BTU generated scheme poses a slower consumption after the Negative Temperature Coefficient
regime (NTC)(750K), therefore the computed fuel profile declines in delay. This is in agreement
with the observation of the IDT data,here the BTU mechanism was overall slower, this being
more significant after the NTC regime. As the equivalence ratio increases, the BTU mechanism
narrows the gap with the experimental data for H20 and O2 yielding better agreement. The same
can be observedlso regarding the CO profile, where fo+0.5/1.0 both mechanisms reproduce

the measured profiles well, with the inherent inability to capture the magnitude of the NTC. In
the rich case, th&-G.NTUA.HMC®echanism strongly ovepredicts the CO profileCO2 is very

well captured by the BTU mechanism in all the lean and stoichiometric case, while a small over
prediction is observed in the rich caskhe G-G.NTUA.HMC#&echanism ovepredicts these
values for all equivalence ratios. The agreement witiH€£2s satisfying for =0.5/1.0. The
respective values for the rich case are epeedicted. In the last row dfigure5.5 formaldehyde,

methane and hydrogen profiles are depicted. Observation of th€dGiid Cllprofiles shows an

72



Zisis Malliotakis PhD Thesi€hapter 5

over-prediction of the first and an undgsrediction of the latter by theG-G.NTWA.HMCS
mechanism. Computations with the BTU mechanism for methane and hydrogen profiles show
very good agreement, with hydrogen profiles in the rich flame being the sole exception. The

respective agreement for th€-G.NTUA.HMC®echanism can be described overall fair.

In general both mechanisms show weaknesses in the NTC regime. These can be attributed to the
lower temperature chemistry part. A short comparison of the reaction rates adopted in the
present study against the reactions reported by Zhatgal. (2015) reveal differences. For
instance, although the reactions for the oxygen addition to the hexyl radical isomers forming
hexylperoxide are the same, the ones adopted here are temperature independent, contrary to
the ones of Zhang. Analysis oéte rates showed that the ones of Zhang are significantly faster

2 and 3 timesin the regime of interest (up to T=800K).
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Figure5.5 Mechanism performance against experimental speciation data from sod&fi, stoichiometric and rich
equivalence ratios
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5.7 Sensitivity analysis

The results of the sensitivity analysis showed that both mechanisms at 800K are governed by
reactions of hydrogenperoxide with third body species leading to the formation of two OH radicals
(HO+(M)<=>20H+(M) (R1)). In the-G.NTUA.HMCS scheme secondesgiction paths are
mainly channeled throughiGpecies like formaldehyde and the methyl radical. In the BTU scheme
on the contrary, reactions of methyl radical form methane and seem to consume OH radicals.
Generated hydrogen abstraction reactions frorrhéxane are also a source ob®4, more
important however, in the BTU mechanism. The detailed list of reaction paths can be obtained
from Figure5.6. Moving up in the temperature regime, reactions of formaldehyde with Bi@I
methyl radical with @that were previously important only in theCs.NTUA.HMCS mechanism,
gain importance as promoting paths in the BTU mechanism as well. The leading pathsthemain
same. At T=1200K, reactions of methyl radical are the main contributors to OH formation in the
BTU mechanism. In the;-G.NTUA.HMCS mechanism formation occurs mainly from the
Hydrogen/Oxygen part as well as from the reaction of the resonantly stadhibutadyine radical
isomer (RE€4H-D1R3) with kD that was generated by the RMG. At 1400K, hydrogen abstraction
reactions from the fuel are no longer important, on the contrary, addition reactions of vinyl radical
with HQ and allene with @ are now donnant. The reaction paths are common in both
mechanisms, however, with different order of significance. The prediction of a shorter IDT by the
G-G.NTUA.HMCS mechanism can be attributed to the existence of more paths for the formation
of OH. Additionallya short analysis of the reaction paths mentioned earlier in this paragraph has
shown that the &G.NTUA.HMCS mechanism adopts faster reaction rates in many cases. This is
the case for reaction R1 that is the dominant OH formation path in the temperatgjiene 800
1000K. On the contrary, the formation of OH was found less sensitive to other reactions for which

the BTU adopts faster rates.
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BTU NTUA

IHO2<=>H202+02 2HOR<=>H202+02
IHO2<=>H202+02 H202+0H<=>H20+H02

- CIH5+02<=>HO2+C2HA HOZ+0H<==>H20+02
5 HO2+CH3<=>CH4+02 N-CBH14+H02<=>CBH13-R3+H202
g CBH1302-P2<=>CEH1302-HP2R3 N-CBH14+H02<=>CBH13-R2+H202
£ CBH1302-P1<=>CEH1302-HP1R2 CH3CHO+HO2<=>CH3CO+H202
g N-CBH14+HO2<=>CBH13-R3+H202 N-CBH14+0H<=>CBH13-R2+H20
S N-CBH14+H0Q2<=>CBH13-R2+H202 CH204HO2<=>HCO+H202
® HO2+C2HE<=>0H+C2HE0 CH3+H02<=>CH30+0H
20H(+M4)<=>H202(+M4) H202+M2<=>20H+M2

-10-08-06-04-02000204060810 -1.0-0.8-06-04-020002 04 0608 1.0

Figure5.6 Sensitivity analysis for the IDT data at P=15Ha800KPhi=1.0

5.8 Reaction flow analysis

The differences between the two generated schemes have been described in the respective
paragraph, however these have not been correlated to mechanism performance. The conducted
reaction flow analysis yields an explamit screen shot of the two mechanisms and reveals how
the existence of certain species in the base chemistry can affect the channeling of the
decomposition route to specific paths. Reasonably, both mechanisms follow the same initial
routes, producing alkytadical isomers ¢hs-R2/R3. Oxygen adibn to these radicals follow
forming alkylperoxy radicalsi@i:0,-P2/P3. Following, displacement of one hydrogen atom to the
Oxygen side forms the hydroperoxyl radicaldh€D,-HP2R4/HP3R5/HP3R2. These species
produce G, G and G olefinsi.e. propene (GHs), butene (GHs), and hexene @Eh2), while in the
G-G.NTUA.HMCS consecutiveddditions to the HP3R5 hydroperoxyl radicals form tkte £Os-

HP3P5This path holds only a minor part of the overall fuel consumption in the BTU scheme.

As discussed previously, butene is a new species in;tie LTUA.HMCS mechanism, produced
by the generator as a product of theHg butyl radical decomposition. Its ceamption is
therefore, also produced by the generator, that channels it #8sCHO, a species not present in
the BTU mechanism. Hence, both formation and consumption of this species follows different
routes in the two schemes as depictedHigures.7. In the BTU scheme, hexene initially breaks to
GHs-13, a species from the respective base chemistry and following-@Ha In both
mechanisms £t will provide an additional consumption path the (GH:-R2 alkyl radical In

the G-G.NTUA.HMCS this will break to smallea@d G species, while in the BTU scheme it will
form propene after hydrogen abstraction reactions. Interestingly, the two base isiees adopt

the same routes for 4E; thus the difference could be interpreted as difference in the respective
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heat of formation of the involved species. At this point the base chemistry takes over the fuel
consumption. In fact, in the;@s. NTUA.HMCS:KEBsCHO decomposes tekECO that breaks down

to smaller @ speciesi.e. GHs, GHs, GHs etc. In the BTU mechanism it forms ££ZHCO and
CHCHO. Although, hydrogen abstraction reactions frogis@orming aGHs initiate the
alternative decomposition route foboth mechanisms, the next steps are different. In the
G.NTUA.HMCS propylene oxide radicalCfdsO) is formed and later isomerized teHICO
following the path described previously. In the BTU mechanighiHaforms GH;CHO. The latter

breaks to vinyradical activating the {part of the chemistry.

N-CHys
38 | 38
CgHy3-R2 " CgHy3-R3
68 J l 71
29
CHy30,-P2 1 CH0,P3 —— » CgHy;0,-HP3R2
33 34/30 l 100
CgHy;0,-HP2RA s CeHys0,-HPIRS —L% . C.H,,0,-HP3P5 Cohyp-D2 —
7| | 28 100 | l 10
31
C4Hg-D1 CsHg CeH1205-A3HPS ——  CH,,-D2R4
2 l—l 21 H 75 l 29/72 66 l 33
[ =CHsCHO CH; — 1 a-GHs ;—‘7 C4H,0,-A2R1 — CsHg—13
lgu 59 29 lss 0 0 | so
20
C,HSCO Fc-C,H,0 C,H;CHO
17| 15| |35 ﬂ
39 la?/SE
CH,CO CHs — GH, 17 e 0
14|
C,H,OH 61/59
13 40 66
CH, C,H, C,H5CO
100 | 64 l 42
39
HCCo
32 |
CH,CHO | CH,CHO
— 33
70
49/62 CH;CO
a4
99 48 ”52
CH, CH, % ;
| CHy ———
| I
CH,0 co
CH,OH co,
‘ CH,0
|—» HCO
. 1

Figure5.7 Reaction flow analysis for bothtrexane schemes generated. Red lines and numbers correspond to the BTU
mechanism, Blue lines and numbers correspond to th&.8TUA.HMCS mechanism, Black lines and numbers are
common
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5.9 Major findings

The presenthapterdescribal the generation process @inn-hexane model utilizing ampdated
in-house developed generatam two base mechanismise. the G-G.NTUA.HMCS&nd the BTU
mechanismsThe major differencewrere spotted in the high temperature chemistry, wte the
involvement ofbase chemistrngpecieswassignificant.This was more prominent ireactiors of
uni-molecular decomposition of the fuel araf the alkenyl radicalsince the products of these
reactions areG,1 and G, G.s, G.s. If needed, themechanism will generate a species to channel
the unimolecular decomposition of the fuel, as its chemistry will most probably be knowen. T
same however, cannot bedone for the alkenyl radicalini-molecular decompositioras it is
channeled tdower G..;, G.3, G.4 specieswvhere no rate rules can be applied. This was reflected
on the flow chart of the two mechanisms that differ after the formation of @&pecies.
Comparative assessmeagjainst experimental data yielded overall satisfying agreerfartoth
generated mechanismsshowing that the generator can be effioly used The main
discrepancies can be observed in the NTC regime and are related to the lower temperature

chemistry that needs enhancement.
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Chapter 6¢ Ignition Delay Time measurements of TRF

6.1 Chapter 6 Summary

The present chaptedeals with the experimental investigation éfiel mixtures of Toluene
Reference Fuels (TRF. n-heptane and tolueneln particularnovel Ignition Delay Time (IDT)
measurements were obtained for mixtures of 50%, 75% and 90% (vol. by toluene concentration)
at fueHean ( =0.5), stoichiometric. (=1.0) and fuetich ( =2.0) conditions at 10 and 3@ibover

the temperature range 65¢1450K. The measurements have been performed utilizing Itigh
Pressure Shock Tube (HPST)thadRapid Compression Machine (RG@¥ithe National University

of Ireland (NUIG).

Aim of the present investigation is to obtain measurements that will help tackle the uncertainties
in the low temperature chemistry of toluene related to its low reactivity and its tendency to form
soot, constituting its study a somewhat problematic issliee measurements are also given a
physical interpretation.

Due to the absence ofheptane and toluene from the:&€%.NTUA.HMCS a literature mechanism
developed by NUIG and Lawrence Livermore National Laboratory (efétgd to from now on

as LLNITRFwas utilized. The mechanism was utilized to reproduce the measured data, while
reaction path analysis and sensitivity analysis highlighted the governing reaction paths in the
oxidation of these two very important fuels. The mechanism yields satisfyirepmgnt but
under-predicts the measurements close to the NTC regime, thus ieptane part is reassessed
giving an overall better performance.

The mixtures seem to be insensitive to equivalence ratio changes in the high temperature regime,

while increagd toluene content reduces the magnitude of the NTC regime.
6.2 Background

Commerciafuels are represented by simplified mixtures called fuel surrogatesd to emulate

their properties. The most common fuel surrogates consist mainly of the so caiiedrp
reference fuels (PRFg&g. mixtures of iseoctane and rheptane, which mark the 100 and 0 in the
octane rating scale, respectively. Matching the octane number of the actual fuel is a measure of
I FdzSt Qa NBignteaAs lengifeSdevéal@ent hdaingoved towardeon-conventional

low-temperature combustion (LTC) operating modes, these blends proved to be inadequate to

79



Zisis Malliotakis PhD ThestChaptere
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between RON and MON vals) was found to be more important as it described the agtation

performance throughout a wide temperature regime and not only at the temperatures of interest

for conventional gasoline and diesel engines. To capture this performance, PRF fuels were

blended with toluene, the simplest methylated aromatic species, creating thealed Toluene

Primary Reference Fuels (TPRF) (Morghal. 2010) Toluene has often been used as an anti

knock measure since it exhibits very high RON and MON nemb20 and @9, respectively

(Morganet al.2010)

Toluene oxidation has attracted a lot of attention which yieldedmerous studies, both
numerical and experimental. A detailed list of the toluene related work has been reported
previously by Metcalfeet al. (2011) Dagautet al. (2002)and Brezinskgt al. (1984) measured
speciation dataat atmospheric pressure for fuédan andfuel-rich mixtures, ira jetstirredand a

flow reactor respectivelyThese studies have served as validation targets for the development of
two chemical kinetic models for benzene and toluetheveloped byEmdeeet al. (1992) and
Dagautet al.(2002. Burcatet al. (1986)measuredgnition Delay Timeis a shock tubdor various
equivalence ratios at pressures varying from 1.95 to 8.85 atmaatemperatures above 1400 K
Davidsoret al. (2005) expandedhe available data to temperatures below 900 K, measured in a

pressure range of %9 atm

Ignition delay times (IDT) for toluene were also measured in rapid compression machines (RCM).
Roubauckt al.(2000) measured at temperatures between 600 and 900 K and pressures above 14
atm. Mittal and Sung (2007) nasuredlean and rich mixtures dbluenein arapid compression
machine(RCM)at pressures from 25 to 45 bar and compressed tempeegiran 920 to 1100

K. In addition to the models mentioned previously, another detailed toluene mechanism was
developedby Lindstedt and Maurice (199&itilizing a variety of studies such as premixed,
counterflow flames, reactors and shock tube studiebe3e benchmarking models have been,

and still are, subjected to continued development and validatigiatter works such as those of
Sivaramakrishnaat al. (2004), Klotzt al. (1998),Bounaceuset al.(2004) and the latest work of
Yuanet al.(2015a,b)

Toluene has also been widely studied as a component in fuel blends. Vashae(2006)
investigated stoichiometric blends of 1:1 toluendfeptane and toluene/isanctane mixtures in

an RCM at 4 and 12 bar, reachitemperatures as low as 650 K. Hergteal. (2007) increased
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the toluene contentto 72% (vol.) against 28% ofheptane intheir HPST measurementisat

focused on both fuelean and stoichiometric mixtures at various pressures, offering six sets of

IDT data in the intermediate temperatureegime. Andrae et al. (2007) utilized this work

developinga validated a modefor a toluene/nheptane mixture in an accompanying study.

Moreover, Hartmannet al. (2011) measurednixtures of toluene/iseoctane and toluene/n

heptane (10/90 and 40/60% voly) a shock tube at 40 barand fiorg 2 S lj dzA @ £ Sy OS NI G A 2
and 1.0) RecentlyZhanget al. (2017)investigatedtoluene/dimethyl ether (DME) mixtureat

several blending ratios ranging from 100% toluene to 100% DME, in both a HPST and in an RCM,

ushg DMEas a radical pool initiator

Despite the systematic effort and the wide range of studies available, accurate predictions of
toluene oxidation remain challenging. This is related to its low vapor pressure that requires the
experimental facilities te heated, in addition to its sooting tendency that causes the equipment
to need cleaning, effectively imposing measuring limitations. The issue is manifested in the fact
that most literature models are unable to reproduce experimental data at lower teatpegs. In

this context, the present study focuses on blending toluene with a very reactive and well
characterized fuele.g. n-heptane, to increase its reactivity and to exterbde available

experimental data to a wider range of conditions.

In the framewak of the present Tfesis, the experimental investigation of toluendieptane
mixtures in conditions that have not been covered by the literature is carriedvedsurements

include various mixtures (50%, 75% and 90% vol. by toluene concentration)-dngF0.5),
stoichiometric ( =1.0) and fuetich (=2.0) conditions at 10 and 30 bar over the temperature range
650¢1450 K. This threalimensional experimental matrix offers the opportunity to assess the
impact of each of these conditions on the propensif the respective mixture to ignit®etails

about themixtures measured can be foundTiable 6.1 The experiments were carried out in the
high-pressure shock tube (HPST) and rapid compression machine (RCM) at the National University
of Ireland, GalwayNUIG). The experimental data obtained have been utilizédrtber improve

the LLNETRFANodel, previously updated by Zhaagal. (2017) Modifications to the mechanism

yielded an improved performance in the intermediate and lower temperature regime.
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Table6.1 Toluene/rheptane mixtures investigated

Fuel blend | Mix No. Toluene n-heptane | O Diluent U
50%Tol/50 1 0.010 0.010 0.206 | 0.774 1
n-hept 2 0.005 0.005 0.208 | 0.782 0.5
3 0.020 0.020 0.202 | 0.758
4 0.016 0.005 0.205 | 0.773 1
75%Tol/25
n-hept 5 0.008 0.003 0.208 | 0.781 0.5
6 0.032 0.011 0.201 | 0.757 2
90%Tol/10 7 0.020 0.002 0.205 | 0.772 1
n-hept 8 0.010 0.001 0.208 | 0.781 0.5
9 0.039 0.004 0.201 | 0.756 2

6.3 Experimental Setuptilized for the IDT measurements

6.3.1 High Pressure Shock Tube

The experimental setupas been described previously by Nakametral. (2014)and only a short
description is given in the framework of the presdhiesis The tube consists of two sepagat
sections; the driven section, where the mixture sample is loaded, and the driver section where He

or He/Nvis introduced A photo of the apparatus is givenkigure6.1

Figure6.1 Pictureof the High Pressure Stkotube (HPST) at the NatiotAliversity of Galway in Ireland

These sections are 5.78 and 3m long respectively, and are separated by an3 long double
diaphragm (middle) section. The aluminium diaphragsee Figure6.2) are prescored befoe

each experiment. After the mixture is introduced into the driven section, the driver and middle
sections are filled with the driver gas to roughly half of the final pressure. Following, the driver
section is filled to the final driver pressure. The fyam the middle section is evacuated and the

pressure difference is sufficiently high to burst the diaphragms. Therggsure driver gas
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expands rapidly into the driven section creating a reflected shock wave that heats and compresses

the mixture to thedesirable conditionscausing the mixture to ignite

He/He+Ar Fuel/O,/N,

Mixing
vessel

Figure6.2 Schematic of the experimental setup of the High Pressure Shock Tube

The achieved shock velocity is measured by interpolating the stislal time at PCB 113B24
pressure transducers along the driven section. A 603B Kistler pressure transducer is used to
monitor the pressure of the gas at the endwall. The ignition delay time is defined as the time
elapsed between the arrival of the shostave at the endwall and the ignition ever pressure

trace is seen ifrigure6.3. The mixture was prepared by controlling the partial pressure ofea

constituent species in a stainlesteel mixing tank.

75 Tol/ 25 n-Heptane
¢=1- 10 Bar
T=378K

T.=839K

t(ms)

Figure6.3 Definition of Ignition Delay Time (Real pressure trace)

A heating system was installed on the mixing tank and the piping leading to € téRensure
that the fuel would remain in the vapor phase. The entire experimental apparatus as well as the

manifolds, piping and mixing vessel were heated to 60 °C but not higher, to avoid overheating
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damage to the equipment (pressure transducers, gaugges.). The mixture was prepared,

ensuring that the partial pressures of each of the fuels did not exceed a value of at least half of its
vapor pressure. The Antoine Poisson Eq. (1) was used to determine the quantity of the fuel that
could be maintainechithe vapor phase. The values for the parameferB and C were taken from

GKS 06221 ¢ KS LINE LISNI A S @he &3pecive calBuiated pyessurg curjedzA R a ¢

are presented ifFigure6.4.
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Y

2.0 . L

184 —FP,_,, Toluene

161 [—P.p. N-Heptane
1.4 4
1.2 4
1.0 4
0.8

Pressure(Bar)

0.6
0.4
0.2

0.0 . T T T T T T T T
300 320 340 360 380 400
Temperature(K)

Figure6.4 VVapor Pressure curves according to the Antoine Equation

6.3.2 Rapid Compression Machine

Description

The RCM use(seeFigure6.5) is one of the twin RCMs currently in operation at NUIG. It is the
original RCM built at Shdlifflecket al. 1969)and lder re-commissioned at NUIG (Brett al.

2001) Two opposite facing pistons are pushed forward to volumetrically compress a fuel mixture.
At the end of compression (~16 ms), the pistons are locked forward and maintain a constant
reactor volume, thus allowing a constant volume reaction to take placenibtien of the pistons

is controlled pneumatically, while a chamber filled with hydraulic oil surrounding the connecting
rod is used to lock and release the pistoiitie pistons used in are creviced leading to a
suppression of the rollip vortices that otlerwise form within the boundary layer gas and use of
the crevice offers higher homogeneity in the mixture. The crevices are a modified version of the

ones proposed by Wirmetl al. (2005)The RCM has a 168 mm stroke and a 38.2 mm bore. The
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position of thepistons is monitored with a Positek P100 linear inductive position sensor that is
within the hollow connecting rod. The pressure inside the reaction chamber is measured using a
Kistler 6045a mounted in the reaction chamber wall. A Kistler 5018 is usetplidyathe pressure

trace, while a Sigma 90 oscilloscope by Nicolet Technologies sampling at 20 kHzand 12
resolution is used for recording the traces. The pressure traces are filtered by a hardware
Buttersworth lowpass filter with a cubff frequencyof 3 kHz, after amplification. The ignition
delay time is defined as the time between end of compression and the maximum pressure rise
due to chemical reactions. The temperatures at the end of compression were adjusted by varying
the initial temperature 6 the chamber. This was achieved by the installation of an electrical
heating system which has been optimized to minimize stratification in the chamber. More
detailed description of the heating system installatisnreported by Darcyet al. (2014).The
maximum initial temperature used was 105 °C, to avoid degradation of the seals inside the
machine. Nitrogen was used as a sole diluent for thetlmperature measurements (65830

K), while argon was added in the mixtures to proceed to the higher temperaggime (839

1000 K) and couple the RCM data with the ones obtained in the HPST. Throughout the
measurements the deviation from the desired compressed pressure was maintained below 1%.
Heptane was supplied by TCI UK with a purity of 99%. Toluene waieduppBigma Aldrich and
came with a purity of 99.9%. None of the fuels was subjected to any further purification process.
The blended samples were made by mass on a high precision scale. Nitrogen, argon and oxygen

were provided by BOC Ireland.

Figure6.5 Picture of the Rapid Compression Machine (RCM) at the National University of Galway in Ireland
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Experimentaldifficulties

One of the challenging issues of measuring toluene experimentally is its propenisitild soot.

In other wods, it can produce contaminants that remain in the experimental chamber affecting
the conditionsand providing unreliable result®uring their toluene measurements in an RCM,
Mittal and Sung (200#¢ported an early heatelease and the occurrenad pre-ignition. A similar

issue wagonfrontedby Zhanget al.(2017) In the latter case the authorsedlt with this issue by
performing three consecutive oxygen shots after each experiment in the RCM, cleaning this way
the chanber and ensuring repeatabilityA related problem wadaced during the present
investigation in the fueNA OK YA EGdzZNBa 6. ' mwodno FyR GKS YAELD
content. In particular, the measured value kept increasing for the same condyiietding no
repeatability.Solving this issue with the method reported by Zhahgl. (2017) did not prove to

be successful. Due to the low vapor pressure of the mixture, concerns regarding a possible
condensation in the fuel linaffectingthe fuel concatration in the chamber, were raised. dnder

to investigatethis possibilityyaser absorption measurements were conducted utilizing the optical
ports of the chamberThe method foidetermining fuel concentration #situ has been described

by Banyoret al. (2018 and only the concept is described here. The technique exploits the mid
infrared (IR) activity of generic moleculaHGstretch vibrations which produce absorption bands
near 3.39>m (3.23.6 >m) and can therefore be usedis a tool fordetermining species
concentration. Linearly polarized (500:1), monochromatic light at 3:89 (2950 cr) is
generated by a 2 mW H¥e laser (Laser2000, LHIP01-339) and directed through the optical
ports of the chambefnumbered items 31 and 32k they are dpicted inFigure6.6. A bandpass

filter (Laser 2000, C2=3420nm) is used in order to remove stray ambient light. To avoid saturation
of the PbSe photodiode (ThorLabs, PDAZBE) that measures the light intensitydiaphragm

iris and an optical chopper rotating at 300 Hz are used.
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Figure6.6 Schematic of the optical chamber used for the RCM measurements

Theabsorption of the fuel is determined with the measured intensity through the Reenbert

law.

0 a¢ an"O 0
Here | stands for light intensity, whilgdtands for the intensityneasured when no gasiis the
chamber. The methodology was the follongn the fuel was loaded into the RCM chamber,
absorption was measured and a shot was fired in order to measure the IDT. The same procedure
was continued repeatedly, maintaining the fuel amount the same, while increasing the vacuuming
time between the shotsAs depicted irFigure6.7 the absorption remains the same with only
small deviations. This proves that the fuel inside the chamber remains corsstdnthat no

condensation in the line is occurring.
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Figure6.7 Absorption measurements in the optical RCM chamber

Interestingly, increasing the vacuuming time causes the measured IDT value to dgs@Ease
Figure6.8), while the correlation between the two seems to be linear. After 25 minutes the IDT
poses some scattering from 124 to 161 milisecotitht can be justified as a possible drop in the
operation efficiency of the pump. It should be noted here that the pumps used for vacuuming the
chamber are oil pumps coupled to cold traps of liquid nitrogen, thus the amount of coolant can

affect the perbrmance of the pump.
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Figure6.8 Ignition Delay Time measured for different vacuum time
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Assessment of these findings justifies that small amounts of contaminants remain in the chamber,
affecting the IDT othe mixture and need longer time to be vacuumed properly. Further
investigation testing longer vacuuming times (&égure6.9) showed that the IDT kelecreasing

even after 3 hours. It was therefore decided that no repeatable shots can be obtained at these

conditions with this vacuuming method.
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Figure6.9 Ignition Delay Time measured for longer vacuum time

6.4 Chemical kinetic model

Description of the model

Although the @G.NTUA.HMCS model has been subjected to further development and
modificationsm the framework of the presenthEsis, it lacks thehemistry of larger chain alkanes
such as #heptane. Following the incorporation of anheptane mechanism into the ;C
G.NTUA.HMCS was considered. This however, was not realized as it was found to-be non
beneficial for the purpose of the study. On the trany a widely validated model, called the LLNL
TRF model, which is based the NUIG mechanisrfor n-heptane aml tolueng was utilized in

order to elucidate the respective chemisthave been maddy utilizing the measurements
obtained The lower hydrocdron part of the NUIG mechanismkased on the AramcoMech1.3

developed by Let al. (2017)and can very well describe the chemistry of lower hydrocarbon
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species such as methane, ethane, ethylene, propene, acetylene, formaldehyde, acetaldehyde,
methanol, ehanol and dimethyl ether. It has been validated extensively against experimental
data from fundamental lalscale configurations (e.g. ST, RCM, JSRs, Rugleret al. (2015)
updated theGs part, revisiting the low temperature chemistry of three pentasemers. In a more
recent work the hexane isomers were studied and reasse$se@hanget al. (2015). The
mechanism in its current state is taken from a work studying toluene/dimethyl ether (DME)
mixturesby Zhanget al. (2017) and consists of 1318pecies and 5604 reactions. The Toluene
sub-mechanism is largely based on a previous LNdkamuraet al. 2014)model. Simulations

were carried out utilizing the Aurora module GHEMKINPRO with constant volume conditions.
Heat loss effects due to the ddity for the RCMsimulations as described by Sueal. (2014)

were taken into consideration in simulations.
N-heptane chemistry

N-Heptane oxidation has been given a lot of attention in the past and is very well known, it will
be therefore only briefiydescribed in the context of this work. In the low Temperature regime
reactions with hydroxyl radical will cause hydrogen abstraction and the formation of the heptyl
radical (@His) isomers and hydro peroxide. As temperature increases Oxygen moleculaserepl
the hydroxyl radicals, until around 850K where most of fuel breakdown is caused by reactions
with H, O and OH radicals. At the high Temperature regime the majority of the radical pool is
involved in fuel consumption. Throughout the whole temperaturgimee the two main isomers

that are produced are the ones with the missing Hydrogen in the second and third carbon atom.
Following, the heptyl radicat@H:s will react with oxygen to form the heptyl peroxy radical. The
heptyl peroxy radical will then for@Hi«O0H-4 or GHy4-1, with the first one being the dominant

path at low and intermediate temperatures, while the latter gains importance as temperature
increases. Another oxygen addition taHzOOH-4 will form GH14O0H-40;. This changes above
750K, vinere GH1400H-4 will mainly undergo -scissionforming acetaldehyde and 4Bho-1. At
Temperatures above 1000K the addition of oxygen fades out completely. FuOOH-40,
species will react with hydroxyl radicals givid(EET24. These consecutizéditions of oxygen

lead to the formation of all the aforementioned oxygenated species that have a very low Heat of
Formation, being therefore very stable and very hard to break. This explains the Negative
Temperature Coefficient of-heptane. GKET24 wlildecompose exclusively to formKET240 and

a hydroxyl radical, which will in turn form BCHO and GEOCH NGH,CHO breaks down to
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NGH,CO and ¢CHO. NPropyl adical is consecutively formeds can be seen Rigure6.10is
at the top of the consumption pathway. At high temperatures this will decompose to ethylene

and methyl radical, but at low temperaturesWill add to further form @oxygenated species.

Figure6.10 Reaction flow analysis formeptane

Toluene chemistry

Toluene oxidation will initiate with OH radicals abstracting Hydrogen from the fuel either from
the methyl or from the ring group. The firgtaction is inhibiting reactivity since it leads to the
formation of the benzyl radical which is more stable than its isomer. The benzyl radical can then
react to form either @0, GHsO,, GHsCHO or recombine to form GHis. While the latter
reaction paths are important throughout the whole temperature regime the first one loses
importance as temperature increasegHO, will decompose yieldingsBsCHO which after two
consecutive hydrogen abstractions will formHECO. At low temperatures it will rea with
hydrogen or Hexeforming back to €HsCHO, while at higher temperatures it will produce phenyl
radical and carbon monoxide. Oxygen will be added to the phenyl radical forgtisQ@. After
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