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Abstract

Due to the increasingnergydemandand the related environmental issuesmbustion effi-
ciency and reduction of pollutants emasshavebecomea major concernfor combustion ap-
plications In combustion pollutantformaion andfuel ignition are controlled by chemical ki-
netics, therefore, th#esign and optimization of combustion systems heagligson anaccu-
rateunderstandin@f the underlying chemical process@#hile combustion processes ajyev-
erned byan interaction of chemical kinetics and transport proce$segaining fundamental
understanding it ibeneficial to separate both proces3esthis end, sock tubesre frequently
applied togenerate a uniform gas phase environment for a wide range of tempeasidre
pressure that is suited for initiating reactions with subsequent-tieselved detectianThe
combination of shock tube technique and laser absorption epeajry provides the platform
for accurate chemicdinetic studes Infrared laser absorption diagnostitavebeen widely
applied in combustion rearchfor examplefor in situ, fast and sensitive measurements of

temperature, pressyr@nd species conceations.

In the present study, laser absorption spectroscopy of carbon monoxide (CO) near 4.7 um has
been developed for the sensing of temperature and CO concentration behind the reflected shock
wave.The sensor was further develogedenabldiber-base thermometry for more flexible
applicationsin harshenvironmentsThe oxidation ofuel-rich CH4/O2 mixtures the thermal
decomposition ofnisole (GHsOCHs), and the pyrolysis of acetylene A€>) and benzene

(CsHe) were investigatedy monitoiing the COconcentration and temperature based on two

line absorptionthermometry The experimental data wesgpplied for validation of reaction
mechanismgovering different kinetics conditions such as single elementary reaction, partial

oxidation and soot formadin.

The idation offuel-rich CHy/O. mixtureswas investigated twalidate reaction mechanisms
for reaction conditions that are important for polygeneration procedsa® partial oxidation
allows toconvet natural gago higher-valuechemicals With the presences afimethyl ether
(DME) andn-heptanethe initial reaction temperatuis significantly reducedbecause they
promotethe production oadditionalOH radicak.

Anisole hasrecentlybeenidentified as fluorescence tracer for fuel/air mixingdseés but its
decompositiorkineticswerenot yetfully understoodIn theinvestigation othermal decompo-
sition of anisoleat elevated temperatweheliteraturemodelwas foundo strongly underesti-



mate the CO formatios main reaction patfor CO formation,the unimolecular decomposi-
tion of phenoxy radical (§Hs0) was investigated indepesaly and new rateonstans were

determined.

Soot formation from combustion is bigh scientific interestThe £mperature depeedceas
well astheinfluenceof Hz, O, and CH on soot formationn the pyrolysis of @H> and GHe
were investigated The emperature dependenof the soot yield andhe particle formation
induction time were fountb bein a good agreement witheraturedata The presencef H»
led to a depletion of the particle formatiarboth systerewhereas the opposite trend yiglds

observedn the presence @@Hs andO..

Vi



Kurzfassung

Aufgrunddes steignden Energiebedarfs durch die industrieléwicklung ist der Schutz der
Atmosphéaralie wichtigste Aufgabenserer ZeitDas Interesse modernen, umweltreundli-
chen Verbrenungssystemen hati Verbesserung der Verbrennungseffizienz und zur Verrin-
gerungder Schadstoffemissionen gefulipas Design und die Optimierung von Verbrennungs-

sydemen beruht awginer genauen ModellierurelementarerchemischerProzesse.

Infrarot-Laserabsorptinsdiagnostik ist eine hochentwickelte Diagnostikler Verbrennungs-
forschung furschnelle, hochsensitive-situ Messungen von Temperatur, Druck, und Zge
konzentrationenStol3wellenrohresind einfache undobuste Instrumente, die eihemogene
Gasphasenumbeng in einem grol3ehemperaturund Druclbereicherzeugen. Die Kombina-
tion aus StBwellentechnik und Laserabsorptionsspektroskopie betet Plattbrm fur akku-

rate,chemischeinetische Utersuchungn

In der vorliegendeArbeitwurdedie Laserabsorptionsspektroskopie von Kohlenmonoxid (CO)
nahe 4.7 em f¢r di e Er f-Kowenwation hieo gen réflektigastenr at ur
StoRwellen entwickélDes Weiteren wurde der Sensds faserbasierselhermomegr fuir fle-

xible und robuste Anwendungemveiterentwickelt Die Oxidation von fettenMethan
(CHg)/Sauerstoff (@) Gemischenderthermische Zdall von Anisol (GHsOCHs) sowiedie

Pyrolyse von Acetlen (GH2) und Benzol (€He) wurden in der Gasphase fatoRwellenroh

in Kombindgion mit derCO-Thermometrie untersucht.

Die experimentellen Daten wurden mit Simulationen auf der Basis ausgewahlter Reaktionsme-
chanismen verglichen. Bei der Oxidation vfetien CH4/O> Mischungersenken die Additive
Dimethylether (DME) und +Heptan die anfangliche Reaktionstemperatur signifikant, indem
sie zusatiiche OH-Radikaleerzeugen. Keiner der Mechanismstfur chemische Umwand-
lungsreaktionen optimierDie CO-Bildung wird beim thermischen Zerfall von Anisol nur
schlecht vom Modell wiedergegeben. Die Reaktionsgeschwindigkeit des unimolekularen Zer-

falls des Phenoxyradika{CsHs0) wurde experimentell bestimmit.

Bei der Pyrolyse von £1> und GHe wurde dieTemperaturabdingidkeit derRuflbildungund

dereninduktionszeitmittels LaserlichExtinktion gemessen und eirgte Ubereinstimmung
mit der Literaturgefunden. Die Anwesenheit von Wasserstoff) (fihrte zu eineReduktion
der Partikelbildung in beiden Systemewochingegen ein entgegengesetztérhalten bei der
Rufildungin Anwesenheivvon CHs und Oz bei GH2 und GHe beobachtet wurde
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Introduction

1. Introduction

1.1. Background and notivation

Themajor part of thavorldd energy demani satisfied bythe mmbustionof fossilfuels. As
combustion technology develops, energy efficieany pollutantemissionshave given more
attention Hencethe design and the optimization of modern, environmentally friendly combus-
tion systemsreliesheavily on accurate mobieg of the fundamental chemical proces€&sem-

ical processscan be coupled with the transport models in mathematical algorithms to model
the combustion processes. However, these madeliscomplete without experimental valida-
tion. In generala reacton mechanism requires a database of accurate chemical raatéion
constars for the temperature and pressure range of intditestalidation ofsuch mechanism
requirescareto determineaccurate values such igmition delaytimes, temperature variats

and species concentratidime histories in reacting or combusting flewvith well-defined

temperature, pressyr@nd reaction time.

The vast majority of fuels such Bgesel gasolineand natural gathat areconsumed in modern
combustion devices i(gines, gas turbineand furnaces) are hydrocarbons. The primary prod-
ucts of hydrocarbon fuel combustion such as water vapgd)(Htarbon dioxide (Cg), and

carbon monoxide (CO) can be interpreted to indicate combustion efficiEleaybility be-

tween tle conversion and storage of energy will be an important aspect in future energy system
[1], butoptimization of current combustion systemidl Wwe animportant transitiorio improve
technology. Suchmprovements are possible through close interaction of simulations and meas-
urements, where the latter provide dataoncentration§2], particle formatior{3], flows[4],

temperaturg5], and pressurgg] insidemoderncombustion devices

Shock tubes are widebstablished as tools to studrafast hightemperature gaghasepro-
cesse$7-9]. Theyprovideawell-controlled uniform environment #i wide range of temper-
ature and pressuedter rapid heatp by a shock wavdhe combination with modern diagnos-
tic method such adaser absorption spectroscody], time-of-flight massspectrometefl1],
andgas chromatogragh12] enables single anulti-species measuremsrtb follow the ki-

netics oftheinitial reactans, intermediatesor products

Tunable dioddaser absorptiospectroscopy (TDLAS]s a horrinvasive sensitive and selec-
tive techniquethat has been developed during the last decaligdays a major role in the
measurement of temperature, concentrativa®city, densityand pressur@ a variety ofen-

vironmentg13-15]. TDLAS has been successfully applieg several groupm the studies of
1



Introduction

combuston and propulsiosystems[2, 16, 17]and providesn situ line-of-sight (LOS) meas-

urements with fagime response.

Mosthydrocabonsexhibitabsorption spectra in the infrared (IR) reggsdcommon combus-
tion products (e.gH20, COp, andCO) absorbat wavelength from 1 t6 um at a representative
combustion temperature of 1600IR-laserbased absorption sensors near 1.5,ghd 2.3um

for detectingH20, CQ, and CO, respectivelyere firstdesignedlue to theavailability oflight
sourcestransmitting/absorbing materials (fibgrapd detectors at these wavelendgi&21].
Theseovertonebands(in the nearIR, NIR) are orders of magnitude weale@mpared to the
fundamental bands beté&n 3 and 6 ummtid IR, MIR). With the development of the quantum
cascade (QC) laser technology, the range of continwane (cw) roortemperature singt
mode dioddasers habeenextended t® pm, allowing for access to stronger absorption bands
of CO, CO,, and other specigl2, 23] The initial development of sensors at these longer
wavelengthswhich providefingerprintinformationof many hydrocarbonsas been reported,
demonstrating morselectiveandsensitive measements of species concentration and temper-
ature[24-26]. As part ofthis work, two-line absorptionthermometryof CO near 4.7 pmvas

further developed and has been applegkinetics studesin this thesis.
Thekinetics target of this thesifocusses othree differenstudies

1 First, eciation of CO concentration during the partial oxidatiofuetrich methanéair
mixturesthat aresupposed tprovidepossible hightemperature pathwayor polygenera-
tion processethat allow toconvertatural gagnto higher-valuechemicalsDimethyl ether
(DME) andn-heptanevere used as additivesteducegnition temperature

1 Secondthe thermal decomposition of anisole{sOCHs) which isconsidered surrogate
for kinetic studes of biomass combustion and recentigsidentified as a appropriate
fluorescence tracer for fuel/air mixing studies based on-ladeced fluorescence (LIF)

1 Third, the influence of hydrogen @) oxygen (Q), and methane (CHion soot fornation

duringthe pyrolysis of acetylene §82) and benzene ¢El).

The measurements were performed in a shock tube combined with theéadiedbased two

line absorptionthermometry which enables simultaneous temperature and CO concentration
measurementith microsecondime resolution Furthermoredetailed kinetics analysédased
onrelativemechanisms have beenplemented for additional information of each investiga-

tion, respectively.
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Thethesisis organized as followsChapter2 describes thtundametal of chemical kinetics,
the shocktube techniqueandlaser absorption spectroscohapter 3 introduces theack-
groundand theresults ofvalidation of the tunable diodaser (TDL) sensor near 4.7 pum for
gasphase temperature aD-concentration meairementsChapter 4presens the results of
the kinetics studies: (the investigations of oxidation of fuath CHs/O> mixture with addi-
tives (DME andn-heptang (ii) the thermal decomposition of anisp{&i) the soot formation
during pyrolysis ofCoH2 and GHe with presencef Hz, O, and CH, Chapter5 discusseshe
outlook for the TDLAS measurement in the shock tulBspter 6summarzesthesestudies

and gives conclusions.
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Theoretical and experimental fundamentals

2. Theoretical and experimental fundamentas
2.1. Reaction kinetics

Thermodynamics describe chemical reactions where the initial and final stage of a reaction
system is considered and gives the direction of the conversion. The time behavior, hiswever
subject of chemical kinetidbat deals with the ras of chemical reactions and factors that in-

fluence the reaction ratds this chapterthe theory of chemical kinetics lisiefly introduced
2.1.1 Reactionrate constant

A kinetics modelis constituted by series oElementary reaction§or an elanentaryreaction
aA + B =cC + dD,areactionrate constank relates the reaction rate with the concentration

termsat a certain temperature
R=d[A)/dt =k[A]?[B]°. 2.1)

Therate constari can be deermined by measuring the temporal variation in concentration at

known concentrations of the reactants.

Temperature dependence

The temperature dependence oate constantan be described hifie Arrhenius equation
k=Aexp (EJ/RT), (2.2)

here, A is the preexponentialfactor, Ea is the activation energy, arielis the universal gas
constantAccording to equatiof2.2), a plot of Ink versus 1T should be linear with a negative
slope ofE4/R. This plotis known as Arrhenius ploEor TY D, the reactiomateconstantakes

formally the value ofA. There are many possible causes of-Aorhenius behavior such as

temperaturaependent activation enerfir].

In the practical measuremengsmodified expression of thiarthertemperature dependenise

adopted
k=AT"exp ( E4RT), (2.3)

where the exponenthas a particular value depeahthenature othereaction Whentreating

the same experimental data with both equations (2.2) and (2.3), the obtained activation energies



Theoretical and experimental fundamentals

maydiffer from hundreds or thousandsdimol It must be noted that thrate coistans meas-
uredfrom the Arrhenius equations are only valid in the temperature range where the parameter

A, n, andEawere determine{28].
Pressure dependence

The pressure dependence of the reacttgconstantas first proposed by Lindemann in 1922
[29] and the theory was further developed by Hinshelwdde: Lindemann theory defined
low-pressure and higpressure limi for the gagphaseunimoleculareactions According to
LindemannHinshelwood medmism, inthe lowpressure limita thirdbody collisionfrom any
moleculeM (usually the bath ga$3 required to provide the necessanergyfor the reaction

to proceedmolecular activation)The excitednolecuk can beagaindeactivated¢hrough an-
other collision With the increase of the pressure, the activation and deactivation of the molecul
can reaclequilibriumand the reaction rat&ill no longer changwith the concentratign.e.

therate constamteaclesits high-pressure limitkp).

1.0temeccecmmmnnaccmnanaaa=s
0.8
E j
f 0.6
-x -
0.4+ ——900K |
——1000 K
0.2 ——1200K -
——1600K |
0.0

40 1 2 3 4 5
log (p / mbar)
Figure 2.1: Fakoff curves for the unimolecular reactiogfgO Y sH&+H CO

The transition between the lepressure and the higiressure limit is defined as failff regime
(Figure2.1). To describe the behavior tfe associatethte constanin the falloff regime a
mathematical model was proposed by Lindemaina yieldsso-calledfall-off curves[29]. A
more accurate description which inves more complex expression for the broadening factor
of fall-off curves was proposed later by Troe in 19}3D] known as Troe formalisrar para-
metrizationis nowwidely usedo descrile the pressure dependencerafe constast The falk

off curves strongly depend on the molecructure andhe temperature. Therefore, the fall

off curvesof different reactions ardistinct from each other at the same temperamndethe

6
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rate constandf the samereadion shows different temperature dependences at different pres-

sures.
2.1.2. Reaction mechanism

Elementary reactions can destinguishedn threetypes i.e. unimolecular, bimoleculgrand
termolecular reactian In a unimolecular reactigthe reactant either dissociates or isomerizes

to produce one or more products. The rearrangement of the molecule in the unimolecular reac-
tion can include the thermal decompositiang openingand racemizatiof31]. Elementary
reactions initiated via collision of two or three differ@molecules are defined as bimolecular

and termolecular reactions, respectively. According to collision thé&oeyprobability of er-
molecularreactiors is negligible and most of these reactions can be broken down into a more
fundamental set of bimoleculeeactiong31]. Reaction 2.1 and 2r2presentypical unimolec-

ularand bimoleculareactiors of methanerespectively.
CHsY GCsHH (R2.1)
CHa+ H ¥ CHe (R2.2)

Combustiorprocessstypically include a seriesf elementary reactiorthat can exceed thou-
sands of reamins Accuraterate constalstobtained from experiments, theoretical calculation
or empirical estimation for each reaction are neceskghanisms can be validated regarding
to global parameters such ff@me speedind ignition dedy time[31] or specific parameters

such as species concentrations

By analyzing complex mechanism, the rate law for interegpedies X is calculated by sum-
ming the rate laws of all elementary reactions in which the X is invo@ed.simpleexample

is theH2/O. combustionwhose overall process can be described in R 2.3 and detailed reaction
steps can be represented by a simpemanism include®ur reactionsi.e.R 2.4 2.7:

2H, + O Y 2,0 (R 2.3)
Ho+ QY 2 OH (R 2.4)
OH+HY ¥ +H (R 2.5)
H+QY OH + O (R 2.6)
O+HY OH + H (R2.7)
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Here therate constanmdf the OH radicalis related to all four reaction®dore general, guation
(2.4) describeghe rate law for species; ¥1 a mechanism that consists Mfreactions and N
specieg32]

d[ X ] _ . .

—a TR XXk o) BX(V V) R 120N, 24)
here, [X] is the concentration of spesi¥;, b ;; andu j; are the stoichiometric coefficients of
product and educt, respectiveRy.defines the rate of species conversion in forward and back-

ward directionand is calculated by
N N p
R=kOQ[x]" -k QX]" i %2..N, (2.5)
i=1 i %

wherek; andk;; arerate constastof forward and backward reactions, respectively.

For the combustion darge hydrocarbon fuels, the complexity of the mechanism increases
stronglydue to their large chain length. Therefore, more eleangmeactions are required to
represent the whole proceSsome of theate constastcan be experimentally determinteat

more of them can only be estimated using quantum calculations or baagedlogiesIn the
sensitive analysis of an interested spegcit is noticed that only few of the reactions are rate
determining for the overall process even there are huge number of reactions where the species

is involved.

Experimental facilities such as shock tubksw reactors, cells, etcombined withvarious
diagnosticgprovidethe possibility to extracbpportunity for determiimg the underlyingrate
constarg of the elementary reactioegperimentally However, theoretical methods such as
RiceeRamspergeKasserlMarcus (RRKM) and multguantum RiceRamsgrgerKasser
(QRRK)theory[33, 34]based on the transition state thej@%] canalso provide the possibility

for computationadeterminationof rate constastfrom a few characteristics of the potential
energy surfaceMlodern chemical kinetics software such as chehwoakbench[36] provides

a platform to implement fast analysis of a selected kinetics model. By defining the reaction
environmentsthe concentratiarime profiles can be obtainethd compared with experimental

values
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2.2. Shocktube theory

The firstshocktube apparatus and its principles were described in 1899 by Paul 3&ille
Nowadays Bock tubesarewidely used irdifferentresearctiields like aerodynamicghysics

and chemical kinetid8, 38, 39] Testgasesn shock tubere typicallyheated umguastinstan-
taneously and homogeneously through the passage of the generated shock wave within a time
of 1 us Hence, surfaceffects and transport procesdashind reflected shock wavean be
generally neglectecshocktubes carcovertypical range of temperatisé&om 800 to 4000 K

and pressussfrom 0.1 to 1000 bar withest timesof few hundred microseconds up to several
milliseconds Whencoupkdwith moderndiagnostic methodd 2] with fastresponsend high

time resolutionshock tubed®ecomendispensabléools to studyastchemical processes.

Shock tubes are thick wall tubes usually construtgpitally of stainless steel and with rec-
tangular or circular crossection40]. Diaphragms, normally from aluminuon polymer sheets
with thickness from tens of micrometers uséveral millimetersseparate thehock tubento
alow-pressuresection(e.g, driven section) containing the test gasl a higkpressure section
(e.g, driver section) The high-pressuresectionis filled with driver gasto initiate the experi-
ment To achieve strongeshocls, the driver gas is wmlly chosen to have high speed of sound
and low ratio of specific hesf 2 Therefore gaseswith low molecular weighsuch as BHand

He aremost frequeny chosen The driver gas is filled into the driver section until the dia-
phragm ruptures and expands into the driven secfianincident wave will be generated in
front of the driver gas and propagates towards the testTgasincidentshock wavepasses
throughthe test gas and increaske temperature and the pressure of the test gas behihe
incidentshock wave will be reflected baciff the end wall of the drivesectiontowards the
driver section. The temperature and pressure offetstegas willundergoa second sudden in-
creasewhen the reflected shock wave passes thramghthe velocity of the gas behind the

reflectedshockwave is zero.

Uniform temperature rad pressure conditiagrof thetest gas behind the reflected shock veave

can last fronhundreds of microseconds up to several millisecondssd ktationary conditions

will eventuallybe interrupéd by two disturbancedr-irst, the separatiorbetween the dvier and

driven gass isnamed as contact surface (CS), the CS moves towards the driven section and
will meet the reflectedhockwave(RSW). Dependhg on the properties of the gasegpansion

waves or reflected wavesill be generatediuring the interactin of RSW and C&nd move

towards the end wall of the driven #en. Secondimmediatéy after the burst of the diaphragm,
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series of expansion wawéhat propagate towards the driveection are generated. These ex-
pansion waves are reflected by the eaddke of the driver section and move towardsithesn
region,andthe shockheated test gas will be then stronglyenchedlue to the arrival of the

expansion waves.

Figure 22 represents the schemataf the shock tubelThe generation and the propagatiof

the shock wavearedescribed in the followed distaridane (Xi t) diagram with the time of the
diaphragnd burst ag = 0. There are five regisrdefined during the whole procedufegion

1 and 4 denote the initial condition in the drivemd driversectionbefore the diaphragd s
rupture, respectivelyRegion 2 and 3 define the condition behind the incident shock wave and
the expansion waves (rarefaction), respectivahd are separated by CS. Region 5 repre-
sents the conditi@behind the refleed shock wavelhe pressure and temperature distribution
of the five regionsredepictedn the fivexit diagramsan Figure2.24 e.

Theinitial conditiors of the test gas in thériven sectiorare T1 andp:. Prior to the rupture of
the diaphragm thstées of the driver gas ark andps. T2 andpz denote the temperature and
pressureof the test gabehindthe incident wave and in front of the Cs.andps referred to
the conditionbehind the reflected shock wakefore the RSW meet the CBhe rarefagon
wavesgenerated simultaneously with the incident shock waveslttawards the end wall of
the driversection and cool down the driver gas behind the rarefadiofs andps. The CS
thatseparates thariven and driver gases permanently moves towardsiven section due the
initial pressure diffegnces betweep: andps. Testtime gt definesthe duration of the steady
condition in region %@nd is limited bythe arrival of the reflected rarefactiontheinteraction
betweenthe CS and RSW. In the present study, according tgebenetryof the shock tube

typical testtimes areaboutli 2 ms(Figure2.3).

10
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Figure 22: Xi t diagram and operation principle of shock tube
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Figure 23: Pressure profile and corresponding test fionea typical shocktube experiment
measured in the facility used in this thesis

The thermodynamigariabkestemperatureT), pressurep), and density)() of the test gas be-
hind the shock waves can be calculated using gas dynamic equtsaasoriD shockwave
coordinate$41] (Figure2.4). Thetransformation ofaboratory fixedo shock fixed coordinates
makes the calculation mathematically easi&he first step increase in temperature, pressure
and density foan ideal gas behind the incident shock wave are given by the Rafikgumiot
equationg42, 43]following the conservation of mass, momenfwand the energyEqg. 26i

2.8).

Laboratory fixed coordinate Shock fixed coordinate
(2) (1) (2) (1)
——» U, V, «— Vie—
U—— =U.-U, =U,-U,
U=0 ‘
— —
Shock wave (velocity = U,) Shock wave (velocity =0)

rlvlz ,2'\/2 (26)
AR AV -3 (2.7)
1 1
§V12+hl '_EVS h (2.8)

12
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v andh definethevelocity and enthalpy of the gas both side of the shock froimtthe shock
fixed coordinate, respectivelgndv: is equal tais which refer to the velocity of the shock front
in the laboratonfixed coordinateAssumingthe gago beideal thermal and caloric equations
of state can be used

p=rRT (2.9)

2
h=cT =——RT 2.10
A (2.10)
herecoci s t he heat capacity denttedledeanscapaadiyt ratip Bye s s ur

substitutngthe equation (2.9) and (2.10) into (2.8)e temperature, presspyaad density ratio
of the gases can be obtained

T,_, 20 Jo N+ (vz 3) (2.11)

T (o+ ) M VT

Po_q 2 (2
o 1+3Tg|v|3 Y (2.12)
r (0+1)M§

(2.13)

here,Ms is the Macmumber of shock front which getermined fronthe velocity of the inci-
dent shock wave using

= (2.14)

M is the molar mass of the test gas. The condition of the test gas behind the reflected shock

wave can be calculated through ®imilar derivation and the following expressions are ob-

tained.
p_c29M; { d)-¢3 Yoz 2 9
nE ot § (aM 2+ 19
T _(2e 9V (3 hle J4-A Y (216)
T (g 3" Mm?
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2.3. Laser spectroscopy
2.3.1. Quantum mechanics

Laser diagnostispectroscopys a norrintrusive method thatasgained importance tm situ
studyultrafast gagpphase reactionsith fast time response and higime resolutior{13, 44-46].
Spectroscopy, chemical reaction dynamics, statistical thermodynamics, molecular properties
and molecular structure determination are all areas that agaured fromprinciples of quan-

tum mechanics. The theoguantizes the energy of the atoms and moledwatescribingthe
existences of atosand moleculgin specific quantum states with discrete values of energy and
angular momenturf46]. Thetime-independent Schroédinger equation is used to determine the

energy levels for the molecule with massnoving in a potential field by/(x).

d 8np” |
gng)* ”h’f & V(X g(N e (2.18)

his Plancks constantz is the totalnternalenergy of the system, which excludes kinetic energy,

as the sum oélectronic, vibrationalandrotational energy.

E= Eelec +Evib Erot (219)

The discrete valigof internal energy lead to discrete transitions in energy when atoms or mol-
ecules change quantum states. These energy differences correspond directly with the energy of
emitted or absorbed ptams in discrete spectrdVhen radiative transitions between two mo-

lecular quantum sates occur, the energy differemqiesof the photorinduced transitions be-

tween these two quantum ss&tan be described bythe Rlend s . | a w
DE £, Eg. n/cz Hir (2.20)

Here cis the speed of the light/s], 3, s and/7 are the frequendg' ], the wavelengtiinm],

and the wavenumber [¢) of the corresponding electromagnetic wave, respectively.

Equation2.21expresses the Eg. 2.28 sum of the individual changes in rotational, vibrational
and electronic energgnd dfines themoleculartransitions(emission or absorptiomjto three

domains[46].

14
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DE = EQlec EwP Er-(g-t (2 . 2])

Where:

gErt  microwave transitiong1000 em i 1 m)
gErott gEvib: IR transitiong700 nmit 1000 em)
OErort qEvib+ qEele¢ UV / visible transitiong107 700 nm)

2.3.2. Boltzmann distribution

The Boltzmann distribution equations describe the temperdependent population distribu-
tion of molecules or atoms of a single species over its allowed quantum states. The fraction of

molecules in energy leveis described bj47].

& &
N 0,€XPg ﬁ
=& (2.22)
N Z(T)
N=3 N (2.23)

WherekisB o | t z ma n n &ss the total sumidenaf moleculag,and( arethe degener-
acy andthe common energyf level i, respectivelyZ(T) is a specific energweighted sum
over all evels known as partition functi@xpressedty Eq. 2.24, which can be alsgitten as

the product of rotational, vibrationand electronic partition functionZet, Zvin, andZeeg, re-

spectively

e

KT

1-O:On

Z = a gi exp Zrotzvib Zelec (224)

vO&; Qo

2.3.3. BeerLambert law

The typicalschematis of an absorption spectroscopy measuremeifitiggratedin Figure2.5.
Theincidentlaser beam passthrough a gas medium with concentratroand a length ok,

thetransmittedaser beanmntensity kehindthe gas mediurhi is thenrecorded by a detector.
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Figure 25: Schematis of anabsorption measurement

The fundamental law to describe the absorption spectroscopy is thédekert law, the re-
lationship between thig, I;, n, andL can be exgssed in the following equation

t =|'—t =xp( nd,L) exp( kL) (2.25)

0
WhereUis the transmissiom is the number density of the absorbing species [cotéstnr],
dv [cm?moleculedt] is the frequencylependent absorption cressction,andk, [cm'Y] is the

spectral absorption coefficieor an isolated transitiarwith frequency’

K,=S pX%s (Y, (2.26)

wherep [bar] is the total pressure of the gas medixisis the mole fraction of the abdiing
species of interesi(’ ) is theline shapdunction, S(T) [cm'?bar!] is theline strengthof the

transitioni and is a function of temperatusecording to

ahc%
S(T)=H17) 2(T)ar, gxpg heBigql 1L % & (2.27)
z(m&r 27 kée? I%_exahc% '
¢ KTo

Hereki s t he Bol t zSfTa is thélise stcengthed & raferénce temperature 3o

is the center frequrey of the transitionQ is thelower-stateenergy of theso andZ(T) is the

16
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partition function of the absorption species of interElseé parameters at the reference temper-
atureTo can be measured in a static cell or obtained from the HITRAN datpt&jsit should
be noted that in the HITRAN the reference temperature is always set to 296 K.

The typical units fotine strengthis either a pressw@ependent version [crat Y] used in

this thesisor a numbedensity dependent version used in the HITRAN whicténoted aS'
[cm'Y/(mol@m'?)]. For some transitiorihiathave no absorption spectra at low temperature, the
HTo) at 296 K is normally obtained from HITRAN and a conversion betvserdS* is nec-
essary46]

S [em™/(molB cm? )] 3n[mol/cn ]

S[cm ?atm™ ]=
platm]

, (2.28)

wherenis the number densitf8y applying the ideal gas law and converting the unit of pressure

into [P4, following relationship is obtained

S [em™ /(molB cm? )] 3101325[Pa/atm

S[cm2atm™ =
KT

. (2.29)

where the Boltzmann constanhas the value of 1.380%20 22 [JK]. For theline strengthat

reference temperature of 296 K the conversion can be simplified in form of eq&on
S=S 32.488 38 )[cn? atmt (2.30)

The partition function ZX) has been defined in Eq. 2.24 as the product of rotational, vibrational
and electronipartition functions and can loalculatecapproximatelyfrom the bllowing third

order polynomial

Z(T)=a HT &F dF. (2.31)

The coefficients of the polynomial expressmrb, ¢, andd are temperature and molecule de-
pendentj.e. the coefficients are different at different temgderes and the coefficients should
be determinedseparately for each species of interest. T@ldisted the coefficients of the

polynomial expression for the partition function of carbon monoxide (€9))

17
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Table2.1: Coefficients of the polynomial expression for the partition function off €3

Coefficients 70 K<T<500K | 500 K<T<1500K | 1500 K <T<3005K
a 0.27758x 1P 0.90723x 10 0.63418x 107
b 0.36290x 1P 0.33263x 1 0.20760x 1P
c 10.74669% 10° 0.11806x 104 0.10895x 103
d 0.14896x 10 0.27035x 10/ 0.19844x 108

The absorption defined by the Bdeambert law is described as

a=1+4 FE #— 1 =xp(nd, Ly 1 exp( k;L). (2.32)

0

In order to investigate the absorption parameters sulaheasgtrengthandline shapeit is more
convenient to convert the transmission or absorption into absorlvanicé isproportional to

line strengthtotal pressuregoncentration of absorbédine shapdunction and path length

a= Ot WE) nsl- BE Spp (¥l (23

0

Since thdine shapdunction «(’ ) is normalizedo the frequencgs

_ Kk
f (v) d (2.34)

thereforejtsintegral oveithe frequency is unity

+ o

nf(vd n E, (2.35)
andthe integrated absorbance of a single transit@an be expressed as
A= RAv =S px, L, (2.3

which is only related to temperatutdependenltine strength partial pressure of the abserp
and path length-or absorption measuremamwith unknown concentrationhe concentration

of the gas medium can be inferfedm the measured absorbance

18
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-_a& _A 2.3
TSEOVL Sl (237

2.3.4. Line-broadening

Theline shapdunction «(3) describesthe shape of an isolated absorption line as a function of
frequency;Figure 2.6 illustratesa typicalline shag of an absorption line centeredsat The

line shapdunction has a maximum value ©f3o) at the enter frequencgo. The width of the

line can be described by tigg which is defined as the full width at half maximuRANHM).

In manyreference[50, 51] the half width at half maximum (HWHMS3 also used to describe
the lineproperties Note thathe integral in equation (2.35) is dimensionless. Since the unit of

ds is either crht or 1, «(3) has unis of cm or s.

Av (FWHM)

Absorbance
A=pxSL

Amplitude

~

VEI

Frequency

Figure 26: Typical lineshape as a function of frequency

When theenergy levels of the transition are perturbed by physical mesharr the individual

atoms or molecules interact with ligkttieline width broadens. This phenomenisrdefined as
absorptionline-broadening46]. The linebroadening mechanism can be either homogenous
broadening where the effect is the same for all species, or inhomogeneous broadening which
affects separate classes or subgroufizere ae four important mechanisntisatlead toline-
broadeningwhich arenatural, collisional, Dopplerand Stark broadening. In this thess)y

the collisional and Doppldiroadening are discussed belbecause the other two mechanisms

can be neglected ing¢lgasphase combustian

Collisional broadening (pressure lroadening)

The energy of optical transitions is teaergydifference between two states. In the case of
homogeneous broadenifdf], the uncertainty of these energy levels can be related to their
19
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lifetimes by the Heisenbergcertaintyprinciple [52] that limits thecertainty in energy level

by
h

L= 2.38
DE, 2 (2.38)
wh e riig thdlifetime of level. The t ot al uncertainty @f a tr
can be expressed asunction of upper anldwer-states, z andz , respectively.
131 1
D3 =— 2.39
% Ui i ( )

Since the uncertainty the samdor all moleculesof the species of intereshe broadening is
homog@&ous. The resultingine shapeunction «(3) can be derived as a form of Lorentzian
function[53].

f(h z_i (2.40)

"0 -

The collision of two molecules in a gas can reduce the lifetintiee energy states. According
to equation (2.39), the reduced lifetime leads to a brdadesha. Qllisions that ocur be-
tween identical species lead to-alled seKbroadeningwhile the process also takplace
between different species is caltamllisionalbroadeningThe FWHM given by equation (2.39)
due to the collisional broadening can be expressed as

Zs

Dn (2.41)

Herg Zs is the total collision frequency for a variety of different collision pagivethe whole
system. In a more convenient form, the net uncertdidtyfor theinvestigatedspecies in a

gas system is oftenadeled as the product of ttetal pressure and the sum of the mole fraction

for eachcollisional partnef multiplied with its collisionakoefficient2 g.

Dn pa X2, ¢ (2.42)
I
o-l- n,
29(T) 2 (@)%0 § (2.43)
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Here nis the corresponding temperatutependent coefficient. In the framework of this thesis,
the collisional coefficients are either be measuor obtained from literatureSor the species

whose ollisional broadening valgecannot be directly measured, an approximation of
29,00 ° 0.1cm'*bar! andn = 0.5wasused[46]. According to equation (2.42he FWHM of

the collisional broadening is directly proportional to the pres3umes,collisional broadening

is also known as pressure broadening.

Doppler broadening

Doppler broadenings the dominant inhomogeneous broadening mechanismeaotls from
thesocalled Doppleef f ect . When the direction eodra a mol
llel'tot he | i ght 6s ,theareomll begaaftequenay shpftacalled Dopplshift. The

Maxwell velocity distribution function describes the molecules of any gas in constant motion

and the distribution of their random velocitiEsach group of molecules with the same velocity
components is considered as a velocity claash véocity class has its own Doppler shifthe

Maxwell velocity distribution function describes the fraction of molecules in each velocity class.

The distribution function leads to a Doppliere shapdunction «; with a Gaussian form

2 &In2 8 no'
fol D Sﬂzae_erxf mzae—[p o1- (2.44)

Here 3, is the center of the transitiogs, is the Dopplewidth (FWHM) and is given by

74
Dn %M 6 (2.45)

(;mC2

which can be expssed in a more convenient form

, (2.46)

1O: O

Dp =(7.1623 10?)

AL

whereT is the temperature arM is the molecular mass. The Doppler width becomes broader
athighertemperature, thus, the Doppler widdndoe used to roughly calculate the gas temper-
ature[46].
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Voigt profiles

Gaussian anddrentzianline shapanechanisms describe the inhomogeneous and homogene-
ousline-broadening, respectively. Figure/Zhows the comparison between the Gaussian and

Lorentzianline shaps when they have the same half width. The peak height of the Gaussian
line shapés about 50% higher than the Lorentzian profile, but it drops off much faster in the

wings.

Gaussian lineshape

Amplitude

Vo
Frequency

Figure 27: Comparison of Gaussian and Lorentdiae shape with the same FWHM

In the common case, none of the single broadening mechanism canealésaliite shapeof
the system. Doppler broadening dominatgsgh temperaturevhile the collisional broadening
playsanimportant role at high pressure. Both mechanisms are significantegtheér can be
neglected ira combustiorenvironment Thereforea functionis proposedhatcombines both

effects as a convdiion of Doppler and collisional broadening

+

o

o) <(f unu. (2.47)

00

)}

This convolution is called Voigt profile and can also be expressed as
() s(o)viaw . (2.48)

Herg «,(30) is the peak amplitude at the line center ofllopplerline shape

2 ain2
fo( B) S—Bge—pg. (2.49)
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ais theVoigt parametethatindicateghe relative significance of Doppler and collisional broad-

ening

a= D nvIn2

T (2.50)

andw is the nondimensionalistance from the line centdratis proporitonal to the Doppler
half width

w= 2/In2(n - o) . (2.51)
Dp

V(a, w) is thewell-knownfiVoigt functiond and can be calculated using standard mathematical
routineg46]. In this study, thapplied laseis setto the line centefor each transition, the digt

function can be reduced to
V(a,wW)=V(a0) =exp(d )erfc(a . (2.52)
2.3.5. Direct absorption spectroscopy

Direct absorption spectroscopytle simplest method of the laser diagnostics endidely
applied in the measurementsrofiny combustion parameters such as temperature, pressure,
andspe@es concentration. There are two typiexberimental methods fatirect absorption
spectroscopyi.e. fixed- and scannewvavelengthabsorptiorspectroscopy.

Fixed-wavelength absorption spectroscopy

In fixed-wavelength absorption spectroscopy, the wavetenfjthe laser beam is fixed at the
center oftheabsorptiorline, or a proper position if the absorption region is broad. The intensi-
ties of the laser beam before and after entering the investigated gas raeeliaoguired and

the information during thacquisition time period can be evaluated. By applying semngtr

high bandwidtkin the order okeveral MHz, the acquisition of highly transient events such as
in IC engines can baonitored This method is easy to design whereas several aspects should

be noticed.

First, since the accurasgronglydepend on the chosen wavelength, tberrectline position
shouldalwaysbe checked prioto each measurement. Modern laser techraquevidemuch
stable laser soursavherethe wavelength can be fixed bgrtain combination of operating

temperature and current, however, the shift of the wavelengtbazamon long times (e.qg,
23
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over hours)of operation. Therefore, instruments such as wavesietecalibration cel are

needed to identify the chosen waveléng

Second, fixed wavelengtasersnormallyprovideconstant output power, but some disturbance
in the measurement environment such as temperature and huchalyesvill lead to some
intensityvariations Such disturbancesrmallyoccurin longtime scalesand can be calibrated
easily.In some casesuch as bad alignment of the loésight, dirty optics and fluctuating
detector backgroundhe changefahe beam intensity may occun shorttime scales, which
leadsto unreliable measuremergsuls. Hence, higly stable detectors and averaging optics

(e.g, integrating spheg can be used to improve the signal qualities

Third, by selectingabsorption sensorsrehgertransitions with knowrspectroscopiparame-
terssuch adine strengthandline shapecan bring high signaio-noise rati@ and sae the time

for line characterizationHowever, considering different application environments, weak ab-
sorption lines are also preferred in many casegs if target species kramuch higter concen-
tration, to avoidnon-linearity of the absorption.

Scannedwavelength absorption spectroscopy

Contrary to the fixedvavelength methodn scannedvavelength absorption spectroscapg
wavelength of the light sourds tuned overa certain rangeThe wavelengthuning can be
achieved either by varying the operating temperature or the cafedtoddaser The scanned
wavelength range can beonitored viaa FabryPerot interferometer (etalon) with a known free
spectral region (FSRJor quantum cascade lasettse scanning range of the wavelength is
normally smaller than 1 crhand dependstronglyon the scanning frequendye.thescanning
range decreasevith increasing frequencyome alternative methods such as upuigse strat-
egy[54] can beapplied toachievewider scanning range under higtaaning frequencyigure
2.8 showsa typical setup of the scannedavelength method. Normallyhree signalsare
neededthe reference, the transmitieohd the etalon sign@Figure2.9). By selecting proper
frequency and range, the whdilee shapeof an absorptiorline of a gagphase species at pres-
sure below ~ 20 baran be obtained during the scan with high time resolufibe.scanned
profile line shapeprovides more accurate information of the absogbspeciesn comparison
to the fixeswavelengthmethod with the help ofireference signal, an accurate baseline can be
obtained andhtensity fluctuation of the laser source dantaken into accounGenerally, the
scannedvavelength method can compensftesomedrawback that affectthe fixedwave-

lengthmethod. On the other hand]akesits advantages for the measurements which required
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hightime resolution due to the lingitlscanning frequencyurthermore, in some extreme case
such agneasurementat high pressure4Q bar) and high temperatu(2000 K) the scanned
wavelength method will lesthe detailed featuref line shapedue to strong lindroadening

andshows no advantagesmpaedto the fixedwavelength method.
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(Gas medium [[I

Etalon Detector
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Function
generator

| —
| —

Detector

{

Figure 28: Schematis of atypical scannedvavelength absorption experinte
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Figure 29: Signals of typical scanneslavelength absorption experimeiihe etalon signal allows to
correlate timescaleto absolutevavelength.

Absorbanceratio-basedthermometry

Temperature is a fundamental parameter in combustion procAsgagety of methodsvas
appliedto determinggasphaseemperaturén combustion systerfb5-57]. In thepastdecades
spectrabasedemperature measuremsstich as spectrutine reversa[58] andlaser induced
fluorescencg59] have been widelusedbecause they amon-intrusive andexhibit fast time

responseRecently,absorbanceatio-base thermometrywith tunable dioddaserabsorption
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spectroscopy (TDLAShas proved its capabilifpr sensitive an@ccurateéemperaturesensing
with high time resolution (several micro seconfl), 61] Thus, theemperature information
for manyfast combustion processssch as in IC engirseshock tubgsand scramjet burngr
can bedeterminedBY selectingwo different transitions with different temperatitependen
line strengtl, the temperature can be determinedaipning the line strengtk without pre-

requisite of background attention (or correction far it)

To infer temperaturethe fixed-wavelength absorption techniqise applied wherdghe laser
wavelengtls arefixed at the center dfvo transitionlines. The peak absorbaneganda; at the
line center of both transitiongc be measure@Frigure2.10) According tothe BeerLambert

law (cf. equation (2.33) the ratioR can be expressed as

red Kb PXeS(TNF(DL (T (1Y 553
a, koL pxS(Df(0) L S(T) ) (2:53)

By selecting two transitiorthatare located near to each otheedifferencebetween botline
shaps is very small andan be neglected. Hence, equation (2.53) can be simplified lsethe
strengthratio of two transitions. By substituting equation (2.27) into (2.8@following ex-

pression is obtained

rm=d o3(T) S(F) 6 hep &1 1 ¢ 2.54
M=2 s S(n°% W& Bl=r 3t &5

Here the absorbance ratio is only temperature dependent and the temperature can be calculated

as

T(R=gn D & 4

.. 12 (2.55)
é¢ RM) hc E- B T

g:~c’*f@ -

R(To) is theline strengthratio atthe reference temperatui®. In order toachievemaximum
sensitivity of the temperature measurement, the relative sensitivity abfoebanceatio to

temperature can be analyzed by

‘dR/ j:é he [& - E| (2.56)
dar/T| &% 1 '
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It can be seen that by selecting a line pair with a large difference in thedtateenergies, the
sensor will havea high temperaturesensitivity. Inpracticalapplicatiors, the sensitivitys pre-

ferred to be larger thanid the interested temperature range.

In the scanne@vavelength absorption technique, the absorbance is obtained from the integrated
areas of the two transitioriBigure2.11) The ratio of the absorbance is therefore independent
of theline shapeand is diectly proportional to thine strengthratio.Moreover, the background
absorbance can be measured simultaneously. Therdferantertainty of the obtained tem-
perature in this case is smaller than that of the fixadelength technique.

. ﬁ:S}(T)q)(VI)
| a, S, (T)¢(Vz)

Absorbance
_‘CD

Wavelength

Figure 2.10Absorbanceatio for twaline thermometryusing fixed wavelength method

Absorbance

Wavelength

Figure2.11 Absorbance ratifor two-line thermometry using scanned wavelength method

27



Theoretical and experimental fundamentals

28



Mid -IR laser absorption spectroscopy of CO

3. Experiments

3.1. Shock tubes
In the framework of this thesis, experiments weredcmted in two stainlessteel diaphragm
type shock tubes. Figure 3.1 shows the schematics afvthehock tubegA, B) used in this

study.
Oscilloscope
=
= 8 8 | Detector*
Diaphragm Pressure 0
transducers T 1 1
He or H,
— Driver section Driven section o
{} Manometer T {}
% Laseri |
Vacuum system — Vacuum system
10° mbar (A) Mix 107 mbar (A)
10° mbar (B) Xing 10 mbar (B)
vessel

Figure 31: Schematis of theshock tube with laseabsorptiorspectroscopy.

Shock tubeA has a 3 m driver section and a 5.5 m driven section with an overall inner diameter
of 80 mm. Aluminum diaphragms with 600 em thickness were used to separe driver

from the driven sectionsThe sealing between the two parts of the shock tubalized by

using two Viton Qrings on both sides of the aluminum shgranteinga leakage rate of 10

® mbari/s in the driven section. For the investigation of highiluted ultra-puretest mixtures,

a turbo molecular pump (Leybold Tobo361)used forthe evacuation of the driven section
down to %10 " mbar. The driver section is pumped by an oil pump (Pfeiffer, Duo 012A) down
to 4x10'3 mbar.

To perform the experiment, the driven section is filliest with the test gas up tthe pre-
defined pressung.and then the driver sectiofilled with driver gaghrough a magnetic valve
until the diaphragm burstp; andtheburst pressurps of the diaphragm can lmeeasured via
capacitance pressure gau@elwards NW35) near the end wall of the drivenisecanda
manometer (Keller Mano 2000) at the end wall of the driver section, respeclivaedgnerate
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fastershock wavs, lighter driver gassand thicker diaphragsran beapplied. By using hy-
drogen as driver gas and gt thick diaphragm, the test gas behihe reflected shock wave
can reactpostshock conditions upp 2500 K an@ bar.

Tofollow thethermodynamistatedehindtheshock wave, the driven section is equipped with

an equidistant set of four pressure s@urcers (PCBnodel112A03)with a distance of 150 mm
between the transducer centers. The last transducer of this set is located 150 mm from the end
plate of the driven section. The signals of the transdwaeramplified with charge amplifier

(Kistler 5073) and recorded. By measuring the time interval between each adjacent transducer
signalthe shock wave velocity can be determin@de additional pressure transducer (Kistler
603A) is installed 20 mm upstream of the endlwafollow the pressure variatn in the reac-

tion zone.Two sapphire windowwith 8 mm diameteare installed a20 mmupstream of the

end wall abppositeside of the driven section as acaesdsr optical diagnostics thereaction

zone e.g.,laserabsorptiorspectroscopy in thissdly.

After each experimenthe shock tubés evacuated to 1® mbar and filled with nitrogen to
atmospheric pressutgefore replacing the diaphragidigh-vacuum conditiogain the shock

tube can be reached again within one tadterreset

Setup and opation of shock tube Bresimilar toshock tubeA. A detailed description of this
shock tube can be found [ib2]. In brief, shock tubeB has a 2.5 m driver section and 6.3 m
driven section with an overall inner diameter of 80 mm. This imidesigned for investigatien
that possibly involveparticle formation during the experiment, therefar particletolerant
pump is usedBoth sides of the tube can be evacuated down to<1@®® mbar through a com-
bination ofadry vacuum pumgEdwards QIP80)anda boaoster pump(Edwards, EH 500A)

Each shock tube isquipped with a 5@iter mixing vessethatcan be evacuated down to' 10
mbar before useAll the mixtures investigateih this work wee prepared mnometrically and
allowed to homogenize ovaight before use. The mixturefiled into therespectivedriven
sectionof the shock tubéhrough a 6 mnnner diameter stainlesgeel line connected near the
end plate. To rule out uncertainties in the concentration due to adsorption of largelesolecu
such asnisoleand allyl phenyl ethavn the metal surfaces, UV absorption measurements were
carried out to determine the initial mixeuconcentrations itheshock tube for each experiment
by dissolving the mixtureslled in the shock tubéen n-hexane or ethanollThe gaseqCO, H,

He, Ar,etc) used inthe measurements were from Air Liga@hd have puries> 99.99%. The
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liquid chemicals (3 pentanone, anisole, benzene, esed in the experiments confrem

SigmaAldrich andthe puritiesare > 9995%.

The riggering ofthe data acquisition fothe whole experiment is accomplished by a pulse
generatothatreleased TL signal when the shock wave pasatthe first pressure transducer
downstreanof the diaphragm sectioAll acquired ggnals are reorded in one 14bit 4-channel
oscilloscopgPicoSope5442A). Figure 3.2 shows a dasetobtained froma typical shock
tube experiment combiration with tweline absorption datal'ime zero is seb the arrival of
the reflected shock wave at the Kistigessure transduckacated 20 mm upstream of the end

flanch of the driven section.

The acquired data in this thesis werstprocessedising OriginLab The calculation of the
conditions behind incident and reflected shock waves as well as the simwgtihe chemical

kinetics were done withthe software Chemical Workbench (Kintech Lab.).
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Figure 32: Data acquisition of pressures and laser signals during a typicatshmkxperiment.

3.2. Mid-IR CO sensorand validation of the two-line temperature measurement

Carbon monoxide (CO) is main intermediateand produciof hydrocarboncombustion. Its
concentration can be interpreted to indicate the efficiency of the combustion syktetia-
tomic structureof CO leads to oneotational and one vibrational mqdend shows strong ab-
sorption in the infrared region. The absorptiime strengtl (from HITRAN databass2]) of
the CO transitions are plotted as a functiothefwavelengthin the rangel.5'5.5um at 1 bar
and 1600 Kin Figure 3.3 The three strongeabsorptiornregiors of CO correspond to its dif-
ferentrovibrational bands,e. the fundamental band ne&7 um, the first overtone band near

2.3 um and the second omene band near 1.55 piany works haveisedtransitions irboth
31



Mid -IR laser absorption spectroscopy of CO

overtonebands[21, 63] In comparisorto the first and second overtone danthe absorption
strength of the fundamental band is strorigeapproximately two and fouwrdersof magni-
tudes, respectivelynd is thus providingnprovedsensitivityat 4.7 pmfor many applications
where the respective concentration of CO is too low or/angalie lengthis too shortfor

measurements at 1.5 or 2.3 um

Recentworks demonstrated the advantage of quantum ckes¢QC) lases that can provide

high output power, narrow lin@idth, and singlemodeoperatior{64]. By extending the acces-

sible wavelength range up to 6 pm, transitions in the strong fundamental band of CO can be
assessedRen etal. [24] demonstrated the first application of a temperature anddd@entra-

tion measuremerior kinetics study ofmethylformateby cw DFB-QC lasetbased midR ab-
sorptian spectroscopy. The reported line pairs showed high temperature sensitivity up to 3000
K and tens of ppm detection linfdar the CO concentration. In thvgork, new line pairs of CO
transitions have been selected and validbtamhuse higher CO sensitivig/required at 900

1100 K Under the high demand of flexibility and mobility of the nalwsorption measurement
strategy a fiberbased thermometry system has been further develeipigid the frame of this

thesis
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Figure 33: Absorptionline strengtls d CO transitions as a function of wavelength at .5 pm at 1
bar and 1600 K (from HITRAN 2004 datab462]).
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3.2.1. Line selection

A molecule can have several thousands of absorption transitionsif Bvervavelength range
for the selectiortan beimited to a certain vibrational bandhere still exist hundreds ofta-
tionalcandidate lines. In order to choose proper line pairs fartaieonmemnto be investigated
selectiorrulesneedto beconsidered

First, the selection of candidate lindald be limited to thepectralregionprovidedby the
emission of the laseFor the fundamental band of CQC laser technology provides access to

therange between.5 to 5.0em.

Second, in order to obtasufficient signato-noise ratio(SNR) during the measurement, the
candidate lines should halee strengtl that arestrong enougbver the interested temperature
range. However, since transitions in the fundamental ba@®Do$how overall strong absorp-
tion, too strong lineshould not be chosen to avoid signal saturati@emerally, the ideal ab-

sorbancever the interested temperature ranfjthe candidatdinesis between 0.01 to 2.

Third, according to equation (2.56ar¢jer difference in thlower-stateenergies of both lines
leads to anincreasedemperature sensitivitydowever transitiors with high E* provide weak
absorbance anthusresult in smallSNR. In order to obtain the optimum measuents, the

SNRand the temperature sensitivity must be carefully balaforeal given situation

Fourth, HO and CQ causestrong absorptionear thet.7 em regionas well To maintain the
accuracy of the measuremenisterference from transitions ofH.O and CQ have to be
avoided when line pairs for CO are selectédrthermoreat high pressure, interferercef

neighboring transitions from CO should also be minimized.

Forthe identification ofcandidatdransitions absorption parameters suchlias grengthand
lower-state energyprovidethe necessaryput Also, the Ine shapendthe broadeningchar-
acterization®f the transitionsnustbe known. In the initial step of the selection, HITRFS]

and HITEMP[66] databaseare usedThe HITRAN (highresolution transmission) molecular
absorption database is a compilation of spectroscopic parameters from various molecules that
can simulate the transmission and emission of the light in the atmosplpeogidescommon
spectroscopic parameters of the transitioctudingtheline strengths [cm' Y/(mol@m'?)], the
air-broadeninghalf width 2.ir [cm' tatm ], the selfbroadeninghalf width aseit [cm' tatm Y], the

temperaturelependent exponenti, and thelower-stateenergyE’ [cm'Y]. More than7 mil-
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lion spectral lines foA7 different moleculesand 120 isotopologuesre contained ithe HI-
TRAN 2012 databasps5]. However,most ofthe spectroscopiparametersn the HITRAN
databasaremeasured at 296 Because they were compiled for atmospheric purp&mesome
special transions, the temperaturese varied in the range 20860 K.Manyspectral lineshat
appearat high temperatussaare missing and these are jpeguisite fore.g.,high temperature
applications such as combustion processes, exhaust plumes, etc. The HRigMrGpera-
ture molecular) databaskowevercontains more spectral lines higher rotational levels for
mary intermediates and produdts combustionsuch asH.O, CQ, CO, NQ and OH As a
comparisonthe HITEMP 2010 databagé6] contains 11%31 CO lines whildhe HITRAN
2012databaseontains only 4606 lines.

In this study three QC lasergroviding the frequency ranges of 2052i2061.90cm'?,
2103.492113.27cm'l, and 2188.062191.79 crh! were acquired fromAlpes Lasers SA
Adtech Optics, and Hamamats®hotonics respectively. Candidatbsorption line of P(20)
from Alpes laseand R(21)from Hamamatsu lasarecentered at 2059.91 and 2191.50 tm
respectivelyandhave leen suggesteith Ref. [24] for fixed-wavelength absorption spectros-
copy. The simulatedabsorption spéral of a 0.1% CO/1% bD/1% CQ mixture based othe
HITRAN 2012databas¢65] for bothP(20) and R(21)ndertypical conditionfor combustion
atl bar and 1600 K are plotted as a functiotheffrequency inFigure3.4a. Theline-broaden-
ing of bath lines at 1600 K and pressa 1, 2 and 3 bar ofn amixturethat contains 0.1%
CO arecompared irFigure3.4b. The calculatedine strengtls at the center of both transitions
are plotted versus temperature fr8@® to 3000 Kand the inferred tempature sensitivity from
theline strength ratioat 1000 3000 Kareshownin Figure3.5 a and b, respectively.
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Figure 34: a) Simulated absorption spectra near P(20) and R{ZLmixture with0.1% CO, 1% kD,
and 1% CQin air undertypical shock tubeconditiors of 1600 K and 1 bar; b) simulated absorption
spectra of 0.1% CO at 1600 K arid3lbar(L = 10 cm).
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Figure 35: a) Calculatedine strength oflines P(20) and R(21) at 308000 K; b) temperature sensi-
tivity andline strengtiratio of line pai P(20)/R(21) between 1000 and 3000 K

Both lines P(20) and R(21) show strgmbsorptiorfor a mixturecontains0.1% CQ 1% HO,

and 1% CQ The simulation show that theinterference from H.O and CQ are negligible.
P(20) has a neighboring Qide P(14)that centesat 2060.33 crit thatis very close to 2059.91
cm'l, the pressurbroadening of P(14) shows abie influence on the absorption of P(208

bar. For measurementst pressure higher than 3 bar, the interference from P(14) must be con-
sidered ad subtracted from the obtained alggmn of P(20).R(21) also hasraadjacentCO
absorption lindR(12) that centered at 2190.02'énthe broadening effect of R(L@n the R(21)

can be neglected up to 8 bar due to their reldaings os.

As shown in Figure3.5a,theline strengthof P(20) is relative strongt room temperature and
reaclesits peak value a00 K. R(21) has its firstoticeableabsorption strength &00 K and
reaclesits peak valueat 1600 K. The temperature sensitiviinferred from thdine strength
ratio of P(20) and R(21) shaa value higher than 1 up to 3000vkich infersthatthis line
pair can be used for accurate temperature sensing at elevated tempergtiresveen 1000
and 3000 KHowever, thdinterferencefreed absorption measurement of P(2@ie to thdine-
broadening of P(14 limited up to 3 barand the relative wedlkne strengthof R(21) at tem-
perature below 1000 K can leadaav SNRof absorption especially with low CO concentration
Hence, anew candidate line that compensdta these limitations is provided hiie Adtech

laser which enablethe accessef adifferent frequency range

Theabsorption otandidate CO lines in the tuning rangettud Adtech laseat 1600 K and 1

bar near2108 en'! is simulatedbased on HITRAN 201965] andillustrated inFigure 3.6.

Absorption lines of HO and CQ are also simulated and compared at the same corgdition

Thereare threev' =0 transitimsof CO, i.e. P(8), P(9)and P(10}hatarecentered at 2111.54,

2107.42 and 2103.27 ch, respectively, and twe =1transitions ofCO, i.e. R(9) and P(2)
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that are centered at 2105.26 and 2109.13 GmespectivelyAll the five CO lines are well
isolated from each other with an averageof 2 cnil. However, byconsideringheabsorption
linesof H-O and CQin the same regiqrP(8) is themost convenienline that has negligible
interference frormeighboringtransitions To evaluate the potential line pair using P(8g t
spectroscopiparameters of line P(8) as well as P(20) and Rifat) HITRAN 2012[65] are

summarizedn the table 3.1.
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Figure 36: Simulated spectraear P(8) transitionf 0.1% CO, 1.0% kD, and 1.0% C®in air under
typical shockheatedconditionfor 1600 K ancat 1.0 bar(L = 10 cm).

Table 31: Spectroscopic parametdrem HITRAN 2012 databadé5] of the @andidatdines for the
measurements of temperaturelaCO concentration

Laser Line Wavelength Wavenumber |  S296&K) Eo
[nm] [cm' Y] [cm' %/atm] [cm'Y]
Alpes P(20) 4854.58 2059.91 0.876 806.38
Hamama-
. R(21) 4563.08 2191.50 4.3210° 3022.09
Su
Adtech P(8) 4735.88 2111.54 9.225 138.4

Theline strengtiof P(8 at room temperature &out an order ahagnitudestronger than that
of P(20) and théower-stateenergy of P(8) is lower than both P(20) and R(21). According to
equation (2.56), the large differenaddower-stateenergiepetween P(8) and P(20) aslinaes
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P(8) and R(21yvould be beneficial fotwo paentialline pairs for sensitive temperature meas-
urement. Thdine strengtlof P(8) oer the temperature range of 38000 K is calculated and
compared to thse of P(20) and R(21) figure3.7a, the infered temperature sensitivas of

both line pairs based on thee strengthratiosareillustratedin Figure3.7b.
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Figure 37: a): Calclatedline strengthof P(8) transitionzompared with P(20) and R(2ih) the tem-
perature range betwe800 3000 K; b) calculated temperature sensitivities of line pairs P(8)/R{2d)
P(8)/P(20)in compaison toP(20)/R(21)

P(8) exhibits a decreasingine strengthwith increasing temperatur&€heline strengthof P(8)

is stronger than P(20at temperaturebetween 30@nd 1100 K bubecomesveakefsimilar

than P(20) and R(2¥yom 1100to 2340K, respectively Therefore P(8) can provide more
sensitive detectionf CO compared to P(2(3t temperaturebelow 1100 K.The temperature
sensitiviy of theline pair P(8)/P(20and P(8)/R(21wasalso evaluated and reveals that the
line pair P(8)/P(20) is optimal for lotemperature measurements between 300 and 950 K

((dR/ R/ (dT/ 7 >1) while the P(8)/R(21lhas a muclbroader temperature sensitivity up to
3000 K.The Ine pair P(8)/R(21) is suitable forast hightemperature processesereas the

P(8)/P(20) is more practicldr the target gases idlative low temperature such as exhaust gas
of gas turbines and internal combustion engiheghis study, line pairs P(20R(21) and
P(8)/R(21)wereapplied in different gaphase kinetisstudies in the shock tubes.

3.2.2.Line characterization

The HITRAN databasg62, 65, 67]provides the fundamental spectroscopic paraméters
many relevanmoleculesHowever the broadening coefficients and the corresponding temper-
aturedependent coefficients provided in HITRAN are obtaiosty in air. In mostgasphase
kinetics studies in shock tubelBpwever, argoinmstead of air is usually ed. Thereforgargon

broadeningcoefficiens for each selected line must be investigated. Furthermorelinte
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strengtls at elevated temperatur@soneed to be validated as the accuracy of inferred temper-

ature and concentration dependsmnongly uporit.

Relaxation time

The rapid temperature increase in a shock tube initially increastaisational temperature
(Twang, the new distribution of molecular velocities may instantaneously no longer follow the
Maxwell-Boltzmann law. To reestablish théoltzmann distributionn all degrees of freedom
(i.e. thermal equilibrium atthe new temperatude the energies of the rotational and the vibra-
tional degrees of freedohave to be redistributedhe procedure resslin a further tempera-
tureof the respetive degrees of freedoamange due to the energy transfer between translation,
rotation and vibration.These equilitation processes are named as rotational and vibrational
relaxation.Rotational relaxation usually takes place in a very short time nbyraiadut 10° s

and can be neglectéa shocktube experimenivhereas the time of vibrational relaxation de-
pends strongly on the molecular structure and can be up to several milliseconds whech is
typical observation timéor manygasphase kinetics imestigations.

CO can be considered as amharmonic oscillatodue to its diatomic molecular structuiiée
vibrational energ¥, of rapidly heated CO molecuie much higher than thebrational energy
E, atTransand results in a very inefficient vidianal equilibrium proces§ herelaxation time

of an excitedCO moleculeis relativdy long. One common solution to reduce the relaxation
time is to introduceraefficientcollisional partner into the gamixture By using a molecule
specific empirical coelation and a mixing rule thég developed by Millikan and Whitg8],

the relaxation the of CO/Ar mixtures with different amount of 2br He can becalculated

following Egs. 3.1 3.2andis shownin Figure3.8.

()" =(fad * @ )5S " (3.1)

1

0.0154 jn 18.42 (3.2)

Wl

-
pt, =xpgA(T
é
Here,Uis the vibrational relaxation tima,is the mole fractionp is the pressuré\ is the pre
factorande 1 s t he r thecolisienparmass of

The relaxation time generally decreases with increasing temperature. The long relaxation time
of CO carbe strongly reduced by the addition of small amount.afitHe. B exhibits a more
efficient acceleration to the relaxation time compared to the same amount of He. To achieve
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the same efficiency as;Hhe concentration of He need to be increased bytarfat10. The
relaxation time decreases also with increased concentration of the collider. With 20% He in the
gas mixture, the relaxation time of CO can be reduced to1D3 over the temperature range
from 100G 2000 K.
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Figure 38: Calculated vibrational relaxation timegat 1.5 barfor CO/Ar, COH/Ar,
and CO/HeAr mixtures

Line strength and argon broadening coefficient

In thisstudy, theline strengtl of P(8), P(2)) and R(21)weremeasuredvithin temperaturgof
900 2400 K and compared to the calculated vahased on the HITRAN 201@atabas¢65].
Theargon broadeningoefficient of P(8was also measured at temperatuegneen 900 and
1700 K whilethat of P(20) and R(21) have been validated by Ren €4jl. The scanned
wavelength absorption spectroscapgs used for these measurememtsdetermine thargon
broadeningcoefficient and thdine strengtls accurately nonreactive CO/Ar mixtures were
usedDue to theshortobservatiortime inshock tube (~2 mg and thdonginduced vibrational

relaxationfor CO, small amount of ® H, wasadded into the mixturéo lessen it

A schematic of thexperimental setuis depicted inFigure3.9. The QC lasers are thermoelec-
trically cooled and housed with collimation optics in a sealed laser housing (HHL). Additionally,
a watercooled heat sink igstalled to the HHL housing to achieadditionalstable laser per-
formance. The wavelength of the lasetused by varying the operating temperatar&and

current which areontrolled by a combiedtemperaturecurrent controller Arroyo 6350) A

function generator is connected to the laser controller to generate a linear ramp of current which
canrapidly tunethelaser wavelength to cover the desired absorption fedtbreeCaF beam
splittersare used to split the collimated laser beani {20 mW) inb four arms before the light

goes throughthe shock tubeThe firstbeam passes through a 10 cm long solid germanium
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etalonthathas a free spectral space (FSR) of 0.016 cfime signalletaion behindthe etalonis
used forconvering the received signafrom time domain into frequency domairhe seond
beamgoes throughthe ambient air andervesas reference intensityr, which is used later to
calculate the baseline of the scanned wavefdim third beam is directed into a reference cell
thatis filled with a100 mbar 0.1%&O/Ar mixture, the desired line feature can be checked prior
to each measurement. For P(8) and P(20) which diy@fxgobs at room temperatuya 10 cm
stainlesssteel cell is usedfor R(21) that barely absis at room temperate, a multipass
White cell[69] with effective absorption patlength of20 mwas usedind heated to 70°C to
obtaina strongenoughabsorption signalThe last beam propagates through the testwhsa

8 cm path length in the shock twwéh transmitted intengy I:. All the signas are received by
TE-cooled IR photovoltaic detectors (VIGO) with 1 MHz bandwidth. A narrow bandpass filter
(NBP) (FWHM < 200 nm)wasinstalled in front of each detector to block the unwanted inter-
ference from ambient light and the assions from the shoekeated gassduring the experi-

ments.

BS BS NBE

M Bs shock M
tube

Figure 3.9: Experimental setup for the measurement of spectroscopic parameters of selected lines in
the shock tube; M: mirror; BS: beam splitter; NBF: narrow bandpass filter.

Typically, the la®rs aretuned ata frequency of 5 kHz to obtain sufficient points for the data
evaluation. A scanned wavelength range of 0.5 can be achieved and interested line feature
can be covered. The data acquisition is trigdey the first pressure transdudecated 58 cm
from the endwall of the driven section. For each measurement, the signals of thesldsgr

lt, and letailon @and the signalof the pressure transduceese recorded for the analysis of the
spectroscopic parameters. herease SR each measured poirit is usuallyaveragd three

times
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Figure 310a shows the raw data of a typical experiment &nigh-temperaturdine-strength
andargonbroadeningneasurement of CO. The laser is scanned over the R{@&t 2191.50
cm!at 1768 K ad 1.65 bar with a mixture of 0.5% CI% H/Ar. The absorbance of each
scanned; is calculated from Eq. 2.3®ith a baselindo generated fronh.r. The spectral ab-
sorbancevasthen plotted as a function of wavenumber calibrated using the etaloneiface
in Figure3.10b. A bestfit Voigt prdile of the measured spectralatsoplotted andexcellent
agreementvith the measurememtas found The pealhormalized residual values are less than

0.59% over the entire absorption feature.
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Figure3.10: a) Measured ravdata traces (pressure, incident and transmitted laser intensity, etalon) of
R(21) transition at 2191.50 ¢hwith 0.5% C@2% H/Ar mixtures at 1768 K and 1.65 bar, scanning
frequency is 5 kHz; b) the inferred absorbaliroe shapef R(21) trarsition and its bedfit Voigt profile

with overall residual less than 0.5%

Theline strengthat a selected temperatdoe the correspondindine can be then inferred from

the integrated absorbance aredheffitted Voigt profile using Eq. 2.36. The measdvalues

for theline strengts of P(8), P(2Q)and R(21) at temperature of @200 Kbehind the re-

flected shock waveare summarized ifigure3.11a. The calculatedine strengtk using Eq.

2.27 with thevalues forSgek and E* from the HITRAN 2012latabas65] are also plotted for
comparison. Excellent agreements are found between the measurements and the calculations

with a maximum deviation of 2%.

The argon broadeningoefficientfor P(8) can be subsequently calculated from the obtained
line strengthusing Eq. 2.33 assuming that the saffd H-broadening of the C@renegligible
dueto ther relativelow concentrationsf 0.5% and 2, respectivelycompared to theoncen-
tration ©7.5%) of Ar. Figure 311b illustrates the measuredgon broadeningf P(8) as dunc-

tion of temperature at 900700 K. The20., , (296K) can be measured at room temperature

prior to the arrival of incident sho@nd the corresponding temperaualependent coefficient
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n of P(8)can be then calculated by the bespfibcedure following Eq. 2.43’he measured
200 (296K) andn of P(8)are summarized in Table 3.2 together with the values of P(20) and

R(21) obtained from Ren et §4]. The measurements show good agreeméhtthe literature
values fromSinclair et al[51].

14 0.05
, a - - -P(8) 2111.54 cm™ HITRAN b
1248 - - =R(21) 2191.50 cm™ HITRAN ® measurement
"oy - - —P(20) 2059.91 cm™ HITRAN - - - best fit
1.0- Y e P(8) 211154 cm” Measured =
s 'S e R(21)2191.50 cm” Measured S 0041 ~@
o 0.8- RN ® P(20)2059.91 cm” Measured = 4 ‘e
o L £ N
~ ~
E o061 AN o
[&] - - ve. ~ ~.
- 0.4 S e g 003 ‘k‘ -
w i -~ T e~ o] -0
."‘--_ﬂ "'-\_1_ ;S T~
024 o 2o -0t - — - _ -] N
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1000 1200 1400 1600 1800 2000 2200 2400 1000 1200 1400 1600 1800
T/IK T/IK

Figure3.11: Summary of the measuréide strengtls andargonbroadening coefficient for the selected
CO transitions; a): congwison of the measurdidie strengthof P(8), P(20)and R(21) at high tempera-
tures with HITRAN databagé6]; b) measuredrgonbroadening coefficient of P(8), dashed line is the
two-parameter best fit following Eq. 2.43

Table 3.2:Line strengtk andargon-broadeningcoefficiens for the selected Clnes P(8)was meas-
ured in this study, R(21) and P(2@¢retaken from Ren et g24]. Uncertaintesof the measured values
are given in parenthesesrgonbroadeningcoefficients of P(8) are extrapolated based on the experi-
mental data osr the temperature range of 92800 K.

Sooex / cmi 2atmit 2 601 ar(296K) / cmY/atm n
Line
HITRAN Measured Sinclair et al. Measured Measued
[65] [51]
R(21) 4.32x10° i 0.078 0.0720.007 | 0.57+0.012
(21 3%) (8%) [24] [24]
P(20) 0.867 0.872 0.089 0.083:0.011 | 0.6390.024
(21 3%) (2.5%)[24] (10%) [24] [24]
P(8) 9.225 9.259 0.0%4 0.0 0.71
(21 3%) (3%) (8%) (5%) (5%)
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3.2.3.Sensor setup

As discussed in section 3theline pairs P(20)/R(21) and P(8)/R(2dgre selected for gas
phase kinetics investigations at elevated temperalime spectroscopic parameters of the se-
lected lineswere determined using the scannedvelength direct absorpticspectroscopy;
however this method isinable to capture the rapid change of gas properties in chemical reac-
tions due to its limited scanningefjuencyHence, fixeewavelength direeabsorption spec-
troscopywasset up andhdapted to the shodkbe facilitiesto preciselycapture the kinetics

information
Two-line absorption thermometry

Figure 312 showsa schematic of the sensor setup coupbeitié shock tubdn order to obtain
optimal beam performangcthe lasers are placed on either side of the tubbathdaser beams
share sapphire windowgth 8 mm diameteon the horizontal levedf thedriven sectionLight
beamemitted from thdaserat the wavelength o (20)is focused into the center of the shock
tube through a concave mirror and then collimated again by a second concavéaviimgr
the same focal length that is placed symmetricatiithe opposite sidef the shock tubeThe
collimated light beam is then separated into tlmequabpartsby a Cak beam splitter10% of
the original beam is focused into tfAi&-cooled IR photovoltaic detectors (VIGO) to avoid
saturation of the detector. A bandpass fi{#®&B55 um#88 nm) wasinstalled in front of the
detector to discriminatihe signakgainst thermal emission from the shdéwated gase3he
other part 90%) of the beams guidedthrough a 10 cm long wedlealed stainlessteel cell
filled with 100mbarof a1% CO/Ar mixture at roontemperature to identify thgeakabsorption
of CO. The optical arrangement dielight beam emitted from the laserthe wavelength of
R(21) is similar to P(20pesides th&br thewavelength adjustment, the light bearas guided
through a White celihat isset to 20 m path length and filled with pure G@reover, éand-
pass filter of 4.565m+200 nm is installedn front of the detectdior R(21)

Due to limited space on the optical tghtewas not possible to place and operatiird QC
laserfor simultaneousneasuremest To apply theneasuremesusingtheline pairP(8)/R(21),
thelaser forP(20)wasthereforereplaced byhe lasethat emitdight atthewavelength oP(8)
and the corresponding bandpass fites changed to 4.736m+100 nm.Furthermoregdue to
the geometric restrictiaof theoptical accesmentioned beforeghe beams of both lasexgre
not perfectly perpendicular to the longitudinal axis of the shock tube, whaledin broader

schlierenThis effect becomes criticbdr measurements involving ultfast reactions, because
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the informationin the first 0 50 €s cannot be fully capturedioreover slight deviation (~1
mm) in the path lengthsn comparsonto the inner diameter of tlehocktubearepresentand
this uncetaintyin the path length must be taken into accdantlata evaluation.

Figure 3.12 Experimental setup of the free space-time absorptionthermometry coupled with the
shock tube for timeesolved CO and temperature measureméntgser, D: detectr, M: mirror, BS:
beam splitter, BF: bandpass filter, C: cell, WhC: White. cell

Fiber-basedmulti-line spectrometry

To improve theperformance andélexibility of the setup fortwo-line absorption thermometry
andto overcome theomplexitiesof the setuphowed inFigure3.12 a fiberbasednulti-line
spectomety wasdesigned andonstructedA schematic of thémprovedexperimentaketup

is shownin Figure3.13. The optical arrangement of tepectromety is divided into twagparts

i.e. the sender and theceiver Both partsare placed owppositesides of the shock tubeOn
the sendeside one3-to-1 InFs opticalfiber combiner(Thorlabs)with 95% transmissioim the
0.5'5 um regionwas used tacouplethe beara from the three QC lasersito onefiber. The
combinedbeam is then directatiroughthe shock tube via collimation lenses. Tdwcoming
laser beam was then detected by dieéectors on theeceiverside Before that the merged
beam is first separated intioreedirections through two beam spdits (Cak, 50/50) andhen,
each beans detected by a VIGO detect Bandpass filterat4.855 um88 nm, 4.26 um+80
nm, and 4.736um+100 nm for P(20), R(21)and P(8), respectively, are installed in front of
eachdetector to cubff perturbing wavelength To tune the laser wavelength to the desired
transitions prioto each experiment, the wavelength of each lasam isnonitoredeitherby
directing the incident beams into a figeace midR wavelength meter (Bristol 721) installed

on the sendesideor into a cell containing diluted CO on the receivdes
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BS BS BS

\|/—/ shock | : 5
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Figure3.13: Schematisof the fiberbased multiine spectrometer coupled with the shock tube fortime
resolved CO and temperature measureméntaser, D: detecto: mirror, FM: flip mirror, F: fiber,
BF: bandpass filter, BS: beam splitter

The fiberbasedmulti-line spectromety provides higher flexibilig in comparison to the free
space setunce the desired line pairset the third laser can providelditionalmeasurement
combinatias.On theone handmultiplex can helgo identify for exampléackgroundiue to
broadbandsignal attenuationduring soot formation omonresonancenterferencefrom un-
known moleculaear the transition of interest. practice the third laser cahe tuined toan off
line position where no CO absorption occs. the other handhesetup can be used to mon-
itor other species afterest such as GOH20, and CHnear2.7, 1.5and 3.39 um, respectively
Moreover, the output beam out of the drilber canbe precisely colihated withthe sameset
of lenseswithout further alignmento obtainoptimal andconsistenpath lengths forll laser

beams
3.2.4.Sensor validation inthe shocktube experiment

The CO concentration and temperatum@asurementssingthefix edwavelengthmethodwith
theline pair P(8)/R(21erefirst validatedwith nonreactive shocleated gases. #estmix-
ture of 0.5% CO/2%il,/Ar wasused The test gasswereshockheatedo temperaturebetween
900 and 1800 K at pressurs betweenl.0 and1.6 bar.Figure 314 showsan example time
history of absorbancsignalsduring a typical shockube experimenat 1252 K and 1.1 bar
The three plateau value$the P(8) signahdicate theabsorbancgat conditiorsin front of the
incident shockwave, behind the incident shock waaad behind the reflected shock wave
respectively The two large spikes arkie to theschligen effect as a result of the passage of
the shock wavéhrough the mesurement planéVith theadditionof H, the CO is fuly relaxed
within ~0.1 ms after the arrival of the reflected shock wave. As the vibrational temperature
equilibrates the absorbance of P(8) decreases while that of R(21) insrease zero to its

plateau valubecause both lines haseinversetemperatue dependeceof theirline strengtk.
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The temperature dfieshockheated gasscan be inferred from the ratio of the laser absorbance
following the Eq. 2.5%ndthe absolute CO concentration can be subsequently determined using
Eq. 2.37 A typical measued temperaturétime historyis plottedin Figure3.15. The averag
measured temperature overillb ms is 237K with a standard deviation 06K thatshows
excellent agreement with the calculated value2&R2K. Additional detailed temperature meas-
urements can be found in Append8«l. Figure 3.16 summarizes the measured temperatures
behind reflected shock was®r a wide range of conditions compared with the calculated ones
from shock wave velocitieghe inferred CO concentrations are also compardtid known
values. The measured and calculated temperatures steoyvgood agreement (within826)

over thetested temperature range 90800 K,and the measur&dO mole fractiors agree with

the known value within 2%. Thesultsdemonstrate the feasiltjfiandthe accuracy ahepair

P(8)/R(21) for temperature a®D concentration measuremeitspractical conditions

1.4

- initial condition P(8) 2111.54 cm™
——R(21) 2191.50 cm”

behind the incident shock wave

1.2
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Absorbance

0.6+ _ vibrational relaxation
0.4 t
behind the reflected shock wave
ol
0.01 T T T T T T
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Figure3.14: Typical absorbaneme histories of P(8) and R(21) of 0.5% CO/2%/At mixture atTs
=1252 K angps = 1.1 bar

| measurement
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Figure3.15: Typical measuretemperaturétime history compared with the calculatéel
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Figure 3.16: Validation measuremesifor the CO absorptiorline pair P(8)/R(21) using fixediave-

length direct absorption wita mixture containing0.5% CO/2% HAr; points: neasurements, dashed
lines: ideal values

Decomposition of3-pentanone

Amongst other ketoneg (@.,acetoneB-pentanone (€H100) has gained a large importance as
apromising fluorescence tracer in fuel/air mixing studies based onitakered fluorescence
(LIF) and as a component of neggneration biofuelsThe use of $entanone in both applica-
tions(tracer anduel) depends critically on the knowledge of its pyrolysis and oxidation kinetics.
The temperature and pressure dependence aifhgignal fran the tracer has been studied in
detail [70]. Moreover, sveral chemical kinetics mechanisms were develdpekkscrite the

oxidation and pyrolysis of-Bentanondy different groupg71-73].

The main pathwagf 3-pentanoneélecompositions G;HsCOGHs(+M) = CoHs + CoHsCO(+M),
where the propionyl radical g8sCO) decomposes subsequently intg1€radical and CO.
Therefore, the the-dependenCO concentration profileluring 3-pentanongyrolysis as well

as oxidation can provide an excelléarget toconstraint the mechanism validatipii, 72] In
previous studies [71-73], mechanisra were validatedfirst against ignition delaytimes of
CsH100/0, mixturesmeasued in a shock tubim thetemperatureangel25Q0 1850 Kat 1 bar
andfor equivalence ratios of 0.2.0. Laminar flame speedd CsH100/O, mixturesat 1 bar
over anequivalence ratio rangieom 0.75to0 1.45 were also measured in a spherical bomb and
comparedo the modeling. Good agreemsmterefound for both ignition delay time artdm-

inar flame speed§73]. Furthermoretime-dependenOH, CO, CH, and BO mole fractios
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have beemeasuredbehind shock wavesveratemperature rangef 1277 1678 K at 1.@ar
for equivalence ratios of 0.5, 1&nhd 1.5The validation against the mechanism frjaih] was
utilized to develop an improved mod=intairing 13 species and 61 reactidhstpredictsthe
CO mole fraction excellentl{72]. However, there is no tim@solved temperature measure-
ment for the mechanism validat®rThereforethe hightemperature pyrolysis and oxidation
of 3-pentanonewas selectedas a benchmarko demonstrateéhe feasibility of thermometry
based on the Clne pair P(8)/R(21)n akinetics study.

12 12
a b ——R(21)2191.50 cm”
1.0 ——P(8) 2059.91 cm’’
8 os 3
c 7] c
[ ®
2 06- R y 2
5 ——R(21) 2191.50 cm 5
2 54l —— P(8) 2059.91 cm’’ 2
< <
0.2
0.0
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t/ms t/ms

Figure 317: Typical absorband¢ime histories ofCO from P(8) and R(21) in test mixtures a): 1%
CsH100/Ar atTs = 1275 K andps = 1.25bar, b): 0.285%:8100/2% Q/Ar at Ts = 1214 K angs = 1.25
bar.

The experimental setupasthe same as shown Figure3.12. A mixture of 1% GH100 / Ar
wasappliedfor the pyrolysisstudy No vibrational relaxation of C@asobservedn the cali-
bration measurementtherefore no H or Hewas added tathe studiedmixture. Typical ab-
sorbancétime histories ofCO from P(8) and R(21puring the pyrolysisand oxidationof 3-
pentanonare plotted irFigure3.17 a and b, respectivelin the pyrolysis measurements, both
lines show increasing absorbamtgingthe observation time. In the oxidation measurements,
the alsorbance of each line reaches a maximum value and then detitetieeend of the test
time. The emperature of the test gasvasinferred from the measured absorbance ratio and
decreaseby 100 Kduring the pyrolysigFigure3.18a)due totheendothemicity of thereaction
The experimental ressglarecompared with a chemical kinegisimulation based on the mech-
anism proposed dyameset al.[72] using constrainegtolume assumptiahe simulated tem-
perature shosexcellent agreemem comparison téthe measuremenbsorbance profiles of
both lines can be used to intee absdute COmole fraction The measured CO concentration
isthencompared to the simuked ondor the pyrolysisn Figure3.18b. An excellenagreement

was alsofound between measumnent and simulatian
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Figure 3.18: Measured temperature and CO concentrptadites of 1% GH10O/Ar mixture atTs =
1275 K andps = 1.25 bar, simulation was performed under constant volume using the mechanism of

Dames et al72].

Similar measurementgereperformed for the €4100 oxidation behind reflected shock waves
using a mixture of 0.285%:z8100/2% QJ/Ar (« = 1). The measured temperature andrG@e

fractionsare plotted inFigure 3.19 and comparedo the simulation based on the model of

Dames et al[72]. The measurement and the simulation show overall good agreesteint

the2.5 msobservationiime. The measuraent captures tr@ow increasef temperatureluring

the induction timeup to 1.8 msandfollowed by an accelerated ineasedue toheat releasafter

ignition. The measured CO mole fraction showed excellent agreement to the simulation during

the induction time, the measured peak value of CO at the time of ignition is slightly lower (8%)

than the simulated one whichatribute to thansufficient time resolution of the measurement

Furthermorethe CO consumption after the ignition observed in the measureimshghtly

slowercompared ta h e

ediction.
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Figure 3.19: Measured temperature and CO concenfr&itiom histories of 0.285%:8100/2% Q/Ar
mixture atTs = 1214 K angs = 1.25 bar, simulation is based on the mechanism of Dameg&2]al.
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Overall, themeasurementsave provernhatthe CO absorptiorine pair P(8)/R(21)s sensitive
and reliablefor temperature and CO mole fractidetermination in reactive systentSmall
temperaturehange can be well followed with high time resolutiamd accuracyThe strong
absorptiorine strengtrof P(8) allows adetection limitof COdownto 10 ppm.In the following
chapters, either the line pair P(20)/R(21P(8)/R(21) will be appliedor gassensing in reac-

tive systers.
3.3. Uncertainty analysis

An uncertainty analysis was appliedastimae the measurement accuracy in this work. The
gasdynamic states behinthe shock wave such as temperature, pressuré density deter-
mined by the gproach described in section have an overall uncertainty of <1%ere, the

uncertainty of the gas composition, the initial state, and the shock velocettynsidered

The uncertainty of the spectroscopic parameters of the applied absorption lieeddep the
states of the test gases and the performance of each Eserlccuracy of thevo-line absorp-

tion thermometry relies on the line strengths of the absorptiosdmevell as the stability of
laser intensities. Thencertainty of inferred ab&dge mole fractiorof CO depends on the state
variables, the spectroscopic parametargithe intensity of the applied wavelenglguations

3.3 3.6 describe the estimation of the uncertaintielnef strength, argobroadening coeffi-
cient, temperatur@nd CO mole fraction, respectively, which were found to be less than 2.5%,
5%, 1.87%and 4%, respectively.

K K K & £ K A (3.3)
A K K K K K X A (3.4)
S S A A A (3.5)
KK K K K X A (3.6)
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4. Results and Discussion

4.1. Partial oxidation of fuel-rich CH4/O2 mixtures enhanced by

additives

This chapter mainly represents the contents op#dexreviewedpublication 1 (cflist of own
publicatiors), coauthored by Sen et @s my own contributiona sho&-tube study about the
partial oxidation of fuekich CHs/O. mixturesenhanced by dimethyl ether anéheptane at
elevated temperatusavas performed using tiraesolved CO and temperature measurements
The experimental data weappliedfor validation ofthe chemical kinetics mechanisnsthe
context of polygeneration processadditionally, a kneticsmodelingstudyrelated to the CO

formation wasperformed taunderstandhe chemistryin detail.
4.1.1. Motivation

Flexibility between the conversion astbrage of energg an important aspect in future energy
systems, especially when considering the pu
times of low demand but high availability of energy, an interesting concept is the use of external
mechanical or electrical erggesin gas turbinet 0 ¢ o n v eahdmicéls(dge majumal gas)

into highervalue chemicalge.g.,H2/CO) so that most exergy of the cheap fuel is maintained

[1]. However, considering the mlncsmaller size and lower cost of the internal combustion

engines (ICEs), such polygeneration concept may be more flexible applied in tHE4CEs

Far away from typical operating regimes of ICEs, the production of chemicals through partial
oxidation is normallyoperatedunder fuelrich conditions In order to implement such poly
generdéion processes successfla fundamental understanding of the chemical kinetics under
fuel-rich conditions and the availability of validated reaction mechanismseasssaryHow-

ever, most of the reaction mechanisms published in literature have been validated typically for
leanand stoichiometric mixtures on]y5] because these conditions are important in the stand-
ard operation of ICEs arghs turbinesTo further understand and develop the kinetics schemes
for unusual conditionsequired forpolygeneration processes, this study contributes experi-

mental data that serves as validation data for detailed mechanisms.

In partial oxidation, a fragent challengeis to achieve high total conversion and species
speciycity at t he s amebythereactionceridtiogserhelGlarbong ar e

group hareported several investigati®an partial oxidation of neat methane in a flow reactor
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up to 100 baf76-79]. Along with highmethane conversion, the yield of, e.g., methanol de-
crease$80]. Neat methane shows only low reactivity resultingineed for high conversion
temperatures. The addition of additives oireactants can reduce the temperatures required to
start the conversioi@1]. Dimethyl ether (DME) has be@lemonstratetb promote the ignition

of methane in HCCI enging82] and is therefore of interest as an additive in the framework of
polygeneratiorconversion processes at high pressAreearlier study of methane ignition at
high pressurg¢83] has shown that-heptane enhances theactivity of methane even more
effectively than DME. Therefore, in this study the efsaxft DME andn-heptane as activating

agents wereexaminedunder fuelrich conditions
4.1.2. Resultsof the CO measurements

Validation of reaction mechanisms alwaysedsexperimental data of fundamental chemistry
experiments. In this studg,shock tubevas appliedas homogeneous reactor to investigate the
validity of reaction mechanisms for fueth conditions using methane as benchmark. The two
line absorptionthermometryusing the COline pair P(20)/R(21)and the fixed-wavelength
method provides precigene-resolvednformation of the CO formation as well as the temper-
ature within the observation tim&emperatures werevaluatedas described in section 2.3.5

and absolute CO mole fractions were inferred from the absorbance of P(20) using Eq. 2.37.

Shocktube experimemtwere performed athighe mper at ur e behind repec:
fuel-rich mixtures of CH/(DME or n-heptane)/@(« = 2) highly diluted in argn and helium

between 1400 and 2000 K at pressuresi @fdar. The experimental results are interpreted by
comparison wittsimulationsusing elementary reaction mechanisms from literafithie.simu-

lation of the shockube data in the framework of this irstgation was performed using Chem-

ical WorkbencH36] for a homogeneous reactor at constant volurhe. cata outputime in-

crementwas set to Esadapt to the time resolution of the laser spectroscopy.

To complement the experimental finding in the shock tube, measurements ifpawugactor
(PFR) wereperformed in a parallel studyy Sen et al[84] underthe ®nditions that are not
accessible by the shock tube for exangtlew/intermediate temperaturasdfor longer reac-

tion times.

The experimental conditions ftireshocktubeexperiments are summarized in Tablk along

with mixtures, temperatuseand pessue. Details are described below.
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Table 4.1: Reaction conditions for shock tube measurament

Case CHas Oz DME n-heptane Ar/He p T ;
Imol% /mol% /mol% /mol% / mol% / bar /K

A 1.90 2.05 0.10 - 75.95/20 1i1.6 16502050 2

B 1.80 2.10 0.20 - 75.90/20 1i1.6 17002000 2

C 1.90 2.45 - 0.10 75.55/20 1i1.6 16001900 2

Figures 4.1 and 4.2 show measured CO Hraletions (a) and temperatures (b) compared to
simulations for mixtures A and B (Table 4.1) at 162000 K and 1.01.6 bar. Because the
formed COis not vibrationally thermalized, helium was added to accelerate the vibrational
relaxation. In CO/Ar mixtures without added He, the relaxationgdirarge between 70 and

300 ¢ s fibr00 K2Thdsdvalues are used as a rough estimate to describe relaxation times
for thermallyexcited CO which is formed by the oxidation of £t DME. Because the oxi-
dation is accompanied by a large temperature increase within the tefD#6®K), theline
strengthvariations of both selected lines within the test timetha taken into account for the
calculation of the absolute CO mdtaction. Moreover, pressure broadening was taken into

account by using the measured temporal vanaticthe pressure.

202
[ ——

2031K 7
15§ !

1838K

0.0 0.2 04 06 08 10 0.0 02 04 06 08 1.0

Figure 41: CO mole fraction (a) and temperature (b) as a function of time during the oxidation of mix-
ture A (CH/DME/O(1.9/0.1/2.05%) balanced in 75.95% Ar and 20% H&)wattemperaturelsetween

1668 and 2031 K andl.5 bar. Simwdtions with the Yasunaga et al. mechani$@i: dashed line,
Burke et al[86]: dotted line, Zhao et diB87]: dashdotted line.
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Figure 4.2: CO mole fraction (a) and temperature (b) during the oxidation of mixture B
(CH4/DME/O,(1.8/0.2/2.1%) balanced in 79% Ar and 20% He) at five temperatures between 1707
and 1976 K and atl.5 bar.Simulations with the Yasunaga et al. mechani@8§ dashed line, Burke

et al.[86]: dotted line, Zhao et d87]: dashdotted line.

The simulations in Figs. 4.1 and 4.2 were penied based on the mechanisms from Yasunaga
et al.[85], Zhao et al[87], and Buke et al.[86] under constantolume using thealculated

temperatures and pressures behind the reflected shock waves as initial conditions

Yasunaga et a[85, 88]developedheir mechanism for diethyl ether that was originally vali-

dated against ignition delay times and concentration me pr oyl es measur ed i
a later papethe same methodology was followed to assemble a reaction mechanism of a series

of ethers such asthylmethyl, methyitert-butyl, and ethyltert-butyl ether[85]. To simulate

the experimentalesults the complete mechanism of Yasunaga ewvak appliedhatcontains

a submechanism of DME.

Zhao et al[87] developed their modéirst based on the experimental dafayrolysis of DME
inavariablepr essure pow reactor. The moddadmpewras t he
ature oxidation chemistry. The higémperature mechanism was therthercombined with a
mechanism for lovtemperature oxidation chemistry adapted from F3f].

Burke et al[86] developed their mechanism for CHDME blends that was validated against
ignition delay times measured in a shock tube and a rapid compression machine for a wide
range of conditionsLike the former studies, this work also covgasturbinerelevant condi-

tions and therefore is mainly cdmnstion oriented with a high DME content (200%).

Overall, the agreement between the measured and simulated temporal @Omale t i on pr o)

and the temperature proyles is good. There .
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short times but this is mainly attributed to the limited precisiadh@twaoline absorptiorther-

mometry in this early phase, where CO mole fractions are low. The plateau values of tempera-
ture and CO mol&action are predicted well compared to the experimental data. All the mech-
anisms predict the trends of CO concentratiand t e mper at u rwel. Howevgrl es s i
the mechanism of Zhao et dB7] predics aslower temperature increase and C@fation

compared to Yasunaga et [@5] and Burke et al86]. The differences became stronger when

the DME concentration in theirture is increased from 0.1 to 0.2% (mixture A to B). In the
mixture B, the simulations from Yasunaga e{&hb] and Burke et al86] almost overlap with

each other whereas the Zhao ef@f] predicted 5020 us delay of reaching thdateau values

of tempergure and CO concentration at 170976 K.

H+0, = O+OH H+0, = 0+0H

CH;+CH; = H+C,H; CHy+CH,; = H+C,H;

CH;0CH; = CH;+CH;0 Zhao et al. CH;0CH; = CH5+CH;0 Burke et al.

CH,0+H = HCO+H, HCO+M = H+CO+M
CH,+OH = CH;+H,0 CH,0+H = HCO+H,
CH;+0 = CH,0+H CH;+0 = CH,0+H
CH;+H(+M) = CHy(+M) CH3+H(+M) = CH4(+M)

CH,+H = CHytH, CH,+H = CHy+H,

-1.0 -0.5 0.0 0.5 10 -1.0 -0.5 0.0 0.5 1.0
Sensitivity coefficients Sensitivity coefficients
Burke Zh
O o.0010- 0T CO+OH = CO,+H
O —— = — HCO+M = CO+H+M
H6 0.0008 4 —— - — HCCO+OH = H,+2C0
’ /' ——  — — HCCO+H = CH,(S)+CO
S I\ — C,H,+0=CH,+CO
= 0.0006
=
5 0.0004
o
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Figure 4.3:Top: Sensitivity analysis for the most important elementary reactions with respect to the
influence of CO on the reaction using the mechanisms of Zhad&TJednd Burke et a[86] at 1707K
(mixture B). The analysis is performed for the fastest CO &ion. Bottom:Simulatedrate of produc-
tion of CO at 1707 K (mixture B) based on the mechanisms of Burke (&tlblines) and Zhao et al.
(dashed lines)
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Sensitivityand rate of production (RORhaly®s were applied based on the mechanism of
Zhao et aland Burke et al. to identify the important elementary reactiat@re sensitive to
CO formationand COconsunption under the conditions of mixture B at 1707 K. The timing
for the sensitivity analysiwas chosen at the steepest increase of the CO weghatbo related
to the ignition delay timerigure 43 (top) shows thecomparison of theensitivity coefficients
andboth mechanismshowvery similarresults By comparing the ROP from both mechanisms
(Figure 4.3 bottom)the reaction HCO+M= H+CO+M shaws ahigher rateon CO formation

in the Burke et al. mechanisim comparison tahe Zhao et almechanismbut this reactions
identifiedasthemain COformation channeh both mechanism&/oreover, the rate constants
of other CO formation reactions ¢e. HCCO+H = CH(S)+CO and HCCO+OH = H#2CO)
applied by Burke and eavorkers are all faster than by Zhao etlargerdifference between
both mechanisms atbatthe formationas well as the consytion of HCO from DME inthe
Burke et almechanisnarefaster thatin theZhao et almechanismand theDME consumption

in the Burke et al. mechanisis also fasterFurthermorethe reactionCO+OH= CO;+H in
both mechanismis found to behe key reaction of CO consytion that also determines the
time when © reaches its peak valEigure 4.3 bottom)Burkeand ceworkersused faster
rate constamstfor this reaction icomparsonto Zhao et alAs result, the Zhao et al. mechanism
predicts slower CO formation compalto Burke et al, and the difference ioging with in-
creasing DME concentration

Additionally, analysso f t he species proyles and of the r
ferences between the mechanis® g eci es concentration proyles
cies like H, CH, C:H2, CH4, and GHe, and products like CO, GOH, and HO are quite

similar regarding their absolute valugsd their temporal behavior. The Zhao et al. mechanism
predicts also a higher importance of the formation of@EH, compared to the other mecha-

ni sms. These differences have nonpograiThg c ant
mo s t signiycant di fference in the formation
acetylene consumption after the ignition. The Zhao et al. mechanism predicts a slower con-
sumption of GH> compared to the other two mechanisms. Jiheulatedoroduct concentration

proyl es diff er s,Thedetaled anenidalyoneersibng ard studied @ Qetail

by Senetalntheplughbow r eactor e x 84 atb3%neod K and 468.4baD ME

The CO and temperature measurements during the oxidation of mixture C were compared to
the simulations based on Mehl et al. mechar{i@d) and are shown in Figure 4.Kehl and

co-workers developed their model first for describing the experimental data of different fuel
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compositions in a HCCI enging81], the model was then extended for several components
relevant to gasoline surrogate formulation investigated under a wide range of conditions in

shocktube, rapid compression machine, and jet stirred reactor experif@énts

2500

b
2250-
X
P X
— i -~
2000
o 14K ~
Q,
4
1750
- - - Simulation sl __.--7 =-- Simulation
Experiment P i Experiment
T T T 1500 T T T T
04 0.6 08 1.0 0.0 0.2 04 0.6 0.8 1.0
t/ ms t/ ms

Figure4.4: CO mole fraction (a) and temqadure (b) during the oxidation of mixtut@ (CHa4/n-hep-
tane/Q(1.9/0.1/2.45%) balanced in 75.95% Ar and 20% He) at five temperatures between 1614 and
1873 K at~1.4 bar. The dashed lines are simulations with the Mehl et al. mecH&0km

Figure 4.4 shows good agreemehetweenmeasured and simulated CO mdlactionsand
temperature. Thmeasuredemperaturet 1828 aml 1873 Kshow a temperatugecreasafter

DO0.4 ms which is attributed to gdynamic cooling, possibly due to a weak interaction of the
repected shock wav eTheCQcincentiatoriine histdriesgete si;m-ur f ac e
ulatedusinga gasdynamic model assuming constant pressure. Interggtim¢arge deviation

in the ynal temperature was seen between the
tion of constant pressure which is evidence that-plostk conditions can be considered as

uniform and neaconstant volume.

Theadditive DME increass the reactivity of methane in the shettlbe experiments and thus
helps to reduce autagnition temperatures in ICE polygeneration. The experiments using
heptane addition indicate thatheptane is another promising additive which requires déurth

attention in future work.

Mechanisms of Burke et al. and Zhao et al. were analyzed to interpret the endiatoteCO
formation during the conversion @H in thepresence of DME. CHH = CHz+H> wasiden-
tified as the key reaction for methane depletio both mechanismand is followed with
CH4+OH = CHs+H20 as second important reactidrhe initiation of DME consumption is its
unimolecular decomposition GBCHs = CHz+CH3O thatis followed immediately by CkD

= H+CHx0O, wherethe H radical is the inititor of methane consumption as well as the OH

formation H+Q = OH+G; and CHO is the precursor of HCO that produces CO. It can be seen
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that thepresence of DME doa®topen new methane oxidation pathways, instead, DME con-
version supplies the radicals nedde start the methane oxidation. Since DME conversion
occurs at relativg low temperatug, methane oxidation is enhantedards lower temperature

with presence of DME.

An increase of the DME concentration from 0.1 to 0.2% increases the formation loy @H
factor of two at 1738 K in the mechanism of Burke eff&b]. As an overall result of OH
formation from increasing DME concentration the4Zdnversion is shifted about 100 K lew
(Figure 4.5) when increasing the amount of DME (cf., Figs. 4.1 and 4.2, left) and keeping the
same equivalence ratio, the CO bulild increases at the same temperature (e.g., 1700 K) which

is a clear indication for the enhancement ok @kidation by DME.

30

—— 1738 K 0.1% DME
—— 1838 K 0.1% DME
25+ . — — 1738 K 0.2% DME

[OH]/ ppm

t/us

Figure 4.5: Simulated OH mole fractions over time at 1738 and 1838 K with.P% DME addition
using the mechanism of Burke et[86].

The activating effect of DME was also estigated by other grouf@2-94], where DME was
studied as a fuel additive in Diesel engines or as an ignition enhancer for methanol in Diesel
engines. Fischer et 489] reported that the most important initiation reaction for DME is the
unimolecular decomposition to form methoxy ({tH and methyl (Ck) radicals. Methoxy

radicals tlen react mainly to formaldehygi&9].

Sen et al[84] investigates the C+Hand CH/DME reactions iraflow reactor at 6 bar and 582

992 K for mixtures att = 2 to complement the experimental finding in the shock tube. The
mole fractions of main species such as@0O, and HO are well predicted by all mechanisms.
However, the DME mole fradin p waskeltee predicted by the mechanism of Zhao et al.
The analysis shows that the Zhao et al. mechanism predicts higher OH mole fractions at lower
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temperature than the mechanism of Burke et al. because of differences in the implementation

of the DME oxidation schens

A direct comparison between the shdcki b e a-neattor jolaid@d4] is not straight forward
because of the different temperature ranges investigated. Howeveshbokt u b e an d

reactorrestls conyrm CO as mai n pr odu crich aoriditionsh e

par

and that DME strongly reduces the reaction temperature. The results demonstrate that the com-

bination of methane and DME can be applied for polygeneration processing foodetion

of synthesis gas under engine conditions. Overall, the results of both experiments are well pre-

dicted by all mechanisms considered here for the &ma hightemperature range. These mech-
anisms are therefore a good starting point for the deredapof a mechanism that specializes

in the prediction of chemical conversion processes.

4.1.3. Conclusions

Partial oxidation of rich Ckair mixtures with DME ana-heptane as additives was studied in
a wide range of temperature conditions in a shobk.tReactions of fugich mixtures ¢ = 2)

of CHs with DME (1.9% CH/0.1% DME/2.05% @20% He/Ar) andh-heptane (1.9% Ci
0.1% n-heptane/2.45% £ 20 % He/ Ar ) were investigated
1600 2000 K in a pressure range of i1136 barCO mole fractions and temperature were meas-
ured with quantum cascade la$¢R laser absorption spectroscopy with microsectme
resolution The measurements were compared to simulations based on thenisrashaf
Yasunaga et aJ85], Zhao et al[87], and Burke et a[36] for the CH/DME mixture and Mehl

et al.[90] for the CH/n-heptane mixture. Good agreement was fouitd all models.

In summary, the data afhocktube experiments & reproduced safectorily by the tested

mechanisms. However, none of mechanisms is optimized for chemical conversion reactions

and even small deviations in the kinetics

uct species. A mechanism that is suited for reagtilanning therefore needs to be sensitive to

such subtleties antkeddo be validated by experiments under typical conversion reaction con-

ditions.
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4.2. Thermal decomposition of anisole

This chaptemainly represents the contents of {eerreviewedpublication 3 (cflist of own
publicatiors), coauthored by Peukert et al. As my own contributgmnexperimentaandmod-

eling study about anisole pyrolysis was performed using-tieselved CO absorptiomeas-
urement Main result of this work is thexperimentally determined reaction rate of the uni-
molecular decomposition of the phenoxy radical between 970 and 1170 K at ~1Adidiar.
tionally, a sensitivity analysis was performed to investigate the most important elementary re-
actions on the CO formatn in the anisole pyrolysi¥he ceauthor S. Peukert provided thb

initio calculation of the potential energy surface for the phenoxy radical dissociation at the G4
level of theory, this content is brieflgescribedbelow for a direct comparison betwetre

measured and calculateate constants
4.2.1. Motivation

Anisole CeHsOCH) has recently been identified as a promising fluorescence tracer for fuel/air
mixing studies based on lasaduced fluorescence (LIFD5]. For reliable and quantitative
application of anisole LIthe photophysical properties of anisdiave been investigat§ab-

98] in detail. However, when used as tracer, the kinetics of anisole decomposition should be
known to derive reliable and quantitative quantities. It is necessary to assess the tempera-

ture/time range where it can be used without decomposition.

Anisole decomposition has been widely investiggg8d101]. It is assumed that the first step
(R 4.1) occurs via homolytic cleavage thie O-CHz bond. This is consistent with anisole bond
strengths of 405.4 and 264.4 kJ/mol for&Hand GHsO-CHs [102], respectively.

CsHsOCHs © CHs + CHsO 4R)

The decomposition of the resonarstabilized phenoxy radical §8s0) produces CO and cy-
clopentadienyl (6Hs), the latteris assumed to be an important intermediate towards soot for-
mation[103]. The dissociation of thei© bond of anisole was first measured by Paul and Back
[104] using toluene scavenging at 7ZQ5 K and at 612 mbar. The decomposition of anisole
was studied in a glass vacuum apparatus using toluene/anisole m(@ies1 pressure ratio
Therate constark; of reactionR 4.1was measured by monitoring the produced methane con-
centrationvia gas chromatogragh A Ci O bond dissociation energy of 238.5+8 kJ/mol was
reported. Lin and Lif{99] appliedthe shocktube technique to study phenoxy pyrolysis at
1000 1580 K and 0.40.9 bar. Anisole and allyl phenyl ether were used as phenoxy radical
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precursors. The CO concentration was monitored by IR ases or pt i on wi t h a
transition.A rate constargxpression oki = 1.2+0.3x16°exp( 275.3 kdmol /RT)s't was pro-

posed by fitting the observed initial CO concentration profiles at temperatures lower than 1200
K. Mackie et al.[100] also studied anisole pyrolysis at 83000 K and 16120 mbar in a
perfectly stirred reactor and determingat constardf 2.9+1.0x1&exp ¢ 267.8:2.5kJ mol

YYRT)s ! for R 4.1. By extrapolating the data of Mackie et [dI00] up to 1200 K, the proposed

rate constastfrom Lin and Lin[99] and Mackie et a[.100] show excellent agreement within

their reported uncertainties. Suryan et[#05] studied the thermal decomposition of anisole
and three isomeric hydroxanisoles and methosanisoles in a lovpressure f < 1.3x10°

mbar) pyrolysis apparatus and reported a{pigissure rate expressionkef 10°°exp( 265.7

kJmol Y/RT)s ! between 720 and 795 K. Arends eff406] extended the study of anisole ther-
molysis in B atmosphere in a tubular flow reactor at 79320 K. Therate constastk:s were
separately determined between 790 and 875 K and an Arrhenius expredaien1df>30-2

expf 266.1+2.9 kinol'/RT)s twas repomrd, which was in very good agreement withdata

of Mackie et al[100] and Suryan et aJ105].

The phenoxy radicafrom reactionR 4.1 can then undergo two types of reactions. They can
either decompose to cyclopentadienykiig) and CO, where £Es is assumed to be main
precursor of benzene, naphthalene, and heavier PXI3s 107] or it can react with H atoms

or CHsradicals to yield phenol @E1sOH) or orthe and paracresol (GHsCH3OH), respectively.

CsHsOO CO + GHs (R 4-3
CsHsO + HO CgHsOH R4.3
CeHsO + CHy© CgH4CHsOH (R 4.9

There are only three experimahinvestigationon reactionR 4.2 Colussi et al[108] per-
formed the first stdy of phenoxy decomposition using a kpnessure Knudsen flow setup
(very low-pressure pyrolysis, VLPP). fate constarit, of 10+5 ¢! at 1000 K was reported. In
a shocktube study, Lin and Lin[99] obtained a rate expressiok(T) = 2.51x16!
exp( 183.7+3.7 kinol' Y/RT)s 1. Here, relatively high initial concentrations of anisole (0i108
0.758 %in argon were used. The decomposition was modeled usiiogir-stepassumption
considering th secondary reactions Bf4.4andtherecombination of methyl radicals towards
ethane, which were assumed to affect the deficiency in final CO concentkatamlks were
varied simultaneously to obtain the best fit to the measured CO profiles. FrahK1€9]
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performed shocltube measurements covering the IG®MO0 K range at 1i2.5 bar. CO con-
centrations were measured using sensitivelecular resonance absorpti@pectroscopy
(MRAS) and an Arrhenius expressionke(T) = 7.5x10% exp( 183.7 kdmol'/RT)s' t was pro-
posed, which is faster than the one found by Lin andaliih a factor of threeVarious theo-
retical studie$110-112] have also been conducted to study the thermal decomposition of phe-
noxy radicals. Colussi et 4lL08] proposed a bicyclic intermediate for reacti®d.2that ring

opens to the 2;8yclopentadienyl carbonyl radical and subsequently decomposes to CO and
cyclopentadienylKigure4.6).

o

O—~0~0—0re
1 K 4

Figure4.6. Schematic pathway of unimol@lar decompositionR 4.2 of thephenoxy radical108,
112].

Studies of Olivella et a[110] and Liu et al[111] supported this pathway and Carstensen and
Dean[112] indicated that while the theoretical and experimental studies agree on the mecha-
nism, the theoretical studies suggest a substantially hjgiggrer by41.8 kJ/mol)overall bar-

rier than the one found in the experimestaldies of 183.7 kJ/mol. Carstensen and Dj2a8)]
performed electronic structure calculations at B3 and CBSQB3//QCISD/631G(d) lev-

els of theorya construct the relevant portion of theHsO potential energy surface (PES) and
proposed a higpressureate constari; = 2.5x10* exp 229.3 kJ mof/RT)s' L.

Phenoxy radical reactions with H atoms ands@dre also extensively discussdd 3, 114]

Pecullan et a[114] proposed a kinetics model for pyrolysis of anisole that contains 66 reversi-
ble reactions involving 31 speci€bhis mechanisnwas validated against experimental data

from an atmospheripressure flow reactor coupled with gas chromatography and mass spec-
trometry. They recognized that the oxidation of anisole at atmospheric prassur£000 K

did not differ significantly from its pyrolysis at the same nominal condifibb4] and that even

in the presence of Danisole depletion follows firsirder kinetics. Rec#ly, Nowakowska et
al.[101] developed detailed kinetics model for anisole pyrolysis and oxidation containing 303
species and 1922 reactions. The model was validated against an experimental study performed

in a jetstirred reactor operated at constant temperature and pressure. Becaugessid@mce
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times, the determination of the initial reaction rates during the decomposition of anisole is com-

plicated by the influence of secondary reactions.

However, neither mechanism from Pecullan dtldl4] norNowakowksa et a[101] have been
validated by timeesolved species concentratimeasurementst elevated temperatwelhe

CO concentrationtime histories in anisole pyrolysis can provide strong constraint of mecha-
nism validation sinc® 4.2is the most importat pathway for CGormation To minimize the

effect of secondary reactions, the initial concentrations must be kept as low as possible.
4.2.2. Results and discussion

Pyrolysisof four mixtures of anisole (5000, 10@X0, and 200 ppm anisole in)Avasstudied
behind reflected shock waves at 100P70 K and 1.81.6 bar. Absorption measurementsre
applied to monitor timeesolved CO concentratismvithin the 2 ms test time witll s time

resolution.In total, 30 experiments were performed.

Additional experimentausingallyl phenyl ether (6Hs0CsHs) as a source of pure phenoxy were
performedto determinek> without the influence of bimolecular phenoxy reactions. fdte
constarg of unimolecular phenoxy decomposition with allyl phenyl ether as phenoxgeso

were determined at 970170 K and ~1.4 bar. Experimental data of anisole and allyl phenyl
ether pyrolysis were then compared to simulations based on the kinetics model of Nowakowska
et al.[101]. The simulations were conducted using Chemical Workbf8&jrassuming a ho-

mogeneous constamblume reactor.

In order torationalize the experimental findings reported in this work, the poteamgigy sur-

face (PES) for thphenoxy radical decomposition presented by Carstensen andID@ahas

been reevaluated by conducting electronic structure calculations at thev€lbfeheory. Like
CBS-QB3, which was applied by Carstensen and Dean, G4 is also a composite method in which
a sequence db initio calculations is performed to get the total energy of a molecular com-
pound. Geometries and frequencies are calculated B8IngP density functional theory with

the 631G (2df,p) basis set. The frequencies are scaled by a factor of 0.9854 prior to their use
to calculate zer@oint energies (ZPE). The electronic structure calculations were performed
using the Gaussian09 progrgrackagg115]. Master equation calculations were carried out
with Unimol[116] using theab initio-based rovibrational properties and energaticthe min-

ima and transition states to obtain theoretiaéd constaist Lennard Jones parameters of the

phenoxy radical were taken from the study of Carstensen and[DEgnModified Arrhenius

63



Thermal decomposition of anisole

fits to the theoreticalate constastfor the decomposition of the phenoxy radical are provided

in the appendi®8.3.

Figure4.7ashows a typical absorbari¢ene historyof the transmitted light at both lasgave-
lengths behind a reflected shogkveat 1223 K and 1.26 bar with mixture of 5000 ppm anisole
in argon.The inferred émperature shoswa quasiconstant temperature value during the decay
of anisole so that it was not necessary to consider the temgetlapendence of the absorption
line strengtls for calculations of the absolute CO mdiaction The measured and calculated
temperature using the model of Nowakowska €tlall] show a very good agreemefidure
4.7).
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Figure4.7. (a) Absorbanddime histories ofCO P(8) and R(21) duringhe pyrolysis of anisole for
mixture of 0.5% anisole / Ar at 1223 K and 1.26 bar; (b) measured temperature and pressure profiles
and calculated temperature based on the NowakowskgBdHlmechanism.

In thiswork, theabsorbance d?(8)wasusedto inferred the absolute CO mdlaction dueto
its strong line strength at the investigated temperat&igare4.8 shows measured CO mole
fractions for 5000ppm anisole/Ar mixtureat 1033 1262K and 1.3 1.6 bar together with sim-
ulation results using the model of Nowakowska efl#l1]. Overall, the simulations predict a
slower form#@ion of COin comparison téhe measurementsalt temperaturedn addition, the
simulated plateau values of CO from 1179 to 1262 K ar@@ lower than those from the
measurements. The measurements show that at temperatures above 1180 K, only&®zut 70
of the O atoms in anisole were converted to OBe simulation was implemented to analyze
the O atom content in the products of 5000 ppm anisole/Ar mixture decomposition at 1223 K
and 1.26 bar using model of Nowakowska et al. thedresults areshownin Figure4.9. The
simulation predicts that the missing O atoms are contained mainly in phenol and cresol that
were produced by bimolecular reactions of phenoxy with H angl @BpectivelyOn the other
hand, the simulated content of O atoms indicates tthe formation of phenol and cresol
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strongly depleted the formation of CO and resulted in a much lower plateau value lahCO.

and Lin[99] observed similar trends in oxygen mass baanadheir work in a similar temper-

ature range. Frank et l09] reported a 100% conversion of anisole to CO at all conditions
using highly diluted mixtures (20, 36,&B85 ppm anisole in Ar). To further mitigate the effect

of secondary reactions, three additional highly diluted mixtures of anisole (1000, 500, and 200
ppm in Ar) were prepared for CO concentration measurements. FAggieows the results of

CO concentrabn time-histories at 10401240 K and 1.81.6 bar together with the predictions
from the model of Nowakowska et §.01]. The comparison shows also similar discrepancies

as in the measurements with high initial concentrationshdrexperiments at ~1200 K, an
increase of the fraction of &ams in CO ([COJ/[GHsOCH;z]) from 0.76 to 0.8 and 0.8bere
observedvhen the anisole concentrations were varied from 1000 to 500 and 200 ppm, respec-
tively. The model of Nowakowska et al. predicted corresponding values of 0.5, 0.6, and 0.65 at
the same tempature. The mechanism thus indicates a stronger influence of secondary reac-

tions on the CO production than observed in the measurements.
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Figure4.8 CO mole fractions during thgyrolysis of a 5000 ppm anisdfa mixture at eight tempera-
tures between(33 and 1441 K at ~1.3 bar. The dashed lines are simulasomghe Nowakowska et
al. mechanisnpl01].
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Figure4.9 Simulated distribution of O atoms in the product species of a 5000 ppm anisole/Ar mixture
at 1223 K and 1.26 bar using the Nowakowska et al. Mechanism.

To further support thexperimental findings of anisole pyrolysis described in the previous sec-
tion, allyl phenyl ether (6HsOCsHs) was used as a source of pure phenoxy to prevent the in-
fluence of secondary reactions when determikirigecause of the low reactivity of the allyl
radical[108]. k> can be therefore determined independ€eiid@]. The kinetics of allyl phenyl
ether is described in Ref0& In an analogous way as in the case of anisole, ally phenyl ether
decomposes to phenoxy and allyl:

CeHsOC3H5 © C3Hs + CsHsO R&595

For this investigationtime-resolved CO mole fraction measurements were performed during
the pyrolysis of three allyl phenyl ether mixtures (200, 250, and 400 pplEOCsHs in Ar)
behind reflected sitk waves at 94A170 K and~1.4 bar.k. was then inferred through the
mass bal ag fCeHsOCHH o] v&r<D$ time assuming firstder kinetics.

Figure 4.10a shows CO concentrafibme histories during the pyrolysis of a 400 ppm
CeHs0C3Hs/ Ar mixture at 10451154 K and ~1.4 bar. Figude10b shows the corresponding
analysis for the firsorder kinetics, wheréln(11 [CO]t/ [CeHsOCsHs|o) is plotted versus time.

In contrast to anisole, the measured CO concentration from allyl phenyl ether shows almost
complete conversion at 1154 K. Thedarity of the plot in Figure 4.10b indicates the absence

of secondary reactions so that the katean be isolated.
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Figure4.1Q (a) CO molefraction time histories of pyrolysis of allyl phenyl ether mixture (400 ppm
CsHsOGCsH5/Ar) and (b)rate consints determination under firsirder assumption at temperatures 1045

1154 K and ~1.4ar, black line: measuremented line: linear fit

Table 4.2: Summary of the rate constant measurements for reaction R 4.2.

T/K p/ bar k/s?t
400 ppm allyl phenylther in Ar
1160 1.37 11854
1154 1.41 9456
1106 1.40 2964
1062 1.39 1017
1045 1.43 819
250 ppm allyl phenyl ether in Ar
1151 1.36 8724
1139 1.40 8930
1112 1.47 3506
1100 1.49 3469
1017 1.37 478
200 ppm allyl phenyl ether in Ar
1169 1.44 14106
1118 1.41 4209
1071 1.37 1715
975 1.42 161

The results of the firsbrder evaluations are summarized in TabRand plotted irFigure4.11

Experimental data from Lin and L[A9] and Frank et al[109], theoretical study from Carsten-

sen and Deafi112], and theoretical revaluationdy S. Peukert for the present waake also

included.A more detailed comparison between all the experimental data sets within the tem-

perature range between 93@50 K can be found in Figure Af the appendixLin andLin

[99] determined theate constastusing different anisole concentration (00175%) and one
allyl phenyl ether mixture (0.336%) at 1GA®80 K and 0.40.9 bar, while Frank et g109]

applied mixtures with very low precurs@nisole and allyl phenyl ethezpncentration (2066
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ppm) at 10201190 K and 1.82.5 bar. The higitoncentrations used byrLiand Lin[99] can
be responsible for an increased influence of subsequent reactions on the phenoxy radical de-
composition, therefore, the measuratke constast of Lin and Lin were loweby approxi-
mately a factor of three than those obtained by Frank et al. However, both studies agreed on the

activation energy of reactidR 4.2 183.7 kJ/mol.

Temperature / K

1300 1200 1100 1000

5.5

5.0
4.5+
4.0+
3.5
3.0
2.5
2.0

1-5 T T T T T
075 0.8 085 090 095 1.00 105

1000/ T

Figure4.11 Measuredate constarfior phenoxy decompositiofiR(4.2 compared to values froritdr-
ature[99, 109, 112]Squares: 400 ppmsBsOCsHs in Ar, circles: 250 ppm €Hs0CsHs in Ar, triangles:
200 ppm GHsOGCsHs in Ar, black dashed line: Arrhenius fit of this study, red full line: theoretical cal-
culation at G4 level of theory at 100 bdr18], red dashed line: doretical calculation at G4 level of
theory at 1.4 bafl118], pink full line: Lin et al.[99], blue full line: Frank et a[109], green full line:
Carstensen el.d112] CBS-QB3 at 100 bar, green dashed line: Carstensen[éid]. CBS-QB3 at 1.4
bar, orange full line: Carstensen et[all2] CBS-QB3//QCISD6-31-G(d) at 100 bar, orange dashed
line: Carstenseet al.[112] CBS-QB3//QCISD6-31-G(d) at 1.4 bar The leastjuares analysis &fled

to the expressiork:(T)=9.1x13%exp( 220.3 kJ mdl/RT)s !, with an uncertainty of +25%.

log(k/s™)

In the first theoretical study, reported by Olivella e{HL0], the calculated activation energy,

i.e. 231.8 kJ/mol in the temperature range 10@00 K, was higher than that derived from
experimenthdata. Recently, Carstensen and Dgdr2] calculated the PES of phenoxy radical
decomposition at the CBQB3 and at th€€ BS- QB3//QCISD/631-G(d) level of theory. The
molecular properties of the stationary points along the PES were used to derive theoretical rate
constants by applying unimolecular rate theory. The pressure and temperature dependence has
been obtained by employing differenaister equatio programs like Unimdl116] and Multi-

well [117]. In the present work, CBQB3 and CBSQB3//QCISD/6-31-G(d) based rate con-

stant predictions were reproduced by Uniroalculations using the parameter sets and-high

pressure limitskint, provided by Carstensen and D§ht?]. The theoretical rate constants ob-
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tained from CBSQB3 calculations (Figure 4.11) are two times lower than the present experi-

mental rate constants. Larger deviations apply for the-QBS//QCISD/631-G(d) based rate
constant predtions.

Carstensen and Defi2] used a value of 200 ¢hfor the energytransfer parameteiggE>down.
In order to reach a good agreement between itbgept experimental rate constants and the
CBSQB3-based predictions, it would be necessary to increase the value for this energy param-
eter to 350 crt, which is also a reasonable value. Besides-QBS, also the G4 composite
approach has been widely usked calculations of energetic profiles of chemical processes
[119-121] Most recently, Simmie and Sheahan reported that among the composite methods
CBSQB3, CBSAPNO, G3 and G4, the G4 approach is the most aceusat for calculating
enthalpies of formation via the atomization proceda®?2]. Therefore, the PES obtained by
Carstensen and Dean wasenaluated at the Gievel of theory The molecular properties from

the G4calculations of the phenoxy radical and the transition state strittur& of Sie PES

are described in R¢fL18]. Figure4.12 shows that the Ghased energetics of the stationary

points slightly differs by B12 kJ/mol compared to the CB3B3 based calculations, but qual-

itatively the PES does not show any significant difference.
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250 b l_."c-. 2 41' 274.9,
12566 == (279.1)y
200 1(265.3) éj:;'cz)) (284.1) 3 354
° . ! (269.0 : N3 oo
E | l' ( ) (251_5) ‘e © 201.7 \‘
S ! 182.8 (215.9)
2 150 | (1987) (2251) A% 0
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—
501548
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Figure4.12 Stationary point energies for the thermal decomposition reactions of the phenoxy radical
calculated at the G4 level of theof¥18]; values in parentheses refer to calculations at the-CBS
QB3//QCISD/631-G(d) and CBSQB3 levels of theory obtained froCarstensen and Defirl2].

However, using the same value fafE>qown as Carstensen and Dedri 2], 200 cm?, the G4
basedrate constanpredictions differ from the CB®B3 based calculation. Figukell in-
cludes CBSQB3, CBSQB3//QCISD/631-G(d) and G4based higtpressurerate constarst
andrate contgans calculated for 1.4 bar. Without further adjustment, the present theoratiecal

constarg are within £20% of the experimental values.
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Carstensen and Dedhl2] pointed out that the results tifeir rate constantalculations are

very sensitive on the applied method of electronic structure calculation and this is also reflected
in the present result3he differences between the calculated ratestzons are due to small
differences in barrier heights, ~3 kJ/mol between G4 and-@BS and nearly 8J/mol be-

tween G4 and the modified CB3B3 method. Therefore, the differences in these sets of the-
ory-based rate constants are well within the anticipategrtainty in the potential energy sur-
faces.Within the uncertainties from experimental measurements and theoretical calculations,
the results of the current work are therefore in good agreement with both calculations. However,

the deviation from the expimental results from Frank et f109] cannot be clearly explained.

Since additional experiments with allyl phenyl ether as another precursa-e® @ere con-

ductedn the present work, it seems plausible that these differences are not related to the impact
of secondary reactions. The EMIRAS method applied in study of Frank et[4l09]as well as

the laser spectroscopic method applied in this work are of high accuracy for determining CO
concentrations. The CO sensor employed has been valgttton in 3.2.4The spectroscop-

ically determined concentrations were in excellent agezd with the actual CO concentrations

(see alsd-igure 3.16). Therefore, the observed differences might arise from uncertainties in
temperature measurements. The typical error for temperature measurements in shock tubes is
+1% and by taking into accourtiti$ level of inaccuracy in the derived rate constant, the differ-
ences between Frank et |I09] and this study are within the corridor of experimental uncer-
tainty. A moe detailed comparison between the experimental data sets from Frarjk@]al.

and this study are illustrated gure A9 (cf. appendix)at temperature between 93@50 K.

The measured rate constants from both studies are very close to each other, the difference be-
tween the derived activation energies is attributed to the larger deviation between data points at

higher temperature, but still within the corridor of exyemtal uncertainty.
Analysis

In the mechanism of Nowakowska et [@l01] the reactiorR 4.2is described as a twatep

reaction where a bicyclic intermediate was assumedsC° bicyclic® CO+GHs) accord-

ing to the theoretical calculatiofi23]. Si nce t he decomposition of
faster than the conversion of phenoxy ifibacyclico, the formation of CO from phenoxy radi-

cal is strongly limited by the reaction rate of the conversiontstépicyclico. Therate con-

stans of both reaction steps were not determined by direct measurerSenmigations based

on the Nowakowska model ancetimeasurements showed large discrepancy in CO concentra-

tion below 1300 K, therefore the tvatep reactions @150 © bicyclic® CO+GHs) adopted
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in the model of Nowakowska was substituted by the measatredonstastfor reactionR 4.2

in the current work.
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Figure4.13 CO mole fraction measurements during pyrolysis of anisole at four initial concentrations
compard to the simulation using the modified Nowakowska et al. mechfitidi (a) 0.5%, (b) 0.1%,

(c) 500 ppm, (d) 200 ppm anisole in Ar.

Figure 4.13 shows the comparison between the predictions from modified model and the meas-
urements of four anisole mixtures. The modified mechanism predicts @3termation than

the original and yields good agreement with the measurements of 0.5% anisole / Ar mixture at
temperature below 1150 K. At higher temperatures (112682 K), good agreement was
achieved only for early reaction times, at longer reactionsst lower CO concentrations are
predictedThe CO plateau concentration matches also much better in comparison to the original
model but the simulations still predict about 10% lower concentrations compared to the meas-
urements at temperatures betweend147d 1262 KWith decreased initial concentration (Fig-

ure 4.13 c and d), the consensus between the experiment and the model becomes better which

is a clear indication of the influence of secondary reactions.

A sensitivity analysis based on the modifiedvdxowska et al. mechanisfh01] was per-

formed to investigate the most important elementary reactions for CO formation. The result of
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the analysis for a 500 ppm anisole/ Ar mixture at 1169 K is showigime4.14 The sensitivity
profiles indicate that the reactioRs4.1andR 4.2have the sbngest positive contributions to

the CO formation. ReactidR 4.4shows the strongest negative influence on CO formation from
the beginning of the decomposition and reacRof.3as well as the reaction ogKs towards
naphthalene exhibits a negativelilgince several tens of microseconds later and about 50%
weaker tharR 4.4at the respective reaction time. Besides the reacRofhd andR 4.2 reac-

tions of GHs = CsHs+H, CHs+CHz = Co;He, and GHs+CHz = methylcyclopentadiene (MCPD)

also show positive itiience on the CO formation at longer reaction times. These reactions lead

to a reduced Fatom productioreading to a reduced formation of phenol.

1.0
— CgH;0 = C;H, + CO
anisole = C;H;0 + CH,

5 0.8+ ——C4gH50 + H = C;H;OH
© ——CyHg =GCsHy + H
— 0.6+ — CH;3+CH, = C,H,
_éﬁ ——CgH5 + CH; = MCPD
= 04- — 2C;H; = naphthalene + 2H
S —— CgH;0 + CH, = CH,CH,0H
o 024
n :

00—
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Figure4.14 Sensitivity of the reactions towards the formation of CO in pyrolysis
of 500 ppm anisol&r at 1169 K.

The rate constast of the reactions listed iRigure4.14 in the modified Nowakowska et al.
mechanisnj101] were varied to investigate their influences on the CO formation. Sensitivity
tests of reaction® 4.I'R 4.4for 1169 and 1103 K are presentedrigure4.15and4.16
respectiely, while other reactions showed very minor influences on the CO formation. Table
4.3 lists therate constaustkii ks; k1 corresponds to a value of the fimider decomposition of
anisole at the upper limit in the uncertainty range ofahe constanproposed by Mackie et al.
[100], k2 is measured from this work and agrees to the proposeebhegisure value from Car-
stensen and Dedh12], ks andks were obtained by theoretical calculations in the study of He
et al.[113]and Pecullan et gl114], respectively, to obtain a best fit to their experimental data.
CO formation shows high sensitivity towarkisandkz. ki strongly controls the first CO rise
whereask influences the overall CO concentration and the formation rate. The final plateau
values & sensitive tds andks. The simulated CO profiles achieve the best fit to the measure-
ments at both 1169 and 1103 K with &5 Pecullan et al[114] already reported an owver
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predictian of cresol formation by a factor of two compared to their experimental data performed
in an atmospheric pressure flow reactor using the propasadheir mechanism, which is
consistent with this study.

Table 43: Rate constastfor reactiondRk 4.1 R 44 used in modified Nowakowska et al. mechanism.
Rate constastare given in the fornk = A T" exp( EJRT) whereA has units of cm, mol, and §.has
unit of K, andEz has unit of kJ/mol.

Reaction A N Ea Ref
(1) CHs + CeHsO = GsHsOCHs 5.0x102 0 0 [100
(2) GHsO CO + GHs 9.1x103 0 220.3 this work
(3) CeHsO + H  CeHsOH 2.0x104 0 0 [113
(4) GHsO + CHs  CeH4CHsOH  2.31x10° 117.37 162.3  [114
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Figure 4.15Sensitivity analgis of mixture 500 ppm anisoke’ at 1169 K and 1.38 bar by varying the
rate constastof reactiorR 4.1’ R 4.4(kii ks) by a factor 0.5 and 2.
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Figure 4.16: Comparison between calculated and measuredi@®ntratiorprofiles: Bruteforce sen-
sitivity analysis to reactionR 4.1 R 4.40f 500 ppm anisolé&r mixture at 1103 K amh 1.43 bar by
varyingkii ks by a factor 0.5 and.2

4.2.3. Conclusions

Pyrolysis of anisole was investigated behind reflected shock waves at temperatures of 1000
1270 K and pressures of 1136 bar. CO mole fractions were measured with quantum cascade
laser MIR laser absorption spectroscopye CO absorptiorine pair P(8)/R(21) was selected

for directabsorption concentration measurements and rationtetniperature measurements.

CO concentrationtime histories with anisole/Ar mixtures ranging betweef 2ad 5000 ppm

were measured and compared to simulations based on the mechanism of Nowakowska et al.
[101]. The mechanism predicts slower formation and lower plateau concentration values of CO

compared to the experiments.

Rate constaraf unimolecular decomposition of the phenoxy radical wityl phenyl ether as
phenoxy source asmeasured behind reflected shock waves using CO absorption diagnostics
to support the findingsf anisole pyrolysis. Measurements were compared to literature data of

two experimental investigations from Lin and L[B9] and Frank et a[109]. Rate constast
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from these two sources were found to be lower than theuregasnts in this study. The poten-
tial energy surface (PES) otl@sO dissociation obtained from Carstensen and D&B2] has
been reevaluated at the Gével of theory. Theab initio-basedk(p, T) values are in very good

agreement with the present experimental results.

By integrating the obtaine@dte constarmf phenoxy decomposition of this study into the mech-
anism of Nowakowska et gl101], good agreement was achieved for the predictioG©
formation at early stages of anisole pyrolysis although some deviations in the final CO concen-
trations still persist. According to the briftece sensitivity analysis based on the modified
Nowakowska model, the simulation can predict the final C@&eatnation excellently for all

the measurement conditions in this study by reducindutbg a factor of 2. Further study on

ks is therefore recommended.
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4.3. Soot formation in the pyrolysis of CoH2 and CsHe

This chaptemainly represents the conteribthe peerreviewedpublication 5 (cflist of own
publicatiors), coauthored by Drakon et.dh this work, extinction and temperature measure-
ments were performed to study the temperature dependence of the soot formation in the pyrol-
ysis of acetylene angenzene. Carbeoconcentration normalized optical density and induction
time wereinvestigatedn the extinctionrmeasurement§ emperature measurements were per-
formed using CO absorption spectroscopy by adding samadunt of CO in the studied mix-

tures. Themeasured temperatures were compared to the siondperformed by the cauthor

A. Drakon. The influence of 510O;, andCHs on the soot formation in the pyrolysis of acetylene

and benzene was obtained by combining the resultsfobhextinction and teperature meas-

urements.
4.3.1. Motivation

Soot formatiorduringthecombustios has been subject of intense scientific interest for several
decades. Incomplete combustion of hydrocarbons contsitutee production of carbon mon-
oxide, hydrogen, partilg-oxidized hydrocarbonsind soot. As flames have been used for man-
ufacturing carbon black faalong time sootwasidentified as combustion pollutant in 1970s
due to its negative health effects. Direct investigatioinsoot formation in the pyrolysisr
oxidationof complex hydrocarbons.e. commercial fuelaredifficult due to their numerous
compounds and complex kinetics. Hence, hydrocartf@isontain few carbon atoms such as
acetylene (eH>) and ethylene (§4) that arealsoproducts of decomgition of large hydro-

carbons are widely applied to investigate the chemical kinetics of the soot forfd@dgn

Carbon particle formation in pyrolysis of hydrocarbons at elevated temperatures has been stud-
ied experimentally and theoretically during the recent dedd@&s 126] Along with the con-
tinuous attempts to redutee soot yield and thus to increase the efficiency and cleanliness of
combustion processes, the applications for carbon nanoparticles in manufacturing (rubber, dyes,
plastics, etc.) are also subject of increasing interest. Detaetics mechanisms both for py-

rolysis initiation and soot growth are developing and require new experimental data.

The carbon particlethat are present soot, have a cof®rming frompolyaromatic hydrocar-
bons (PAH)127] thatare assumed to form hydrogenrabstractioracetyleneaddition (HACA)

reaction path§128]. Benzene (6Hs) represents a first aromatic ring and its formation is con-
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sidered as one of theitial steps towards PAH growth, while acetyleneHg) is a major prod-
uct of decomposition of several hydrocarbons and plays an important role as a building block
towards soot formation. Therefore;H2 and GHe are the species of interest time presen

investigation.

The nfluence of H onthecarbonparticle growth in GHz pyrolysis has been studied by several
groupg11, 126] decrease of final particle sizes and optical densities as welHag@hsump-
tion have been reported. Howeverrieh methane (Ckj and oxygen (@ are also interesig
additivesthatmay influence the soot fioration.

Several studies have investigated the temperature dependence of soot formation during the py-
rolysis of GH> and GHe [133, 134], where no accurate temperature measureswesite ap-

plied andthushigh uncertairies were reported. In the present wphighy accurate timee-

solved temperature and extinction measurement were applied, the temperature dependence of
the soot yield in GH> and GHse pyrolysis doped with B O, and CH were studiedwhich
contributes to the understanding of the influeottheir specie®n the early stage of soot for-

mation.
4.3.2. Results and discussion

18 mixtures werepplied for thisnvestigation(Table 4.4) Along with the studied soot precur-
sors and doping additives, some mixtures containing CO as a tracer feratumg measure-
ments and helium (He) for the acceleration of CO vibrational relaxatidiunie/as not used

for mixtures containing kKas itprovides the requiredigh relaxation efficiency itself.

For the timedependent observation of carbparticle fomation, laser light extinction meas-
urements were carried out. Beams of a 2 mW conventional HeNe laser and a 2 mW distributed
feedback (DFB) diodé&aser (Nanoplus) were applied for extinction measurements at 633 nm
and 2.7 pum, respectively. A photodiodeeat#or (DET10A, Thorlabs) and a 7@oled IR pho-
tovoltaic detector (VIGO) were used to receive the signal from HeNe laser and DFB laser,
respectively. Bandpass filters centered at 632.8 nm (FWHM 10 nm) and at 2.75 pm (FWHM
200 nm) were installed in front efther detector to suppress the detection of unwanted emission
and interference of ambient light. Due to the spectral width of the IR filter and the strong emis-
sion of the formed soot, an additional detector had to be used for recording emission signal,
which was subsequently subtracted during analysis. The signal ratio due to soot emission in the
two channels was determined during calibration experiments. The schematic of the extinction

measurements shown in Figure 4.17.
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Table4.4: Gas mixtures for thehock tube measurements and their denotations

Case Mixture Case Mixture
A0 10%GHx+Ar BO 1%GCsHe+Ar
Al 10%GH2+2% O +Ar B0O6 2%GCsHe+Ar
A2 10%GH2+5%H+Ar Bl 1%GCsHe+1% O +Ar
A206 10%GH2+10%H+Ar B16 2% GsHe+2% O +Ar
A3 10%GH+5%CH+Ar B2 1%GCsHes+1%H+Ar
Ad 10%GH: B3 1%GCsHe+1%CH+Ar
+0.8%CO+20%He+Ar
A5 10%GH2+2% O, B4 1%GCsHe
+0.8%CO+20%He+Ar +0.5%C0O+20%He+Ar
A6 10%GH2+5%H, B4 6 2%GCsHe
+0.5%CO+Ar +0.8%CO+20%He+Ar
B5 2%CsHe+2% Oy
+0.8%CO+20%He+Ar
TO 0.5%CO+20%He+Ar B6 1%CHe+1%H
+0.8%CO+20%He+Ar
10 sl
M ) Shock tube W _”,—s{l BF
———mr | R A S J
%—/_’ — M
M
——IBF
2700 nm ﬁ

Figure4.17 Schenatics of extinction measurement; L: laser, D: detector
M: mirror, BF: bandpass filter

Figure4.18&shows dypical extinction signal of 633 nm obtainedringpyrolysis ofa CsHe/Ar
mixture at220 K and1.9 bar. The strong peaks in thedmaning of the signaindicatethe
arrival of incident and reflected shock waves in the measuregstergdue to the deflection of

the laser beam on the density gradients of a shock waveTranextraction of absolute values
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of soot yield fromtheextinction signals requires the assumption that all particdes identical
optical propertiesinstead, here we present tft&]-normalizedoptical densityD. calculated
from the BeerLambert law

CIn(1, /1)
D =—F2~, (4.1)
/
[c]o
1.2 50
(b)
- 1.0 404 1SW
Z o081 5 RSW 633 nm
(] £ 304
S o6 2%C H +Ar s 2%C H +Ar
= —
4 20_
£ 0.4 c
< o -
0.2 ol |7 -
v 2.7 um
0.0 kl
T T T T T T T 0 b V\ T T T T T T
-100 0 100 200 300 400 500 600 700 -100 0 100 200 300 400 500 600 700
t/us t/us

Figure4.18 Typical signalof theextinction measurementn mi X tay raw da&6a3 nm;
b): normalized optical density at 633 nm and 2.7 um

where[C] is the total carbon concentrationthe systemFigure4.18& represetstypicaltime-
dependenbDsthat allowsextracting the induction timeof particle formation, which is one of

the main kinetic characteristics of soot fotina. The absolute value &f was def i ned
intersection of the inflectional tangent of the carbon particle opticaltgeusfiles with the

time axis. The following stage of the process is characterized by the growth of soot yield. Due
to thelow-pressure rage studied irthe present work (113.7 bar), soot growth was slow and

the final value othe soot yield was not exhed during the test time the shock tube. Thus,
values ofthe optical density atJ= 700 €s were analyzedThe normalized optical densities
measured at the reaction time of 700 ps in pyrolysis of mixtures without seeded CO are plotted
as function of tmperature irFigure4.19and4.20 The pyrolysis of @H> mixtureswasinves-

tigated at 12002600 K and 1.62.7 bar, optical densities at both 633 nm and 2.7were
measured andrepresented ifrigure4.19a and b, respectively. The pyrolysis gHg mixtures
wasstudied at 1402600 Kand 1.52.7 bar, optical densitiesereonly measured at 633 nm

and are summarized Figure4.20

The weltknown beltshaped temperature dependence of the soot yield demonstriigdran
4.19and4.20hasbeen observed ishocktube pyrolysis of hydrocarbori$29] as well as in
flames[130]. It can be seen that in the pyrolysis eHg while H> and CH affect mainly the

maximum value of the optitdensity, Q addition results in a significant shift (~400 K) of the
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A b e towasds lower temperaturd® measurements are sensitive to larger and more mature
soot particleshan measurements in the VIS dué¢hte longer wavelengtiThey therefore pro-

vide lower optical density values and longer induction timesKgpee4.18and4.19 com-

pared taneasurements 883 nm Neverthelesghegeneral feature dheobtainedemperature
dependence@ibellsd) seens to notdepend on wavelengtised for measung extinction Due

to the complexity in determining accurate optical properties of particles, an analjRis»of

tinction measurement results was limited in present work, but these data could be an additional

bass for furtherverifications of thedevelogd kinetics mechanisms.
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Figure4.19 [C]-normalizedoptical density at 633 nm and 2.7 um measured

in theacetylene mixtures AW3 6 at U = 700 Os
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Figure4.2Q [C]-normalized optical density at 633 nm measured
in thebenzene mixturesBB3 at U = 700 Os

H2, Oz, and CH showed similar influences on the optical density in the pyrolysissidt &s

found in GH2where the shift of the temperature dependence caused by addsgout 100

and 300 K towards lower temperatures for mixswveh 1 and 2% GHs, respectively. Moreo-

ver, by increasing the ¢Bls concentration from 1% to 2%, the measured optical dessiti
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showed a higher maximum value and a shift of the dependence towards higher temperatures (~
200 K).

As another major characterist€ the particleformation process, theductiontime of particle
inceptionin the pyrolysis of @H2 and GHs wereanalyzel. The temperature dependence of the
induction timeUobeys the Arrheniubke law{131]

t AexpE/RT[J". (4.2)

Therefore, the values of (C:Haand GHa) conaenirationpr e s s L

were normalized tohe full carbon concentration [C] in investigated mixture as suggested in

the recent papefl26] and[130] with n = 1 [126]. The obtained results [0] T of the

acetylene mixtures are presented in FiguBd together with the results of literaty26] ob-

tained at higheps pressures ({4 bar) in the mixtures with different acetylene and oxygen
concentrations. One can see that the suggested approach allows normalizing of data obtained in

a wide range of pressure and concentrations. As/ishin Figure4.21, H> and CH exhibit no

effects on the normalized inductions time in both R8R2] and this study. fie presence of O
shifts the temperature dependence ocbnced- t o t F
tration but the general behavior Ofs barely affected. Similar effects on the temperature de-
pendence of U are observed idinbénbesenixemneszsBO&8ne py
B106 an ¢dhoBrihFigured220ne need to note that the tenmn
2% GsHe mixture also shifts towards lower temperatures comparing to the 1% mixture.
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Figure4.21 Temperature dependence ddiictiontimes of soot formation in mixture AB3.
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Figure4.22 Temperature dependence of induction Smmiesoot formation
in benzene mixturesB® 1 6 a.nd B3

To rationalize the experimental finding in the extinctiorestgements, the temperature histo-

ries in thepyrolysis of GH2 and GHe were measured hitie methodntroduced in section 2.3.5.

It shouldbe mentionedhat the temperature measurements were limited by the inductien tim

of soot particle formation becautee setup could not deal with terongextinction of laser

signal in sooty media. A possible approach for the measurements in a sooty media as introduced
in section 3.3 is the use of the third referencebafid channel for signal normalization, which

was not applied in this study.

Typical &sorptoni time histories of the tw@€O-absorptionines (P(8) and R(2))and the in-
ferred temperature pfile of shockheatedyas mixtureA5 at 132K and 21 bar areshownin
Figure4.23 The schlieren spikes at the beginning of the signals indicate the afritialinci-
dent and reflected shock wav@$ie absorbansf both lines show first plateau valuegth
100¢s duration which represent the absorbance during the induction time aadefotiowed

with increasing values which were due to the extinaticthe signals during the soot formation.
The measured temperature profile shows similar behavior where the measured tenglsoature
has first a plateau value during the induction twinéch shows very good agreement compared
to theTs calculated from thehock véocity and the followed temperatuirgcreasas attributed

to the uncorrected absorbance signals and cannot be used in the later analysis.
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Figure4.23 Typical absorption profiles for the two Cabsorption lines P(8) and R(21) ahé in-
ferred emperature profile in mixture A®otted line represenférozerd calculated temperatuie.

To support the experimental finding the temperature measurengrgimulations were at-
tempted to represent the temperature profile. Howeegsjldd kinetics maeling wasbeyond

the scopef thepresent work due to high complexity of hydrocarbons pyrolysis and oxidation
kineticsand carbon particle formation. Only the heat effects bf.@xidation were simulated
using a modern kinetsanechanisnj133] andthe ChemKin software packad&34]. Calcula-
tions were performedwith the approximation of constant pressure with a tistepof 0.5¢s

resuling in time profiles of the concentrations of the investigated species.

It was previously reportejd 35] that the given mechanisfh32] provided a satisfactory agree-
ment with measured ignition delay times only for tygdiiluted stoichiometric &Hx/O2 mix-
tures {.e. containing ~1% eHy). For less diluted mixturebat aresimilar to the mixture Al
the measured induction times were noticeably shorter than those obtathedimulations.
One of the possible reasons tbrs discrepancys the contribution of bimolecular and trimo-
lecular reactions with the participation o3 and its decomposition products increase with

their concentration.

Acetylene mixture®\4i A6 and benzene mixturdi B6 areinvestigatecat 900 2600 K and
1.5 2.7barand the obtained temperature profiles are presentéigume4.24and4.25for the

mixtures of GH2 and GHes, respectively.
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Figure4.24 Measured temperature profiles; a): in test mixture TO and mixtures A5 and A6, dotted lines
represent initial temperatui®; b): in mixture A5 at various initial temperaturgdotted lines), dashed
lines represent modeling results

Figure4.24a showsthe temperature profiles of.8. pyrolysis with and without the presence

of Ho. The measured terepatures showyood agreement to the calculafézerotempeature

Ts (dottedlines)anddemonstrat@o heat effectwithin the observatiotime. As contrast, with

the addition ofO», the temperatureduring the pyrolysigesult in a significant heatlease
(~200 K) and accelerateith increasingl's. Thetemperature variations in the pyroysisC,H>
mixture A5were simulated using the kinetimechanism fronil 33] and were plotted together
with the measurements in Figu4.24. The simulations showed reasonable agreement to the
measured data where the model predfesster temperature increase at the beginning of the
reactions but the final temperatures at the end of induction fiiore simulations and

measurments ardéose to each other.

The measured temperatiutei me hi st ori es of benzene mixture
ure 4.25 a and b, respectively, and compared only to the calcltaede no suitable kinetics

model is available to simulate the temperaturer i at i ons. I n the pyroly:
drastic drop of the temperature due to decomposition of initial hydrocarbon molecules has been
observed from 1857 K. This temperature drop can be only partially followed in the measure-
ment at highefTs dueto the ultrafast endothermic process. The plateau value of measured

temperature is 400 K lower than the calculated inftidbr the measurement at 2600 K.
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Figure4.25 Temperature profiles measured in mixture B4 and B5
at various initial temperatasTs (dotted lines)

In the study ofthe B5 mixture the measured temperatures show firsigmificanty higher

value thanTs and then decreaovertime. In the measurement & = 1620K, the plateau

values of the temperature are still higher thgeandthe temperature drggstrongly after reach-

ing itspeak valugFor the measurement at hegfis (1967 K) astronger temperature drop was

detectedhat issimilar to the finding formi x t u rthe pl&ehd value of measurédt the

end of the inductiotime isclose tothe Ts. This behavior othetemperaturecan be explained

due to he presence of £n mixture B5thatintroduced dastexothermic proceghat waghen

followed byastrong endothermic process when all theM@sconsumed.

Figure4.24and4.25showthat due to the heat release or the endothermic procesorbi-

nation of both procsses the actual temperatwgat the end othe induction time can differ

notably from the calculatefifrozerd temperature Ts. Note that in presence ofQemperature

rises much earlier than the end of induction time of soot particle form@tiabmeans that the

soot formation proceeds at temperasgignificantly different fronil's In Figure4.26the value

of temperature differencedT =l .. T.were plotted as function ofs where Tmeasis the

measur ed

temperatur e

v al

ue

J

ust

gsefi or € atslee Ue

longer) and then interpolated providing a calibration curve for recalculating Givienex-

pectedlmeas The grey points represent data of a recent WBk] which show alarger uncer-

tainty because they are basedtemperature measuremsnising emissidrabsorptionther-

mometry with a generalize lireversal schemat 589 nm The model 0{133] was used to

calculate the temperature differerfoe CoH2 mixture Al and the simulated data are plotted

together (dastd line) with the measurementsr comparisonThe simulatedDT reasonabl

agres with experimental data, particularly reproducing the feature oflinear increase of

DT, though the observed rate of temperaturesgsams to be lower than predicted one.
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Figure4.26 Dependence dhe measuredemperaturat the end oftheinductiontime
for soot formatioron calculatedifrozerd temperature.

The temperature dependeraf the optical density and the induction timeske then reevalu-

ated using the obtained calibration curdad-igure4.27the values of normalized optical den-
sity for mixturesAO , A1, ,arBl®B] areBpfegented as function of measured temperature
Tmeasand Figure 4.28 presents the dependence ofuntion time onTmeas It canbe see that

such an approach eliminatitge observed temperature shift almost completely. Thusinbe
concludel thatthe observed shifts are not related to major changes in soot formation kinetics
but rather to heat effecf pyrolysis and oxidation ahe studied hydrocarbons. The shift of
the temperature dependencetainduction time determined by the fast oxidation processes is
described quite satisfactory. Small residual shiftthe dependence of tls®ot yieldcan be
attributed tothe heat release of oxidation processes occurring after the induction time, which
could be neither detected Hye used diagnostinor predicted byhe mechanisni133] as it

lacksreactions related tithe formation otomplex PAH and soot.
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Figure4.27 Soot yield in acetylene and benzene mixturesfaaction of measured temperatures;
a): mixtures A0 and Al; b): mixtures BO, B&hd B1'
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Figure4.28 Induction time of soot formation in acetykeand benzene mixtures;
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As demonstrated in Fige4.19and4.2Q, in the presence ofi 10% H, the measured optical
densitesin both acetylene and benzene mixtuitesreased.e. thesoot yield was suppssed,
while no notable shift of the temperature of maximum soot yield was observed. Presumably
the elevated Fconcentration leads to the consumption of radicals necessary for soewfpuild
[132]. It shouldbe noted that the addition of methares a hydrogemich compoundwhile
expectedly decreases the soot yield during benzene pyrolysistdatglincrease in acdgne
pyrolysis One possible explanation suggdbtat methane provideadditional channels (e.g.,
acetylene + methylene radical towards propargyl radical and further towards phenyl cddical)
forming productsvhere acetylene attachment coolctur thus ecelerating the HACA mech-
anism[128]. Contrary to acetylene, benzagsdtself an aromatic compound atiese channels
are not importanthusthe sootinhibiting effect of hydrogen dominates. Siarilopposite in-
fluence ofO, addition onthe soot yield in acetylene and benzenasalsoobservedand may

have similar nature.
4.3.3. Conclusiors

The influences of b O, and CH additives on soot formation duritige pyrolysis of GHz> and
CsHes wasexpeaimentally studied at 140@600 K andlL.5 2.7barbehind reflected shock waves
The emperature dependencetbé soot yield andhe induction time vasinvestigated using
extinction measurement atwlo-line absorptiothermometry. An essential temperatahange
during theinduction time of soot formatiowas observedn most of the mixturesThis phe-
nomenon is attributed to the thermochemistry of hydrocarbon oxidation and pyrSiysita-
tions ofthetemperature behavior innB2/O2 mixtures based on theadern kinetics mechanism
confirm the experimental observations. An effect of contrary influenc€slpandO, admix-

ture compared to Fbnthesoot yield in acetylene and benzene is notable.
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5. Outlook

In this thesis, direct absorption method with @xeavelength spectroscopy has been applied

for accessingnid-IR absorption of CO. The accuracy of this method strongly depends on the
line strength of the selected liné®. when the concentration of the target species is very low

or the ambient interfence is strong, the uncertainty of the measured absorbance increases,
which leads to large error on subsequently obtained temperature and concentration information.
Wavelengthmodulation spectroscopy (WMS) is considered as an alternative diagnostic tech-
nique[137-139] that was demonstrated as being free from the background signal and therefore
can achieve higher sensitive detection by providing high sitgradise ratio (SNR). For WMS,

the wavelength of the lases not fixed but modulated rapidly. The WM method uses

times of frequencies for comparison anid recommended between 2 t¢138]. The first and
second harmonics of the transmitted laser intensities are called Wa#fd8-2f signals, respec-

tively. By normalizing the 2signal overthe 1f signal, the detection is more sensitive to the
absorption line strength and insensitive toHmaquency noise. Higher harmonic signals can
also be detectednd helpin furtherreducing interference and resolvingenhapping gaseous
species, thus providing more accurate information of the trace gas species. Nofrdatigc2

tion is the best selection because it induces lower residual amplitude modulate noise than the 1
detection and its peak signal level is muaghler than higher harmonic signfl89]. Therefore,

the WMS2f/1f signals yield high SNR and allow measurement of smallegabf absorption

with high sensitivity and selectivify.39].

In this work, CO and temperature are the main tamd@tisig he kinetics experiment#s in-
troduced in section 3.3, TDLAS can provide sensitive detection of single species but the setup
is limited by the space and optical accesses, the setup eblibed multiine spectrometry
solves the limitation and extendetpossibility of TDLAS to multispecies detection or in harsh
environmend such as sooting environment. For the combustion studies, besides CO, other pri-
mary products like BD and CQare also attractive targets and their concentrations indicate the
overal performance of the combustion systemgOtand CQhave strong absorption near 1.5

and 4.2 um57, 140] respectively, and lasers accessing these wavelengths are contynercial
available Moreover, studies of the neatdmgcarbons or fuel blends need inputs of their con-
centratiofitime histories. Several hydrocarbons such as methane, ethylene, propane, and multi
component fuels like 320 and jetA have strong absorption near 3.39 [im1]. Furthermore,
sufficient absorptions of nitrogen oxide (NO) and methanok(@H) have been found near 5.2

and 9.6 um, respectiveljfl42, 143] By coupling these single absorption transitions into the
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fiber-based multiine spectrometry, mukspecies and temperature sensing can be achieved and
those measured spediéme histoesand rate data provide additionalpmtunity to test and
validate large reaction mechanisms and refine their componemestianisms.

Additionally, the TDLAS used in this thesis was applied at relative low pressures (< 3 bar). In
practicalapplicationspressuresan bemuch higher (e.g20i 50 bar) and the absorption meas-
urements may be affected by more interferemtesto linebroadeningTo rule out the inter-
ferences and obtain reliable data, flbbased multline spectrometry must be applied. Depend-
ing on different conditions, comhkations of COH20, CO CO;,, or CQ H2Oi CO; absorption
bands should be the basic setup in the fileed multiine spectrometry.
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6. Conclusions

Combustion systems are widely applied in modern induBtry optimization and improvement

of the efficiency ad reduction of pollutants are very important to increase energy efficiency
and sustainabilityThis requiresin-depth understandingf theunderlyingfundamental chemi-

cal processed.emperature is one key parameter during combustion which relates pyenter
tation ofimportantphenomeasuch as ignition angloot yield Carbon monoxidasa primary
product of hydrocarboaxidationis anattractive target in combustion studies since its concen-
tration can be interpreted to indicéte completeness obmbusion or to control the operation

of many combustion systeimmBherefore measurements of carbon monoxide and temperature
are useful inputs for developing and validating chemical reaction mechahstase used for

the development and optimizationpBctcal combustion systems.

Tunable dioddaserabsorption spectroscogyDLAS) is highly attractive for combustion and
propulsion applications due i3 norrintrusive nature, fagime response, and situ measure-
ment capability.Shock tubesare versatiletool for studying the kinetics of higtemperature
reactionarewell established to study tlelemistry and physical research frpviding a uni-
form environment coveringwide range of temperatusand pressuge Therefore, shock tubes
coupled withTDLAS are powerful tools fostudyingthe gasphasekinetics by offering welt
controlledreactionconditions and timeesolved measurements of species concentramon

temperature

In thisthesis TDLAS for CO and temperature measuremersigig rotational tragitions in the
fundamental vibrational band of CO ndar em was setup and applied in gaphase kinetis
investigations fopyrolysis and oxidation diydrocarbons behind reflected shock waves. Two
well-studiedcandidatdines centered at 2059.91 th{P(20)) and 2191.50 crh(R(21)) anda
new candidate line centered at 2111.541qfR(8)) wereselected and accessed by three quan-
tum cascade lasers. The spestapic parameteis the selected lines including liserengths
and broadeni ngowerenedstiredcthedempesaturd ranpetweerb00i 2000

K behind reflected shock waves using CedAfl mixtures. The measured data shegry good
agreement compedto the literature values

The temperature sensitivity tfie new proposed line pair P(&(21) wasanalyzed and vali-
dated first ina shock tube usingreon-reactive CO/H/Ar mixture at terperature betweer®00
and1800 K. Themeasured temperatures showedy good agreement with the calculated val-
ues usinga 1 D shocktube mechanisrwith a maimum deviation of 1.8%. Thine pairwas
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thenvalidatedin the pyrolysis and oxidation off@entanone and deonstrated accurasensing

of temperature and CO concentration.

The validatedine paiis werethen applied in thewvestigated reacting systenmsthis workthat
involve: (i) the polygeneration processes of methanesCHhxygen (Q) under a fuefkich
conditiors enhanced with additives of dimethyl ether (DME) amkeptanefii) the thermal
decomposition of anisole (B5s0CH) thatis a surrogate dr kinetics studes of biomass com-
bustion andvas recently identified as a fluorescence tracer for fuel/air mixing studies based on
laserinduced fluorescence (LIFjiji) influence of hydrogen (), CHs, and oxygen (@) addi-

tives on soot formation durirthe pyrolysis of acetylene ¢82) and benzene ¢Els).

The CO absorptiorline pair P(20)/R(21) was applied to investigate partial oxidation o CH
under fuelrich condition(« = 2) with DME andn-heptane as additives at 16@000 K and

1.3/ 1.6 bar behindeflectedshock waves. CO mole fractisand temperatusavere measured

and compared with simulations based on mechanisms of Yasunag@®}, aihao et al[87],

and Burke et al86] for CHs/DME mixtures and Mehl et gl90] for CHs/n-heptane mixtures.
Good agreement was found betwedirsimulationrs and measurementdowever none of the
mechanisms is optimized for chemical conversion reactions and even small deviations in the
kinetic schemes influence tpeedictedormation of potential product species. Moreover, DME

as additive activatethe reactiongarlierwhich isattributedto the enhanced OH production.
CHa conversion proceeds mainly through the reaction-€8H = CH + H.O which consumes

OH radicals. Our results show that additives eaable reactions aeduce temperaturs if

they produce additional OH radicals. When testing alternative additives their propensity to form
OH radicals needs to be considered.

The CO absorptiorline pairP(8)/R(21) was applied in the study of thermal decomposition of
anisoleat 10001270 K and 1.81.6 bar. CQconcentration time histories reacting systems

with anisole mixtures ranging between 200 and 5000 ppm were measured and compared to
simulations based on the mechanishiNowakowska et al[101]. The mechanism predicted
slower formation and lower plateau concentratiohCO in compaisonto the experiments

which isattributedto incorrectrate constastof the unimolecular decompositiontbe phenoxy

radical towards CO and cyclopentadienyl radi&a). (As large discrepancies were found be-
tween the previous experimental and theoa¢tstudies ok, k- wasmeasured in this study

using allyl phenyl ether as phenoxy radical precuas®70 1170 K and 1.4 bafhe dotained

ratek, = 9.1x163exp(¢ 220.3kJmol Y/RT)s ! is significantly higher than #ht reported by Lin

and Lin[99], Frank et al[109], and Carstensen and Dgai2]. Moreover, the potentiaénergy
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surface of phenoxy radical was-egaluated at the G4 level of theory and tht constarst
determined from unimecular rate theory showed very good agreement with the present exper-
iments. By integrating the obtain&glin this workinto the mechanism of Nowakowska et al.
good agreement is achieved for the prediction of CO formation at early stages of anisole pyrol-
ysis although some deviatisin the final CO concentration persist. The deviadi@meat-

tributed mainly to the bimolecular reaction of phenoxy and methyl radical toward cresol.

TheCO absorptiorline pairP(8)/R(21) was further applied to monitemper&ure time histo-
riesduringthe pyrolysis of acetylene and benzene WthO, andCH; as additives at 14G0

2600 K and 1.62.7bar. Extinction measurements at 633 and 2700 nm were conducted to obtain
the optical densis and the induction tingeof sootformationduring pyrolysis. An essential
temperature change duritige induction timewas observeth most of the studied mixtures.

This phenomenon is attributed to the thermochemistry of hydrocarbon oxidation and pyrolysis.
Simulations ofthe temperature d®avior in GH2/O. mixtures based on kinetics mechanism
[133] confirm the experimental findings. Additi of H2, O2, andCH4 showed no effect on the
temperature dependencestwgoptical density antheinduction times. H> strondy suppressd

the soot yield in both acetylene and benzene pyrolysis. In prese@té,gfarticle formation

in acetylene mixtures was increased whereas in benzene were decreasecbrithery effects
areattributed tahe facthatCHs molecule provide additional channe{s.g., acetylene + meth-
ylene radical towards propargyl radical and further towards phenyl rathcébrming prod-

ucts where acetylene attachment could occur thus accelerating the HACA mechanism while
these channels are natportant forbenzene.

The presentesearch work developed and utilized the laser absorption spectroscopyaatiCO
provides highly accurateexperimental data a€O concentration and temperatwtaring the
pyrolysis and oxidation of various hydrocarbon eyssthat are essential féhe optimization
of theircombustion processda combination withtherespectivekinetics modeling studiean
improved understanding of the galsase kinetics dhe investigatetiydrocarbon systengas

obtained
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8. Appendix

8.1. Temperature measurement usinghe CO absorptionline pair P(8)/R(21) atT = 980i
1710 K

Mixture: 0.5% CO/2% Ha2/Ar
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Figure Al Temperature measurement witie CO absorptioline pair P(8)/R(21)
at 987 K and 0.81 bar

Figure A2: Temperature measurement wiith CO absorptioline pair P(8)/R(21)
at 1065 K and 0.67 bar
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